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ɺ ʢʥʠʛʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

ʥʘ ʦʩʥʦʚʝ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʷʟʳʢʦʚ ʩʧʝʮʠʬʠʢʘʮʠʠ. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʝʨʠʬʠʢʘʮʠʠ ʘʚʪʦʤʘʪʥʳʭ ʧʨʦʛʨʘʤʤ, ʢʦʪʦʨʳʝ 

ʤʦʜʝʣʠʨʫʶʪʩʷ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠ ʤʦʛʫʪ 

ʙʳʪʴ ʚʝʩʴʤʘ ʵʬʬʝʢʪʠʚʥʦ ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ ʫʢʘʟʘʥʥʳʤ ʤʝʪʦʜʦʤ. ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ 

ʘʧʧʘʨʘʪ ʠ ʧʨʠʢʣʘʜʥʳʝ ʠʥʩʪʨʫʤʝʥʪʳ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ ʠ ʧʦʣʫʯʘʪʴ 

ʥʘʜʝʞʥʳʝ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʠʭ ʧʨʘʚʠʣʴʥʦʩʪʠ. ʂʥʠʛʘ ʧʦʩʚʷʱʝʥʘ ʢʦʥʮʝʧʮʠʷʤ, 

ʘʣʛʦʨʠʪʤʘʤ ʠ ʠʥʩʪʨʫʤʝʥʪʘʤ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʧʨʦʛʨʘʤʤ. ɺ ʥʝʡ ʠʟʣʘʛʘʶʪʩʷ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʚʦʧʨʦʩʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ, ʚʚʦʜʷʪʩʷ ʨʘʟʣʠʯʥʳʝ ʩʧʝʮʠʬʠʢʘʮʠʦʥʥʳʝ 

ʬʦʨʤʘʣʠʟʤʳ ʠ ʦʧʠʩʳʚʘʶʪʩʷ ʘʣʛʦʨʠʪʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ ʩʧʝʮʠʬʠʢʘʮʠʡ, 

ʚʳʨʘʞʝʥʥʳʭ ʚ ʵʪʠʭ ʬʦʨʤʘʣʠʟʤʘʭ. ɸʣʛʦʨʠʪʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʝʤʦʥʩʪʨʠʨʫʶʪʩʷ 

ʥʘ ʧʨʠʤʝʨʘʭ ʢʦʥʢʨʝʪʥʳʭ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʩʨʝʜʩʪʚ. 

ɼʘʥʥʘʷ ʢʥʠʛʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, 

ʠʥʬʦʨʤʘʪʠʢʠ, ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ ʠ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʪʫʜʝʥʪʦʚ ʠ 

ʘʩʧʠʨʘʥʪʦʚ, ʦʙʫʯʘʶʱʠʭʩʷ ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʷʤ çʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘ ʠ 

ʠʥʬʦʨʤʘʪʠʢʘè, çʋʧʨʘʚʣʝʥʠʝ ʠ ʠʥʬʦʨʤʘʪʠʢʘ ʚ ʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭè ʠ 

çɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʤʘʰʠʥʳ, ʩʠʩʪʝʤʳ, ʢʦʤʧʣʝʢʩʳ ʠ ʩʝʪʠè. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʟʥʘʢʦʤʩʪʚʦ ʯʠʪʘʪʝʣʷ ʩ ʦʩʥʦʚʥʳʤʠ ʧʦʥʷʪʠʷʤʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʣʦʛʠʢʠ, ʜʠʩʢʨʝʪʥʦʡ 

ʤʘʪʝʤʘʪʠʢʠ, ʪʝʦʨʠʠ ʛʨʘʬʦʚ ʠ ʪʝʦʨʠʠ ʘʣʛʦʨʠʪʤʦʚ. ʂʥʠʛʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ 

ʚ ʢʘʯʝʩʪʚʝ ʫʯʝʙʥʦʛʦ ʧʦʩʦʙʠʷ. 
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ɺʚʝʜʝʥʠʝ 
ʇʦʥʷʪʠʝ ʚʘʣʠʜʘʮʠʠ 

ɺ ʧʦʚʩʝʜʥʝʚʥʦʡ ʞʠʟʥʠ ʷʚʥʦ (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʤʧʴʶʪʝʨʦʚ ʠ 
ʠʥʪʝʨʥʝʪʘ) ʠʣʠ ʥʝʷʚʥʦ (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʝʣʝʚʠʟʦʨʦʚ, 
ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʧʝʯʝʡ, ʤʦʙʠʣʴʥʳʭ ʪʝʣʝʬʦʥʦʚ, ʘʚʪʦʤʦʙʠʣʝʡ, 
ʦʙʱʝʩʪʚʝʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʠ ʪ. ʜ.) ʚʩʝ ʯʘʱʝ ʠʩʧʦʣʴʟʫʶʪʩʷ 
ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ. ɺ 1995 ʛ. ʙʳʣʦ ʧʦʜʩʯʠʪʘʥʦ, ʯʪʦ ʯʝʣʦʚʝʢ 
ʚ ʜʝʥʴ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ 25 ʫʩʪʨʦʡʩʪʚʘʤʠ, ʦʙʨʘʙʘʪʳʚʘʶʱʠʤʠ 
ʠʥʬʦʨʤʘʮʠʶ. ʀʟʚʝʩʪʥʦ ʪʘʢʞʝ, ʯʪʦ 20 % ʩʪʦʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ 
ʘʚʪʦʤʦʙʠʣʝʡ, ʧʦʝʟʜʦʚ ʠ ʩʘʤʦʣʝʪʦʚ ʧʨʠʭʦʜʷʪʩʷ ʥʘ ʢʦʤʧʴʶʪʝʨʥʳʝ 
ʢʦʤʧʦʥʝʥʪʳ. ɺʚʠʜʫ ʚʳʩʦʢʦʡ ʠʥʪʝʛʨʘʮʠʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ 
ʪʝʭʥʦʣʦʛʠʡ ʚʦ ʚʩʝʭ ʧʨʠʣʦʞʝʥʠʷʭ ʧʨʠʭʦʜʠʪʩʷ ʚʩʝ ʙʦʣʴʰʝ ʧʦʣʘʛʘʪʩɹʷ 
ʥʘ ʥʘʜʝʞʥʦʩʪʴ ʧʨʦʛʨʘʤʤʥʳʭ ʠ ʘʧʧʘʨʘʪʥʳʭ ʩʨʝʜʩʪʚ. ɽʩʪʝʩʪʚʝʥʥʦ 
ʧʦʣʘʛʘʪʴ, ʯʪʦ ʥʝ ʜʦʣʞʥʦ ʙʳʪʴ ʩʠʪʫʘʮʠʡ, ʢʦʛʜʘ ʪʝʣʝʬʦʥ ʥʝʠʩʧʨʘʚʝʥ 
ʠʣʠ ʢʦʛʜʘ ʚʠʜʝʦʤʘʛʥʠʪʦʬʦʥ ʥʝʧʨʝʜʩʢʘʟʫʝʤʦ ʠ ʥʝʚʝʨʥʦ ʨʝʘʛʠʨʫʝʪ ʥʘ 
ʢʦʤʘʥʜʳ, ʧʦʩʳʣʘʝʤʳʝ ʩ ʧʫʣʴʪʘ ʫʧʨʘʚʣʝʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʪʠ ʦʰʠʙʢʠ 
ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʤʳʩʣʝ ʤʘʣʦʟʥʘʯʠʤʳ. ʆʜʥʘʢʦ ʦʰʠʙʢʠ ʚ ʩʠʩʪʝʤʘʭ, 
ʢʨʠʪʠʯʥʳʭ ʚ ʦʪʥʦʰʝʥʠʠ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʘʪʦʤʥʳʝ 
ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʠʣʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʝʪʘʤʠ, ʥʝʧʨʠʝʤʣʝʤʳ. 
ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʜʣʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʙʳʩʪʨʦ 
ʚʦʟʨʘʩʪʘʝʪ ʠʭ ʩʣʦʞʥʦʩʪʴ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʯʠʩʣʦ ʚʦʟʤʦʞʥʳʭ ʦʰʠʙʦʢ. 

ɼʘʞʝ ʝʩʣʠ ʦʪʚʣʝʯʴʩʷ ʦʪ ʘʩʧʝʢʪʦʚ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʦʰʠʙʢʠ ʚʩʝ ʨʘʚʥʦ 
ʤʦʛʫʪ ʙʳʪʴ ʦʯʝʥʴ ʜʦʨʦʛʠʤʠ, ʦʩʦʙʝʥʥʦ ʝʩʣʠ ʦʥʠ ʧʨʦʷʚʣʷʶʪʩʷ ʚ 
ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ï ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʧʨʦʜʫʢʪ ʚʳʧʫʱʝʥ ʥʘ 
ʨʳʥʦʢ. ʀʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʚʧʝʯʘʪʣʷʶʱʠʭ ʧʨʠʤʝʨʦʚ ʪʘʢʠʭ 
ʥʝʛʘʪʠʚʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ. ʅʘʧʨʠʤʝʨ, ʦʰʠʙʢʘ ʚ ʢʦʤʘʥʜʝ ʜʝʣʝʥʠʷ ʯʠʩʝʣ 
ʩ ʧʣʘʚʘʶʱʝʡ ʟʘʧʷʪʦʡ ʚ ʧʨʦʮʝʩʩʦʨʝ Intel Pentium ʧʨʠʯʠʥʠʣʘ ʫʱʝʨʙ 
ʦʢʦʣʦ 500 ʤʠʣʣʠʦʥʦʚ ʜʦʣʣʘʨʦʚ. ʂʨʫʧʥʳʡ ʫʱʝʨʙ ʙʳʣ ʧʨʠʯʠʥʝʥ ʪʘʢʞʝ 
ʢʨʫʰʝʥʠʝʤ ʨʘʢʝʪʳ Ariane-5, ʢʦʪʦʨʦʝ, ʚʝʨʦʷʪʥʦ, ʧʨʦʠʟʦʰʣʦ ʚʩʣʝʜʩʪʚʠʝ 
ʦʰʠʙʢʠ ʚ ʧʨʦʛʨʘʤʤʝ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʝʪʦʤ. 

ʇʦʵʪʦʤʫ ʚʘʣʠʜʘʮʠʷ ʩʠʩʪʝʤ (ʧʨʦʮʝʩʩ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ 
ʩʧʝʮʠʬʠʢʘʮʠʡ, ʜʠʟʘʡʥʘ ʠ ʧʨʦʜʫʢʪʘ) ï ʵʪʦ ʜʝʷʪʝʣʴʥʦʩʪʴ ʚʩʝ 
ʚʦʟʨʘʩʪʘʶʱʝʡ ʚʘʞʥʦʩʪʠ. ɺʘʣʠʜʘʮʠʷ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙʦʤ ʧʦʜʜʝʨʞʠʚʘʪʴ 
ʢʦʥʪʨʦʣʴ ʢʘʯʝʩʪʚʘ ʩʠʩʪʝʤ. 

ʆʩʦʙʫʶ ʚʘʞʥʦʩʪʴ ʠʤʝʝʪ ʦʙʝʩʧʝʯʝʥʠʝ ʢʘʯʝʩʪʚʘ ʧʨʦʛʨʘʤʤʥʦʛʦ 
ʦʙʝʩʧʝʯʝʥʠʷ, ʪʘʢ ʢʘʢ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʩ ʝʛʦ ʧʦʤʦʱʴʶ 
ʨʝʘʣʠʟʫʝʪʩʷ ʦʩʥʦʚʥʘʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ. ʉʦʚʨʝʤʝʥʥʘʷ ʧʨʘʢʪʠʢʘ 
ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʠʩʪʝʤʳ ʧʨʦʚʝʨʷʶʪʩʷ ʚ 
ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʣʶʜʴʤʠ (ʵʢʩʧʝʨʪʥʳʡ ʘʥʘʣʠʟ) ʠ ʜʠʥʘʤʠʯʝʩʢʠʤ 
ʪʝʩʪʠʨʦʚʘʥʠʝʤ. ʇʦʜʜʝʨʞʢʘ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʜʘʞʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʧʨʦʩʪʳʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ, ʥʝ ʛʦʚʦʨʷ ʫʞʝ ʦ ʤʝʪʦʜʘʭ ʠ ʠʥʩʪʨʫʤʝʥʪʘʭ ʩ 
ʩʝʨʴʝʟʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʙʘʟʦʡ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝʜʦʩʪʘʪʦʯʥʘ. 
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ɺʚʠʜʫ ʚʦʟʨʘʩʪʘʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʩʣʦʞʥʦʩʪʠ ʩʠʩʪʝʤ, ʩʪʘʥʦʚʠʪʩʷ ʚʘʞʥʳʤ 
ʦʙʝʩʧʝʯʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʠ 
ʠʥʩʪʨʫʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʝʛʯʘʶʪ ʘʚʪʦʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 
ʢʦʨʨʝʢʪʥʦʩʪʠ, ʪʘʢ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʨʫʯʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ 
ʥʘʩʪʦʣʴʢʦ ʞʝ ʦʰʠʙʦʯʥʘ, ʢʘʢ ʠ ʩʘʤʘ ʧʨʦʛʨʘʤʤʘ. 

ʄʝʪʦʜʳ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ 

ɺʘʞʥʝʡʰʠʤʠ ʤʝʪʦʜʘʤʠ ʚʘʣʠʜʘʮʠʠ ʷʚʣʷʶʪʩʷ ʵʢʩʧʝʨʪʥʳʡ ʘʥʘʣʠʟ, 
ʪʝʩʪʠʨʦʚʘʥʠʝ, ʩʠʤʫʣʷʮʠʷ, ʬʦʨʤʘʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ ʠ ʧʨʦʚʝʨʢʘ 
ʤʦʜʝʣʝʡ. ʆʩʪʘʥʦʚʠʤʩʷ ʥʘ ʜʚʫʭ ʠʟ ʥʠʭ. 

ʊʝʩʪʠʨʦʚʘʥʠʝ ï ʵʬʬʝʢʪʠʚʥʳʡ ʧʫʪʴ ʧʨʦʚʝʨʢʠ ʪʦʛʦ, ʯʪʦ ʟʘʜʘʥʥʘʷ 
ʨʝʘʣʠʟʘʮʠʷ ʩʠʩʪʝʤʳ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʘʙʩʪʨʘʢʪʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʝʡ. ʇʦ 
ʩʚʦʝʡ ʧʨʠʨʦʜʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʪʦʣʴʢʦ ʧʦʩʣʝ 
ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʪʦʪʠʧʘ ʩʠʩʪʝʤʳ. 

ʌʦʨʤʘʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ, ʢʘʢ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʩʪʴ ʪʝʩʪʠʨʦʚʘʥʠʶ, 
ʦʩʥʦʚʘʥʘ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʨʦʛʨʘʤʤ. 

ʆʙʘ ʵʪʠʭ ʤʝʪʦʜʘ ʤʦʛʫʪ ʧʦʜʜʝʨʞʠʚʘʪʴʩʷ ʠ ʯʘʩʪʠʯʥʦ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ 
ʠʥʩʪʨʫʤʝʥʪʘʤʠ. ʅʘʧʨʠʤʝʨ, ʚ ʦʙʣʘʩʪʠ ʪʝʩʪʠʨʦʚʘʥʠʷ ʚʦʟʨʘʩʪʘʝʪ ʠʥʪʝʨʝʩ 
ʢ ʨʘʟʨʘʙʦʪʢʝ ʘʣʛʦʨʠʪʤʦʚ ʠ ʧʨʦʛʨʘʤʤ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʠ 
ʚʳʙʦʨʘ ʪʝʩʪʦʚ ʧʦ ʬʦʨʤʘʣʴʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤʳ. ʆʩʥʦʚʦʡ 
ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʷʚʣʷʶʪʩʷ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 
ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ʠ ʧʨʦʚʝʨʢʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ, ʦʜʥʘʢʦ ʜʘʞʝ ʠʭ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʳʯʥʦ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ ʢʚʘʣʠʬʠʢʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ. 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ɺ ʢʥʠʛʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʨʫʛʦʡ ʤʝʪʦʜ ʚʘʣʠʜʘʮʠʠ ï ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 
(model checking). ʕʪʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʜʣʷ 
ʟʘʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʩ ʢʦʥʝʯʥʳʤ ʯʠʩʣʦʤ ʩʦʩʪʦʷʥʠʡ ʠ 
ʣʦʛʠʯʝʩʢʦʛʦ ʩʚʦʡʩʪʚʘ, ʟʘʧʠʩʘʥʥʦʛʦ ʚ ʧʦʜʭʦʜʷʱʝʤ ʣʦʛʠʯʝʩʢʦʤ 
ʬʦʨʤʘʣʠʟʤʝ (ʦʙʳʯʥʦ ʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ), ʧʨʦʚʝʨʷʝʪ 
ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʵʪʦʛʦ ʩʚʦʡʩʪʚʘ ʚ ʜʘʥʥʦʡ ʤʦʜʝʣʠ. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 
ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʩɹʷ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʢʘʢ ʘʧʧʘʨʘʪʫʨʳ, ʪʘʢ ʠ ʧʨʦʛʨʘʤʤ. 
ʋʩʧʝʰʥʦʩʪ ɹ ʨʷʜʘ ʧʨʦʝʢʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʦʛʦ ʤʝʪʦʜʘ 
ʚʝʨʠʬʠʢʘʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪ ʠʥʪʝʨʝʩ ʢ ʥʝʤʫ. ʅʘʧʨʠʤʝʨ, ʢʦʨʧʦʨʘʮʠʷ Intel 
ʦʪʢʨʳʣʘ ʥʝʩʢʦʣʴʢʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʣʘʙʦʨʘʪʦʨʠʡ ʚʝʨʠʬʠʢʘʮʠʠ 
ʥʦʚʳʭ ʤʠʢʨʦʩʭʝʤ. ʀʥʪʝʨʝʩʥʳʡ ʘʩʧʝʢʪ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʩʦʩʪʦʠʪ ʚ 
ʪʦʤ, ʯʪʦ ʦʥʘ ʧʦʜʜʝʨʞʠʚʘʝʪ ʯʘʩʪʠʯʥʫʶ ʚʝʨʠʬʠʢʘʮʠʶ: ʜʣʷ ʩʠʩʪʝʤʳ 
ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥʘ ʯʘʩʪʠʯʥʘʷ ʩʧʝʮʠʬʠʢʘʮʠʷ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ 
ʪʦʣʴʢʦ ʥʝʢʦʪʦʨʦʛʦ ʧʦʜʤʥʦʞʝʩʪʚʘ ʚʩʝʭ ʪʨʝʙʦʚʘʥʠʡ. 

ʇʨʝʜʤʝʪ ʨʘʩʩʤʦʪʨʝʥʠʷ ʢʥʠʛʠ 

ʂʥʠʛʘ ʧʦʩʚʷʱʝʥʘ ʢʦʥʮʝʧʮʠʷʤ, ʘʣʛʦʨʠʪʤʘʤ ʠ ʠʥʩʪʨʫʤʝʥʪʘʤ ʜʣʷ 

ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʧʨʦʛʨʘʤʤ. 
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ʀʜʝʠ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʠʤʝʶʪ ʪʘʢʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʬʫʥʜʘʤʝʥʪ ʢʘʢ 

ʣʦʛʠʢʘ, ʪʝʦʨʠʷ ʘʚʪʦʤʘʪʦʚ, ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ, ʘʣʛʦʨʠʪʤʳ ʥʘ ʛʨʘʬʘʭ. 

ʂʥʠʛʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ. ʇʝʨʚʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʦʙʱʠʤ 

ʚʦʧʨʦʩʘʤ ʚʘʣʠʜʘʮʠʠ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʚʘʣʠʜʘʮʠʠ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʦʣʴ ʚʘʣʠʜʘʮʠʠ ʚ 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. ʊʘʢʞʝ ʚʳʜʝʣʷʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʚʘʣʠʜʘʮʠʠ, ʧʨʠʚʦʜʷʪʩʷ ʦʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ ʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʠʟʣʘʛʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʚʦʧʨʦʩʳ ʧʨʦʚʝʨʢʠ 

ʤʦʜʝʣʝʡ, ʚʚʦʜʷʪʩʷ ʬʦʨʤʘʣʠʟʤʳ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ ʠ 

ʦʧʠʩʳʚʘʶʪʩʷ ʘʣʛʦʨʠʪʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ ʩʧʝʮʠʬʠʢʘʮʠʡ, 

ʚʳʨʘʞʝʥʥʳʭ ʚ ʵʪʠʭ ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢʘʭ. ɺʳʜʝʣʷʶʪʩʷ ʜʚʘ ʪʠʧʘ 

ʤʦʜʝʣʝʡ ï ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠ ʩʝʪʠ ʇʝʪʨʠ. ʊʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʝʢʦʪʦʨʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʚʦʡʩʪʚʘʤʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʦʜʝʣʝʡ. 

ʆʧʠʩʳʚʘʶʪʩʷ ʪʨʠ ʪʠʧʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ: ʜʣʷ ʣʠʥʝʡʥʦʡ ʠ ʚʝʪʚʷʱʝʡʩʷ 

ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ, ʘ ʪʘʢʞʝ ʜʣʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʨʝʘʣʴʥʦʛʦ 

ʚʨʝʤʝʥʠ. ʇʝʨʚʳʝ ʜʚʘ ʠʟ ʥʠʭ ʧʦʟʚʦʣʷʶʪ ʦʪʨʘʟʠʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʠʣʠ 

ʢʘʯʝʩʪʚʝʥʥʳʝ ʘʩʧʝʢʪ r ʩʠʩʪʝʤʳ, ʘ ʪʨʝʪʠʡ ï ʧʨʦʚʦʜʠʪʴ ʪʘʢʞʝ ʠ 

ʥʝʢʦʪʦʨʳʡ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪʩʷ ʘʣʛʦʨʠʪʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʥʘ 

ʧʨʠʤʝʨʘʭ ʢʦʥʢʨʝʪʥʳʭ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʩʨʝʜʩʪʚ. ʇʨʠʚʦʜʪ̫ʩʷ 

ʢʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʩʠʥʪʘʢʩʠʩʘ ʵʪʠʭ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʩʨʝʜʩʪʚ ʠ 

ʧʨʠʤʝʨʳ ʨʝʘʣʠʟʘʮʠʠ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ. ʊʘʤ ʞʝ 

ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʵʪʠʭ ʘʣʛʦʨʠʪʤʦʚ. 

ʀʟʣʦʞʝʥʠʝ ʦʙʱʠʭ ʚʦʧʨʦʩʦʚ ʚʘʣʠʜʘʮʠʠ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʠ 

ʧʨʠʤʝʨʦʚ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʝʡ ʚ ʧʝʨʚʳʭ ʪʨʝʭ ʛʣʘʚʘʭ ʩʣʝʜʫʝʪ ʢʫʨʩʫ 

ʣʝʢʮʠʡ ʇ. ʂʘʪʦʝʥʘ [1]. 

ʏʝʪʚʝʨʪʘʷ ʛʣʘʚʘ ʢʥʠʛʠ ʧʦʩʚʷʱʝʥʘ ʧʨʦʚʝʨʢʝ ʤʦʜʝʣʝʡ ʧʨʦʛʨʘʤʤ, 

ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʘʚʪʦʤʘʪʥʦʛʦ ʧʦʜʭʦʜʘ [2]. ʆʩʥʦʚʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʧʨʦʛʨʘʤʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʤʦʜʝʣʴ ʧʦʚʝʜʝʥʠʷ 

ʧʨʦʛʨʘʤʤʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʷʶʱʠʭ ʢʦʥʝʯʥʳʭ 

ʘʚʪʦʤʘʪʦʚ, ʧʦ ʢʦʪʦʨʦʡ ʛʝʥʝʨʠʨʫʝʪʩʷ ʢʦʜ, ʩʪʨʦʠʪʩʷ ʨʘʟʨʘʙʦʪʯʠʢʦʤ 

ʫʞʝ ʥʘ ʵʪʘʧʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʘ ʥʝ ʧʦ ʛʦʪʦʚʦʡ ʧʨʦʛʨʘʤʤʝ, ʢʘʢ ʵʪʦ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʝʣʘʪʴ ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʤʝʪʦʜʘ ʧʨʦʚʝʨʢʠ 

ʤʦʜʝʣʝʡ. ʇʨʠ ʵʪʦʤ ʧʨʦʛʨʘʤʤʳ ʩʪʘʥʦʚʷʪʩʷ ʚ ʦʜʠʥ ʨʷʜ ʩ ʜʨʫʛʠʤʠ 

ʠʥʞʝʥʝʨʥʳʤʠ ʨʘʟʨʘʙʦʪʢʘʤʠ (ʥʘʧʨʠʤʝʨ, ʩʘʤʦʣʝʪʘʤʠ ʠ ʘʚʪʦʤʦʙʠʣʷʤʠ), 

ʜʣʷ ʢʦʪʦʨʳʭ ʩʥʘʯʘʣʘ ʩʦʟʜʘʶʪʩʷ ʤʦʜʝʣʠ, ʘ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟʜʝʣʠʷ, ʘ ʥʝ ʥʘʦʙʦʨʦʪ. 
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ɸʚʪʦʤʘʪʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʪʜʝʣʠʪʴ ʫʧʨʘʚʣʷʶʱʠʝ (ʢʘʯʝʩʪʚʝʥʥʳʝ) 

ʩʦʩʪʦʷʥʠʷ ʧʨʦʛʨʘʤʤʳ ʦʪ ʝʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ (ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ) 

ʩʦʩʪʦʷʥʠʡ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝʟʢʦ ʫʤʝʥʴʰʠʪʴ ʨʘʟʤʝʨ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʤʦʜʝʣʝʡ ʠ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʭ ʧʦʩʪʨʦʝʥʠʷ ʠ ʧʨʦʚʝʨʢʠ. 

ʆʩʥʦʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʚʝʨʠʬʠʢʘʮʠʠ ʘʚʪʦʤʘʪʥʳʭ ʧʨʦʛʨʘʤʤ ʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʧʝʮʠʬʠʢʘʮʠʠ 

ʧʨʦʛʨʘʤʤʳ ʚ ʬʦʨʤʘʪ, ʧʦʜʭʦʜʷʱʠʡ ʜʣʷ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʧʨʦʚʝʨʢʠ, ʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʨʝʟʫʣʴʪʘʪʘ 

ʧʨʠ ʦʙʥʘʨʫʞʝʥʠʠ ʦʰʠʙʢʠ. ɺ ʢʥʠʛʝ ʧʨʠʚʦʜʷʪʩʷ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ 

ʧʨʷʤʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʘʙʦʪʳ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʣʦʛʠʯʝʩʢʠʤʠ ʬʦʨʤʘʣʠʟʤʘʤʠ, ʦʧʠʩʳʚʘʶʪʩʷ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʝ 

ʩʨʝʜʩʪʚʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ ʘʚʪʦʤʘʪʥʳʭ ʧʨʦʛʨʘʤʤ ʠ ʧʨʠʚʦʜʷʪʩʷ 

ʧʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʩʨʝʜʩʪʚ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ ʘʚʪʦʤʘʪʥʳʭ 

ʤʦʜʝʣʝʡ. ɸʚʪʦʤʘʪʥʳʝ ʧʨʦʛʨʘʤʤʳ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ, ʤʦʛʫʪ 

ʙʳʪʴ ʥʘʟʚʘʥʳ ʧʨʦʛʨʘʤʤʘʤʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʥʘ ʚʝʨʠʬʠʢʘʮʠʶ. 

ʉʦʜʝʨʞʘʥʠʝ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʳ ʦʩʥʦʚʘʥʦ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʨʘʙʦʪ ʧʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʢʦʥʪʨʘʢʪʫ çʈʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ ʚʝʨʠʬʠʢʘʮʠʠ 

ʫʧʨʘʚʣʷʶʱʠʭ ʧʨʦʛʨʘʤʤ ʩʦ ʩʣʦʞʥʳʤ ʧʦʚʝʜʝʥʠʝʤ, ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ 

ʦʩʥʦʚʝ ʘʚʪʦʤʘʪʥʦʛʦ ʧʦʜʭʦʜʘè, ʚʳʧʦʣʥʷʚʰʝʤʫʩʷ ʚ ʨʘʤʢʘʭ 

ʌʝʜʝʨʘʣʴʥʦʡ ʮʝʣʝʚʦʡ ʧʨʦʛʨʘʤʤʳ çʀʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦ 

ʧʨʠʦʨʠʪʝʪʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʨʘʟʚʠʪʠʷ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʈʦʩʩʠʠ ʥʘ 2007ï2012 ʛʦʜʳè ʧʦ ʤʝʨʦʧʨʠʷʪʠʶ çʇʨʦʚʝʜʝʥʠʝ 

ʧʨʦʙʣʝʤʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʠʩʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʩʦʟʜʘʥʠʝ 

ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʘʜʝʣʘ ʧʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʚ ʦʙʣʘʩʪʠ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤè. ʈʘʙʦʪʳ 

ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ 

ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʤʝʭʘʥʠʢʠ ʠ ʦʧʪʠʢʠ (ʉʇʙɻʋ ʀʊʄʆ). 

ʉʦʜʝʨʞʘʥʠʝ ʢʥʠʛʠ ʧʦʜʪʚʝʨʞʜʘʝʪ ʠʟʚʝʩʪʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʨʦʛʨʘʤʤʥʦʡ 

ʠʥʞʝʥʝʨʠʠ: çʪʦ, ʯʪʦ ʥʝ ʩʧʝʮʠʬʠʮʠʨʦʚʘʥʦ ʬʦʨʤʘʣʴʥʦ, ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʚʝʨʝʥʦ, ʘ ʪʦ, ʯʪʦ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥʦ, ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʙʝʟʦʰʠʙʦʯʥʦè. 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ɺ. ʅ. ɺʘʩʠʣʴʝʚʫ ʠ ɺ. ɻ. ʇʘʨʬʝʥʦʚʫ ʟʘ 

ʤʥʦʛʦʣʝʪʥʶʶ ʧʦʜʜʝʨʞʢʫ ʠ ʧʦʤʦʱʴ. 

 

ɻʣʘʚʘ 1. ɺʘʣʠʜʘʮʠʷ ʩʠʩʪʝʤ 

1.1. ɿʘʜʘʯʠ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ 

ɺʚʝʜʝʥʠʝ ʠ ʤʦʪʠʚʘʮʠʷ 

ʉʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ, ʪʘʢ ʠʣʠ ʠʥʘʯʝ, ʩʚʷʟʘʥʳ ʩ ʦʙʨʘʙʦʪʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, 

ʚʩʝ ʯʘʱʝ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʢʨʠʪʠʯʝʩʢʠʝ ʩʝʨʚʠʩʳ. ʆʥʠ 
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ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʩʪʦʷʪʝʣʴʩʪʚʘʭ, ʢʦʛʜʘ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʚ 

ʧʨʦʛʨʘʤʤʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʘʛʫʙʥʳʤ ʧʦʩʣʝʜʩʪʚʠʷʤ. ʆʙʨʘʙʦʪʢʘ 

ʠʥʬʦʨʤʘʮʠʠ ʠʛʨʘʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʩʠʩʪʝʤʘʭ ʫʧʨʘʚʣʝʥʠʷ ʪʘʢʠʤʠ 

ʦʙʲʝʢʪʘʤʠ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʘʪʦʤʥʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʠʣʠ ʭʠʤʠʯʝʩʢʠʝ 

ʨʝʘʢʪʦʨʳ, ʛʜʝ ʦʰʠʙʢʠ ʢʨʘʡʥʝ ʦʧʘʩʥʳ. ɼʨʫʛʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʤr 

ʧʨʠʤʝʨʦʤ ʩʠʩʪʝʤ, ʢʨʠʪʠʯʥʳʭ ʢ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʷʚʣʷʶʪʩʷ ʠʟʣʫʯʘʶʱʠʝ 

ʫʩʪʨʦʡʩʪʚʘ ʚ ʤʝʜʠʮʠʥʝ. 

ʕʪʦ ʧʨʠʤʝʨʳ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʘʜʝʞʥʦʩʪʴ 

(ʢʦʨʨʝʢʪʥʦʩʪʴ ʨʘʙʦʪʳ) ʢʨʘʡʥʝ ʚʘʞʥʘ. ɺʚʠʜʫ ʨʘʩʰʠʨʝʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ ʢʨʠʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ, ʩʧʨʘʚʝʜʣʠʚʦ ʩʢʘʟʘʪʴ, 

ʯʪʦ ʥʘʜʝʞʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ 

ʬʘʢʪʦʨʦʤ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʘʙʦʪʢʠ ʪʘʢʠʭ ʩʠʩʪʝʤ. 

ʂʘʢ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʘʜʝʞʥʦʩʪʴ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤ? ʆʙʳʯʥʦ 

ʨʘʟʨʘʙʦʪʢʘ ʥʘʯʠʥʘʝʪʩʷ ʩ ʘʥʘʣʠʟʘ ʪʨʝʙʦʚʘʥʠʡ ʟʘʢʘʟʯʠʢʘ, ʘ ʧʦʩʣʝ 

ʧʨʦʭʦʞʜʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʬʘʟ ʨʘʟʨʘʙʦʪʢʠ ʚ ʢʦʥʮʝ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʘʝʪʩʷ 

ʧʨʦʪʦʪʠʧ. ʇʨʦʮʝʩʩ ʚʳʷʩʥʝʥʠʷ ʪʦʛʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʪʦʪʠʧ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʪʨʝʙʦʚʘʥʠʷʤ, ʥʘʟʳʚʘʝʪʩʷ ʚʘʣʠʜʘʮʠʝʡ ʩʠʩʪʝʤ. 

ʉʭʝʤʘʪʠʯʝʩʢʠ ʩʪʨʘʪʝʛʠʷ ʚʘʣʠʜʘʮʠʠ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 1.1 [1]. 

ʇʨʦʮʝʩʩ

ʨʘʟʨʘʙʦʪʢʠ

ɺʘʣʠʜʘʮʠ̫

ʊʨʝʙʦʚʘʥʠ̫ ʈʝʟʫʣɹʪʘʪ

 

ʈʠʩ. 1.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʘʧʦʩʪʝʨʠʦʨʥʦʡ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ 

ʂʘʢʦʚʘ ʦʙʱʘʷ ʧʨʘʢʪʠʢʘ ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʘ, ʢʦʛʜʘ ʧʨʦʚʦʜʠʪʴ 

ʚʘʣʠʜʘʮʠʶ? ʗʩʥʦ, ʯʪʦ ʧʨʦʚʝʨʢʘ ʥʘ ʦʰʠʙʢʠ ʪʦʣʴʢʦ ʚ ʢʦʥʮʝ ʨʘʟʨʘʙʦʪʢʠ 

ʥʝʧʨʠʝʤʣʝʤʘ: ʝʩʣʠ ʦʰʠʙʢʘ ʥʘʡʜʝʥʘ, ʪʨʝʙʫʝʪʩʷ ʤʥʦʛʦ ʫʩʠʣʠʡ ʜʣʷ ʪʦʛʦ, 

ʯʪʦʙʳ ʝʝ ʠʩʧʨʘʚʠʪʴ, ʪʘʢ ʢʘʢ ʚʝʩʴ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʜʦʣʞʥʘ ʙʳʪʴ 

ʧʨʦʡʜʝʥ ʚʥʦʚʴ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʚʠʜʝʪʴ, ʛʜʝ ʠ ʢʘʢ ʦʰʠʙʢʘ ʤʦʛʣʘ 

ʚʦʟʥʠʢʥʫʪʴ. ʇʦʜʦʙʥʳʝ ʦʧʝʨʘʮʠʠ ʦʙʳʯʥʦ ʷʚʣʷʶʪʩʷ ʟʘʪʨʘʪʥʳʤʠ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʦʚʦʜʠʪʴ ʚʘʣʠʜʘʮʠʶ ʥʘ ʣʝʪʫ ï ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʟʨʘʙʦʪʢʠ ʩʠʩʪʝʤʳ, ʪʘʢ ʢʘʢ ʵʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ 

ʩʪʦʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ. ʉʭʝʤʘʪʠʯʝʩʢʠ ʪʘʢʦʡ ʧʨʦʮʝʩʩ ʠʟʦʙʨʘʞʝʥ ʥʘ 

ʨʠʩ. 1.2. 

ɸʨʭʠʪʝʢʪʫʨʘ 

 ̄1ʊʨʝʙʦʚʘʥʠ̫

ɸʨʭʠʪʝʢʪʫʨʘ 

 ̄k ʈʝʟʫʣɹʪʘʪ

ɸʨʭʠʪʝʢʪʫʨʘ 

 ̄2

ʇʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ

ɺʘʣʠʜʘʮʠ̫

. . .

 

ʈʠʩ. 1.2. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ çʥʘ ʣʝʪʫè 
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ʅʘ ʧʨʘʢʪʠʢʝ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʢʦʥʝʯʥʳʡ ʨʝʟʫʣʴʪʘʪ 

ʚʳʧʦʣʥʷʝʪ ʪʦ, ʯʪʦ ʧʨʝʜʧʠʩʘʥʦ, ʧʨʠʤʝʥʷʶʪʩʷ ʜʚʘ ʤʝʪʦʜʘ: ʵʢʩʧʝʨʪʥʳʡ 

ʘʥʘʣʠʟ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 80% ʚʩʝʭ ʧʨʦʝʢʪʦʚ ʠʩʧʦʣʴʟʫʶʪ ʵʢʩʧʝʨʪʥʳʡ ʘʥʘʣʠʟ ï 

ʧʦʣʥʦʩʪʴʶ ʨʫʯʥʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʪʦʪʠʧ ʠʣʠ ʝʛʦ ʯʘʩʪʴ 

ʠʩʩʣʝʜʫʝʪʩʷ ʢʦʤʘʥʜʦʡ ʩʧʝʮʠʘʣʠʩʪʦʚ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʚʦʚʣʝʯʝʥʳ ʚ 

ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʵʪʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʠʩʪʝʤʳ. ʊʝʩʪʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ 

ʚʘʞʥʳʤ ʤʝʪʦʜʦʤ ʚʘʣʠʜʘʮʠʠ ʜʣʷ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʘʣʠʟʘʮʠʡ. ʆʜʥʘʢʦ ʦʙʳʯʥʦ ʪʝʩʪʳ ʛʝʥʝʨʠʨʫʶʪʩʷ ʚʨʫʯʥʫʶ, ʠ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʧʦʜʜʝʨʞʢʝ ʫʜʝʣʷʝʪʩʷ ʤʘʣʦ ʚʥʠʤʘʥʠʷ. 

ɺʘʣʠʜʘʮʠʷ ʩʠʩʪʝʤ ï ʵʪʦ ʚʘʞʥʳʡ ʰʘʛ ʚ ʠʭ ʨʘʟʨʘʙʦʪʢʝ: ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʧʨʦʝʢʪʦʚ ʙʦʣʴʰʝ ʚʨʝʤʝʥʠ ʠ ʫʩʠʣʠʡ ʫʭʦʜʠʪ ʥʘ ʚʘʣʠʜʘʮʠʶ, ʯʝʤ ʥʘ 

ʨʘʟʨʘʙʦʪʢʫ. ʆʰʠʙʢʠ ʤʦʛʫʪ ʙʳʪʴ ʦʯʝʥʴ ʜʦʨʦʛʠʤʠ. ʅʘʧʨʠʤʝʨ, ʦʰʠʙʢʘ ʚ 

ʜʝʥʚʝʨʩʢʦʡ ʩʠʩʪʝʤʝ ʫʧʨʘʚʣʝʥʠʷ ʙʘʛʘʞʦʤ ʟʘʜʝʨʞʘʣʘ ʦʪʢʨʳʪʠʝ ʥʦʚʦʛʦ 

ʘʵʨʦʧʦʨʪʘ ʥʘ ʜʝʚʷʪʴ ʤʝʩʷʮʝʚ (ʫʱʝʨʙ ï 1,1 ʤʠʣʣʠʦʥʘ ʜʦʣʣʘʨʦʚ ʟʘ ʜʝʥʴ). 

ɺʘʣʠʜʘʮʠʷ ʩʠʩʪʝʤ ʢʘʢ ʯʘʩʪʴ ʧʨʦʮʝʩʩʘ ʨʘʟʨʘʙʦʪʢʠ 

ʀʥʪʝʨʚʴʶ ʩʦ ʩʧʝʮʠʘʣʠʩʪʘʤʠ ʨʷʜʘ ʢʦʤʧʘʥʠʡ, ʟʘʥʠʤʘʶʱʠʭʩʷ 

ʨʘʟʨʘʙʦʪʢʦʡ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʚ ʦʯʝʨʝʜʥʦʡ ʨʘʟ ʧʦʢʘʟʘʣʦ, 

ʯʪʦ ʚʘʣʠʜʘʮʠ ̫ʩʠʩʪʝʤ ʜʦʣʞʥʘ ʠʥʪʝʛʨʠʨʦʚʘʪʴʩʷ ʚ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ 

ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ [1, 3, 4]. ʕʪʦ ʩʧʨʘʚʝʜʣʠʚʦ, ʚ ʪʦʤ ʯʠʩʣʝ, ʠ ʩ 

ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʦʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʫʶ 

ʯʘʩʪʴ ʦʰʠʙʦʢ ʥʘʭʦʜʷʪ ʚ ʧʨʦʮʝʩʩʝ ʪʝʩʪʠʨʦʚʘʥʠʷ, ʢʦʛʜʘ ʧʨʦʛʨʘʤʤʥʳʝ 

ʤʦʜʫʣʠ ʫʞʝ ʩʢʦʤʧʦʥʦʚʘʥʳ ʠ ʠʩʩʣʝʜʫʝʪʩʷ ʚʩʷ ʩʠʩʪʝʤʘ. 

ʌʦʨʤʘʣʴʥʳʝ ʤʝʪʦʜʳ 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʘʯʝʩʪʚʘ ʩʣʦʞʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤ ʪʨʝʙʫʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜ r ʠ ʠʥʩʪʨʫʤʝʥʪ,r ʢʦʪʦʨʳʝ 

ʧʦʜʜʝʨʞʠʚʘʶʪ ʧʨʦʮʝʩʩ ʚʘʣʠʜʘʮʠʠ. ʇʨʠʤʝʥʷʝʤʳʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʤʝʪʦʜʳ ʚʘʣʠʜʘʮʠʠ ʷʚʣʷʶʪʩʷ ʫʟʢʦʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ʠ ʙʘʟʠʨʫʶʪʩʷ 

ʥʘ ʩʧʝʮʠʬʠʢʘʮʠʷʭ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʳʭ ʥʘ ʝʩʪʝʩʪʚʝʥʥʦʤ ʷʟʳʢʝ. 

ʇʦʵʪʦʤʫ ʚ ʜʘʥʥʦʡ ʢʥʠʛʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʦʜʭʦʜʳ ʢ ʚʘʣʠʜʘʮʠʠ, 

ʙʘʟʠʨʫʶʱʠʝʩʷ ʥʘ ʬʦʨʤʘʣʴʥʳʭ ʤʝʪʦʜʘʭ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʠʭ 

ʤʝʪʦʜʦʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤ ʜʦʣʞʥʦ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʦ ʚ ʪʝʨʤʠʥʘʭ 

ʪʦʯʥʳʭ ʠ ʥʝʜʚʫʩʤʳʩʣʝʥʥʳʭ ʩʧʝʮʠʬʠʢʘʮʠʡ, ʢʦʪʦʨʳʝ ʧʨʝʜʦʩʪʘʚʣʷʶʪ 

ʙʘʟʫ ʜʣʷ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʇʝʨʝʯʠʩʣʠʤ ʦʩʥʦʚʥʳʝ ʧʦʜʭʦʜʳ ʢ 

ʚʘʣʠʜʘʮʠʠ: 

Ç ʩʠʤʫʣʷʮʠʷ; 

Ç ʪʝʩʪʠʨʦʚʘʥʠʝ; 

Ç ʬʦʨʤʘʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ; 

Ç ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ (ʚʝʨʠʬʠʢʘʮʠʷ ʥʘ ʤʦʜʝʣʷʭ). 
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ɺ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʫʪ ʢʨʘʪʢʦ ʨʘʩʩʤʦʪʨʝʥʳ ʪʨʠ ʧʝʨʚʳʭ ʧʦʜʭʦʜʘ, ʘ 

ʦʩʥʦʚʥʦʡ ʪʝʤʦʡ, ʢʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʷʚʣʷʝʪʩʷ ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ. 

ʈʝʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ 

ɺ ʜʘʥʥʦʡ ʢʥʠʛʝ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʘʣʠʜʘʮʠʠ ʨʝʘʢʪʠʚʥʳʭ 

ʩʠʩʪʝʤ. ʈʝʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ [5] ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝʧʨʝʨʳʚʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʦʢʨʫʞʝʥʠʝʤ. ʆʥʠ ʧʨʠʥʠʤʘʶʪ ʟʥʘʯʝʥʠʷ ʚʭʦʜʦʚ ʠʟ 

ʩʚʦʝʛʦ ʦʢʨʫʞʝʥʠʷ ʠ, ʦʙʳʯʥʦ ʩ ʤʘʣʝʥʴʢʦʡ ʟʘʜʝʨʞʢʦʡ, ʨʝʘʛʠʨʫʶʪ ʥʘ 

ʥʠʭ. ʊʠʧʠʯʥʳʤʠ ʧʨʠʤʝʨʘʤʠ ʩʠʩʪʝʤ ʵʪʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʶʪʩʷ 

ʦʧʝʨʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ, ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩʘʤʦʣʝʪʘʤʠ, 

ʘʚʪʦʤʦʙʠʣʷʤʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ 

ʧʨʦʪʦʢʦʣʳ ʠ ʪ. ʜ. ʅʘʧʨʠʤʝʨ, ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʤ 

ʧʨʦʮʝʩʩʦʤ ʨʝʛʫʣʷʨʥʦ ʧʨʠʥʠʤʘʝʪ ʫʧʨʘʚʣʷʶʱʠʝ ʩʠʛʥʘʣʳ, ʪʘʢʠʝ ʢʘʢ 

ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʘʚʣʝʥʠʝ, ʚ ʨʘʟʣʠʯʥʳʭ ʪʦʯʢʘʭ ʧʨʦʮʝʩʩʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʵʪʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʨʦʛʨʘʤʤʘ ʤʦʞʝʪ ʧʨʠʥʷʪʴ ʨʝʰʝʥʠʝ ʚʢʣʶʯʠʪʴ 

ʥʘʛʨʝʚʘʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ, ʚʳʢʣʶʯʠʪʴ ʥʘʩʦʩ ʠ ʪ. ʜ. ɽʩʣʠ ʚʦʟʥʠʢʣʘ 

ʦʧʘʩʥʘʷ ʩʠʪʫʘʮʠʷ, ʥʘʧʨʠʤʝʨ, ʜʘʚʣʝʥʠʝ ʚ ʨʝʟʝʨʚʫʘʨʝ ʚʳʭʦʜʠʪ ʟʘ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʝʜʝʣʳ, ʫʧʨʘʚʣʷʶʱʘʷ ʧʨʦʛʨʘʤʤʘ ʜʦʣʞʥʘ ʚʳʧʦʣʥʠʪʴ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʜʝʡʩʪʚʠ.̫ ʆʙʳʯʥʦ ʧʦʜʦʙʥʳʝ ʨʝʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ 

ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳ. 

ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʢʦʨʨʝʢʪʥʦʩʪʴ ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʠʤʝʝʪ 

ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʦʨʨʝʢʪʥʦ ʨʘʙʦʪʘʶʱʝʡ 

ʨʝʘʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ ʪʨʝʙʫʝʪʩʷ ʯʝʪʢʘʷ ʤʝʪʦʜʦʣʦʛʠʷ, ʚ ʢʦʪʦʨʦʡ 

ʚʳʜʝʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʬʘʟʳ. 

Ç ʅʘ ʦʩʥʦʚʝ ʠʩʯʝʨʧʳʚʘʶʱʝʛʦ ʘʥʘʣʠʟʘ ʪʨʝʙʦʚʘʥʠʡ ʜʦʣʞʥʘ ʙʳʪʴ 

ʩʬʦʨʤʠʨʦʚʘʥʘ ʠʭ ʩʧʝʮʠʬʠʢʘʮʠʷ. 

Ç ʂʦʥʮʝʧʪʫʘʣʴʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʘʙʩʪʨʘʢʪʥʫʶ 

ʩʧʝʮʠʬʠʢʘʮʠʶ ʧʨʦʝʢʪʘ. ʕʪʘ ʩʧʝʮʠʬʠʢʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥʘ 

ʥʘ ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʴ ʠ ʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʨʝʙʦʚʘʥʠʷʤ. ɼʘʥʥʳʡ 

ʧʨʦʮʝʩʩ ʚʘʣʠʜʘʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʜʜʝʨʞʘʥ ʬʦʨʤʘʣʴʥʦʡ 

ʚʝʨʠʬʠʢʘʮʠʝʡ, ʩʠʤʫʣʷʮʠʝʡ ʠ ʧʨʦʚʝʨʢʦʡ ʤʦʜʝʣʝʡ ï ʪʘʢʠʤʠ 

ʧʨʦʮʝʩʩʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʤʦʜʝʣʴ ʘʙʩʪʨʘʢʪʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʧʨʦʝʢʪʘ 

(ʥʘʧʨʠʤʝʨ, ʩʠʩʪʝʤʘ ʢʦʥʝʯʥʳʭ ʘʚʪʦʤʘʪʦʚ) ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʯʝʨʧʳʚʘʶʱʠʤ ʦʙʨʘʟʦʤ ʧʨʦʚʝʨʝʥʘ. 

Ç ʂʦʛʜʘ ʟʘʩʣʫʞʠʚʘʶʱʘʷ ʜʦʚʝʨʠʷ ʩʧʝʮʠʬʠʢʘʮʠʷ ʧʦʣʫʯʝʥʘ, ʧʝʨʝʭʦʜʷʪ 

ʢ ʧʦʩʪʨʦʝʥʠʶ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʨʝʘʣʠʟʫʝʪ ʘʙʩʪʨʘʢʪʥʫʶ 

ʩʧʝʮʠʬʠʢʘʮʠʶ. ʇʨʠ ʵʪʦʤ ʪʝʩʪʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʧʦʣʝʟʥʳʤ 

ʤʝʪʦʜʦʤ ʧʨʦʚʝʨʢʠ ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʦʨʠʛʠʥʘʣʴʥʳʤ 

ʪʨʝʙʦʚʘʥʠʷʤ. 
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1.2. ʉʠʤʫʣʷʮʠʷ 

ʉʠʤʫʣʷʮʠʷ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪ ʚʦʟʤʦʞʥʦʝ 
ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ. ʕʪʘ ʤʦʜʝʣʴ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʤʳʩʣʝ ʠʩʧʦʣʥʠʤʘ, 
ʧʨʠ ʵʪʦʤ ʧʨʦʛʨʘʤʤʥʳʡ ʠʥʩʪʨʫʤʝʥʪ (ʥʘʟʳʚʘʝʤʳʡ ʩʠʤʫʣʷʪʦʨʦʤ) ʤʦʞʝʪ 
ʦʧʨʝʜʝʣʠʪʴ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʝʢʦʪʦʨʳʤ 
ʩʮʝʥʘʨʠʷʤ. ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ ʧʦʣʴʟʦʚʘʪʝʣʴ ʧʦʣʫʯʘʝʪ ʦʧʨʝʜʝʣʝʥʥʦʝ 
ʧʦʥʠʤʘʥʠʝ ʪʦʛʦ, ʢʘʢ ʩʠʩʪʝʤʘ ʨʝʘʛʠʨʫʝʪ ʥʘ ʩʪʠʤʫʣʳ. ʉʮʝʥʘʨʠʠ ʤʦʛʫʪ 
ʙʳʪʴ ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʠʣʠ ʠʥʩʪʨʫʤʝʥʪʦʤ, ʪʘʢʠʤ ʢʘʢ, 
ʥʘʧʨʠʤʝʨ, ʛʝʥʝʨʘʪʦʨ, ʢʦʪʦʨʳʡ ʩʪʨʦʠʪ ʩʣʫʯʘʡʥʳʝ ʩʮʝʥʘʨʠʠ. 
ʉʠʤʫʣʷʮʠʷ, ʚ ʦʩʥʦʚʥʦʤ ʧʦʣʝʟʥʘ ʜʣʷ ʙʳʩʪʨʦʡ, ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʦʮʝʥʢʠ 
ʢʘʯʝʩʪʚʘ ʧʨʦʝʢʪʘ. ʆʥʘ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ ʧʦʜʭʦʜʠʪ ʜʣʷ ʧʦʠʩʢʘ ʪʦʥʢʠʭ 
ʦʰʠʙʦʢ, ʪʘʢ ʢʘʢ ʩʠʤʫʣʠʨʦʚʘʪʴ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʩʮʝʥʘʨʠʠ ʥʝʧʨʘʢʪʠʯʥʦ 
(ʠ ʯʘʩʪʦ ʥʝʚʦʟʤʦʞʥʦ). 

 

1.3. ʊʝʩʪʠʨʦʚʘʥʠʝ 

ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʪʨʘʜʠʮʠʦʥʥʳʤ ʧʫʪʝʤ 
ʚʘʣʠʜʘʮʠʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʨʦʝʢʪʘ ʷʚʣʷʝʪʩʷ ʪʝʩʪʠʨʦʚʘʥʠʝ [6]. ɺ 
ʪʝʩʪʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʦʤ ʚʠʜʝ, ʚ ʢʘʢʦʤ ʦʥʘ 
ʨʝʘʣʠʟʦʚʘʥʘ (ʧʨʦʛʨʘʤʤʘ, ʫʩʪʨʦʡʩʪʚʦ ʠʣʠ ʠʭ ʢʦʤʙʠʥʘʮʠʷ). ʅʘ ʝʝ ʚʭʦʜ 
ʧʦʜʘʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ, ʥʘʟʳʚʘʝʤʳʭ 
ʪʝʩʪʘʤʠ, ʠ ʠʩʩʣʝʜʫʝʪʩʷ ʨʝʘʢʮʠʷ ʩʠʩʪʝʤʳ. ʇʦʩʣʝ ʵʪʦʛʦ ʧʨʦʚʝʨʷʝʪʩʷ, 
ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʣʠ ʨʝʘʢʮʠʷ ʩʠʩʪʝʤʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʨʝʙʫʝʤʦʤʫ ʚʳʭʦʜʫ. 
ʇʨʠʥʮʠʧʳ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʦʯʪʠ ʪʘʢʠʝ ʞʝ, ʢʘʢ ʠ ʫ ʩʠʤʫʣʷʮʠʠ. ʀʭ 
ʚʘʞʥʦʝ ʨʘʟʣʠʯʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʥʘ 
ʜʝʡʩʪʚʫʶʱʝʡ ʨʝʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤʳ, ʘ ʩʠʤʫʣʷʮʠʷ ï ʥʘ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ. 

ʊʝʩʪʠʨʦʚʘʥʠʝ ï ʵʪʦ ʤʝʪʦʜ ʚʘʣʠʜʘʮʠʠ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ʥʘ 
ʧʨʘʢʪʠʢʝ, ʥʦ ʧʦʯʪʠ ʚʩʝʛʜʘ ʚʳʧʦʣʥʷʝʤʳʡ ʥʘ ʙʘʟʝ ʥʝʬʦʨʤʘʣʴʥʳʭ ʠ 
ʵʚʨʠʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ʊʘʢ ʢʘʢ ʪʝʩʪʠʨʦʚʘʥʠʝ ʙʘʟʠʨʫʝʪʩʷ ʥʘ 
ʨʘʩʩʤʦʪʨʝʥʠʠ ʪʦʣʴʢʦ ʥʝʙʦʣʴʰʦʛʦ ʧʦʜʤʥʦʞʝʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʨʦʚ 
ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ, ʦʥʦ ʥʠʢʦʛʜʘ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʥʳʤ. ʕ. ɼʝʡʢʩʪʨʘ 
ʦʪʤʝʪʠʣ, ʯʪʦ ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴ ʪʦʣʴʢʦ ʥʘʣʠʯʠʝ ʦʰʠʙʦʢ, ʥʦ 
ʥʝ ʠʭ ʦʪʩʫʪʩʪʚʠʝ. 

ʊʝʩʪʠʨʦʚʘʥʠʝ, ʦʜʥʘʢʦ, ʤʦʞʝʪ ʜʦʧʦʣʥʷʪɹ ʬʦʨʤʘʣʴʥʫʶ ʚʝʨʠʬʠʢʘʮʠʶ ʠ 
ʧʨʦʚʝʨʢʫ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪʩʷ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 
ʩʠʩʪʝʤʳ, ʘ ʥʝ ʥʘ ʨʝʘʣʴʥʦʡ ʩʠʩʪʝʤʝ. ʊʘʢ ʢʘʢ ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʨʠʤʝʥʷʝʪʩʷ 
ʢ ʨʝʘʣʠʟʘʮʠʠ, ʦʥʦ ʧʦʣʝʟʥʦ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʝʜʫʶʱʠʭ ʩʣʫʯʘʷʭ: 

Ç ʢʦʛʜʘ ʢʦʨʨʝʢʪʥʫʶ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ ʩʣʦʞʥʦ ʧʦʩʪʨʦʠʪ;ɹ 

Ç ʢʦʛʜʘ ʯʘʩʪʠ ʩʠʩʪʝʤʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʬʦʨʤʘʣʴʥʦ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʳ 
(ʥʘʧʨʠʤʝʨ, ʬʠʟʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ); 

Ç ʢʦʛʜʘ ʤʦʜʝʣʴ ʧʨʦʧʨʠʝʪʘʨʥʘ. 
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ʆʙʳʯʥʦ, ʪʝʩʪʠʨʦʚʘʥʠʝ ï ʜʦʤʠʥʠʨʫʶʱʠʡ ʤʝʪʦʜ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ. ʆʥ 

ʩʦʩʪʦʠʪ ʚ ʧʨʠʤʝʥʝʥʠʠ ʢ ʨʝʘʣʠʟʘʮʠʠ ʨʷʜʘ ʪʝʩʪʦʚ, ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ 

ʧʦʣʫʯʘʶʪ ʵʚʨʠʩʪʠʯʝʩʢʠ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ, ʦʜʥʘʢʦ, ʚʦʟʨʘʩʪʘʝʪ 

ʠʥʪʝʨʝʩ ʢ ʧʨʠʤʝʥʝʥʠʶ ʬʦʨʤʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʚ ʪʝʩʪʠʨʦʚʘʥʠʠ. 

ʅʘʧʨʠʤʝʨ, ʚ ʦʙʣʘʩʪʠ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʧʨʦʪʦʢʦʣʦʚ ʵʪʦʪ ʪʠʧ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʚʝʣ ʢ ʧʨʦʝʢʪʫ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʩʪʘʥʜʘʨʪʘ 

çʌʦʨʤʘʣʴʥʳʝ ʤʝʪʦʜʳ ʚ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʨʠʛʦʜʥʦʩʪʠè [7]. ɺ ʥʝʤ 

ʧʨʦʮʝʩʩ ʪʝʩʪʠʨʦʚʘʥʠʷ ʨʘʟʜʝʣʝʥ ʥʘ ʥʝʩʢʦʣʴʢʦ ʬʘʟ: 

1. ɻʝʥʝʨʘʮʠʷ ʪʝʩʪʦʚ. ɸʙʩʪʨʘʢʪʥʳʝ ʦʧʠʩʘʥʠʷ ʪʝʩʪʦʚ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ 

ʛʝʥʝʨʠʨʫʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʪʦʯʥʦʛʦ ʠ ʥʝʜʚʫʩʤʳʩʣʝʥʥʦʛʦ ʟʘʜʘʥʠʷ 

ʪʨʝʙʫʝʤʳʭ ʩʚʦʡʩʪʚ ʚ ʩʧʝʮʠʬʠʢʘʮʠʠ. 

2. ɺʳʙʦʨ ʪʝʩʪʦʚ. ɺʳʙʠʨʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʦʙʨʘʟʮʦʚ ʘʙʩʪʨʘʢʪʥʳʭ 

ʦʧʠʩʘʥʠʡ ʪʝʩʪʦʚ. 

3. ʈʝʘʣʠʟʘʮʠʷ ʪʝʩʪʦʚ. ɸʙʩʪʨʘʢʪʥʳʝ ʦʧʠʩʘʥʠʷ ʪʝʩʪʦʚ 

ʪʨʘʥʩʬʦʨʤʠʨʫʶʪʩʷ ʚ ʠʩʧʦʣʥʠʤʳʝ ʪʝʩʪʳ. 

4. ʀʩʧʦʣʥʝʥʠʝ ʪʝʩʪʦʚ. ʀʩʧʦʣʥʠʤʳʝ ʪʝʩʪʳ ʧʨʠʤʝʥʷʶʪʩʷ ʢ 

ʪʝʩʪʠʨʫʝʤʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʫʪʝʤ ʚʳʧʦʣʥʝʥʠʷ ʠʭ ʥʘ ʪʝʩʪʠʨʫʶʱʝʡ 

ʩʠʩʪʝʤʝ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʠ ʧʨʦʪʦʢʦʣʠʨʫʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʧʦʣʥʝʥʠʷ. 

5. ʊʝʩʪʦʚʳʡ ʘʥʘʣʠʟ. ɿʘʧʨʦʪʦʢʦʣʠʨʦʚʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ, ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʣʠ ʦʥʠ 

ʦʞʠʜʘʝʤʳʤ ʨʝʟʫʣʴʪʘʪʘʤ. 

ʈʘʟʣʠʯʥʳʝ ʬʘʟʳ ʪʝʩʪʠʨʦʚʘʥʠʷ ʤʦʛʫʪ ʧʝʨʝʩʝʢʘʪʴʩʷ ʠ ʥʘ ʧʨʘʢʪʠʢʝ ʯʘʩʪʦ 

ʧʝʨʝʩʝʢʘʶʪʩʷ, ʦʩʦʙʝʥʥʦ ʧʦʩʣʝʜʥʠʝ. 

ʊʝʩʪʠʨʦʚʘʥʠʝ ï ʵʪʦ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʢʘʢ ʢ 

ʧʨʦʪʦʪʠʧʘʤ, ʚ ʬʦʨʤʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʩʠʤʫʣʷʮʠʠ, ʪʘʢ ʠ ʢ ʢʦʥʝʯʥʳʤ 

ʧʨʦʜʫʢʪʘʤ. ʀʟʚʝʩʪʥʳ ʜʚʘ ʙʘʟʦʚʳʭ ʧʦʜʭʦʜʘ: ʪʝʩʪʠʨʦʚʘʥʠʝ ʙʝʣʦʛʦ 

ʷʱʠʢʘ, ʢʦʛʜʘ ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ ʨʝʘʣʠʟʘʮʠʠ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠ 

ʠʥʦʛʜʘ ʯʘʩʪʠʯʥʦ ʫʧʨʘʚʣʷʪʴʩʷ (ʩʪʠʤʫʣʠʨʦʚʘʪʴʩʷ), ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ 

ʯʝʨʥʦʛʦ ʷʱʠʢʘ [8]. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥʘ ʪʦʣʴʢʦ 

ʢʦʤʤʫʥʠʢʘʮʠʷ ʤʝʞʜʫ ʪʝʩʪʠʨʫʝʤʦʡ ʩʠʩʪʝʤʦʡ ʠ ʦʢʨʫʞʝʥʠʝʤ, ʘ 

ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ çʷʱʠʢʘè ʧʦʣʥʦʩʪʴʶ ʩʢʨʳʪʘ ʦʪ ʪʝʩʪʝʨʘ. ɺ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʦʙʩʪʦʷʪʝʣʴʩʪʚʘʭ ʪʝʩʪʠʨʦʚʘʥʠʝ ʥʘʭʦʜʠʪʩʷ ʛʜʝ-ʪʦ ʤʝʞʜʫ 

ʵʪʠʤʠ ʜʚʫʤʷ ʢʨʘʡʥʠʤʠ ʩʣʫʯʘʷʤʠ ʠ ʠʥʦʛʜʘ ʥʘʟʳʚʘʝʪʩʷ ʪʝʩʪʠʨʦʚʘʥʠʝʤ 

ʩʝʨʦʛʦ ʷʱʠʢʘ. 

ʇʝʨʝʯʠʩʣʠʤ ʦʩʥʦʚʥʳʝ ʚʠʜʳ ʪʝʩʪʦʚ. 

1. ʄʦʜʫʣʴʥʳʝ ʪʝʩʪʳ (Unit tests). ʊʝʩʪ ʧʠʰʝʪʩʷ ʥʘ ʢʣʘʩʩ, ʦʪʜʝʣʴʥʳʡ 

ʤʝʪʦʜ ʵʪʦʛʦ ʢʣʘʩʩʘ ʠ ʪ. ʜ. ʆʙʳʯʥʦ ʧʨʦʚʝʨʷʝʪʩʷ ʦʜʠʥ ʩʮʝʥʘʨʠʡ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʣʘʩʩʘ, ʤʝʪʦʜʘ ʠʣʠ ʠʥʦʛʦ ʤʦʜʫʣʷ. 
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2. ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʪʝʩʪʳ. ʊʝʩʪʠʨʫʝʪʩʷ ʥʝ ʵʣʝʤʝʥʪ ʢʦʜʘ, ʘ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ. ʊʘʢʠʝ ʪʝʩʪʳ ʧʦʟʚʦʣʷʶʪ ʚʳʷʚʣʷʪʴ ʩʪʨʫʢʪʫʨʥʳʝ 

ʦʰʠʙʢʠ. 

3. ʇʨʠʝʤʦʯʥʳʝ ʪʝʩʪʳ. ʇʨʦʚʝʨʷʝʪʩʷ, ʯʪʦ ʧʨʦʛʨʘʤʤʘ ʜʝʣʘʝʪ ʠʤʝʥʥʦ ʪʦ, 
ʯʪʦ ʭʦʪʝʣ ʟʘʢʘʟʯʠʢ. 

4. ʉʪʨʝʩʩ-ʪʝʩʪr. ʊʝʩʪʠʨʫʝʪʩʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʛʨʘʤʤʳ ʧʦʜ 

ʩʠʣʴʥʦʡ ʥʘʛʨʫʟʢʦʡ. 

5. ʊʝʩʪ rçʥʘ ʜʫʨʘʢʘè (monkey test). ʇʨʦʛʨʘʤʤʝ ʧʦʜʘʶʪʩʷ ʩʣʫʯʘʡʥʳʝ 

ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ, ʠ ʧʨʦʚʝʨʷʶʪʩʷ ʝʝ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʥʘ ʪʘʢʠʭ 

ʜʘʥʥʳʭ ʠ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʴ. ʊʘʢʞʝ ʧʨʦʚʝʨʷʝʪʩʷ ʥʘʣʠʯʠʝ 

ʫʷʟʚʠʤʦʩʪʝʡ. ʊʘʢʠʝ ʪʝʩʪʳ ʦʩʦʙʝʥʥʦ ʚʘʞʥʳ ʜʣʷ ʩʝʨʚʝʨʥʳʭ 

ʧʨʠʣʦʞʝʥʠʡ. 

6. ʇʘʨʘʣʣʝʣʴʥʳʝ ʪʝʩʪʳ. ʇʨʦʚʝʨʷʝʪʩʷ, ʯʪʦ ʥʦʚʘʷ ʚʝʨʩʠʷ ʨʘʙʦʪʘʝʪ ʪʘʢ 
ʞʝ, ʢʘʢ ʩʪʘʨʘʷ. 

7. ʈʝʛʨʝʩʩʠʦʥʥʳʝ ʪʝʩʪʳ. ʇʠʰʫʪʩʷ ʧʦʩʣʝ ʩʦʦʙʱʝʥʠʷ ʦʙ ʦʰʠʙʢʝ. ʊʝʩʪ 
ʧʦʚʪʦʨʷʝʪ ʩʮʝʥʘʨʠʡ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʟʦʰʣʘ ʦʰʠʙʢʘ. 

ʈʘʟʨʘʙʦʪʢʘ ʯʝʨʝʟ ʪʝʩʪʠʨʦʚʘʥʠʝ (Test-driven development) 

ʆʜʥʦʡ ʠʟ ʪʝʭʥʦʣʦʛʠʡ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʯʝʨʝʟ ʪʝʩʪʠʨʦʚʘʥʠʝ (test-driven development ï TDD) [9]. 

ʆʪʤʝʪʠʤ, ʯʪʦ TDD ʥʝ ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʝʡ ʪʝʩʪʠʨʦʚʘʥʠʷ. ʕʪʦʪ 

ʧʨʦʮʝʩʩ ʩʦʩʪʦʠʪ ʠʟ ʢʦʨʦʪʢʠʭ ʠʪʝʨʘʮʠʡ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤʳ, ʢʘʞʜʘʷ 

ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʵʪʘʧʦʚ: 

1. ʅʘʧʠʩʘʥʠʝ ʪʝʩʪʘ. 

2. ʂʦʤʧʠʣʷʮʠʷ ʪʝʩʪʘ. ʊʝʩʪ ʥʝ ʜʦʣʞʝʥ ʢʦʤʧʠʣʠʨʦʚʘʪʴʩʷ. ɽʩʣʠ ʪʝʩʪ 

ʢʦʤʧʠʣʠʨʫʝʪʩʷ, ʪʦ ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʦʟʜʘʥʘ ʩʫʱʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʫʞʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ. 

3. ʋʩʪʨʘʥʝʥʠʝ ʦʰʠʙʢʠ ʢʦʤʧʠʣʷʮʠʠ. 

4. ɿʘʧʫʩʢ ʪʝʩʪʘ. ʊʝʩʪ ʥʝ ʜʦʣʞʝʥ ʧʨʦʭʦʜʠʪʴ. 

5. ʅʘʧʠʩʘʥʠʝ ʢʦʜʘ. ʇʠʰʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʧʨʦʩʪʦʡ ʢʦʜ, ʢʘʢʦʡ ʪʦʣʴʢʦ 
ʚʦʟʤʦʞʝʥ. 

6. ʇʨʦʛʦʥ ʪʝʩʪʘ. ʅʘ ʵʪʦʪ ʨʘʟ ʪʝʩʪ ʜʦʣʞʝʥ ʙʳʪʴ ʧʨʦʡʜʝʥ. 

7. ʈʝʬʘʢʪʦʨʠʥʛ (ʝʩʣʠ ʪʨʝʙʫʝʪʩʷ). 

ɺʪʦʨʦʡ ʠ ʪʨʝʪʠʡ ʵʪʘʧʳ ʚʳʧʦʣʥʷʶʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ 

ʤʦʜʫʣʝʡ ʠʣʠ ʢʣʘʩʩʦʚ. 

ʂʦʛʜʘ ʧʨʦʛʨʘʤʤʘ ʠʩʧʦʣʴʟʫʝʪ ʦʙʦʨʫʜʦʚʘʥʠʝ, ʜʦʩʪʫʧ ʢ ʢʦʪʦʨʦʤʫ 
ʟʘʪʨʫʜʥʝʥ, ʧʨʠʤʝʥʷʶʪʩʷ ʤʦʢ-ʦʙʲʝʢʪʳ ʠʣʠ ʤʦʢʠ [9] (mocks). ʄʦʢʠ ï 
ʵʪʦ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʟʘʛʣʫʰʢʠ. ʊʘʢʞʝ ʤʦʢʠ ʤʦʛʫʪ 
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ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʩʚʝʨʭʫ ʚʥʠʟ [10]. ɼʣʷ ʩʦʟʜʘʥʠʷ 
ʤʦʢ-ʦʙʲʝʢʪʦʚ ʩʫʱʝʩʪʚʫʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʬʨʝʡʤʚʦʨʢʠ (RhinoMock, 
NMock, JMock ʠ ʜʨ.). 

ʉʚʦʡʩʪʚʘ ʨʘʟʨʘʙʦʪʢʠ ʯʝʨʝʟ ʪʝʩʪʠʨʦʚʘʥʠʝ: 

Ç ʧʦʜʭʦʜ ʟʘʩʪʘʚʣʷʝʪ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʧʨʦʛʨʘʤʤʫ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 
ʧʦʣʴʟʦʚʘʪʝʣʷ; 

Ç ʦʥ ʟʘʩʪʘʚʣʷʝʪ ʧʠʩʘʪʴ ʢʣʘʩʩʳ, ʥʝʟʘʚʠʩʠʤʳʝ ʜʨʫʛ ʦʪ ʜʨʫʛʘ; 

Ç ʪʝʩʪʳ ʷʚʣʷʶʪʩʷ ʪʘʢʞʝ ʠ ʜʦʢʫʤʝʥʪʘʮʠʝʡ ʢ ʢʦʜʫ; 

Ç ʪʨʝʙʫʝʪʩʷ ʤʥʦʛʦ ʚʨʝʤʝʥʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʩʚʦʠʪʴ ʵʪʦʪ ʧʦʜʭʦʜ ʥʘ 
ʧʨʘʢʪʠʢʝ. 

 

1.4. ʌʦʨʤʘʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ 

ɼʦʧʦʣʥʷʶʱʠʤ ʤʝʪʦʜʦʤ ʢ ʩʠʤʫʣʷʮʠʠ ʠ ʪʝʩʪʠʨʦʚʘʥʠʶ ʷʚʣʷʝʪʩʷ 
ʩʪʨʦʛʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʦʛʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʨʘʙʦʪʘʝʪ ʢʦʨʨʝʢʪʥʦ. ʊʘʢʘʷ 
ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʜʝʤʦʥʩʪʨʘʮʠʷ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʠʩʪʝʤʳ ʥʘʟʳʚʘʝʪʩʷ 
ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʝʡ [11]. ɹʘʟʦʚʘʷ ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ 
ʧʦʩʪʨʦʠʪʴ ʬʦʨʤʘʣʴʥʫʶ (ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ) ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʡ 
ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʦʪʨʘʞʘʝʪ (ʩʧʝʮʠʬʠʮʠʨʫʝʪ) ʚʦʟʤʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ 
ʩʠʩʪʝʤʳ. ʇʨʠ ʵʪʦʤ ʪʨʝʙʦʚʘʥʠʷ ʢʦʨʨʝʢʪʥʦʩʪʠ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ 
ʬʦʨʤʘʣʴʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʪʨʝʙʦʚʘʥʠʡ, ʢʦʪʦʨʘʷ ʦʪʨʘʞʘʝʪ ʞʝʣʘʝʤʦʝ 
ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ. ʅʘ ʙʘʟʝ ʵʪʠʭ ʜʚʫʭ ʩʧʝʮʠʬʠʢʘʮʠʡ ʤʦʞʥʦ 
ʬʦʨʤʘʣʴʥʳʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʧʨʦʚʝʨʠʪʴ, ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʣʠ 
ʚʦʟʤʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʞʝʣʘʝʤʳʤ. ʇʦʩʢʦʣʴʢʫ ʠʤʝʝʪ 
ʤʝʩʪʦ ʚʝʨʠʬʠʢʘʮʠ ̫ ʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʦʨʤʝ, ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 
ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʪʦʯʥʳʤ, ʠ ʚʝʨʠʬʠʢʘʮʠʷ ʩʦʩʪʦʠʪ ʚ 
ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʵʪʦʤʫ ʬʦʨʤʘʣʴʥʦʤʫ 
ʧʨʝʜʩʪʘʚʣʝʥʠʶ. 

ɼʣʷ ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʪʨʝʙʫʪʁʩ:̫ 

Ç ʄʦʜʝʣʴ ʩʠʩʪʝʤʳ, ʦʙʳʯʥʦ ʩʦʜʝʨʞʘʱʘʷ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, 
ʢʦʪʦʨʳʝ ʭʨʘʥʷʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʟʥʘʯʝʥʠʷʭ ʧʝʨʝʤʝʥʥʳʭ, 
ʧʨʦʛʨʘʤʤʥʳʭ ʩʯʝʪʯʠʢʘʭ ʠ ʪ. ʧ., ʠ ʦʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ, ʢʦʪʦʨʦʝ 
ʦʧʠʩʳʚʘʝʪ, ʢʘʢ ʩʠʩʪʝʤʘ ʧʝʨʝʭʦʜʠʪ ʠʟ ʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʨʫʛʦʝ. 

Ç ʄʝʪʦʜ ʩʧʝʮʠʬʠʢʘʮʠʠ ʜʣʷ ʚʳʨʘʞʝʥʠʷ ʪʨʝʙʦʚʘʥʠʡ ʚ ʬʦʨʤʘʣʴʥʦʤ 
ʚʠʜʝ. 

Ç ʄʥʦʞʝʩʪʚʦ ʧʨʘʚʠʣ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʧʨʝʜʝʣʠʪʴ, 
ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʣʠ ʤʦʜʝʣʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʙʦʣʝʝ ʢʦʥʢʨʝʪʥʦ ʧʦʥʷʪʴ, ʯʪʦ ʠʤʝʝʪʩʷ ʚ ʚʠʜʫ, 
ʨʘʩʩʤʦʪʨʠʤ ʩʧʦʩʦʙ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʤʦʛʫʪ ʙʳʪʴ ʬʦʨʤʘʣʴʥʦ 
ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ. 
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ɺʝʨʠʬʠʢʘʮʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʕʪʦʪ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ 

ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ [1, 12], ʪʘʢʠʭ ʢʘʢ ʙʳʩʪʨʘʷ 

ʩʦʨʪʠʨʦʚʢʘ ʠʣʠ ʚʳʯʠʩʣʝʥʠʝ ʥʘʠʙʦʣʴʰʝʛʦ ʦʙʱʝʛʦ ʜʝʣʠʪʝʣʷ ʜʚʫʭ 

ʮʝʣʳʭ ʯʠʩʝʣ. ʂʨʘʪʢʦ ʦʧʠʰʝʤ, ʢʘʢ ʦʥ ʨʘʙʦʪʘʝʪ. ʆʥ ʥʘʯʠʥʘʝʪʩʷ ʩ 

ʬʦʨʤʘʣʠʟʘʮʠʠ ʞʝʣʘʝʤʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜ- ʠ 

ʧʦʩʪʫʩʣʦʚʠʡ ʥʘ ʦʩʥʦʚʝ ʬʦʨʤʫʣ ʣʦʛʠʢʠ ʧʨʝʜʠʢʘʪʦʚ. ʉʠʥʪʘʢʩʠʩ ʵʪʠʭ 

ʬʦʨʤʫʣ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʥʘʧʨʠʤʝʨ, ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ű ::= p | ×ű | (ű Ù ű). 

ɿʜʝʩʴ p ï ʙʘʟʦʚʦʝ ʧʨʝʜʣʦʞʝʥʠʝ (ʥʘʧʨʠʤʝʨ, çx ʨʘʚʥʦ 2è), ʩʠʤʚʦʣ ç×è ï 

ʦʪʨʠʮʘʥʠʝ, ʘ ʩʠʤʚʦʣ çÙè ï ʜʠʟʲʶʥʢʮʠ.̫ ɼʨʫʛʠʝ ʣʦʛʠʯʝʩʢʠʝ ʩʚʷʟʢʠ 

ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ű Ø ɣ = ×(×ű Ù ×ɣ), 

true = ű Ù ×ű, false = ×true ʠ ű ­ ɣ = ×ű Ù ɣ. ɼʣʷ ʧʨʦʩʪʦʪʳ ʦʧʫʩʪʠʤ 

ʢʚʘʥʪʦʨʳ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠ ʚʩʝʦʙʱʥʦʩʪʠ. 

ʇʨʝʜʫʩʣʦʚʠʝ ʦʧʠʩʳʚʘʝʪ ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʨʪʦʚʳʭ ʩʦʩʪʦʷʥʠʡ 

(ʜʦʧʫʩʪʠʤʳʭ ʟʥʘʯʝʥʠʡ ʚʭʦʜʦʚ), ʘ ʧʦʩʪʫʩʣʦʚʠʝ ï ʤʥʦʞʝʩʪʚʦ ʞʝʣʘʝʤʳʭ 

ʬʠʥʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʪʨʝʙʫʝʤʳʭ ʟʥʘʯʝʥʠʡ ʚʳʭʦʜʦʚ). ʂʦʛʜʘ ʧʨʝʜ- ʠ 

ʧʦʩʪʫʩʣʦʚʠʷ ʬʦʨʤʘʣʠʟʦʚʘʥʳ, ʘʣʛʦʨʠʪʤ ʢʦʜʠʨʫʝʪʩʷ ʚ ʥʝʢʦʪʦʨʦʤ 

ʘʙʩʪʨʘʢʪʥʦʤ ʧʩʝʚʜʦʢʦʜʝ, ʠ ʧʦ ʰʘʛʘʤ ʜʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʦʥ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʧʝʮʠʬʠʢʘʮʠʠ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʬʦʨʤʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ï 

ʤʥʦʞʝʩʪʚʦ ʧʨʘʚʠʣ ʚʳʚʦʜʘ. ʕʪʠ ʧʨʘʚʠʣʘ ʦʙʳʯʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʧʦʩʪʨʦʝʥʠʶ ʧʨʦʛʨʘʤʤʳ (ʘʣʛʦʨʠʪʤʘ). ʆʥʠ ʟʘʧʠʩʳʚʘʶʪʩʷ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

{ű}  S {ɣ} . 

ɿʜʝʩʴ ű ï ʧʨʝʜʫʩʣʦʚʠʝ, S ï ʧʨʦʛʨʘʤʤʥʳʡ ʦʧʝʨʘʪʦʨ, ʘ ɣ ï ʧʦʩʪʫʩʣʦʚʠʝ. 

ʊʨʦʡʢʘ {ű}  S {ɣ} ʠʟʚʝʩʪʥʘ ʢʘʢ ʪʨʦʡʢʘ ʍʦʘʨʘ [13] ʠ ʥʘʟʚʘʥʘ ʚ ʯʝʩʪʴ 

ʦʜʥʦʛʦ ʠʟ ʧʠʦʥʝʨʦʚ ʚ ʦʙʣʘʩʪʠ ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʧʨʦʛʨʘʤʤ. ʉʫʱʝʩʪʚʫʶʪ ʜʚʝ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʪʨʦʝʢ 

ʍʦʘʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʯʘʩʪʠʯʥʘ ̫ʠʣʠ ʪʦʪʘʣʴʥʘ ̫ʢʦʨʨʝʢʪʥʦʩʪʴ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ. 

Ç ʌʦʨʤʫʣʘ {ű}  S {ɣ} ʥʘʟʳʚʘʝʪʩʷ ʯʘʩʪʠʯʥʦ ʢʦʨʨʝʢʪʥʦʡ, ʝʩʣʠ ʢʘʞʜʦʝ 

ʦʩʪʘʥʘʚʣʠʚʘʶʱʝʝʩʷ ʚʳʯʠʩʣʝʥʠʝ S, ʩʪʘʨʪʫʶʱʝʝ ʚ ʩʦʩʪʦʷʥʠʠ, ʚ 

ʢʦʪʦʨʦʤ ʚʳʧʦʣʥʷʝʪʩʷ ű, ʬʠʥʠʰʠʨʫʝʪ ʚ ʩʦʩʪʦʷʥʠʠ, ʚ ʢʦʪʦʨʦʤ 

ʚʳʧʦʣʥʷʝʪʩʷ ɣ. 

Ç ʌʦʨʤʫʣʘ {ű}  S {ɣ} ʥʘʟʳʚʘʝʪʩʷ ʪʦʪʘʣʴʥʦ ʢʦʨʨʝʢʪʥʦʡ, ʝʩʣʠ ʢʘʞʜʦʝ 

ʚʳʯʠʩʣʝʥʠʝ S, ʩʪʘʨʪʫʶʱʝʝ ʚ ʩʦʩʪʦʷʥʠʠ, ʚ ʢʦʪʦʨʦʤ ʚʳʧʦʣʥʷʝʪʩʷ ű, 

ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʠ ʬʠʥʠʰʠʨʫʝʪ ʚ ʩʦʩʪʦʷʥʠʠ, ʚ ʢʦʪʦʨʦʤ 

ʚʳʧʦʣʥʷʝʪʩʷ ɣ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ ʯʘʩʪʠʯʥʦʡ ʢʦʨʨʝʢʪʥʦʩʪʠ ʥʝ ʜʝʣʘʝʪʩʷ ʥʠʢʘʢʠʭ 

ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʯʠʩʣʝʥʠʡ S, ʢʦʪʦʨʳʝ ʥʝ 

ʦʩʪʘʥʘʚʣʠʚʘʶʪʩʷ, ʘ ʟʘʚʠʩʘʶʪ. ɺ ʜʘʣʴʥʝʡʰʠʭ ʦʙʲʷʩʥʝʥʠʷʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʯʘʩʪʠʯʥʘ ̫ʢʦʨʨʝʢʪʥʦʩʪʴ, ʝʩʣʠ ʥʝ ʩʢʘʟʘʥʦ ʦʙʨʘʪʥʦʝ. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʧʦʜʭʦʜʘ ʍʦʘʨʘ ï ʜʦʢʘʟʳʚʘʪʴ ʢʦʨʨʝʢʪʥʦʩʪʴ ʧʨʦʛʨʘʤʤ ʥʘ 

ʩʠʥʪʘʢʩʠʯʝʩʢʦʤ ʫʨʦʚʥʝ, ʠʩʧʦʣʴʟʫʷ ʣʠʰʴ ʪʨʦʡʢʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʳʰʝ 

ʬʦʨʤʳ. ɼʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ 

ʢʦʥʩʪʨʫʠʨʫʶʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʛʨʘʤʤʘʪʠʢʝ: 

S ::= skip | x := E | S; S | if  B then S else S fi  | while B do S od. 

ɿʜʝʩʴ skip ï ʦʪʩʫʪʩʪʚʠʝ ʦʧʝʨʘʮʠʠ, x := E ï ʧʨʠʩʚʘʠʚʘʥʠʝ ʚʳʨʘʞʝʥʠʷ E 

ʧʝʨʝʤʝʥʥʦʡ x (ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ x ʠ E ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʡ ʪʠʧ), S; S 

ï ʢʦʤʧʦʟʠʮʠ ̫ʦʧʝʨʘʪʦʨʦʚ. ʇʦʩʣʝʜʥʠʝ ʜʚʘ ï ʘʣʴʪʝʨʥʘʪʠʚʘ ʠ ʠʪʝʨʘʮʠ,̫ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (B ï ʙʫʣʝʚʦ ʚʳʨʘʞʝʥʠʝ). 

ʇʨʘʚʠʣʘ ʚʳʚʦʜʘ ʜʦʣʞʥʳ ʯʠʪʘʪʴʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʝʩʣʠ ʚʩʝ 

ʫʩʣʦʚʠʷ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚʳʰʝ ʯʝʨʪʳ, ʚʝʨʥʳ, ʪʦʛʜʘ ʩʣʝʜʩʪʚʠʝ ʧʦʜ 

ʯʝʨʪʦʡ ʪʦʞʝ ʚʝʨʥʦ. ɼʣʷ ʧʨʘʚʠʣ ʩ ʫʩʣʦʚʠʝʤ true ʟʘʧʠʩʳʚʘʝʪʩʷ ʪʦʣʴʢʦ 

ʩʣʝʜʩʪʚʠʝ. ʕʪʠ ʧʨʘʚʠʣʘ ʚʳʚʦʜʘ ʥʘʟʳʚʘʶʪʩʷ ʘʢʩʠʦʤʘʤʠ. ʌʦʨʤʘʣʴʥʘʷ 

ʩʠʩʪʝʤʘ ʜʣʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤ 

ʠʟʦʙʨʘʞʝʥʘ ʚ ʪʘʙʣ. 1.1. 

ʊʘʙʣʠʮʘ 1.1. ʌʦʨʤʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʜʣʷ ʯʘʩʪʠʯʥʦʡ ʢʦʨʨʝʢʪʥʦʩʪʠ 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ 

ɸʢʩʠʦʤʘ ʜʣʷ skip {} {}j jskip  

ɸʢʩʠʦʤʘ ʜʣʷ ʧʨʠʩʚʘʠʚʘʥʠʷ [ ]{ } {}: :x k x kj j= =  

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʢʦʤʧʦʟʠʮʠʷ 
{} {}{} { }

{} { }
1 2

1 2

,

;

S S

S S

j c c y

j y
 

ɸʣʴʪʝʨʥʘʪʠʚʘ 
{ } { }{ } { }

{} { }
1 2

1 2

,

      

B S B S

B S S

j y j y

j y

Ø Ø×

if then else fi
 

ʀʪʝʨʘʮʠʷ 
{ }{}

{} { }    

B S

B S B

j j

j j

Ø

Ø×while do od
 

ʉʣʝʜʩʪʚʠʝ 
{ }{ }

{}{ }

, ,' ' S ' '

S

j j j y y y

j y

Ý Ý
 

 

ʇʨʘʚʠʣʦ ʚʳʚʦʜʘ ʜʣʷ ʦʧʝʨʘʪʦʨʘ skip, ʢʦʪʦʨʳʡ ʥʠʯʝʛʦ ʥʝ ʜʝʣʘʝʪ, ʚʧʦʣʥʝ 

ʦʞʠʜʘʝʤʦ: ʧʨʠ ʣʶʙʳʭ ʫʩʣʦʚʠʷʭ, ʝʩʣʠ ű ʚʝʨʥʦ ʧʝʨʝʜ ʦʧʝʨʘʪʦʨʦʤ, ʪʦ 

ʦʥʦ ʚʝʨʥʦ ʠ ʧʦʩʣʝ ʥʝʛʦ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʘʢʩʠʦʤʦʡ ʜʣʷ ʧʨʠʩʚʘʠʚʘʥʠʷ, ʥʘʯʠʥʘʶʪ ʩ 

ʧʦʩʪʫʩʣʦʚʠʷ ű ʠ ʦʧʨʝʜʝʣʷʶʪ ʧʨʝʜʫʩʣʦʚʠʝ ʧʦʜʩʪʘʥʦʚʢʦʡ ű[x := k]. ʕʪʘ 
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ʧʦʜʩʪʘʥʦʚʢʘ ʦʟʥʘʯʘʝʪ ʬʦʨʤʫʣʫ ű, ʚ ʢʦʪʦʨʦʡ ʚʦ ʚʩʝʭ ʚʭʦʞʜʝʥʠʷʭ x 

ʟʘʤʝʥʝʥʦ ʥʘ k. ʅʘʧʨʠʤʝʨ, 

{ k
2
 ʯʝʪʥʦ ʠ k = y} x := k { x

2
 ʯʝʪʥʦ ʠ x = y}.  

ɽʩʣʠ ʧʨʦʮʝʩʩ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʥʘʯʠʥʘʝʪʩʷ ʩ ʘʥʘʣʠʟʘ ʧʦʩʪʫʩʣʦʚʠʷ, ʪʦ ʝʛʦ 

ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʪʁ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʢ ʯʘʩʪʷʤ ʧʨʦʛʨʘʤʤʳ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʚ ʢʦʥʮʝ ʤʦʞʥʦ ʜʦʢʘʟʘʪʴ ʧʨʝʜʫʩʣʦʚʠʝ ʜʣʷ ʚʩʝʡ 

ʧʨʦʛʨʘʤʤʳ. 

ʇʨʘʚʠʣʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʠʩʧʦʣʴʟʫʝʪ ʧʨʦʤʝʞʫʪʦʯʥʳʡ 

ʧʨʝʜʠʢʘʪ ɢ, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʬʠʥʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ S1 ʠ 

ʩʪʘʨʪʦʚʦʝ ʩʦʩʪʦʷʥʠʝ S2. 

ʇʨʘʚʠʣʦ ʘʣʴʪʝʨʥʘʪʠʚʳ ʠʩʧʦʣʴʟʫʝʪ ʙʫʣʝʚʦ ʚʳʨʘʞʝʥʠʝ B, ʟʥʘʯʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪ, ʯʪʦ ʠʤʝʥʥʦ ʠʩʧʦʣʥʷʝʪʩʷ: S1 ʠʣʠ S2. 

ʇʨʘʚʠʣʦ ʜʣʷ ʠʪʝʨʘʮʠʠ ʪʨʝʙʫʝʪ ʧʦʷʩʥʝʥʠʷ. ʆʥʦ ʦʧʨʝʜʝʣʷʝʪ, ʯʪʦ 

ʧʨʝʜʠʢʘʪ ű ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ while B do S od, ʝʩʣʠ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ű ʤʦʞʝʪ ʙʳʪʴ ʧʦʜʜʝʨʞʘʥʘ ʚ ʪʝʯʝʥʠʝ ʢʘʞʜʦʛʦ 

ʠʩʧʦʣʥʝʥʠʷ ʪʝʣʘ ʮʠʢʣʘ S. ʕʪʦ ʦʙʲʷʩʥʷʝʪ, ʧʦʯʝʤʫ ű ʥʘʟʳʚʘʝʪʩʷ 

ʠʥʚʘʨʠʘʥʪʦʤ. ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʪʨʫʜʥʦʩʪʝʡ ʚ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ 

ʧʨʘʚʠʣʴʥʦʩʪʠ ʧʨʦʛʨʘʤʤ ʩ ʧʦʤʦʱʴʶ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʦʜʭʦʜʘ 

ʩʦʩʪʦʠʪ ʚ ʥʘʭʦʞʜʝʥʠʠ ʧʦʜʭʦʜʷʱʠʭ ʠʥʚʘʨʠʘʥʪʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʦ 

ʫʩʣʦʞʥʷʝʪ ʘʚʪʦʤʘʪʠʟʘʮʠʶ ʪʘʢʠʭ ʜʦʢʘʟʘʪʝʣʴʩʪʚ. 

ɺʩʝ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʧʨʘʚʠʣʘ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʪʘʢʦʡ ʩʠʥʪʘʢʩʠʩ, ʯʪʦ 

ʢʘʞʜʦʡ ʩʠʥʪʘʢʩʠʯʝʩʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʘʚʠʣʦ ʚʳʚʦʜʘ. 

ʕʪʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʨʘʚʠʣʘ ʩʣʝʜʩʪʚʠʷ, ʢʦʪʦʨʦʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʩʚʷʟʴ 

ʤʝʞʜʫ ʚʝʨʠʬʠʢʘʮʠʝʡ ʧʨʦʛʨʘʤʤ ʠ ʣʦʛʠʢʦʡ. 

ʇʨʘʚʠʣʦ ʩʣʝʜʩʪʚʠʷ ʧʦʟʚʦʣʷʝʪ ʫʩʠʣʠʚʘʪʴ ʧʨʝʜʫʩʣʦʚʠʷ ʠ ʦʩʣʘʙʣʷʪʴ 

ʧʦʩʪʫʩʣʦʚʠʷ. ʇʨʠ ʵʪʦʤ ʦʥʦ ʦʙʣʝʛʯʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʦʩʪʘʣʴʥʳʭ ʧʨʘʚʠʣ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʦ ʧʨʘʚʠʣʦ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʥʷʪʴ ʧʨʝʜ- ʠ ʧʦʩʪʫʩʣʦʚʠʷ 

ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ 

ʠʤʧʣʠʢʘʮʠʡ ʚʠʜʘ ű Ý ű' ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝʨʘʟʨʝʰʠʤʦ. 

ʊʝʧʝʨʴ ʦʙʩʫʜʠʤ ʪʦʪʘʣʴʥʫʶ ʢʦʨʨʝʢʪʥʦʩʪʴ. ʉʠʩʪʝʤʳ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʚ 

ʪʘʙʣ. 1.1 ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʦʛʦ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ 

ʧʨʦʛʨʘʤʤʘ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ. ɽʜʠʥʩʪʚʝʥʥʘʷ ʩʠʥʪʘʢʩʠʯʝʩʢʘʷ 

ʢʦʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʚʝʩʪʠ ʢ ʟʘʚʠʩʘʶʱʠʤ (ʥʝ 

ʦʩʪʘʥʘʚʣʠʚʘʶʱʠʤʩʷ) ʚʳʯʠʩʣʝʥʠʷʤ, ï ʵʪʦ ʠʪʝʨʘʮʠʷ. ɼʣʷ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʥʘʣʠʯʠ ̫ʦʩʪʘʥʦʚʘ ʤʦʞʥʦ ʫʩʠʣʠʪʴ ʧʨʘʚʠʣʦ ʚʳʚʦʜʘ ʜʣʷ 

ʠʪʝʨʘʮʠʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

{ }{}{ }{ }

{} { }

, , 0

    

B S B n N S n N n

B S B

j j j j

j j

Ø Ø Ø = < Ý ²

Ø×while do od
. 
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ɿʜʝʩʴ ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʧʝʨʝʤʝʥʥʘʷ N ʥʝ ʚʭʦʜʠʪ ʚ ű, B, n ʠʣʠ S. ʉʤʳʩʣ 

ʵʪʦʛʦ ʧʨʘʚʠʣʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ N ʷʚʣʷʝʪʩʷ ʩʪʘʨʪʦʚʳʤ ʟʥʘʯʝʥʠʝʤ 

n, ʠ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʟʥʘʯʝʥʠʝ n ʫʤʝʥʴʰʘʝʪʩʷ, ʥʦ ʦʩʪʘʝʪʩʷ 

ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʤ. ʕʪʘ ʢʦʥʩʪʨʫʢʮʠʷ ʚ ʪʦʯʥʦʩʪʠ ʣʠʢʚʠʜʠʨʫʝʪ 

ʙʝʩʢʦʥʝʯʥʳʝ ʚʳʯʠʩʣʝʥʠ,̫ ʪʘʢ ʢʘʢ n ʥʝ ʤʦʞʝʪ ʫʤʝʥʴʰʘʪʴʩʷ ʙʝʩʢʦʥʝʯʥʦ 

ʯʘʩʪʦ ʙʝʟ ʥʘʨʫʰʝʥʠʷ ʫʩʣʦʚʠʷ n Ó 0. ʇʝʨʝʤʝʥʥʘʷ n ʥʘʟʳʚʘʝʪʩʷ 

ʚʘʨʠʘʥʪʦʡ. 

ʌʦʨʤʘʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʠʩʪʝʤ 

ʇʫʩʪʴ ʜʣʷ ʦʧʝʨʘʪʦʨʦʚ S1 ʠ S2 ʢʦʥʩʪʨʫʢʮʠʷ S1 || S2 ʦʙʦʟʥʘʯʘʝʪ 
ʧʘʨʘʣʣʝʣʴʥʫʶ ʢʦʤʧʦʟʠʮʠʶ ʵʪʠʭ ʦʧʝʨʘʪʦʨʦʚ. ʆʩʥʦʚʥʳʤ ʜʣʷ 
ʧʨʠʤʝʥʝʥʠʷ ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʢ ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʨʦʛʨʘʤʤʘʤ 
ʷʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʝʝ ʧʨʘʚʠʣʦ ʚʳʚʦʜʘ: 

{} { }{ } { }

{ } { }
1 2

1 2

,

||

S ' S '

' S S '

j y j y

j j y yØ Ø
. 

ʕʪʦ ʧʨʘʚʠʣʦ ʧʦʟʚʦʣʷʝʪ ʚʝʨʠʬʠʮʠʨʦʚʘʪʴ ʧʘʨʘʣʣʝʣʴʥʳʝ ʩʠʩʪʝʤʳ ʪʝʤ ʞʝ 
ʧʫʪʝʤ, ʯʪʦ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʯʘʩʪʠ ʧʨʦʛʨʘʤʤ ʧʦ 
ʦʪʜʝʣʴʥʦʩʪʠ. ɺʚʠʜʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ S1 ʠ S2 ʭʦʪʷ ʙʳ ʟʘ ʩʯʝʪ 
ʜʦʩʪʫʧʘ ʢ ʨʘʟʜʝʣʷʝʤʳʤ ʧʝʨʝʤʝʥʥʳʤ ʠʣʠ ʦʙʤʝʥʘ ʩʦʦʙʱʝʥʠʷʤʠ, ʵʪʦ 
ʧʨʘʚʠʣʦ, ʢ ʩʦʞʘʣʝʥʠʶ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝʚʝʨʥʦ. ʄʥʦʛʦ ʫʩʠʣʠʡ ʙʳʣʦ 
ʧʨʠʣʦʞʝʥʦ ʢ ʧʦʣʫʯʝʥʠʶ ʧʨʘʚʠʣ ʚʳʚʦʜʘ ʦʧʠʩʘʥʥʦʡ ʬʦʨʤʳ [14]. 
ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʨʠʯʠʥ, ʧʦʯʝʤʫ ʜʦʩʪʠʯʴ ʵʪʦʛʦ ʥʝʧʨʦʩʪʦ. 

ɺʚʝʜʝʥʠʝ ʧʘʨʘʣʣʝʣʠʟʤʘ ʧʦ ʩʫʱʝʩʪʚʫ ʧʨʠʚʦʜʠʪ ʢ ʚʚʝʜʝʥʠʶ 
ʥʝʜʝʪʝʨʤʠʥʠʟʤʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ, 
ʢʦʪʦʨʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʜʝʣʷʝʤʳʭ 
ʧʝʨʝʤʝʥʥʳʭ, ʧʦʚʝʜʝʥʠʝ ʥʘ ʚʭʦʜʝ-ʚʳʭʦʜʝ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ 
ʧʦʨʷʜʢʘ, ʚ ʢʦʪʦʨʦʤ ʢ ʵʪʠʤ ʦʙʱʠʤ ʧʝʨʝʤʝʥʥʳʤ ʧʦʣʫʯʝʥ ʜʦʩʪʫʧ. 

ʅʘʧʨʠʤʝʨ, ʝʩʣʠ S1 ï ʵʪʦ x := x + 2, S2 ï ʵʪʦ x := x + 1; x := x + 1 ʠ S3 ï 
ʵʪʦ x := 0, ʟʥʘʯʝʥʠʝ x ʧʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ S1 || S3 ʤʦʞʝʪ ʙʳʪʴ 0 ʠʣʠ 2, ʘ 
ʟʥʘʯʝʥʠʝ x ʧʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ S2 || S3 ʤʦʞʝʪ ʙʳʪʴ 0, 1 ʠʣʠ 2. ʈʘʟʣʠʯʥʳʝ 
ʟʥʘʯʝʥʠʷ ʜʣʷ x ʟʘʚʠʩʷʪ ʦʪ ʧʦʨʷʜʢʘ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʪʦʨʦʚ ʚ S1 ʠ S3 
ʠʣʠ S2 ʠ S3. ɹʦʣʝʝ ʪʦʛʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚʭʦʜʥʦʝ-ʚʳʭʦʜʥʦʝ 
ʧʦʚʝʜʝʥʠʝ S1 ʠ S2 ʠʜʝʥʪʠʯʥʦ (ʫʚʝʣʠʯʝʥʠʝ x ʥʘ 2), ʥʝʪ ʥʠʢʘʢʦʡ 
ʛʘʨʘʥʪʠʠ, ʯʪʦ ʵʪʦ ʙʫʜʝʪ ʚʝʨʥʦ ʚ ʧʘʨʘʣʣʝʣʴʥʦʤ ʢʦʥʪʝʢʩʪʝ. 

ʇʘʨʘʣʣʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʚ 
ʣʶʙʦʡ ʤʦʤʝʥʪ ʠʭ ʠʩʧʦʣʥʝʥʠʷ, ʘ ʥʝ ʪʦʣʴʢʦ ʚ ʥʘʯʘʣʝ ʚʳʯʠʩʣʝʥʠʷ. ɽʩʣʠ 
ʪʨʝʙʫʝʪʩʷ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʢʘʢ ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ 
ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʟʥʘʪʴ ʩʚʦʡʩʪʚʘ ʠʭ ʩʪʘʨʪʦʚʳʭ ʠ 
ʬʠʥʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʫʤʝʪʴ ʬʦʨʤʠʨʦʚʘʪʴ 
ʩʫʞʜʝʥʠʷ ʦ ʪʦʤ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʚʦ ʚʨʝʤʷ ʚʳʯʠʩʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
ʩʚʦʡʩʪʚʘ ʜʦʣʞʥʳ ʩʩʳʣʘʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʥʘ ʩʪʘʨʪʦʚʳʝ ʠ ʬʠʥʘʣʴʥʳʝ 
ʩʦʩʪʦʷʥʠʷ, ʥʦ ʠ ʥʘ ʩʘʤʠ ʚʳʯʠʩʣʝʥʠʷ. 
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ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʢ ʚʝʨʠʬʠʢʘʮʠʠ 
ʧʘʨʘʣʣʝʣʴʥʳʭ ʠ ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʢʘʢ ʦʙʲʷʩʥʝʥʦ 
ʚʳʰʝ, ʯʪʦ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʣʥʦʩʪʴʶ ʬʦʢʫʩʠʨʫʝʪʩʷ ʥʘ ʠʜʝʝ, ʢʘʢ 
ʧʨʦʛʨʘʤʤʘ ʚʳʯʠʩʣʷʝʪ ʬʫʥʢʮʠʶ ʦʪ ʚʭʦʜʦʚ ʢ ʚʳʭʦʜʘʤ. ʇʨʠ ʵʪʦʤ 
ʟʘʜʘʥʳ ʥʝʢʦʪʦʨʳʝ ʜʦʧʫʩʪʠʤʳʝ ʚʭʦʜʳ ʠ ʚʳʨʘʙʘʪʳʚʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ 
ʞʝʣʘʝʤʳʝ ʚʳʭʦʜʳ. ɼʣʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʠʩʪʝʤ ʚʳʯʠʩʣʝʥʠʝ ʦʙʳʯʥʦ ʥʝ 
ʟʘʚʝʨʰʘʝʪʩʷ, ʠ ʢʦʨʨʝʢʪʥʦʩʪʴ ʟʘʚʠʩʠʪ ʦʪ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʚʦ 
ʚʨʝʤʝʥʠ, ʘ ʥʝ ʪʦʣʴʢʦ ʦʪ ʢʦʥʝʯʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʚʳʯʠʩʣʝʥʠʷ (ʝʩʣʠ 
ʪʦʣʴʢʦ ʦʥʦ ʚʦʦʙʱʝ ʟʘʚʝʨʰʘʝʪʩʷ). ɻʣʦʙʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʧʘʨʘʣʣʝʣʴʥʳʭ 
ʧʨʦʛʨʘʤʤ ʯʘʩʪʦ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʚ ʪʝʨʤʠʥʘʭ 
ʦʪʥʦʰʝʥʠʡ ʤʝʞʜʫ ʚʭʦʜʘʤʠ ʠ ʚʳʭʦʜʘʤʠ. 

ɹʳʣʠ ʩʜʝʣʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʧʳʪʢʠ ʦʙʦʙʱʠʪʴ ʢʣʘʩʩʠʯʝʩʢʫʶ 
ʬʦʨʤʫʣʴʥʫʶ ʚʝʨʠʬʠʢʘʮʠʶ ʥʘ ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ. ɺʚʠʜʫ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʨʘʚʠʣʘ ʚʳʚʦʜʘ ʦʙʳʯʥʦ 
ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʳ, ʠ ʧʦʣʥʘʷ ʨʘʟʨʘʙʦʪʢʘ ʬʦʨʤʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ 
ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʧʫʪʝʤ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʜʝʣʷʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ ʠʣʠ ʧʫʪʝʤ (ʩʠʥʭʨʦʥʥʦʛʦ ʠʣʠ 
ʘʩʠʥʭʨʦʥʥʦʛʦ) ʦʙʤʝʥʘ ʩʦʦʙʱʝʥʠʷʤʠ, ʟʘʪʨʫʜʥʷʝʪʩʷ. ʇʦʵʪʦʤʫ ʜʣʷ 
ʨʝʘʣʴʥʳʭ ʩʠʩʪʝʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʚ ʪʘʢʦʤ ʩʪʠʣʝ ʦʙʳʯʥʦ ʩʪʘʥʦʚʷʪʩʷ 
ʦʯʝʥʴ ʙʦʣʴʰʠʤʠ ʠ ʩʣʦʞʥʳʤʠ. ʇʨʠ ʵʪʦʤ ʪʨʝʙʫʝʪʩʷ ʫʯʝʩʪʴ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʠ ʫʧʨʘʚʣʝʥʠʝ ʦʪ ʥʝʛʦ (ʚ ʯʘʩʪʥʦʩʪʠ, ʚ 
ʬʦʨʤʝ ʧʦʠʩʢʘ ʧʦʜʭʦʜʷʱʠʭ ʠʥʚʘʨʠʘʥʪʦʚ). ʂʘʢ ʨʝʟʫʣʴʪʘʪ, ʪʘʢʠʝ 
ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʦʯʝʥʴ ʛʨʦʤʦʟʜʢʠ, ʥʝʫʩʪʦʡʯʠʚʳ ʢ ʦʰʠʙʢʘʤ, ʠ 
ʦʨʛʘʥʠʟʦʚʘʪʴ ʠʭ ʚ ʧʦʥʷʪʥʦʡ ʬʦʨʤʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. 

ʊʝʤʧʦʨʘʣʴʥʘʷ ʣʦʛʠʢʘ 

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʢʦʨʨʝʢʪʥʦʩʪʴ ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ 
ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʧʦʚʝʜʝʥʠʶ ʩʠʩʪʝʤ ʚ ʪʝʯʝʥʠʝ 
ʚʨʝʤʝʥʠ, ʘ ʥʝ ʪʦʣʴʢʦ ʢ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷʤ ʤʝʞʜʫ ʚʭʦʜʘʤʠ ʠ ʚʳʭʦʜʘʤʠ 
(ʧʨʝʜ- ʠ ʧʦʩʪʫʩʣʦʚʠʷʤʠ) ʚʳʯʠʩʣʝʥʠʷ, ʪʘʢ ʢʘʢ ʦʙʳʯʥʦ ʚʳʯʠʩʣʝʥʠʷ 
ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʥʝ ʟʘʚʝʨʰʘʶʪʩʷ. ʈʘʩʩʤʦʪʨʠʤ, ʥʘʧʨʠʤʝʨ, 
ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʡ ʧʨʦʪʦʢʦʣ ʤʝʞʜʫ ʜʚʫʤʷ ʘʛʝʥʪʘʤʠ (ʦʪʧʨʘʚʠʪʝʣʝʤ ʠ 
ʧʦʣʫʯʘʪʝʣʝʤ), ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʝʥʳ ʜʚʫʩʪʦʨʦʥʥʠʤ ʢʘʥʘʣʦʤ ʩʚʷʟʠ. ɺ 
ʵʪʦʤ ʩʣʫʯʘʝ ʩʚʦʡʩʪʚʦ 

çʝʩʣʠ ʧʨʦʮʝʩʩ P ʧʦʩʳʣʘʝʪ ʩʦʦʙʱʝʥʠʝ, ʦʥ ʥʝ ʧʦʰʣʝʪ ʩʣʝʜʫʶʱʝʝ 
ʩʦʦʙʱʝʥʠʝ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ ʧʨʠʤʝʪ ʧʦʜʪʚʝʨʞʜʝʥʠʷè 

ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʦ ʚ ʪʝʨʤʠʥʘʭ ʧʨʝʜ- ʠ ʧʦʩʪʫʩʣʦʚʠʡ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʣʝʛʯʠʪʴ ʬʦʨʤʘʣʴʥʫʶ ʩʧʝʮʠʬʠʢʘʮʠʶ ʧʦʜʦʙʥʳʭ 

ʩʚʦʡʩʪʚ, ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʘʷ ʣʦʛʠʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʩʰʠʨʝʥʘ 

ʦʧʝʨʘʪʦʨʘʤʠ, ʢʦʪʦʨʳʝ ʩʩʳʣʘʶʪʩʷ ʥʘ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʚʦ ʚʨʝʤʝʥʠ. 

U (until) ʠ G (globally) ï ʵʪʦ ʧʨʠʤʝʨʳ ʦʧʝʨʘʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ ʢ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʤ ʩʦʩʪʦʷʥʠʡ (ʪʘʢʠʤ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚʳʯʠʩʣʝʥʠʷ). 
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ʇʨʠ ʵʪʦʤ ű U ɣ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʚʦʡʩʪʚʦ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚʦ ʚʩʝʭ 

ʩʦʩʪʦʷʥʠʷʭ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ ʙʫʜʝʪ ʜʦʩʪʠʛʥʫʪʦ ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ 

ʚʳʧʦʣʥʷʝʪʩʷ ɣ, ʘ G ű ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝʛʜʘ, ʚʦ ʚʩʝʭ ʙʫʜʫʱʠʭ 

ʩʦʩʪʦʷʥʠʷʭ ʚʳʧʦʣʥʷʝʪʩʷ ű. ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʦʧʝʨʘʪʦʨʳ, ʤʦʞʥʦ 

ʬʦʨʤʘʣʠʟʦʚʘʪʴ ʦʧʠʩʘʥʥʦʝ ʚʳʰʝ ʩʚʦʡʩʪʚʦ ʧʨʦʪʦʢʦʣʘ, ʥʘʧʨʠʤʝʨ, 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

G [sndP(m)  ­  ×sndP(nxt(m)) U rcvP(ack)]. 

ʀʥʘʯʝ ʛʦʚʦʨʷ, ʝʩʣʠ ʩʦʦʙʱʝʥʠʝ m ʧʦʩʣʘʥʦ ʧʨʦʮʝʩʩʦʤ P, ʪʦ ʵʪʦʪ 

ʧʨʦʮʝʩʩ ʥʝ ʧʝʨʝʜʘʩʪ ʩʣʝʜʫʶʱʝʝ ʩʦʦʙʱʝʥʠʝ nxt(m), ʧʦʢʘ ʥʝ ʧʦʣʫʯʠʪ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝ. 

ʃʦʛʠʢʠ, ʨʘʩʰʠʨʝʥʥʳʝ ʦʧʝʨʘʪʦʨʘʤʠ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʚʳʨʘʞʘʪʴ 

ʩʚʦʡʩʪʚʘ ʦ ʚʳʯʠʩʣʝʥʠʷʭ (ʚ ʯʘʩʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʳʨʘʞʘʪʴ 

ʩʚʦʡʩʪʚʘ ʦ ʚʟʘʠʤʥʦʤ ʧʦʨʷʜʢʝ ʤʝʞʜʫ ʩʦʙʳʪʠʷʤʠ), ʥʘʟʳʚʘʶʪʩʷ 

ʪʝʤʧʦʨʘʣʴʥʳʤʠ ʣʦʛʠʢʘʤʠ. ʕʪʠ ʣʦʛʠʢʠ ʚ ʠʥʬʦʨʤʘʪʠʢʫ ʚʚʝʣ ɸ. ʇʥʫʵʣʠ 

[15, 16]. ʊʝʤʧʦʨʘʣʴʥʳʝ ʣʦʛʠʢʠ ï ʵʪʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ʤʝʪʦʜ 

ʩʧʝʮʠʬʠʢʘʮʠʠ ʜʣʷ ʚʳʨʘʞʝʥʠʷ ʩʚʦʡʩʪʚ ʚʳʯʠʩʣʝʥʠʡ ʨʝʘʢʪʠʚʥʳʭ 

ʩʠʩʪʝʤ ʥʘ ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ ʘʙʩʪʨʘʢʮʠʠ. 

ʊʘʢʠʤ ʞʝ ʩʧʦʩʦʙʦʤ, ʢʘʢ ʠ ʚ ʚʝʨʠʬʠʢʘʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʧʨʦʛʨʘʤʤ, ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʧʨʘʚʠʣʘ ʚʳʚʦʜʘ ʜʣʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ 

(ʜʣʷ ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ) ʠ ʜʦʢʘʟʳʚʘʪʴ ʢʦʨʨʝʢʪʥʦʩʪʴ ʵʪʠʭ ʩʠʩʪʝʤ ʪʝʤ 

ʞʝ ʧʦʜʭʦʜʦʤ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʜʣʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʠʢʘʪʦʚ. ʅʝʜʦʩʪʘʪʢʠ ʤʝʪʦʜʘ ʚʝʨʠʬʠʢʘʮʠʠ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚ, ʢʦʪʦʨʳʡ ʪʨʝʙʫʝʪ ʙʦʣʴʰʦʛʦ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʪʨʫʜʘ, ʪʘʢʠʝ 

ʞʝ, ʢʘʢ ʜʣʷ ʧʨʦʚʝʨʢʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʠʩʪʝʤ: ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ 

ʛʨʦʤʦʟʜʢʠʝ, ʪʨʫʜʦʝʤʢʠʝ ʠ ʪʨʝʙʫʶʪ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥ̫ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʢʥʠʛʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʨʫʛʦʡ ʪʠʧ ʤʝʪʦʜʘ ʬʦʨʤʘʣʴʥʦʡ 

ʚʝʨʠʬʠʢʘʮʠʠ, ʢʦʪʦʨʳʡ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ, ʥʦ, 

ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʪʨʝʙʫʝʪ ʤʝʥʴʰʝʛʦ ʚʦʚʣʝʯʝʥʠʷ ʧʦʣʴʟʦʚʘʪʝʣʷ ʚ ʧʨʦʮʝʩʩ 

ʚʝʨʠʬʠʢʘʮʠʠ. ʆʥ ʥʘʟʳʚʘʝʪʩʷ ʧʨʦʚʝʨʢʦʡ ʤʦʜʝʣʝʡ. 

 

1.5. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʤʝʪʦʜʘ, ʢʦʪʦʨʳʡ ʥʘʟʳʚʘʝʪʩʷ ʧʨʦʚʝʨʢʦʡ ʤʦʜʝʣʝʡ (model 

checking) [1, 17, 18], ʩʦʩʪʦʠʪ ʚ ʟʘʧʫʩʢʝ ʘʣʛʦʨʠʪʤʦʚ, ʠʩʧʦʣʥʷʝʤʳʭ 

ʢʦʤʧʴʶʪʝʨʦʤ, ʜʣʷ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʠʩʪʝʤ. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʧʦʣʴʟʦʚʘʪʝʣʴ ʚʚʦʜʠʪ ʦʧʠʩʘʥʠʝ 

ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ (ʚʦʟʤʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ) ʠ ʦʧʠʩʘʥʠʝ ʩʧʝʮʠʬʠʢʘʮʠʠ 

ʪʨʝʙʦʚʘʥʠʡ (ʞʝʣʘʝʤʦʝ ʧʦʚʝʜʝʥʠʝ), ʘ ʚʝʨʠʬʠʢʘʮʠʶ ʧʨʦʚʦʜʠʪ ʤʘʰʠʥʘ. 

ɽʩʣʠ ʦʰʠʙʢʘ ʥʘʡʜʝʥʘ, ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʝ ʩʨʝʜʩʪʚʦ (ʚʝʨʠʬʠʢʘʪʦʨ) 
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ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʢʦʥʪʨʧʨʠʤʝʨ, ʧʦʢʘʟʳʚʘʶʱʠʡ ʧʨʠ ʢʘʢʠʭ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʘʭ ʦʰʠʙʢʘ ʤʦʞʝʪ ʙʳʪʴ ʦʙʥʘʨʫʞʝʥʘ. ʂʦʥʪʨʧʨʠʤʝʨ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʮʝʥʘʨʠʡ, ʚ ʢʦʪʦʨʦʤ ʤʦʜʝʣʴ ʚʝʜʝʪ ʩʝʙʷ 

ʥʝʞʝʣʘʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ. ʆʥ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʤʦʜʝʣʴ 

ʥʝʚʝʨʥʘ ʠ ʜʦʣʞʥʘ ʙʳʪʴ ʠʩʧʨʘʚʣʝʥʘ
1
. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ 

ʦʙʥʘʨʫʞʠʪʴ ʦʰʠʙʢʫ ʠ ʠʩʧʨʘʚʠʪʴ ʩʧʝʮʠʬʠʢʘʮʠʶ ʤʦʜʝʣʠ ʧʝʨʝʜ ʪʝʤ, 

ʢʘʢ ʧʨʦʜʦʣʞʠʪʴ ʚʝʨʠʬʠʢʘʮʠʶ. ɽʩʣʠ ʥʠ ʦʜʥʦʡ ʦʰʠʙʢʠ ʥʝ ʥʘʡʜʝʥʦ, ʪʦ 

ʚʝʨʠʬʠʢʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʢʦʥʯʝʥʘ ʠʣʠ ʧʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ ʫʪʦʯʥʠʪʴ 

ʤʦʜʝʣ ɹ (ʧʨʠʥʷʚ ʚʦ ʚʥʠʤʘʥʠʝ ʙʦʣʴʰʝ ʧʨʦʝʢʪʥʳʭ ʨʝʰʝʥʠʡ, ʪʘʢ ʯʪʦ 

ʤʦʜʝʣʴ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʢʦʥʢʨʝʪʥʦʡ ʠ ʨʝʘʣʠʩʪʠʯʥʦʡ) ʠ ʧʦʚʪʦʨʠʪʴ 

ʧʨʦʮʝʩʩ ʚʝʨʠʬʠʢʘʮʠʠ. ʉʭʝʤʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1.3. 

ʉʧʝʮʠʬʠʢʘʮʠ̫ ʪʨʝʙʦʚʘʥʠʡ

(ʞʝʣʘʝʤʦʝ ʧʦʚʝʜʝʥʠʝ)

ʄʦʜʝʣɹ ʩʠʩʪʝʤr

(ʚʦʟʤʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ)

ʇʨʦʚʝʨ̫ʝʤʘ̫ 

ʩʠʩʪʝʤʘ
ʊʨʝʙʦʚʘʥʠ̫

ɺʝʨʠʬʠʢʘʪʦʨ

ʂʦʥʪʨʧʨʠʤʝʨ ɺʝʨʥʦ

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʦʨʤʘʣʠʟʘʮʠ̫

ʧʨʦʚʝʨʠʪɹ

ʜʘʣʝʝ
ʠʟʤʝʥʠʪɹ

ʢʦʥʝʮʫʣʫʯhʠʪɹ

 

ʈʠʩ. 1.3. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ɸʣʛʦʨʠʪʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʦʙʯrʥʦ ʙʘʟʠʨʫʶʪʩʷ ʥʘ ʠʩʯʝʨʧʳʚʘʶʱʝʤ 

ʦʙʟʦʨʝ ʤʥʦʞʝʩʪʚʘ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ: ʜʣʷ ʢʘʞʜʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʧʨʦʚʝʨʷʝʪʩʷ, çʚʝʜʝʪ ʣʠ ʦʥʦ ʩʝʙʷ ʢʦʨʨʝʢʪʥʦè ï 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʣʠ ʪʨʝʙʫʝʤʦʤʫ ʩʚʦʡʩʪʚʫ. ɺ ʩʘʤʦʡ ʧʨʦʩʪʦʡ ʬʦʨʤʝ ʵʪʦʪ 

ʤʝʪʦʜ ʠʟʚʝʩʪʝʥ ʢʘʢ ʘʥʘʣʠʟ ʜʦʩʪʠʞʠʤʦʩʪʠ. ʅʘʧʨʠʤʝʨ, ʧʫʩʪʴ 

                                           
1
 ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʬʦʨʤʘʣʴʥʘʷ ʩʧʝʮʠʬʠʢʘʮʠʷ ʪʨʝʙʦʚʘʥʠʡ ʤʦʞʝʪ ʙʳʪʴ 

ʥʝʚʝʨʥʘ, ʚ ʪʦʤ ʩʤʳʩʣʝ, ʯʪʦ ʚʝʨʠʬʠʢʘʪʦʨ ʧʨʦʚʝʨʷʝʪ ʥʝʯʪʦ, ʯʪʦ ʧʦʣʴʟʦʚʘʪʝʣʴ ʥʝ 

ʭʦʪʝʣ ʧʨʦʚʝʨʷʪʴ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʴʟʦʚʘʪʝʣʴ, ʚʝʨʦʷʪʥʦ, ʜʦʧʫʩʪʠʣ ʦʰʠʙʢʫ ʚ 

ʬʦʨʤʘʣʠʟʘʮʠʠ ʪʨʝʙʦʚʘʥʠʡ. 
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ʪʨʝʙʫʝʪʩʷ ʚʳʷʩʥʠʪʴ, ʤʦʞʝʪ ʣʠ ʩʠʩʪʝʤʘ ʧʦʧʘʩʪʴ ʚ ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ 

ʚʳʯʠʩʣʝʥʠʝ ʥʝ ʤʦʞʝʪ ʧʨʦʜʦʣʞʘʪʴʩʷ (ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʙʣʦʢʠʨʦʚʢʘ). ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʩʪʘʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʩʝ ʜʦʩʪʠʞʠʤʳʝ ʩʦʩʪʦʷʥʠʷ ʠ 

ʚʳʷʩʥʠʪʴ, ʩʫʱʝʩʪʚʫʝʪ ʣʠ ʜʦʩʪʠʞʠʤʦʝ ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ 

ʚʳʯʠʩʣʝʥʠʝ ʙʣʦʢʠʨʫʝʪʩʷ. ɸʥʘʣʠʟ ʜʦʩʪʠʞʠʤʦʩʪʠ ʧʨʠʤʝʥʠʤ ʪʦʣʴʢʦ ʢ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʫ ʦʪʩʫʪʩʪʚʠʷ ʙʣʦʢʠʨʦʚʦʢ ʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʫ 

ʠʥʚʘʨʠʘʥʪʥʳʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪʩʷ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ 

ʚʳʯʠʩʣʝʥʠʷ. ʕʪʦʛʦ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ 

ʧʨʦʪʦʢʦʣʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʝʝ: ʝʩʣʠ ʩʦʦʙʱʝʥʠʝ ʧʦʩʣʘʥʦ, ʪʦ ʦʥʦ ʦʙʷʟʘʪʝʣʴʥʦ ʢʦʛʜʘ-

ʥʠʙʫʜʴ ʙʫʜʝʪ ʧʦʣʫʯʝʥʦ. ʊʘʢʠʝ ʪʠʧʳ ʩʚʦʡʩʪʚ ʥʝ ʧʦʢʨʳʚʘʶʪʩʷ ʦʙʳʯʥʦʡ 

ʧʨʦʚʝʨʢʦʡ ʜʦʩʪʠʞʠʤʦʩʪʠ. 

ʇʨʦʪʦʢʦʣʳ ʤʦʜʝʣʠʨʫʶʪʩʷ ʤʥʦʞʝʩʪʚʘʤʠ ʢʦʥʝʯʥʳʭ ʘʚʪʦʤʘʪʦʚ, ʢʦʪʦʨʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʧʫʪʝʤ ʘʩʠʥʭʨʦʥʥʦʛʦ ʦʙʤʝʥʘ ʩʦʦʙʱʝʥʠʷʤʠ [19]. 

ʅʘʯʠʥʘʷ ʩʦ ʩʪʘʨʪʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʦʝ ʚʳʨʘʞʘʝʪʩʷ ʚ 

ʪʝʨʤʠʥʘʭ ʩʦʩʪʦʷʥʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʘʚʪʦʤʘʪʦʚ ʠ ʙʫʬʝʨʦʚ 

ʩʦʦʙʱʝʥʠʡ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʩʝ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ ʧʫʪʝʤ ʦʙʤʝʥʘ ʩʦʦʙʱʝʥʠʷʤʠ. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʧʨʝʝʤʥʠʢ ʵʪʠʭ ʨʘʥʥʠʭ ʤʝʪʦʜʦʚ ʦʙʟʦʨʘ 

ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʧʨʦʪʦʢʦʣʦʚ. ʆʥʘ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʨʷʪʴ ʙʦʣʝʝ 

ʰʠʨʦʢʠʡ ʢʣʘʩʩ ʩʚʦʡʩʪʚ ʠ ʫʧʨʘʚʣʷʝʪ ʤʥʦʞʝʩʪʚʘʤʠ ʩʦʩʪʦʷʥʠʡ ʛʦʨʘʟʜʦ 

ʵʬʬʝʢʪʠʚʥʝʝ, ʯʝʤ ʨʘʥʥʠʝ ʤʝʪʦʜʳ. 

ʄʝʪʦʜʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ 

ʀʟʚʝʩʪʥʳ ʜʚʘ ʧʦʜʭʦʜʘ ʚ ʧʨʦʚʝʨʢʝ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʨʘʟʣʠʯʘʶʪʩʷ ʚ 

ʦʪʥʦʰʝʥʠʠ ʪʦʛʦ, ʢʘʢ ʦʧʠʩʳʚʘʝʪʩʷ ʞʝʣʘʝʤʦʝ ʧʦʚʝʜʝʥʠʝ ï 

ʩʧʝʮʠʬʠʢʘʮʠʷ ʪʨʝʙʦʚʘʥʠʡ: 

Ç ʃʦʛʠʯʝʩʢʠʡ ʠʣʠ ʨʘʟʥʦʨʦʜʥʳʡ ʧʦʜʭʦʜ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʞʝʣʘʝʤʦʝ 

ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʦʧʠʩʳʚʘʝʪʩʷ ʧʫʪʝʤ ʬʦʨʤʫʣʠʨʦʚʢʠ ʤʥʦʞʝʩʪʚʘ 

ʩʚʦʡʩʪʚ ʚ ʧʦʜʭʦʜʷʱʝʡ ʣʦʛʠʢʝ (ʪʝʤʧʦʨʘʣʴʥʦʡ ʠʣʠ ʤʦʜʘʣʴʥʦʡ). 

ʉʠʩʪʝʤʘ ʦʙʳʯʥʦ ʤʦʜʝʣʠʨʫʝʪʩʷ ʢʘʢ ʢʦʥʝʯʥʳʡ ʘʚʪʦʤʘʪ, ʚ ʢʦʪʦʨʦʤ 

ʩʦʩʪʦʷʥʠʷ ʦʪʨʘʞʘʶʪ ʟʥʘʯʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʠ ʫʧʨʘʚʣʷʶʱʠʝ 

ʧʦʟʠʮʠʠ, ʘ ʧʝʨʝʭʦʜʳ ʫʢʘʟʳʚʘʶʪ, ʢʘʢ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴ ʦʜʥʦ 

ʩʦʩʪʦʷʥʠʝ ʥʘ ʜʨʫʛʦʝ. ʉʠʩʪʝʤʘ ʩʯʠʪʘʝʪʩʷ ʢʦʨʨʝʢʪʥʦʡ ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʢ ʪʨʝʙʦʚʘʥʠʷʤ, ʝʩʣʠ ʟʘʜʘʥʥʦʝ ʤʥʦʞʝʩʪʚʦ ʥʘʯʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʚʳʧʦʣʥʷʝʪ ʵʪʠ ʪʨʝʙʦʚʘʥʠʷ. 

Ç ʇʦʚʝʜʝʥʯʝʩʢʠʡ ʠʣʠ ʦʜʥʦʨʦʜʥʳʡ ʧʦʜʭʦʜ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠ ʞʝʣʘʝʤʦʝ, 

ʠ ʚʦʟʤʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ ʟʘʜʘʶʪʩʷ ʚ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʥʦʪʘʮʠʠ 

(ʘʚʪʦʤʘʪʦʤ), ʠ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʢʦʨʨʝʢʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʦʪʥʦʰʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (ʠʣʠ ʧʨʝʜʧʦʨʷʜʢʠ). ʆʪʥʦʰʝʥʠʷ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʦʙʳʯʥʦ ʬʠʢʩʠʨʫʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʚʠʜʘ çʚʝʜʝʪ 

ʩʝʙʷ ʪʘʢ ʞʝ ʢʘʢè, ʪʦʛʜʘ ʢʘʢ ʦʪʥʦʰʝʥʠʷ ʧʨʝʜʧʦʨʷʜʢʘ ʦʙʦʟʥʘʯʘʶʪ 
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ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʚʠʜʘ çʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʤʠʥʠʤʫʤ ʪʘʢ ʞʝ ʢʘʢè. 

ʇʦʩʢʦʣʴʢʫ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʥʳʝ ʚʟʛʣʷʜʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʛʦ, ʯʪʦ 

ʦʟʥʘʯʘʝʪ ʜʣʷ ʜʚʫʭ ʧʨʦʮʝʩʩʦʚ çʚʝʩʪʠ ʩʝʙʷ ʦʜʠʥʘʢʦʚʦè (ʠʣʠ çʚʝʩʪʠ 

ʢʘʢ ʤʠʥʠʤʫʤ ʪʘʢ ʞʝ ʢʘʢè), ʪʦ ʦʧʨʝʜʝʣʝʥʳ ʨʘʟʣʠʯʥʳʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʷʭ ʠ ʧʨʝʜʧʦʨʷʜʢʘʭ. ʆʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʷʚʣʷʝʪʩʷ 

ʜʚʦʡʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʜʚʘ ʘʚʪʦʤʘʪʘ ʤʦʜʝʣʠʨʫʶʪ ʜʨʫʛ 

ʜʨʫʛʘ, ʝʩʣʠ ʦʜʠʥ ʘʚʪʦʤʘʪ ʤʦʞʝʪ ʩʠʤʫʣʠʨʦʚʘʪʴ ʢʘʞʜʳʡ ʰʘʛ ʜʨʫʛʦʛʦ 

ʘʚʪʦʤʘʪʘ ʠ ʥʘʦʙʦʨʦʪ. ʏʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʤʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ 

ʧʨʝʜʧʦʨʷʜʢʘ ʷʚʣʷʝʪʩʷ ʚʢʣʶʯʝʥʠʝ ʷʟʳʢʦʚ. ɸʚʪʦʤʘʪ A ʚʢʣʶʯʘʝʪʩʷ ʚ 

ʘʚʪʦʤʘʪ B, ʝʩʣʠ ʚʩʝ ʩʣʦʚʘ, ʜʦʧʫʩʢʘʝʤʳʝ A, ʜʦʧʫʩʢʘʶʪʩʷ ʪʘʢʞʝ ʠ B. 

ʉʠʩʪʝʤʘ ʩʯʠʪʘʝʪʩʷ ʢʦʨʨʝʢʪʥʦʡ, ʝʩʣʠ ʞʝʣʘʝʤʦʝ ʠ ʚʦʟʤʦʞʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʳ (ʠʣʠ ʫʧʦʨʷʜʦʯʝʥʳ) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʠʩʩʣʝʜʫʝʤʦʡ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (ʠʣʠ ʧʨʝʜʧʦʨʷʜʢʫ). 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʙʘ ʵʪʠʭ ʧʦʜʭʦʜʘ ʢʦʥʮʝʧʪʫʘʣʴʥʦ ʨʘʟʣʠʯʥʳ, ʩʚʷʟʴ 

ʤʝʞʜʫ ʥʠʤʠ ʤʦʞʝʪ ʙʳʪʴ ʫʩʪʘʥʦʚʣʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʃʦʛʠʢʘ 

ʠʥʜʫʮʠʨʫʝʪ ʦʪʥʦʰʝʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘ ʩʠʩʪʝʤʘʭ ʪʘʢ: ʜʚʝ ʩʠʩʪʝʤʳ 

ʵʢʚʠʚʘʣʝʥʪʥʳ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʦʥʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʜʠʥʘʢʦʚʳʤ 

ʬʦʨʤʫʣʘʤ. ʀʩʧʦʣʴʟʫʷ ʵʪʫ ʢʦʥʮʝʧʮʠʶ, ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ 

ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʣʦʛʠʢʦʡ ʠ ʦʪʥʦʰʝʥʠʷʤʠ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. 

ʅʘʧʨʠʤʝʨ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʜʚʘ ʘʚʪʦʤʘʪʘ ʤʦʜʝʣʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ, ʝʩʣʠ 

ʦʥʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʜʠʥʘʢʦʚʳʤ ʬʦʨʤʫʣʘʤ ʣʦʛʠʢʠ CTL, ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʧʨʦʮʝʩʩʝ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ. ʉʚʷʟʴ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʦʜʭʦʜʘʤʠ ʪʝʧʝʨʴ ʷʩʥʘ: ʝʩʣʠ ʜʚʝ ʤʦʜʝʣʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʜʥʠʤ ʠ ʪʝʤ 

ʞʝ ʩʚʦʡʩʪʚʘʤ (ʪɻʦ ʧʨʦʚʝʨʷʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʦʛʠʯʝʩʢʦʛʦ 

ʧʦʜʭʦʜʘ), ʪʦ ʦʥʠ ʧʦʚʝʜʝʥʯʝʩʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳ (ʪɻʦ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʚʝʨʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ). ʆʙʨʘʪʥʳʡ 

ʧʫʪʴ ʙʦʣʝʝ ʠʥʪʝʨʝʩʝʥ, ʪʘʢ ʢʘʢ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝʧʨʘʢʪʠʯʥʦ ʧʨʦʚʝʨʷʪʴ 

ʚʩʝ ʩʚʦʡʩʪʚʘ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʣʦʛʠʢʝ, ʥʦ ʧʨʦʚʝʨʢʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʝʡ, 

ʪʘʢʠʭ ʢʘʢ ʜʚʦʡʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʜʝʣʘʥʘ 

ʵʬʬʝʢʪʠʚʥʦ. 

ɺ ʜʘʥʥʦʡ ʢʥʠʛʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʦʛʠʯʝʩʢʠʡ ʧʦʜʭʦʜ [20]. ʊʘʢ ʢʘʢ ʧʦ 

ʩʫʝɦʩʪʚʫ ʟʜʝʩʴ ʧʨʦʚʝʨʷʝʪʩʷ, ʯʪʦ ʦʧʠʩʘʥʠʝ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴʶ 

ʬʦʨʤʫʣ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, ʵʪʦʪ ʣʦʛʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʠ ʥʘʟʳʚʘʣʩʷ ʧʨʦʚʝʨʢʦʡ ʤʦʜʝʣʝʡ. 

ʀʩʯʝʨʧʳʚʘʶʱʠʡ ʦʙʟʦʨ ʤʥʦʞʝʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦ 

ʟʘʚʝʨʰʘʝʪʩʷ ʚʚʠʜʫ ʢʦʥʝʯʥʦʩʪʠ ʤʦʜʝʣʠ. 

ɼʦʩʪʦʠʥʩʪʚʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ 

Ç ʕʪʦ ʦʙʱʠʡ ʧʦʜʭʦʜ ʩ ʧʨʠʣʦʞʝʥʠʷʤʠ ʢ ʚʝʨʠʬʠʢʘʮʠʠ ʘʧʧʘʨʘʪʫʨʳ, 

ʧʨʦʛʨʘʤʤ, ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʧʨʦʪʦʢʦʣʦʚ, ʤʫʣʴʪʠʘʛʝʥʪʥʳʭ 

ʩʠʩʪʝʤ, ʚʩʪʨʘʠʚʘʝʤʳʭ ʩʠʩʪʝʤ ʠ ʪ. ʜ. 
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Ç ʇʦʜʭʦʜ ʧʦʜʜʝʨʞʠʚʘʝʪ ʯʘʩʪʠʯʥʫʶ ʚʝʨʠʬʠʢʘʮʠʶ: ʧʨʦʝʢʪ ʤʦʞʝʪ 

ʙʳʪʴ ʚʝʨʠʬʠʮʠʨʦʚʘʥ ʧʦ ʯʘʩʪʠʯʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʧʨʠ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʪʦʣʴʢʦ ʧʦʜʤʥʦʞʝʩʪʚʘ ʚʩʝʭ ʪʨʝʙʦʚʘʥʠʡ. ʕʪʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʜʭʦʜʘ, ʪʘʢ ʢʘʢ ʤʦʞʥʦ 

ʦʛʨʘʥʠʯʠʪʴ ʚʘʣʠʜʘʮʠʶ ʧʨʦʚʝʨʢʦʡ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ, 

ʠʛʥʦʨʠʨʫʷ ʧʨʦʚʝʨʢʫ ʤʝʥʝʝ ʚʘʞʥʳʭ, ʟʘʪʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʙʦʣʝʝ 

ʜʦʨʦʛʠʭ ʪʨʝʙʦʚʘʥʠʡ. 

Ç ɺʩʪʨʘʠʚʘʥʠʝ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʚ ʧʨʦʮʝʩʩ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʥʝ 

ʪʨʝʙʫʝʪ ʙʦʣʴʰʝ ʚʨʝʤʝʥʠ, ʯʝʤ ʩʠʤʫʣʷʮʠ ̫ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ. 

ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʚʨʝʤʝʥʠ ʨʘʟʨʘʙʦʪʢʠ. ʂʨʦʤʝ ʪʦʛʦ, ʙʣʘʛʦʜʘʨʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ, ʧʨʦʛʨʘʤʤʳ ʜʣʷ 

ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʩ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤʠ 

ʧʨʦʩʪʨʘʥʩʪʚʘʤʠ ʩʦʩʪʦʷʥʠʡ. 

Ç ʇʨʦʛʨʘʤʤʳ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʨʝʛʫʣʷʨʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʧʝʮʠʘʣʠʩʪʘʤʠ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤ ʩ ʪʦʡ ʞʝ 

ʣʝʛʢʦʩʪʴʶ, ʩ ʢʘʢʦʡ ʧʨʠʤʝʥʷʶʪʩʷ, ʥʘʧʨʠʤʝʨ, ʢʦʤʧʠʣʷʪʦʨʳ, ʪʘʢ ʢʘʢ 

ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʥʝ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʧʦʣʴʟʦʚʘʪʝʣʝʤ. 

Ç ʅʘʜʝʞʥʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʬʫʥʜʘʤʝʥʪ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʩʝʤʘʥʪʠʢʘ, ʣʦʛʠʢʘ ʠ ʪʝʦʨʠʷ ʘʚʪʦʤʘʪʦʚ, ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ, 

ʘʣʛʦʨʠʪʤʳ ʥʘ ʛʨʘʬʘʭ. 

ʆʛʨʘʥʠʯʝʥʠʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ 

ɻʣʘʚʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ: 

Ç ʆʥʘ ʧʨʠʤʝʥʠʤʘ ʚ ʦʩʥʦʚʥʦʤ ʢ ʫʧʨʘʚʣʷʶʱʠʤ ʧʨʠʣʦʞʝʥʠʷʤ, ʚ 

ʢʦʪʦʨʳʭ ʢʦʤʧʦʥʝʥʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ. ʆʥʘ ʤʝʥʴʰʝ 

ʧʦʜʭʦʜʠʪ ʢ ʧʨʠʣʦʞʝʥʠʷʤ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʪʘʢ ʢʘʢ ʚ ʪʘʢʠʭ 

ʧʨʠʣʦʞʝʥʠʷʭ ʦʙʳʯʥʦ ʚʚʦʜʷʪʩʷ ʙʝʩʢʦʥʝʯʥʳʝ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʩʦʩʪʦʷʥʠʡ. 

Ç ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʚʝʨʠʬʠʮʠʨʫʝʪʩʷ ʪʦʣʴʢʦ 

ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ, ʘ ʥʝ ʩʘʤʘ ʩʠʩʪʝʤʘ. ʊʦʪ ʬʘʢʪ, ʯʪʦ ʤʦʜʝʣʴ ʦʙʣʘʜʘʝʪ 

ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ, ʯʪʦ ʬʠʥʘʣʴʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʪʝʤʠ ʞʝ ʩʚʦʡʩʪʚʘʤʠ (ʜʣʷ ʧʨʦʚʝʨʢʠ 

ʬʠʥʘʣʴʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʪʨʝʙʫʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ 

ʢʘʢ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ). ʇʨʦʱʝ ʛʦʚʦʨʷ, ʣʶʙʘʷ 

ʚʘʣʠʜʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʥʘʩʪʦʣʴʢʦ ʞʝ 

ʭʦʨʦʰʘ, ʢʘʢ ʠ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ. 

Ç ʅʘʭʦʞʜʝʥʠʝ ʧʦʜʭʦʜʷʱʝʡ ʘʙʩʪʨʘʢʮʠʠ (ʪʘʢʦʡ ʢʘʢ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ ʠ 

ʧʦʜʭʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ) ʪʨʝʙʫʝʪ 
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ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʚʘʣʠʬʠʢʘʮʠʠ (ʦʜʥʘʢʦ ʤʝʥʴʰʝʡ, ʯʝʤ 

ʜʦʢʘʟʘʪʝʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ). 

Ç ʂʘʢ ʠ ʚʩʷʢʠʡ ʠʥʩʪʨʫʤʝʥʪ, ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʤʦʛʫʪ 

ʙʳʪʴ ʥʝʥʘʜʝʞʥʳʤʠ. ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ ʦʩʥʦʚʫ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ 

ʩʦʩʪʘʚʣʷʶʪ ʩʪʘʥʜʘʨʪʥʳʝ ʠ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʝ ʘʣʛʦʨʠʪʤʳ, ʚ 

ʦʙʝʩʧʝʯʝʥʠʠ ʥʘʜʝʞʥʦʩʪʠ ʪʘʢʠʭ ʧʨʦʛʨʘʤʤ ʦʙʳʯʥʦ ʥʝ ʚʦʟʥʠʢʘʝʪ 

ʙʦʣʴʰʠʭ ʧʨʦʙʣʝʤ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʢʦʨʨʝʢʪʥʦʩʪʴ ʥʘʠʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʯʘʩʪʝʡ ʧʨʦʛʨʘʤʤ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʫʞʝ ʜʦʢʘʟʘʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ. 

Ç ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʨʷʪʴ ʦʙʦʙʱʝʥʠʷ [21]. ɽʩʣʠ, 

ʥʘʧʨʠʤʝʨ, ʧʨʦʪʦʢʦʣ ʚʝʨʠʬʠʮʠʨʦʚʘʥ ʜʣʷ ʦʜʥʦʛʦ, ʜʚʫʭ ʠ ʪʨʝʭ 

ʧʨʦʮʝʩʩʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ, ʵʪʦ ʥʝ ʜʘʝʪ 

ʥʠʢʘʢʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʜʣʷ ʜʨʫʛʦʛʦ ʯʠʩʣʘ ʧʨʦʮʝʩʩʦʚ ï ʧʨʦʚʝʨʢʘ 

ʤʦʜʝʣʝʡ ʧʨʘʢʪʠʯʥʘ ʪʦʣʴʢʦ ʜʣʷ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ʤʦʞʝʪ, ʦʜʥʘʢʦ, ʧʦʤʦʯʴ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʪʝʦʨʝʤʳ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʢʦʪʦʨʳʝ ʚʧʦʩʣʝʜʩʪʚʠʠ ʤʦʛʫʪ ʙʳʪʴ ʜʦʢʘʟʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ. 

ɼʦʩʪʠʯʴ ʘʙʩʦʣʶʪʥʦ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʡ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʠʩʪʝʤ ʨʝʘʣʥɹʦʛʦ 

ʨʘʟʤʝʨʘ ʥʝʚʦʟʤʦʞʥʦ. ʅʝʩʤʦʪʨʷ ʥʘ ʫʢʘʟʘʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʤʦʞʥʦ 

ʩʢʘʟʘʪʴ, ʯʪʦ ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ ʫʨʦʚʝʥʴ 

ʜʦʚʝʨʠʷ ʢ ʩʠʩʪʝʤʘʤ. 

ʇʦʩʢʦʣʴʢʫ ʚ ʧʨʦʚʝʨʢʝ ʤʦʜʝʣʝʡ ʦʩʥʦʚʥʘʷ ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʦʧʠʩʘʥʠʠ 

ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʢʦʥʝʯʥʳʤʠ ʘʚʪʦʤʘʪʘʤʠ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʫʩʣʦʚʠʷʭ ʯʠʩʣʦ ʩʦʩʪʦʷʥʠʡ ʤʦʞʝʪ ʚʳʡʪʠ ʟʘ ʧʨʝʜʝʣʳ ʨʘʟʤʝʨʦʚ 

ʜʦʩʪʫʧʥʦʡ ʧʘʤʷʪʠ. ʕʪʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʤʦʞʝʪ ʙʳʪʴ ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʩʠʩʪʝʤ, ʫ ʢʦʪʦʨʳʭ ʤʥʦʛʦ ʩʠʩʪʝʤʥʳʭ ʩʦʩʪʦʷʥʠʡ ï 

ʨʘʟʤʝʨ ʤʥʦʞʝʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚ ʭʫʜʰʝʤ ʩʣʫʯʘʝ 

ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʧʨʦʠʟʚʝʜʝʥʠʶ ʨʘʟʤʝʨʦʚ ʤʥʦʞʝʩʪʚ ʩʦʩʪʦʷʥʠʡ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ. ʇʨʦʙʣʝʤʘ ʯʨʝʟʤʝʨʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ 

ʩʦʩʪʦʷʥʠʡ ʥʘʟʳʚʘʝʪʩʷ ʧʨʦʙʣʝʤʦʡ ʢʦʤʙʠʥʘʪʦʨʥʦʛʦ ʚʟʨʳʚʘ [17]. ʂʘʢ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʚʪʦʤʘʪʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ 

[2] ʧʦʟʚʦʣʷʝʪ ʚʟʛʣʷʥʫʪʴ ʥʘ ʫʢʘʟʘʥʥʫʶ ʧʨʦʙʣʝʤʫ ʩ ʜʨʫʛʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ. 

 

1.6. ɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤ 

ɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤ ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ ʦʙʣʘʩʪʷʭ, ʛʜʝ ʜʦʩʪʫʧʥʳ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʘʙʩʪʨʘʢʮʠʠ 

ʟʘʜʘʯ. ɼʣʷ ʩʣʫʯʘʷ ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ ʠ ʩʧʝʮʠʬʠʢʘʮʠʷ, ʠ ʨʝʘʣʠʟʘʮʠʷ 

ʩʠʩʪʝʤʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʬʦʨʤʫʣʳ, ʥʘʧʨʠʤʝʨ, ű ʠ ɣ, ʟʘʧʠʩʘʥʥʳʝ 

ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʣʦʛʠʢʝ. ʇʨʠ ʵʪʦʤ ʧʨʦʚʝʨʢʘ ʪʦʛʦ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ 
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ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʧʝʮʠʬʠʢʘʮʠʠ, ʩʚʦʜʠʪʩʷ ʢ ʧʨʦʚʝʨʢʝ ʬʦʨʤʫʣʳ ɣ ­ ű. 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʣʶʙʦʝ ʧʦʚʝʜʝʥʠʝ ʨʝʘʣʠʟʘʮʠʠ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ ɣ, 

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʧʦʚʝʜʝʥʠʝʤ ʩʧʝʮʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤʳ, ʠ ʧʦʵʪʦʤʫ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ű. ɿʘʤʝʪʠʤ, ʯʪʦ ʩʧʝʮʠʬʠʢʘʮʠʷ ʩʠʩʪʝʤʳ ʤʦʞʝʪ 

ʧʦʟʚʦʣʷʪʴ ʠ ʜʨʫʛʦʝ ʧʦʚʝʜʝʥʠʝ, ʢʦʪʦʨʦʝ ʥʝ ʨʝʘʣʠʟʫʝʪʩʷ. ɼʣʷ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ɣ ­ ű ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʦʛʨʘʤʤʳ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ. 

ʇʨʦʚʝʨʢʘ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ï ʵʪʦ ʦʙʣʘʩʪʴ, ʪʝʩʥʦ ʩʚʷʟʘʥʥʘʷ ʩ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʪʝʦʨʝʤ. ʇʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ ʧʝʨʝʜʘʪʴ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ 

ʪʝʦʨʝʤʳ ʧʨʦʛʨʘʤʤʝ ʜʣʷ ʧʨʦʚʝʨʢʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ. ʇʨʦʛʨʘʤʤʘ ʦʪʚʝʯʘʝʪ, 

ʚʝʨʥʦ ʣʠ ʵʪʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ. ʇʨʦʛʨʘʤʤʳ ʧʨʦʚʝʨʢʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ 

ʚʳʧʦʣʥʷʶʪ ʙʦʣʝʝ ʧʨʦʩʪʫʶ ʟʘʜʘʯʫ, ʯʝʤ ʧʨʦʛʨʘʤʤʳ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ. ʇʦʵʪʦʤʫ ʦʥʠ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʩ ʙʦʣʝʝ 

ʩʣʦʞʥʳʤʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘʤʠ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʦʙʲʝʤ ʧʦʠʩʢʘ ʧʨʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ ʪʝʦʨʝʤ, 

ʠʤʝʝʪ ʩʤʳʩʣ ʦʩʫʱʝʩʪʚʣʷʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʦʣʴʟʦʚʘʪʝʣʝʤ, ʢʦʪʦʨʳʡ 

ʤʦʞʝʪ ʙʳʪʴ ʭʦʨʦʰʦ ʦʩʚʝʜʦʤʣʝʥ ʦ ʥʘʠʣʫʯʰʝʡ ʩʪʨʘʪʝʛʠʠ ʧʦʩʪʨʦʝʥʠʷ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ. ʆʙʳʯʥʦ ʪʘʢʠʝ ʠʥʪʝʨʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ ʧʦʤʦʛʘʶʪ ʚ 

ʧʦʠʩʢʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʟʘ ʩʯʝʪ ʩʦʭʨʘʥʝʥʠʷ ʩʧʠʩʢʘ ʜʝʡʩʪʚʠʡ, ʢʦʪʦʨʳʝ 

ʜʦʣʞʥʳ ʙʳʪʴ ʧʨʦʜʝʣʘʥʳ, ʠ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʧʦʜʩʢʘʟʦʢ, ʢʘʢ ʝʱʝ ʥʝ 

ʜʦʢʘʟʘʥʥʳʝ ʪʝʦʨʝʤʳ ʤʦʛʫʪ ʙʳʪʴ ʜʦʢʘʟʘʥʳ. ɹʦʣʝʝ ʪʦʛʦ, ʢʘʞʜʳʡ ʰʘʛ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʚʝʨʠʬʠʮʠʨʫʝʪʩʷ ʩʠʩʪʝʤʦʡ. ʂʘʢ ʧʨʘʚʠʣʦ, ʜʣʷ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʜʦʣʞʥʦ ʙʳʪʴ ʩʜʝʣʘʥʦ ʤʥʦʛʦ ʤʝʣʢʠʭ ʰʘʛʦʚ, ʠ ʪʨʝʙʫʝʪʩʷ 

ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʦʣʴʟʦʚʘʪʝʣʝʤ. ʆʙʳʯʥʦ ʣʶʜʠ 

ʧʨʦʧʫʩʢʘʶʪ ʥʝʙʦʣʴʰʠʝ ʯʘʩʪʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ (çʪʨʠʚʠʘʣʴʥʦè, 

çʘʥʘʣʦʛʠʯʥʦè), ʪʦʛʜʘ ʢʘʢ ʧʨʦʛʨʘʤʤʘ ʪʨʝʙʫʝʪ ʷʚʥʦʛʦ ʧʨʠʩʫʪʩʪʚʠʷ ʵʪʠʭ 

ʯʘʩʪʝʡ. ʇʨʦʮʝʩʩ ʚʝʨʠʬʠʢʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ʷʚʣʷʝʪʩʷ ʤʝʜʣʝʥʥʳʤ ʠ 

ʪʨʫʜʦʝʤʢʠʤ. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʠʥʩʪʨʫʤʝʥʪʳ ʦʙʳʯʥʦ ʪʨʝʙʫʪʁ 

ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʡ ʢʚʘʣʠʬʠʢʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ. 

ʃʦʛʠʢʘ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʧʨʦʛʨʘʤʤʘʤʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ʠ 

ʧʨʦʛʨʘʤʤʘʤʠ ʧʨʦʚʝʨʢʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ, ʦʙʯrʥʦ ʷʚʣʷʝʪʩʷ ʚʘʨʠʘʥʪʦʤ 

ʣʦʛʠʢʠ ʧʨʝʜʠʢʘʪʦʚ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ɺ ʵʪʦʡ ʣʦʛʠʢʝ ʠʤʝʝʪʩʷ 

ʥʝʦʛʨʘʥʠʯʝʥʥʦʝ ʤʥʦʞʝʩʪʚʦ ʧʝʨʝʤʝʥʥʳʭ, ʤʥʦʞʝʩʪʚʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʠ ʧʨʝʜʠʢʘʪʥʳʭ ʩʠʤʚʦʣʦʚ ʟʘʜʘʥʥʦʡ ʘʨʥʦʩʪʠ. ɸʨʥʦʩʪʴ ʦʟʥʘʯʘʝʪ ʯʠʩʣʦ 

ʘʨʛʫʤʝʥʪʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʠʣʠ ʧʨʝʜʠʢʘʪʥʦʛʦ ʩʠʤʚʦʣʘ. ʊʝʨʤ ï ʵʪʦ 

ʧʝʨʝʤʝʥʥʘʷ ʠʣʠ ʩʪʨʦʢʘ ʚʠʜʘ f(t1, é, tn), ʛʜʝ f ï ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ 

ʩʠʤʚʦʣ ʘʨʥʦʩʪʠ n ʠ ti ï ʪʝʨʤʳ. ʂʦʥʩʪʘʥʪʳ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʳ 

ʢʘʢ ʬʫʥʢʮʠʠ ʘʨʥʦʩʪʠ 0. ʇʨʝʜʠʢʘʪ ʠʤʝʝʪ ʬʦʨʤʫ P(t1, é, tn), ʛʜʝ P ï 

ʧʨʝʜʠʢʘʪʥʳʡ ʩʠʤʚʦʣ ʘʨʥʦʩʪʠ n, ʘ ti ï ʪʝʨʤʳ. ʇʨʝʜʣʦʞʝʥʠʷ ʚ ʣʦʛʠʢʝ 

ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ï ʵʪʦ ʧʨʝʜʠʢʘʪʳ, ʣʦʛʠʯʝʩʢʠʝ ʢʦʤʙʠʥʘʮʠʠ 

ʧʨʝʜʣʦʞʝʥʠʡ ʠʣʠ ʧʨʝʜʣʦʞʝʥʠʷ, ʩʥʘʙʞʝʥʥʳʝ ʢʚʘʥʪʠʬʠʢʘʮʠʝʡ 
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ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠʣʠ ʚʩʝʦʙʱʥʦʩʪʠ. ɺ ʪʠʧʠʟʠʨʦʚʘʥʥʦʡ ʣʦʛʠʢʝ 

ʩʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʪʠʧʦʚ, ʠ ʢʘʞʜʘʷ ʧʝʨʝʤʝʥʥʘʷ ʠʤʝʝʪ ʪʠʧ 

(ʢʘʢ ʧʨʦʛʨʘʤʤʥʘʷ ʧʝʨʝʤʝʥʥʘʷ x  ʠʤʝʝʪ ʪʠʧ int ). ʂʘʞʜʳʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʩʠʤʚʦʣ ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʪʠʧʦʚ ʘʨʛʫʤʝʥʪʦʚ ʠ ʪʠʧ 

ʨʝʟʫʣʴʪʘʪʘ, ʘ ʢʘʞʜʳʡ ʧʨʝʜʠʢʘʪʥʳʡ ʩʠʤʚʦʣ ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʪʠʧʦʚ 

ʘʨʛʫʤʝʥʪʦʚ, ʦʜʥʘʢʦ ʥʝ ʠʤʝʝʪ ʪʠʧʘ ʨʝʟʫʣʴʪʘʪʘ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʚ 

ʪʘʢʦʡ ʣʦʛʠʢʝ ʢʚʘʥʪʠʬʠʢʘʮʠʠ ʪʘʢʞʝ ʪʠʧʠʟʠʨʦʚʘʥʳ. 

ɸʣʛʦʨʠʪʤʠʯʝʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ ʧʨʦʛʨʘʤʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ï ʵʪʦ 

ʤʝʪʦʜʳ ʧʨʠʤʝʥʝʥʠʷ ʧʨʘʚʠʣ ʚʳʚʦʜʘ ʠ ʧʦʣʫʯʝʥʠʷ ʩʣʝʜʩʪʚʠʡ. ɺʘʞʥʳʤʠ 

ʧʦʜʭʦʜʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʪʘʢʠʤʠ ʧʨʦʛʨʘʤʤʘʤʠ ʜʣʷ ʵʪʦʛʦ, ʷʚʣʷʶʪʩʷ 

ʝʩʪʝʩʪʚʝʥʥʘʷ ʜʝʜʫʢʮʠʷ (ʥʘʧʨʠʤʝʨ, ʠʟ ʠʩʪʠʥʥʦʩʪʠ ű1 ʠ ű2 ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦʙ ʠʩʪʠʥʥʦʩʪʠ ű1 Ø ű2), ʨʝʟʦʣʶʮʠʷ ʠ ʫʥʠʬʠʢʘʮʠʷ 

(ʧʨʦʮʝʜʫʨʘ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʜʚʫʭ ʪʝʨʤʦʚ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʧʫʪʝʤ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʚʩʝʭ ʧʦʜʩʪʘʥʦʚʦʢ ʧʝʨʝʤʝʥʥʳʭ, 

ʧʨʠ ʢʦʪʦʨʳʭ ʪʝʨʤʳ ʩʦʚʧʘʜʘʶʪ). ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʡ ʧʨʦʚʝʨʢʠ 

ʤʦʜʝʣʝʡ, ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ 

ʙʝʩʢʦʥʝʯʥʳʤʠ ʤʥʦʞʝʩʪʚʘʤʠ ʩʦʩʪʦʷʥʠʡ ʠ ʧʨʦʚʝʨʷʪʴ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ 

ʩʚʦʡʩʪʚ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ. 

ʕʪʠ ʤʝʪʦʜʳ ʥʝʜʦʩʪʘʪʦʯʥʳ ʜʣʷ ʧʦʠʩʢʘ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʟʘʜʘʥʥʦʡ 

ʪʝʦʨʝʤʳ, ʝʩʣʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʩʫʱʝʩʪʚʫʝʪ. ʀʥʩʪʨʫʤʝʥʪ ʜʦʣʞʝʥ ʠʤʝʪʴ 

ʩʪʨʘʪʝʛʠʶ, ʢʦʪʦʨʘʷ ʛʦʚʦʨʠʪ, ʢʘʢ ʠʩʢʘʪʴ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ. ɼʘʥʥʘʷ 

ʩʪʨʘʪʝʛʠʷ ʤʦʞʝʪ ʧʨʝʜʣʘʛʘʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʘʚʠʣʘ ʚʳʚʦʜʘ ʩ ʢʦʥʮʘ, 

ʥʘʯʠʥʘʷ ʩ ʧʨʝʜʣʦʞʝʥʠʷ, ʢʦʪʦʨʦʝ ʪʨʝʙʫʝʪʩʷ ʜʦʢʘʟʘʪʴ. ʉʪʨʘʪʝʛʠʠ, 

ʢʦʪʦʨʳʝ ʣʶʜʠ ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʧʦʠʩʢʘ ʜʦʢʘʟʘʪʝʣʴʩʪʚ, 

ʥʝʬʦʨʤʘʣʠʟʦʚʘʥʳ. ʉʪʨʘʪʝʛʠʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʦʛʨʘʤʤʘʤʠ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ, ʙʘʟʠʨʫʶʪʩʷ ʥʘ ʘʣʛʦʨʠʪʤʘʭ ʦʙʭʦʜʘ ʚ ʰʠʨʠʥʫ ʠ 

ʚ ʛʣʫʙʠʥʫ. 

ʅʘʢʦʥʝʮ, ʧʨʦʛʨʘʤʤʳ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ʥʝ ʦʯʝʥʴ 

ʧʦʣʝʟʥʳ ʥʘ ʧʨʘʢʪʠʢʝ: ʧʨʦʙʣʝʤʘ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʩʣʦʞʥʘ ï ʧʨʝʜʣʦʞʝʥʠʝ ʜʣʠʥʳ n ʤʦʞʝʪ ʠʤʝʪʴ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʦʪ n. ʇʦʠʩʢ ʪʘʢʦʛʦ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʨʝʙʫʝʪ ʚʨʝʤʝʥʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʦʪ ʝʛʦ ʜʣʠʥʳ. 

ʇʦʵʪʦʤʫ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤ ʜʚʘʞʜʳ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʣʠʥʝ ʜʦʢʘʟʳʚʘʝʤʦʛʦ ʧʨʝʜʣʦʞʝʥʠʷ. 

ɼʣʷ ʠʥʪʝʨʘʢʪʠʚʥʳʭ ʧʨʦʛʨʘʤʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ʵʪʘ ʩʣʦʞʥʦʩʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ. 

ʇʝʨʝʯʠʩʣʠʤ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʪʝʦʨʝʤ ʠ ʧʨʦʚʝʨʢʦʡ 

ʤʦʜʝʣʝʡ: 

Ç ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʠ ʙʳʩʪʨʘʷ. 

Ç ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʢ ʯʘʩʪʠʯʥʳʤ 

ʨʝʘʣʠʟʘʮʠʷʤ. ʇʦʵʪʦʤʫ ʦʥʘ ʤʦʞʝʪ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʧʦʣʝʟʥʫʶ 
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ʠʥʬʦʨʤʘʮʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʠʩʪʝʤ ʜʘʞʝ ʚ ʩʣʫʯʘʝ, 

ʝʩʣʠ ʩʠʩʪʝʤʘ ʥʝ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʝʥʘ. 

Ç ʇʨʦʛʨʘʤʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʠʤʝʶʪ ʜʨʫʞʝʩʪʚʝʥʥʳʡ ʠʥʪʝʨʬʝʡʩ ʠ 

ʣʝʛʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤ 

ʧʨʦʚʝʨʢʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʪʨʝʙʫʝʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʢʚʘʣʠʬʠʢʘʮʠʠ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʥʘʧʨʘʚʣʷʪʴ ʠ ʩʦʧʨʦʚʦʞʜʘʪʴ ʧʨʦʮʝʩʩ 

ʚʝʨʠʬʠʢʘʮʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʧʦʟʥʘʢʦʤʠʪʴ ʢʦʛʦ-ʣʠʙʦ 

ʩ ʣʦʛʠʯʝʩʢʠʤ ʷʟʳʢʦʤ ʧʨʦʛʨʘʤʤʳ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ, ʢʦʪʦʨʳʤ 

ʦʙʳʯʥʦ ʷʚʣʷʝʪʩʷ ʚʳʨʘʟʠʪʝʣʴʥʘ ̫ʣʦʛʠʢʘ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ. 

Ç ʇʨʦʚʝʨʢʫ ʤʦʜʝʣʝʡ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʷʪʴ ʢ ʫʧʨʘʚʣʷʶʱʠʤ 

ʧʨʠʣʦʞʝʥʠʷʤ, ʥʘʧʨʠʤʝʨ, ʨʝʘʢʪʠʚʥʳʤ ʩʠʩʪʝʤʘʤ. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ 

ʪʝʦʨʝʤ ʧʨʠʤʝʥʠʤʦ ʜʣʷ ʨʘʙʦʪ r ʩ ʙʝʩʢʦʥʝʯʥʳʤʠ ʤʥʦʞʝʩʪʚʘʤʠ 

ʩʦʩʪʦʷʥʠʡ, ʠ ʧʦʵʪʦʤʫ ʦʥʦ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʠʣʦʞʝʥʠʡ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ. 

Ç ɺ ʩʣʫʯʘʝ ʫʩʧʝʰʥʦʩʪʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤ ʜʘʝʪ (ʧʦʯʪʠ) 

ʤʘʢʩʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʪʦʯʥʦʩʪʠ ʠ ʥʘʜʝʞʥʦʩʪʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ. 

Ç ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʧʦʟʚʦʣʷʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʢʦʥʪʨʧʨʠʤʝʨʳ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʦʤʦʱʠ ʚ ʦʪʣʘʜʢʝ. 

Ç ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ, ʧʨʦʝʢʪ ʧʨʦʚʝʨʷʝʪʩʷ ʜʣʷ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ (ʠ ʢʦʥʝʯʥʦʛʦ) ʤʥʦʞʝʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ. ʇʨʠʤʝʥʝʥʠʝ 

ʧʨʦʛʨʘʤʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤ ʚʦʟʤʦʞʥʦ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʳʭ 

ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ. 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ çʣʫʯʰʠʡè ʧʦʜʭʦʜ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʪʝʦʨʝʤ. ʕʪʠ ʤʝʪʦʜ rʜʦʧʦʣʥʷʶʪ ʜʨʫʛ 

ʜʨʫʛʘ, ʪʘʢ ʢʘʢ ʢʘʞʜʳʡ ʠʟ ʥʠʭ ʦʙʣʘʜʘʝʪ ʦʧʨʝʜʝʣʝʥʥʳʤʠ 

ʜʦʩʪʦʠʥʩʪʚʘʤʠ. ɼʝʣʘʶʪʩʷ ʧʦʧʳʪʢʠ ʠʥʪʝʛʨʘʮʠʠ ʵʪʠʭ ʤʝʪʦʜʦʚ ʜʣʷ ʪʦʛʦ, 

ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʵʬʬʝʢʪ ʦʪ ʦʙʲʝʜʠʥʝʥʠʷ ʜʦʩʪʦʠʥʩʪʚ ʦʙʦʠʭ ʧʦʜʭʦʜʦʚ. 

 

ɻʣʘʚʘ 2. ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ 
ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʝʡ 

2.1. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʥʘʟʚʘʥʠʷ, ʤʝʪʦʜ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʝʡ ʨʘʙʦʪʘʝʪ ʥʝ 

ʥʘʧʨʷʤʫʶ ʩ ʧʨʦʛʨʘʤʤʦʡ, ʘ ʩ ʝʝ ʤʦʜʝʣʴʶ. ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʦʧʠʩʘʥʦ, ʢʘʢ 

ʩʪʨʦʠʪʴ ʪʘʢʫʶ ʤʦʜʝʣʴ. 

ʉʥʘʯʘʣʘ ʜʣʷ ʩʠʩʪʝʤʳ ʩʦʟʜʘʝʪʩʷ ʩʧʝʮʠʬʠʢʘʮʠʷ ï ʥʘʙʦʨ ʩʚʦʡʩʪʚ, 

ʢʦʪʦʨʳʤ ʦʥʘ ʜʦʣʞʥʘ ʫʜʦʚʣʝʪʚʦʨʷʪʴ. ʇʦʩʢʦʣʴʢʫ ʚ ʤʝʪʦʜʝ model 

checking ʩʧʝʮʠʬʠʢʘʮʠʷ ʧʨʦʚʝʨʷʝʪʩʷ ʥʘ ʤʦʜʝʣʠ, ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʚ 
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ʤʦʜʝʣʠ ʧʨʦʷʚʣʷʣʠʩʴ ʚʩʝ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ 

ʩʧʝʮʠʬʠʢʘʮʠʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʥʝ ʠʤʝʝʪ ʩʤʳʩʣʘ ʜʦʙʘʚʣʷʪʴ ʚ ʤʦʜʝʣʴ ʪʝ 

ʜʝʪʘʣʠ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ ʥʝ ʚʣʠʷʶʪ ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʪʨʝʙʫʝʤʳʭ 

ʩʚʦʡʩʪʚ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʚ ʩʧʝʮʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʣʠʬʪʦʤ 

ʫʢʘʟʘʥʦ, ʯʪʦ ʜʚʝʨʠ ʣʠʬʪʘ ʜʦʣʞʥʳ ʦʩʪʘʚʘʪʴʩʷ ʟʘʢʨʳʪʳʤʠ ʚʦ ʚʨʝʤʷ 

ʜʚʠʞʝʥʠʷ, ʪʦ ʚʦ ʚʨʝʤʷ ʚʝʨʠʬʠʢʘʮʠʠ ʵʪʦʛʦ ʩʚʦʡʩʪʚʘ ʥʝ ʚʘʞʥʦ, ʩ ʢʘʢʦʡ 

ʩʢʦʨʦʩʪʴʶ ʜʚʠʞʝʪʩʷ ʣʠʬʪ, ʛʣʘʚʥʦʝ ï ʯʪʦ ʦʥ ʜʚʠʞʝʪʩʷ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʢʥʠʛʠ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʘʜʘʯʘ 

ʚʝʨʠʬʠʢʘʮʠʠ ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ [17]. ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʥʝʣʴʟʷ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʚ ʪʝʨʤʠʥʘʭ ʚʭʦʜʘ-ʚʳʭʦʜʘ, ʪʘʢ ʢʘʢ ʠʭ ʨʘʙʦʪʘ ʤʦʞʝʪ 

ʧʨʦʜʦʣʞʘʪʴʩʷ ʙʝʩʢʦʥʝʯʥʦ ʜʦʣʛʦ, ʠ ʧʦʵʪʦʤʫ ʜʣʷ ʥʠʭ ʚʝʨʠʬʠʮʠʨʫʝʪʩʷ 

ʧʦʚʝʜʝʥʠʝ ʚʦ ʚʨʝʤʝʥʠ. ɼʣʷ ʵʪʦʛʦ ʚʚʦʜʠʪʩʷ ʧʦʥʷʪʠʝ ʩʦʩʪʦʷʥʠʷ 

ʩʠʩʪʝʤʳ, ʧʦʜ ʢʦʪʦʨʳʤ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʧʦʥʠʤʘʝʪʩʷ ʝʝ ʤʛʥʦʚʝʥʥʦʝ 

ʦʧʠʩʘʥʠʝ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʚʩʝʭ ʧʝʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤʳ. 

ʈʘʙʦʪʫ ʨʝʘʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠ ʵʪʦʤ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ 

ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ. 

ʌʦʨʤʘʣʴʥʦ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʤʦʜʝʣʠ ʂʨʠʧʢʝ 

[17] ï ʛʨʘʬʘ ʧʝʨʝʭʦʜʦʚ, ʚ ʢʦʪʦʨʦʤ ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʟʚʝʩʪʝʥ 

ʥʘʙʦʨ ʧʨʝʜʠʢʘʪʦʚ, ʚʳʧʦʣʥʷʶʱʠʭʩʷ ʚ ʵʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʫʪʴ ʚ ʤʦʜʝʣʠ 

ʂʨʠʧʢʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʮʝʥʘʨʠʶ ʨʘʙʦʪʳ ʨʝʘʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ. ʆʧʠʰʝʤ 

ʤʦʜʝʣ ɹʂʨʠʧʢʝ ʬʦʨʤʘʣʴʥʦ. 

ʉʥʘʯʘʣʘ ʚʚʝʜʝʤ ʧʦʥʷʪʠʝ ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ 

(ʵʣʝʤʝʥʪʘʨʥʳʭ ʚʳʩʢʘʟʳʚʘʥʠʡ) ï ʧʨʝʜʣʦʞʝʥʠʡ, ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ 

ʢʦʪʦʨʳʭ ʥʝ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ. ɸʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ï ʵʪʦ ʙʘʟʦʚʳʝ 

ʧʨʝʜʣʦʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʩʜʝʣʘʥʳ. ʄʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ ʦʙʦʟʥʘʯʘʝʪʩʷ AP. ʇʨʠʤʝʨʘʤʠ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ 

ʷʚʣʷʶʪʩʷ ʧʨʝʜʣʦʞʝʥʠʷ çx ʙʦʣʴʰʝ 0è ʠʣʠ çx ʨʘʚʥʦ 1è ʜʣʷ ʥʝʢʦʪʦʨʦʡ 

ʧʝʨʝʤʝʥʥʦʡ x. ɼʨʫʛʠʤʠ ʧʨʠʤʝʨʘʤʠ ʪʘʢʠʭ ʧʨʝʜʣʦʞʝʥʠʡ ʷʚʣʷʶʪʩʷ 

çʠʜʝʪ ʜʦʞʜʴè ʠʣʠ çʚ ʤʘʛʘʟʠʥʝ ʥʝʪ ʧʦʢʫʧʘʪʝʣʝʡè. ɺ ʧʨʠʥʮʠʧʝ, 

ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʧʝʨʝʤʝʥʥʳʭ 

x, y, é, ʢʦʥʩʪʘʥʪ 0, 1, 2, é, ʬʫʥʢʮʠʡ max, gcd, é ʠ ʧʨʝʜʠʢʘʪʦʚ x = 2, 

x mod 2 = 0, é; ʜʦʧʫʩʢʘʶʪʩʷ ʧʨʝʜʣʦʞʝʥʠʷ ʚʠʜʘ max(x, y) Ò 3 ʠʣʠ x = y. 

ʅʝ ʙʫʜʝʤ ʪʦʯʥʦ ʦʧʨʝʜʝʣʪ̫ʴ ʤʥʦʞʝʩʪʚʦ AP, ʘ ʧʨʦʩʪʦ ʧʦʩʪʫʣʠʨʫʝʤ ʝʛʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʚʳʙʦʨ ʤʥʦʞʝʩʪʚʘ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ AP ʚʘʞʝʥ, 

ʪʘʢ ʢʘʢ ʦʥ ʬʠʢʩʠʨʫʝʪ ʙʘʟʦʚʳʝ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤ.r ʇʦʵʪʦʤʫ ʬʠʢʩʘʮʠʷ 

ʤʥʦʞʝʩʪʚʘ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʥʘʟʚʘʥʘ ʧʝʨʚʦʡ 

ʩʪʫʧʝʥʴʶ ʘʙʩʪʨʘʢʮʠʠ. ɽʩʣʠ ʢʪʦ-ʪʦ ʨʝʰʠʪ, ʥʘʧʨʠʤʝʨ, ʥʝ ʧʦʟʚʦʣʠʪʴ 

ʤʥʦʞʝʩʪʚʫ AP ʩʩʳʣʘʪʴʩʷ ʥʘ ʥʝʢʦʪʦʨʳʝ ʧʝʨʝʤʝʥʥʳʝ ʩʠʩʪʝʤʳ, ʪʦ ʥʠ 

ʦʜʥʦ ʩʚʦʡʩʪʚʦ, ʩʩʳʣʘʶʱʝʝʩʷ ʥʘ ʵʪʠ ʧʝʨʝʤʝʥʥʳʝ, ʥʝ ʤʦʞʝʪ ʙʳʪʴ 
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ʩʬʦʨʤʫʣʠʨʦʚʘʥʦ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʠ ʦʜʥʦ ʪʘʢʦʝ ʩʚʦʡʩʪʚʦ ʥʝ ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʦʚʝʨʝʥʦ. 

ʄʦʜʝʣʴʶ ʂʨʠʧʢʝ (ʩʪʨʫʢʪʫʨʦʡ ʂʨʠʧʢʝ) ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ AP ʥʘʟʳʚʘʝʪʩʷ ʪʨʦʡʢʘ (S, R, Label), ʛʜʝ 

Ç S ï ʥʝʧʫʩʪʦʝ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ; 

Ç R Ì S ³ S ï ʪʦʪʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ ʥʘ S, ʢʦʪʦʨʦʝ 

ʩʦʧʦʩʪʘʚʣʷʝʪ ʵʣʝʤʝʥʪʫ s Í S ʝʛʦ ʚʦʟʤʦʞʥʳʭ ʧʦʪʦʤʢʦʚ; 

Ç Label: S ­ 2
AP

 ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʤʫ ʩʦʩʪʦʷʥʠʶ s Í S ʘʪʦʤʘʨʥʳʝ 

ʧʨʝʜʣʦʞʝʥʠʷ Label(s), ʢʦʪʦʨʳʝ ʚʝʨʥʳ ʚ s. 

ʆʪʥʦʰʝʥʠʝ R Ì S ³ S ʥʘʟʳʚʘʝʪʩʷ ʪʦʪʘʣʴʥʳʤ, ʝʩʣʠ ʦʥʦ ʩʪʘʚʠʪ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʢʘʞʜʦʤʫ ʩʦʩʪʦʷʥʠʶ s Í S ʢʘʢ ʤʠʥʠʤʫʤ ʦʜʥʦʛʦ ʧʦʪʦʤʢʘ 

("s Í S: $s' Í S: (s, s' ) Í R). 

ʀʥʦʛʜʘ ʝʱʝ ʪʨʝʙʫʶʪ, ʯʪʦʙʳ ʜʣʷ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʙʳʣ ʟʘʜʘʥ ʥʘʙʦʨ 

ʥʘʯʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ S0 Ì S. 

ʇʫʪʴ ʚ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠʟ ʩʦʩʪʦʷʥʠʷ s0 ï ʵʪʦ ʙʝʩʢʦʥʝʯʥʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ  ́= s0 s1 s2 é, ʪʘʢʘʷ ʯʪʦ ʜʣʷ ʚʩʝʭ i ² 0 

ʚʳʧʦʣʥʷʝʪʩʷ R(si, si +1). 

ʇʨʝʜʩʪʘʚʣʝʥʠʷ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ 

ʆʧʠʰʝʤ, ʢʘʢ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʤʦʜʝʣʴ ʂʨʠʧʢʝ ʧʨʠ ʧʦʤʦʱʠ ʣʦʛʠʢʠ 

ʧʨʝʜʠʢʘʪʦʚ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. 

ʇʫʩʪʴ V = { v1, v2, é, vn} ï ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʧʝʨʝʤʝʥʥʳʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ. ʇʦʩʢʦʣʴʢʫ model checking ʥʝ ʨʘʙʦʪʘʝʪ ʩ 

ʩʠʩʪʝʤʘʤʠ ʩ ʙʝʩʢʦʥʝʯʥʳʤ ʯʠʩʣʦʤ ʩʦʩʪʦʷʥʠʡ, ʧʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ 

ʧʝʨʝʤʝʥʥʳʝ ʩʠʩʪʝʤʳ ʧʨʠʥʠʤʘʶʪ ʟʥʘʯʝʥʠʷ ʠʟ ʥʝʢʦʝʛʦ ʢʦʥʝʯʥʦʛʦ 

ʤʥʦʞʝʩʪʚʘ D. 

ʆʮʝʥʢʦʡ ʜʣʷ V ʥʘʟʦʚʝʤ ʬʫʥʢʮʠʶ, ʢʦʪʦʨʘʷ ʢʘʞʜʦʡ ʧʝʨʝʤʝʥʥʦʡ v ʠʟ V 

ʩʦʧʦʩʪʘʚʣʷʝʪ ʟʥʘʯʝʥʠʝ ʠʟ ʤʥʦʞʝʩʪʚʘ D. ʉʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ 

ʦʧʠʩʳʚʘʝʪʩʷ ʤʛʥʦʚʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʚʩʝʭ ʝʝ ʧʝʨʝʤʝʥʥʳʭ, ʠ ʧʦʵʪʦʤʫ 

ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦ ʦʮʝʥʢʦʡ s: V ­ D. ʉʦʩʪʦʷʥʠʝ ʤʦʞʥʦ 

ʦʧʠʩʘʪʴ ʚ ʚʠʜʝ ʬʦʨʤʫʣʳ, ʢʦʪʦʨʘʷ ʧʨʠʥʠʤʘʝʪ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʢʦʛʜʘ 

ʟʥʘʯʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʪʦʤʫ ʩʦʩʪʦʷʥʠʶ. 

ʅʘʧʨʠʤʝʨ, ʧʫʩʪʴ V = { v1, v2, v3}, D = {1, 2, 3} ʠ ʩʦʩʪʦʷʥʠʝ s 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʮʝʥʢʝ (v1 = 1, v2 = 2, v3 = 3). ʊʦʛʜʘ ʵʪʦ ʩʦʩʪʦʷʥʠʝ ʤʦʞʥʦ 

ʦʧʠʩʘʪʴ ʚ ʚʠʜʝ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʳ: (v1 = 1) Ø (v2 = 2) Ø (v3 = 3). ʇʨʠ 

ʧʦʤʦʱʠ ʦʧʝʨʘʪʦʨʘ ʜʠʟʲʶʥʢʮʠʠ ʤʦʞʥʦ ʩʦʝʜʠʥʠʪʴ ʥʝʩʢʦʣʴʢʦ ʬʦʨʤʫʣ 

ʜʣʷ ʩʦʩʪʦʷʥʠʡ ʠ ʧʦʣʫʯʠʪʴ ʬʦʨʤʫʣʫ, ʦʧʠʩʳʚʘʶʱʫʶ ʥʘʙʦʨ ʩʦʩʪʦʷʥʠʡ: 

ʪʘʢʘʷ ʬʦʨʤʫʣʘ ʙʫʜʝʪ ʧʨʠʥʠʤʘʪʴ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʦʣʴʢʦ ʚ ʪʦʤ 

ʩʣʫʯʘʝ, ʝʩʣʠ ʟʥʘʯʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʜʥʦʤʫ ʠʟ 
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ʚʳʙʨʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʙʦʨ ʥʘʯʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥ ʚ ʚʠʜʝ ʬʦʨʤʫʣʳ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ S0(v1, v2, é, vn). 

ʆʧʠʰʝʤ ʪʝʧʝʨʴ ʧʝʨʝʭʦʜʳ ʚ ʚʠʜʝ ʬʦʨʤʫʣ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ɼʣʷ ʵʪʦʛʦ 

ʧʦʥʘʜʦʙʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʤʥʦʞʝʩʪʚʦ ʧʝʨʝʤʝʥʥʳʭ 

V' = { v'1, v'2, é, v'n}. ɹʫʜʝʤ ʥʘʟʳʚʘʪʴ ʧʝʨʝʤʝʥʥʳʝ v ï ʧʝʨʝʤʝʥʥʳʤʠ 

ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ, ʘ ʧʝʨʝʤʝʥʥʳʝ v' ï ʧʝʨʝʤʝʥʥʳʤʠ ʩʣʝʜʫʶʱʝʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʇʝʨʝʭʦʜʦʤ ʥʘʟʦʚʝʤ ʧʘʨʫ ʦʮʝʥʦʢ V ʠ V'. ʊʦʛʜʘ ʤʦʞʥʦ 

ʥʘʧʠʩʘʪʴ ʬʦʨʤʫʣʫ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ R(V, V'), ʢʦʪʦʨʘʷ ʧʨʠʥʠʤʘʝʪ 

ʠʩʪʠʥʥʳʝ ʟʥʘʯʝʥʠʷ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʦʮʝʥʢʠ V ʠ V' 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʫʱʝʩʪʚʫʶʱʝʤʫ ʧʝʨʝʭʦʜʫ ʚ ʩʠʩʪʝʤʝ. 

ɸʪʦʤʘʨʥʳʝ ʚʳʩʢʘʟʳʚʘʥʠʷ ʦ ʩʠʩʪʝʤʝ ʤʦʞʥʦ ʟʘʜʘʚʘʪʴ ʢʘʢ 

ʚʳʩʢʘʟʳʚʘʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʡ ʧʝʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤʳ. 

ɺʳʩʢʘʟʳʚʘʥʠʝ v = d ʠʩʪʠʥʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s ʩʠʩʪʝʤʳ, ʝʩʣʠ s(v) = d. 

ʊʝʧʝʨʴ ʤʦʞʥʦ ʦʧʠʩʘʪ ɹ ʤʦʜʝʣ ɹ ʂʨʠʧʢʝ ʚ ʚʠʜʝ ʬʦʨʤʫʣ ʣʦʛʠʢʠ 

ʧʨʝʜʠʢʘʪʦʚ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. 

1. ʄʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʦʮʝʥʦʢ 

ʥʘʜ V. 

2. ʄʥʦʞʝʩʪʚʦ ʥʘʯʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ï ʤʥʦʞʝʩʪʚʦ 

ʪʘʢʠʭ ʦʮʝʥʦʢ s: V ­ D, ʜʣʷ ʢʦʪʦʨʳʭ ʬʦʨʤʫʣʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ S0(s) 

ʧʨʠʥʠʤʘʝʪ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ. 

3. ʆʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʇʝʨʝʭʦʜ 

ʤʝʞʜʫ ʦʮʝʥʢʘʤʠ s1 ʠ s2 ʩʫʱʝʩʪʚʫʝʪ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ 

ʬʦʨʤʫʣʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ R(s1, s2) ʧʨʠʥʠʤʘʝʪ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʪʦʪʘʣʴʥʦʩʪʴ ʦʪʥʦʰʝʥʠʷ, ʜʣʷ ʚʩʝʭ 

ʩʦʩʪʦʷʥʠʡ sk, ʠʟ ʢʦʪʦʨʳʭ ʥʝʪ ʥʠ ʦʜʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʜʨʫʛʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʚʚʝʜʝʤ ʧʝʨʝʭʦʜ ʚ ʩʘʤʦ ʵʪʦ ʩʦʩʪʦʷʥʠʝ: R(sk, sk) = true. 

4. Label: S ­ 2
AP

 ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ Label(s) ʧʨʠʥʘʜʣʝʞʘʣʠ ʚʩʝ 

ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ, ʚʳʧʦʣʥʷʶʱʠʝʩʷ ʚ ʩʦʩʪʦʷʥʠʠ s. 

ʅʘʧʨʠʤʝʨ, ʝʩʣʠ s(vk) = dk, ʪʦ ʘʪʦʤʘʨʥʦʝ ʚʳʩʢʘʟʳʚʘʥʠʝ 

(vk = dk) Í Label(s). 

ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʨ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʥʘ ʦʩʥʦʚʝ ʬʦʨʤʫʣ 

ʣʦʛʠʢʠ ʧʨʝʜʠʢʘʪʦʚ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʢʦʪʦʨʳʡ ʧʨʠʚʝʜʝʥ ʚ ʢʥʠʛʝ [17]. 

ʇʫʩʪʴ ʚ ʩʠʩʪʝʤʝ ʠʤʝʶʪʩʷ ʜʚʝ ʧʝʨʝʤʝʥʥʳʝ x ʠ y, ʧʨʠʥʠʤʘʶʱʠʝ 

ʟʥʘʯʝʥʠʷ ʠʟ ʤʥʦʞʝʩʪʚʘ D = {0, 1}, ʠ ʧʫʩʪʴ ʧʝʨʝʭʦʜ ʚ ʩʠʩʪʝʤʝ ʟʘʜʘʝʪʩʷ 

ʬʦʨʤʫʣʦʡ x := x + y (mod 2). ɺ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʟʥʘʯʝʥʠʷ ʵʪʠʭ 

ʧʝʨʝʤʝʥʥʳʭ ʨʘʚʥʳ ʝʜʠʥʠʮʝ. 

ʊʦʛʜʘ ʬʦʨʤʫʣʘ ʜʣʷ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠʥʠʤʘʝʪ ʚʠʜ: 

S0(x, y) = (x = 1) Ø ( y = 1), 

ʘ ʬʦʨʤʫʣʘ ʜʣʷ ʧʝʨʝʭʦʜʦʚ: 
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 R(x, y, x', y' ) = (x' = x + y (mod 2)) Ø ( y' = y). 

ʇʨʠ ʵʪʦʤ ʤʦʜʝʣʴ ʂʨʠʧʢʝ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʬʦʨʤʫʣʘʤʠ: 

1. S = {0, 1} Ĭ {0, 1}; 

2. S0 = {(1, 1)}; 

3. R = {((0, 0), (0, 0)); ((0, 1), (1, 1)); ((1, 0), (1, 0)); ((1, 1), (0, 1))}; 

4. L((0, 0)) = { x = 0, y = 0}, 

L((0, 1)) = { x = 0, y = 1}, 

L((1, 0)) = { x = 1, y = 0}, 

L((1, 1)) = { x = 1, y = 1}. 

ʉʪʝʧʝʥʴ ʜʝʪʘʣʠʟʘʮʠʠ ʧʝʨʝʭʦʜʦʚ 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʩʣʝʜʫʝʪ ʫʜʝʣʷʪʴ 

ʩʪʝʧʝʥʠ ʜʝʪʘʣʠʟʘʮʠʠ ʧʝʨʝʭʦʜʦʚ. ʇʝʨʝʭʦʜʳ ʚ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʜʦʣʞʥʳ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʘʪʦʤʘʨʥʳʝ ʧʝʨʝʭʦʜʳ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ. ʅʝʣʴʟʷ 

ʜʦʧʫʩʢʘʪʴ ʩʠʪʫʘʮʠʡ, ʢʦʛʜʘ ʚ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʝ ʥʘʙʣʶʜʘʣʠʩʴ 

ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʩʪʦʷʥʠʷ ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟ ʤʦʜʝʣʠ ʂʨʠʧʢʝ. 

ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʧʨʠ ʚʝʨʠʬʠʢʘʮʠʠ ʙʫʜʝʪ 

ʧʨʦʧʫʱʝʥʘ ʦʰʠʙʢʘ, ʢʦʪʦʨʘʷ ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʨʘʟ ʚ ʦʜʥʦʤ ʠʟ ʪʘʢʠʭ 

ʧʨʦʧʫʱʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʥʝʣʴʟʷ ʜʦʧʫʩʢʘʪʴ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʚ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʝʩʪʴ 

ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʳʝ ʨʝʘʣʴʥʦ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʚʝʨʠʬʠʮʠʨʫʝʤʦʡ 

ʩʠʩʪʝʤʝ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʧʨʠ ʚʝʨʠʬʠʢʘʮʠʠ ʙʫʜʫʪ 

ʥʘʡʜʝʥʳ ʨʝʘʣʴʥʦ ʥʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʦʰʠʙʢʠ. 

ɼʣʷ ʧʦʷʩʥʝʥʠʷ ʧʨʠʚʝʜʝʤ ʧʨʠʤʝʨ ʠʟ ʢʥʠʛʠ [17]. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʩʠʩʪʝʤʘ ʩ ʜʚʫʤʷ ʧʝʨʝʤʝʥʥʳʤʠ x, y ʠ ʜʚʫʤʷ ʧʝʨʝʭʦʜʘʤʠ Ŭ ʠ ɓ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʚʳʧʦʣʥʷʪʴʩʷ ʧʘʨʘʣʣʝʣʴʥʦ: 

Ŭ:   x := x + y, 

ɓ:   y := y + x. 

ɺ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ x = 1 Ø y = 2. ʈʘʩʩʤʦʪʨʠʤ ʙʦʣʝʝ ʜʝʪʘʣʴʥʫʶ 

ʨʝʘʣʠʟʘʮʠʶ ʧʝʨʝʭʦʜʦʚ Ŭ ʠ ɓ, ʚ ʢʦʪʦʨʦʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʤʘʥʜʳ 

ʘʩʩʝʤʙʣʝʨʘ: 

Ŭ0: load R1, x ɓ0: load R2, y 

Ŭ1: add R1, y ɓ1: add R2, x 

Ŭ2: store R1, x ɓ2: store R2, y 

ɽʩʣʠ ʚ ʧʨʦʛʨʘʤʤʝ ʚʳʧʦʣʥʷʝʪʩʷ ʩʥʘʯʘʣʘ ʧʝʨʝʭʦʜ Ŭ, ʘ ʟʘʪʝʤ ʧʝʨʝʭʦʜ ɓ, 

ʪʦ ʧʨʦʛʨʘʤʤʘ ʧʦʧʘʜʘʝʪ ʚ ʩʦʩʪʦʷʥʠʝ x = 3 Ø y = 5. ɽʩʣʠ ʧʝʨʝʭʦʜʳ 

ʚʳʧʦʣʥʷʶʪʩʷ ʚ ʦʙʨʘʪʥʦʤ ʧʦʨʷʜʢʝ, ʪʦ ʧʨʦʛʨʘʤʤʘ ʧʦʧʘʜʘʝʪ ʚ ʩʦʩʪʦʷʥʠʝ 

x = 4 Ø y = 3. ɽʩʣʠ ʞʝ ʧʝʨʝʭʦʜʳ ʩʦʚʤʝʱʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʧʦʨʷʜʢʝ: 
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Ŭ0, ɓ0, Ŭ1, ɓ1, Ŭ2, ɓ2, , ʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʛʨʘʤʤʘ ʧʦʧʘʜʝʪ ʚ ʩʦʩʪʦʷʥʠʝ 

x = 3 Ø y = 3. 

ʇʫʩʪʴ ʩʦʩʪʦʷʥʠʝ x = 3 Ø y = 3 ʷʚʣʷʝʪʩʷ ʦʰʠʙʦʯʥʳʤ ʜʣʷ ʩʠʩʪʝʤʳ, ʠ 
ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʠʪʴ, ʤʦʞʝʪ ʣʠ ʩʠʩʪʝʤʘ ʦʢʘʟʘʪʴʩʷ ʚ ʵʪʦʤ ʩʦʩʪʦʷʥʠʠ. 
ɼʦʧʫʩʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʩʠʩʪʝʤʘ ʨʝʘʣʠʟʦʚʘʥʘ ʪʘʢ, ʯʪʦ ʧʝʨʝʭʦʜʳ Ŭ ʠ ɓ 
ʚʳʧʦʣʥʷʶʪʩʷ ʘʪʦʤʘʨʥʦ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʠʩʪʝʤʘ ʥʝ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʚ 
ʦʰʠʙʦʯʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʜʥʘʢʦ ʝʩʣʠ ʧʦʩʪʨʦʠʪ ɹʤʦʜʝʣʴ ʂʨʠʧʢʝ ʩ ʙʦʣʝʝ 
ʜʝʪʘʣʴʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʪʦ ʚ ʧʨʦʮʝʩʩʝ ʚʝʨʠʬʠʢʘʮʠʠ ʙʫʜʝʪ ʥʘʡʜʝʥʘ 
ʦʰʠʙʢʘ, ʢʦʪʦʨʦʡ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʚ ʠʩʭʦʜʥʦʡ ʧʨʦʛʨʘʤʤʝ. 

ʇʫʩʪʴ ʪʝʧʝʨʴ, ʧʨʦʛʨʘʤʤʘ ʨʝʘʣʠʟʦʚʘʥʘ ʜʝʪʘʣʴʥʦ, ʠ ʚʦʟʤʦʞʥʦ 
ʚʳʧʦʣʥʝʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ Ŭ0, ɓ0, Ŭ1, ɓ1, Ŭ2, ɓ2. ʊʦʛʜʘ ʧʨʦʛʨʘʤʤʘ 
ʥʝʚʝʨʥʘ, ʧʦʩʢʦʣʴʢʫ ʤʦʞʝʪ ʧʦʧʘʩʪʴ ʚ ʦʰʠʙʦʯʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʆʜʥʘʢʦ 
ʝʩʣʠ ʧʦʩʪʨʦʠʪ ɹʤʦʜʝʣʴ ʂʨʠʧʢʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʠʰʴ ʧʝʨʝʭʦʜʦʚ Ŭ ʠ 
ɓ, ʪʦ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʢʘʞʝʪ, ʯʪʦ ʧʨʦʛʨʘʤʤʘ ʚʝʨʥʘ, ʥʦ ʵʪʦ ʙʫʜʝʪ 
ʥʝʧʨʘʚʠʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ. 

 

2.2. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 
ʜʣʷ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ 

ʈʝʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝʧʨʝʨʳʚʥʳʤ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʦʢʨʫʞʝʥʠʝʤ. ʆʥʠ ʨʝʘʛʠʨʫʶʪ ʥʘ ʩʪʠʤʫʣʳ, 
ʧʦʩʳʣʘʝʤʳʝ ʠʟʚʥʝ. ʅʝʧʨʝʨʳʚʥʳʡ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʦʪʣʠʯʘʝʪ ʠʭ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʚʠʜʘ 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʢʦʪʦʨʳʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʙʳʯʥʦ ʢʘʢ 
ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʝ ʧʨʝʦʙʨʘʟʫʶʪ ʚʭʦʜʳ ʚ ʚʳʭʦʜʳ. ʇʦʩʣʝ ʧʦʣʫʯʝʥʠʷ 
ʚʭʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʛʝʥʝʨʠʨʫʝʪ ʚʳʭʦʜ, ʚʧʦʩʣʝʜʩʪʚʠʠ 
ʟʘʚʝʨʰʘʷʩʴ ʧʦʩʣʝ ʢʦʥʝʯʥʦʛʦ ʯʠʩʣʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʰʘʛʦʚ. ɹʣʘʛʦʜʘʨʷ 
ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚʭʦʜʦʚ ʚ ʚʳʭʦʜʳ ʵʪʦʪ ʪʠʧ ʩʠʩʪʝʤ ʠʥʦʛʜʘ ʪʘʢʞʝ 
ʥʘʟʳʚʘʶʪ ʪʨʘʥʩʬʦʨʤʠʨʫʶʱʠʤʠ ʩʠʩʪʝʤʘʤʠ. ʉʚʦʡʩʪʚʘ ʪʘʢʠʭ ʩʠʩʪʝʤ 
ʦʪʥʦʩʷʪʩʷ ʢ ʚʳʭʦʜʘʤ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʤ ʧʦ ʚʭʦʜʘʤ, ʠ ʬʦʨʤʫʣʠʨʫʶʪʩʷ 
ʚ ʪʝʨʤʠʥʘʭ ʧʨʝʜ- ʠ ʧʦʩʪʫʩʣʦʚʠʡ. 

ɺʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʨʝʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ ʥʝ ʟʘʚʝʨʰʘʶʪʩʷ. ʇʦʵʪʦʤʫ 
ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤ ʵʪʦʛʦ ʢʣʘʩʩʘ ʦʙʳʯʥʦ ʦʪʥʦʩʷʪʩʷ ʢ ʚʟʘʠʤʥʦʤʫ ʧʦʨʷʜʢʫ 
ʩʦʙʳʪʠʡ ʚ ʩʠʩʪʝʤʝ ï ʧʦʚʝʜʝʥʠʶ ʩʠʩʪʝʤʳ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ. 
ʊʨʝʙʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʨʘʟʨʘʙʦʪʯʠʢʠ ʥʘʣʘʛʘʁ ʪ ʥʘ ʨʝʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ, 
ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ ʜʚʘ ʪʠʧʘ: 

Ç ʉʚʦʡʩʪʚʘ ʙʝʟʦʧʘʩʥʦʩʪʠ (ʫʪʚʝʨʞʜʘʶʱʠʝ, ʯʪʦ ʥʝʯʪʦ ʧʣʦʭʦʝ ʥʠʢʦʛʜʘ 
ʥʝ ʩʣʫʯʠʪʩʷ). ʉʠʩʪʝʤʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʪʘʢʦʤʫ ʩʚʦʡʩʪʚʫ, ʝʩʣʠ ʦʥʘ ʥʝ 
ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʧʨʝʱʝʥʥʦʝ ʧʦʚʝʜʝʥʠʝ. 

Ç ʉʚʦʡʩʪʚʘ ʞʠʚʫʯʝʩʪʠ (ʫʪʚʝʨʞʜʘʶʱʠʝ, ʯʪʦ ʥʝʯʪʦ ʭʦʨʦʰʝʝ ʢʦʛʜʘ-
ʣʠʙʦ ʩʣʫʯʠʪʩʷ). ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʪʘʢʦʤʫ ʩʚʦʡʩʪʚʫ, 
ʩʠʩʪʝʤʘ ʜʦʣʞʥʘ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʞʝʣʘʝʤʦʝ ʧʦʚʝʜʝʥʠʝ. 
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ʅʝʩʤʦʪʨʷ ʥʘ ʥʝʬʦʨʤʘʣʴʥʦʩʪʴ, ʵʪʘ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʜʦʚʦʣʴʥʦ ʧʦʣʝʟʥʘ: 

ʜʚʘ ʪʠʧʘ ʩʚʦʡʩʪʚ ʧʦʯʪʠ ʜʠʟʲʶʥʢʪʥʳ, ʠ ʙʦʣʴʰʠʥʩʪʚʦ ʩʚʦʡʩʪʚ ʤʦʞʝʪ 

ʙʳʪʴ ʦʧʠʩʘʥʦ ʢʦʤʙʠʥʘʮʠʝʡ ʩʚʦʡʩʪʚ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʞʠʚʫʯʝʩʪʠ. 

ɺʧʦʩʣʝʜʩʪʚʠʠ ʥʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ ʨʘʩʰʠʨʠʣʠ ʵʪʫ ʢʣʘʩʩʠʬʠʢʘʮʠʶ 

ʜʨʫʛʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʪʦʯʥʦ ʦʧʠʩʳʚʘʪʴ ʵʪʠ ʪʠʧʳ ʩʚʦʡʩʪʚ, ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ 

ʣʦʛʠʯʝʩʢʠʝ ʬʦʨʤʘʣʠʟʤʳ. ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʪʝʤʧʦʨʘʣʴʥʳʝ ʣʦʛʠʢʠ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪ ʩʧʝʮʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤ [15]. 

ʊʝʤʧʦʨʘʣʴʥʳʝ ʣʦʛʠʢʠ ʧʦʜʜʝʨʞʠʚʘʶʪ ʬʦʨʤʫʣʠʨʦʚʢʫ ʩʚʦʡʩʪʚ 

ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤ ʚʦ ʚʨʝʤʝʥʠ. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʚʨʝʤʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʩʠʩʪʝʤ. 

1. ʃʠʥʝʡʥʘʷ ʪʝʤʧʦʨʘʣʴʥʘʷ ʣʦʛʠʢʘ ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ 

ʠʩʧʦʣʥʠʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʩʠʩʪʝʤʳ. 

2. ɺʝʪʚʷʱʘʷʩʷ ʪʝʤʧʦʨʘʣʴʥʘʷ ʣʦʛʠʢʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ ʧʠʩʘʪʴ 

ʬʦʨʤʫʣʳ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʥʝʢʦʪʦʨʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʳʙʦʨʦʚ, 

ʩʦʚʝʨʰʘʝʤʳʭ ʚ ʩʠʩʪʝʤʝ ʚ ʧʨʦʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ. ʆʥʘ ʧʦʟʚʦʣʷʝʪ 

ʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʦ ʚʦʟʤʦʞʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ 

ʚʳʧʦʣʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʩʪʘʨʪʫʶʪ ʚ ʥʝʢʦʪʦʨʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʀʟʣʦʞʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʚʦʧʨʦʩʦʚ ʠ ʧʨʠʤʝʨʦʚ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ 

ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ ʦʩʥʦʚʘʥʦ ʥʘ ʢʫʨʩʝ ʣʝʢʮʠʡ ʇ. ʂʘʪʦʝʥʘ [1]. 

 

2.2.1. ʉʠʥʪʘʢʩʠʩ LTL 

ʉʣʝʜʫʶʱʝʝ ʦʧʨʝʜʝʣʝʥʠʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʤʥʦʞʝʩʪʚʦ ʙʘʟʦʚʳʭ ʬʦʨʤʫʣ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʚʳʨʘʞʝʥʳ ʚ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʦʡ ʣʠʥʝʡʥʦʡ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ (LTL ï linear temporal logic). 

ʇʫʩʪʴ AP ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ. ʊʦʛʜʘ: 

1. p ʷʚʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ ʜʣʷ ʚʩʝʭ p Í AP. 

2. ɽʩʣʠ ű ï ʬʦʨʤʫʣʘ, ʪʦ ×ű ï ʬʦʨʤʫʣʘ. 

3. ɽʩʣʠ ű ʠ ɣ ï ʬʦʨʤʫʣʳ, ʪʦ ű Ù ɣ ï ʬʦʨʤʫʣʘ. 

4. ɽʩʣʠ ű ï ʬʦʨʤʫʣʘ, ʪʦ X ű ï ʬʦʨʤʫʣʘ. 

5. ɽʩʣʠ ű ʠ ɣ ï ʬʦʨʤʫʣʳ, ʪʦ ű U ɣ ï ʬʦʨʤʫʣʘ. 

ʄʥʦʞʝʩʪʚʦ ʬʦʨʤʫʣ, ʧʦʩʪʨʦʝʥʥʳʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤʠ ʧʨʘʚʠʣʘʤʠ, 

ʥʘʟʳʚʘʝʪʩʷ ʬʦʨʤʫʣʘʤʠ LTL. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʤʥʦʞʝʩʪʚʦ ʬʦʨʤʫʣ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʧʝʨʚʳʭ ʪʨʝʭ 

ʧʫʥʢʪʦʚ, ʦʧʨʝʜʝʣʷʝʪ ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʬʦʨʤʫʣ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʦʡ 

ʣʦʛʠʢʠ. ʇʨʦʧʦʟʠʮʠʦʥʘʣʴʥʘʷ ʣʦʛʠʢʘ ʷʚʣʷʝʪʩʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʩʦʙʩʪʚʝʥʥʳʤ ʧʦʜʤʥʦʞʝʩʪʚʦʤ LTL. ʊʝʤʧʦʨʘʣʴʥʳʤʠ ʦʧʝʨʘʪʦʨʘʤʠ 

ʷʚʣʷʶʪʩʷ ʪʦʣʴʢʦ X (neXt) ʠ U (Until). 

ʉʠʥʪʘʢʩʠʩ LTL ʤʦʞʝʪ ʙʳʪʴ ʟʘʜʘʥ ʠ ʚ ʥʦʪʘʮʠʠ ɹʵʢʫʩʘ-ʅʘʫʨʘ. ɼʣʷ 

p Í AP ʤʥʦʞʝʩʪʚʦ LTL-ʬʦʨʤʫʣ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ű ::= p | ×ű | (ű Ù ű) | X ű | (ű U ű). 

ɼʣʷ ʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʪʦʨʦʚ Ø (ʢʦʥʲʶʥʢʮʠʷ), ­ (ʠʤʧʣʠʢʘʮʠʷ) ʠ ª 

(ʵʢʚʠʚʘʣʝʥʮʠʷ) ʩʧʨʘʚʝʜʣʠʚʳ ʩʦʦʪʥʦʰʝʥʠʷ: 

ű Ø ɣ = ×(×ű Ù ×ɣ), 

ű ­ ɣ = ×ű Ù ɣ, 

ű ª ɣ = (ű ­ ɣ) Ø (ɣ ­ ű). 

ʌʦʨʤʫʣʘ true ʨʘʚʥʘ ű Ù ×ű, ʘ false ï ʵʪʦ ×true. ʊʝʤʧʦʨʘʣʴʥʳʝ 
ʦʧʝʨʘʪʦʨʳ G (Globally, çʚʩʝʛʜʘè) ʠ F (Future, çʢʦʛʜʘ-ʥʠʙʫʜʴè) 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

F ű = true U ű, 

G ű = ×F ×ű. 

ʊʘʢ ʢʘʢ true ʚʝʨʥʦ ʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʷʭ, ʬʦʨʤʫʣʘ F ű ʚ 
ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʦʟʥʘʯʘʝʪ, ʯʪʦ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ ʚ 

ʙʫʜʫʱʝʤ. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʥʝʪ ʤʦʤʝʥʪʘ ʚ ʙʫʜʫʱʝʤ, ʢʦʛʜʘ 

ʚʳʧʦʣʥʷʝʪʩʷ ×ű. ʊʦʛʜʘ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚʩʝ ʚʨʝʤʷ. ʕʪʦ ʦʙʲʷʩʥʷʝʪ 

ʦʧʨʝʜʝʣʝʥʠʝ G ű. ɺ ʣʠʪʝʨʘʪʫʨʝ F ʠʥʦʛʜʘ ʦʙʦʟʥʘʯʘʝʪʩʷ ʢʘʢ ß, ʘ G ʢʘʢ 

. ɺ ʜʘʥʥʦʡ ʢʥʠʛʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʨʘʜʠʮʠʦʥʥʘ ̫ʥʦʪʘʮʠ ̫F ʠ G. 

ʀʪʘʢ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʬʦʨʤʫʣʘ ʙʝʟ ʪʝʤʧʦʨʘʣʴʥʦʛʦ ʦʧʝʨʘʪʦʨʘ 

(X, F, G, U) ʥʘ çʚʝʨʭʥʝʤ ʫʨʦʚʥʝè ʦʪʥʦʩʠʪʩʷ ʢ ʪʝʢʫʱʝʤʫ ʩʦʩʪʦʷʥʠʶ, 

ʬʦʨʤʫʣʘ X ű ï ʢ ʩʣʝʜʫʶʱʝʤʫ ʩʦʩʪʦʷʥʠʶ, G ű ï ʢʦ ʚʩʝʤ ʙʫʜʫʱʠʤ 
ʩʦʩʪʦʷʥʠʷʤ, F ű ï ʢ ʥʝʢʦʪʦʨʦʤʫ ʙʫʜʫʱʝʤʫ ʩʦʩʪʦʷʥʠʶ, ʘ U ï ʢʦ ʚʩʝʤ 

ʙʫʜʫʱʠʤ ʩʦʩʪʦʷʥʠʷʤ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʦʧʨʝʜʝʣʝʥʥʦʝ ʫʩʣʦʚʠʝ ʥʝ ʩʪʘʥʝʪ 

ʚʝʨʥʳʤ. 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʯʠʩʣʘ ʩʢʦʙʦʢ ʧʨʠʦʨʠʪʝʪ ʥʘ ʪʝʤʧʦʨʘʣʴʥʳʭ 

ʦʧʝʨʘʪʦʨʘʭ ʚʚʦʜʠʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʂʘʢ ʦʙʳʯʥʦ, ʫʥʘʨʥʳʝ 

ʦʧʝʨʘʮʠʠ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ, ʯʝʤ ʙʠʥʘʨʥʳʝ. ʅʘʧʨʠʤʝʨ, 

ʧʠʰʝʪʩʷ ×ű U F ɣ ʚʤʝʩʪʦ (×ű) U (F ɣ). ʊʝʤʧʦʨʘʣʴʥʳʡ ʦʧʝʨʘʪʦʨ U 

ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ø, Ù ʠ ­, ʘ 

ʠʤʧʣʠʢʘʮʠʷ ­ ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʠʡ ʧʨʠʦʨʠʪʝʪ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ø ʠ Ù. 

ʅʘʧʨʠʤʝʨ, 

((×ű) ­ ɣ) U ((X ű) Ø (F ɣ)) 

ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

(×ű ­ ɣ) U (X ű Ø F ɣ). 
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ʇʨʠʤʝʨ. ʇʫʩʪʴ AP = {x = 1, x < 2, x Ó 3} ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ. ʇʨʠʤʝʨʘʤʠ LTL-ʬʦʨʤʫʣ ʷʚʣʷʶʪʩʷ X(x = 1), ×(x < 2), 

x < 2 Ù x = 1, (x < 2) U (x Ó 3), F(x < 2) ʠ G(x = 1). ɺʪʦʨʘʷ ʠ ʪʨʝʪʴʷ 

ʬʦʨʤʫʣʘ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʳʤʠ ʬʦʨʤʫʣʘʤʠ. ʇʨʠʤʝʨ 

LTL-ʬʦʨʤʫʣʳ ʩ ʚʣʦʞʝʥʥʳʤʠ ʪʝʤʧʦʨʘʣʴʥʳʤʠ ʦʧʝʨʘʪʦʨʘʤʠ: 

G[(x < 2) U (x Ó 3)]. 

 

2.2.2. ʉʝʤʘʥʪʠʢʘ LTL 

ʇʨʠʚʝʜʝʥʥʦʝ ʚʳʰʝ ʦʧʨʝʜʝʣʝʥʠʝ ʜʘʝʪ ʩʧʦʩʦʙ ʧʦʩʪʨʦʝʥʠʷ LTL-ʬʦʨʤʫʣ, 

ʥʦ ʥʝ ʜʘʝʪ ʠʥʪʝʨʧʨʝʪʘʮʠʡ ʵʪʠʤ ʦʧʝʨʘʪʦʨʘʤ. ʌʦʨʤʘʣʴʥʦ LTL 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ ʩʦʩʪʦʷʥʠʡ. ʀʥʪʫʠʪʠʚʥʦ X ű 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ű ʚʝʨʥʦ ʚ ʩʣʝʜʫʶʱʝʤ ʩʦʩʪʦʷʥʠʠ, F ű ï ʯʪʦ ű ʩʪʘʥʦʚʠʪʩʷ 

ʚʝʨʥʳʤ ʚʧʦʩʣʝʜʩʪʚʠʠ (ʩʝʡʯʘʩ ʠʣʠ ʚ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ ʚ ʙʫʜʫʱʝʤ). 

ʆʜʥʘʢʦ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʧʦʥʠʤʘʝʪʩʷ ʧʦʜ ʩʣʦʚʘʤʠ çʩʦʩʪʦʷʥʠʝè, 

çʩʣʝʜʫʶʱʝʝ ʩʦʩʪʦʷʥʠʝè, çʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ ʚ ʙʫʜʫʱʝʤè? ɼʣʷ ʪʦʛʦ 

ʯʪʦʙʳ ʥʝʜʚʫʩʤʳʩʣʝʥʥʦ ʦʧʨʝʜʝʣʠʪʴ ʵʪʠ ʧʦʥʷʪʠʷ, ʟʘʜʘʝʪʩʷ ʬʦʨʤʘʣʴʥʘʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ, ʦʙʳʯʥʦ ʥʘʟʳʚʘʝʤʘʷ ʩʝʤʘʥʪʠʢʦʡ. ʌʦʨʤʘʣʴʥʳʡ ʩʤʳʩʣ 

ʩʚʦʡʩʪʚ ʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʠ. 

LTL-ʤʦʜʝʣʴ ï ʵʪʦ ʪʨʦʡʢʘ M = (S, R, Label), ʚ ʢʦʪʦʨʦʡ: 

Ç S ï ʥʝʧʫʩʪʦʝ ʢʦʥʝʯʥʦʝ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ; 

Ç R: S ­ S ʩʦʧʦʩʪʘʚʣʷʝʪ ʵʣʝʤʝʥʪʫ s Í S ʝʜʠʥʩʪʚʝʥʥʳʡ ʩʣʝʜʫʶʱʠʡ ʟʘ 

ʥʠʤ ʵʣʝʤʝʥʪ R(s); 

Ç Label: S ­ 2
AP

 ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʤʫ ʩʦʩʪʦʷʥʠʶ s Í S ʘʪʦʤʘʨʥʳʝ 

ʧʨʝʜʣʦʞʝʥʠʷ Label(s), ʢʦʪʦʨʳʝ ʚʝʨʥʳ ʚ s. 

ɼʣʷ ʩʦʩʪʦʷʥʠʷ s Í S ʩʦʩʪʦʷʥʠʝ R(s) ï ʝʜʠʥʩʪʚʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, 

ʩʣʝʜʫʶʱʝʝ ʟʘ s. ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʬʫʥʢʮʠʠ R ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʦʥʘ ʨʘʙʦʪʘʝʪ ʢʘʢ ʛʝʥʝʨʘʪʦʨ ʙʝʩʢʦʥʝʯʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ s, R(s), 

R(R(s)), R(R(R(s))), é ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʩʝʤʘʥʪʠʢʠ 

LTL ʷʚʣʷʶʪʩʷ ʢʨʘʝʫʛʦʣʴʥʳʤ ʢʘʤʥʝʤ. ʄʦʞʥʦ ʩ ʪʝʤ ʞʝ ʫʩʧʝʭʦʤ 

ʦʧʨʝʜʝʣʠʪʴ LTL-ʤʦʜʝʣʴ ʢʘʢ ʩʪʨʫʢʪʫʨʫ (S, ů, Label), ʛʜʝ ů ï 

ʙʝʩʢʦʥʝʯʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ, ʘ S ʠ Label ʦʧʨʝʜʝʣʝʥʳ, 

ʢʘʢ ʵʪʦ ʩʜʝʣʘʥʦ ʚʳʰʝ. 

ʌʫʥʢʮʠʷ Label ʫʢʘʟʳʚʘʝʪ, ʢʘʢʠʝ ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ʚʝʨʥʳ ʜʣʷ 

ʟʘʜʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ M. ɽʩʣʠ ʜʣʷ ʩʦʩʪʦʷʥʠʷ s ʠʤʝʝʤ Label(s) = Å, ʪʦ 

ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʥʠ ʦʜʥʦ ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ ʥʝ ʚʝʨʥʦ ʚ 

ʩʦʩʪʦʷʥʠʠ s. ʉʦʩʪʦʷʥʠʝ s, ʚ ʢʦʪʦʨʦʤ ʧʨʝʜʣʦʞʝʥʠʝ p ʚʝʨʥʦ 

(p Í Label(s)), ʠʥʦʛʜʘ ʥʘʟʳʚʘʝʪʩʷ p-ʩʦʩʪʦʷʥʠʝʤ. 

ʇʨʠʤʝʨ. ʇʫʩʪʴ AP = {x = 0, x = 1, x Í 0} ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ, S = {s0, é, s3} ï ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, R(si) = si +1 ʜʣʷ 
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0 Ò i < 3 ʠ R(s3) = s3 ï ʬʫʥʢʮʠʷ ʩʣʝʜʦʚʘʥʠʷ ʠ Label(s0) = {x Í 0}, 

Label(s1) = Label(s2) = {x = 0}, Label(s3) = {x = 1, x Í 0} ï ʬʫʥʢʮʠʷ, 

ʩʦʧʦʩʪʘʚʣʷʶʱʘʷ ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ʩʦʩʪʦʷʥʠʷʤ. ɺ ʤʦʜʝʣʠ M = 

(S, R, Label) ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ çx = 0è ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʷʭ s1 ʠ s2, 

çx Í 0è ʚʝʨʥʦ ʚ s0 ʠ s3, ʘ çx = 1è ʚʝʨʥʦ ʪʦʣʴʢʦ ʚ ʩʦʩʪʦʷʥʠʠ s3. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ ʤʦʞʝʪ ʣʠʙʦ ʚʳʧʦʣʥʷʪʴʩʷ, ʣʠʙʦ 

ʥʝ ʚʳʧʦʣʥʷʪʴʩʷ ʚ ʣʶʙʦʤ ʩʦʩʪʦʷʥʠʠ ʤʦʜʝʣʠ M. ɼʘʣʴʥʝʡʰʘʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʥʝ ʜʘʝʪʩʷ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ çx = 1è ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, 

ʵʪʦ ʥʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ çx Í 0è ʪʘʢʞʝ ʚʝʨʥʦ ʚ ʵʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʝʭʥʠʯʝʩʢʠ 

ʵʪʦ ʩʣʝʜʫʝʪ ʠʟ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʥʘ ʧʦʤʝʪʢʠ ʩʦʩʪʦʷʥʠʡ ʘʪʦʤʘʨʥʳʤʠ 

ʧʨʝʜʣʦʞʝʥʠʷʤʠ Label ʥʝ ʥʘʢʣʘʜʳʚʘʝʪʩʷ ʥʠʢʘʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ. 

ʉʤʳʩʣ ʬʦʨʤʫʣ ʚ ʣʦʛʠʢʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʦʪʥʦʰʝʥʠʷ 

ʚʳʧʦʣʥʷʝʤʦʩʪʠ (ʦʙʦʟʥʘʯʘʝʤʦʛʦ ƝƏ) ʤʝʞʜʫ ʤʦʜʝʣʴʶ M, ʦʜʥʠʤ ʠʟ ʝʝ 

ʩʦʩʪʦʷʥʠʡ s ʠ ʬʦʨʤʫʣʦʡ ű. 

(M, s, ű) ÍƝƏ ʦʙʦʟʥʘʯʘʝʪʩʷ ʚ ʠʥʬʠʢʩʥʦʡ ʥʦʪʘʮʠʠ: M, sƝƏ ű. ʀʜʝʷ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ M, sƝƏ ű ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ű ʚʝʨʥʦ ʚ 

ʩʦʩʪʦʷʥʠʠ s ʤʦʜʝʣʠ M. ʂʦʛʜʘ ʤʦʜʝʣʴ M ʷʩʥʘ ʠʟ ʢʦʥʪʝʢʩʪʘ, ʙʫʜʝʤ 

ʦʧʫʩʢʘʪʴ ʤʦʜʝʣʴ ʠ ʧʠʩʘʪʴ sƝƏ ű ʚʤʝʩʪʦ M, sƝƏ ű. 

ʉʝʤʘʥʪʠʢʘ LTL ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʇʫʩʪʴ p Í AP ï 

ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, M = (S, R, Label) ï LTL-ʤʦʜʝʣʴ, s Í S ʠ ű, ɣ ï 

LTL-ʬʦʨʤʫʣʳ. ʆʪʥʦʰʝʥʠʝ ʚʳʧʦʣʥʷʝʤʦʩʪʠ ƝƏ ʟʘʜʘʝʪʩʷ ʪʘʢʠʤ 

ʩʧʦʩʦʙʦʤ: 

sƝƏ p Ú p Í Label(s); 

sƝƏ ×ű Ú ×(sƝƏ ű); 

sƝƏ (ű Ù ɣ) Ú (sƝƏ ű) Ù (sƝƏ ɣ); 

sƝƏ X ű Ú R(s)ƝƏ ű; 

sƝƏ (ű U ɣ) Ú $ j Ó 0: R
j
(s)ƝƏ ɣ Ø ("0 Ò k < j: R

k
(s)ƝƏ ű). 

ɿʜʝʩʴ R
0
(s) = s ʠ R

n +1
(s) = R(R

n
(s)) ʜʣʷ ʣʶʙʦʛʦ n Ó 0. 

ɽʩʣʠ R(s) = s', ʪʦ ʩʦʩʪʦʷʥʠʝ s' ʥʘʟʳʚʘʝʪʩʷ ʧʨʷʤʳʤ ʧʦʪʦʤʢʦʤ s. ɽʩʣʠ 

R
n
(s) = s' ʜʣʷ n Ó 1, ʪʦ ʩʦʩʪʦʷʥʠʝ s' ʥʘʟʳʚʘʝʪʩʷ ʧʦʪʦʤʢʦʤ s. ɽʩʣʠ 

M, sƝƏ ű, ʪʦ ʛʦʚʦʨʷʪ, ʯʪʦ ʤʦʜʝʣʴ M ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʬʦʨʤʫʣʝ ű ʚ 

ʩʦʩʪʦʷʥʠʠ s. ʀʥʘʯʝ ʛʦʚʦʨʷ, ʬʦʨʤʫʣʘ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ s 

ʤʦʜʝʣʠ M. 

ʌʦʨʤʘʣʴʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʦʩʪʘʣʴʥʳʭ ʩʚʷʟʦʢ true, false, Ø, ­, G ʠ F 

ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʪʝʧʝʨʴ ʠʟ ʦʧʨʝʜʝʣʝʥʠʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ 

ʧʦʜʩʪʘʥʦʚʢʦʡ. ʉʚʷʟʢʘ true ʚʝʨʥʘ ʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʷʭ: ʪʘʢ ʢʘʢ 

true = p Ù ×p, ʚʳʧʦʣʥʠʤʦʩʪʴ true ʚ ʩʦʩʪʦʷʥʠʠ s ʩʚʦʜʠʪʩʷ ʢ ʬʦʨʤʫʣʝ 

p Í Label(s) Ù p Î Label(s), ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʚʝʨʥʳʤ ʧʨʝʜʣʦʞʝʥʠʝʤ 
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ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ s. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, M, sƝƏ true ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ 

s. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʩʝʤʘʥʪʠʢʫ F ű: 

sƝƏ F ű 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ F }  

sƝƏ true U ű 

Ú { ʩʝʤʘʥʪʠʢʘ U }  

$ j Ó 0: R
j
(s)ƝƏ ű Ø ("0 Ò k < j: R

k
(s)ƝƏ true) 

Ú { ʚʳʯʠʩʣʝʥʠʷ }  

$ j Ó 0: R
j
(s)ƝƏ ű. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, F ű ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʝʩʪʴ 

ʥʝʢʦʪʦʨʳʡ (ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ ʧʨʷʤʦʡ) ʧʦʪʦʤʦʢ ʩʦʩʪʦʷʥʠʷ s ʠʣʠ ʩʘʤʦ 

ʩʦʩʪʦʷʥʠʝ s, ʚ ʢʦʪʦʨʦʤ ű ʚʝʨʥʦ. 

ʀʩʧʦʣʴʟʫʷ ʵʪʦʪ ʨʝʟʫʣʴʪʘʪ ʜʣʷ F, ʧʦʣʫʯʠʤ ʩʝʤʘʥʪʠʢʫ ʜʣʷ G ű: 

sƝƏ G ű 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ G }  

sƝƏ ×F ×ű 

Ú { ʠʩʧʦʣʴʟʫʝʤ ʧʨʝʜʳʜʫʱʠʡ ʚʳʚʦʜ } 

×($ j Ó 0: R
j
(s)ƝƏ ×ű) 

Ú { ʩʝʤʘʥʪʠʢʘ × }  

×($ j Ó 0: ×(R
j
(s)ƝƏ ű)) 

Ú { ʠʩʯʠʩʣʝʥʠʝ ʧʨʝʜʠʢʘʪʦʚ } 

" j Ó 0: R
j
(s)ƝƏ ű. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʫʣʘ G ű ʚʝʨʥʘ ʚ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʚʦ ʚʩʝʭ 

ʧʦʪʦʤʢʘʭ s, ʚʢʣʶʯʘʷ ʩʘʤʦ s, ʚʝʨʥʘ ʬʦʨʤʫʣʘ ű. 

ʇʨʠʤʝʨ. ɽʩʣʠ ʬʦʨʤʫʣʘ ű U ɣ ʚʝʨʥʘ ʚ ʩʦʩʪʦʷʥʠʠ s, ʪʦ F ɣ ʪʦʞʝ ʚʝʨʥʦ ʚ 

ʵʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʢʦʛʜʘ ʫʪʚʝʨʞʜʘʝʪʩʷ ű U ɣ, ʥʝʷʚʥʦ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ, ʯʪʦ ʚ ʙʫʜʫʱʝʤ ʩʫʱʝʩʪʚʫʝʪ ʢʘʢʦʝ-ʪʦ ʩʦʩʪʦʷʥʠʝ, ʚ 

ʢʦʪʦʨʦʤ ʚʳʧʦʣʥʷʝʪʩʷ ɣ. ɹʦʣʝʝ ʩʣʘʙʳʡ ʚʘʨʠʘʥʪ ʦʧʝʨʘʪʦʨʘ Until, 

ʦʧʝʨʘʪʦʨ Weak until (unless) W ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ű ʚʳʧʦʣʥʷʝʪʩʷ 

ʥʝʧʨʝʨʳʚʥʦ ʣʠʙʦ ʜʦ ʤʦʤʝʥʪʘ, ʢʦʛʜʘ ʚʧʝʨʚʳʝ ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ɣ, 

ʣʠʙʦ ʚ ʪʝʯʝʥʠʝ ʚʩʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ʆʧʝʨʘʪʦʨ W ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ű W ɣ = G ű Ù (ű U ɣ). 

ʆʧʝʨʘʪʦʨ U ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʯʝʨʝʟ W ʜʚʦʡʩʪʚʝʥʥʳʤ ʩʧʦʩʦʙʦʤ: 
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ű U ɣ = F ɣ Ø (ű W ɣ). 

ʇʨʠʤʝʨ. ʇʫʩʪʴ M ʟʘʜʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ, 

ʠʟʦʙʨʘʞʝʥʥʦʡ ʚ ʧʝʨʚʦʤ ʨʷʜʫ ʨʠʩ. 2.1. ʉʦʩʪʦʷʥʠʷ ʦʙʦʟʥʘʯʘʶʪʩʷ 

ʚʝʨʰʠʥʘʤʠ, ʘ ʬʫʥʢʮʠʷ R ï ʩʪʨʝʣʢʘʤʠ (ʩʪʨʝʣʢʘ ʠʜʝʪ ʠʟ s ʚ s', ʝʩʣʠ ʠ 

ʪʦʣʴʢʦ ʝʩʣʠ R(s) = s' ). ʊʘʢ ʢʘʢ R ï ʪʦʪʘʣʴʥʘʷ (ʚʩʶʜʫ ʦʧʨʝʜʝʣʝʥʥʘʷ) 

ʬʫʥʢʮʠʷ, ʫ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ ʝʩʪʴ ʨʦʚʥʦ ʦʜʥʘ ʠʩʭʦʜʷʱʘʷ ʩʪʨʝʣʢʘ. 

ʇʦʤʝʪʢʠ Label ʫʢʘʟʘʥʳ ʧʦʜ ʩʦʩʪʦʷʥʠʷʤʠ. 

{} {  q } {  q } {  p, q } {}

M

F p

G p

q U p

 

ʈʠʩ. 2.1. ʇʨʠʤʝʨ rʠʥʪʝʨʧʨʝʪʘʮʠʠ LTL-ʬʦʨʤʫʣ 

ɺ ʥʠʞʥʠʭ ʨʷʜʘʭ ʧʦʢʘʟʘʥʘ ʚʳʧʦʣʥʠʤʦʩʪʴ ʪʨʝʭ ʬʦʨʤʫʣ: F p, G p ʠ 

q U p. ʉʦʩʪʦʷʥʠʝ ʦʪʤʝʯʝʥʦ ʯʝʨʥʳʤ ʮʚʝʪʦʤ, ʝʩʣʠ ʬʦʨʤʫʣʘ ʚʝʨʥʘ ʚ ʵʪʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʠ ʙʝʣʳʤ ï ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ. ʌʦʨʤʫʣʘ F p ʚʝʨʥʘ ʚʦ ʚʩʝʭ 

ʩʦʩʪʦʷʥʠʷʭ, ʢʨʦʤʝ ʧʦʩʣʝʜʥʝʛʦ. ʅʠ ʦʜʥʦ p-ʩʦʩʪʦʷʥʠʝ ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʜʦʩʪʠʛʥʫʪʦ ʠʟ ʧʦʩʣʝʜʥʝʛʦ. ʌʦʨʤʫʣʘ G p ʥʝʚʝʨʥʘ ʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʷʭ, 

ʪʘʢ ʢʘʢ ʥʝʪ ʥʠ ʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʦʪʦʤʢʘʤʠ ʢʦʪʦʨʦʛʦ ʙʳʣʠ ʙʳ ʪʦʣʴʢʦ 

p-ʩʦʩʪʦʷʥʠʷ. ʀʟ ʚʩʝʭ q-ʩʦʩʪʦʷʥʠʡ (ʝʜʠʥʩʪʚʝʥʥʦʝ) p-ʩʦʩʪʦʷʥʠʝ ʤʦʞʝʪ 

ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʟʘ ʥʫʣʴ ʠʣʠ ʙʦʣʝʝ ʰʘʛʦʚ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʦ ʚʩʝʭ 

ʵʪʠʭ ʩʦʩʪʦʷʥʠʷʭ ʚʳʧʦʣʥʷʝʪʩʷ ʬʦʨʤʫʣʘ q U p. 

ʇʨʠʤʝʨ. ʇʫʩʪʴ M ʟʘʜʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ, 

ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩ. 2.2, ʛʜʝ p, q, r, s, t ï ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ. 

ʈʘʩʩʤʦʪʨʠʤ ʬʦʨʤʫʣʫ X[r ­ (q U s)], ʢʦʪʦʨʫʶ ʟʘʧʠʰʝʤ ʚ ʚʠʜʝ 

X[×r Ù (q U s)]. ɼʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ, ʧʨʷʤʦʡ ʧʦʪʦʤʦʢ ʢʦʪʦʨʳʭ ʥʝ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ r, ʬʦʨʤʫʣʘ ʚʝʨʥʘ ʚʚʠʜʫ ʧʝʨʚʦʛʦ ʜʠʟʲʶʥʢʪʘ. ʕʪʦ 

ʧʨʠʤʝʥʠʤʦ ʢʦ ʚʪʦʨʦʤʫ ʩʦʩʪʦʷʥʠʶ. ɺ ʪʨʝʪʴʝʤ ʩʦʩʪʦʷʥʠʠ ʬʦʨʤʫʣʘ 

ʥʝʚʝʨʥʘ, ʪʘʢ ʢʘʢ r ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʝʛʦ ʧʦʪʦʤʢʝ, ʘ q ʠ s ï ʥʝʪ. ʅʘʢʦʥʝʮ, ʚ 

ʧʝʨʚʦʤ ʠ ʯʝʪʚʝʨʪʦʤ ʩʦʩʪʦʷʥʠʷʭ ʬʦʨʤʫʣʘ ʚʝʨʥʘ, ʪʘʢ ʢʘʢ ʚ ʠʭ ʧʨʷʤʦʤ 

ʧʦʪʦʤʢʝ ʚʝʨʥʦ q, ʘ ʚ ʩʣʝʜʫʶʱʝʤ ʩʦʩʪʦʷʥʠʠ ʚʝʨʥʦ s, ʠ ʧʦʵʪʦʤʫ q U s 
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ʚʝʨʥʦ ʚ ʠʭ ʧʨʷʤʦʤ ʧʦʪʦʤʢʝ. ʉʧʨʘʚʝʜʣʠʚʦʩʪʴ ʬʦʨʤʫʣ G p, F t, GF r ʠ 

ʬʦʨʤʫʣʳ X[r ­ (q U s)] ʫʢʘʟʘʥʘ ʚ ʨʷʜʘʭ ʥʠʞʝ ʤʦʜʝʣʠ M. 

{  p, r }

M

G p

F t

GF r

{  p, s }{  p, q, r }{  p, q, t }

X[r ­ (q U s)]
 

ʈʠʩ. 2.2. ɼʨʫʛʠʝ ʧʨʠʤʝʨ rʠʥʪʝʨʧʨʝʪʘʮʠʠ LTL-ʬʦʨʤʫʣ 

ʆʧʠʰʝʤ ʪʝʧʝʨʴ ʥʝʢʦʪʦʨʳʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ű ʣʦʛʠʢʠ 

LTL ʠ ʧʨʠʚʝʜʝʤ ʠʭ ʩʣʦʚʝʩʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ, ʪʘʢʫʶ ʯʪʦ M, sƝƏ ű. 

ʉʝʤʘʥʪʠʢʘ ʧʦʩʣʝʜʥʝʛʦ ʚʳʨʘʞʝʥʠʷ: ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ s 

ʤʦʜʝʣʠ M. 

1. ű ­ F ɣ: ʝʩʣʠ ʚʥʘʯʘʣʝ (ʪʦ ʝʩʪʴ ʚ s) ű, ʪʦ ʢʦʛʜʘ-ʥʠʙʫʜʴ ɣ. 

2. G[ű ­ F ɣ]: ʝʩʣʠ ű, ʪʦ ʢʦʛʜʘ-ʥʠʙʫʜʴ ɣ (ʜʣʷ ʚʩʝʭ ʧʦʪʦʤʢʦʚ s, 

ʚʢʣʶʯʘʷ ʩʘʤʦ s). 

3. GF ű: ű ʚʳʧʦʣʥʷʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ. 

4. FG ű: ʥʘʯʠʥʘʷ ʩ ʢʘʢʦʛʦ-ʪʦ ʤʦʤʝʥʪʘ, ű ʚʳʧʦʣʥʷʝʪʩʷ ʚʩʝʛʜʘ. 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ, ʚʳʧʦʣʥʠʤʦʩʪʴ ʠ ʪʘʚʪʦʣʦʛʠʯʥʦʩʪʴ 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʙʳʣʦ ʜʘʥʦ ʥʝʬʦʨʤʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʟʘʜʘʯʠ 

ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ. ʊʘʢ ʢʘʢ ʬʦʨʤʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʫʞʝ ʨʘʟʨʘʙʦʪʘʥ, 

ʪʝʧʝʨʴ ʤʦʞʥʦ ʜʘʪʴ ʙʦʣʝʝ ʪʦʯʥʫʶ ʭʘʨʘʢʪʝʨʠʟʘʮʠʶ ʵʪʦʡ ʟʘʜʘʯʠ. ʆʥʘ 

ʤʦʞʝʪ ʙʳʪʴ ʬʦʨʤʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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ʜʘʥʘ (ʢʦʥʝʯʥʘʷ) ʤʦʜʝʣʴ M, ʩʦʩʪʦʷʥʠʝ s 

ʠ ʬʦʨʤʫʣʘ ű, ʚʝʨʥʦ ʣʠ M, sƝƏ ű? 

ɿʘʜʘʯʫ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʥʝ ʩʣʝʜʫʝʪ ʧʫʪʘʪʴ ʩ ʙʦʣʝʝ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʟʘʜʘʯʝʡ ʚʳʧʦʣʥʠʤʦʩʪʠ ʚ ʣʦʛʠʢʝ. 

ɿʘʜʘʯʘ ʚʳʧʦʣʥʠʤʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʪʘʢ: 

ʜʘʥʦ ʩʚʦʡʩʪʚʦ ű, ʩʫʱʝʩʪʚʫʝʪ ʣʠ ʤʦʜʝʣʴ M 

ʠ ʩʦʩʪʦʷʥʠʝ s, ʚ ʢʦʪʦʨʦʤ M, sƝƏ ű? 

ʇʨʠ ʵʪʦʤ ʦʪʤʝʪʠʤ, ʯʪʦ ʝʩʣʠ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʟʘʜʘʥʳ ʤʦʜʝʣʴ M ʠ 

ʩʦʩʪʦʷʥʠʝ s, ʪʦ ʚ ʟʘʜʘʯʝ ʚʳʧʦʣʥʠʤʦʩʪʠ ʵʪʦ ʥʝ ʪʘʢ. ɼʣʷ LTL ʟʘʜʘʯʘ 

ʚʳʧʦʣʥʠʤʦʩʪʠ ʨʘʟʨʝʰʠʤʘ. ʇʦʵʪʦʤʫ ʠ ʙʦʣʝʝ ʧʨʦʩʪʘʷ ʟʘʜʘʯʘ ʧʨʦʚʝʨʢʠ 

ʤʦʜʝʣʝʡ ʜʣʷ LTL ʪʘʢʞʝ ʨʘʟʨʝʰʠʤʘ. ɺʳʧʦʣʥʠʤʦʩʪʴ ʦʪʥʦʩʠʪʩʷ ʢ 

ʚʘʣʠʜʘʮʠʠ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʩʧʝʮʠʬʠʢʘʮʠʶ ʩʠʩʪʝʤʳ ʠ ʝʝ 

ʨʝʘʣʠʟʘʮʠ,ʁ ʢʦʪʦʨʳʝ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʚ ʚʠʜʝ LTL-ʬʦʨʤʫʣ ű ʠ ɣ. 

ʇʨʦʚʝʨʢʘ ʪʦʛʦ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʧʝʮʠʬʠʢʘʮʠʠ, ʪʝʧʝʨʴ 

ʩʚʦʜʠʪʩʷ ʢ ʧʨʦʚʝʨʢʝ ʬʦʨʤʫʣʳ ɣ ­ ű. ʇʫʪʝʤ ʦʧʨʝʜʝʣʝʥʠʷ 

ʚʳʧʦʣʥʠʤʦʩʪʠ ʵʪʦʡ ʬʦʨʤʫʣʳ ʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ, ʩʫʱʝʩʪʚʫʝʪ ʣʠ 

ʤʦʜʝʣʴ, ʜʣʷ ʢʦʪʦʨʦʡ ʚʳʧʦʣʥʷʝʪʩʷ ʫʢʘʟʘʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ. ɽʩʣʠ 

ʬʦʨʤʫʣʘ ʥʝʚʳʧʦʣʥʠʤʘ, ʪʦ ʪʘʢʦʡ ʤʦʜʝʣʠ ʥʝ ʩʫʱʝʩʪʚʫʝʪ. ʕʪʦ ʦʟʥʘʯʘʝʪ, 

ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʩʧʝʮʠʬʠʢʘʮʠʝʡ ʠ ʨʝʘʣʠʟʘʮʠʝʡ ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʚʳʧʦʣʥʝʥʦ ʥʠ ʚ ʢʘʢʦʡ ʤʦʜʝʣʠ. 

ʉʭʦʜʥʘʷ ʟʘʜʘʯʘ, ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʘʷʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ï ʟʘʜʘʯʘ 

ʪʘʚʪʦʣʦʛʠʯʥʦʩʪʠ: 

ʜʘʥʦ ʩʚʦʡʩʪʚʦ ű, ʚʝʨʥʦ ʣʠ M, sƝƏ ű 

ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s? 

ʆʪʣʠʯʠʝ ʵʪʦʡ ʟʘʜʘʯʠ ʦʪ ʟʘʜʘʯʠ ʚʳʧʦʣʥʠʤʦʩʪʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʪʘʚʪʦʣʦʛʠʯʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʨʠʪʴ, ʚʝʨʥʦ ʣʠ, 

ʯʪʦ M, sƝƏ ű ʜʣʷ ʚʩʝʭ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s, ʘ ʥʝ 

ʦʧʨʝʜʝʣʷʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʜʥʦʡ (ʠʣʠ ʙʦʣʝʝ) ʪʘʢʦʡ ʧʘʨʳ M ʠ s. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʟʘʜʘʯʘ ʪʘʚʪʦʣʦʛʠʯʥʦʩʪʠ ʜʣʷ ʬʦʨʤʫʣʳ ű ʩʦʚʧʘʜʘʝʪ ʩ 

ʦʪʨʠʮʘʥʠʝʤ ʟʘʜʘʯʠ ʚʳʧʦʣʥʠʤʦʩʪʠ ʜʣʷ ʬʦʨʤʫʣʳ ×ű. 

 

2.2.3. ɸʢʩʠʦʤʘʪʠʟʘʮʠʷ 

ʊʘʚʪʦʣʦʛʠʯʥʦʩʪʴ LTL-ʬʦʨʤʫʣʳ ʤʦʞʝʪ ʙʳʪʴ ʚʳʚʝʜʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʤʘʥʪʠʢʠ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ. ʕʪʦ ʦʙʳʯʥʦ 

ʛʨʦʤʦʟʜʢʘʷ ʟʘʜʘʯʘ, ʪʘʢ ʢʘʢ ʧʨʠʭʦʜʠʪʩʷ ʨʘʩʩʫʞʜʘʪʴ ʦ ʬʦʨʤʘʣʴʥʦʡ 

ʩʝʤʘʥʪʠʢʝ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʝʥʘ ʚ ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʠ M. ɺ ʢʘʯʝʩʪʚʝ 

ʧʨʠʤʝʨʘ ʧʦʧʨʦʙʫʝʤ ʚʳʚʝʩʪʠ, ʯʪʦ ű U ɣ ¹ ɣ Ù [ű Ø X(ű U ɣ)]. 
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ʀʥʪʫʠʪʠʚʥʦ ʵʪʘ ʬʦʨʤʫʣʘ ʚʝʨʥʘ: ʝʩʣʠ ʚ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷʥʠʠ 

ʚʳʧʦʣʥʷʝʪʩʷ ɣ, ʪʦ ʚʳʧʦʣʥʷʝʪʩʷ ʠ ű U ɣ (ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʦʡ ű), ʪʘʢ ʢʘʢ 
ɣ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʯʝʨʝʟ ʧʫʪʴ ʜʣʠʥʳ 0. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ, 

ʝʩʣʠ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʚ ʩʣʝʜʫʶʱʝʤ ʩʦʩʪʦʷʥʠʠ 
ʚr ʧʦʣʥʷʝʪʩʷ ű U ɣ, ʪʦ ű U ɣ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷʥʠʠ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʡ ʚʳʚʦʜ: 

sƝƏ ɣ Ù [ű Ø X(ű U ɣ)] 

Ú { ʩʝʤʘʥʪʠʢʘ Ù ʠ Ø }  

(sƝƏ ɣ) Ù (sƝƏ ű) Ø sƝƏ X(ű U ɣ) 

Ú { ʩʝʤʘʥʪʠʢʘ X }  

(sƝƏ ɣ) Ù (sƝƏ ű) Ø R(s)ƝƏ ű U ɣ 

Ú { ʩʝʤʘʥʪʠʢʘ U }  

(sƝƏ ɣ) Ù (sƝƏ ű) Ø [$ j Ó 0: R
j
(R(s))ƝƏ ɣ Ø 

Ø "0 Ò k < j: R
k
(R(s))ƝƏ ű] 

Ú { ʚʳʯʠʩʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ R
n +1

(s) = R
n
(R(s)) }  

(sƝƏ ɣ) Ù [$ j Ó 0: R
j +1

(s)ƝƏ ɣ Ø 

Ø "0 Ò k < j: (R
k +1

(s)ƝƏ ű Ø sƝƏ ű)] 

Ú { ʚʳʯʠʩʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ R
0
(s) = s }  

(sƝƏ ɣ) Ù [$ j Ó 0: R
j +1

(s)ƝƏ ɣ Ø "0 Ò k < j + 1: R
k
(s)ƝƏ ű] 

Ú { ʚʳʯʠʩʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ R
0
(s) = s }  

[$ j = 0: R
0
(s)ƝƏ ɣ Ø "0 Ò k < j: R

k
(s)ƝƏ ű] Ù 

Ù [$ j Ó 0: R
j +1

(s)ƝƏ ɣ Ø "0 Ò k < j + 1: R
k
(s)ƝƏ ű] 

Ú { ʚʳʯʠʩʣʝʥʠʷ }  

[$ j Ó 0: R
j
(s)ƝƏ ɣ Ø "0 Ò k < j: R

k
(s)ƝƏ ű] 

Ú { ʩʝʤʘʥʪʠʢʘ U }  

sƝƏ ű U ɣ. 

ʂʘʢ ʤʦʞʥʦ ʚʠʜʝʪʴ ʠʟ ʵʪʠʭ ʚʳʯʠʩʣʝʥʠʡ, ʤʘʥʠʧʫʣʷʮʠʷ ʬʦʨʤʫʣʘʤʠ 

ʪʨʫʜʦʝʤʢʘ ʠ ʥʝʥʘʜʝʞʥʘ. ɹʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʡ ʧʫʪʴ ʧʨʦʚʝʨʷʪʴ 

ʧʨʘʚʠʣʴʥʦʩʪʴ ʬʦʨʤʫʣ ï ʵʪʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʩʠʥʪʘʢʩʠʩ ʚʤʝʩʪʦ ʠʭ 

ʩʝʤʘʥʪʠʢʠ. ʀʜʝʷ ʩʦʩʪʦʠʪ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʤʥʦʞʝʩʪʚʘ ʧʨʘʚʠʣ ʚʳʚʦʜʘ, 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʧʝʨʝʧʠʩʳʚʘʪʴ LTL-ʬʦʨʤʫʣʳ ʚ ʩʝʤʘʥʪʠʯʝʩʢʠ 

ʵʢʚʠʚʘʣʝʥʪʥʳʝ LTL-ʬʦʨʤʫʣʳ ʥʘ ʩʠʥʪʘʢʩʠʯʝʩʢʦʤ ʫʨʦʚʥʝ. 

ɽʩʣʠ, ʥʘʧʨʠʤʝʨ, ű ¹ ɣ ï ʵʪʦ ʧʨʘʚʠʣʦ (ʘʢʩʠʦʤʘ), ʪʦ sƝƏ ű ʪʦʛʜʘ ʠ 

ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ sƝƏ ɣ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s. 
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ʉʝʤʘʥʪʠʯʝʩʢʘʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʚʩʝʭ 

ʤʦʜʝʣʝʡ ʵʪʠ ʧʨʘʚʠʣʘ ʚʳʧʦʣʥʷʶʪʩʷ. ʄʥʦʞʝʩʪʚʦ ʧʨʘʚʠʣ ʚʳʚʦʜʘ, 

ʧʦʣʫʯʝʥʥʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʟʳʚʘʶʪ ʘʢʩʠʦʤʘʪʠʟʘʮʠʝʡ. 

ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʧʨʠʚʦʜʷʪʩʷ ʥʝʩʢʦʣʴʢʦ ʫʜʦʙʥʳʭ ʙʘʟʦʚʳʭ ʧʨʘʚʠʣ. 

ʇʨʘʚʠʣʘ, ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʥʠʞʝ, ʩʛʨʫʧʧʠʨʦʚʘʥʳ, ʠ ʢʘʞʜʦʡ ʛʨʫʧʧʝ ʜʘʥʦ 

ʠʤʷ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʘʚʠʣ ʠʜʝʤʧʦʪʝʥʪʥʦʩʪʠ ʠ ʧʦʛʣʦʱʝʥʠʷ, ʣʶʙʘʷ 

ʥʝʧʫʩʪʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ F ʠ G ʤʦʞʝʪ ʙʳʪʴ ʩʦʢʨʘʱʝʥʘ ʜʦ F, G, 

FG ʠʣʠ GF. ʉʧʨʘʚʝʜʣʠʚʦʩʪʴ ʵʪʠʭ ʧʨʘʚʠʣ ʚʳʚʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʜʦʢʘʟʘʥʘ 

ʠ ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʝʤʘʥʪʠʯʝʩʢʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ, ʢʘʢ ʙʳʣʦ ʚʠʜʥʦ 

ʨʘʥʝʝ ʜʣʷ ʧʝʨʚʦʛʦ ʟʘʢʦʥʘ ʨʘʩʰʠʨʝʥʠʷ. ʈʘʟʥʠʮʘ ʚ ʪʦʤ, ʯʪʦ ʵʪʠ 

ʛʨʦʤʦʟʜʢʠʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʩʪʠ ʪʦʣʴʢʦ ʦʜʥʘʞʜʳ, ʘ 

ʧʦʩʣʝ ʵʪʦʛʦ ʧʨʘʚʠʣʘ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʧʦʚʩʝʤʝʩʪʥʦ. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʧʨʘʚʠʣ ʨʘʩʰʠʨʝʥʠʷ ʜʣʷ F ʠ G ʩʣʝʜʫʝʪ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʧʨʘʚʠʣʘ ʨʘʩʰʠʨʝʥʠʷ ʜʣʷ U ʧʦ 

ʦʧʨʝʜʝʣʝʥʠʶ ʦʧʝʨʘʪʦʨʦʚ F ʠ G. 

ɸʢʩʠʦʤʘʪʠʯʝʩʢʦʝ ʧʨʘʚʠʣʦ ʥʘʟʳʚʘʝʪʩʷ ʢʦʨʨʝʢʪʥʳʤ, ʝʩʣʠ ʦʥʦ 

ʚʳʧʦʣʥʷʝʪʩʷ. ʌʦʨʤʘʣʴʥʦ, ʘʢʩʠʦʤʘ ű ¹ ɣ ʥʘʟʳʚʘʝʪʩʷ ʢʦʨʨʝʢʪʥʦʡ, ʝʩʣʠ 

ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s ʚ M: 

M, sƝƏ ű ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ M, sƝƏ ɣ. 

ʇʨʘʚʠʣʘ ʜʚʦʡʩʪʚʝʥʥʦʩʪʠ: 

×G ű ¹ F ×ű; 

×F ű ¹ G ×ű; 

×X ű ¹ X ×ű; 

×(f U g) ¹ ×g W ×(f Ù g); 

×(f W g) ¹ ×g U ×(f Ù g). 

ʇʨʘʚʠʣʘ ʠʜʝʤʧʦʪʝʥʪʥʦʩʪʠ: 

GG ű ¹ G ű; 

FF ű ¹ F ű; 

ű U (ű U ɣ) ¹ ű U ɣ; 

(ű U ɣ) U ɣ ¹ ű U ɣ. 

ʇʨʘʚʠʣʘ ʧʦʛʣʦʱʝʥʠʷ: 

FGF ű ¹ GF ű; 

GFG ű ¹ FG ű. 

ʇʨʘʚʠʣʦ ʢʦʤʤʫʪʠʨʦʚʘʥʠʷ: 

X(ű U ɣ) ¹ (X ű) U (X ɣ). 
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ʇʨʘʚʠʣʘ ʨʘʩʰʠʨʝʥʠʷ: 

ű U ɣ ¹ ɣ Ù [ű Ø X(ű U ɣ)]; 

ű W ɣ ¹ ɣ Ù [ű Ø X(ű W ɣ)]; 

F ű ¹ ű Ù XF ű; 

G ű ¹ ű Ø XG ű. 

ʇʨʠʤʝʥʝʥʠʝ ʢʦʨʨʝʢʪʥʳʭ ʘʢʩʠʦʤ ʢ ʟʘʜʘʥʥʦʡ ʬʦʨʤʫʣʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʬʦʨʤʫʣʳ ʥʝ ʠʟʤʝʥʷʝʪʩʷ: ʘʢʩʠʦʤʳ ʥʝ ʠʟʤʝʥʷʶʪ 

ʩʝʤʘʥʪʠʢʫ ʬʦʨʤʫʣʳ. ɽʩʣʠ ʜʣʷ ʣʶʙʳʭ ʩʝʤʘʥʪʠʯʝʩʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ű 
ʠ ɣ ʵʪʫ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʚʦʟʤʦʞʥʦ ʚʳʚʝʩʪʠ, ʠʩʧʦʣʴʟʫʷ ʘʢʩʠʦʤʳ, ʪʦ 

ʘʢʩʠʦʤʘʪʠʟʘʮʠʶ ʥʘʟʳʚʘʶʪ ʧʦʣʥʦʡ. ʇʨʠʚʝʜʝʥʥʘʷ ʘʢʩʠʦʤʘʪʠʟʘʮʠʷ ʜʣʷ 

LTL ʷʚʣʷʝʪʩʷ ʢʦʨʨʝʢʪʥʦʡ ʠ ʧʦʣʥʦʡ [22]. 

 

2.2.4. ʈʘʩʰʠʨʝʥʠʷ LTL 

ʉʪʨʦʛʘʷ ʠ ʥʝʩʪʨʦʛʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ. G ű ʦʟʥʘʯʘʝʪ, ʯʪʦ ű 
ʚʳʧʦʣʥʷʝʪʩʷ ʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʷʭ, ʚʢʣʶʯʘʷ ʪʝʢʫʱʝʝ. ʕʪʦ ʥʘʟʳʚʘʝʪʩʷ 

ʥʝʩʪʨʦʛʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʝʡ, ʪʘʢ ʢʘʢ ʬʦʨʤʫʣʘ ʪʘʢʞʝ ʩʩʳʣʘʝʪʩʷ ʥʘ 

ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʥʝʝ, ʩʪʨʦʛʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʥʝ 

ʩʩʳʣʘʝʪʩʷ ʥʘ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ. ʉʪʨʦʛʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ G, 

ʦʙʦʟʥʘʯʘʝʤʘʷ G!, ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ G!ű ¹ XG ű. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, G!ű 
ʦʟʥʘʯʘʝʪ, ʯʪʦ ű ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ-ʧʦʪʦʤʢʦʚ, ʥʝ ʛʦʚʦʨʷ 

ʥʠʯʝʛʦ ʦ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷʥʠʠ. ɸʥʘʣʦʛʠʯʥʦ, ʩʪʨʦʛʠʝ ʚʘʨʠʘʥʪʳ F ʠ U 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ F!ű ¹ XF ű ʠ űU!ɣ ¹ X(ű U ɣ). (ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ X 

ʥʝʪ ʩʤʳʩʣʘ ʨʘʟʣʠʯʘʪʴ ʩʪʨʦʛʫʶ ʠ ʥʝʩʪʨʦʛʫ  ʁ ʠʥʪʝʨʧʨʝʪʘʮʠʠ). ʕʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʪʨʦʛʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʘ ʚ ʪʝʨʤʠʥʘʭ ʥʝʩʪʨʦʛʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ. ɺ ʦʙʨʘʪʥʫʶ ʩʪʦʨʦʥʫ 

ʠʤʝʝʤ: 

G ű ¹ ű Ø G!ű; 

F ű ¹ ű Ù F!ű; 

ű U ɣ ¹ ɣ Ù [ű Ø (űU!ɣ)]. 

ʇʝʨʚʳʝ ʜʚʘ ʨʘʚʝʥʩʪʚʘ ʩʣʝʜʫʶʪ ʠʟ ʜʘʥʥʳʭ ʚʳʰʝ ʦʧʨʝʜʝʣʝʥʠʡ G! ʠ F!. 

ʊʨʝʪʴʝ ʨʘʚʝʥʩʪʚʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʨʘʚʠʣʦʤ ʨʘʩʰʠʨʝʥʠʷ ʠʟ 

ʧʨʝʜʳʜʫʱʝʛʦ ʨʘʟʜʝʣʘ: ʝʩʣʠ ʧʦʜʩʪʘʚʠʪʴ űU!ɣ ¹ X(ű U ɣ) ʚ ʪʨʝʪʴʝ 
ʨʘʚʝʥʩʪʚʦ, ʪʦ ʧʦʣʫʯʠʤ ʧʨʘʚʠʣʦ ʨʘʩʰʠʨʝʥʠʷ ʜʣʷ U. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ ʠʥʦʛʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʨʦʛʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ, ʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʥʝʩʪʨʦʛʘʷ, ʢʦʪʦʨʘʷ ʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʵʪʦʡ ʢʥʠʛʝ. 

ʆʧʝʨʘʪʦʨʳ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ. ɺʩʝ ʦʧʝʨʘʪʦʨʳ ʩʩʳʣʘʶʪʩʷ ʥʘ ʙʫʜʫʱʝʝ, 

ʚʢʣʶʯʘʷ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʵʪʠ ʦʧʝʨʘʪʦʨʳ ʠʟʚʝʩʪʥʳ 
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ʢʘʢ ʦʧʝʨʘʪʦʨʳ ʙʫʜʫʱʝʛʦ. ʀʥʦʛʜʘ LTL ʨʘʩʰʠʨʷʝʪʩʷ ʦʧʝʨʘʪʦʨʘʤʠ 

ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʦ ʚ ʥʝʢʦʪʦʨʳʭ 

ʧʨʠʣʦʞʝʥʠʷʭ, ʪʘʢ ʢʘʢ ʠʥʦʛʜʘ ʩʚʦʡʩʪʚʘ ʣʝʛʯʝ ʚʳʨʘʞʘʶʪʩʷ ʚ ʪʝʨʤʠʥʘʭ 

ʧʨʦʰʣʦʛʦ, ʯʝʤ ʚ ʪʝʨʤʠʥʘʭ ʙʫʜʫʱʝʛʦ. ʅʘʧʨʠʤʝʨ, G ű (çʚʩʝʛʜʘ ʚ 
ʧʨʦʰʣʦʤè) ʦʟʥʘʯʘʝʪ (ʚ ʥʝʩʪʨʦʛʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ), ʯʪʦ ű ʚʳʧʦʣʥʷʝʪʩʷ 
ʩʝʡʯʘʩ ʠ ʚ ʣʶʙʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʥʝʝ. F ű (çʢʦʛʜʘ-ʥʠʙʫʜʴ ʚ ʧʨʦʰʣʦʤè) ï 

ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷʥʠʠ ʠʣʠ ʚ ʥʝʢʦʪʦʨʦʤ ʩʦʩʪʦʷʥʠʠ 
ʨʘʥʝʝ, ʘ X ű ʦʟʥʘʯʘʝʪ, ʯʪʦ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʧʨʝʜʳʜʫʱʝʤ ʩʦʩʪʦʷʥʠʠ, 
ʝʩʣʠ ʪʘʢʦʝ ʩʦʩʪʦʷʥʠʝ ʩʫʱʝʩʪʚʫʝʪ. ʂʘʢ ʠ ʜʣʷ ʦʧʝʨʘʪʦʨʦʚ ʙʫʜʫʱʝʛʦ, ʜʣʷ 

ʦʧʝʨʘʪʦʨʦʚ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʜʘʥʳ ʩʪʨʦʛʘʷ ʠ ʥʝʩʪʨʦʛʘʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ. ʆʩʥʦʚʥʘʷ ʧʨʠʯʠʥʘ ʚʚʝʜʝʥʠʷ ʦʧʝʨʘʪʦʨʦʚ 

ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ ʩʦʩʪʦʠʪ ʚ ʫʧʨʦʱʝʥʠʠ ʟʘʧʠʩʠ ʩʧʝʮʠʬʠʢʘʮʠʠ. 

ʇʨʠ ʵʪʦʤ ʦʪʤʝʪʠʤ, ʯʪʦ ʚʳʨʘʟʠʪʝʣʴʥʘʷ ʩʠʣʘ LTL ʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ 

ʜʦʙʘʚʣʝʥʠʠ ʦʧʝʨʘʪʦʨʦʚ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ
2
 [23]. 

 

2.2.5. ʉʧʝʮʠʬʠʢʘʮʠʷ ʩʚʦʡʩʪʚ ʚ LTL 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʠʜʝʶ ʦ ʪʦʤ, ʢʘʢ ʚʳʨʘʞʘʪʴ 

ʥʝʬʦʨʤʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʚ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ, ʨʘʩʩʤʦʪʨʠʤ 

ʜʚʘ ʧʨʠʤʝʨʘ. ɺ ʧʝʨʚʦʤ ʠʟ ʥʠʭ ʧʦʧʳʪʘʝʤʩʷ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ 

ʧʨʦʩʪʦʡ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ, ʘ ʚʦ ʚʪʦʨʦʤ ï ʦʙʨʘʪʠʤʩʷ ʢ 

ʬʦʨʤʘʣʴʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʪʨʝʙʦʚʘʥʠʡ ʢ ʧʨʦʪʦʢʦʣʫ ʚʳʙʦʨʘ ʣʠʜʝʨʘ 

ʚ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʝ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʮʝʩʩʳ ʤʦʛʫʪ ʥʘʯʠʥʘʪʴʩʷ 

ʚ ʧʨʦʠʟʚʦʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. 

ʂʦʤʤʫʥʠʢʘʮʠʦʥʥʳʡ ʢʘʥʘʣ 

ʈʘʩʩʤʦʪʨʠʤ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʳʡ ʢʘʥʘʣ ʤʝʞʜʫ ʜʚʫʤʷ ʩʦʦʙʱʘʶʱʠʤʠʩʷ 

ʧʨʦʮʝʩʩʘʤʠ: ʦʪʧʨʘʚʠʪʝʣʝʤ (S) ʠ ʧʦʣʫʯʘʪʝʣʝʤ (R). ʆʪʧʨʘʚʠʪʝʣʴ 

ʩʥʘʙʞʝʥ ʚʳʭʦʜʥʳʤ ʙʫʬʝʨʦʤ (S. out ), ʘ ʧʦʣʫʯʘʪʝʣʴ ï ʚʭʦʜʥʳʤ. ʆʙʘ 

ʙʫʬʝʨʘ ʠʤʝʶʪ ʥʝʦʛʨʘʥʠʯʝʥʥʫʶ ʝʤʢʦʩʪʴ. ɽʩʣʠ S ʧʦʩʳʣʘʝʪ ʩʦʦʙʱʝʥʠʝ 

m ʢ R, ʪʦ ʦʥ ʧʦʤʝʱʘʝʪ ʩʦʦʙʱʝʥʠʝ ʚ ʩʚʦʡ ʚʳʭʦʜʥʦʡ ʙʫʬʝʨ S. out . 

ɺʳʭʦʜʥʦʡ ʙʫʬʝʨ S. out  ʠ ʚʭʦʜʥʦʡ ʙʫʬʝʨ R. in  ʩʦʝʜʠʥʝʥʳ 

ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʳʤ ʢʘʥʘʣʦʤ. ʇʦʣʫʯʘʪʝʣʴ ʧʨʠʥʠʤʘʝʪ ʩʦʦʙʱʝʥʠʷ ʧʫʪʝʤ 

ʫʜʘʣʝʥʠʷ ʠʭ ʠʟ ʩʚʦʝʛʦ ʚʭʦʜʥʦʛʦ ʙʫʬʝʨʘ R. in . ʉʯʠʪʘʝʤ, ʯʪʦ ʚʩʝ 

ʩʦʦʙʱʝʥʠʷ ʦʜʠʥʘʢʦʚʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ, ʘ ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ AP = { m Í S.out, m Í R.in}, ʛʜʝ m ʦʙʦʟʥʘʯʘʝʪ ʩʦʦʙʱʝʥʠʝ. 

ʇʨʠ ʵʪʦʤ ʥʝʷʚʥʦ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚʩʝ ʩʚʦʡʩʪʚʘ ʬʦʨʤʫʣʠʨʫʶʪʩʷ 

ʜʣʷ ʣʶʙʦʛʦ ʩʦʦʙʱʝʥʠʷ m (ʧʨʝʜʧʦʣʘʛʘʝʪʩ ̫ ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʢʚʘʥʪʠʬʠʢʘʮʠʷ ʧʦ m). ʕʪʦ ʜʝʣʘʝʪʩʷ ʜʣʷ ʫʜʦʙʩʪʚʘ ʠ ʥʝ ʧʦʚʣʠʷʝʪ ʥʘ 

                                           
2
 ɽʩʣʠ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʡ ʩʝʤʘʥʪʠʯʝʩʢʦʡ ʠʜʝʠ ʚʟʷʪʘ ʜʠʩʢʨʝʪʥʘʷ ʤʦʜʝʣʴ, ʢʘʢ ʚ 

ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ. 
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ʨʘʟʨʝʰʠʤʦʩʪʴ ʟʘʜʘʯʠ ʚʳʧʦʣʥʠʤʦʩʪʠ, ʝʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪ,ɹ ʯʪʦ ʯʠʩʣʦ 

ʩʦʦʙʱʝʥʠʡ ʢʦʥʝʯʥʦ. ʂʨʦʤʝ ʪʦʛʦ, ʙʫʜʝʤ ʩʯʠʪʘʪ,ɹ ʯʪʦ ʙʫʬʝʨʳ S. out  ʠ 

R. in  ʚʝʜʫʪ ʩʝʙʷ ʥʦʨʤʘʣʴʥʦ ï ʥʝ çʧʦʨʪʷʪè ʠ ʥʝ ʪʝʨʷʶʪ ʩʦʦʙʱʝʥʠʷ, 

ʠ ʩʦʦʙʱʝʥʠʝ ʥʝ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʙʫʬʝʨʝ ʙʝʩʢʦʥʝʯʥʦ ʜʦʣʛʦ. ʉʭʝʤʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʧʨʘʚʠʪʝʣʷ ʠ ʧʦʣʫʯʘʪʝʣʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 2.3. 

ʆʪʧʨʘʚʠʪʝʣɹ S S.out R.in ʇʦʣʫʯʘʪʝʣɹ R
ʂʘʥʘʣ

 

ʈʠʩ. 2.3. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʪʧʨʘʚʠʪʝʣʷ ʠ ʧʦʣʫʯʘʪʝʣʷ 

ʌʦʨʤʘʣʠʟʫʝʤ ʩʣʝʜʫʶʱʠʝ ʥʝʬʦʨʤʘʣʴʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʢʘʥʘʣʫ ʩ 

ʧʦʤʦʱʴʶ LTL: 

Ç çʉʦʦʙʱʝʥʠʝ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʚ ʦʙʦʠʭ ʙʫʬʝʨʘʭ ʦʜʥʦʚʨʝʤʝʥʥʦè:  

G ×(m Í S.out Ø m Í R.in). 

Ç çʂʘʥʘʣ ʥʝ ʪʝʨʷʝʪ ʩʦʦʙʱʝʥʠʷè. ɽʩʣʠ ʢʘʥʘʣ ʥʝ ʪʝʨʷʝʪ ʩʦʦʙʱʝʥʠʷ, ʪʦ 

ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʦʦʙʱʝʥʠʷ, ʧʦʤʝʱʝʥʥʳʝ ʚ S. out , ʚ ʢʦʥʝʯʥʦʤ 

ʩʯʝʪʝ ʙʫʜʫʪ ʜʦʩʪʘʚʣʝʥʳ ʚ R. in :  

G(m Í S.out ­ F(m Í R.in)).  

ʆʪʤʝʪʠʤ, ʯʪʦ ʝʩʣʠ ʫʥʠʢʘʣʴʥʦʩʪʴ ʩʦʦʙʱʝʥʠʡ ʥʝ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ, 

ʪʦ ʵʪʦʛʦ ʩʚʦʡʩʪʚʘ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʪʘʢ ʢʘʢ ʝʩʣʠ, ʥʘʧʨʠʤʝʨ, ʧʝʨʝʜʘʥʳ 

ʜʚʝ ʢʦʧʠʠ m ʠ ʪʦʣʴʢʦ ʧʦʩʣʝʜʥʷʷ ʠʟ ʥʠʭ ʧʦʣʫʯʝʥʘ, ʪʦ ʪʘʢʘʷ ʩʠʪʫʘʮʠʷ 

ʫʜʦʚʣʝʪʚʦʨʷʣʘ ʙʳ ʵʪʦʤʫ ʩʚʦʡʩʪʚʫ. ʋʥʠʢʘʣʴʥʦʩʪʴ ʩʦʦʙʱʝʥʠʡ ï ʵʪʦ 

ʧʨʝʜʧʦʩʳʣʢʘ ʩʧʝʮʠʬʠʢʘʮʠʠ ʪʨʝʙʦʚʘʥʠʡ ʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ ʜʣʷ 

ʩʠʩʪʝʤ, ʧʝʨʝʜʘʶʱʠʭ ʩʦʦʙʱʝʥʠʷ. ɽʩʣʠ ʧʨʝʜʧʦʣʘʛʘʪʴ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʧʨʝʜʳʜʫʱʝʛʦ ʩʚʦʡʩʪʚʘ, ʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ:  

G(m Í S.out ­ XF(m Í R.in)),  

ʪʘʢ ʢʘʢ m ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʚ S. out  ʠ R. in  ʦʜʥʦʚʨʝʤʝʥʥʦ. 

Ç çʂʘʥʘʣ ʩʦʭʨʘʥʷʝʪ ʧʦʨʷʜʦʢè. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʝʩʣʠ m, ʘ ʟʘʪʝʤ m' 

ʧʝʨʝʜʘʥʦ ʦʪʧʨʘʚʠʪʝʣʝʤ ʚ ʝʛʦ ʚʳʭʦʜʥʦʡ ʙʫʬʝʨ S. out , ʪʦ m ʙʫʜʝʪ 

ʧʨʠʥʷʪʦ ʧʦʣʫʯʘʪʝʣʝʤ ʧʝʨʝʜ m':  

G[m Í S.out Ø ×m' Í S.out Ø F(m' Í S.out) ­ 

­ F(m Í R.in Ø ×m' Í R.in Ø F(m' Í R.in))].  

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʧʨʝʜʧʦʩʳʣʢʝ ʢʦʥʲʶʥʢʪ ×m' Í S.out ʪʨʝʙʫʝʪʩʷ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʩʧʝʮʠʬʠʮʠʨʦʚʘʪʴ, ʯʪʦ m' ʦʪʧʨʘʚʣʝʥʦ ʚ S. out  ʧʦʩʣʝ m. 

F(m' Í S.out) ʩʘʤʦ ʧʦ ʩʝʙʝ ʥʝ ʠʩʢʣʶʯʘʝʪ, ʯʪʦ m' ʚ ʙʫʬʝʨʝ 

ʦʪʧʨʘʚʠʪʝʣʷ, ʢʦʛʜʘ m ʚ S. out . 

Ç ʂʘʥʘʣ ʥʝ ʛʝʥʝʨʠʨʫʝʪ ʩʦʦʙʱʝʥʠʷ ʩʧʦʥʪʘʥʥʦ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʣʶʙʦʝ m ʚ R. in  ʜʦʣʞʥʦ ʙʳʪʴ ʟʘʨʘʥʝʝ ʧʦʩʣʘʥʦ ʦʪʧʨʘʚʠʪʝʣʝʤ S. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʝʨʘʪʦʨʘ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ F ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʫʜʦʙʥʦ ʬʦʨʤʘʣʠʟʦʚʘʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  
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G[(m Í R.in) ­ F(m Í S.out)].  

ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʦʧʝʨʘʪʦʨʦʚ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʦʧʝʨʘʪʦʨ U:  

G[×(m Í R.in)U(m Í S.out)]. 

ɼʠʥʘʤʠʯʝʩʢʠʡ ʚʳʙʦʨ ʣʠʜʝʨʘ 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʥʝʢʦʪʦʨʳʝ ʬʫʥʢʮʠʠ (ʠʣʠ 

ʩʝʨʚʠʩʳ) ʧʨʝʜʦʩʪʘʚʣʷʶʪʩʷ ʚʳʜʝʣʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʚ ʩʠʩʪʝʤʝ. ʈʝʯʴ 

ʤʦʞʝʪ ʠʜʪʠ ʦ ʧʨʠʩʚʦʝʥʠʠ ʘʜʨʝʩʘ ʠ ʨʝʛʠʩʪʨʘʮʠʠ, ʢʦʦʨʜʠʥʘʮʠʠ 

ʟʘʧʨʦʩʦʚ ʚ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʙʘʟʝ ʜʘʥʥʳʭ, ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʨʝʤʝʥʠ, 

ʦʙʥʦʚʣʝʥʠʠ ʤʘʨʢʝʨʘ ʧʦʩʣʝ ʝʛʦ ʧʦʪʝʨʠ ʚ ʢʦʣʴʮʝʚʦʡ ʩʝʪʠ ʩ ʤʘʨʢʝʨʥʳʤ 

ʜʦʩʪʫʧʦʤ, ʙʘʣʘʥʩʠʨʦʚʢʝ ʟʘʛʨʫʟʢʠ ʠ ʪ. ʜ. ʆʙʳʯʥʦ ʤʥʦʛʠʝ ʧʨʦʮʝʩʩʳ 

ʚ ʩʠʩʪʝʤʝ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʵʪʦ ʜʝʣʘʪʴ. ʆʜʥʘʢʦ ʜʣʷ ʩʦʚʤʝʩʪʠʤʦʩʪʠ 

ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʪʦʣʴʢʦ ʦʜʥʦʤʫ ʧʨʦʮʝʩʩʫ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʨʘʟʨʝʰʘʝʪʩʷ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʬʫʥʢʮʠʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʜʠʥ ʧʨʦʮʝʩʩ, 

ʥʘʟʳʚʘʝʤʳʡ çʣʠʜʝʨʦʤè, ʜʦʣʞʝʥ ʙʳʪʴ ʚʳʙʨʘʥ ʜʣʷ ʧʦʜʜʝʨʞʢʠ ʜʘʥʥʦʡ 

ʬʫʥʢʮʠʠ. ʀʥʦʛʜʘ ʜʦʩʪʘʪʦʯʥʦ ʚʳʙʨʘʪʴ ʧʨʦʠʟʚʦʣʴʥʳʡ ʧʨʦʮʝʩʩ, ʥʦ ʜʣʷ 

ʜʨʫʛʠʭ ʬʫʥʢʮʠʡ ʚʘʞʥʦ ʚʳʙʨʘʪʴ ʧʨʦʮʝʩʩ ʩ ʥʘʠʣʫʯʰʠʤʠ 

ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʚʳʧʦʣʥʝʥʠʷ ʜʘʥʥʦʡ ʬʫʥʢʮʠʠ. ɼʘʥʥʳʡ ʧʨʠʤʝʨ ʙʫʜʝʪ 

ʘʙʩʪʨʘʛʠʨʦʚʘʪʴʩʷ ʦʪ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʨʘʥʞʠʨʦʚʘʥʠʝ ʥʘ ʙʘʟʝ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʚ ʧʨʦʮʝʩʩʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʦʮʝʩʩ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʤ 

ʠʤʝʝʪ ʣʫʯʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʠʤʝʝʪʩʷ ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʧʨʦʮʝʩʩʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ 

ʥʝʢʦʪʦʨʳʤʠ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ. ʂʦʤʤʫʥʠʢʘʮʠʷ ʤʝʞʜʫ 

ʧʨʦʮʝʩʩʘʤʠ ʘʩʠʥʭʨʦʥʥʘ, ʢʘʢ ʚ ʧʨʝʜʳʜʫʱʝʤ ʧʨʠʤʝʨʝ. ʉʭʝʤʘʪʠʯʥʦ ʵʪʦ 

ʠʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 2.4. 

P1 P2 PN

ʂʦʤʤʫʥʠʢʘʮʠʦʥʥʘ̫ ʩʝʪɹ

. . . . .

 

ʈʠʩ. 2.4. ʂʦʤʤʫʥʠʢʘʮʠʷ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ 

ʂʘʞʜʳʡ ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʫʥʠʢʘʣʴʥʳʡ ʠʜʝʥʪʠʬʠʢʘʪʦʨ, ʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʣʠʥʝʡʥʦʛʦ ʧʦʨʷʜʢʘ ʥʘ ʵʪʠʭ ʠʜʝʥʪʠʬʠʢʘʪʦʨʘʭ. 

ʇʨʦʮʝʩʩʳ ʚʝʜʫʪ ʩʝʙʷ ʜʠʥʘʤʠʯʝʩʢʠ ʚ ʪʦʤ ʩʤʳʩʣʝ, ʯʪʦ ʦʥʠ ʚ ʥʘʯʘʣʝ 

ʥʝʘʢʪʠʚʥʳ (ʥʝ ʫʯʘʩʪʚʫʶʪ ʚ ʚʳʙʦʨʝ) ʠ ʤʦʛʫʪ ʩʪʘʪʴ ʘʢʪʠʚʥʳʤʠ (ʧʨʠʥʷʪʴ 

ʫʯʘʩʪʠʝ ʚ ʚʳʙʦʨʝ) ʚ ʧʨʦʠʟʚʦʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ 

ʩʠʩʪʝʤʘ ʫʜʦʚʣʝʪʚʦʨʷʣʘ ʥʝʢʦʪʦʨʦʤʫ ʩʚʦʡʩʪʚʫ ʧʨʦʛʨʝʩʩʘ, ʩʯʠʪʘʝʪʩʷ, 
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ʯʪʦ ʧʨʦʮʝʩʩ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʥʝʘʢʪʠʚʥʳʤ ʥʝʦʛʨʘʥʠʯʝʥʥʦ ʜʦʣʛʦ ï 

ʢʘʞʜʳʡ ʧʨʦʮʝʩʩ ʩʪʘʥʦʚʠʪʩʷ ʘʢʪʠʚʥʳʤ ʚ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ. ʂʘʢ ʪʦʣʴʢʦ 

ʧʨʦʮʝʩʩ ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʚ ʚʳʙʦʨʘʭ, ʦʥ ʧʨʦʜʦʣʞʘʝʪ ʵʪʦ ʜʝʣʘʪʴ ʠ 

ʙʦʣʝʝ ʥʝ ʩʪʘʥʦʚʠʪʩʷ ʥʝʘʢʪʠʚʥʳʤ. ɼʣʷ ʟʘʜʘʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʘʢʪʠʚʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʜʦʣʞʝʥ ʙʳʪʴ ʚʳʙʨʘʥ ʣʠʜʝʨ. ɽʩʣʠ ʥʝʘʢʪʠʚʥʳʡ ʧʨʦʮʝʩʩ 

ʩʪʘʥʦʚʠʪʩʷ ʘʢʪʠʚʥʳʤ, ʪʦ ʚʳʧʦʣʥʷʝʪʩʷ ʥʦʚʳʡ ʚʳʙʦʨ, ʝʩʣʠ ʵʪʦʪ ʧʨʦʮʝʩʩ 

ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʠʜʝʥʪʠʬʠʢʘʪʦʨ, ʯʝʤ ʪʝʢʫʱʠʡ ʣʠʜʝʨ. 

ʈʘʩʩʤʦʪʨʠʤ ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ: 

AP = { leaderi, activei, i < j | 1 Ò i, j Ò N} , 

ʛʜʝ leaderi ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩ i ʷʚʣʷʝʪʩʷ ʣʠʜʝʨʦʤ, activei ï ʯʪʦ 

ʧʨʦʮʝʩʩ i ʘʢʪʠʚʝʥ, ʘ i < j ï ʯʪʦ ʠʜʝʥʪʠʬʠʢʘʪʦʨ i ʤʝʥʴʰʝ, ʯʝʤ 

ʠʜʝʥʪʠʬʠʢʘʪʦʨ j (ʚ ʣʠʥʝʡʥʦʤ ʧʦʨʷʜʢʝ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʚ). ʀʩʧʦʣʴʟʫʝʤ 

i ʠ j ʚ ʢʘʯʝʩʪʚʝ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʚ ʧʨʦʮʝʩʩʦʚ, ʘ ʯʝʨʝʟ N ʦʙʦʟʥʘʯʠʤ 

ʯʠʩʣʦ ʧʨʦʮʝʩʩʦʚ. ɹʫʜʝʤ ʩʯʠʪʘʪ,ɹ ʯʪʦ ʥʝʘʢʪʠʚʥʳʡ ʧʨʦʮʝʩʩ ʥʝ ʷʚʣʷʝʪʩʷ 

ʣʠʜʝʨʦʤ. 

ɺ ʜʘʣʴʥʝʡʰʠʭ ʬʦʨʤʫʣʠʨʦʚʢʘʭ ʠʩʧʦʣʴʟʫʝʤ ʫʥʠʚʝʨʩʘʣʴʥʫʶ ʠ 

ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʫʶ ʢʚʘʥʪʠʬʠʢʘʮʠʶ ʧʦ ʤʥʦʞʝʩʪʚʫ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʚ. 

ʉʪʨʦʛʦ ʛʦʚʦʨʷ, ʢʚʘʥʪʦʨʳ ʥʝ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ LTL. ʊʘʢ ʢʘʢ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʧʨʦʮʝʩʩʦʚ, ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʢʚʘʥʪʠʬʠʢʘʮʠʷ "i: P(i) (ʛʜʝ P ï ʥʝʢʦʪʦʨʦʝ ʧʨʝʜʣʦʞʝʥʠʝ ʦ ʧʨʦʮʝʩʩʘʭ) 

ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʰʠʨʝʥʘ ʜʦ P(1) Ø é Ø P(N). ʊʘʢ ʞʝ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʰʠʨʝʥʦ $i: P(i). ʂʚʘʥʪʠʬʠʢʘʮʠʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʩʤʦʪʨʝʥʘ ʢʘʢ ʩʦʢʨʘʱʝʥʠʝ: 

Ç çɺʩʝʛʜʘ ʠʤʝʝʪʩʷ ʨʦʚʥʦ ʦʜʠʥ ʣʠʜʝʨè:  

G[$i: leaderi Ø ("j Í i: ×leaderj)]  

ʊʘʢ ʢʘʢ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʘʙʦʪʘʝʤ ʩ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ, ʚ 

ʢʦʪʦʨʦʡ ʚʩʝ ʧʨʦʮʝʩʩʳ ʤʦʛʫʪ ʙʳʪʴ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʥʝʘʢʪʠʚʥʳ 

(ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʪ ʠ ʣʠʜʝʨʘ), ʪʦ ɻʪʦ ʩʚʦʡʩʪʚʦ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, 

ʥʝʚʝʨʥʦ. ʊʘʢʞʝ ʚ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʝ ʩ ʘʩʠʥʭʨʦʥʥʦʡ 

ʢʦʤʤʫʥʠʢʘʮʠʝʡ ʧʝʨʝʢʣʶʯʝʥʠʝ ʦʪ ʦʜʥʦʛʦ ʣʠʜʝʨʘ ʢ ʜʨʫʛʦʤʫ ʩ 

ʪʨʫʜʦʤ ʤʦʞʝʪ ʙʳʪʴ ʩʜʝʣʘʥʦ ʘʪʦʤʘʨʥʳʤ, ʠ ʫʜʦʙʥʦ ʨʘʟʨʝʰʠʪʴ 

ʚʨʝʤʝʥʥʦʝ ʦʪʩʫʪʩʪʚʠʝ ʣʠʜʝʨʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʡ ʧʦʧʳʪʢʠ ʤʦʞʥʦ 

ʠʟʤʝʥʠʪʴ ʧʨʠʚʝʜʝʥʥʫʶ ʚʳʰʝ ʬʦʨʤʫʣʫ ʥʘ 

GF[$i: leaderi Ø ("j Í i: ×leaderj)], ʢʦʪʦʨʘʷ ʨʘʟʨʝʰʘʝʪ ʚʨʝʤʝʥʥʦʝ 

ʦʪʩʫʪʩʪʚʠʝ ʣʠʜʝʨʘ, ʥʦ ʨʘʟʨʝʰʘʝʪ ʪʘʢʞʝ ʥʘ ʚʨʝʤʷ ʠʤʝʪʴ ʥʝʩʢʦʣʴʢʠʭ 

ʣʠʜʝʨʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʣʦʛʠʯʥʦʩʪʠ ʵʪʦ 

ʥʝʞʝʣʘʪʝʣʴʥʦ. ʇʦʵʪʦʤʫ ʨʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʠʝ ʜʚʘ ʩʚʦʡʩʪʚʘ. 

Ç çɺʩʝʛʜʘ ʠʤʝʝʪʩʷ ʤʘʢʩʠʤʫʤ ʦʜʠʥ ʣʠʜʝʨè:  

G[leaderi ­ "j Í i: ×leaderj]  
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Ç çɺ ʩʚʦʝ ʚʨʝʤʷ ʙʫʜʝʪ ʜʦʩʪʘʪʦʯʥʦ ʣʠʜʝʨʦʚè. (ʕʪʦ ʪʨʝʙʦʚʘʥʠʝ 

ʠʟʙʝʛʘʝʪ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʪʦʢʦʣʘ ʚʳʙʦʨʘ ʣʠʜʝʨʘ, ʢʦʪʦʨʳʡ ʥʠʢʦʛʜʘ 

ʥʝ ʚʳʙʠʨʘʝʪ ʣʠʜʝʨʘ. ʊʘʢʦʡ ʧʨʦʪʦʢʦʣ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʧʨʝʜʳʜʫʱʝʤʫ 

ʪʨʝʙʦʚʘʥʠʶ, ʥʦ ʦʥ ʥʝ ʞʝʣʘʪʝʣʝʥ):  

GF[$i: leaderi]  

ʕʪʦ ʩʚʦʡʩʪʚʦ ʥʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʙʫʜʝʪ ʙʝʩʢʦʥʝʯʥʦ ʤʥʦʛʦ ʣʠʜʝʨʦʚ. 

ʆʥʦ ʫʪʚʝʨʞʜʘʝʪ ʣʠʰʴ ʪʦ, ʯʪʦ ʙʫʜʝʪ ʙʝʩʢʦʥʝʯʥʦ ʤʥʦʛʦ ʩʦʩʪʦʷʥʠʡ, ʚ 

ʢʦʪʦʨʳʭ ʣʠʜʝʨ ʩʫʱʝʩʪʚʫʝʪ. 

Ç çɺ ʧʨʠʩʫʪʩʪʚʠʠ ʘʢʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʤ ʣʠʜʝʨ ʚ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ ʫʩʪʫʧʠʪè:  

G["i, j: ((leaderi Ø i < j Ø ×leaderj Ø activej) ­ F ×leaderi)].  

ʀʟ ʩʦʦʙʨʘʞʝʥʠʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʞʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʣʠʜʝʨ ʚ 

ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ ʫʩʪʫʧʘʣ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʥʝʘʢʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ, 

ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʚʳʙʦʨʘʭ ʚ ʢʘʢʦʡ-ʪʦ ʥʝʠʟʚʝʩʪʥʳʡ 

ʤʦʤʝʥʪ ʚ ʙʫʜʫʱʝʤ. ʇʦʵʪʦʤʫ ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ j ʙʳʣ ʘʢʪʠʚʥʳʤ 

ʧʨʦʮʝʩʩʦʤ. 

Ç çʅʦʚʳʡ ʣʠʜʝʨ ʙʫʜʝʪ ʣʫʯʰʝ ʧʨʝʜʳʜʫʱʝʛʦè. ʕʪʦ ʩʚʦʡʩʪʚʦ ʪʨʝʙʫʝʪ, 

ʯʪʦʙʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʣʠʜʝʨʦʚ ʠʤʝʣʘ ʚʦʟʨʘʩʪʘʶʱʠʝ 

ʠʜʝʥʪʠʬʠʢʘʪʦʨʳ:  

G["i, j: (leaderi Ø ×X leaderi Ø XF leaderj) ­ i < j].  

ʆʪʤʝʪʠʤ, ʯʪʦ ʵʪʦ ʪʨʝʙʦʚʘʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩ, ʢʦʪʦʨʳʡ 

ʫʩʪʫʧʠʣ ʦʜʠʥ ʨʘʟ, ʙʦʣʴʰʝ ʥʝ ʩʪʘʥʝʪ ʣʠʜʝʨʦʤ. 

ɼʨʫʛʠʝ ʧʨʠʤʝʨʳ ʩʧʝʮʠʬʠʢʘʮʠʠ ʪʝʤʧʦʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʧʨʠʚʝʜʝʥʳ ʚ 

ʨʘʙʦʪʝ [24]. 

 

2.2.6. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ LTL 

ɿʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ 

ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʝʡ ʂʨʠʧʢʝ. 

ʂʘʞʜʳʡ ʧʫʪʴ ʚ ʤʦʜʝʣʠ ʂʨʠʧʢʝ, ʥʘʯʠʥʘʶʱʠʡʩʷ ʩ ʩʦʩʪʦʷʥʠ ̫ s0, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ LTL-ʤʦʜʝʣʴ. ɿʘʜʘʯʘ ʧʨʦʚʝʨʢʠ LTL-ʬʦʨʤʫʣʳ ʜʣʷ 

ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ, ʥʘ ʚʩʝʭ ʣʠ ʧʫʪʷʭ 

ʚʳʧʦʣʥʷʝʪʩʷ ʜʘʥʥʘʷ ʬʦʨʤʫʣʘ (ʠʣʠ, ʯʪʦ ʪʦ ʞʝ ʩʘʤʦʝ, ʩʫʱʝʩʪʚʫʶʪ ʣʠ 

ʧʫʪʠ, ʥʘ ʢʦʪʦʨʳʭ ʬʦʨʤʫʣʘ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ). 

ʅʘʯʥʝʤ ʩ ʥʝʬʦʨʤʘʣʴʥʦʛʦ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʝʡ 

[22]. ʇʦ ʟʘʜʘʥʥʦʡ ʬʦʨʤʫʣʝ f ʠ ʤʦʜʝʣʠ ʂʨʠʧʢʝ M ʧʦʩʪʨʦʠʤ 

ʨʘʟʤʝʯʝʥʥʫʶ LTL-ʪʘʙʣʠʮʫ T ʜʣʷ ʬʦʨʤʫʣʳ f. ʕʪʘ ʪʘʙʣʠʮʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʤʦʜʝʣʴ ʂʨʠʧʢʝ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʤʥʦʞʝʩʪʚʦʤ ʥʘʯʘʣʴʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʚʩʝʭ ʧʫʪʝʡ, ʢʦʪʦʨʳʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ 

ʬʦʨʤʫʣʝ f. ʇʦʩʪʨʦʝʥʠʝ ʪʘʙʣʠʮʳ ʧʨʦʠʩʭʦʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 
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ʇʨʠʚʝʜʝʥʠʝ ʬʦʨʤʫʣʳ ʢ ʨʘʟʜʝʣʝʥʥʦʡ ʥʦʨʤʘʣʴʥʦʡ ʬʦʨʤʝ 

ʀʥʦʛʜʘ ʬʦʨʤʫʣʫ ʜʣʷ ʫʜʦʙʩʪʚʘ ʚʥʘʯʘʣʝ ʧʨʠʚʦʜʷʪ ʢ ʬʦʨʤʝ ʩ ʪʝʩʥʳʤʠ 

ʦʪʨʠʮʘʥʠʷʤʠ (ʢʦʪʦʨʳʝ ʩʪʦʷʪ ʪʦʣʴʢʦ ʧʝʨʝʜ ʘʪʦʤʘʨʥʳʤʠ 

ʧʨʝʜʣʦʞʝʥʠʷʤʠ). ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʶʪ ʩʣʝʜʫʶʱʠʝ ʧʨʘʚʠʣʘ: 

××f ¹ f; 

×(f Ù g) ¹ ×f Ø ×g; 

×(f Ø g) ¹ ×f Ù ×g; 

f ­ g ¹ ×f Ù g; 

×X f ¹ X ×f; 

×F f ¹ G ×f; 

×G f ¹ F ×f; 

×(f U g) ¹ ×g W ×(f Ù g); 

×(f W g) ¹ ×g U ×(f Ù g). 

ʇʨʠʤʝʨ. 

ɹʳʣʦ: ×(f Ø (F g Ù X(h W r))). 

ʉʪʘʣʦ: ×f Ù G ×g Ø X(×r U (×h Ø ×r)). 

ʆʪʤʝʪʠʤ, ʯʪʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʥʝ ʷʚʣʷʝʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ ï ʠʟʣʘʛʘʝʤʳʡ 

ʥʠʞʝ ʘʣʛʦʨʠʪʤ ʨʘʙʦʪʘʝʪ ʠ ʜʣʷ ʬʦʨʤʫʣ ʦʙʱʝʛʦ ʚʠʜʘ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʜʝʢʦʤʧʦʟʠʨʫʝʤ ʬʦʨʤʫʣʫ, ʚʚʦʜʷ ʥʦʚʫʶ ʘʪʦʤʘʨʥʫʶ 

ʧʝʨʝʤʝʥʥʫʶ pi ʜʣʷ ʢʘʞʜʦʡ ʝʝ ʚʥʫʪʨʝʥʥʝʡ ʧʦʜʬʦʨʤʫʣʳ fi, ʫ ʢʦʪʦʨʦʡ 

ʧʦʩʣʝʜʥʷʷ ʦʧʝʨʘʮʠʷ (ʩ ʩʘʤʳʤ ʥʠʟʢʠʤ ʧʨʠʦʨʠʪʝʪʦʤ) ï ʪʝʤʧʦʨʘʣʴʥʘʷ, ʠ 

ʜʦʙʘʚʣʷʷ ʚ ʬʦʨʤʫʣʫ ʥʦʚʳʡ ʢʦʥʲʶʥʢʪ G(pi ­ fi). ʕʪʦʪ ʢʦʥʲʶʥʢʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚʩʝʛʜʘ, ʢʦʛʜʘ ʚʝʨʥʦ pi, ʬʦʨʤʫʣʘ fi ʪʦʞʝ 

ʚʝʨʥʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʝʨʝʤʝʥʥʘʷ pi çʢʦʜʠʨʫʝʪè fi. ɺ ʩʘʤʦʡ ʞʝ 

ʬʦʨʤʫʣʝ ʧʦʜʬʦʨʤʫʣʳ fi ʟʘʤʝʥʠʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʤ ʘʪʦʤʘʨʥʳʤʠ 

ʧʝʨʝʤʝʥʥʳʤʠ pi. 

ʇʨʠʤʝʨ. 

ɹʳʣʦ: ×f Ù G ×g Ø X(×r U (×h Ø ×r)). 

ʉʪʘʣʦ: G(p1 ­ G ×g) Ø G(p2 ­ (×r U (×h Ø ×r))) Ø G(p3 ­ X p2) Ø 

(× f Ù p1 Ø p3). 

ɿʜʝʩʴ ʜʦʙʘʚʣʝʥʳ ʪʨʠ ʘʪʦʤʘʨʥʳʭ ʧʝʨʝʤʝʥʥʳʭ: ʦʜʥʘ ʜʣʷ ʧʦʜʬʦʨʤʫʣʳ 

G ×g, ʦʜʥʘ ï ʜʣʷ ʧʦʜʬʦʨʤʫʣʳ (×r U (×h Ø ×r)) ʠ ʦʜʥʘ ï ʜʣʷ 

ʧʦʜʬʦʨʤʫʣʳ X(×r U (×h Ø ×r)). ʇʦʩʣʝ ʵʪʦʛʦ ʚʩʝ ʪʘʢʠʝ ʧʦʜʬʦʨʤʫʣʳ 

ʙʳʣʠ ʟʘʤʝʥʝʥʳ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʪʦʤʘʨʥʳʝ ʧʝʨʝʤʝʥʥʳʝ. ʉʤʳʩʣ 

ʬʦʨʤʫʣʳ ʧʨʠ ʵʪʦʤ ʥʝ ʠʟʤʝʥʠʣʩʷ. 
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ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʬʦʨʤʫʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʢʦʥʲʶʥʢʮʠʶ ʦʜʥʦʡ ʬʦʨʤʫʣʳ, ʥʝ ʩʦʜʝʨʞʘʱʝʡ ʪʝʤʧʦʨʘʣʴʥʳʭ 

ʦʧʝʨʘʪʦʨʦʚ, ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʬʦʨʤʫʣʘʤʠ ʚʠʜʘ G(pi ­ T), ʛʜʝ T ï 

ʧʨʠʤʝʥʝʥʠʝ ʥʝʢʦʪʦʨʦʛʦ ʪʝʤʧʦʨʘʣʴʥʦʛʦ ʦʧʝʨʘʪʦʨʘ ʢ ʦʜʥʦʤʫ ʠʣʠ ʜʚʫʤ 

ʦʧʝʨʘʥʜʘʤ, ʠ ʵʪʠ ʦʧʝʨʘʥʜʳ ʥʝ ʩʦʜʝʨʞʘʪ ʜʨʫʛʠʭ ʪʝʤʧʦʨʘʣʴʥʳʭ 

ʦʧʝʨʘʪʦʨʦʚ. ʊʝʧʝʨʴ ʪʨʝʙʫʝʪʩʷ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʢʦʥʲʶʥʢʮʠʡ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʠʜʘ. 

1. ʀʟʙʘʚʣʷʝʤʩʷ ʦʪ G(pi ­ G fi). ɼʣʷ ʢʘʞʜʦʛʦ ʪʘʢʦʛʦ ʢʦʥʲʶʥʢʪʘ 

ʚʚʝʜʝʤ ʥʦʚʫʶ ʘʪʦʤʘʨʥʫʶ ʧʝʨʝʤʝʥʥʫʶ r i ʠ ʟʘʤʝʥʠʤ ʵʪʦʪ ʢʦʥʲʶʥʢʪ 

ʪʘʢʦʡ ʬʦʨʤʫʣʦʡ:  

G(pi ­ r i) Ø G(r i ­ fi) Ø G(r i ­ X r i). 

ʉʤʳʩʣ ʧʝʨʝʤʝʥʥʦʡ r i ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʦʥʘ ʜʘʝʪ çʦʙʝʱʘʥʠʝè, ʯʪʦ fi 

ʙʫʜʝʪ ʚʝʨʥʦ ʚʩʝʛʜʘ. 

2. ʀʟʙʘʚʣʷʝʤʩʷ ʦʪ G(pi ­ (fi W gi)). ɼʣʷ ʢʘʞʜʦʛʦ ʪʘʢʦʛʦ ʢʦʥʲʶʥʢʪʘ 

ʚʚʝʜʝʤ ʥʦʚʫʶ ʘʪʦʤʘʨʥʫʶ ʧʝʨʝʤʝʥʥʫʶ r i ʠ ʟʘʤʝʥʠʤ ʵʪʦʪ ʢʦʥʲʶʥʢʪ 

ʪʘʢʦʡ ʬʦʨʤʫʣʦʡ:  

G(pi ­ gi Ù fi Ø r i) Ø G(r i ­ X(gi Ù fi Ø r i)).  

ʇʝʨʝʤʝʥʥʘʷ r i ʜʘʝʪ ʪʘʢʦʝ ʦʙʝʱʘʥʠʝ: ʝʩʣʠ gi çʩʝʡʯʘʩè ʝʱʝ ʥʝ 

ʚʳʧʦʣʥʷʝʪʩʷ, ʪʦ, ʚʦ-ʧʝʨʚʳʭ, ʩʝʡʯʘʩ ʚʳʧʦʣʥʷʝʪʩʷ fi, ʘ ʚʦ-ʚʪʦʨʳʭ, ʪʦ 

ʞʝ ʩʘʤʦʝ ʛʘʨʘʥʪʠʨʫʝʪʩʷ ʥʘ ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ. 

3. ʀʟʙʘʚʣʷʝʤʩʷ ʦʪ G(pi ­ (fi U gi)). ʕʪʦʪ ʵʪʘʧ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʧʨʝʜʳʜʫʱʝʛʦ ʪʦʣʴʢʦ ʪʝʤ, ʯʪʦ ʩʚʦʡʩʪʚʦ gi ʢʦʛʜʘ-ʥʠʙʫʜʴ 

ʛʘʨʘʥʪʠʨʦʚʘʥʥʦ ʥʘʩʪʫʧʠʪ. ɼʣʷ ʢʘʞʜʦʛʦ ʪʘʢʦʛʦ ʢʦʥʲʶʥʢʪʘ ʚʚʝʜʝʤ 

ʥʦʚʫʶ ʘʪʦʤʘʨʥʫʶ ʧʝʨʝʤʝʥʥʫʶ r i ʠ ʟʘʤʝʥʠʤ ʵʪʦʪ ʢʦʥʲʶʥʢʪ 

ʬʦʨʤʫʣʦʡ:  

G(pi ­ gi Ù fi Ø r i) Ø G(r i ­ X(gi Ù fi Ø r i)) Ø G(pi ­ F gi).  

 ʌʦʨʤʫʣʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʨʝʜʳʜʫʱʝʡ ʪʦʣʴʢʦ ʜʦʙʘʚʣʝʥʠʝʤ 

ʢʦʥʲʶʥʢʪʘ G(pi ­ F gi). ʅʘ ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ ʵʪʦʪ ʢʦʥʲʶʥʢʪ ʙʫʜʝʪ 

ʣʠʢʚʠʜʠʨʦʚʘʥ. 

4. ʀʟʙʘʚʣʷʝʤʩʷ ʦʪ G(pi ­ F fi). ɼʣʷ ʢʘʞʜʦʛʦ ʪʘʢʦʛʦ ʢʦʥʲʶʥʢʪʘ ʚʚʝʜʝʤ 

ʥʦʚʫʶ ʘʪʦʤʘʨʥʫʶ ʧʝʨʝʤʝʥʥʫʶ r i ʠ ʟʘʤʝʥʠʤ ʵʪʦʪ ʢʦʥʲʶʥʢʪ ʪʘʢʦʡ 

ʬʦʨʤʫʣʦʡ:  

 G(pi ­ (×fi ­ r i)) Ø G(r i ­ X(×fi ­ r i)) Ø GF ×r i. 

ʉʤʳʩʣ ʧʝʨʝʤʝʥʥʦʡ r i ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ: ʦʥʘ ʚʝʨʥʘ, ʝʩʣʠ fi ʝʱʝ 

ʥʝ ʥʘʩʪʫʧʠʣʦ (ʧʦʩʣʝ ʘʢʪʠʚʘʮʠʠ pi), ʧʨʠʯʝʤ ʢʦʥʲʶʥʢʪ GF ×r i 

çʦʙʝʱʘʝʪè, ʯʪʦ ʧʦʩʣʝ ʣʶʙʦʡ ʘʢʪʠʚʘʮʠʠ pi ʦʥʘ (r i) ʢʦʛʜʘ-ʥʠʙʫʜʴ 

ʩʪʘʥʝʪ ʥʝʚʝʨʥʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, fi ʩʪʘʥʝʪ ʚʝʨʥʘ. 

ʇʨʠʤʝʨ. 

ɹʳʣʦ: G(p1 ­ G ×g). 

ʉʪʘʣʦ: G(p1 ­ r1) Ø G(r1 ­ ×g) Ø G(r1 ­ X r1). 



 53 

ɹʳʣʦ: G(p2 ­ (×r U (×h Ø ×r))). 

ʉʪʘʣʦ: G(p2 ­ (×h Ø ×r Ù ×r Ø r2)) Ø G(r2 ­ X(×h Ø ×r Ù ×r Ø r2)) Ø 

G(p2 ­ F(×h Ø ×r)). 

 

ɹʳʣʦ: G(p2 ­ F(×h Ø ×r)). 

ʉʪʘʣʦ: 

G(p2 ­ (×(×h Ø ×r) ­ r3)) Ø G(r3 ­ X(×(×h Ø ×r) ­ r3)) Ø GF ×r3. 

ʇʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʚʩʝʭ ʵʪʠʭ ʦʧʝʨʘʮʠʡ ʚʳʥʝʩʝʤ ʟʘ ʩʢʦʙʢʫ ʚʩʝ 

ʦʧʝʨʘʪʦʨʳ G ʠ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʳʝ ʧʦʜʬʦʨʤʫʣʳ (ʠʭ ʤʦʞʥʦ ʪʘʢʞʝ 

ʫʧʨʦʩʪʠʪʴ). ʀʩʭʦʜʥʘʷ ʬʦʨʤʫʣʘ ʧʨʠ ʵʪʦʤ ʧʨʠʦʙʨʝʪʝʪ ʚʠʜ: 

p Ø G(q Ø (r1 ­ X s1) Ø é Ø (rn ­ X sn) Ø F t1 Ø é Ø F tm), 

ʛʜʝ p, q, r1, é, rn, s1, é, sn, t1, é, tm ð ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʳʝ 

ʧʦʜʬʦʨʤʫʣʳ, ʥʝ ʩʦʜʝʨʞʘʱʠʝ ʪʝʤʧʦʨʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ. 

ʉʤʳʩʣ ʧʦʣʫʯʝʥʥʦʡ ʬʦʨʤʫʣʳ ʪʘʢʦʡ: ʬʦʨʤʫʣʘ p çʜʝʡʩʪʚʫʝʪ ʪʦʣʴʢʦ ʚ 

ʩʪʘʨʪʦʚʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠè, ʬʦʨʤʫʣʘ q çʜʝʡʩʪʚʫʝʪ ʚʩʝʛʜʘè, ʬʦʨʤʫʣʳ 

r i ʠ si (ʧʨʠ i ʦʪ 1 ʜʦ n) ʦʧʨʝʜʝʣʷʶʪ ʫʩʣʦʚʠʝ ʥʘ ʩʣʝʜʫʶʱʠʡ ʰʘʛ ʚ ʣʶʙʦʡ 

ʧʦʟʠʮʠʠ ʤʦʜʝʣʠ ʂʨʠʧʢʝ, ʘ ʬʦʨʤʫʣʳ tj (ʧʨʠ j ʦʪ 1 ʜʦ m), ʥʘʟʳʚʘʝʤʳʝ 

ʫʩʣʦʚʠʷʤʠ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ, ʜʦʣʞʥʳ ʙʳʪʴ ʜʦʩʪʠʞʠʤʳ ʠʟ ʣʶʙʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʦʜʝʣʠ ʂʨʠʧʢʝ. 

ʇʨʠʤʝʨ. 

ɺr ʰʝ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʬʦʨʤʫʣʘ ×(f Ø (F g Ù X(h W r))). 

ʇʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʚʩʝʭ ʦʧʠʩʘʥʥʳʭ ʦʧʝʨʘʮʠʡ ʦʥʘ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ 

ʩʣʝʜʫʶʱʫʶ: 

(× f Ù p1 Ø p3) Ø G( 

(p1 ­ r1) Ø (r1 ­ ×g) Ø (p2 ­ ×r Ø (h ­ r2 Ø r3)) Ø 

Ø (r1 ­ X r1) Ø (r2 ­ X(×r Ø (h ­ r2))) Ø 

Ø (r3 ­ X(h Ù r ­ r3)) Ø (p3 ­ X p2) Ø F ×r3). 

ʇʦʩʪʨʦʝʥʠʝ ʪʘʙʣʠʮʳ 

ɼʘʣʝʝ ʜʣʷ ʬʦʨʤʫʣ p, q, r1, é, rn, s1, é, sn ʠ t1, é, tm ʪʘʙʣʠʮʘ ʩʪʨʦʠʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʇʫʩʪʴ AP ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ ʧʦʣʫʯʝʥʥʦʡ ʬʦʨʤʫʣʳ. ʊʦʛʜʘ ʜʣʷ ʥʠʭ ʠʤʝʝʪʩʷ ʚʩʝʛʦ 2
|AP|

 

ʚʘʨʠʘʥʪʦʚ ʟʥʘʯʝʥʠʡ (ʜʚʦʠʯʥʳʭ ʥʘʙʦʨʦʚ). ʇʦʩʪʨʦʠʤ ʧʦ ʦʜʥʦʡ ʚʝʨʰʠʥʝ 

ʥʘ ʢʘʞʜʳʡ ʚʦʟʤʦʞʥʳʡ ʜʚʦʠʯʥʳʡ ʥʘʙʦʨ ʠ ʧʦʤʝʪʠʤ ʵʪʫ ʚʝʨhʠʥʫ ʪʝʤʠ 

ʘʪʦʤʘʨʥʳʤʠ ʧʨʝʜʣʦʞʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʚ ʵʪʦʤ ʥʘʙʦʨʝ ʠʩʪʠʥʥʳ. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ AP = { a, b, c} ʚ ʚʝʨʰʠʥʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʥʘʙʦʨʫ 
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{ a, b, c} = {1,  0, 1}, ʘʢʪʠʚʥʳ ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ a ʠ c, ʘ 

ʧʨʝʜʣʦʞʝʥʠʝ b ʥʝ ʘʢʪʠʚʥʦ. 

ʉʨʝʜʠ ʵʪʠʭ ʚʝʨʰʠʥ ʦʩʪʘʚʠʤ ʪʦʣʴʢʦ ʪʝ, ʫ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 
ʜʚʦʠʯʥʳʡ ʥʘʙʦʨ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʬʦʨʤʫʣʝ q (ʜʝʣʘʝʪ ʝʝ ʟʥʘʯʝʥʠʝ 
ʠʩʪʠʥʥʳʤ). ʆʩʪʘʣʴʥʳʝ ʚʝʨʰʠʥʳ ʫʜʘʣʠʤ, ʪʘʢ ʢʘʢ q ʜʦʣʞʥʘ 
ʚʳʧʦʣʥʷʪʴʩʷ ʚʩʝʛʜʘ. ɼʘʣʝʝ, ʜʣʷ ʣʶʙʳʭ ʜʚʦʠʯʥʳʭ ʥʘʙʦʨʦʚ x ʠ y 
ʜʦʙʘʚʣʷʝʤ ʨʝʙʨʦ ʠʟ çʚʝʨʰʠʥʳè x ʚ çʚʝʨʰʠʥʫè y, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ 

ʜʣʷ ʣʶʙʦʛʦ i ʦʪ 1 ʜʦ n ʚʳʧʦʣʥʷʝʪʩʷ ʠʤʧʣʠʢʘʮʠʷ r i(x) ­ si ( y). ʕʪʦ 

ʨʝʙʨʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʩʣʦʚʠʶ (r1 ­ X s1) Ø é Ø (rn ­ X sn) ʠ ʦʟʥʘʯʘʝʪ, 
ʯʪʦ ʜʣʷ ʣʶʙʦʛʦ i çʝʩʣʠ ʩʝʡʯʘʩ ʚʳʧʦʣʥʝʥʦ r i, ʪʦ ʥʘ ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ 
ʙʫʜʝʪ ʚʳʧʦʣʥʝʥʦ siè. 

ɼʘʣʝʝ, ʦʪʤʝʪʠʤ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʳʭ ʩʦʩʪʦʷʥʠʡ (ʠʭ ʤʦʞʝʪ ʙʳʪʴ 
ʥʝʩʢʦʣʴʢʦ) ʪʝ, ʫ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʜʚʦʠʯʥʳʡ ʥʘʙʦʨ 
ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʬʦʨʤʫʣʝ p. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʩʣʦʚʠʶ, ʯʪʦ ʬʦʨʤʫʣʘ p 
ʚʝʨʥʘ çʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0è. 

ʇʦʩʣʝʜʥʠʡ ʵʪʘʧ ʥʘʟʳʚʘʝʪʩʷ çʯʠʩʪʢʦʡ ʪʘʙʣʠʮʳè ʠ ʷʚʣʷʝʪʩʷ 
ʥʝʦʙʷʟʘʪʝʣʴʥʳʤ. ʆʥ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʩ 
ʤʦʜʝʣʴʶ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʦʙʝʩʧʝʯʠʤ ʪʨʝʙʦʚʘʥʠʝ, ʩʦʩʪʦʷʱʝʝ ʚ ʪʦʤ, ʯʪʦ 
ʚʩʝ ʧʫʪʠ ʚ ʛʨʘʬʝ ʜʦʣʞʥʳ ʙʳʪʴ ʙʝʩʢʦʥʝʯʥʳʤʠ ʠ ʯʪʦ ʦʪʦʚʩʶʜʫ ʜʦʣʞʥʳ 
ʙʳʪʴ ʧʫʪʠ ʚ ʚʝʨʰʠʥʳ, ʚ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʶʪʩʷ ʬʦʨʤʫʣʳ tj ( j ʦʪ 1 ʜʦ 
m). ɼʝʣʘʝʪʩʷ ʵʪʦ çʨʝʢʫʨʩʠʚʥʳʤè ʫʜʘʣʝʥʠʝʤ ʠʟ ʤʦʜʝʣʠ ʚʩʝʭ ʚʝʨʰʠʥ, ʫ 
ʢʦʪʦʨʳʭ ʥʝʪ ʥʠ ʦʜʥʦʛʦ ʧʦʪʦʤʢʘ, ʠ ʚʩʝʭ ʪʘʢʠʭ ʚʝʨʰʠʥ, ʠʟ ʢʦʪʦʨʳʭ ʜʣʷ 
ʢʘʢʦʛʦ-ʪʦ j ʥʝʪ ʧʫʪʠ ʥʠ ʚ ʦʜʥʫ ʚʝʨʰʠʥʫ, ʚ ʢʦʪʦʨʦʡ ʚʳʧʦʣʥʷʝʪʩʷ 
ʬʦʨʤʫʣʘ tj. ʇʨʦʱʝ ʛʦʚʦʨʷ, ʚ ʪʘʙʣʠʮʝ ʩʣʝʜʫʝʪ ʦʩʪʘʚʠʪʴ ʪʦʣʴʢʦ ʪʝ 
ʩʦʩʪʦʷʥʠʷ, ʠʟ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʫʝʪ ʭʦʪʷ ʙʳ ʦʜʠʥ ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ, 
ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ ʫʩʣʦʚʠʷʤ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ (ʵʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʚʩʝ tj 
ʚʳʧʦʣʥʷʶʪʩʷ ʥʘ ʪʘʢʦʤ ʧʫʪʠ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ). ɸʣʛʦʨʠʪʤ, 
ʧʦʟʚʦʣʷʶʱʠʡ ʧʨʦʜʝʣʘʪʴ ʵʪʦ ʵʬʬʝʢʪʠʚʥʦ (ʨʘʙʦʪʘʶʱʠʡ ʟʘ ʣʠʥʝʡʥʦʝ 
ʚʨʝʤʷ ʦʪ ʨʘʟʤʝʨʘ ʪʘʙʣʠʮʳ), ʙʫʜʝʪ ʦʙʩʫʞʜʘʪʴʩʷ ʚ ʢʦʥʪʝʢʩʪʝ ʧʦʠʩʢʘ 
ʩʧʨʘʚʝʜʣʠʚʳʭ ʧʫʪʝʡ ʚ ʨʘʟʜ. 2.4. 

ʇʦʩʣʝ ʚʩʝʭ ʵʪʠʭ ʜʝʡʩʪʚʠʡ ʩʣʝʜʫʝʪ ʦʩʪʘʚʠʪʴ ʚ ʪʘʙʣʠʮʝ ʪʦʣʴʢʦ ʪʝ 
ʚʝʨʰʠʥʳ, ʢʦʪʦʨʳʝ ʜʦʩʪʠʞʠʤʳ ʠʟ ʥʘʯʘʣʴʥʳʭ, ʘ ʦʩʪʘʣʴʥʳʝ ï ʫʜʘʣʠʪʴ. 

ʇʦʣʫʯʝʥʥʘʷ ʪʘʙʣʠʮʘ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʦʪʨʘʞʘʝʪ ʩʤʳʩʣ ʬʦʨʤʫʣʳ, 
ʘ ʝʝ ʙʝʩʢʦʥʝʯʥʳʝ ʧʫʪʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʜʚʫʤ ʩʚʦʡʩʪʚʘʤ: 

1. ʇʫʩʪʴ ů ï ʥʝʢʦʪʦʨʳʡ ʘʙʩʪʨʘʢʪʥʳʡ ʧʫʪʴ (LTL-ʤʦʜʝʣʴ, ʠʥʘʯʝ 
ʛʦʚʦʨʷ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʜʚʦʠʯʥʳʭ ʥʘʙʦʨʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 
ʘʪʦʤʘʨʥʳʤ ʧʨʝʜʣʦʞʝʥʠʷʤ). ɽʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʬʦʨʤʫʣʘ ʚʝʨʥʘ 
ʜʣʷ ʧʫʪʠ ů, ʪʦ ʚ ʪʘʙʣʠʮʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʵʢʟʝʤʧʣʷʨ ʵʪʦʛʦ ʧʫʪʠ, 
ʩʪʘʨʪʫʶʱʠʡ ʚ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

2. ʇʫʩʪʴ ů ï ʧʫʪʴ ʚ ʧʦʩʪʨʦʝʥʥʦʡ ʪʘʙʣʠʮʝ (ʩʪʘʨʪʫʶʱʠʡ ʚ ʥʘʯʘʣʴʥʦʤ 
ʩʦʩʪʦʷʥʠʠ), ʪʘʢʦʡ ʯʪʦ ʢʘʞʜʘʷ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʘʷ ʬʦʨʤʫʣʘ tj (ʧʨʠ j 
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ʦʪ 1 ʜʦ m) ʩʪʘʥʦʚʠʪʩʷ ʚʝʨʥʦʡ ʥʘ ʧʫʪʠ ů ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ. ʊʦʛʜʘ 
ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʬʦʨʤʫʣʘ ʚʝʨʥʘ ʥʘ ʧʫʪʠ ů. 

ɺ ʧʝʨʚʦʤ ʩʚʦʡʩʪʚʝ ʛʘʨʘʥʪʠʨʫʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝ ʧʫʪʠ ů ʚ ʤʦʜʝʣʠ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʥʘ ʵʪʦʤ ʧʫʪʠ ʬʦʨʤʫʣʘ ʚʳʧʦʣʥʷʝʪʩʷ. ʇʦʵʪʦʤʫ tj ʜʣʷ j 

ʦʪ 1 ʜʦ m ʩʪʘʥʦʚʷʪʩʷ ʚʝʨʥʳʤʠ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ, ʠ ʢʘʞʜʘʷ ʚʝʨʰʠʥʘ 

ʵʪʦʛʦ ʧʫʪʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʜʚʫʤ ʫʩʣʦʚʠʷʤ: 

Ç ʠʟ ʥʝʝ ʩʪʘʨʪʫʝʪ ʥʝʢʦʪʦʨʳʡ ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ; 

Ç ʜʣʷ ʣʶʙʦʛʦ j ʠʟ ʥʝʝ ʤʦʞʥʦ ʜʦʙʨʘʪʴʩʷ ʜʦ ʣʶʙʦʡ ʚʝʨʰʠʥʳ, ʚ ʢʦʪʦʨʦʡ 

ʚʝʨʥʘ ʬʦʨʤʫʣʘ tj. 

ʆʜʥʘʢʦ ʵʪʫ ʚʝʨʰʠʥʫ ʤʦʞʥʦ ʙʳʣʦ ʨʝʢʫʨʩʠʚʥʦ ʫʜʘʣʠʪʴ ʪʦʣʴʢʦ ʚ ʪʦʤ 

ʩʣʫʯʘʝ, ʝʩʣʠ ʢʘʢʦʝ-ʪʦ ʠʟ ʵʪʠʭ ʫʩʣʦʚʠʡ ʥʘʨʫʰʘʝʪʩʷ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʪʫ 

ʚʝʨʰʠʥʫ ʥʝ ʫʜʘʣʠʣʠ, ʠ ʦʥʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʤʦʜʝʣʠ ʥʘ ʨʝʘʣʠʟʘʮʠʠ ʧʫʪʠ 

ů. ʀʟ ʩʦʜʝʨʞʘʥʠʷ ʬʦʨʤʫʣʳ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘ ʨʝʘʣʠʟʘʮʠʠ 

ʵʪʦʛʦ ʧʫʪʠ ʚ ʤʦʜʝʣʠ ʢʘʞʜʘʷ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʘʷ ʬʦʨʤʫʣʘ tj (ʧʨʠ j ʦʪ 1 

ʜʦ m) ʩʪʘʥʦʚʠʪʩʷ ʚʝʨʥʦʡ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʪʘʙʣʠʮʳ ʧʨʦʮʝʩʩ ʝʝ çʯʠʩʪʢʠè ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʪʦʤʫ, 

ʯʪʦ ʠʟ ʥʝʝ ʙʫʜʫʪ ʠʩʢʣʶʯʝʥʳ ʚʩʝ ʩʪʘʨʪʦʚʳʝ ʩʦʩʪʦʷʥʠʷ (ʘ ʟʥʘʯʠʪ, ʠ ʚʩʝ 

ʦʩʪʘʣʴʥʳʝ, ʪʘʢ ʢʘʢ ʚ ʤʦʜʝʣʠ ʜʦʣʞʥʳ ʙʳʪʴ ʦʩʪʘʚʣʝʥʳ ʪʦʣʴʢʦ ʪʝ 

ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʳʝ ʜʦʩʪʠʞʠʤʳ ʠʟ ʥʘʯʘʣʴʥʳʭ), ʠ ʤʦʜʝʣʴ ʩʪʘʥʝʪ 

ʧʫʩʪʦʡ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʬʦʨʤʫʣʘ ʥʝʚʳʧʦʣʥʠʤʘ ï 

ʥʝʪ ʪʘʢʦʛʦ ʧʫʪʠ, ʥʘ ʢʦʪʦʨʦʤ ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʠʩʪʠʥʥʦʡ. 

ɺʦ ʚʪʦʨʦʤ ʩʚʦʡʩʪʚʝ (ʢʦʪʦʨʦʝ ʫʪʚʝʨʞʜʘʝʪ ʧʦʯʪʠ ʪʦ ʞʝ ʩʘʤʦʝ, ʥʦ ʚ 

ʦʙʨʘʪʥʫʶ ʩʪʦʨʦʥʫ) ʫʩʣʦʚʠʝ ʥʘ tj ʩʫʱʝʩʪʚʝʥʥʦ. ʇʫʩʪʴ ʧʦʩʪʨʦʝʥʥʘʷ 

ʤʦʜʝʣʴ ʥʝ ʧʫʩʪʘ. ʊʦʛʜʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʠʟ ʢʘʞʜʦʡ ʚʝʨʰʠʥʳ ʤʦʜʝʣʠ (ʧʦ 

ʧʦʩʪʨʦʝʥʠʶ) ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʚʩʝʭ ʚʝʨʰʠʥ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʬʦʨʤʫʣʘʤ tj. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʟ ʢʘʞʜʦʡ ʚʝʨʰʠʥʳ ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ, 

ʥʘ ʢʦʪʦʨʦʤ ʚʩʝ ʬʦʨʤʫʣʳ tj ʚʳʧʦʣʥʷʶʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ. ʕʪʦʪ ʧʫʪʴ 

ʩʪʨʦʠʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ɺʥʘʯʘʣʝ ʜʦʙʠʨʘʝʤʩʷ ʠʟ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʚʝʨʰʠʥʳ ʚ ʚʝʨʰʠʥʫ, ʜʣʷ ʢʦʪʦʨʦʡ ʚʝʨʥʦ t1, ʧʦʪʦʤ 

ʠʟ t1 ʚ t2, ʠ ʪ. ʜ. ʜʦ tm. ʀʟ tm ʩʥʦʚʘ ʚ t1, ʠ ʪʘʢ ʜʦ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. 

ɺʩʝ ʠʟʣʦʞʝʥʥʦʝ ʤʦʞʥʦ ʧʨʦʜʝʣʘʪʴ, ʪʘʢ ʢʘʢ ʣʶʙʦʝ tj ʜʦʩʪʠʞʠʤʦ ʠʟ 

ʣʶʙʦʡ ʚʝʨʰʠʥʳ. ʅʦ, ʢʨʦʤʝ ʧʫʪʠ, ʥʘ ʢʦʪʦʨʦʤ ʚʩʝ tj ʩʪʘʥʦʚʷʪʩʷ 

ʚʝʨʥʳʤʠ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ, ʪʘʤ ʤʦʛʫʪ ʙʳʪʴ ʠ ʜʨʫʛʠʝ ʧʫʪʠ, ʜʣʷ 

ʢʦʪʦʨʳʭ ʵʪʦ ʫʩʣʦʚʠʝ ʥʝʚʝʨʥʦ. ʇʦʵʪʦʤʫ ʫʩʣʦʚʠʝ ʥʘ tj ʫʢʘʟʘʥʦ ʷʚʥʦ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʘʞʜʳʡ ʧʫʪʴ ʚ ʤʦʜʝʣʠ, ʙʝʟʫʩʣʦʚʥʦ, ʫʜʦʚʣʝʪʚʦʨʷʝʪ 

ʬʦʨʤʫʣʝ: 

p Ø G(q Ø (r1 ­ X s1) Ø é Ø (rn ­ X sn)), 

ʢʦʪʦʨʘʷ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʠʩʭʦʜʥʦʡ ʪʝʤ, ʯʪʦ ʚ ʥʝʡ ʠʩʢʣʶʯʠʣʠ ʪʨʝʙʦʚʘʥʠʷ 

ʥʘ tj. 
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ʆʙʨʘʪʠʤ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʫʢʘʟʘʥʥʳʝ ʜʚʘ ʩʚʦʡʩʪʚʘ ʚʳʧʦʣʥʷʶʪʩʷ ʜʣʷ 

ʧʫʪʝʡ ʠ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ çʯʠʩʪʢʘ ʪʘʙʣʠʮʳè ʥʝ ʧʨʦʠʟʚʦʜʠʣʘʩʴ. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʘʪʨʠʚʘʝʤ ʬʦʨʤʫʣʫ: 

x Ø ×y Ø G( 

(x Ù y) Ø (×x Ø y ­ X(x Ø y Ø ×z)) Ø 

Ø (x Ø y Ø ×z ­ X(×x Ø y Ù ×(y Ù z))) Ø 

Ø (×(y Ù z) ­ X(x Ø y Ø ×z Ù ×y Ø z)) Ø 

Ø (x Ø z ­ X(x Ø z)) Ø (×y Ø z ­ X( y Ø z)) Ø 

Ø F ×(x Ù z) Ø F(×(x Ø y) Ø z)). 

ʀʤʝʝʪʩʷ 3 ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʷ: x, y, z. ʕʪʦ ʜʘʝʪ 8 ʩʦʩʪʦʷʥʠʡ 

(ʨʠʩ. 2.5). 

ʇʦʩʢʦʣʴʢʫ ʚʩʝʛʜʘ ʜʦʣʞʥʘ ʙʳʪʴ ʚʝʨʥʘ ʬʦʨʤʫʣʘ x Ù y, ʠʩʢʣʶʯʘʝʤ 

ʩʦʩʪʦʷʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʦʥʘ ʥʝʚʝʨʥʘ. ʅʘ ʨʠʩ. 2.6 ʦʥʠ ʦʙʦʟʥʘʯʝʥʳ 

ʧʫʥʢʪʠʨʦʤ. 

x, z x, y, z y, z z

x x, y y

 

ʈʠʩ. 2.5. ʉʦʩʪʦʷʥʠʷ ʪʘʙʣʠʮʳ 

 

x, z x, y, z y, z z

x x, y y

 

ʈʠʩ. 2.6. ɸʢʪʠʚʥʳʝ ʩʦʩʪʦʷʥʠʷ ʪʘʙʣʠʮʳ 
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ʊʝʧʝʨʴ ʩʚʦʡʩʪʚʦ G((r1 ­ X s1) Ø é Ø (rn ­ X sn)) ʬʦʨʤʠʨʫʝʪ ʧʝʨʝʭʦʜʳ 

(ʧʫʥʢʪʠʨʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ʥʘ ʨʠʩ. 2.7 ʦʙʦʟʥʘʯʝʥʳ ʧʝʨʝʭʦʜʳ, ʫ ʢʦʪʦʨʳʭ 

ʭʦʪʷ ʙʳ ʦʜʠʥ ʠʟ ʢʦʥʮʦʚ ʥʘʭʦʜʠʪʩʷ ʚ ʫʜʘʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ). 

x, z x, y, z y, z z

x x, y y

 

ʈʠʩ. 2.7. ʇʝʨʝʭʦʜʳ ʪʘʙʣʠʮʳ 

ʉʪʘʨʪʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ï ʵʪʦ ʪʝ, ʚ ʢʦʪʦʨʳʭ ʚʝʨʥʘ ʬʦʨʤʫʣʘ x Ø ×y. 

ʆʙʦʟʥʘʯʠʤ ʠʭ ʞʠʨʥʳʤʠ ʩʪʨʝʣʢʘʤʠ (ʨʠʩ. 2.8). 

x, z x, y, z y, z z

x x, y y

 

ʈʠʩ. 2.8. ʉʪʘʨʪʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʪʘʙʣʠʮʳ 

 

ʂʘʞʜʘʷ ʠʟ ʧʦʜʬʦʨʤʫʣ F ×(x Ù z) ʠ F(×(x Ø y) Ø z) ʟʘʜʘʝʪ ʢʣʘʩʩ 

ʩʦʩʪʦʷʥʠʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʪʘʢʦʤʫ ʫʩʣʦʚʠʶ: ʠʟ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʤʦʜʝʣʠ ʝʩʪʴ ʧʫʪʴ ʚ ʥʝʢʦʪʦʨʦʝ ʩʦʩʪʦʷʥʠʝ ʵʪʦʛʦ 

ʢʣʘʩʩʘ. ʆʙʦʟʥʘʯʠʤ ʢʣʘʩʩʳ ʥʦʤʝʨʘʤʠ (ʨʠʩ. 2.9). 
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ʇʦʢʘʞʝʤ, ʯʪʦ ʧʦʣʫʯʠʣʦʩʴ ʥʘ ʪʝʢʫʱʝʤ ʵʪʘʧʝ (ʫʙʝʨʝʤ ʠʟ ʠʣʣʶʩʪʨʘʮʠʠ 

ʚʩʝ çʧʫʥʢʪʠʨʥʳʝè ʜʝʪʘʣʠ). ɺ ʢʣʘʩʩʝ F ×(x Ù z) ʪʝʧʝʨʴ ʙʫʜʝʪ ʪʦʣʴʢʦ 

ʦʜʥʦ ʩʦʩʪʦʷʥʠʝ, ʘ ʚ ʢʣʘʩʩʝ F(×(x Ø y) Ø z) ï ʜʚʘ (ʨʠʩ. 2.10). 

2

x, z
x, y, z

2

y, z

2

z

x x, y
1

y

1

 

ʈʠʩ. 2.9. ʊʝʨʤʠʥʘʣʴʥʳʝ ʢʣʘʩʩʳ ʩʦʩʪʦʷʥʠʡ 

 

2

x, z
x, y, z

2

y, z

x x, y
1

y

 

ʈʠʩ. 2.10. ʊʘʙʣʠʮʘ ʧʦʩʣʝ ʧʦʩʪʨʦʝʥʠʷ 

ʊʝʧʝʨʴ ʚʳʧʦʣʥʠʤ çʯʠʩʪʢʫ ʪʘʙʣʠʮʳè. ɿʘʤʝʪʠʤ, ʯʪʦ ʠʟ ʩʦʩʪʦʷʥʠʷ 

(x, y, z) ʥʝʣʴʟʷ ʜʦʙʨʘʪʴʩʷ ʜʦ ʢʣʘʩʩʘ 1. ʇʦʵʪʦʤʫ ʥʘ ʨʠʩ. 2.10 ʦʥʦ 

ʟʘʯʝʨʢʥʫʪʦ. ʋʜʘʣʠʤ ʝʛʦ ʠʟ ʤʦʜʝʣʠ (ʨʠʩ. 2.11). 

ʊʝʧʝʨʴ ʟʘʤʝʪʠʤ, ʯʪʦ ʠʟ ʩʦʩʪʦʷʥʠʷ (x, z) ʥʝʪ ʧʝʨʝʭʦʜʦʚ. ʇʦʵʪʦʤʫ ʥʘ 

ʨʠʩ. 2.11 ʦʥʦ ʟʘʯʝʨʢʥʫʪʦ (ʝʩʪʴ ʝʱʝ ʦʜʥʘ ʧʨʠʯʠʥʘ, ʧʦ ʢʦʪʦʨʦʡ ʝʛʦ 

ʩʣʝʜʫʝʪ ʫʜʘʣʠʪʴ: ʠʟ ʥʝʛʦ ʥʝʣʴʟʷ ʜʦʙʨʘʪʴʩʷ ʚ ʢʣʘʩʩ 1). ɼʨʫʛʠʝ 

ʩʦʩʪʦʷʥʠʷ ʦʩʪʘʶʪʩʷ, ʪʘʢ ʢʘʢ ʠʟ ʥʠʭ ʚʩʝʛʜʘ ʤʦʞʥʦ ʥʘʯʘʪʴ ʙʝʩʢʦʥʝʯʥʳʡ 

ʧʫʪʴ ʠ ʜʦʙʨʘʪʴʩʷ ʢʘʢ ʜʦ ʢʣʘʩʩʘ 1, ʪʘʢ ʠ ʜʦ ʢʣʘʩʩʘ 2. ʄʦʜʝʣʴ, ʢʦʪʦʨʘʷ 

ʧʦʣʫʯʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ, ʚʳʛʣʷʜʠʪ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.12. 
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2

x, z

2

y, z

x x, y
1

y

 

ʈʠʩ. 2.11. ʊʘʙʣʠʮʘ ʚ ʧʨʦʮʝʩʩʝ ʯʠʩʪʢʠ 

 

2

y, z

x x, y

1

y

 

ʈʠʩ. 2.12. ʊʘʙʣʠʮʘ ʧʦʩʣʝ ʯʠʩʪʢʠ 

ʇʨʠʤʝʨ. ʈʘʩʩʤʘʪʨʠʚʘʝʤ ʬʦʨʤʫʣʫ G(z1 ­ (×z2 W z3)). 

ʇʝʨʝʚʦʜʠʤ ʝʝ ʚ ʥʦʨʤʘʣʴʥʫʶ ʬʦʨʤʫ: 

G((z1 ­ z3 Ù ×z2 Ø r) Ø (r ­ X(z3 Ù ×z2 Ø r))). 

ʇʦʣʫʯʘʝʪʩʷ ʪʘʙʣʠʮʘ, ʠʟʦʙʨʘʞʝʥʥʘʷ ʥʘ ʨʠʩ. 2.13. 

ɺʩʝ ʩʦʩʪʦʷʥʠʷ ʪʘʙʣʠʮʳ ʷʚʣʷʶʪʩʷ ʩʪʘʨʪʦʚʳʤʠ, ʠ ʥʝʪ ʩʦʩʪʦʷʥʠʡ, 

ʢʦʪʦʨʳʝ ʪʨʝʙʫʝʪʩʷ ʧʦʩʝʱʘʪʴ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ. ʄʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ 

ʨʘʟʜʝʣʝʥʦ ʥʘ ʪʨʠ ʙʣʦʢʘ ʠʟ 2, 4 ʠ 6 ʩʦʩʪʦʷʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ 

ʠʤʝʝʪʩʷ ʝʱʝ ʦʜʥʦ ʩʦʩʪʦʷʥʠʝ. ʂʘʞʜʳʡ ʙʣʦʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʧʦʣʥʳʡ ʛʨʘʬ (ʚʥʫʪʨʠ ʢʘʞʜʦʛʦ ʙʣʦʢʘ ʠʟ ʣʶʙʦʛʦ ʩʦʩʪʦʷʥʠʷ ʝʩʪʴ 

ʧʝʨʝʭʦʜ ʚ ʣʶʙʦʝ, ʚʢʣʶʯʘʷ ʧʝʪʣʶ ʚ ʩʝʙʷ). ʉʪʨʝʣʢʠ ʥʘ ʨʠʩʫʥʢʝ ʤʝʞʜʫ 

ʙʣʦʢʘʤʠ ʦʟʥʘʯʘʶʪ, ʯʪʦ ʠʟ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ ʙʣʦʢʘ, ʠʟ ʢʦʪʦʨʦʛʦ 

ʠʩʭʦʜʠʪ ʩʪʨʝʣʢʘ, ʝʩʪʴ ʧʝʨʝʭʦʜ ʚ ʢʘʞʜʦʝ ʩʦʩʪʦʷʥʠʝ ʙʣʦʢʘ, ʚ ʢʦʪʦʨʳʡ 

ʦʥʘ ʚʭʦʜʠʪ. ɽʩʣʠ ʠʤʝʝʪʩʷ ʩʪʨʝʣʢʘ ʤʝʞʜʫ ʙʣʦʢʦʤ ʠ ʚʝʨʭʥʠʤ 

ʩʦʩʪʦʷʥʠʝʤ, ʪʦ ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ ʩʦʩʪʦʷʥʠʷ ʵʪʦʛʦ ʙʣʦʢʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʨʘʟʦʤ ʩʚʷʟʘʥʳ ʩ ʚʝʨʭʥʠʤ ʩʦʩʪʦʷʥʠʝʤ. 
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z2

z1, z3z3

z1, z2, z3z2, z3

z2, z3

r

z3

rr

z1, z2, z3

r

z1,  z3

r

z1

r

z2

r

 

ʈʠʩ. 2.13. ʊʘʙʣʠʮʘ ʜʣʷ ʬʦʨʤʫʣʳ G(z1 ­ (×z2 W z3)) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʥʘʣʠʯʠʠ ʚʩʝ ʧʝʨʝʭʦʜʳ: 

Ç ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʣʝʚʦʛʦ ʠ ʩʨʝʜʥʝʛʦ ʙʣʦʢʦʚ; 

Ç ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʩʨʝʜʥʝʛʦ ʠ ʧʨʘʚʦʛʦ ʙʣʦʢʦʚ; 

Ç ʠʟ ʩʦʩʪʦʷʥʠʡ ʣʝʚʦʛʦ ʙʣʦʢʘ ʚ ʩʦʩʪʦʷʥʠʷ ʧʨʘʚʦʛʦ; 

Ç ʤʝʞʜʫ ʚʝʨʭʥʠʤ ʩʦʩʪʦʷʥʠʝʤ ʠ ʩʨʝʜʥʠʤ ʙʣʦʢʦʤ; 

Ç ʠʟ ʩʦʩʪʦʷʥʠʡ ʣʝʚʦʛʦ ʙʣʦʢʘ ʚ ʚʝʨʭʥʝʝ ʩʦʩʪʦʷʥʠʝ; 

Ç ʠʟ ʚʝʨʭʥʝʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʦʩʪʦʷʥʠʷ ʧʨʘʚʦʛʦ ʙʣʦʢʘ. 

ʅʠʢʘʢʠʭ ʜʨʫʛʠʭ ʧʝʨʝʭʦʜʦʚ ʥʝʪ (ʚ ʯʘʩʪʥʦʩʪʠ, ʥʝʪ ʧʝʨʝʭʦʜʘ ʠʟ ʚʝʨʭʥʝʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʩʝʙʷ). 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ʏʝʨʝʟ Lɤ(M) ʦʙʦʟʥʘʯʠʤ ʤʥʦʞʝʩʪʚʦ (ʙʝʩʢʦʥʝʯʥʳʭ) ʧʫʪʝʡ ʤʦʜʝʣʠ M. 

ʆʥʦ ʥʘʟʳʚʘʝʪʩʷ ʷʟʳʢʦʤ ʤʦʜʝʣʠ. ʊʘʙʣʠʮʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʬʦʨʤʫʣʝ 

ű, ʦʙʦʟʥʘʯʘʝʪʩʷ Tű. ʀʤʝʷ ʪʘʢʦʡ ʢʣʶʯʝʚʦʡ ʨʝʟʫʣʴʪʘʪ, ʢʘʢ ʧʦʩʪʨʦʝʥʠʝ 

ʪʘʙʣʠʮ, ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʙʘʟʦʚʫʶ ʩʭʝʤʫ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ LTL-

ʬʦʨʤʫʣ. 

ʅʘʠʚʥʳʡ ʤʝʪʦʜ ʧʨʦʚʝʨʢʠ, ʚʳʧʦʣʥʷʝʪʩʷ ʣʠ LTL-ʬʦʨʤʫʣʘ ű ʜʣʷ 

ʟʘʜʘʥʥʦʡ ʤʦʜʝʣʠ M, ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ: ʧʦʩʪʨʦʠʤ ʪʘʙʣʠʮʫ Tű ʜʣʷ 

ʬʦʨʤʫʣʳ ű, ʘ ʧʦʩʣʝ ʵʪʦʛʦ ʧʨʦʚʝʨʠʤ, ʚʝʨʥʦ ʣʠ Lɤ(M) Ì Lɤ(Tű). 

ɼʦʧʫʩʢʘʶʱʠʝ ʚʳʯʠʩʣʝʥʠʷ ʩʠʩʪʝʤʳ M ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʦʟʤʦʞʥʦʤʫ 

ʧʦʚʝʜʝʥʠʶ ʤʦʜʝʣʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʦʧʫʩʢʘʶʱʠʝ ʚʳʯʠʩʣʝʥʠʷ ʪʘʙʣʠʮʳ 

Tű ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʞʝʣʘʝʤʦʤʫ ʧʦʚʝʜʝʥʠʶ ʤʦʜʝʣʠ. ɽʩʣʠ ʣʶʙʦʝ 

ʚʦʟʤʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ ʷʚʣʷʝʪʩʷ ʞʝʣʘʝʤʳʤ (ʝʩʣʠ Lɤ(M) Ì Lɤ(Tű)), ʪʦ 
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ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʤʦʜʝʣʴ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʬʦʨʤʫʣʝ ű. ɼʘʥʥʳʡ 

ʧʦʜʭʦʜ ʢʘʞʝʪʩʷ ʧʨʠʝʤʣʝʤʳʤ. ʆʜʥʘʢʦ ʟʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʚʢʣʶʯʝʥʠʷ 

ʷʟʳʢʦʚ ʜʣʷ ʤʦʜʝʣʝʡ ʂʨʠʧʢʝ PSPACE-ʧʦʣʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʚʦʠʭ 

ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ. ʕʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʨʦʚʝʨʢʫ ʤʦʜʝʣʝʡ ʪʘʢʠʤ ʤʝʪʦʜʦʤ. 

ɿʘʤʝʪʠʤ, ʯʪʦ Lɤ(M) Ì Lɤ(Tű) Ú (Lɤ(M) Æ Lɤ(×Tű) = Å), ʛʜʝ ×Tű (ʵʪʦ 

ʜʦʧʦʣʥʝʥʠʝ Tű) ï ʪʘʢʘʷ ʤʦʜʝʣʴ, ʤʥʦʞʝʩʪʚʦʤ ʧʫʪʝʡ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ 

ʜʦʧʦʣʥʝʥʠʝ ʤʥʦʞʝʩʪʚʘ ʧʫʪʝʡ Tű. ʆʜʥʘʢʦ, ʥʘʠʣʫʯʰʠʡ ʠʟʚʝʩʪʥʳʡ 

ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ×Tű ʧʦ ʪʘʙʣʠʮʝ Tű ʢʚʘʜʨʘʪʠʯʥʦ ʵʢʩʧʦʥʝʥʮʠʘʣʝʥ: 

ʝʩʣʠ Tű ʩʦʜʝʨʞʠʪ n ʩʦʩʪʦʷʥʠʡ, ʪʦ ×Tű ʩʦʜʝʨʞʠʪ c
n2

 ʩʦʩʪʦʷʥʠʡ ʜʣʷ 

ʥʝʢʦʪʦʨʦʡ ʢʦʥʩʪʘʥʪʳ c > 1. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʤʦʜʝʣʴ 

ʦʯʝʥʴ ʚʝʣʠʢʘ. 

ʀʩʧʦʣʴʟʫʷ ʩʚʦʡʩʪʚʦ, ʩʦʩʪʦʷʱʝʝ ʚ ʪʦʤ, ʯʪʦ ʜʦʧʦʣʥʷʶʱʘʷ ʤʦʜʝʣʴ ʜʣʷ Tű 

ʵʢʚʠʚʘʣʝʥʪʥʘ ʤʦʜʝʣʠ ʜʣʷ ʦʪʨʠʮʘʥʠʷ ű (Lɤ(×Tű) = Lɤ(T×ű)), ʧʦʣʫʯʠʤ 

ʩʣʝʜʫʶʱʠʡ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ LTL. ɽʛʦ 

ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʧʦʩʪʨʦʠʪʴ ʪʘʙʣʠʮʫ ʜʣʷ ʦʪʨʠʮʘʥʠʷ 

ʞʝʣʘʝʤʦʛʦ ʩʚʦʡʩʪʚʘ ű. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʘʙʣʠʮʘ T×ű ʤʦʜʝʣʠʨʫʝʪ 

ʥʝʞʝʣʘʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʫʶ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʠʪʴ. 

ɽʩʣʠ M ʩʦʜʝʨʞʠʪ ʦʧʨʝʜʝʣʝʥʥʳʡ ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ, ʢʦʪʦʨʳʡ ʪʘʢʞʝ 

ʷʚʣʷʝʪʩʷ ʜʦʧʫʩʢʘʶʱʠʤ ʧʫʪʝʤ T×ű, ʪʦ ʵʪʦ ʧʨʠʤʝʨ ʚʳʯʠʩʣʝʥʠʷ, ʢʦʪʦʨʦʝ 

ʥʘʨʫʰʘʝʪ ʩʚʦʡʩʪʚʦ ű. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ű 

ʥʝ ʷʚʣʷʝʪʩʷ ʩʚʦʡʩʪʚʦʤ ʤʦʜʝʣʠ M. ɽʩʣʠ ʞʝ ʥʝʪ ʪʘʢʦʛʦ ʦʙʱʝʛʦ 

ʚʳʯʠʩʣʝʥʠʷ, ʪʦ ű ʚʳʧʦʣʥʷʝʪʩʷ. ʕʪʦ ʦʙʲʷʩʥʷʝʪ ʧʦʩʣʝʜʥʠʡ ʰʘʛ 

ʩʣʝʜʫʶʱʝʛʦ ʤʝʪʦʜʘ: ʧʦʩʪʨʦʠʪʴ ʪʘʙʣʠʮʫ Tű ʜʣʷ ʬʦʨʤʫʣʳ ű ʠ ʧʦʩʣʝ 

ʵʪʦʛʦ ʧʨʦʚʝʨʠʪʴ, ʚʝʨʥʦ ʣʠ Lɤ(M) Æ Lɤ(T×ű) = Å. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʧʦʩʣʝʜʥʝʛʦ ʨʘʚʝʥʩʪʚʘ ʩʪʨʦʠʪʩʷ ʜʝʢʘʨʪʦʚʦ ʧʨʦʠʟʚʝʜʝʥʠʝ 

ʤʦʜʝʣʝʡ M ʠ T×ű. ʇʫʩʪʴ ʤʦʜʝʣʴ M ʠʤʝʝʪ ʚʠʜ (S, R, S0, Label), ʘ ʤʦʜʝʣʴ 

T×ű ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʝʪʚʝʨʢʫ (SD, RD, S0D, LabelD), ʛʜʝ S0D ï 

ʤʥʦʞʝʩʪʚʦ ʩʪʘʨʪʦʚʳʭ ʩʦʩʪʦʷʥʠʡ, ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʙʳʪʴ ʥʝʩʢʦʣʴʢʦ. 

ʊʦʛʜʘ ʤʦʜʝʣʴ-ʧʨʦʠʟʚʝʜʝʥʠʝ M' = (S', R', S0', Label' ) ʩʪʨʦʠʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

S' = {(s, sD) | s Í S, sD Í SD ʠ LabelD(sD) Æ AP = Label(q)};  

R' = {((s, sD), (s', s'D)) | (s, s' ) Í R, (sD, s'D) Í RD} Æ (S' Ĭ S' ); 

S'0 = {(s0, s0D) | s0 Í S0, s0D Í S0D} Æ S'; 

Label'
 
(s, sD) = LabelD(sD). 

ʆʧʨʝʜʝʣʠʤ ʫʩʣʦʚʠʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ tj ʜʣʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʠ 

ʧʨʦʚʝʨʠʤ, ʩʫʱʝʩʪʚʫʝʪ ʣʠ ʚ ʤʦʜʝʣʠ M' ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ, ʩʪʘʨʪʫʶʱʠʡ 

ʠʟ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ ʫʩʣʦʚʠʷʤ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ (ʵʬʬʝʢʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ, ʨʝʰʘʶʱʠʡ ʵʪʫ ʟʘʜʘʯʫ, 

ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʨʘʟʜ. 2.4). ɽʩʣʠ ʪʘʢʦʡ ʧʫʪʴ ʩʫʱʝʩʪʚʫʝʪ, ʪʦ ʚ M 
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ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ ×ű. ʕʪʦʪ ʧʫʪʴ ʷʚʣʷʝʪʩʷ 

ʢʦʥʪʨʧʨʠʤʝʨʦʤ ʜʣʷ ʬʦʨʤʫʣʳ ű. 

ɺʨʝʤʝʥʥʘʷ ʩʣʦʞʥʦʩʪʴ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ O(|S| Ĭ 2
|ű|

). ʆʪʤʝʪʠʤ, ʯʪʦ 

ʟʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ LTL ʷʚʣʷʝʪʩʷ PSPACE-ʧʦʣʥʦʡ ï ʜʣʷ ʝʝ 

ʨʝʰʝʥʠʷ ʪʨʝʙʫʝʪʩʷ ʨʘʟʤʝʨ ʧʘʤʷʪʠ ʢʘʢ ʤʠʥʠʤʫʤ ʧʦʣʠʥʦʤʠʘʣʴʥʳʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʤʝʨʘ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ [25]. 

 

2.2.7. ɺʝʨʠʬʠʢʘʮʠʷ LTL ʧʨʠ ʧʦʤʦʱʠ ʘʚʪʦʤʘʪʦʚ ɹʶʭʠ 

ʇʨʠ ʧʨʦʚʝʨʢʝ LTL-ʩʚʦʡʩʪʚ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ LTL-ʬʦʨʤʫʣʳ ʚ ʚʠʜʝ ʛʨʘʬʘ ʧʝʨʝʭʦʜʦʚ. ʆʜʠʥ ʠʟ ʪʘʢʠʭ 

ʩʧʦʩʦʙʦʚ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʚ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ. ɽʱʝ ʦʜʠʥ, ʧʦʭʦʞʠʡ 

ʩʧʦʩʦʙ, ʠʩʧʦʣʴʟʫʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʘʚʪʦʤʘʪʳ ɹʶʭʠ. 

ʇʫʩʪʴ AP ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ. ʆʙʦʙʱʝʥʥʳʤ 

ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ ʥʘʜ ʘʣʬʘʚʠʪʦʤ 2
AP

 ʥʘʟʳʚʘʝʪʩʷ ʯʝʪʚʝʨʢʘ 

A = (Q, q0, d, F), ʚ ʢʦʪʦʨʦʡ 

Ç Q ï ʢʦʥʝʯʥʦʝ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ; 

Ç q0 ï ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ; 

Ç d Ì Q ³ 2
AP

 ³ Q ï ʪʦʪʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ; 

Ç F Ì 2
Q
 ï ʩʦʚʦʢʫʧʥʦʩʪʴ ʜʦʧʫʩʢʘʶʱʠʭ ʤʥʦʞʝʩʪʚ. 

ʆʧʠʰʝʤ ʘʣʛʦʨʠʪʤ ɻʝʨʪʘ, ʇʝʣʝʜʘ, ɺʘʨʜʠ ʠ ɺʦʣʧʝʨʘ [16, 17] ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʘʚʪʦʤʘʪʘ ɹʶʭʠ ʧʦ LTL-ʬʦʨʤʫʣʝ. ɺʚʝʜʝʤ ʥʦʚʳʡ 

ʪʝʤʧʦʨʘʣʴʥʳʡ ʦʧʝʨʘʪʦʨ R (Release), ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ű R ɣ = ×(×ű U ×ɣ). 

ɼʣʷ ʥʝʛʦ ʚʝʨʥʦ, ʥʘʧʨʠʤʝʨ, ʘʥʘʣʦʛʠʯʥʦʝ ʪʦʞʜʝʩʪʚʦ ʨʘʩʰʠʨʝʥʠʷ: 

ű R ɣ ¹ ɣ Ø (ű Ù X(ű R ɣ)). 

ɼʣʷ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ LTL-ʬʦʨʤʫʣʘ ʙʳʣʘ ʧʨʠʚʝʜʝʥʘ 

ʚ ʥʝʛʘʪʠʚʥʫʶ ʥʦʨʤʘʣʴʥʫʶ ʬʦʨʤʫ ï ʦʪʨʠʮʘʥʠʝ ʜʦʣʞʥʦ ʧʨʠʤʝʥʷʪʴʩʷ 

ʪʦʣʴʢʦ ʢ ʘʪʦʤʘʨʥʳʤ ʧʨʝʜʣʦʞʝʥʠʷʤ. 

ʆʧʠʰʝʤ ʤʝʪʦʜ ʧʨʠʚʝʜʝʥʠʷ LTL-ʬʦʨʤʫʣʳ ʢ ʥʝʛʘʪʠʚʥʦʡ ʥʦʨʤʘʣʴʥʦʡ 

ʬʦʨʤʝ. 

1. ɿʘʤʝʥʠʤ ʚʩʝ ʧʦʜʬʦʨʤʫʣʳ ʚʠʜʘ F ű ʥʘ true U ű. 

2. ɿʘʤʝʥʠʤ ʚʩʝ ʧʦʜʬʦʨʤʫʣʳ ʚʠʜʘ G ű ʥʘ false R ű. 

3. ʀʩʧʦʣʴʟʫʷ ʙʫʣʝʚʳ ʪʦʞʜʝʩʪʚʘ, ʦʩʪʘʚʠʤ ʚ ʬʦʨʤʫʣʝ ʪʦʣʴʢʦ ʪʨʠ 

ʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ: ×, Ù, Ø. 
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4. ʀʩʧʦʣʴʟʫʷ ʪʦʞʜʝʩʪʚʘ LTL 

Á ×(ű U ɣ) ¹ ×ű R ×ɣ, 

Á ×(ű R ɣ) ¹ ×ű U ×ɣ ʠ 

Á ×X ű ¹ X ×ű, 

ʧʦʛʨʫʞʘʝʤ ʦʪʨʠʮʘʥʠʷ ʚʥʫʪʨʴ ʪʝʤʧʦʨʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ. 

ɼʣʷ ʘʣʛʦʨʠʪʤʘ ʧʦʪʨʝʙʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ: 

Ç Formula ï LTL-ʬʦʨʤʫʣʘ; 

Ç Node ï ʚʝʨʰʠʥʘ ʛʨʘʬʘ ʧʝʨʝʭʦʜʦʚ ʘʚʪʦʤʘʪʘ ɹʶʭʠ. 

ɼʣʷ ʘʣʛʦʨʠʪʤʘ ʥʝʚʘʞʥʦ, ʚ ʢʘʢʦʤ ʚʠʜʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʨʤʫʣʳ, 

ʧʦʵʪʦʤʫ ʦʧʠʰʝʤ ʪʦʣʴʢʦ ʩʪʨʫʢʪʫʨʫ Node (ʣʠʩʪʠʥʛ 2.1): 

ʃʠʩʪʠʥʛ 2.1. ʉʪʨʫʢʪʫʨʘ Node 

struct  Node 

{  

  list<Node> incoming;  

  list<Formula> old;  

  list<Formula> new;  

  list <Formula > next ;  

};  

ɿʜʝʩʴ incoming ï ʩʧʠʩʦʢ ʚʝʨʰʠʥ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ (ʚʝʨʰʠʥ, ʠʟ 

ʢʦʪʦʨʳʭ ʠʜʝʪ ʜʫʛʘ ʚ ʪʝʢʫʱʫʶ ʚʝʨʰʠʥʫ). ɺ ʧʦʣʷʭ old, new ʠ next 

ʩʦʜʝʨʞʘʪʩʷ ʩʧʠʩʢʠ ʧʦʜʬʦʨʤʫʣ ʠʩʭʦʜʥʦʡ ʬʦʨʤʫʣʳ. 

ʌʫʥʢʮʠʷ CreateAutomaton (ʣʠʩʪʠʥʛ 2.2) ʩʪʨʦʠʪ ʛʨʘʬ ʧʝʨʝʭʦʜʦʚ 

ʘʚʪʦʤʘʪʘ ɹʶʭʠ ʧʦ ʬʦʨʤʫʣʝ f.  

ʅʘʯʠʥʘʝʤ ʩʪʨʦʠʪʴ ʘʚʪʦʤʘʪ ʩ ʚʝʨʰʠʥʳ init, ʠʟ ʢʦʪʦʨʦʡ ʝʩʪʴ ʧʝʨʝʭʦʜ ʚ 

ʚʝʨʰʠʥʫ n. ɺʝʨʰʠʥʘ init ʙʫʜʝʪ ʥʘʯʘʣʴʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʧʦʩʪʨʦʝʥʥʦʛʦ 

ʘʚʪʦʤʘʪʘ. 

ʃʠʩʪʠʥʛ 2.2. ʌʫʥʢʮʠʷ CreateAutomaton 

list<Node> CreateAutomaton (Formula f)  

{  

  Node init;  

  Node n;  

  n.incoming = {init};  

  n.old = Å;  

  n.new = {f};  

  n.next = Å;  

  return  Expand ( n, Å);  

}  

ɼʦʙʘʚʣʝʥʠʝ ʥʦʚʦʡ ʚʝʨʰʠʥʳ ʚʳʧʦʣʥʷʝʪʩʷ ʨʝʢʫʨʩʠʚʥʦʡ ʬʫʥʢʮʠʝʡ 

Expand (ʣʠʩʪʠʥʛ 2.3). Expand ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʘʤʦʛʦ ʚʥʝʰʥʝʛʦ 

ʦʧʝʨʘʪʦʨʘ ʪʝʢʫʱʝʡ ʯʘʩʪʠ ʬʦʨʤʫʣʳ ʣʠʙʦ ʨʘʩʱʝʧʣʷʝʪ ʪʝʢʫʱʫʶ 
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ʚʝʨʰʠʥʫ ʥʘ ʜʚʝ, ʣʠʙʦ ʟʘʤʝʱʘʝʪ ʝʝ. ʇʦʩʣʝ ʨʘʩʱʝʧʣʝʥʠʷ ʠʣʠ ʟʘʤʝʱʝʥʠʷ 

ʪʝʢʫʱʘʷ ʚʝʨʰʠʥʘ ʫʜʘʣʷʝʪʩʷ. 

ʃʠʩʪʠʥʛ 2.3. ʌʫʥʢʮʠʷ Expand 

list <Node> Expand  ( Node currentNode , list <Node> nodes )  

{  

  if (currentNode.new == Å)  

  {  

    if  ($ Node r Í nodes: r.old == currentNode.old  

                      && r.next == currentNode.next)  

    {  

      r.incoming = r.incoming Ç currentNode.incoming;  

      return nodes;  

    }  

    else  

    {  

      Node newNode;  

      newNode.incoming = { currentNode } ;  

      newNode.old = newNode.next = Å;  

      newNode.new = currentNode.next;  

      Expand(newNode, nodes Ç { currentNode } ) ;  

    }  

  }  

  else    // currentNode.new ʥʝ ʧʫʩʪ.  

  {  

    ɺʳʙʨʘʪʴ Formula n ʠʟ currentNode.new; 

    currentNode.new = currentNode.new \  { n} ;  

    if (n Í currentNode.old) Expand(currentNode, nodes);  

    else  

    {  

      if (n == false or !n Í currentNode.old)  

        return nodes;  

      if (n Í AP or !n Í AP or n == t rue)  

      // ɿʘʤʝʱʝʥʠʝ ʚʝʨʰʠʥʳ. 

      {  

        node newNode;  

        newNode.incoming = currentNode.incoming;  

        newNode.old = currentNode.old Ç { n} ;  

        newNode.new = currentNode.new;  

        newNode.next = currentNode.next;  

        Expand(newNode, nodes);  

      }  

      if (n ʠʤʝʝʪ ʚʠʜ f Ù g)  

      // ʈʘʩʱʝʧʣʝʥʠʝ ʥʘ ʜʚʝ ʚʝʨʰʠʥʳ. 

      {  

        node  newNode1, newNode2;  

        newNode1.incoming = currentNode.incoming;  

        newNode1.old = currentNode.old Ç { n} ;  

        newNode1.new = currentNode.new Ç { f } ;  

        newNode1.next = currentNode.next;  

        newNode2.i ncoming = currentNode.incoming;  
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        newNode2.old = currentNode.old Ç { n} ;  

        newNode2.new = currentNode.new Ç { g} ;  

        newNode2.next = currentNode.next;  

        Expand(newNode2, Expand(newNode1, nodes));  

      }  

 

      if (n ʠʤʝʝʪ ʚʠʜ f U g)  

      // f U g ė g Ù ( f  Ø X (f U g)).  

      //  ʈʘʩʱʝʧʣʝʥʠʝ ʥʘ ʜʚʝ ʚʝʨʰʠʥʳ. 

      {  

        node  newNode1, newNode2;  

        newNode1.incoming = currentNode.incoming;  

        newNode1.old = currentNode.old Ç { n} ;  

        newNode1.new = currentNode.new Ç { f } ;  

        newNode1.next = currentNode.next Ç { f U g} ;  

        newNode2.incoming = currentNode.incoming;  

        newNode2.old = currentNode.old Ç { n} ;  

        newNode2.new = currentNode.new Ç { g} ;  

        newNode2.next = currentNode.next;  

        Expand(newNode2, expand(newNode1, nodes));  

      }  

      if (n ʠʤʝʝʪ ʚʠʜ f R g)  

      // f R g ė g Ø ( f Ù X (f R g)).  

      //  ʈʘʩʱʝʧʣʝʥʠʝ ʥʘ ʜʚʝ ʚʝʨʰʠʥʳ. 

      {  

        node  newNode1, newNode2;  

        newNode1.incoming = currentNode.incoming;  

        newNode1.old = currentNode.old Ç { n} ;  

        newNode1.new = currentNode.new Ç { f , g } ;  

        newNode1.next = currentNode.next;  

        newNode2.incoming = currentNode.incoming;  

        newNode2.old = currentNode.old Ç { n} ;  

        newNode2.new = currentNode.new Ç { g} ;  

        newNode2.next = currentNode.next Ç { f R g} ;  

        Expand(newNode2, expand(newNode1, nodes));  

      }  

      if (n ʠʤʝʝʪ ʚʠʜ f Ø g)  

      // ɿʘʤʝʱʝʥʠʝ ʚʝʨʰʠʥʳ currentNode ʚʝʨʰʠʥʦʡ newNode.  

      {  

        node newNode;  

        newNode.incoming = currentNode.incoming;  

        newNode.old = currentNode.old Ç { n} ;  

        newNode.new = currentNode.new Ç { f ,  g} ;  

        newNode.next = currentNode.next;  

        Expand(newNode, nodes);  

      }  

      if  ( n ʠʤʝʝʪ ʚʠʜ X f )  

      // ɿʘʤʝʱʝʥʠʝ ʚʝʨʰʠʥʳ currentNode  ʚʝʨʰʠʥʦʡ newNode.  

      {  

        node newNode;  

        newNode.incoming = currentNode.incoming;  
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        newNode.old = currentNode.old Ç { n} ;  

        newNode.new = currentNode.new;  

        newNode.next = currentNode.n ext Ç { f } ;  

        Expand ( newNode, nodes );  

      }  

    }  

  }  

}  

ʇʨʠ ʧʦʤʦʱʠ ʧʦʩʪʨʦʝʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ nodes ʧʦʩʪʨʦʠʤ ʘʚʪʦʤʘʪ ɹʶʭʠ. 

ʄʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ Q ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʦʩʪʨʦʝʥʥʦʝ ʤʥʦʞʝʩʪʚʦ 

ʚʝʨʰʠʥ nodes ʠ ʚʝʨʰʠʥʫ init. ʅʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ q0 ï ʚʝʨʰʠʥʘ init. 

ɼʣ̫ ʩʦʩʪʦʷʥʠʡ r, r' Í Q ʠ ʤʥʦʞʝʩʪʚʘ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ Ŭ 

ʧʝʨʝʭʦʜ (r, Ŭ, r') ʩʫʱʝʩʪʚʫʝʪ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ 

r Í r'.incoming ʠ Ŭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʩʝʤ ʧʦʟʠʪʠʚʥʳʤ ʠ ʥʝʛʘʪʠʚʥʳʤ 

ʘʪʦʤʘʨʥʳʤ ʚʳʩʢʘʟʳʚʘʥʠʷʤ ʠʟ r'.old. 

ɼʣʷ ʢʘʞʜʦʡ ʬʦʨʤʫʣʳ ʚʠʜʘ ű U ɣ ʩʪʨʦʠʪʩʷ ʜʦʧʫʩʢʘʶʱʝʝ ʤʥʦʞʝʩʪʚʦ 

(ʵʣʝʤʝʥʪ ʩʦʚʦʢʫʧʥʦʩʪʠ F), ʩʦʜʝʨʞʘʱʝʝ ʚʩʝ ʩʦʩʪʦʷʥʠʷ r, ʜʣʷ ʢʦʪʦʨʳʭ 

ɣ Í r.old ʠʣʠ ű U ɣ Î r.old. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʧʝʨʚʳʝ ʥʝʩʢʦʣʴʢʦ ʰʘʛʦʚ ʘʣʛʦʨʠʪʤʘ ʜʣʷ 

ʬʦʨʤʫʣʳ F((p R q) ­ r). ʇʨʠʚʝʜʝʤ ʬʦʨʤʫʣʫ ʢ ʥʝʛʘʪʠʚʥʦʡ ʥʦʨʤʘʣʴʥʦʡ 

ʬʦʨʤʝ: 

F((p R q) ­ r) ¹ true U ((p R q) ­ r) ¹ 

¹ true U (×(p R q) Ù r) ¹ true U ((×p U ×q) Ù r). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʚʭʦʜ ʘʣʛʦʨʠʪʤʫ ʧʦʜʘʝʪʩʷ ʬʦʨʤʫʣʘ 

f = true U ((×p U ×q) Ù r). ʉʦʟʜʘʝʤ ʚʝʨʰʠʥʫ init ʠ ʚʝʨʰʠʥʫ n. ʇʦʩʣʝ 

ʵʪʦʛʦ ʩʦʟʜʘʜʠʤ ʜʣʷ ʚʝʨʰʠʥʳ n ʧʫʩʪʳʝ ʩʧʠʩʢʠ old ʠ next ʠ ʩʧʠʩʦʢ new, 

ʩʦʜʝʨʞʘʱʠʡ ʬʦʨʤʫʣʫ f. ɼʘʣʝʝ ʩʦʟʜʘʝʤ ʧʫʩʪʦʡ ʩʧʠʩʦʢ nodes, ʚ ʢʦʪʦʨʦʤ 

ʙʫʜʫʪ ʭʨʘʥʠʪʴʩʷ ʚʝʨʰʠʥʳ ʧʦʩʪʨʦʝʥʥʦʛʦ ʛʨʘʬʘ ʧʝʨʝʭʦʜʦʚ ʘʚʪʦʤʘʪʘ 

ɹʶʭʠ. 

ɿʘʧʫʩʪʠʤ ʬʫʥʢʮʠʶ Expand ʠ ʠʟʚʣʝʯʝʤ ʬʦʨʤʫʣʫ f ʠʟ ʩʧʠʩʢʘ n.new. 

ʌʦʨʤʫʣʘ f ʠʤʝʝʪ ʚʠʜ a U b. ʇʦʵʪʦʤʫ ʨʘʩʱʝʧʠʤ ʚʝʨʰʠʥʫ n ʥʘ ʜʚʝ 

ʚʝʨʰʠʥʳ: n1 ʠ n2 (ʪʘʙʣ. 2.1). 

ʊʘʙʣʠʮʘ 2.1. ʈʘʩʱʝʧʣʝʥʠʝ ʚʝʨʰʠʥʳ n ʥʘ ʚʝʨʰʠʥʳ n1 ʠ n2 

 n n1 n2 

incoming init init init 

old Å f f 

next Å f Å 

new f true (×p U ×q) Ù r 
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ɼʘʣʝʝ ʧʨʠʤʝʥʷʝʤ ʬʫʥʢʮʠʶ Expand ʩʥʘʯʘʣʘ ʢ ʚʝʨʰʠʥʝ n1, ʘ ʧʦʩʣʝ 

ʵʪʦʛʦ ʢ ʧʦʩʪʨʦʝʥʥʦʤʫ ʵʪʦʡ ʞʝ ʬʫʥʢʮʠʝʡ ʩʧʠʩʢʫ ʠ ʚʝʨʰʠʥʝ n2. 

ʇʨʠ ʠʟʚʣʝʯʝʥʠʠ ʠʟ ʩʧʠʩʢʘ n1.new ʬʦʨʤʫʣʳ true ʚʝʨʰʠʥʘ n1 ʟʘʤʝʱʘʝʪʩʷ 

ʚʝʨʰʠʥʦʡ n3 (ʪʘʙʣ. 2.2). 

ʊʘʙʣʠʮʘ 2.2. ɿʘʤʝʱʝʥʠʝ ʚʝʨʰʠʥʳ n1 ʚʝʨʰʠʥʦʡ n3 

 n1 n3 

incoming init init 

old f { f , true}  

next f f 

new true Å 

 

ʉʧʠʩʦʢ new ʚʝʨʰʠʥʳ n3 ʧʫʩʪ. ʊʘʢ ʢʘʢ ʩʧʠʩʦʢ nodes ʧʫʩʪ ʠ ʥʝ 

ʩʦʜʝʨʞʠʪ ʚʝʨʰʠʥʫ r, ʫ ʢʦʪʦʨʦʡ ʩ ʪʝʢʫʱʝʡ ʚʝʨʰʠʥʦʡ ʩʦʚʧʘʜʘʶʪ 

ʩʧʠʩʢʠ old ʠ next, ʜʦʙʘʚʣʷʝʤ ʚ ʩʧʠʩʦʢ nodes ʚʝʨʰʠʥʫ n3. ʉʦʟʜʘʝʤ 

ʥʦʚʫʶ ʚʝʨʰʠʥʫ n4 (ʪʘʙʣ. 2.3): 

ʊʘʙʣʠʮʘ 2.3. ɺʝʨʰʠʥʘ n4 

 n4 

incoming init 

old Å 

next Å 

new f 
 

ɼʘʣʴʥʝʡʰʠʝ ʠʪʝʨʘʮʠʠ ʚʳʧʦʣʥʷʶʪʩʷ ʪʝʤ ʞʝ ʩʧʦʩʦʙʦʤ. 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʚʪʦʤʘʪʦʚ ɹʶʭʠ 

ʇʫʩʪʴ ʜʘʥʳ ʤʦʜʝʣʴ ʂʨʠʧʢʝ ʠ LTL-ʬʦʨʤʫʣʘ, ʚʳʧʦʣʥʝʥʠʝ ʢʦʪʦʨʦʡ ʥʘ 
ʤʦʜʝʣʠ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʠʪʴ. ʆʙʱʘʷ ʠʜʝʷ ʘʣʛʦʨʠʪʤʘ ʩʣʝʜʫʶʱʘʷ: 

Ç ʀʟ ʦʪʨʠʮʘʥʠʷ LTL-ʬʦʨʤʫʣʳ ʩʪʨʦʠʪʩʷ ʵʢʚʠʚʘʣʝʥʪʥʳʡ ʝʡ ʘʚʪʦʤʘʪ 
ɹʶʭʠ. 

Ç ʄʦʜʝʣʴ ʂʨʠʧʢʝ ʪʘʢʞʝ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʘʚʪʦʤʘʪ ɹʶʭʠ. 

Ç ʉʪʨʦʠʪʩʷ ʪʨʝʪʠʡ ʘʚʪʦʤʘʪ ɹʶʭʠ ʢʘʢ ʧʝʨʝʩʝʯʝʥʠʝ ʧʝʨʚʳʭ ʜʚʫʭ. 
ʊʘʢʦʡ ʘʚʪʦʤʘʪ ʙʫʜʝʪ ʜʦʧʫʩʢʘʪʴ ʧʫʪʠ ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ, ʢʦʪʦʨʳʝ ʥʝ 
ʫʜʦʚʣʝʪʚʦʨʷʶʪ LTL-ʬʦʨʤʫʣʝ ʩʧʝʮʠʬʠʢʘʮʠʠ. 

Ç ɽʩʣʠ ʷʟʳʢ, ʜʦʧʫʩʢʘʝʤʳʡ ʧʦʩʪʨʦʝʥʥʳʤ ʘʚʪʦʤʘʪʦʤ-ʧʝʨʝʩʝʯʝʥʠʝʤ, 
ʧʫʩʪ, ʪʦ ʚʝʨʠʬʠʢʘʮʠʷ ʫʩʧʝʰʥʘ. ɽʩʣʠ ʥʝʪ, ʪʦ ʧʫʪʴ, ʜʦʧʫʩʢʘʝʤʳʡ 
ʘʚʪʦʤʘʪʦʤ-ʧʝʨʝʩʝʯʝʥʠʝʤ, ʷʚʣʷʝʪʩʷ ʢʦʥʪʨʧʨʠʤʝʨʦʤ. 
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ʉʥʘʯʘʣʘ ʩʪʨʦʠʪʩʷ ʘʚʪʦʤʘʪ ɹʶʭʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʚʝʨʠʬʠʮʠʨʫʝʤʦʡ 
LTL-ʬʦʨʤʫʣʝ. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʦʥ ʩʦʙʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪ. ɸʚʪʦʤʘʪ ɹʶʭʠ ï 
ʵʪʦ ʢʦʥʝʯʥʳʡ ʘʚʪʦʤʘʪ ʥʘʜ ʙʝʩʢʦʥʝʯʥʳʤʠ ʩʣʦʚʘʤʠ. ʇʝʨʝʭʦʜʳ ʘʚʪʦʤʘʪʘ 
ɹʶʭʠ ʧʦʤʝʯʝʥʳ ʧʨʝʜʠʢʘʪʘʤʠ ʠʟ ʠʩʭʦʜʥʦʡ ʬʦʨʤʫʣʳ LTL. ɸʚʪʦʤʘʪ 
ʨʘʙʦʪʘʝʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʦʥ ʙʝʨʝʪ ʦʯʝʨʝʜʥʦʡ 
ʥʘʙʦʨ ʟʥʘʯʝʥʠʡ ʧʨʝʜʠʢʘʪʦʚ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʦʪʨʘʞʘʶʱʝʡ 
ʠʩʪʦʨʠʶ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʳ. ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʟʥʘʯʝʥʠʷ, ʘʚʪʦʤʘʪ 
ʚʳʯʠʩʣʷʝʪ ʤʝʪʢʠ ʥʘ ʧʝʨʝʭʦʜʘʭ ʠʟ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ. ɸʢʪʠʚʥʳʤʠ 
ʥʘʟʳʚʘʶʪʩʷ ʪʝ ʧʝʨʝʭʦʜʳ, ʤʝʪʢʠ ʢʦʪʦʨʳʭ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʢʘʢ true. 
ɽʩʣʠ ʘʢʪʠʚʥʳʭ ʧʝʨʝʭʦʜʦʚ ʙʦʣʴʰʝ ʦʜʥʦʛʦ, ʘʚʪʦʤʘʪ 
ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦ ʚʳʙʠʨʘʝʪ ʦʜʠʥ ʠʟ ʥʠʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʟʥʘʯʝʥʠʡ ʧʨʝʜʠʢʘʪʦʚ ʦʧʨʝʜʝʣʷʝʪ ʚʦʟʤʦʞʥʳʝ 
ʥʘʙʦʨʳ ʧʝʨʝʭʦʜʦʚ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ. 

ʇʨʠʤʝʨ ʘʚʪʦʤʘʪʘ ɹʶʭʠ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ ʬʦʨʤʫʣʳ LTL, ʠʟʦʙʨʘʞʝʥ ʥʘ 
ʨʠʩ. 2.14. ʌʦʨʤʫʣʘ çGF pè ʯʠʪʘʝʪʩʷ ʢʘʢ çʚʩʝʛʜʘ ʢʦʛʜʘ-ʥʠʙʫʜʴ pè ʠʣʠ 
çp ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦè. 

â pTrue

â p

 

ʈʠʩ. 2.14. ɸʚʪʦʤʘʪ ɹʶʭʠ ʜʣʷ ʦʪʨʠʮʘʥʠʷ ʬʦʨʤʫʣʳ çGF pè 

ɺ ʘʚʪʦʤʘʪʝ ɹʶʭʠ ʠʤʝʝʪʩʷ ʥʘʙʦʨ ʜʦʧʫʩʢʘʶʱʠʭ ʩʦʩʪʦʷʥʠʡ. ʅʘ ʨʠʩ. 2.14 

ʪʘʢʦʝ ʩʦʩʪʦʷʥʠʝ ʦʪʤʝʯʝʥʦ ʜʚʦʡʥʳʤ ʢʨʫʛʦʤ. ɽʩʣʠ ʜʣʷ ʥʝʢʦʪʦʨʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʟʥʘʯʝʥʠʡ ʧʨʝʜʠʢʘʪʦʚ ʚʦʟʤʦʞʥʘ ʪʘʢʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʝʨʝʭʦʜʦʚ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ, ʯʪʦ ʜʦʧʫʩʢʘʶʱʠʝ 

ʩʦʩʪʦʷʥʠʷ ʧʦʩʝʱʘʶʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ, ʪʦ ʛʦʚʦʨʷʪ, ʯʪʦ ʘʚʪʦʤʘʪ 

ʜʦʧʫʩʢʘʝʪ ʵʪʫ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʟʥʘʯʝʥʠʡ ʧʨʝʜʠʢʘʪʦʚ. 

ʌʦʨʤʫʣʘ LTL ʠ ʘʚʪʦʤʘʪ ɹʶʭʠ, ʧʦʩʪʨʦʝʥʥʳʡ ʠʟ ʥʝʝ, ʵʢʚʠʚʘʣʝʥʪʥʳ ʚ 

ʪʦʤ ʩʤʳʩʣʝ, ʯʪʦ ʝʩʣʠ ʥʝʢʦʪʦʨʳʡ ʧʫʪʴ (ʠʩʪʦʨʠʷ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʳ) 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʬʦʨʤʫʣʝ, ʪʦ ʦʥ ʜʦʧʫʩʢʘʝʪʩʷ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ. 

ʀ ʥʘʦʙʦʨʦʪ, ʣʶʙʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʟʥʘʯʝʥʠʡ ʧʨʝʜʠʢʘʪʦʚ, 

ʜʦʧʫʩʢʘʝʤʘʷ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʠʩʭʦʜʥʦʡ ʬʦʨʤʫʣʝ LTL. 

ʇʦʩʢʦʣʴʢʫ ʟʘʜʘʯʘ ʚʝʨʠʬʠʢʘʪʦʨʘ ï ʥʘʡʪʠ ʢʦʥʪʨʧʨʠʤʝʨ, ʘʚʪʦʤʘʪ ɹʶʭʠ 

ʩʪʨʦʠʪʩʷ ʜʣʷ ʦʪʨʠʮʘʥʠʷ ʠʩʭʦʜʥʦʡ ʬʦʨʤʫʣʳ LTL. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʘʚʪʦʤʘʪ ɹʶʭʠ ʜʦʧʫʩʢʘʝʪ ʣʶʙʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʟʥʘʯʝʥʠʡ 

ʧʨʝʜʠʢʘʪʦʚ, ʢʦʪʦʨʳʝ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʪʨʝʙʦʚʘʥʠʷʤ. 

ɼʣʷ ʧʦʷʩʥʝʥʠʷ ʨʘʩʩʤʦʪʨʠʤ ʘʚʪʦʤʘʪ, ʠʟʦʙʨʘʞʝʥʥʳʡ ʥʘ ʨʠʩ 2.14. ɽʩʣʠ 

ʩʫʱʝʩʪʚʫʝʪ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ p ʥʠ ʨʘʟʫ ʥʝ ʚʳʧʦʣʥʠʪʩʷ, 

ʪʦ ʘʚʪʦʤʘʪ ʚ ʵʪʦʪ ʤʦʤʝʥʪ ʧʝʨʝʡʜʝʪ ʚ ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ ʠ 
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ʦʩʪʘʥʝʪʩʷ ʪʘʤ ʥʘʚʩʝʛʜʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʫʜʝʪ ʧʦʣʫʯʝʥ ʜʦʧʫʩʢʘʶʱʠʡ 

ʧʫʪʴ. ɸʚʪʦʤʘʪ ɹʶʭʠ ʥʘ ʨʠʩ. 2.14 ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥ: ʚʦʟʤʦʞʥʳ ʜʚʘ 

ʧʝʨʝʭʦʜʘ ʠʟ ʥʝʜʦʧʫʩʢʘʶʱʝʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʥʝʚʳʧʦʣʥʝʥʠʠ p. ʂʨʦʤʝ 

ʪʦʛʦ, ʯʘʩʪʦ ʘʚʪʦʤʘʪ ʩʪʨʦʠʪʩʷ ʥʝʧʦʣʥʳʤ: ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʘʚʪʦʤʘʪ ʥʘ 

ʨʠʩ. 2.14 ʥʘʭʦʜʠʪʩʷ ʚ ʜʦʧʫʩʢʘʶʱʝʤ ʩʦʩʪʦʷʥʠʠ ʠ ʚʳʧʦʣʥʝʥʦ p, ʪʦ ʥʝ 

ʩʫʱʝʩʪʚʫʝʪ ʘʢʪʠʚʥʦʛʦ ʧʝʨʝʭʦʜʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ 

ʚʳʯʠʩʣʝʥʠʝ ʥʝ ʜʦʧʫʩʢʘʝʪʩʷ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ p 

ʥʘʨʫʰʠʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ, ʥʘʯʠʥʘʷ ʩ ʚʳʙʨʘʥʥʦʛʦ ʤʦʤʝʥʪʘ 

ʚʨʝʤʝʥʠ, p ʥʝ ʚʳʧʦʣʥʠʪʩʷ ʥʠ ʨʘʟʫ. 

ʉʣʝʜʫʶʱʠʡ ʵʪʘʧ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ LTL-ʬʦʨʤʫʣʳ ï ʵʪʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʚ ʘʚʪʦʤʘʪ ɹʶʭʠ. ʇʨʠʤʝʨ ʤʦʜʝʣʠ 

ʂʨʠʧʢʝ ʠ ʘʚʪʦʤʘʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ ʥʝʝ, ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 2.15. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʘʚʪʦʤʘʪʘ ʠʟ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʚʤʝʩʪʦ ʩʦʩʪʦʷʥʠʡ 

ʧʨʝʜʠʢʘʪʘʤʠ ʧʦʤʝʯʘʶʪʩʷ ʧʝʨʝʭʦʜʳ. ʕʪʦ ʜʝʣʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦ: 

ʜʦʙʘʚʣʷʝʪʩʷ ʦʜʥʦ ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʦʟʜʘʶʪʩʷ 
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ʈʠʩ. 2.15. ʇʨʠʤʝʨ ʤʦʜʝʣʠ ʂʨʠʧʢʝ (ʘ) ʠ ʝʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʘʚʪʦʤʘʪ (ʙ) 

ʧʝʨʝʭʦʜʳ ʚ ʥʘʯʘʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ ʂʨʠʧʢʝ. ɿʘʪʝʤ 

ʢʘʞʜʳʡ ʧʝʨʝʭʦʜ ʧʦʤʝʯʘʝʪʩʷ ʪʝʤʠ ʧʨʝʜʠʢʘʪʘʤʠ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪʩʷ 

ʚ ʢʦʥʝʯʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʝʨʝʭʦʜʘ ʚ ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ ʂʨʠʧʢʝ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʨʝʜʠʢʘʪʳ ʧʝʨʝʥʦʩʷʪʩʷ ʠʟ ʩʦʩʪʦʷʥʠʡ ʥʘ ʧʝʨʝʭʦʜʳ. ɸʚʪʦʤʘʪ 

ɹʶʭʠ, ʧʦʣʫʯʝʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ, ʷʚʣʷʝʪʩʷ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʘʚʪʦʤʘʪʘ 

ʄʫʨʘ [17]: ʤʝʪʢʠ ʥʘ ʧʝʨʝʭʦʜʘʭ ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʦʪ ʢʦʥʝʯʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʧʝʨʝʭʦʜʘ. 
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ʃʶʙʦʡ ʧʫʪʴ ʚ ʧʦʩʪʨʦʝʥʥʦʤ ʘʚʪʦʤʘʪʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ 

ʩʮʝʥʘʨʠʝʚ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʂʨʠʧʢʝ. ʇʦʵʪʦʤʫ ʚʩʝ ʩʦʩʪʦʷʥʠʷ ʘʚʪʦʤʘʪʘ 

ʧʦʤʝʯʘʶʪʩʷ ʢʘʢ ʜʦʧʫʩʢʘʶʱʠʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʩʪʨʦʝʥʥʳʡ ʘʚʪʦʤʘʪ 

ʜʦʧʫʩʢʘʝʪ ʣʶʙʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʨʝʜʠʢʘʪʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ 

ʚʦʟʤʦʞʥʦʤʫ ʩʮʝʥʘʨʠʶ ʨʘʙʦʪʳ ʚʝʨʠʬʠʮʠʨʫʝʤʦʡ ʤʦʜʝʣʠ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ ʣʶʙʘʷ ʜʦʧʫʩʢʘʝʤʘʷ ʘʚʪʦʤʘʪʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʩʮʝʥʘʨʠʝʚ ʨʘʙʦʪʳ ʤʦʜʝʣʠ. 

ʇʦʩʣʝ ʧʦʩʪʨʦʝʥʠʷ ʘʚʪʦʤʘʪʘ ʧʦ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠ ʘʚʪʦʤʘʪʘ ɹʶʭʠ, 

ʩʦʟʜʘʝʪʩʷ ʘʚʪʦʤʘʪ-ʧʝʨʝʩʝʯʝʥʠʝ, ʢʦʪʦʨʳʡ, ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ, ʜʦʧʫʩʢʘʝʪ 

ʪʦʣʴʢʦ ʪʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʝʜʠʢʘʪʦʚ, ʢʦʪʦʨʳʝ ʜʦʧʫʩʢʘʶʪʩʷ ʠ 

ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, ʠ ʤʦʜʝʣʴʶ ʂʨʠʧʢʝ. ʇʦʩʪʨʦʝʥʥʦʝ ʧʝʨʝʩʝʯʝʥʠʝ 

ʘʚʪʦʤʘʪʦʚ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ. ʇʨʠ ʵʪʦʤ ʝʩʣʠ ʜʣʷ ʥʝʛʦ 

ʩʫʱʝʩʪʚʫʝʪ ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ, ʪʦ ʪʘʢʦʡ ʧʫʪʴ: 

Ç ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʩʮʝʥʘʨʠʝʚ ʨʘʙʦʪʳ ʤʦʜʝʣʠ; 

Ç ʥʘʨʫʰʘʝʪ ʚʝʨʠʬʠʮʠʨʫʝʤʫʶ LTL-ʬʦʨʤʫʣʫ ʩʧʝʮʠʬʠʢʘʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʜʦʧʫʩʢʘʶʱʝʛʦ ʧʫʪʠ 

ʚ ʧʦʩʪʨʦʝʥʥʦʤ ʧʝʨʝʩʝʯʝʥʠʠ ʘʚʪʦʤʘʪʦʚ, ʪʦ ʙʫʜʝʪ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʝʣʴ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʧʝʮʠʬʠʢʘʮʠʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʝʩʣʠ ʙʫʜʝʪ ʥʘʡʜʝʥ 

ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ, ʪʦ ʦʥ ʙʫʜʝʪ ʵʢʟʝʤʧʣʷʨʦʤ ʩʮʝʥʘʨʠʷ ʨʘʙʦʪʳ 

ʤʦʜʝʣʠ, ʥʘʨʫʰʘʶʱʝʛʦ ʩʧʝʮʠʬʠʢʘʮʠʶ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʙʫʜʝʪ 

ʧʨʝʜʲʷʚʣʝʥ ʢʦʥʪʨʧʨʠʤʝʨ. 

ʊʝʧʝʨʴ ʧʦʢʘʞʝʤ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʧʫʪʠ, ʜʦʧʫʩʢʘʝʤʦʛʦ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, 

ʠʤʝʝʪ ʚʠʜ Ŭɓ
ɤ
, ʛʜʝ Ŭ ï ʥʝʢʦʪʦʨʳʡ ʧʨʝʬʠʢʩ, ʘ ɓ ï ʩʫʬʬʠʢʩ, 

ʧʦʨʦʞʜʘʝʤʳʡ ʧʨʦʭʦʜʦʤ ʘʚʪʦʤʘʪʘ ɹʶʭʠ ʧʦ ʮʠʢʣʫ, ʩʦʜʝʨʞʘʱʝʤʫ 

ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ. ʉʪʨʫʢʪʫʨʘ ʧʫʪʠ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 2.16. 

Ŭ

ɓ

 

ʈʠʩ. 2.16. ʉʪʨʫʢʪʫʨʘ ʜʦʧʫʩʢʘʝʤʦʛʦ ʧʫʪʠ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ 

ʇʫʩʪʴ p ï ʧʫʪʴ, ʜʦʧʫʩʢʘʝʤʳʡ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ. ʇʦʩʢʦʣʴʢʫ ʤʥʦʞʝʩʪʚʦ 

ʩʦʩʪʦʷʥʠʡ ʘʚʪʦʤʘʪʘ ʷʚʣʷʝʪʩʷ ʢʦʥʝʯʥʳʤ, ʥʘʡʜʝʪʩʷ ʩʫʬʬʠʢʩ p' ʧʫʪʠ p, 

ʪʘʢʦʡ ʯʪʦ ʚʩʷʢʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʥʝʤ ʚʩʪʨʝʯʘʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʨʘʟ. 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʣʶʙʦʝ ʩʦʩʪʦʷʥʠʝ ʵʪʦʛʦ ʩʫʬʬʠʢʩʘ ʜʦʩʪʠʞʠʤʦ ʠʟ 

ʣʶʙʦʛʦ ʜʨʫʛʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʫʬʬʠʢʩʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʦʩʪʦʷʥʠʷ ʠʟ p' 

ʚʭʦʜʷʪ ʚ ʩʦʩʪʘʚ ʥʝʢʦʪʦʨʦʡ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʛʨʘʬʘ, 
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ʦʧʠʩʳʚʘʶʱʝʛʦ ʘʚʪʦʤʘʪ ɹʶʭʠ. ʇʨʠʯʝʤ, ʪʘʢ ʢʘʢ ʦʜʥʦ ʠʟ ʜʦʧʫʩʢʘʶʱʠʭ 

ʩʦʩʪʦʷʥʠʡ ʪʘʢʞʝ ʚʭʦʜʠʪ ʚ ʩʫʬʬʠʢʩ p', ʩʠʣʴʥʦ ʩʚʷʟʥʘʷ ʢʦʤʧʦʥʝʥʪʘ 

ʩʦʜʝʨʞʠʪ ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ. 

ʆʙʨʘʪʥʦ, ʝʩʣʠ ʚ ʛʨʘʬʝ ʘʚʪʦʤʘʪʘ ɹʶʭʠ ʩʫʱʝʩʪʚʫʝʪ ʜʦʩʪʠʞʠʤʘʷ ʩʠʣʴʥʦ 

ʩʚʷʟʥʘʷ ʢʦʤʧʦʥʝʥʪʘ, ʩʦʜʝʨʞʘʱʘʷ ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ, ʪʦ ʤʦʞʥʦ 

ʧʦʩʪʨʦʠʪʴ ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ. ʆʥ ʙʫʜʝʪ ʠʤʝʪʴ ʩʪʨʫʢʪʫʨʫ Ŭɓ
ɤ
, ʛʜʝ Ŭ ï 

ʧʨʝʬʠʢʩ, ʢʦʪʦʨʳʡ ʚʝʜʝʪ ʢ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʝ, ʘ ɓ ï ʮʠʢʣ ʚ 

ʵʪʦʡ ʢʦʤʧʦʥʝʥʪʝ, ʩʦʜʝʨʞʘʱʠʡ ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʨʢʘ ʧʫʩʪʦʪʳ ʷʟʳʢʘ ʘʚʪʦʤʘʪʘ ɹʶʭʠ ʨʘʚʥʦʩʠʣʴʥʘ 

ʧʦʠʩʢʫ ʙʝʩʢʦʥʝʯʥʦʛʦ ʧʫʪʠ, ʩʪʘʨʪʫʶʱʝʛʦ ʚ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʛʦ ʩʧʝʮʠʘʣʴʥʦʤʫ ʫʩʣʦʚʠʶ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ: ʚ ʥʝʤ 

ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ ʜʦʣʞʥʦ ʚʩʪʨʝʯʘʪʴʩʷ ʢʘʢʦʝ-ʣʠʙʦ ʠʟ ʜʦʧʫʩʢʘʶʱʠʭ 

ʩʦʩʪʦʷʥʠʡ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʣʛʦʨʠʪʤ rʦʩʥʦʚʘʥ rʥʘ ʧʦʠʩʢʝ ʩʠʣʴʥʦ 

ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʳ, ʜʦʩʪʠʞʠʤʦʡ ʠʟ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ 

ʩʦʜʝʨʞʘʱʝʡ ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ, ʠ ʙʫʜʫʪ ʦʧʠʩʘʥ rʚ ʨʘʟʜ. 2.4. 

ʇʨʠʤʝʥʝʥʠʝ ʥʘ ʧʨʘʢʪʠʢʝ 

ʅʘ ʧʨʘʢʪʠʢʝ ʚ ʥʝʢʦʪʦʨʳʭ ʚʝʨʠʬʠʢʘʪʦʨʘʭ ʷʚʥʦ ʥʝ ʩʪʨʦʷʪʩʷ ʤʦʜʝʣʴ 

ʂʨʠʧʢʝ, ʘʚʪʦʤʘʪ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠ ʝʛʦ ʧʝʨʝʩʝʯʝʥʠʝ ʩ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ. 

ɺʝʨʠʬʠʢʘʪʦʨ ʧʦʣʫʯʘʝʪ ʥʘ ʚʭʦʜ ʧʨʦʛʨʘʤʤʫ, ʥʘʧʠʩʘʥʥʫʶ ʥʘ ʝʛʦ 

ʚʭʦʜʥʦʤ ʷʟʳʢʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʝʤʫ ʚʳʜʝʣʷʪʴ ʚ ʧʨʦʛʨʘʤʤʝ 

ʵʣʝʤʝʥʪʘʨʥʳʝ ʜʝʡʩʪʚʠʷ, ʧʦʩʢʦʣʴʢʫ ʚ ʩʝʤʘʥʪʠʢʝ ʝʛʦ ʷʟʳʢʘ ʦʧʨʝʜʝʣʝʥʦ, 

ʢʘʢʠʝ ʜʝʡʩʪʚʠʷ ʩʦʚʝʨʰʘʶʪʩʷ ʘʪʦʤʘʨʥʦ, ʢʘʢ ʦʪʢʘʪʳʚʘʪʴ ʵʪʠ ʜʝʡʩʪʚʠʷ, 

ʚʦʟʚʨʘʱʘʷ ʩʠʩʪʝʤʫ ʚ ʧʨʝʜʳʜʫʱʝʝ ʩʦʩʪʦʷʥʠʝ, ʢʘʢ ʚʳʯʠʩʣʷʪʴ ʩʦʩʪʦʷʥʠʷ 

ʦʙʲʝʢʪʦʚ (ʧʝʨʝʤʝʥʥʳʭ) ʠ ʢʘʢʠʝ ʦʧʝʨʘʪʦʨʳ ʧʦʨʦʞʜʘʶʪ 

ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʩʪʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʨʠʬʠʢʘʪʦʨ ʤʦʞʝʪ 

ʫʧʨʘʚʣʷʪʴ ʠʩʧʦʣʥʝʥʠʝʤ ʧʨʦʛʨʘʤʤʳ: ʩʦʚʝʨʰʘʪʴ ʵʣʝʤʝʥʪʘʨʥʳʝ ʰʘʛʠ, 

ʦʪʤʝʥʷʪʴ ʵʣʝʤʝʥʪʘʨʥʳʝ ʰʘʛʠ (ʦʪʢʘʪʳʚʘʪʴʩʷ), ʚʳʯʠʩʣʷʪʴ ʛʣʦʙʘʣʴʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ. ɺʩʝ ʵʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʨʘʙʦʪʳ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ, 

ʢʘʢ ʜʚʦʡʥʦʡ ʦʙʭʦʜ ʚ ʛʣʫʙʠʥʫ. 

ʊʘʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʚʝʨʠʬʠʢʘʪʦʨʫ ʠʟʙʝʞʘʪʴ ʷʚʥʦʛʦ 

ʧʦʩʪʨʦʝʥʠʷ ʧʝʨʝʩʝʯʝʥʠʷ ʘʚʪʦʤʘʪʘ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʩ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, 

ʨʘʙʦʪʘʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ. 

Ç ɺʝʨʠʬʠʢʘʪʦʨ ʨʘʙʦʪʘʝʪ ʩ ʧʨʦʛʨʘʤʤʦʡ ʠ ʩ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, 

ʧʦʩʪʨʦʝʥʥʳʤ ʧʦ ʦʪʨʠʮʘʥʠʶ ʪʝʤʧʦʨʘʣʴʥʦʡ ʬʦʨʤʫʣʳ. 

Ç ɻʣʦʙʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚʝʨʠʬʠʮʠʨʫʝʤʦʡ ʩʠʩʪʝʤʳ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ 

ʛʣʦʙʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʛʨʘʤʤʳ ʠ ʩʦʩʪʦʷʥʠʷ, ʚ ʢʦʪʦʨʦʤ 

ʥʘʭʦʜʠʪʩʷ ʘʚʪʦʤʘʪ ɹʶʭʠ. 

Ç ʂʘʞʜʳʡ ʵʣʝʤʝʥʪʘʨʥʳʡ ʰʘʛ ʩʦʚʝʨʰʘʝʪʩʷ ʚ ʜʚʘ ʭʦʜʘ: ʩʥʘʯʘʣʘ 

ʧʨʦʠʩʭʦʜʠʪ ʵʣʝʤʝʥʪʘʨʥʳʡ ʧʝʨʝʭʦʜ ʚ ʧʨʦʛʨʘʤʤʝ. ʇʦʩʣʝ ʵʪʦʛʦ 

ʚʳʯʠʩʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʝ ʧʨʝʜʠʢʘʪʳ ʠ ʩʦʚʝʨʰʘʝʪʩʷ ʧʝʨʝʭʦʜ ʚ 
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ʘʚʪʦʤʘʪʝ ɹʶʭʠ. ɽʩʣʠ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ ʥʝʚʦʟʤʦʞʥʦ ʚʳʧʦʣʥʠʪʴ ʥʠ 

ʦʜʠʥ ʧʝʨʝʭʦʜ, ʪʦ ʧʨʦʠʩʭʦʜʠʪ ʦʪʢʘʪ: ʚ ʜʘʥʥʦʡ ʚʝʪʚʠ ʠʩʪʦʨʠʠ ʥʝ 

ʫʜʘʣʦʩʴ ʥʘʡʪʠ ʢʦʥʪʨʧʨʠʤʝʨ. 

Ç ɽʩʣʠ ʚ ʥʝʢʦʪʦʨʦʤ ʩʦʩʪʦʷʥʠʠ ʚʦʟʤʦʞʝʥ ʙʦʣʝʝ ʯʝʤ ʦʜʠʥ ʧʝʨʝʭʦʜ ʚ 

ʧʨʦʛʨʘʤʤʝ ʠʣʠ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ, ʪʦ ʚʝʨʠʬʠʢʘʪʦʨ ʟʘʧʦʤʠʥʘʝʪ 

ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ ʚʝʨʠʬʠʮʠʨʫʝʤʦʡ ʩʠʩʪʝʤʳ ʠ ʥʘʙʦʨ ʚʦʟʤʦʞʥʳʭ 

ʧʝʨʝʭʦʜʦʚ. ʇʨʠ ʦʪʢʘʪʝ ʚ ʪʘʢʦʝ ʩʦʩʪʦʷʥʠʝ ʠʩʧʦʣʥʝʥʠʝ ʧʨʦʛʨʘʤʤʳ 

ʙʫʜʝʪ ʟʘʧʫʱʝʥʦ ʩʥʦʚʘ ʚʧʝʨʝʜ, ʥʦ ʫʞʝ ʧʦ ʜʨʫʛʠʤ ʚʦʟʤʦʞʥʳʤ 

ʧʝʨʝʭʦʜʘʤ. ɽʩʣʠ ʞʝ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʧʝʨʝʭʦʜʳ ʨʘʥʝʝ ʙʳʣʠ 

ʧʨʦʡʜʝʥʳ ï ʚʝʨʠʬʠʢʘʪʦʨ ʦʪʢʘʪʳʚʘʝʪ ʛʣʦʙʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʜʘʣʴʰʝ 

ʥʘʟʘʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʢʘʞʜʦʡ ʩʠʪʫʘʮʠʠ ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʩʪʠ 

ʙʫʜʫʪ ʧʝʨʝʙʠʨʘʪʴʩʷ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʨʘʙʦʪʳ 

ʚʝʨʠʬʠʮʠʨʫʝʤʦʡ ʩʠʩʪʝʤʳ. 

Ç ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʚʝʨʠʬʠʮʠʨʫʝʤʘʷ ʩʠʩʪʝʤʘ ʧʦʧʘʣʘ ʚ ʜʦʧʫʩʢʘʶʱʝʝ 

ʩʦʩʪʦʷʥʠʝ, ʢʦʛʜʘ ʘʚʪʦʤʘʪ ɹʶʭʠ ʥʘʭʦʜʠʪʩʷ ʚ ʜʦʧʫʩʢʘʶʱʝʤ 

ʩʦʩʪʦʷʥʠʠ. 

ʊʘʢʘʷ ʩʭʝʤʘ ʜʝʡʩʪʚʠʡ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʧʦ ʘʣʛʦʨʠʪʤʫ ʧʦʠʩʢʘ 

ʩʧʨʘʚʝʜʣʠʚʳʭ ʧʫʪʝʡ ʙʝʟ ʷʚʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʧʝʨʝʩʝʯʝʥʠʷ ʘʚʪʦʤʘʪʘ 

ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʩ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ. 

 

2.3. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 
ʜʣʷ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ 

ɸ. ʇʥʫʵʣʠ ʚʚʝʣ ʪʝʤʧʦʨʘʣʴʥʫʶ ʣʦʛʠʢʫ ʚ ʠʥʬʦʨʤʘʪʠʢʫ ʜʣʷ 

ʩʧʝʮʠʬʠʢʘʮʠʠ ʠ ʚʝʨʠʬʠʢʘʮʠʠ ʨʝʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ [15]. ɺʳʰʝ ʙʳʣ 

ʨʘʩʩʤʦʪʨʝʥ ʦʜʠʥ ʚʘʞʥʳʡ ʧʨʝʜʩʪʘʚʠʪʝʣ ɹʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ï LTL. 

ʕʪʘ ʣʦʛʠʢʘ ʥʘʟʳʚʘʝʪʩʷ ʣʠʥʝʡʥʦʡ, ʪʘʢ ʢʘʢ ʧʨʠ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʚʨʝʤʝʥʠ ʩʯʠʪʘʝʪʩʷ ʣʠʥʝʡʥʳʤ: ʚ ʢʘʞʜʳʡ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʦʜʥʦ ʩʦʩʪʦʷʥʠʝ-ʧʦʪʦʤʦʢ, ʘ 

ʧʦʵʪʦʤʫ ʪʦʣʴʢʦ ʦʜʥʦ ʙʫʜʫʱʝʝ. ʌʦʨʤʘʣʴʥʦ ʛʦʚʦʨʷ, ʵʪʦ ʩʣʝʜʫʝʪ ʠʟ ʪʦʛʦ 

ʬʘʢʪʘ, ʯʪʦ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʬʦʨʤʫʣ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, 

ʠʩʧʦʣʴʟʫʶʱʘ ̫ʦʪʥʦʰʝʥʠʝ ʚʳʧʦʣʥʷʝʤʦʩʪʠ ƝƏ, ʦʧʨʝʜʝʣʝʥʘ ʚ ʪʝʨʤʠʥʘʭ 

ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʦʡ ʩʦʩʪʦʷʥʠʝ s ʠʤʝʝʪ ʨʦʚʥʦ ʦʜʥʦʛʦ ʧʦʪʦʤʢʘ R(s). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ s ʤʦʜʝʣʴ ʧʦʨʦʞʜʘʝʪ 

ʫʥʠʢʘʣʴʥʫʶ ʙʝʩʢʦʥʝʯʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ s, R(s), 

R(R(s)), é ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʳʯʠʩʣʝʥʠʝ. 

ʊʘʢ ʢʘʢ ʩʝʤʘʥʪʠʢʘ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʙʘʟʠʨʫʝʪʩʷ ʥʘ 

ʪʘʢʠʭ çʧʦʨʦʞʜʘʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴè ʤʦʜʝʣʷʭ, ʪʝʤʧʦʨʘʣʴʥʳʝ 

ʦʧʝʨʘʪʦʨʳ X, U, F ʠ G ʬʘʢʪʠʯʝʩʢʠ ʦʧʠʩʳʚʘʶʪ ʧʦʨʷʜʦʢ ʩʦʙʳʪʠʡ ʚʜʦʣʴ 

ʦʜʥʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʧʫʪʠ (ʦʜʥʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʩʠʩʪʝʤʳ). 
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ɺ ʥʘʯʘʣʝ 80-ʭ ʛʦʜʦʚ ʜʣʷ ʮʝʣʝʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʠ ʚʝʨʠʬʠʢʘʮʠʠ ʙʳʣ 

ʧʨʝʜʣʦʞʝʥ ʜʨʫʛʦʡ ʪʠʧ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, ʢʦʪʦʨʳʡ ʙʘʟʠʨʫʝʪʩʷ ʥʝ 

ʥʘ ʣʠʥʝʡʥʦʤ, ʘ ʥʘ ʚʝʪʚʷʱʝʤʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʦ ʚʨʝʤʝʥʠ. ʕʪʘ ʣʦʛʠʢʘ 

ʬʦʨʤʘʣʴʥʦ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʤʦʜʝʣʷʭ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʤʦʞʝʪ 

ʙʳʪʴ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ ʚʦʟʤʦʞʥʳʭ ʙʫʜʫʱʠʭ. ɺʚʠʜʫ ʪʘʢʦʛʦ 

ʚʝʪʚʷʱʝʛʦʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʚʨʝʤʝʥʠ, ʜʘʥʥʳʡ ʢʣʘʩʩ ʪʝʤʧʦʨʘʣʴʥʳʭ 

ʣʦʛʠʢ ʥʘʟʳʚʘʝʪʩʷ ʚʝʪʚʷʱʠʤʠʩʷ ʪʝʤʧʦʨʘʣʴʥʳʤʠ ʣʦʛʠʢʘʤʠ. ʉʪʨʦʛʦ 

ʛʦʚʦʨʷ, ʚʝʪʚʣʝʥʠʝ ʩʚʦʜʠʪʩʷ ʢ ʪʦʤʫ ʬʘʢʪʫ, ʯʪʦ ʫ ʩʦʩʪʦʷʥʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ ʜʦʧʫʩʪʠʤʳʭ ʧʦʪʦʤʢʦʚ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, R(s) ï 

ʵʪʦ (ʥʝʧʫʩʪʦʝ) ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, ʘ ʥʝ ʦʜʥʦ ʩʦʩʪʦʷʥʠʝ, ʢʘʢ ʚ LTL. 

ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʩʝʤʘʥʪʠʢʝ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʜʝʨʝʚʝ ʩʦʩʪʦʷʥʠʡ ʚʤʝʩʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. 

ʂʘʞʜʳʡ ʧʫʪʴ ʚ ʪʘʢʦʤ ʜʝʨʝʚʝ ʜʦʣʞʝʥ ʧʨʝʜʩʪʘʚʣʷʪʴ ʦʜʥʦ ʚʦʟʤʦʞʥʦʝ 

ʚʳʯʠʩʣʝʥʠʝ. ɼʝʨʝʚʦ ʩʘʤʦ ʧʦ ʩʝʙʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʩʝ ʚʦʟʤʦʞʥʳʝ 

ʚʳʯʠʩʣʝʥʠʷ. ɹʦʣʝʝ ʪʦʯʥʦ, ʜʝʨʝʚʦ, ʧʦʜʚʝʰʝʥʥʦʝ ʚ ʩʦʩʪʦʷʥʠʠ s, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʙʝʩʢʦʥʝʯʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʩʪʘʨʪʫʶʪ ʚ ʩʦʩʪʦʷʥʠʠ s. 

ʊʝʤʧʦʨʘʣʴʥʳʝ ʦʧʝʨʘʪʦʨʳ ʚ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ 

ʧʦʟʚʦʣʷʶʪ ʚʳʨʘʞʘʪʴ ʩʚʦʡʩʪʚʘ (ʚʩʝʭ ʠʣʠ ʥʝʢʦʪʦʨʳʭ) ʚʳʯʠʩʣʝʥʠʡ ʚ 

ʩʠʩʪʝʤʝ. ʅʘʧʨʠʤʝʨ, ʩʚʦʡʩʪʚʦ EF ű ʦʙʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ 

ʚʳʯʠʩʣʝʥʠʝ, ʚʜʦʣʴ ʢʦʪʦʨʦʛʦ ʚʳʧʦʣʥʷʝʪʩʷ F ű. ʉʫʪʴ ʵʪʦʛʦ ʩʚʦʡʩʪʚʘ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʢʘʢ ʤʠʥʠʤʫʤ ʦʜʥʦ ʚʦʟʤʦʞʥʦʝ 

ʚʳʯʠʩʣʝʥʠʝ, ʚ ʢʦʪʦʨʦʤ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʜʦʩʪʠʛʘʝʪʩʷ ʩʦʩʪʦʷʥʠʝ, 

ʚʳʧʦʣʥʷʶʱʝʝ ű. ʕʪʦ, ʦʜʥʘʢʦ, ʥʝ ʠʩʢʣʶʯʘʝʪ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʤʦʛʫʪ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʚʳʯʠʩʣʝʥʠʷ, ʜʣʷ ʢʦʪʦʨʳʭ ʵʪʦ ʩʚʦʡʩʪʚʦ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ï 

ʚʳʯʠʩʣʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʥʠʢʦʛʜʘ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ű. ʉʚʦʡʩʪʚʦ AF ű, 

ʥʘʧʨʠʤʝʨ, ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʵʪʦʛʦ ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʦʛʦ ʩʚʦʡʩʪʚʘ 

ʚʳʯʠʩʣʝʥʠʡ ʪʝʤ, ʯʪʦ ʦʥʦ ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʚʩʝ ʚʳʯʠʩʣʝʥʠʷ 

ʫʜʦʚʣʝʪʚʦʨʷʣʠ ʩʚʦʡʩʪʚʫ F ű. 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʪʠʧʦʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ï ʣʠʥʝʡʥʦʡ ʠ 

ʚʝʪʚʷʱʝʡʩʷ ï ʧʨʠʚʝʣʦ ʢ ʨʘʟʚʠʪʠʶ ʜʚʫʭ çʰʢʦʣè ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʢʘʞʜʦʡ ʠʟ ʥʠʭ, ʠʤʝʶʪʩʷ ʜʚʝ 

ʧʨʠʯʠʥʳ, ʢʦʪʦʨʳʝ ʦʧʨʘʚʜʳʚʘʶʪ ʨʘʩʩʤʦʪʨʝʥʠʝ ʚ ʜʘʥʥʦʡ ʢʥʠʛʝ 

ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʢʘʢ ʜʣʷ ʣʠʥʝʡʥʦʡ, ʪʘʢ ʜʣʷ ʠ ʚʝʪʚʷʱʝʡʩʷ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ: 

Ç ɺʳʨʘʟʠʪʝʣʴʥʘʷ ʩʠʣʘ ʤʥʦʛʠʭ ʣʠʥʝʡʥʳʭ ʠ ʚʝʪʚʷʱʠʭʩʷ 

ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ ʥʝʩʨʘʚʥʠʤʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ 

ʩʚʦʡʩʪʚʘ, ʚʳʨʘʟʠʤʳʝ ʚ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ, ʥʝ ʤʦʛʫʪ 

ʙʳʪʴ ʚʳʨʘʞʝʥʳ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ ʠ 

ʥʘʦʙʦʨʦʪ. 

Ç ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʧʨʦʚʝʨʢʠ 

ʤʦʜʝʣʝʡ ʜʣʷ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 
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ʤʝʪʦʜʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ. ʕʪʦ 

ʧʨʠʚʦʜʠʪ, ʚ ʪʦʤ ʯʠʩʣʝ, ʠ ʢ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʣʠʯʥʳʤ ʦʮʝʥʢʘʤ 

ʩʣʦʞʥʦʩʪʠ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ ʚʝʪʚʷʱʝʡʩʷ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ CTL (Computational Tree Logic). ɺʘʞʥʦ, ʯʪʦ ʦʥʘ 

ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʘ ʢʘʢ ʚʝʪʚʷʱʠʡʩʷ ʘʥʘʣʦʛ LTL, ʜʣʷ ʢʦʪʦʨʦʛʦ 

ʚʦʟʤʦʞʥʘ ʵʬʬʝʢʪʠʚʥʘʷ ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ. 

ʈʘʟʜʝʣ ʠʟʣʘʛʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʢʫʨʩʘ [1] ʠ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʨʳ ʠʟ [4, 26]. 

 

2.3.1. ʉʠʥʪʘʢʩʠʩ CTL 

ʉʠʥʪʘʢʩʠʩ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ (ʣʦʛʠʢʠ ʜʝʨʝʚʴʝʚ 

ʚʳʯʠʩʣʝʥʠʡ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʕʣʝʤʝʥʪʘʨʥʳʤʠ 

ʚʳʨʘʞʝʥʠʷʤʠ ʚ CTL ʷʚʣʷʶʪʩʷ ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ, ʢʘʢ ʠ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ LTL. ɹʫʜʝʤ ʦʧʨʝʜʝʣʷʪ ɹ ʩʠʥʪʘʢʩʠʩ CTL ʚ ʥʦʪʘʮʠʠ 

ɹʵʢʫʩʘ-ʅʘʫʨʘ (p ʧʨʠʥʘʜʣʝʞʠʪ ʤʥʦʞʝʩʪʚʫ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ 

AP): 

ű ::= p | ×ű | (ű Ù ű) | EX ű | E[ű U ű] | A[ű U ű]. 

ʀʩʧʦʣʴʟʫʶʪʩʷ ʪʝʤʧʦʨʘʣʴʥʳʝ ʦʧʝʨʘʪʦʨʳ ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: 

Ç EX (ʚ ʩʣʝʜʫʶʱʠʡ ʤʦʤʝʥʪ ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ ʧʫʪʠ); 

Ç E (ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ ʧʫʪʠ); 

Ç A (ʜʣʷ ʚʩʝʭ ʧʫʪʝʡ); 

Ç U (ʜʦ ʪʝʭ ʧʦʨ). 

ɿʜʝʩʴ X ʠ U ï ʣʠʥʝʡʥʳʝ ʪʝʤʧʦʨʘʣʴʥʳʝ ʦʧʝʨʘʪʦʨʳ, ʢʦʪʦʨʳʝ ʚʳʨʘʞʘʶʪ 

ʩʚʦʡʩʪʚʘ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʧʫʪʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʳʡ 

ʢʚʘʥʪʠʬʠʢʘʪʦʨ ʧʫʪʠ E ʚʳʨʘʞʘʝʪ ʩʚʦʡʩʪʚʦ ʥʘ ʥʝʢʦʪʦʨʦʤ ʧʫʪʠ, ʘ 

ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʢʚʘʥʪʠʬʠʢʘʪʦʨ ʧʫʪʠ A ï ʩʚʦʡʩʪʚʦ ʥʘ ʚʩʝʭ ʧʫʪʷʭ. 

ʂʚʘʥʪʠʬʠʢʘʪʦʨʳ ʧʫʪʠ E ʠ A ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʦʣʴʢʦ ʚ 

ʢʦʤʙʠʥʘʮʠʠ ʩ X ʠʣʠ U. ʆʪʤʝʪʠʤ, ʯʪʦ ʦʧʝʨʘʪʦʨ AX  ʥʝʵʣʝʤʝʥʪʘʨʝʥ ʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʠʞʝ. 

ɹʫʣʝʚʳ ʦʧʝʨʘʪʦʨʳ true, false, Ø, ­ ʠ ª ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʦʙʳʯʥʦ. ʀʟ 

ʨʘʚʝʥʩʪʚʘ F ű = true U ű ʩʣʝʜʫʶʪ ʜʚʘ ʩʦʢʨʘʱʝʥʠʷ: 

EF ű = E[true U ű]; 

AF ű = A[true U ű]. 
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EF ű ʧʨʦʠʟʥʦʩʠʪʩʷ ʢʘʢ çű ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʦè, ʘ AF ű ï ʢʘʢ 

çű ʥʝʠʟʙʝʞʥʦè. ʊʘʢ ʢʘʢ G ű ¹ ×F ×ű ʠ A ű ¹ ×E ×ű, ʪʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ
3
: 

EG ű = ×AF ×ű; 

AG ű = ×EF ×ű; 

AX  ű = ×EX ×ű. 

ʅʘʧʨʠʤʝʨ, ʩʧʨʘʚʝʜʣʠʚʦ: 

×A(F ×ű) 

Ú { A ű ¹ ×E ×ű }  

××E ×(F ×ű) 

Ú { G ű ¹ ×(F ×ű); ʚʳʯʠʩʣʝʥʠʷ } 

EG ű. 

EG ű ʧʨʦʠʟʥʦʩʠʪʩʷ çʧʦʪʝʥʮʠʘʣʴʥʦ ʚʩʝʛʜʘ űè, AG ű ï çʙʝʟʫʩʣʦʚʥʦ űè, 
ʘ AX  ű ï çʜʣʷ ʚʩʝʭ ʧʫʪʝʡ ʚ ʩʣʝʜʫʶʱʠʡ ʤʦʤʝʥʪ űè. 

ʇʨʠʤʝʨ. ʇʫʩʪʴ AP = { x = 1, x < 2, x Ó 3} ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ. 

Ç ʇʨʠʤʝʨʘʤʠ CTL-ʬʦʨʤʫʣ ʷʚʣʷʶʪʩʷ: EX (x = 1), AX  (x = 1), 

x < 2 Ù x = 1, E[(x < 2) U (x Ó 3)] ʠ AF (x < 2). 

Ç ɺʳʨʘʞʝʥʠʝ E[x = 1 Ø AX  (x Ó 3)] ʥʝ ʷʚʣʷʝʪʩʷ CTL-ʬʦʨʤʫʣʦʡ, ʪʘʢ 

ʢʘʢ x = 1 Ø AX  (x Ó 3) ʥʝ ʷʚʣʷʝʪʩʷ X- ʠʣʠ U-ʬʦʨʤʫʣʦʡ. ɺʳʨʘʞʝʥʠʝ 

EF[G(x = 1)] ʪʘʢʞʝ ʥʝ ʷʚʣʷʝʪʩʷ CTL-ʬʦʨʤʫʣʦʡ. 

EG[x = 1 Ø AX  (x Ó 3)] ï ʵʪʦ, ʦʜʥʘʢʦ, ʧʨʘʚʠʣʴʥʦ ʧʦʩʪʨʦʝʥʥʘʷ CTL-

ʬʦʨʤʫʣʘ. ʊʘʢʞʝ EF[EG (x = 1)] ʠ EF[AG (x = 1)] ï ʵʪʦ ʧʨʘʚʠʣʴʥʦ 

ʧʦʩʪʨʦʝʥʥʳʝ CTL-ʬʦʨʤʫʣʳ. 

ʉʠʥʪʘʢʩʠʩ CTL ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʣʠʥʝʡʥʳʤ ʪʝʤʧʦʨʘʣʴʥʳʤ ʦʧʝʨʘʪʦʨʘʤ 

X, F, G ʠ U ʥʝʤʝʜʣʝʥʥʦ ʧʨʝʜʰʝʩʪʚʦʚʘʣʠ ʢʚʘʥʪʠʬʠʢʘʪʦʨʳ ʧʫʪʠ E ʠʣʠ 

A. ɽʩʣʠ ʵʪʦ ʦʛʨʘʥʠʯʝʥʠʝ ʦʧʫʩʪʠʪʴ, ʪʦ ʧʦʣʫʯʠʪʩʷ ʙʦʣʝʝ ʚʳʨʘʟʠʪʝʣʴʥʘʷ 

ʚʝʪʚʷʱʘʷʩʷ ʪʝʤʧʦʨʘʣʴʥʘʷ ʣʦʛʠʢʘ CTL
*
. 

ʃʦʛʠʢʘ CTL
*
 ʧʦʟʚʦʣʷʝʪ ʢʚʘʥʪʠʬʠʢʘʪʦʨʘʤ E ʠ A ʧʨʝʜʰʝʩʪʚʦʚʘʪʴ 

ʣʶʙʦʡ LTL-ʧʦʜʬʦʨʤʫʣʝ. ʆʥʘ ʩʦʜʝʨʞʠʪ, ʥʘʧʨʠʤʝʨ, E[p Ø AX  q] ʠ 

A[F p Ø EG q] ï ʬʦʨʤʫʣʳ, ʢʦʪʦʨʳʝ ʥʝ ʷʚʣʷʶʪʩʷ ʩʠʥʪʘʢʩʠʯʝʩʢʠʤʠ 

ʪʝʨʤʘʤʠ CTL. ʃʦʛʠʢʘ CTL
*
 ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʘ ʢʘʢ ʚʝʪʚʷʱʠʡʩʷ 

                                           
3
 ʈʘʚʝʥʩʪʚʦ A ű ¹ ×E ×ű ʚʳʧʦʣʥʷʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʪʘʢʠʭ CTL-ʬʦʨʤʫʣ ű, ʚ ʢʦʪʦʨʳʭ 

ʩʥʷʪ ʚʥʝʰʥʠʡ ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʳʡ ʠʣʠ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʢʚʘʥʪʠʬʠʢʘʪʦʨ ʧʫʪʠ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ, ʥʘʧʨʠʤʝʨ, ʧʝʨʝʧʠʩʘʪʴ ʩʪʨʦʢʫ E[×F ×ű] ʚ ʬʦʨʤʫʣʫ ×AF ×ű. 
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ʘʥʘʣʦʛ ʣʦʛʠʢʠ LTL, ʪʘʢ ʢʘʢ ʢʘʞʜʘʷ ʧʦʜʬʦʨʤʫʣʘ LTL ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ CTL-ʬʦʨʤʫʣʝ. ʊʦʯʥʳʝ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ LTL, 

CTL ʠ CTL
*
 ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʥʠʞʝ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ CTL ʥʝ 

ʦʙʣʘʜʘʝʪ ʚʳʨʘʟʠʪʝʣʴʥʦʡ ʩʠʣʦʡ CTL
*
, ʨʘʩʩʤʦʪʨʝʥʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʧʨʠʤʝʨʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʥʘ ʯʘʩʪʦ ʜʦʩʪʘʪʦʯʥʦ ʚʳʨʘʟʠʪʝʣʴʥʘ ʜʣʷ 

ʬʦʨʤʫʣʠʨʦʚʢʠ ʙʦʣʴʰʠʥʩʪʚʘ ʪʨʝʙʫʝʤʳʭ ʩʚʦʡʩʪʚ. 

 

2.3.2. ʉʝʤʘʥʪʠʢʘ CTL 

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʨʘʟʜʝʣʝ, ʠʥʪʝʨʧʨʝʪʘʮʠʷ 

ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ LTL ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʠ 

M = (S, R, Label), ʛʜʝ S ï ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, Label ï ʥʘʟʥʘʯʝʥʠʝ 

ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ ʩʦʩʪʦʷʥʠʷʤ, ʘ R ï ʪʦʪʘʣʴʥʘʷ ʬʫʥʢʮʠʷ, 

ʢʦʪʦʨʘʷ ʢʘʞʜʦʤʫ ʟʘʜʘʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʩʪʘʚʠʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʝʜʠʥʩʪʚʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ-ʧʦʪʦʤʦʢ. ʊʘʢ ʢʘʢ ʧʦʪʦʤʦʢ R(s) ʩʦʩʪʦʷʥʠʷ s 
ʪʦʣʴʢʦ ʦʜʠʥ, ʤʦʜʝʣʴ M ʧʦʨʦʞʜʘʝʪ ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ s 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ s, R(s), R(R(s)), é ʕʪʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʧʫʪʠ, ʢʦʪʦʨʳʝ 

ʥʘʯʠʥʘʶʪʩʷ ʚ s, ʘ ʪʘʢ ʢʘʢ LTL-ʬʦʨʤʫʣʘ ʦʙʨʘʱʘʝʪʩʷ ʢ ʦʜʥʦʤʫ ʧʫʪʠ, 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ LTL ʦʧʨʝʜʝʣʝʥʘ ʚ ʪʝʨʤʠʥʘʭ ʪʘʢʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ. 

ɺʝʪʚʷʱʘʷʩʷ ʪʝʤʧʦʨʘʣʴʥʘʷ ʣʦʛʠʢʘ, ʦʜʥʘʢʦ, ʦʙʨʘʱʘʝʪʩʷ ʥʝ ʢ ʦʜʥʦʤʫ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʤʫ ʧʫʪʠ, ʘ ʢ ʥʝʢʦʪʦʨʳʤ (ʠʣʠ ʚʩʝʤ) ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ 

ʧʫʪʷʤ. ʆʜʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʵʪʦ ʧʨʦʤʦʜʝʣʠʨʦʚʘʪʴ. ʉ ʮʝʣʴʶ ʘʜʝʢʚʘʪʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʤʦʤʝʥʪʳ, ʚ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʚʝʪʚʣʝʥʠʝ, ʧʦʥʷʪʠʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʳʣʦ ʟʘʤʝʥʝʥʦ ʧʦʥʷʪʠʝʤ ʜʝʨʝʚʘ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

CTL-ʤʦʜʝʣʴ ï ʤʦʜʝʣʴ, ʧʦʨʦʞʜʘʶʱʘʷ ʜʝʨʝʚʦ. ʌʦʨʤʘʣʴʥʦ, CTL-ʤʦʜʝʣʴ 

ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴʶ ʂʨʠʧʢʝ, ʪʘʢ ʢʘʢ ʉʘʫʣ ʂʨʠʧʢʝ ʠʩʧʦʣʴʟʦʚʘʣ ʩʭʦʜʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʩ ʮʝʣʴʶ ʜʘʪʴ ʩʝʤʘʥʪʠʢʫ ʤʦʜʘʣʴʥʦʡ ʣʦʛʠʢʝ, ʪʠʧʫ ʣʦʛʠʢʠ, 

ʢʦʪʦʨʳʡ ʪʝʩʥʦ ʩʚʷʟʘʥ ʩ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʦʡ [27]. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʝʜʠʥʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʩ LTL-ʤʦʜʝʣʴʶ ʚ ʪʦʤ, ʯʪʦ R 

ʪʝʧʝʨʴ ï ʪʦʪʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ʚʤʝʩʪʦ ʪʦʪʘʣʴʥʦʡ ʬʫʥʢʮʠʠ. 

ʇʨʠʤʝʨ. ʇʫʩʪʴ AP = {x = 0, x = 1, x Í 0} ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ, S = {s0, é, s3} ï ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʩ ʧʦʤʝʪʢʘʤʠ 

Label(s0) = {x Í 0}, 

Label(s1) = Label(s2) = {x = 0}, 

Label(s3) = { x = 1, x Í 0}, 

ʘ ʦʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ R ʩʣʝʜʫʶʱʝʝ: 

R = {(s0, s1), (s1, s2), (s1, s3), (s3, s3), (s2, s3), (s3, s2)}.  
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ʈʘʩʩʤʦʪʨʠʤ CTL-ʤʦʜʝʣʴ M = (S, R, Label). ʆʥʘ ʠʟʦʙʨʘʞʝʥʘ ʥʘ 

ʨʠʩ. 2.17 (ʘ). ɿʜʝʩʴ ʩʦʩʪʦʷʥʠʷ ʠʟʦʙʨʘʞʝʥʳ ʚʝʨʰʠʥʘʤʠ, ʘ ʦʪʥʦʰʝʥʠʝ R 

ʦʙʦʟʥʘʯʝʥʦ ʩʪʨʝʣʢʘʤʠ: ʩʪʨʝʣʢʘ ʠʟ s ʚ s' ʧʨʠʩʫʪʩʪʚʫʝʪ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ 

ʝʩʣʠ (s, s' ) Í R. ʇʦʤʝʪʢʠ Label(s) ʫʢʘʟʘʥʳ ʨʷʜʦʤ ʩ ʩʦʩʪʦʷʥʠʝʤ s. 

ʇʝʨʝʜ ʦʧʠʩʘʥʠʝʤ ʩʝʤʘʥʪʠʢʠ ʚʚʝʜʝʤ ʥʝʩʢʦʣʴʢʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ 

ʧʦʥʷʪʠʡ. ʇʫʩʪʴ M = (S, R, Label) ï CTL-ʤʦʜʝʣʴ. 

ʅʘʧʦʤʥʠʤ, ʯʪʦ ʧʫʪʴ ï ʵʪʦ ʙʝʩʢʦʥʝʯʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ 

s0 s1 s2 é, ʪʘʢʘʷ ʯʪʦ (si, si +1) Í R ʜʣʷ ʚʩʝʭ i Ó 0. 

ʇʫʩʪʴ ů ʦʙʦʟʥʘʯʘʝʪ ʧʫʪʴ (ʠʟ ʩʦʩʪʦʷʥʠʡ). ɼʣʷ i Ó 0 ʯʝʨʝʟ ů[i] ʦʙʦʟʥʘʯʠʤ 

(i + 1)-ʡ ʵʣʝʤʝʥʪ ů, ʘ ʯʝʨʝʟ ů
i
 ï ʩʫʬʬʠʢʩ ʧʫʪʠ ů, ʥʘʯʠʥʘʶʱʠʡʩʷ ʩ ʵʪʦʛʦ 

ʵʣʝʤʝʥʪʘ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ů = t0 t1 t2 é, ʪʦ ů[i] = ti (ʛʜʝ ti ï ʩʦʩʪʦʷʥʠʝ), ʘ 

ů
i
 = ti ti +1 ti +2 é 

ʄʥʦʞʝʩʪʚʦ ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʩ ʩʦʩʪʦʷʥʠ ̫ s ʤʦʜʝʣʠ M, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: PM (s) = {ů Í S
ɤ
 | ů[0] = s}.  

ɼʣʷ ʣʶʙʦʡ CTL-ʤʦʜʝʣʠ M = (S, R, Label) ʠ ʩʦʩʪʦʷʥʠʷ s Í S ʠʤʝʝʪʩʷ 

ʙʝʩʢʦʥʝʯʥʦʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʝ ʜʝʨʝʚʦ ʩ ʢʦʨʥʝʤ, ʧʦʤʝʯʝʥʥʳʤ s, ʪʘʢʠʤ 

ʯʪʦ (s', s" ) ï ʜʫʛʘ ʚ ʜʝʨʝʚʝ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ (s', s" ) Í R. ʉʦʩʪʦʷʥʠʝ s, 

ʜʣʷ ʢʦʪʦʨʦʛʦ p Í Label(s), ʠʥʦʛʜʘ ʥʘʟʳʚʘʝʪʩʷ p-ʩʦʩʪʦʷʥʠʝʤ. ʇʫʪʴ ů 

ʥʘʟʳʚʘʝʪʩʷ p-ʧʫʪʝʤ, ʝʩʣʠ ʦʥ ʩʦʩʪʦʠʪ ʪʦʣʴʢʦ ʠʟ p-ʩʦʩʪʦʷʥʠʡ. 

s2

s0 s1

s3

{ x = 0}

{ x = 0}

{ x Í 0}
{ x = 1, x Í 0}

s2

 

s1

s0

s2 s3

s3 s2 s3

s3 s2 s3s2 s3
 

ʘ ʙ 

ʈʠʩ. 2.17. ʇʨʠʤʝʨ CTL-ʤʦʜʝʣʠ (ʘ) 

ʠ ʧʨʝʬʠʢʩ ʦʜʥʦʛʦ ʠʟ ʝʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʜʝʨʝʚʴʝʚ (ʙ) 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ CTL-ʤʦʜʝʣʴ ʥʘ ʨʠʩ. 2.17 (ʘ). ʂʦʥʝʯʥʳʡ ʧʨʝʬʠʢʩ 
ʙʝʩʢʦʥʝʯʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʜʝʨʝʚʘ, ʧʦʜʚʝʰʝʥʥʦʛʦ ʚ ʩʦʩʪʦʷʥʠʠ s0, 

ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 2.17 (ʙ). ʇʨʠʤʝʨʘʤʠ ʧʫʪʝʡ ʷʚʣʷʶʪʩʷ s0 s1 s2 s3

ɤ
, 

s0 s1 (s2 s3)
ɤ
 ʠ s0 s1 (s3 s2)

* 
s3

ɤ
. ʄʥʦʞʝʩʪʚʦ PM (s3), ʥʘʧʨʠʤʝʨ, ʤʦʞʥʦ 

ʦʧʠʩʘʪʴ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ: { (s3 s2)
* 
s3

ɤ
, (s3

+ 
s2)
ɤ
}.  
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ʉʝʤʘʥʪʠʢʘ CTL ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʦʪʥʦʰʝʥʠʷ ʚʳʧʦʣʥʷʝʤʦʩʪʠ 
(ʦʙʦʟʥʘʯʘʝʤʦʛʦ ƝƏ) ʤʝʞʜʫ ʤʦʜʝʣʴʶ M, ʦʜʥʠʤ ʠʟ ʝʝ ʩʦʩʪʦʷʥʠʡ s ʠ 

ʬʦʨʤʫʣʦʡ ű. ʂʘʢ ʠ ʨʘʥʝʝ, ʟʘʧʠʰʝʤ M, sƝƏ ű ʚʤʝʩʪʦ (M, s, ű) ÍƝƏ. 
ʇʨʠ ʵʪʦʤ ʠʤʝʝʤ M, sƝƏ ű ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ű ʚʝʨʥʦ ʚ 
ʩʦʩʪʦʷʥʠʠ s ʤʦʜʝʣʠ M. ʂʘʢ ʠ ʨʘʥʝʝ, ʙʫʜʝʤ ʦʧʫʩʢʘʪʴ M, ʢʦʛʜʘ ʤʦʜʝʣʴ 
ʷʩʥʘ ʠʟ ʢʦʥʪʝʢʩʪʘ. 

ʇʫʩʪʴ p Í AP ï ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, ʘ ʪʨʦʡʢʘ M = (S, R, Label) ï 

CTL-ʤʦʜʝʣʴ, s Í S ʠ ű, ɣ ï CTL-ʬʦʨʤʫʣʳ. ʆʪʥʦʰʝʥʠʝ ʚʳʧʦʣʥʷʝʤʦʩʪʠ 
ƝƏ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

sƝƏ p Ú p Í Label(s); 

sƝƏ ×ű Ú ×(sƝƏ ű); 

sƝƏ (ű Ù ɣ) Ú (sƝƏ ű) Ù (sƝƏ ɣ); 

sƝƏ EX ű Ú $ů Í PM (s): ů[1]ƝƏ ű; 

sƝƏ E[ű U ɣ] Ú $ů Í PM (s): ($ j Ó 0: ů[  j]ƝƏ ɣ Ø 

      Ø ("0 Ò k < j: ů[k]ƝƏ ű)); 

sƝƏ A[ű U ɣ] Ú "ů Í PM (s): ($ j Ó 0: ů[ j]ƝƏ ɣ Ø 

      Ø ("0 Ò k < j: ů[k]ƝƏ ű)). 

ʀʥʪʝʨʧʨʝʪʘʮʠʠ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ, ʦʪʨʠʮʘʥʠʷ ʠ ʢʦʥʲʶʥʢʮʠʠ 

ʩʪʘʥʜʘʨʪʥʳ. 

EX ű ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ ů, 

ʥʘʯʠʥʘʶʱʠʡʩʷ ʩ ʩʦʩʪʦʷʥʠ ̫s, ʪʘʢʦʡ ʯʪʦ ʚ ʩʣʝʜʫʶʱʝʤ ʩʦʩʪʦʷʥʠʠ ʵʪʦʛʦ 

ʧʫʪʠ ů[1] ʚʳʧʦʣʥʷʝʪʩʷ ʩʚʦʡʩʪʚʦ ű. 

A[ű U ɣ] ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʢʘʞʜʳʡ ʧʫʪʴ, 

ʥʘʯʠʥʘʶʱʠʡʩʷ ʚ s, ʠʤʝʝʪ ʚ ʥʘʯʘʣʝ ʢʦʥʝʯʥʳʡ ʧʨʝʬʠʢʩ (ʚʦʟʤʦʞʥʦ, 

ʩʦʩʪʦʷʱʠʡ ʪʦʣʴʢʦ ʠʟ s), ʪʘʢʦʡ ʯʪʦ ɣ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʧʦʩʣʝʜʥʝʤ 

ʩʦʩʪʦʷʥʠʠ ʵʪʦʛʦ ʧʨʝʬʠʢʩʘ ʠ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʷʭ 

ʧʨʝʬʠʢʩʘ ʧʝʨʝʜ s. 

E[ű U ɣ] ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ, 

ʥʘʯʠʥʘʶʱʠʡʩʷ ʚ s, ʢʦʪʦʨʳʡ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʚʦʡʩʪʚʫ ű U ɣ. 

ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʪʝʤʧʦʨʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ AX  ű, EF ű, EG ű, AF ű ʠ 

AG ű ʤʦʞʝʪ ʙʳʪʴ ʚʳʚʝʜʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʢʘʟʘʥʥʦʛʦ ʚʳʰʝ 

ʦʧʨʝʜʝʣʝʥʠʷ. ʏʪʦʙʳ ʵʪʦ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ, ʚʳʚʝʜʝʤ ʬʦʨʤʘʣʴʥʫʶ 

ʩʝʤʘʥʪʠʢʫ EG ű. 

sƝƏ EG ű 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ EG }  

sƝƏ ×AF ×ű 
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Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ AF }  

sƝƏ ×A[true U ×ű] 

Ú { ʩʝʤʘʥʪʠʢʘ × }  

×(sƝƏ A[true U ×ű]) 

Ú { ʩʝʤʘʥʪʠʢʘ A[ű U ɣ] }  

×["ů Í PM (s): ($ j Ó 0: ů[  j]ƝƏ ×ű Ø ("0 Ò k < j: ů[k]ƝƏ true))] 

Ú { sƝƏ true ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ s }  

×["ů Í PM (s): ($ j Ó 0: ů[  j]ƝƏ ×ű)] 

Ú { ʩʝʤʘʥʪʠʢʘ ×; ʚʳʯʠʩʣʝʥʠʷ } 

$ů Í PM (s): ×($ j Ó 0: ×(ů[  j]ƝƏ ű)) 

Ú { ʚʳʯʠʩʣʝʥʠʷ } 

$ů Í PM (s): (" j Ó 0: ů[  j]ƝƏ ű). 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, EG ű ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ 

ʩʫʱʝʩʪʚʫʝʪ ʥʝʢʦʪʦʨʳʡ ʧʫʪʴ, ʥʘʯʠʥʘʶʱʠʡʩʷ ʚ s, ʪʘʢʦʡ ʯʪʦ ʚ ʢʘʞʜʦʤ 

ʩʦʩʪʦʷʥʠʠ ʵʪʦʛʦ ʧʫʪʠ ʚʳʧʦʣʥʷʝʪʩʷ ʩʚʦʡʩʪʚʦ ű. 

ʊʘʢʞʝ ʤʦʞʥʦ ʚʳʚʝʩʪʠ, ʯʪʦ AG ű ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ 

ʝʩʣʠ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʥʘ ʣʶʙʦʤ ʧʫʪʠ, ʥʘʯʠʥʘʶʱʝʤʩʷ ʚ s, 

ʚʳʧʦʣʥʷʝʪʩʷ ʩʚʦʡʩʪʚʦ ű. 

ʇʨʠ ʵʪʦʤ EF ű ʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ű ʚ ʢʦʥʝʯʥʦʤ 

ʩʯʝʪʝ ʚʳʧʦʣʥʷʝʪʩʷ ʚʜʦʣʴ ʥʝʢʦʪʦʨʦʛʦ ʧʫʪʠ, ʩʪʘʨʪʫʶʱʝʛʦ ʚ s, ʘ AF ű 

ʚʝʨʥʦ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʵʪʦ ʩʚʦʡʩʪʚʦ ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʚʩʝʭ ʧʫʪʝʡ, 

ʩʪʘʨʪʫʶʱʠʭ ʚ s. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ CTL-ʤʦʜʝʣʴ M, ʠʟʦʙʨʘʞʝʥʥʫʶ ʥʘ ʨʠʩ. 2.18. ʅʘ 

ʵʪʦʤ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʘ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʥʝʩʢʦʣʴʢʠʭ ʬʦʨʤʫʣ ʜʣʷ ʚʩʝʭ 

ʩʦʩʪʦʷʥʠʡ M. ʉʦʩʪʦʷʥʠʝ ʦʪʤʝʯʝʥʦ ʯʝʨʥʳʤ ʮʚʝʪʦʤ, ʝʩʣʠ ʬʦʨʤʫʣʘ 

ʚʝʨʥʘ ʜʣʷ ʥʝʛʦ, ʠ ʙʝʣʳʤ ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ. ʇʨʠ ʵʪʦʤ: 

Ç ʌʦʨʤʫʣʘ EX p ʚʝʨʥʘ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ, ʪʘʢ ʢʘʢ ʫ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ 

ʝʩʪʴ ʧʨʷʤʦʡ ʧʦʪʦʤʦʢ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ p. 

Ç AX  p ʥʝʚʝʨʥʘ ʚ ʩʦʩʪʦʷʥʠʠ s0, ʪʘʢ ʢʘʢ ʚʦʟʤʦʞʥʳʡ ʧʫʪʴ, 

ʥʘʯʠʥʘʶʱʠʡʩʷ ʚ s0, ʠʜʝʪ ʧʨʷʤʦ ʚ ʩʦʩʪʦʷʥʠʝ s2, ʚ ʢʦʪʦʨʦʤ p ʥʝ 

ʚʳʧʦʣʥʷʝʪʩʷ. ʊʘʢ ʢʘʢ ʦʩʪʘʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠʤʝʶʪ ʪʦʣʴʢʦ ʧʨʷʤʳʭ 

ʧʦʪʦʤʢʦʚ, ʚ ʢʦʪʦʨʳʭ p ʚʳʧʦʣʥʷʝʪʩʷ, AX  p ʚʝʨʥʦ ʚ ʦʩʪʘʣʴʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ. 

Ç ɼʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ, ʢʨʦʤʝ s2, ʩʫʱʝʩʪʚʫʝʪ ʚʳʯʠʩʣʝʥʠʝ (ʥʘʧʨʠʤʝʨ, 

s0 s1 s3

ɤ
), ʜʣʷ ʢʦʪʦʨʦʛʦ p ʛʣʦʙʘʣʴʥʦ ʚʝʨʥʦ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, EG p 
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ʚʝʨʥʦ ʚ ʵʪʠʭ ʩʦʩʪʦʷʥʠʷʭ. ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ p Î Label(s2), ʧʫʪʴ, 

ʥʘʯʠʥʘʶʱʠʡʩʷ ʚ s2, ʜʣʷ ʢʦʪʦʨʦʛʦ p ʛʣʦʙʘʣʴʥʦ ʚʝʨʥʦ, ʦʪʩʫʪʩʪʚʫʝʪ. 

Ç AG p ʚʝʨʥʦ ʪʦʣʴʢʦ ʚ ʩʦʩʪʦʷʥʠʠ s3, ʪʘʢ ʢʘʢ ʝʛʦ ʝʜʠʥʩʪʚʝʥʥʳʡ ʧʫʪʴ 

s3

ɤ
 ʚʩʝʛʜʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʦʩʪʦʷʥʠʷ, ʚ ʢʦʪʦʨʳʭ p ʚʳʧʦʣʥʷʝʪʩʷ. ɼʣʷ 

ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ, ʩʦʜʝʨʞʘʱʠʡ ʩʦʩʪʦʷʥʠʝ 

s2, ʢʦʪʦʨʦʝ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ p. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʵʪʠʭ ʩʦʩʪʦʷʥʠʡ 

AG p ʥʝʚʝʨʥʦ. 

EX p

EG p

EF (EG p)

AX p

AG p

A[p U q]

E[p U(â p     A[â p U q])]

s0 s1 s3

{ p, q} { p}{ p}

{ q}

s2

M

 

ʈʠʩ. 2.18. ʇʨʠʤʝʨ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʥʝʩʢʦʣʴʢʠʭ CTL-ʬʦʨʤʫʣ ʥʘ ʤʦʜʝʣʠ 

Ç EF(EG p) ʚʝʨʥʦ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ, ʪʘʢ ʢʘʢ ʠʟ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ʚ 

ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʩʦʩʪʦʷʥʠʝ s0, s1 ʠʣʠ s3, ʠʟ 

ʢʦʪʦʨʦʛʦ ʥʘʯʠʥʘʝʪʩʷ ʥʝʢʦʪʦʨʦʝ ʚʳʯʠʩʣʝʥʠʝ, ʚʜʦʣʴ ʢʦʪʦʨʦʛʦ p 

ʛʣʦʙʘʣʴʥʦ ʚʝʨʥʦ. 

Ç A[p U q] ʥʝʚʝʨʥʦ ʚ ʩʦʩʪʦʷʥʠʠ s3, ʪʘʢ ʢʘʢ ʝʛʦ ʝʜʠʥʩʪʚʝʥʥʦʝ 

ʚr ʯʠʩʣʝʥʠʝ s3

ɤ
 ʥʠʢʦʛʜʘ ʥʝ ʜʦʩʪʠʛʘʝʪ ʩʦʩʪʦʷʥʠʷ, ʚ ʢʦʪʦʨʦʤ 

ʚʳʧʦʣʥʷʝʪʩʷ q. ɼʣʷ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʵʪʦ, ʦʜʥʘʢʦ, ʚʝʨʥʦ, ʠ 

ʚʜʦʙʘʚʦʢ ʩʚʦʡʩʪʚʦ p ʚʝʨʥʦ ʧʝʨʝʜ ʪʝʤ, ʢʘʢ ʩʪʘʥʦʚʠʪʩʷ ʚʝʨʥʳʤ q. 
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Ç ʅʘʢʦʥʝʮ, ʬʦʨʤʫʣʘ E[p U (×p Ø A[×p U q])] ʥʝʚʝʨʥʘ ʚ s3, ʧʦʩʢʦʣʴʢʫ 

ʠʟ s3 ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ q-ʩʦʩʪʦʷʥʠʝ. ɼʣʷ ʩʦʩʪʦʷʥʠʡ s0 ʠ s1 

ʩʚʦʡʩʪʚʦ ʚʝʨʥʦ, ʪʘʢ ʢʘʢ ʩʦʩʪʦʷʥʠʝ s2 ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʠʟ 

ʵʪʠʭ ʩʦʩʪʦʷʥʠʡ ʯʝʨʝʟ p-ʧʫʪʴ, ×p ʚʝʨʥʦ ʚ s2, ʠ ʚʩʝ ʚʦʟʤʦʞʥʳʝ 

ʩʪʘʨʪʫʁʱʠʝ ʚ s2 ʧʫʪʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʬʦʨʤʫʣʝ ×p U q, ʧʦʪʦʤʫ ʯʪʦ 

s2 ï q-ʩʦʩʪʦʷʥʠʝ. ʅʘʧʨʠʤʝʨ, ʚ ʩʦʩʪʦʷʥʠʠ s0 ʧʫʪʴ (s0 s2 s1)
ɤ
 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʚʦʡʩʪʚʫ p U (×p Ø A[×p U q]), ʪʘʢ ʢʘʢ p Í Label(s0), 

p Î Label(s2) ʠ q Í Label(s1). ɼʣʷ ʩʦʩʪʦʷʥʠʷ s2 ʩʚʦʡʩʪʚʦ ʚʝʨʥʦ, 

ʧʦʩʢʦʣʴʢʫ p ʥʝʚʝʨʥʦ ʚ s2, ʠ ʜʣʷ ʚʩʝʭ ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʚ s2, 

ʙʣʠʞʘʡʰʝʝ ʩʦʩʪʦʷʥʠʝ ï ʵʪʦ q-ʩʦʩʪʦʷʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʦʡʩʪʚʦ 

×p Ø A(×p U q) ʜʦʩʪʠʛʘʝʪʩʷ ʯʝʨʝʟ ʧʫʪʴ ʜʣʠʥʳ 0. 

 

2.3.3. ʅʝʢʦʪʦʨʳʝ ʘʢʩʠʦʤʳ CTL 

ɺ ʨʘʟʜʝʣʝ ʦ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʘʢʩʠʦʤʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳʤʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʦʢʘʟʳʚʘʪʴ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʤʝʞʜʫ ʬʦʨʤʫʣʘʤʠ: ʯʘʩʪʦ ʚʤʝʩʪʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʤʘʥʪʠʯʝʩʢʠʭ ʦʧʨʝʜʝʣʝʥʠʡ 

ʜʦʩʪʘʪʦʯʥʦ ʧʨʠʤʝʥʷʪʴ ʘʢʩʠʦʤʳ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʝʥʳ ʚ ʪʝʨʤʠʥʘʭ 

ʩʠʥʪʘʢʩʠʩʘ ʬʦʨʤʫʣ. ʕʪʦ ʦʙʣʝʛʯʘʝʪ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ 

ʬʦʨʤʫʣ. ɺʘʞʥʦʡ ʘʢʩʠʦʤʦʡ ʜʣʷ ʧʨʦʚʝʨʢʠ LTL-ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ 

ʧʨʘʚʠʣʦ ʨʘʩʰʠʨʝʥʠʷ ʦʧʝʨʘʪʦʨʘ U: 

ű U ɣ ¹ ɣ Ù (ű Ø X[ű U ɣ]). 

ʇʨʠ ʧʦʜʩʪʘʥʦʚʢʝ ʵʪʦʛʦ ʧʨʘʚʠʣʘ ʚ ʦʧʨʝʜʝʣʝʥʠʷ F ʠ G ʧʦʣʫʯʠʤ: 

G ű ¹ ű Ø XG ű; 

F ű ¹ ű Ù XF ű. 

ɼʣʷ ʣʦʛʠʢʠ CTL ʩʫʱʝʩʪʚʫʶʪ ʘʥʘʣʦʛʠʯʥʳʝ ʘʢʩʠʦʤʳ. ʋʯʠʪʳʚʘʷ, ʯʪʦ 

ʢʘʞʜʳʡ ʣʠʥʝʡʥʳʡ ʪʝʤʧʦʨʘʣʴʥʳʡ ʦʧʝʨʘʪʦʨ U, F ʠʣʠ G ʜʦʣʞʝʥ ʙʳʪʴ 

ʧʨʝʜʚʘʨʝʥ ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʳʤ ʠʣʠ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʤ, 

ʧʦʣʫʯʘʝʤ ʘʢʩʠʦʤʳ, ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʚ ʪʘʙʣ. 2.4. 

ʊʘʙʣʠʮʘ 2.4. ɸʢʩʠʦʤʳ ʨʘʩʰʠʨʝʥʠʷ ʜʣʷ CTL 

EG ű ¹ ű Ø EX EG ű 

AG ű ¹ ű Ø AX  AG ű 

EF ű ¹ ű Ù EX EF ű 

AF ű ¹ ű Ù AX  AF ű 

E[ű U ɣ] ¹ ɣ Ù (ű Ø EX(E[ű U ɣ])) 

A[ű U ɣ] ¹ ɣ Ù (ű Ø AX (A[ű U ɣ])) 



 82 

ʋ ʚʩʝʭ ʵʪʠʭ ʘʢʩʠʦʤ ʙʘʟʦʚʘʷ ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʚʳʨʘʞʝʥʠʠ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ 

ʬʦʨʤʫʣʳ ʧʨʝʜʣʦʞʝʥʠʝʤ ʦ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷʥʠʠ (ʛʜʝ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʝʤʧʦʨʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ) ʠ ʧʨʝʜʣʦʞʝʥʠʝʤ ʦ 

ʧʨʷʤʳʭ ʧʦʪʦʤʢʘʭ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ EX ʠʣʠ AX  ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʩ ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʳʤ ʠʣʠ ʫʥʠʚʝʨʩʘʣʴʥʳʤ 

ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʤ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʬʦʨʤʫʣʘ). ʅʘʧʨʠʤʝʨ, ʬʦʨʤʫʣʘ 

EG ű ʚʝʨʥʘ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ű ʚʝʨʥʘ ʚ s (ʧʨʝʜʣʦʞʝʥʠʝ ʦ ʪʝʢʫʱʝʤ 

ʩʦʩʪʦʷʥʠʠ) ʠ ű ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʚʜʦʣʴ ʧʫʪʠ, 

ʥʘʯʠʥʘʶʱʝʛʦʩ ̫ ʩ ʧʨʷʤʦʛʦ ʧʦʪʦʤʢʘ s (ʧʨʝʜʣʦʞʝʥʠʝ ʦ ʧʦʪʦʤʢʘʭ 

ʩʦʩʪʦʷʥʠʡ). ʇʝʨʚʳʝ ʯʝʪʳʨʝ ʘʢʩʠʦʤʳ ʤʦʛʫʪ ʙʳʪʴ ʚʳʚʝʜʝʥʳ ʠʟ 

ʧʦʩʣʝʜʥʠʭ ʜʚʫʭ. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ AF ű ʧʦʣʫʯʠʤ: 

AF ű 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ AF }  

A[true U ű] 

Ú { ʘʢʩʠʦʤʘ ʜʣʷ A[ű U ɣ] }  

ű Ù (true Ø AX [A(true U ű)]) 

Ú { ʠʩʯʠʩʣʝʥʠʝ ʧʨʝʜʠʢʘʪʦʚ; ʦʧʨʝʜʝʣʝʥʠʝ AF }  

ű Ù AX [AF ű]. 

ʀʩʧʦʣʴʟʫʷ ʵʪʦʪ ʨʝʟʫʣʴʪʘʪ, ʚʳʚʦʜʠʤ ʧʨʘʚʠʣʦ ʨʘʩʰʠʨʝʥʠʷ ʜʣʷ EG ű: 

EG ű 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ EG }  

×AF ×ű 

Ú { ʨʝʟʫʣʴʪʘʪ ʧʨʝʜʳʜʫʱʝʛʦ ʚʳʚʦʜʘ } 

×(×ű Ù AX [AF ×ű]) 

Ú { ʠʩʯʠʩʣʝʥʠʝ ʧʨʝʜʠʢʘʪʦʚ } 

ű Ø ×AX [AF ×ű] 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ AX  }  

ű Ø EX(×[AF ×ű]) 

Ú { ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ EG }  

ű Ø EX[EG ű]. 

ɸʥʘʣʦʛʠʯʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʜʝʣʘʥʳ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʧʦʣʫʯʠʪʴ ʘʢʩʠʦʤʳ ʜʣʷ EF ʠ AG. ʂʘʢ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʵʣʝʤʝʥʪʘʨʥʳʤʠ 

ʘʢʩʠʦʤʘʤʠ ʷʚʣʷʶʪʩʷ ʜʚʝ ʧʦʩʣʝʜʥʠʝ ʘʢʩʠʦʤʳ ʨʘʩʰʠʨʝʥʠʷ. ʆʥʠ ʤʦʛʫʪ 
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ʙʳʪʴ ʜʦʢʘʟʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʤʘʥʪʠʢʠ CTL, ʠ ʵʪʠ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʦʯʝʥʴ ʧʦʭʦʞʠ ʥʘ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʟʘʢʦʥʘ ʨʘʩʰʠʨʝʥʠʷ 

ʜʣʷ ʦʧʝʨʘʪʦʨʘ U ʣʦʛʠʢʠ LTL, ʠʟʣʦʞʝʥʥʦʝ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

 

2.3.4. ʉʨʘʚʥʝʥʠʝ ʚʳʨʘʟʠʪʝʣʴʥʦʡ ʩʠʣʳ CTL, CTL
*
 ʠ LTL 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʣʫʯʰʝ ʧʨʝʜʩʪʘʚʠʪʴ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ LTL, 

CTL ʠ CTL
*
, ʦʧʠʰʝʤ ʩʠʥʪʘʢʩʠʩ CTL

*
 ʠ ʚʳʧʦʣʥʠʤ ʘʣʴʪʝʨʥʘʪʠʚʥʫʶ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʶ ʩʠʥʪʘʢʩʠʩʘ CTL ʠ LTL ʚ ʪʝʨʤʠʥʘʭ CTL
*
. ʉʜʝʣʘʝʤ 

ʵʪʦ, ʷʚʥʦ ʨʘʟʣʠʯʘʷ ʬʦʨʤʫʣʳ ʩʦʩʪʦʷʥʠʡ ï ʩʚʦʡʩʪʚʘ, ʚʳʧʦʣʥʷʶʱʠʝʩʷ ʚ 

ʩʦʩʪʦʷʥʠʷʭ, ʠ ʬʦʨʤʫʣʳ ʧʫʪʠ ï ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪʩʷ ʜʣʷ 

ʧʫʪʝʡ. 

ʊʘʢ ʢʘʢ CTL ʠ CTL
*
 ʠʥʪʝʨʧʨʝʪʠʨʫʶʪʩʷ ʥʘ ʚʝʪʚʷʱʠʭʩʷ ʤʦʜʝʣʷʭ, ʪʦʛʜʘ 

ʢʘʢ LTL ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʭ, ʩʨʘʚʥʝʥʠʝ ʤʝʞʜʫ 

ʵʪʠʤʠ ʪʨʝʤʷ ʣʦʛʠʢʘʤʠ ʥʝ ʧʨʷʤʦʣʠʥʝʡʥʦʝ. ʉʨʘʚʥʝʥʠʝ ʫʧʨʦʱʘʝʪʩʷ, 

ʝʩʣʠ ʥʝʤʥʦʛʦ ʧʦʤʝʥʷʪʴ ʦʧʨʝʜʝʣʝʥʠʝ LTL, ʪʘʢ ʯʪʦ ʝʝ ʩʝʤʘʥʪʠʢʘ ʙʫʜʝʪ 

ʦʧʨʝʜʝʣʝʥʘ ʚ ʪʝʨʤʠʥʘʭ ʚʝʪʚʷʱʝʡʩʷ ʤʦʜʝʣʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʠʥʪʝʨʧʨʝʪʘʮʠʠ LTL ʥʘ ʚʝʪʚʷʱʠʭʩʷ 

ʩʪʨʫʢʪʫʨʘʭ (ʥʘʧʨʠʤʝʨ, ʜʦʣʞʥʦ ű ʚʳʧʦʣʥʷʪʴʩʷ ʚ ʬʦʨʤʫʣʝ X ű ʜʣʷ ʚʩʝʭ 

ʧʦʪʦʤʢʦʚ ʠʣʠ  ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ ʧʦʪʦʤʢʘ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ?), 

ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ, ʥʦ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ, ʦʙʱʠʡ ʧʦʜʭʦʜ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, 

ʯʪʦʙʳ ʩʯʠʪʘʪʴ, ʯʪʦ LTL-ʬʦʨʤʫʣʘ ű ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʚʩʝʭ ʧʫʪʷʭ. ʕʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʝʤʫ ʨʘʩʩʤʦʪʨʝʥʠʶ LTL ʚ ʪʝʨʤʠʥʘʭ CTL
*
. 

ʌʦʨʤʫʣʳ ʩʦʩʪʦʷʥʠʡ LTL ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ ű ::= A ɓ, ʛʜʝ ɓ ï ʬʦʨʤʫʣʘ 

ʧʫʪʠ. ʌʦʨʤʫʣʳ ʧʫʪʠ ʦʧʨʝʜʝʣʝʥʳ ʩʦʛʣʘʩʥʦ ʩʣʝʜʫʶʱʝʤʫ ʧʨʘʚʠʣʫ 

(ʟʜʝʩʴ p Í AP): 

ɓ ::= p | ×ɓ | (ɓ Ù ɓ) | X ɓ | (ɓ U ɓ). 

ɺ ʨʝʟʫʣʴʪʘʪʝ CTL, CTL
*
 ʠ LTL ʪʝʧʝʨʴ ʠʥʪʝʨʧʨʝʪʠʨʫʶʪʩʷ ʚ ʪʝʨʤʠʥʘʭ 

ʦʜʥʦʡ ʤʦʜʝʣʠ, ʠ ʵʪʘ ʦʙʱʘʷ ʩʝʤʘʥʪʠʯʝʩʢʘʷ ʙʘʟʘ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ. ʊʘʙʣ. 2.5 ʩʫʤʤʠʨʫʝʪ ʩʠʥʪʘʢʩʠʩ ʪʨʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʪʠʧʦʚ 

ʣʦʛʠʢʠ.
4
 

 

ʊʘʙʣʠʮʘ 2.5. ʉʠʥʪʘʢʩʠʩ LTL, CTL ʠ CTL* 

LTL 
ʬʦʨʤʫʣʳ ʩʦʩʪʦʷʥʠʷ ű ::= A ɓ 

ʬʦʨʤʫʣʳ ʧʫʪʠ ɓ ::= p | ×ɓ | (ɓ Ù ɓ) | X ɓ | (ɓ U ɓ) 

                                           
4
 ɿʜʝʩʴ ʚʳʙʨʘʥ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʫʪʴ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʥʪʘʢʩʠʩʘ CTL, ʢʦʪʦʨʳʡ 

ʫʧʨʦʱʘʝʪ ʩʨʘʚʥʝʥʠʝ. ʉʣʝʜʫʝʪ ʠʤʝʪʴ ʚ ʚʠʜʫ, ʯʪʦ ×E ×ɓ ʨʘʚʥʷʝʪʩʷ A ɓ ʜʣʷ ʬʦʨʤʫʣʳ 

ʧʫʪʠ ɓ. 
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CTL 
ʬʦʨʤʫʣʳ ʩʦʩʪʦʷʥʠʷ ű ::= p | ×ű | (ű Ù ű) | E ɓ 

ʬʦʨʤʫʣʳ ʧʫʪʠ ɓ ::= ×ɓ | X ű | (ű U ű) 

CTL
*
 

ʬʦʨʤʫʣʳ ʩʦʩʪʦʷʥʠʷ ű ::= p | ×ű | (ű Ù ű) | E ɓ 

ʬʦʨʤʫʣʳ ʧʫʪʠ ɓ ::= ű | ×ɓ | (ɓ Ù ɓ) | X ɓ | (ɓ U ɓ) 

 

ɼʣʷ CTL
*
 ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʝ ʞʝ ʩʦʢʨʘʱʝʥʠʷ, ʯʪʦ ʠ ʜʣʷ LTL, ʠ ʝʱʝ ʦʜʥʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ: A ɓ = ×E ×ɓ. 

ʀʥʪʝʨʧʨʝʪʘʮʠʷ CTL
*
 ʠʥʪʫʠʪʠʚʥʦ ʷʩʥʘ ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʠ CTL. 

ʆʧʨʝʜʝʣʠʤ ʬʦʨʤʘʣʴʥʫʶ ʩʝʤʘʥʪʠʢʫ CTL
*
. ʇʫʩʪʴ p Í AP ï ʘʪʦʤʘʨʥʦʝ 

ʧʨʝʜʣʦʞʝʥʠʝ, M = (S, R, Label) ï CTL-ʤʦʜʝʣ ɹ(ʤʦʜʝʣʴ ʂʨʠʧʢʝ), s Í S ï 

ʩʦʩʪʦʷʥʠʝ ʤʦʜʝʣʠ, ů Í PM (s) ï ʧʫʪʴ, ű ʠ ɣ ï ʬʦʨʤʫʣʳ ʩʦʩʪʦʷʥʠʷ, Ŭ ʠ ɓ 

ï ʬʦʨʤʫʣʳ ʧʫʪʠ. ɺʚʝʜʝʤ ʜʚʘ ʦʪʥʦʰʝʥʠʷ ʚʳʧʦʣʥʷʝʤʦʩʪʠ, 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʢʦʪʦʨʳʭ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ʪʘʢ: M, sƝƏState ű ʠ 

M, ůƝƏPath Ŭ. 

ʂʘʢ ʠ ʨʘʥʝʝ, ʙʫʜʝʤ ʦʧʫʩʢʘʪʴ ʤʦʜʝʣʴ M ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʥʘ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʢʦʥʪʝʢʩʪʦʤ. 

ʆʪʥʦʰʝʥʠʝ ƝƏState ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

sƝƏState p Ú p Í Label(s); 

sƝƏState ×ű Ú ×(sƝƏState ű); 

sƝƏState (ű Ù ɣ) Ú (sƝƏState ű) Ù (sƝƏState ɣ); 

sƝƏState E ɓ Ú $ů Í PM (s): (ůƝƏPath ɓ). 

ɸʥʘʣʦʛʠʯʥʦ ʟʘʜʘʜʠʤ ʦʪʥʦʰʝʥʠʝ ƝƏPath: 

ůƝƏPath ű Ú ů[0]ƝƏState ű; 

ůƝƏPath ×ɓ Ú ×(ůƝƏPath ɓ); 

ůƝƏPath (Ŭ Ù ɓ) Ú (ůƝƏPath Ŭ) Ù (ůƝƏPath ɓ); 

ůƝƏPath X ɓ Ú ů
1
ƝƏPath ɓ; 

ůƝƏPath (Ŭ U ɓ) Ú $ j Ó 0: ů
 j
ƝƏPath ɓ Ø ("0 Ò k < j: ů

k
ƝƏPath Ŭ). 

ɿʜʝʩʴ ů
1
, ů

 j
 ʠ ů

k
 ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʫʬʬʠʢʩʳ ʧʫʪʠ ů. 

ʀʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʩʠʥʪʘʢʩʠʩʘ ʩʣʝʜʫʝʪ, ʯʪʦ CTL ï ʵʪʦ ʧʦʜʤʥʦʞʝʩʪʚʦ 
CTL

*
: ʚʩʝ CTL-ʬʦʨʤʫʣʳ ʧʨʠʥʘʜʣʝʞʘʪ CTL

*
, ʥʦ ʦʙʨʘʪʥʦʝ ʥʝ 

ʚʳʧʦʣʥʷʝʪʩʷ (ʩʠʥʪʘʢʩʠʯʝʩʢʠ). ɺʥʘʯʘʣʝ ʧʨʦʷʩʥʠʤ, ʢʘʢ ʩʨʘʚʥʠʚʘʝʪʩʷ 
ʚʳʨʘʟʠʪʝʣʴʥʘʷ ʩʠʣʘ ʜʚʫʭ ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ. ʆʜʥʘ ʣʦʛʠʢʘ ʷʚʣʷʝʪʩʷ 
ʙʦʣʝʝ ʚʳʨʘʟʠʪʝʣʴʥʦʡ, ʯʝʤ ʜʨʫʛʘʷ, ʝʩʣʠ ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʚʳʨʘʞʘʪʴ 
ʪʝʨʤʳ, ʢʦʪʦʨʳʝ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʚʳʨʘʞʝʥʳ ʚ ʜʨʫʛʦʡ. ʕʪʦʪ 
ʩʠʥʪʘʢʩʠʯʝʩʢʠʡ ʢʨʠʪʝʨʠʡ ʧʨʠʤʝʥʷʝʪʩʷ ʢ CTL ʚ ʩʨʘʚʥʝʥʠʠ ʩ CTL

*
: 
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ʧʝʨʚʘʷ ʩʠʥʪʘʢʩʠʯʝʩʢʠ ʷʚʣʷʝʪʩʷ ʧʦʜʤʥʦʞʝʩʪʚʦʤ ʚʪʦʨʦʡ. ʊʘʢʦʡ 
ʢʨʠʪʝʨʠʡ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʩʣʠʰʢʦʤ ʧʨʦʩʪ. ɹʦʣʝʝ ʪʦʯʥʦ, ʦʥ ʥʝ 
ʠʩʢʣʶʯʘʝʪ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʜʣʷ ʥʝʢʦʪʦʨʦʡ ʬʦʨʤʫʣʳ ű ʚ ʦʜʥʦʡ 
ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ L ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʬʦʨʤʫʣʘ ɣ (ʢʦʪʦʨʘʷ 
ʩʠʥʪʘʢʩʠʯʝʩʢʠ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ű) ʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ L'. ʇʦʜ 
ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴʶ ʟʜʝʩʴ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʩʣʝʜʫʶʱʝʝ. 

ʌʦʨʤʫʣʳ ű ʠ ɣ ʥʘʟʳʚʘʶʪʩʷ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʜʣʷ 
ʚʩʝʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s ʚʳʧʦʣʥʷʝʪʩʷ 

M, sƝƏ ű ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ M, sƝƏ ɣ. 

ʊʝʧʝʨʴ ʤʦʞʥʦ ʬʦʨʤʘʣʴʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʟʥʘʯʠʪ ʜʣʷ ʜʚʫʭ 
ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ ʙʳʪʴ ʚʳʨʘʟʠʪʝʣʴʥʦ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ. 

ʊʝʤʧʦʨʘʣʴʥʳʝ ʣʦʛʠʢʠ L ʠ L' ʚʳʨʘʟʠʪʝʣʴʥʦ ʵʢʚʠʚʘʣʝʥʪʥʳ, ʝʩʣʠ ʜʣʷ 

ʢʘʞʜʦʡ ʬʦʨʤʫʣʳ ű Í L ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʝʡ ʬʦʨʤʫʣʘ ɣ Í L' 

(ʪʘʢʘʷ ʯʪʦ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s: M, sƝƏ ű Ú M, sƝƏ ɣ) ʠ 

ʜʣʷ ʢʘʞʜʦʡ ʬʦʨʤʫʣʳ ɣ Í L' ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʝʡ ʬʦʨʤʫʣʘ 

ű Í L (ʪʘʢʘʷ ʯʪʦ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ M ʠ ʩʦʩʪʦʷʥʠʡ s: M, sƝƏ ű Ú 
M, sƝƏ ɣ). 

ɽʩʣʠ ʧʝʨʚʦʝ ʠʟ ʵʪʠʭ ʫʩʣʦʚʠʡ ʚʝʨʥʦ, ʘ ʚʪʦʨʦʝ ʥʝʪ, ʪʦ ʣʦʛʠʢʘ L (ʩʪʨʦʛʦ) 
ʤʝʥʝʝ ʚʳʨʘʟʠʪʝʣʴʥʘ, ʯʝʤ L'. 

ʈʠʩ. 2.19 ʦʪʨʘʞʘʝʪ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʪʨʝʤʷ ʣʦʛʠʢʘʤʠ, 
ʨʘʩʩʤʦʪʨʝʥʥʳʤʠ ʚ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ. ʀʟ ʵʪʦʛʦ ʨʠʩʫʥʢʘ ʩʣʝʜʫʝʪ, ʯʪʦ 
CTL

*
 ʙʦʣʝʝ ʚʳʨʘʟʠʪʝʣʴʥʘ, ʯʝʤ ʦʙʝ ʣʦʛʠʢʠ LTL ʠ CTL, ʪʦʛʜʘ ʢʘʢ LTL ʠ 

CTL ʥʝʩʨʘʚʥʠʤʳ. ɼʣʷ ʢʘʞʜʦʡ ʠʟ ʣʦʛʠʢ ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʬʦʨʤʫʣ, 
ʚʳʜʝʣʷʶʱʠʭ ʯʘʩʪʠ ʦʙʣʘʩʪʝʡ, ʢʦʪʦʨʳʤ ʦʥʠ ʧʨʠʥʘʜʣʝʞʘʪ. 

CTL*

LTL

CTL

A[F(p     X p)]

A[p U q]

AG(EF q)

A[F(p     X p)]     AG(EF q)

 

ʈʠʩ. 2.19. ɺʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ LTL, CTL ʠ CTL
*
 

ʉʫʱʝʩʪʚʫʝʪ ʬʦʨʤʫʣʘ ʚ LTL, ʥʦ ʬʦʨʤʫʣʘ ʚ CTL ʦʪʩʫʪʩʪʚʫʝʪ. 

ʅʘʧʨʠʤʝʨ, A[FG p] ʠ A[F(p Ø X p)] ï ʵʪʦ LTL-ʬʦʨʤʫʣʳ, ʜʣʷ ʢʦʪʦʨʳʭ 
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ʥʝʪ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʬʦʨʤʫʣ ʚ CTL [4, 28]. ɼʨʫʛʦʡ ʧʨʠʤʝʨ ʬʦʨʤʫʣʳ ʠʟ 
LTL, ʜʣʷ ʢʦʪʦʨʦʡ ʥʝʪ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʬʦʨʤʫʣʳ ʚ CTL: 

A[GF p ­ F q]. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʦʡ ʬʦʨʤʫʣʦʡ, ʝʩʣʠ p ʚʳʧʦʣʥʷʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦ 
ʯʘʩʪʦ, ʪʦ q ʢʦʛʜʘ-ʥʠʙʫʜʴ ʩʪʘʥʝʪ ʚʝʨʥʦ. ʕʪʦ ʠʥʪʝʨʝʩʥʦʝ ʩʚʦʡʩʪʚʦ, 
ʢʦʪʦʨʦʝ ʧʦʷʚʣʷʝʪʩʷ ʯʘʩʪʦ ʚ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʠʩʪʝʤ. 
ʅʘʧʨʠʤʝʨ, ʪʠʧʠʯʥʦʝ ʩʚʦʡʩʪʚʦ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʛʦ ʧʨʦʪʦʢʦʣʘ ʥʘʜ 
ʥʝʥʘʜʝʞʥʳʤ ʢʘʥʘʣʦʤ ʩʚʷʟʠ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
çʝʩʣʠ ʩʦʦʙʱʝʥʠʝ ʧʦʩʳʣʘʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ, ʦʥʦ ʢʦʛʜʘ-ʥʠʙʫʜʴ 
ʜʦʩʪʠʛʥʝʪ ʧʦʣʫʯʘʪʝʣʷè. 

ɼʦʢʘʞʝʤ, ʯʪʦ ʜʣʷ LTL-ʬʦʨʤʫʣ A[FG a] ʠ A[F(a Ø X a)] ʥʝ ʩʫʱʝʩʪʚʫʝʪ 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ CTL-ʬʦʨʤʫʣ. ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʠ ʂʨʠʧʢʝ Mn ʠ M'n, 

ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʥʜʫʢʪʠʚʥʦ, ʥʘʯʠʥʘʷ ʩ ʤʦʜʝʣʝʡ M0 ʠ M'0 

(ʨʠʩ. 2.20), ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.21. 

M0

{ a}{ } { a}{ }

s0 s1

M'0

s0 s1

 

ʈʠʩ. 2.20. ɹʘʟʦʚʳʝ ʤʦʜʝʣʠ M0 ʠ M'0 

Mn

Mnï1

{ a}{ }

M'n

Mnï1

{ a}{ }

s0 s1s0 s1

 

ʈʠʩ. 2.21. ʀʥʜʫʢʪʠʚʥʦʝ ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʝʡ Mn ʠ M'n ʜʣʷ n > 0 

ʅʘ ʨʠʩ. 2.22 ʪʝ ʞʝ ʤʦʜʝʣʠ ʠʟʦʙʨʘʞʝʥʳ ʜʨʫʛʠʤ ʩʧʦʩʦʙʦʤ. 

{ a}{ } { a}{ }

. . .
{ a}{ }

{ a}{ }

. . .
{ a}{ }{ a}{ }

s0 s1

n

M'n

Mns0 s1

 

ʈʠʩ. 2.22. ʄʦʜʝʣʠ Mn ʠ M'n ʜʣʷ n Ó 0 
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ʏʝʨʝʟ s0 ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ʩʪʘʨʪʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʤʦʜʝʣʝʡ Mn ʠ M'n, ʘ 

ʯʝʨʝʟ s1 ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠʭ ʧʨʷʤʳʝ ʧʦʪʦʤʢʠ. ɹʫʜʝʤ ʛʦʚʦʨʠʪʴ, ʯʪʦ 

ʬʦʨʤʫʣʘ ű ʥʝ ʨʘʟʣʠʯʘʝʪ ʤʦʜʝʣʠ M' ʠ M", ʝʩʣʠ 

Ç ʫʩʣʦʚʠʝ M', s0ƝƏ ű ʚʳʧʦʣʥʷʝʪʩʷ ʠʣʠ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʩ ʫʩʣʦʚʠʝʤ M", s0ƝƏ ű; 

Ç ʫʩʣʦʚʠʝ M', s1ƝƏ ű ʚʳʧʦʣʥʷʝʪʩʷ ʠʣʠ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʩ ʫʩʣʦʚʠʝʤ M", s1ƝƏ ű. 

ʀʟ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʝʡ Mn ʠ M'n ʩʣʝʜʫʝʪ, ʯʪʦ Mn, s0ƝƏ A[FG a] ʠ 

Mn, s0ƝƏ A[F(a Ø X a)] ʜʣʷ ʚʩʝʭ n Ó 0, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ M'n, s0 |=/A[FG a] 

ʠ M'n, s0 |=/A[F(a Ø X a)]. ʕʪʦ ʤʦʞʥʦ ʜʦʢʘʟʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ʃʶʙʘʷ ʤʦʜʝʣʴ M'n ʩʦʜʝʨʞʠʪ ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ, ʢʦʪʦʨʦʤʫ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʝ ʧʦʤʝʪʢʠ 

Å ­ { a} ­ Å ­ { a} ­ Å ­ é 

ʠ ʥʘ ʢʦʪʦʨʦʤ ʥʝ ʚʳʧʦʣʥʷʶʪʩʷ ʬʦʨʤʫʣʳ FG a ʠ F(a Ø X a). ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʪʘʢ ʢʘʢ ʚ ʤʦʜʝʣʷʭ Mn ʥʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ 

ʧʦʧʘʜʘʪʴ ʚ ×a-ʩʦʩʪʦʷʥʠʝ, ʢʘʞʜʳʡ ʧʫʪʴ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

Å ­ { a} é Å ­ ({a})
ɤ
, 

ʠ ʥʘ ʥʝʤ ʚʳʧʦʣʥʷʶʪʩʷ ʬʦʨʤʫʣʳ FG a ʠ F(a Ø X a). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʬʦʨʤʫʣʳ FG a ʠ F(a Ø X a) ʨʘʟʣʠʯʘʶʪ ʤʦʜʝʣʠ Mn ʠ M'n. 

ʆʧʨʝʜʝʣʠʤ ʪʝʤʧʦʨʘʣʴʥʫʶ ʛʣʫʙʠʥʫ CTL-ʬʦʨʤʫʣʳ ű (ʦʙʦʟʥʘʯʘʝʪʩʷ 

ʯʝʨʝʟ ||ű||) ʢʘʢ ʤʘʢʩʠʤʘʣʴʥʫʶ ʚʣʦʞʝʥʥʦʩʪʴ ʪʝʤʧʦʨʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ 

ʚ ű. ʅʘʧʨʠʤʝʨ, ||a Ø b|| = 0 ʠ ||E[(a ­ b Ø ×c)U((EX a) Ø E[b U c])]|| = 2. 

ʀʩʧʦʣʴʟʫʷ ʠʥʜʫʢʮʠʶ ʧʦ n, ʤʦʞʥʦ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʤʦʜʝʣʴ Mn ʠ ʤʦʜʝʣʴ 

M'n ʥʝʚʦʟʤʦʞʥʦ ʨʘʟʣʠʯʠʪʴ ʥʠʢʘʢʦʡ CTL-ʬʦʨʤʫʣʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ 

ʛʣʫʙʠʥʳ ʥʝ ʙʦʣʴʰʝ n. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ "ű Í CTL, ||ű|| Ò n: Mn, s0ƝƏ ű 

ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ M'n, s0ƝƏ ű (ʠ ʘʥʘʣʦʛʠʯʥʦʝ ʫʪʚʝʨʞʜʝʥʠʝ ʜʣʷ s1 

ʚʤʝʩʪʦ s0). ʕʪʦ ʫʪʚʝʨʞʜʝʥʠʝ ʩʣʝʜʫʝʪ ʠʟ ʪʨʝʭ ʬʘʢʪʦʚ, ʧʨʦʚʝʨʷʝʤʳʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ: 

1. ɼʣʷ ʣʶʙʳʭ m, n Ó 0 ʣʶʙʘʷ ʬʦʨʤʫʣʘ ű ʪʝʤʧʦʨʘʣʴʥʦʡ ʛʣʫʙʠʥʳ 0 ʥʝ 

ʨʘʟʣʠʯʘʝʪ ʥʠʢʘʢʠʝ ʤʦʜʝʣʠ Mm ʠ M'n. 

2. ɽʩʣʠ ʥʠ ʬʦʨʤʫʣʘ ű, ʥʠ ʬʦʨʤʫʣʘ ɣ ʥʝ ʨʘʟʣʠʯʘʶʪ ʤʦʜʝʣʠ Mn ʠ M'n, ʪʦ 

ʪʘʢʠʝ ʬʦʨʤʫʣʳ, ʢʘʢ ×ű ʠ ű Ø ɣ, ʪʦʞʝ ʥʝ ʨʘʟʣʠʯʘʶʪ ʵʪʠ ʤʦʜʝʣʠ. 

3. ɽʩʣʠ ʥʠ ʬʦʨʤʫʣʘ ű, ʥʠ ʬʦʨʤʫʣʘ ɣ ʥʝ ʨʘʟʣʠʯʘʶʪ ʤʦʜʝʣʠ Mn, M'n, 

Mn+1 ʠ M'n +1, ʪʦ ʪʘʢʠʝ ʬʦʨʤʫʣʳ, ʢʘʢ EX ű, AX  ű, E[ű U ɣ] ʠ 

A[ű U ɣ], ʥʝ ʨʘʟʣʠʯʘʶʪ ʤʦʜʝʣʠ Mn+1 ʠ M'n +1. 
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ʇʦʩʣʝʜʥʠʡ ʰʘʛ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ. ʇʫʩʪʴ 
ʩʫʱʝʩʪʚʫʝʪ CTL-ʬʦʨʤʫʣʘ ű, ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʬʦʨʤʫʣʝ A[FG a] (ʠʣʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, A[F(a Ø X a)]). ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʠʟ Mn, s0ƝƏ A[FG a] 

ʠ M'n, s0 |=/A[FG a] (ʜʣʷ ʚʩʝʭ n) ʩʣʝʜʫʝʪ, ʯʪʦ M||ű||, s0ƝƏ ű ʠ M'||ű||, s0 |=/ű. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʠʟ ʪʦʛʦ, ʯʪʦ ʤʦʜʝʣʠ M||ű|| ʠ M'||ű|| ʥʝʚʦʟʤʦʞʥʦ 
ʨʘʟʣʠʯʠʪʴ CTL-ʬʦʨʤʫʣʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʥʝ ʙʦʣʝʝ ||ű||, 
ʩʣʝʜʫʝʪ, ʯʪʦ ű ʠʤʝʝʪ ʦʜʥʦ ʠ ʪʦ ʞʝ ʠʩʪʠʥʥʦʩʪʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘ ʤʦʜʝʣʷʭ 

M||ű|| ʠ M'||ű||. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʪʠʚʦʨʝʯʠʶ. 

ʉʫʱʝʩʪʚʫʝʪ ʬʦʨʤʫʣʘ ʚ CTL, ʥʦ ʬʦʨʤʫʣʘ ʚ LTL ʦʪʩʫʪʩʪʚʫʝʪ. 

ʌʦʨʤʫʣʘ AG EF p ï ʵʪʦ CTL-ʬʦʨʤʫʣʘ, ʜʣʷ ʢʦʪʦʨʦʡ ʥʝʪ ʵʢʚʠʚʘʣʝʥʪʥʦʡ 

ʬʦʨʤʫʣʳ ʚ LTL. ʕʪʦ ʩʚʦʡʩʪʚʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘ ʧʨʘʢʪʠʢʝ, ʪʘʢ ʢʘʢ ʦʥʦ 

ʚʳʨʘʞʘʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʤʦʞʥʦ ʜʦʙʨʘʪʴʩʷ ʜʦ ʩʦʩʪʦʷʥʠʷ, ʚ ʢʦʪʦʨʦʤ 

ʚʝʨʥʦ p, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ. ɽʩʣʠ p ʭʘʨʘʢʪʝʨʠʟʫʝʪ 

ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʨʘʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʘʷ ʦʰʠʙʢʘ, ʪʦ ʬʦʨʤʫʣʘ 

ʚʳʨʘʞʘʝʪ, ʯʪʦ ʚʩʝʛʜʘ ʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴʩʷ ʧʦʩʣʝ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʦʰʠʙʢʠ. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʦʛʦ, ʯʪʦ ʜʣʷ AG EF p ʥʝʪ ʵʢʚʠʚʘʣʝʥʪʥʦʡ 

ʬʦʨʤʫʣʳ ʚ LTL, ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ. 

ʇʫʩʪʴ ű ï ʵʪʦ LTL-ʬʦʨʤʫʣʘ, ʜʣʷ ʢʦʪʦʨʦʡ A ű ʵʢʚʠʚʘʣʝʥʪʥʦ AG EF p. 

ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʴ M ʥʘ ʨʠʩ. 2.23 (ʘ). ʊʘʢ ʢʘʢ M, sƝƏ AG EF p, 

ʦʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ M, sƝƏ A ű. ʇʫʩʪʴ M' ï ʧʦʜʤʦʜʝʣʴ M, ʧʦʢʘʟʘʥʥʘʷ 

ʥʘ ʨʠʩ. 2.23 (ʙ). ʇʫʪʠ, ʩʪʘʨʪʫʶʱʠʝ ʠʟ s ʚ M', ʚʭʦʜʷʪ ʚ ʤʥʦʞʝʩʪʚʦ 

ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʩ s ʚ M. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, M', sƝƏ A ű. ʆʜʥʘʢʦ 

ʧʨʠ ʵʪʦʤ ʩʚʦʡʩʪʚʦ M', sƝƏ AG EF p ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ, ʪʘʢ ʢʘʢ p 

ʥʠʢʦʛʜʘ ʥʝ ʩʪʘʥʦʚʠʪʩʷ ʚʝʨʥʳʤ ʚʜʦʣʴ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʧʫʪʠ s
ɤ
. 

ɸʥʘʣʦʛʠʯʥʳʡ ʬʘʢʪ ʤʦʞʥʦ ʜʦʢʘʟʘʪʴ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ LTL-ʬʦʨʤʫʣʳ 

ʢʚʘʥʪʠʬʠʮʠʨʫʶʪʩʷ ʥʝ ʧʦ ʚʩʝʤ ʧʫʪʷʤ, ʘ ʧʦ ʥʝʢʦʪʦʨʦʤʫ ʧʫʪʠ. ʇʫʩʪʴ ű ï 

ʵʪʦ LTL-ʬʦʨʤʫʣʘ, ʜʣʷ ʢʦʪʦʨʦʡ E ű ʵʢʚʠʚʘʣʝʥʪʥʦ AG EF p. 

ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʴ M. ʀʟ M, sƝƏ AG EF p ʩʣʝʜʫʝʪ M, sƝƏ E ű. ʇʫʩʪʴ 

M" ï ʥʘʜʤʦʜʝʣʴ M, ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʨʠʩ. 2.23 (ʚ). ʇʫʪʠ, ʩʪʘʨʪʫʶʱʠʝ ʠʟ s 

ʚ M, ʚʭʦʜʷʪ ʚ ʤʥʦʞʝʩʪʚʦ ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʩ s ʚ M". 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, M", sƝƏ E ű. ʅʦ ʧʨʠ ʵʪʦʤ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʩʚʦʡʩʪʚʦ 

M", sƝƏ AG EF p, ʪʘʢ ʢʘʢ p ʥʠʢʦʛʜʘ ʥʝ ʩʪʘʥʦʚʠʪʩʷ ʚʝʨʥʳʤ ʚʜʦʣʴ 

ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʧʫʪʠ (s")
ɤ
, ʩʪʘʨʪʫʶʱʝʛʦ ʚ ʩʦʩʪʦʷʥʠʠ s", ʜʦʩʪʠʞʠʤʦʤ 

ʠʟ s. 

{ p}

s s'

{â p}
 

s

{â p}

 
{ p}

s s'

{â p}
{â p}

s"

 

ʘ ʙ ʚ 

ʈʠʩ. 2.23. ʄʦʜʝʣʴ M, ʧʦʜʤʦʜʝʣʴ M' ʠ ʥʘʜʤʦʜʝʣʴ M" 
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ɺʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ CTL
*
 ʠ LTL. ʄʝʞʜʫ LTL ʠ CTL

*
 

ʚʳʧʦʣʥʷʝʪʩʷ ʩʣʝʜʫʶʱʝʝ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʝ [26]: ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʦʡ 

CTL
*
-ʬʦʨʤʫʣʳ ű ʵʢʚʠʚʘʣʝʥʪʥʘʷ LTL-ʬʦʨʤʫʣʘ (ʝʩʣʠ ʪʦʣʴʢʦ ʦʥʘ 

ʩʫʱʝʩʪʚʫʝʪ) ʜʦʣʞʥʘ ʠʤʝʪʴ ʬʦʨʤʫ A f(ű), ʛʜʝ f(ű) ï ʵʪʦ ʬʦʨʤʫʣʘ ű, ʚ 

ʢʦʪʦʨʦʡ ʫʜʘʣʝʥʳ ʚʩʝ ʢʚʘʥʪʠʬʠʢʘʪʦʨʳ ʧʫʪʠ. ʅʘʧʨʠʤʝʨ, ʜʣʷ 

ű = EF EG p ­ AF q ʧʦʣʫʯʘʝʤ f(ű) = FG p ­ F q. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ű ï 

ʚʳʜʝʣʷʶʱʘʷ ʬʦʨʤʫʣʘ ʜʣʷ CTL
*
, ʝʩʣʠ A f(ű) ʝʡ ʥʝ ʵʢʚʠʚʘʣʝʥʪʥʘ. ɽʩʣʠ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʘʢʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ LTL, ʚ ʢʦʪʦʨʦʡ ʬʦʨʤʫʣʳ 

ʢʚʘʥʪʠʬʠʮʠʨʫʶʪʩʷ ʥʝ ʧʦ ʚʩʝʤ ʧʫʪʷʤ, ʘ ʧʦ ʥʝʢʦʪʦʨʦʤʫ ʧʫʪʠ, ʪʦ ʦʪʩʶʜʘ 

ʩʣʝʜʫʝʪ ʘʥʘʣʦʛʠʯʥʦʝ ʫʪʚʝʨʞʜʝʥʠʝ: ʝʩʣʠ ʜʣʷ CTL
*
-ʬʦʨʤʫʣʳ ű 

ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʝʡ LTL-ʬʦʨʤʫʣʘ, ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʠ 

ʵʢʚʠʚʘʣʝʥʪʥʘʷ LTL-ʬʦʨʤʫʣʘ ʚʠʜʘ E f(ű). 

ɺ ʢʘʯʝʩʪʚʝ ʧʦʩʣʝʜʥʝʛʦ ʧʨʠʤʝʨʘ ʨʘʟʣʠʯʠʷ ʚ ʚʳʨʘʟʠʪʝʣʴʥʦʩʪʠ ʤʝʞʜʫ 

LTL, CTL ʠ CTL
*
 ʨʘʩʩʤʦʪʨʠʤ LTL-ʬʦʨʤʫʣʫ GF p ï çʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ 

ʚʝʨʥʦ pè. ʅʝʪʨʫʜʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʧʨʝʜʚʘʨʝʥʠʝ ʵʪʦʡ ʬʦʨʤʫʣʳ 

ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʳʤ ʠʣʠ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʤ ʧʫʪʠ ʚʝʜʝʪ ʢ 

CTL
*
-ʬʦʨʤʫʣʝ: AG F p ʠ EG F p ï ʵʪʦ CTL

*
-ʬʦʨʤʫʣʳ. ʌʦʨʤʫʣʘ 

AG F p ʵʢʚʠʚʘʣʝʥʪʥʘ ʬʦʨʤʫʣʝ AG AF p (ʜʣʷ ʣʶʙʦʡ ʤʦʜʝʣʠ M 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʵʪʠʭ ʬʦʨʤʫʣ ʨʘʚʥʦʩʠʣʴʥʘ), ʠ ʧʦʵʪʦʤʫ ʜʣʷ ʬʦʨʤʫʣʳ 

AG F p ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʥʘʷ CTL-ʬʦʨʤʫʣʘ, ʪʘʢ ʢʘʢ ʬʦʨʤʫʣʘ 

AG AF p ï ʵʪʦ CTL-ʬʦʨʤʫʣʘ. ɼʣʷ ʬʦʨʤʫʣʳ EG F p, ʦʜʥʘʢʦ, ʥʝ 

ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʥʦʡ CTL-ʬʦʨʤʫʣʳ. 

 

2.3.5. ʉʧʝʮʠʬʠʢʘʮʠʷ ʩʚʦʡʩʪʚ ʚ CTL 

ɼʣʷ ʠʣʣʶʩʪʨʘʮʠʠ ʩʧʦʩʦʙʘ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʚ CTL ʟʘʧʠʩʳʚʘʶʪʩʷ 

ʩʚʦʡʩʪʚʘ, ʨʘʩʩʤʦʪʨʠʤ ʜʚʫʭʧʨʦʮʝʩʩʥʫʶ ʧʨʦʛʨʘʤʤʫ ʚʟʘʠʤʥʦʛʦ 

ʠʩʢʣʶʯʝʥʠʷ. ʂʘʞʜʳʡ ʧʨʦʮʝʩʩ (P1 ʠʣʠ P2) ʤʦʞʝʪ ʙʳʪʴ ʚ ʦʜʥʦʤ ʠʟ 

ʩʣʝʜʫʶʱʠʭ ʪʨʝʭ ʩʦʩʪʦʷʥʠʡ: ʢʨʠʪʠʯʝʩʢʘʷ ʩʝʢʮʠʷ (C), ʩʝʢʮʠʷ ʟʘʧʨʦʩʘ 

(T) ʠ ʥʝʢʨʠʪʠʯʝʩʢʘʷ ʩʝʢʮʠʷ (N). ʇʨʦʮʝʩʩ ʥʘʯʠʥʘʝʪʩʷ ʚ ʥʝʢʨʠʪʠʯʝʩʢʦʡ 

ʩʝʢʮʠʠ ʠ ʫʢʘʟʳʚʘʝʪ, ʯʪʦ ʭʦʯʝʪ ʚʦʡʪʠ ʚ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ, ʧʫʪʝʤ 

ʚʭʦʜʘ ʚ ʩʝʢʮʠʶ ʟʘʧʨʦʩʘ. ʆʥ ʦʩʪʘʝʪʩʷ ʚ ʩʝʢʮʠʠ ʟʘʧʨʦʩʘ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ 

ʥʝ ʧʦʣʫʯʠʪ ʜʦʩʪʫʧ ʢ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ. ʀʟ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ 

ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʠʪ ʚ ʥʝʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ. ʉʦʩʪʦʷʥʠʝ ʧʨʦʮʝʩʩʘ Pi 

ʦʙʦʟʥʘʯʘʝʪʩʷ Pi.s ʜʣʷ i = 1, 2. ʇʝʨʝʯʠʩʣʠʤ ʥʝʢʦʪʦʨʳʝ ʪʨʝʙʫʝʤʳʝ 

ʩʚʦʡʩʪʚʘ ʠ ʠʭ ʬʦʨʤʘʣʴʥʫʶ ʩʧʝʮʠʬʠʢʘʮʠʶ ʚ CTL. 

1. çʆʙʘ ʧʨʦʮʝʩʩʘ ʥʝ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦè:  

AG[×(P1.s = C Ø P2.s = C)]. 

2. çʇʨʦʮʝʩʩ, ʢʦʪʦʨʳʡ ʭʦʯʝʪ ʧʦʧʘʩʪʴ ʚ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ, ʢʦʛʜʘ-

ʥʠʙʫʜʴ ʩʤʦʞʝʪ ʩʜʝʣʘʪʴ ʵʪʦè:  

AG[P1.s = T ­ AF(P1.s = C)]. 
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3. çʇʨʦʮʝʩʩʳ ʜʦʣʞʥʳ ʩʪʨʦʛʦ ʯʝʨʝʜʦʚʘʪʴʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʜʦʩʪʫʧʘ ʢ 

ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠè:  

AG[P1.s = C ­ A(P1.s = C U (P1.s Í C Ø A(P1.s Í C U P2.s = C)))]. 

 

2.3.6. ʋʩʣʦʚʠʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʚ CTL 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʧʝʨʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷʤʠ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʥʘ ʤʦʜʝʣʷʭ 

ʂʨʠʧʢʝ, ʟʘʜʘʯʫ ʧʨʦʚʝʨʢʠ CTL-ʤʦʜʝʣʝʡ ʜʦʧʦʣʥʷʶʪ ʤʥʦʞʝʩʪʚʦʤ 

ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ F = { f1, é, fk}.  ʆʛʨʘʥʠʯʝʥʠʝ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ï ʵʪʦ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʘʷ ʬʦʨʤʫʣʘ, ʟʘʜʘʶʱʘʷ 

ʥʝʢʦʪʦʨʦʝ ʧʦʜʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ, ʣʠʙʦ ʷʚʥʦ ʟʘʜʘʥʥʦʝ 

ʧʦʜʤʥʦʞʝʩʪʚʦ ʝʝ ʩʦʩʪʦʷʥʠʡ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʚʟʘʠʤʥʦʛʦ 

ʠʩʢʣʶʯʝʥʠʷ ʦʛʨʘʥʠʯʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʠʤ: 

çʧʨʦʮʝʩʩ 1 ʥʝ ʥʘʭʦʜʠʪʩʷ ʚ ʩʚʦʝʡ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠè. ʉʤʳʩʣ ʪʘʢʦʛʦ 

ʫʩʣʦʚʠʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʚʳʯʠʩʣʝʥʠʠ ʜʦʣʞʥʦ ʙʳʪʴ ʙʝʩʢʦʥʝʯʥʦ 

ʤʥʦʛʦ ʩʦʩʪʦʷʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʮʝʩʩ 1 ʥʝ ʥʘʭʦʜʠʪʩʷ ʚ ʢʨʠʪʠʯʝʩʢʦʡ 

ʩʝʢʮʠʠ. ʆʩʥʦʚʥʦʡ ʩʧʦʩʦʙ ʨʘʩʩʤʦʪʨʝʥʠʷ ʪʘʢʠʭ ʫʩʣʦʚʠʡ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, 

ʯʪʦʙʳ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʚʘʥʪʠʬʠʢʘʪʦʨʳ ʚ CTL-ʬʦʨʤʫʣʘʭ ʥʝ ʥʘ ʚʩʝʭ 

ʚʦʟʤʦʞʥʳʭ ʧʫʪʷʭ, ʥʘ ʢʦʪʦʨʳʭ ʦʥʠ ʦʧʝʨʠʨʫʶʪ (ʪɻʦʪ ʚʘʨʠʘʥʪ ï ʚʘʨʠʘʥʪ 

ʦʙʳʯʥʦʡ ʩʝʤʘʥʪʠʢʠ CTL ï ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʚ ʧʨʝʜʳʜʫʱʠʭ ʨʘʟʜʝʣʘʭ). 

ɺʤʝʩʪʦ ʵʪʦʛʦ ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʦʣʴʢʦ ʩʧʨʘʚʝʜʣʠʚʳʝ ʚʳʯʠʩʣʝʥʠʷ 

ï ʪʝ, ʢʦʪʦʨʳʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʫʢʘʟʘʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʷʤ f1, é, fk. 

ɼʣʷ ʟʘʜʘʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ F ʙʫʜʝʤ ʛʦʚʦʨʠʪʴ, ʯʪʦ ʧʫʪʴ ů = s0 s1 s2 é 

ʚ ʤʦʜʝʣʠ M ʷʚʣʷʝʪʩʷ F-ʩʧʨʘʚʝʜʣʠʚʳʤ, ʝʩʣʠ ʜʣʷ ʣʶʙʦʛʦ fi Í F ʚ ʧʫʪʠ ů 

ʝʩʪʴ ʙʝʩʢʦʥʝʯʥʦ ʤʥʦʛʦ ʩʦʩʪʦʷʥʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʝʪʩʷ fi. 

ɽʩʣʠ lim(ů) ʦʙʦʟʥʘʯʘʝʪ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ M, ʯʝʨʝʟ ʢʦʪʦʨʳʝ 
ʧʫʪʴ ů ʧʨʦʭʦʜʠʪ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ, ʘ fi ʟʘʜʘʶʪʩʷ ʧʦʜʤʥʦʞʝʩʪʚʘʤʠ 
ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ M, ʪʦ ʧʫʪʴ ů F-ʩʧʨʘʚʝʜʣʠʚ, ʝʩʣʠ: 

lim(ů) Æ fi Í Å ʜʣʷ ʚʩʝʭ i. 

ʆʧʨʝʜʝʣʠʤ ʩʠʥʪʘʢʩʠʩ Fair CTL-ʬʦʨʤʫʣ ï ʬʦʨʤʫʣ ʩ ʫʩʣʦʚʠʷʤʠ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ: 

ű ::= p | ×ű | (ű Ù ű) | EX ű | E[ű U ű] | A[ű U ű] | 

| EF X ű | EF [ű U ű] | AF [ű U ű]. 

ɿʜʝʩʴ F ï ʥʝʢʦʪʦʨʳʝ ʤʥʦʞʝʩʪʚʘ ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ. 

ʉʧʨʘʚʝʜʣʠʚʘʷ ʩʝʤʘʥʪʠʢʘ ʜʣʷ CTL ʟʘʜʘʝʪʩʷ ʧʦʯʪʠ ʪʘʢ ʞʝ, ʢʘʢ ʠ 

ʢʣʘʩʩʠʯʝʩʢʘʷ. ʏʝʨʝʟ PM

F 
(s) ʦʙʦʟʥʘʯʠʤ ʤʥʦʞʝʩʪʚʦ ʧʫʪʝʡ ʤʦʜʝʣʠ M, 

ʩʪʘʨʪʫʶʱʠʭ ʚ ʩʦʩʪʦʷʥʠʠ s ʠ ʷʚʣʷʶʱʠʭʩʷ F-ʩʧʨʘʚʝʜʣʠʚʳʤʠ. ʇʨʠ ʵʪʦʤ 

PM

F 
(s) Ì PM (s). ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʩʧʨʘʚʝʜʣʠʚʳʭ CTL-ʬʦʨʤʫʣ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʦʪʥʦʰʝʥʠʷ ʚʳʧʦʣʥʷʝʤʦʩʪʠ, ʢʘʢ ʠ ʨʘʥʝʝ: 
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M, sƝƏ ű ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʩʧʨʘʚʝʜʣʠʚʘʷ ʬʦʨʤʫʣʘ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ 

ʩʦʩʪʦʷʥʠʠ s ʤʦʜʝʣʠ M: 

sƝƏ EF X ű Ú $ů Í PM

F 
(s): ů[1]ƝƏ ű; 

sƝƏ EF [ű U ɣ] Ú $ů Í PM

F 
(s): ($ j Ó 0: ů[  j]ƝƏ ɣ Ø 

      Ø ("0 Ò k < j: ů[k]ƝƏ ű)); 

sƝƏ AF [ű U ɣ] Ú "ů Í PM

F 
(s): ($ j Ó 0: ů[ j]ƝƏ ɣ Ø 

      Ø ("0 Ò k < j: ů[k]ƝƏ ű)). 

ɺʳʨʘʞʝʥʠʷ ʜʣʷ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʦʡ ʣʦʛʠʢʠ ʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʣʦʛʠʢʠ 

CTL ʠʜʝʥʪʠʯʥʳ ʩʝʤʘʥʪʠʢʝ, ʚʚʝʜʝʥʥʦʡ ʨʘʥʝʝ. ɼʣʷ ʩʧʨʘʚʝʜʣʠʚʳʭ 

ʪʝʤʧʦʨʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ ʦʪʣʠʯʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ 

ʢʚʘʥʪʠʬʠʮʠʨʫʶʪʩʷ ʧʦ ʩʧʨʘʚʝʜʣʠʚʳʤ, ʘ ʥʝ ʧʦ ʚʩʝʤ ʧʫʪʷʤ. 

ɺʳʨʘʟʠʪʝʣʴʥʘʷ ʩʠʣʘ ʩʧʨʘʚʝʜʣʠʚʦʡ ʣʦʛʠʢʠ CTL ʩʪʨʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ 

ʢʣʘʩʩʠʯʝʩʢʦʡ CTL, ʠ ʦʥʘ ʩʦʜʝʨʞʠʪʩʷ ʚ CTL
*
. ʉʧʨʘʚʝʜʣʠʚʘʷ ʣʦʛʠʢʘ 

CTL, ʢʘʢ ʠ ʢʣʘʩʩʠʯʝʩʢʘʷ, ʥʝʩʨʘʚʥʠʤʘ ʩ LTL. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ CTL-ʤʦʜʝʣʴ M ʥʘ ʨʠʩ. 2.24. ʇʫʩʪʴ ʪʨʝʙʫʝʪʩʷ 

ʧʨʦʚʝʨʠʪʴ ʩʚʦʡʩʪʚʦ M, s0ƝƏ AG[p ­ AF q]. ʆʥʦ ʥʝʚʝʨʥʦ, ʪʘʢ ʢʘʢ 

ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ s0 s1 (s2 s4)
ɤ
, ʥʠʢʦʛʜʘ ʥʝ ʧʦʧʘʜʘʶʱʠʡ ʚ q-ʩʦʩʪʦʷʥʠʝ. 

ʇʨʠʯʠʥʘ, ʧʦ ʢʦʪʦʨʦʡ ʵʪʦʡ ʩʚʦʡʩʪʚʦ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ, ʩʦʩʪʦʠʪ ʚ 

ʥʘʣʠʯʠʠ ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʛʦ ʚʳʙʦʨʘ ʚ ʩʦʩʪʦʷʥʠʠ s2 ʤʝʞʜʫ 

ʧʝʨʝʭʦʜʘʤʠ ʚ s3 ʠ ʚ s4. ʇʦʵʪʦʤʫ ʝʩʣʠ ʚʩʝʛʜʘ ʠʛʥʦʨʠʨʦʚʘʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʚ s3, ʪʦ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚʳʯʠʩʣʝʥʠʝ, ʜʣʷ 

ʢʦʪʦʨʦʛʦ ʬʦʨʤʫʣʘ G[p ­ AF q] ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ: 

M, s0 |=/AG[p ­ AF q]. 

s2

s1 s2

s4

{ p}

{ q}

{ p}

s3

s0

{ p}

{ p}  

ʈʠʩ. 2.24. ʇʨʠʤʝʨ CTL-ʤʦʜʝʣʠ M ʜʣʷ ʬʦʨʤʫʣ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ 

ʇʨʝʦʙʨʘʟʫʝʤ ʠʩʭʦʜʥʫʶ CTL-ʬʦʨʤʫʣʫ ʚ ʩʧʨʘʚʝʜʣʠʚʫʶ ʧʫʪʝʤ 

ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʣʦʚʠʡ F = { f1, f2}, ʛʜʝ f1 = {s3}, ʘ f2 = { s4}. ʇʨʦʚʝʨʠʤ 

ʪʝʧʝʨʴ ʩʧʨʘʚʝʜʣʠʚʫʶ ʬʦʨʤʫʣʫ AG[p ­ AF F q] ʥʘ ʤʦʜʝʣʠ. ɹʦʣʝʝ 

ʪʦʯʥʦ, ʨʘʩʩʤʦʪʨʠʤ ʫʩʣʦʚʠʝ M, s0ƝƏ AG[p ­ AF F q]. ʇʨʦʠʟʚʦʣʴʥʳʡ 

F-ʩʧʨʘʚʝʜʣʠʚʳʡ ʧʫʪʴ, ʩʪʘʨʪʫʶʱʠʡ ʚ s0, ʦʙʷʟʘʥ ʧʨʦʭʦʜʠʪʴ ʙʝʩʢʦʥʝʯʥʦ 

ʯʘʩʪʦ ʯʝʨʝʟ ʥʝʢʦʪʦʨʦʝ ʩʦʩʪʦʷʥʠʝ ʠʟ f1 ʠ ʥʝʢʦʪʦʨʦʝ ʩʦʩʪʦʷʥʠʝ ʠʟ f2. 
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ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʦʩʪʦʷʥʠʷ s3 ʠ s4 ʜʦʣʞʥʳ ʜʦʩʪʠʛʘʪʴʩʷ ʙʝʩʢʦʥʝʯʥʦ 

ʯʘʩʪʦ. ʉʨʝʜʠ ʪʘʢʠʭ ʩʧʨʘʚʝʜʣʠʚʳʭ ʧʫʪʝʡ ʠʩʢʣʶʯʘʶʪʩʷ ʧʫʪʠ ʚʠʜʘ 

s0 s1 (s2 s4)
ɤ
, ʪʘʢ ʢʘʢ ʥʘ ʪʘʢʦʤ ʧʫʪʠ ʥʠʢʦʛʜʘ ʥʝ ʚʩʪʨʝʯʘʝʪʩʷ s3. ʆʪʩʶʜʘ 

ʩʣʝʜʫʝʪ, ʯʪʦ ʬʦʨʤʫʣʘ M, s0ƝƏ AG[p ­ AF F q] ʚʳʧʦʣʥʷʝʪʩʷ. 

 

2.3.7. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ CTL ʠ CTL
*
 

ʀʟʚʝʩʪʥʳʝ ʵʬʬʝʢʪʠʚʥʳʝ ʘʣʛʦʨʠʪʤʳ ʚʝʨʠʬʠʢʘʮʠʠ CTL ʙʘʟʠʨʫʶʪʩʷ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʪʝʦʨʠʠ ʥʝʧʦʜʚʠʞʥʦʡ ʪʦʯʢʠ 

ʩʦʚʤʝʩʪʥʦ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʤʦʜʝʣʠ. ʊʘʢʦʝ 

ʫʤʝʥʴʰʝʥʠʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʜʚʦʠʯʥʳʭ ʨʘʟʨʝʰʘʶʱʠʭ ʜʠʘʛʨʘʤʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʩ ʷʚʥʳʤ ʚʳʜʝʣʝʥʠʝʤ 

ʩʦʩʪʦʷʥʠʡ (ʘʚʪʦʤʘʪʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ), ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʤʦʜʝʣʠ ʦʙʳʯʥʦ ʥʝʚʦʟʤʦʞʥʦ ʠ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦ, ʪʘʢ ʢʘʢ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʦʣʴʢʦ ʫʧʨʘʚʣʷʶʱʠʝ ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʳʭ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʤʥʦʛʦ, ʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʚʳʠʛʨʳʰ ʧʦ ʚʨʝʤʝʥʠ ʦʙʳʯʥʦ ʥʝʟʘʤʝʪʝʥ. 

ʇʦʜ ʣʦʢʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʚʝʨʠʬʠʢʘʮʠʠ ʦʙʳʯʥʦ ʧʦʥʠʤʘʝʪʩʷ ʚʦʧʨʦʩ: 

ʚʳʷʩʥʠʪʴ ʜʣʷ ʜʘʥʥʳʭ M, s ʠ ű, ʩʧʨʘʚʝʜʣʠʚʦ ʣʠ M, sƝƏ ű. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʘʣʛʦʨʠʪʤʘ ʝʛʦ ʘʚʪʦʨʳ ʂʣʘʨʢ ʠ ʕʤʝʨʩʦʥ ʬʦʨʤʫʣʠʨʫʶʪ 

ʛʣʦʙʘʣʴʥʫʶ ʟʘʜʘʯʫ ʚʝʨʠʬʠʢʘʮʠʠ: ʜʣʷ ʜʘʥʥʳʭ M ʠ ű ʧʦʩʪʨʦʠʪʴ 

ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ s, ʜʣʷ ʢʦʪʦʨʳʭ M, sƝƏ ű. ʂʦʛʜʘ ʯʠʩʣʦ ʩʦʩʪʦʷʥʠʡ 

ʥʝʚʝʣʠʢʦ, ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʤʦʞʥʦ ʩʪʨʦʠʪʴ ʚ ʷʚʥʦʤ ʚʠʜʝ. ʆʧʠʰʝʤ ʠʜʝʶ 

ʠʭ ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʩʝʚʜʦʢʦʜʝ (ʣʠʩʪʠʥʛ 2.4). 

ʃʠʩʪʠʥʛ 2.4. ɸʣʛʦʨʠʪʤ çʠʥʜʫʢʮʠʷ ʧʦ ʧʦʜʬʦʨʤʫʣʘʤè 

set<State> Sat(Formula ű)  

{  

   if ( ű == true)  return S;  

   if ( ű == false)  return Å;  

   if ( ű Í AP)  return {s | ű Í Label(s)};  

   if ( ű == ×ű1)  return S \  Sat(ű1);  

   if ( ű == ( ű1 Ù ű2) )  return Sat( ű1) Ç Sat( ű2);  

   if ( ű == EX ű1)  return {s Í S | $(s,sô) Í R:  

 sô Í Sat( ű1) };  

   if ( ű == E[ ű1 U ű2] )  return Sat EU(ű1, ű2);  

   if ( ű == A[ ű1 U ű2] )  return Sat AU(ű1, ű2);  

   // Sat ( ű) = { s | M, s ƝƏ ű}  

}  

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ, ʤʥʦʞʝʩʪʚʦ 

ʩʦʩʪʦʷʥʠʡ, ʚʳʧʦʣʥʷʶʱʠʭ ʬʦʨʤʫʣʫ ű, ʩʪʨʦʠʪʩʷ ʠʥʜʫʢʮʠʝʡ ʧʦ 

ʧʦʩʪʨʦʝʥʠʶ ű. 



 93 

ɼʣʷ ʧʦʜʬʦʨʤʫʣ ʚʠʜʘ E[ű1 U ű2] ʠ A[ű1 U ű2] ʤʥʦʞʝʩʪʚʦ ʚʳʧʦʣʥʷʶʱʠʭ 

ʩʦʩʪʦʷʥʠʡ ʧʦʣʫʯʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʥʝʧʦʜʚʠʞʥʦʡ ʪʦʯʢʠ. 

ʇʨʠ ʵʪʦʤ ʤʦʜʝʣʴ ʂʨʠʧʢʝ ʢʦʜʠʨʫʝʪʩʷ ʚ ʫʧʦʨʷʜʦʯʝʥʥʫʶ ʙʠʥʘʨʥʫʶ 

ʨʘʟʨʝʰʘʶʱʫʶ ʜʠʘʛʨʘʤʤʫ. 

ʋʧʦʨʷʜʦʯʝʥʥʳʝ ʙʠʥʘʨʥʳʝ ʨʘʟʨʝʰʘʶʱʠʝ ʜʠʘʛʨʘʤʤʳ (OBDD ï Ordered 

Binary Decision Diagram) [29] ï ʵʪʦ ʤʦʱʥʘʷ ʪʝʭʥʠʢʘ ʩʞʘʪʠʷ 

ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʜʘʥʥʳʭ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʤʘʥʠʧʫʣʷʮʠʠ 

ʥʘʜ ʦʙʲʝʢʪʘʤʠ ʧʨʷʤʦ ʚ ʩʞʘʪʦʤ ʚʠʜʝ, ʤʠʥʫʷ ʨʘʩʧʘʢʦʚʢʫ, 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʠ ʦʙʨʘʪʥʫʶ ʫʧʘʢʦʚʢʫ. ʆʥʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ 

ʦʙʨʘʙʘʪʳʚʘʝʤʳʡ ʦʙʲʝʢʪ ʥʝʷʚʥʦ ʢʦʜʠʨʫʝʪʩʷ ʚ ʥʝʧʨʝʨʳʚʥʳʡ ʙʠʪʦʚʳʡ 

ʧʦʪʦʢ ʠʟ 2
n
 ʙʠʪ, ʢʦʪʦʨʳʡ ʧʦʪʦʤ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʙʫʣʝʚʘ ʬʫʥʢʮʠʷ 

n ʧʝʨʝʤʝʥʥʳʭ. ʀʤʝʥʥʦ ʜʣʷ ʵʪʦʡ ʬʫʥʢʮʠʠ ʠ ʩʪʨʦʠʪʩʷ ʢʦʨʥʝʚʦʡ 

ʥʘʧʨʘʚʣʝʥʥʳʡ ʘʮʠʢʣʠʯʝʩʢʠʡ ʛʨʘʬ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ 

ʨʘʟʨʝʰʘʶʱʫʶ ʜʠʘʛʨʘʤʤʫ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʵʪʦʪ ʛʨʘʬ ʤʦʞʝʪ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʧʦʣʥʦʝ ʜʚʦʠʯʥʦʝ ʜʝʨʝʚʦ ʚʳʩʦʪʳ n, ʫʨʦʚʝʥʴ i 

ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ i-ʡ ʧʝʨʝʤʝʥʥʦʡ, ʘ ʢʘʞʜʳʡ ʧʫʪʴ ʦʪ ʢʦʨʥʷ ʢ 

ʣʠʩʪʫ ʚ ʥʝʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʜʚʦʠʯʥʦʤʫ ʥʘʙʦʨʫ ʠ 

ʟʥʘʯʝʥʠʶ ʬʫʥʢʮʠʠ ʥʘ ʵʪʦʤ ʥʘʙʦʨʝ (ʦʩʥʦʚʥʦʝ ʩʚʦʡʩʪʚʦ). ɼʣʷ ʤʥʦʛʠʭ 

ʙʠʪʦʚʳʭ ʩʪʨʦʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʥʘ ʧʨʘʢʪʠʢʝ, ʪʘʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʩʠʣʴʥʦ ʠʟʙʳʪʦʯʥʦ, ʪʘʢ ʢʘʢ ʚ ʧʦʣʥʦʤ ʜʝʨʝʚʝ ʜʘʞʝ ʯʠʩʣʦ ʚʝʨʰʠʥ ʨʘʚʥʦ 

2
n
 ï ʯʠʩʣʫ, ʨʘʚʥʦʤʫ ʜʣʠʥʝ ʙʠʪʦʚʦʛʦ ʦʙʨʘʟʘ. ʆʜʥʘʢʦ, ʧʨʝʦʙʨʘʟʫʷ 

(ʨʝʜʫʮʠʨʫʷ) ʵʪʦʪ ʛʨʘʬ ʠ ʥʝ ʫʪʨʘʯʠʚʘʷ ʧʨʠ ʵʪʦʤ ʝʛʦ ʦʩʥʦʚʥʦʛʦ 

ʩʚʦʡʩʪʚʘ, ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʦʯʝʥʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

(ʩʞʘʪʳʭ) ʜʘʥʥʳʭ. ʅʘʜ ʨʘʟʨʝʰʘʶʱʠʤʠ ʜʠʘʛʨʘʤʤʘʤʠ ʤʦʞʥʦ ʚʳʧʦʣʥʷʪʴ 

ʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ [30, 31]. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʚʦʧʨʦʩʳ ʜʚʦʠʯʥʳʭ 

ʨʘʟʨʝʰʘʶʱʠʭ ʜʠʘʛʨʘʤʤ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʳ ʚ ʤʦʥʦʛʨʘʬʠʠ [32]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʥʦʛʠʝ ʟʘʜʘʯʠ ʤʦʛʫʪ ʨʝʰʘʪʴʩʷ ʧʨʷʤʦ ʥʘ ROBDD 

(Reduced OBDD), ʙʝʟ ʩʦʩʪʘʚʣʝʥʠʷ ʪʘʙʣʠʮ ʠʩʪʠʥʥʦʩʪʠ ʠ ʙʝʟ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʛʨʘʬʦʚ ʚ ʷʚʥʦʤ ʚʠʜʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʢ ʪʘʢʠʤ ʟʘʜʘʯʘʤ 

ʦʪʥʦʩʠʪʩʷ ʟʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ [33, 34], ʜʣʷ ʢʦʪʦʨʦʡ ʪʝʭʥʦʣʦʛʠʷ 

ROBDD ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ, ʪʘʢ ʢʘʢ ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʩ 

ʚʝʩʴʤʘ ʙʦʣʴʰʠʤʠ ʧʨʦʩʪʨʘʥʩʪʚʘʤʠ ʩʦʩʪʦʷʥʠʡ. 

ɺʦʟʚʨʘʱʘʷʩʴ ʢ ʪʨʘʜʠʮʠʦʥʥʳʤ ʧʨʦʛʨʘʤʤʘʤ, ʦʪʤʝʪʠʤ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʪʦ, ʯʪʦ ʜʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʥʪʝʨʝʩʥʳ ʠ ʤʥʦʛʦʦʙʝʱʘʶʱʠ, 

ʩʫʱʝʩʪʚʫʝʪ ʵʬʬʝʢʪʠʚʥʳʡ ʠ ʪʚʝʨʜʦ ʫʩʪʦʷʚʰʠʡʩʷ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʜʨʫʛʦʡ ʧʘʨʘʜʠʛʤʝ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʢʦʥʮʝʧʪʫʘʣʴʥʦ ʙʦʣʝʝ ʧʨʦʩʪʦʡ. 

ʕʪʦʪ ʤʝʪʦʜ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʧʝʨʝʬʦʨʤʫʣʠʨʦʚʢʝ ʩʠʥʪʘʢʩʠʩʘ ʷʟʳʢʘ CTL. 

ɸʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʦʧʠʩʘʥ ʜʘʣʝʝ, ʨʘʙʦʪʘʝʪ ʜʣʷ ʚʩʝʭ Fair CTL-

ʬʦʨʤʫʣ ʠ ʜʦʧʦʣʥʝʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ 

ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʩʮʝʥʘʨʠʠ ʜʣʷ ʧʨʦʚʝʨʷʝʤʳʭ ʬʦʨʤʫʣ. 
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ɺ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ ʙʳʣʦ ʜʘʥʦ ʦʧʨʝʜʝʣʝʥʠʝ ʩʠʥʪʘʢʩʠʩʘ ʷʟʳʢʘ 

Fair CTL ʠ ʚʚʝʜʝʥʳ ʥʝʩʢʦʣʴʢʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʝʤʧʦʨʘʣʴʥʳʭ 

ʦʧʝʨʘʮʠʡ ʚ ʥʝʤ. ʉʝʡʯʘʩ ʥʝʢʦʪʦʨʳʝ ʠʟ ʵʪʠʭ ʦʧʝʨʘʮʠʡ ʧʨʝʦʙʨʘʟʫʝʤ ʚ 

ʙʘʟʦʚʳʝ ï ʚʳʨʘʟʠʤ ʪʝʤʧʦʨʘʣʴʥʫʶ ʯʘʩʪʴ ʩʠʥʪʘʢʩʠʩʘ ʷʟʳʢʘ Fair CTL 

ʯʝʨʝʟ ʦʧʝʨʘʮʠʠ EX, EU, EF G: 

ű ::= p | ×ű | (ű Ù ű) | EX ű | E[ű U ű] | EF G ű. 

ɿʜʝʩʴ p Í AP ï ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, ʘ F ï ʤʥʦʞʝʩʪʚʦ ʦʛʨʘʥʠʯʝʥʠʡ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ. ʀʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʩʦʢʨʘʱʝʥʠʷ: 

Ç AX  ű = ×EX ×ű; 

Ç AF X ű = ×EF X ×ű; 

Ç EF X ű = EX(ű Ø EF G true); 

Ç EG ű = EÅG ű; 

Ç A[ű U ɣ] = ×(E[×ɣ U ×(ű Ù ɣ)] Ù EG ×ɣ); 

Ç AF [ű U ɣ] = ×(EF [×ɣ U ×(ű Ù ɣ)] Ù EF G ×ɣ); 

Ç EF [ű U ɣ] = E[ű U (ɣ Ø EF G true)], 

ʘ ʪʘʢʞʝ ʢʣʘʩʩʠʯʝʩʢʠʝ ʩʦʢʨʘʱʝʥʠʷ ʜʣʷ F ʠ G. 

ɸʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʦʧʠʩʳʚʘʝʪʩʷ ʜʘʣʝʝ, ʥʘʩʣʝʜʫʝʪ ʠʜʝʶ ʂʣʘʨʢʘ ʠ 

ʕʤʝʨʩʦʥʘ [35]: ʤʥʦʞʝʩʪʚʦ ʚʳʧʦʣʥʷʶʱʠʭ ʩʦʩʪʦʷʥʠʡ ʩʪʨʦʠʪʩʷ ʜʣʷ 

ʢʘʞʜʦʡ ʧʦʜʬʦʨʤʫʣʳ ʚʭʦʜʥʦʡ ʬʦʨʤʫʣʳ (ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʩʦʟʜʘʝʪʩʷ ʩʧʠʩʦʢ ʚʳʧʦʣʥʝʥʥʳʭ ʚ ʥʝʤ ʧʦʜʬʦʨʤʫʣ). ɺʚʠʜʫ ʠʟʤʝʥʝʥʠʷ 

ʥʘʙʦʨʘ ʙʘʟʦʚʳʭ ʧʨʘʚʠʣ ʷʟʳʢʘ CTL, ʧʩʝʚʜʦʢʦʜ, ʟʘʧʠʩʘʥʥʳʡ ʚ 

ʣʠʩʪʠʥʛʝ 2.4, ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʪʝʢʩʪ ʣʠʩʪʠʥʛʘ 2.5. 

ʃʠʩʪʠʥʛ 2.5. ʀʥʜʫʢʮʠʷ ʧʦ ʧʦʩʪʨʦʝʥʠʶ ʬʦʨʤʫʣʳ 

set <State > Sat ( Formula  ű)  

{  

   if ( ű == true)  return S;  

   if ( ű == false)  return Å;  

   if ( ű Í AP)  return {s | ű Í Label(s)};  

   if ( ű == ×ű1)  return S \  Sat(ű1);  

   if ( ű == ( ű1 Ù ű2) )  return Sat( ű1) Ç Sat( ű2);  

   if ( ű == EX ű1)  return {s Í S | $(s,sô) Í R:  

 sô Í Sat( ű1) };  

   if ( ű == E[ ű1 U ű2] )  return Sat EU(ű1, ű2);  

   if ( ű == EF G ű1)  return Sat EG(ű1, F );  

   // Sat(ű) = {s | M,s ƝƏ ű} 

}  

ʂʨʘʪʢʦ ʦʧʠʰʝʤ ʘʣʛʦʨʠʪʤ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ ʜʣʷ ʫʜʦʙʩʪʚʘ, ʯʪʦ ʜʣʷ 
ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʧʦʩʪʨʦʝʥʘ ʩʠʤʤʝʪʨʠʯʥʘʷ ʝʡ ʤʦʜʝʣʴ ï ʪʘʢʦʡ 
ʞʝ ʛʨʘʬ, ʚ ʢʦʪʦʨʦʤ ʚʩʝ ʨʝʙʨʘ ʟʘʤʝʥʝʥʳ ʥʘ ʦʙʨʘʪʥʳʝ. 
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1. ʄʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʚʳʧʦʣʥʷʶʱʠʝ ʤʥʦʞʝʩʪʚʘ ʜʣʷ ʘʪʦʤʘʨʥʳʭ 
ʧʨʝʜʣʦʞʝʥʠʡ ʩʦʜʝʨʞʘʪʩʷ ʚ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ (ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʵʪʠʭ 
ʤʥʦʞʝʩʪʚʘʭ ʫʢʘʟʘʥʘ ʚ ʩʘʤʦʡ ʤʦʜʝʣʠ ʂʨʠʧʢʝ). 

2. ɽʩʣʠ ʠʟʚʝʩʪʥʦ ʚʳʧʦʣʥʷʶʱʝʝ ʤʥʦʞʝʩʪʚʦ ʜʣʷ ʬʦʨʤʫʣʳ ű, ʪʦ ʤʦʞʥʦ 

ʧʦʩʪʨʦʠʪʴ ʝʛʦ ʠ ʜʣʷ ʬʦʨʤʫʣʳ ×ű. 

3. ɸʥʘʣʦʛʠʯʥʦ, ʝʩʣʠ ʠʟʚʝʩʪʥʳ ʚʳʧʦʣʥʷʶʱʠʝ ʤʥʦʞʝʩʪʚʘ ʜʣʷ ű ʠ ɣ, ʪʦ 

ʧʦʩʪʨʦʠʤ ʠʭ ʠ ʜʣʷ ű Ù ɣ. 

4. ʉʜʝʣʘʝʤ çʦʜʠʥ ʰʘʛ ʥʘʟʘʜè ʦʪ ʚʳʧʦʣʥʷʶʱʝʛʦ ʤʥʦʞʝʩʪʚʘ ʜʣʷ ű ï 
ʧʦʣʫʯʠʤ ʚʳʧʦʣʥʷʶʱʝʝ ʤʥʦʞʝʩʪʚʦ ʜʣʷ EX ű. 

5. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʚʳʧʦʣʥʷʶʱʝʛʦ ʤʥʦʞʝʩʪʚʘ ʬʦʨʤʫʣʳ E[ű U ɣ] 
ʚʥʘʯʘʣʝ ʦʪʤʝʯʘʝʤ ʚ ʢʘʯʝʩʪʚʝ ʚʳʧʦʣʥʷʶʱʠʭ ʚʩʝ ʚʝʨʰʠʥʳ, ʚ 
ʢʦʪʦʨʳʭ ʩʦʙʣʶʜʘʝʪʩʷ ʬʦʨʤʫʣʘ ɣ, ʘ ʧʦʪʦʤ ʧʦʩʪʨʦʠʤ ʦʪ ʥʠʭ ʜʝʨʝʚʴʷ 
çʦʙʨʘʪʥʳʭ ʧʫʪʝʡè ʚʜʦʣʴ ʪʝʭ ʚʝʨʰʠʥ, ʚ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʝʥʘ 
ʬʦʨʤʫʣʘ ű. ɼʣʷ ʵʪʦʛʦ ʧʨʠʛʦʜʠʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʡ ʛʨʘʬ. ʇʨʠʤʝʨ 
ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 2.25. 

s2s1s0 s3

{ p} { p} { q} { }

ʀʥʠʮʠʘʣʠʟʘʮʠ̫

ʇʝʨʚʘ̫ ʠʪʝʨʘʮʠ̫

ɺʪʦʨʘ̫ ʠʪʝʨʘʮʠ̫

ʊʨʝʪɹ  ̫ʠʪʝʨʘʮʠ̫

M

 

ʈʠʩ. 2.25. ʇʨʠʤʝʨ ʠʪʝʨʘʪʠʚʥʦʛʦ ʚʳʯʠʩʣʝʥʠʷ SatEU(p, q) 

6. ʆʩʪʘʣʦʩʴ ʪʦʣʴʢʦ ʥʘʫʯʠʪʴʩʷ ʩʪʨʦʠʪʴ ʚʳʧʦʣʥʷʶʱʝʝ ʤʥʦʞʝʩʪʚʦ ʜʣʷ 

EF G ű. ʕʪʘ ʬʦʨʤʫʣʘ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʤʦʜʝʣʠ ʩʫʱʝʩʪʚʫʝʪ 

ʩʧʨʘʚʝʜʣʠʚʳʡ ʧʫʪʴ, ʚʩʝ ʩʦʩʪʦʷʥʠʷ ʢʦʪʦʨʦʛʦ ʫʜʦʚʣʝʪʚʦʨʷʶʪ 

ʬʦʨʤʫʣʝ ű. ʕʪʦ ʧʦʩʪʨʦʝʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ɺʥʘʯʘʣʝ ʠʩʢʣʶʯʘʝʤ ʠʟ ʛʨʘʬʘ ʚʝʨʰʠʥʳ, ʢʦʪʦʨʳʝ ʥʝ ʚʳʧʦʣʥʷʶʪ 

ʬʦʨʤʫʣʫ ű (ʪʘʢ ʢʘʢ ʚ ʥʠʭ ʬʦʨʤʫʣʘ EF G ű ʪʝʤ ʙʦʣʝʝ ʥʝ 

ʚʳʧʦʣʥʷʝʪʩʷ). ɺ ʦʩʪʘʚʰʝʤʩʷ ʛʨʘʬʝ ʥʘ ʚʩʝʭ ʧʫʪʷʭ ʚʳʧʦʣʥʷʝʪʩʷ 

ʬʦʨʤʫʣʘ G ű, ʠ ʧʦʵʪʦʤʫ ʦʩʪʘʣʦʩʴ ʪʦʣʴʢʦ ʧʨʦʚʝʨʠʪʴ, ʠʟ ʢʘʢʠʭ 

ʩʦʩʪʦʷʥʠʡ ʚ ʥʝʤ ʩʫʱʝʩʪʚʫʝʪ ʭʦʪʷ ʙʳ ʦʜʠʥ ʙʝʩʢʦʥʝʯʥʳʡ 

ʩʧʨʘʚʝʜʣʠʚʳʡ ʧʫʪʴ (ʠʣʠ, ʯʪʦ ʪʦ ʞʝ ʩʘʤʦʝ, ʧʦʩʪʨʦʠʪʴ ʚʳʧʦʣʥʷʶʱʝʝ 

ʤʥʦʞʝʩʪʚʦ ʜʣʷ ʬʦʨʤʫʣʳ EF G true). ɸʣʛʦʨʠʪʤ, ʨʝʰʘʶʱʠʡ ʵʪʫ 

ʟʘʜʘʯʫ, ʦʩʥʦʚʘʥ ʥʘ ʧʦʠʩʢʝ ʢʦʤʧʦʥʝʥʪ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ ʤʦʜʝʣʠ 

ʂʨʠʧʢʝ ʠ ʨʘʙʦʪʘʝʪ ʟʘ ʙʠʣʠʥʝʡʥʦʝ ʚʨʝʤʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʤʝʨʦʚ 

ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠ ʤʥʦʞʝʩʪʚʘ ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ F: 

O(|F| Ĭ (|S| + |R|)). ɽʩʣʠ ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʥʝʪ (F = Å), ʪʦ 



 96 

ʚʨʝʤʷ ʨʘʙʦʪʳ ʣʠʥʝʡʥʦ ʦʪ ʨʘʟʤʝʨʘ ʤʦʜʝʣʠ ï O(|S| + |R|). ʕʪʦʪ 

ʘʣʛʦʨʠʪʤ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʨʘʟʜ. 2.4. 

ʊʨʫʜʦʝʤʢʦʩʪʴ ʠʪʦʛʦʚʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩʦʩʪʘʚʣʷʝʪ O(|ű| Ĭ (|S| + |R|)) ʠ 

ʨʘʩʪʝʪ ʙʠʣʠʥʝʡʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʤʝʨʦʚ ʬʦʨʤʫʣʳ ʠ ʤʦʜʝʣʠ. 

ʊʝʧʝʨʴ ʦʩʪʘʣʦʩʴ ʪʦʣʴʢʦ ʜʦʧʦʣʥʠʪʴ ʵʪʦʪ ʘʣʛʦʨʠʪʤ ʤʝʪʦʜʘʤʠ 

ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʧʦʜʪʚʝʨʞʜʝʥʠʡ ʠʩʪʠʥʥʦʩʪʠ ʬʦʨʤʫʣ ʚ ʤʦʜʝʣʷʭ. 

ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʪʨʝʙʫʝʪʩʷ ʧʦʩʪʨʦʠʪʴ ʩʧʦʩʦʙ ʛʝʥʝʨʘʮʠʠ ʩʮʝʥʘʨʠʝʚ. 

ʀʪʘʢ, ʪʨʝʙʫʝʪʩʷ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ s ʤʦʜʝʣʠ M 

ʚʳʧʦʣʥʷʝʪʩʷ (ʠʣʠ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ) ʬʦʨʤʫʣʘ ű. 

1. ɼʣʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ EX ű ʧʨʝʜʲʷʚʠʤ ʚʝʨʰʠʥʫ ʚ ʤʦʜʝʣʠ ʂʨʠʧʢʝ, ʚ 

ʢʦʪʦʨʫʶ ʠʟ ʚʝʨʰʠʥʳ s ʩʫʱʝʩʪʚʫʝʪ ʧʝʨʝʭʦʜ ʠ ʢʦʪʦʨʘʷ ʚʳʧʦʣʥʷʝʪ ű. 

ʊʘʢʘʷ ʚʝʨʰʠʥʘ ʦʙʷʟʘʪʝʣʴʥʦ ʩʫʱʝʩʪʚʫʝʪ, ʠʥʘʯʝ ʥʘ ʵʪʘʧʝ 

ʚʝʨʠʬʠʢʘʮʠʠ ʥʝ ʦʙʥʘʨʫʞʠʣʦʩʴ ʙʳ, ʯʪʦ ʬʦʨʤʫʣʘ EX ű ʚʝʨʥʘ. 

2. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʬʦʨʤʫʣ E[ű U ɣ] ʠ EG ű ʚʳʧʦʣʥʷʝʪʩʷ 

ʨʝʢʫʨʨʝʥʪʥʳʤ ʩʧʦʩʦʙʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʳʜʫʱʝʛʦ ʧʫʥʢʪʘ. 

ɺʳʧʦʣʥʠʤ ʨʘʟʣʦʞʝʥʠʝ ʵʪʠʭ ʬʦʨʤʫʣ ʩʦʛʣʘʩʥʦ ʘʢʩʠʦʤʘʤ 

ʨʘʩʰʠʨʝʥʠʷ. ʊʦʛʜʘ ʜʣʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ E[ű U ɣ] ʜʦʩʪʘʪʦʯʥʦ 

ʧʦʩʪʨʦʠʪʴ ʧʫʪʴ ʚ ʛʨʘʬʝ, ʧʨʠʤʝʥʷʷ ʰʘʛ ʟʘ ʰʘʛʦʤ ʧʨʝʜʳʜʫʱʠʡ ʧʫʥʢʪ 

ʢ ʨʝʢʫʨʨʝʥʪʥʦʤʫ ʨʘʟʣʦʞʝʥʠʶ ʵʪʦʡ ʬʦʨʤʫʣʳ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ 

ʧʦʧʘʜʝʤ ʚ ʚʝʨʰʠʥʫ, ʚʳʧʦʣʥʷʶʱʫʶ ɣ.  

ɼʣʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ EG ű ʩʜʝʣʘʝʤ ʪʦ ʞʝ ʩʘʤʦʝ, ʧʦʢʘ ʥʝ ʧʦʧʘʜʝʤ ʚ 

ʚʝʨʰʠʥʫ, ʚ ʢʦʪʦʨʦʡ ʫʞʝ ʙʳʣʠ. ʇʫʪʴ ʚ ʵʪʦʤ ʩʣʫʯʘʝ, ʥʘʯʠʥʘʷ ʩ 

ʥʝʢʦʪʦʨʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʩʪʘʥʦʚʠʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʤ (ʨʠʩ. 2.26). 
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3. ɼʣʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ EF G ű ʪʨʝʙʫʝʪʩʷ ʧʨʝʜʲʷʚʠʪʴ ʧʫʪʴ, ʚʝʜʫʱʠʡ ʠʟ 

ʪʝʢʫʱʝʡ ʚʝʨʰʠʥʳ ʚ ʩʧʨʘʚʝʜʣʠʚʫʶ ʢʦʤʧʦʥʝʥʪʫ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ 

(ʪʦ ʝʩʪʴ ʪʘʢʫʶ, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʩʦʩʪʦʷʥʠʝ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ 

ʩʚʦʡʩʪʚʫ fi, ʜʣʷ ʣʶʙʦʛʦ fi Í F), ʪʘʢʦʡ ʯʪʦ ʚʦ ʚʩʝʭ ʝʛʦ ʩʦʩʪʦʷʥʠʷʭ 

ʚʳʧʦʣʥʷʝʪʩʷ ʩʚʦʡʩʪʚʦ ű. ɽʛʦ ʤʦʞʥʦ ʥʘʡʪʠ ʦʜʥʠʤ ʠʟ ʘʣʛʦʨʠʪʤʦʚ, 

ʦʧʠʩʘʥʥʳʭ ʚ ʨʘʟʜ. 2.4. ʇʫʪʴ ʧʨʠ ʵʪʦʤ ʠʤʝʝʪ ʪʘʢʫʶ ʞʝ ʬʦʨʤʫ, ʢʘʢ ʠ 

ʚ ʩʣʫʯʘʝ ʬʦʨʤʫʣʳ EG ű. 

ʅʘ ʵʪʦʤ ʠʟʣʦʞʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʟʘʚʝʨʰʝʥʦ. ɸʥʘʣʠʟ ʧʦʩʪʨʦʝʥʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʮʝʥʘʨʠʝʚ, ʘ ʪʘʢʞʝ ʩʝʤʘʥʪʠʢʠ ʷʟʳʢʘ CTL 

ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʝʝ ʫʪʚʝʨʞʜʝʥʠʝ: 

Ç ɽʩʣʠ ʚ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʩʫʱʝʩʪʚʫʝʪ ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ, 

ʚʳʧʦʣʥʷʶʱʠʡ ʟʘʜʘʥʥʫʶ CTL-ʬʦʨʤʫʣʫ ʠʣʠ ʷʚʣʷʶʱʠʡʩʷ 

ʢʦʥʪʨʧʨʠʤʝʨʦʤ ʢ ʥʝʡ, ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʠ ʧʫʪʴ çʚ ɟ-ʬʦʨʤʝè 

(ʘʥʘʣʦʛʠʯʥʦ, ʚʳʧʦʣʥʷʶʱʠʡ ʠʣʠ ʦʧʨʦʚʝʨʛʘʶʱʠʡ ʝʝ), ʧʨʝʜʩʪʘʚʠʤʳʡ 

ʚ ʚʠʜʝ ʦʙʲʝʜʠʥʝʥʠʷ çʧʨʝʜʮʠʢʣʠʯʝʩʢʦʡè ʠ çʮʠʢʣʠʯʝʩʢʦʡè ʯʘʩʪʝʡ 

(ʨʠʩ. 2.26). 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʵʪʦʛʦ ʬʘʢʪʘ ʷʚʣʷʝʪʩʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʤ ʠ ʮʝʣʠʢʦʤ 

ʦʧʠʨʘʝʪʩʷ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʦʧʠʩʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. ɼʦʩʪʘʪʦʯʥʦ ʪʦʣʴʢʦ 

ʟʘʤʝʪʠʪʴ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʚʩʝʛʜʘ ʟʘʚʝʨʰʘʝʪʩʷ, ʚʳʜʘʚʘʷ ʩʮʝʥʘʨʠʡ, 

ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤʦ ʦʙʣʘʜʘʝʪ ʩʚʦʡʩʪʚʦʤ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ ʣʦʛʠʢʠ CTL
*
 

ɿʘʜʘʯʘ ʧʨʦʚʝʨʢʠ CTL
*
-ʬʦʨʤʫʣʳ ʥʘ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠʤʝʝʪ ʪʘʢʫʶ ʞʝ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʫʶ ʩʣʦʞʥʦʩʪʴ, ʢʘʢ ʠ ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʜʘʯʘ ʜʣʷ ʣʦʛʠʢʠ 

LTL. ʆʥʘ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʵʪʘʧʥʦ ʜʣʷ ʧʦʜʬʦʨʤʫʣ, ʠʤʝʶʱʠʭ ʩʪʨʫʢʪʫʨʫ 

ʬʦʨʤʫʣʳ LTL. ʆʧʠʰʝʤ ʵʪʫ ʢʦʥʩʪʨʫʢʮʠʶ ʧʦʜʨʦʙʥʝʝ. 

ʇʫʩʪʴ ʟʘʜʘʥr ʤʦʜʝʣʴ ʂʨʠʧʢʝ M ʠ CTL
*
-ʬʦʨʤʫʣʘ ű. ʊʨʝʙʫʝʪʩʷ 

ʦʧʨʝʜʝʣʠʪʴ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʬʦʨʤʫʣʘ 

ʚʳʧʦʣʥʷʝʪʩʷ. ʈʘʩʩʤʦʪʨʠʤ ʚʩʝ ʧʦʜʬʦʨʤʫʣʳ ʬʦʨʤʫʣʳ ű, ʠʤʝʶʱʠʝ ʚʠʜ 

A ɓ ʠʣʠ E ɓ, ʛʜʝ ɓ ï LTL-ʬʦʨʤʫʣʘ, ʢʦʪʦʨʘʷ ʥʝ ʩʦʜʝʨʞʠʪ 

ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʚ ʧʫʪʠ. ɿʘʧʫʩʪʠʤ ʘʣʛʦʨʠʪʤ ʧʨʦʚʝʨʢʠ LTL-ʬʦʨʤʫʣ ʜʣʷ 

ʬʦʨʤʫʣ ɓ ʠʣʠ ×ɓ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʧʦʣʫʯʠʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʥʦʞʝʩʪʚʦ 

ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ, ʥʘ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʪʁʩʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ 

ʬʦʨʤʫʣʘ A ɓ ʠʣʠ E ɓ. ʇʦʤʝʪʠʤ ʚʩʝ ʵʪʠ ʩʦʩʪʦʷʥʠʷ ʚ ʤʦʜʝʣʠ M 

ʜʘʥʥʳʤʠ ʧʦʜʬʦʨʤʫʣʘʤʠ. ʇʦʩʣʝ ʵʪʦʛʦ ʙʫʜʝʤ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʵʪʠ 

ʧʦʜʬʦʨʤʫʣʳ ʢʘʢ ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʳʝ ʧʝʨʝʤʝʥʥʳʝ. ʄʦʞʥʦ ʜʘʞʝ 

ʟʘʤʝʥʠʪʴ ʠʭ ʥʦʚʳʤʠ ʘʪʦʤʘʨʥʳʤʠ ʧʨʝʜʣʦʞʝʥʠʷʤʠ, ʧʦʩʢʦʣʴʢʫ ʪʝʧʝʨʴ 

ʜʣʷ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʜʝʣʠ ʠʟʚʝʩʪʥʦ, ʢʘʢʠʝ ʠʟ ʥʦʚʳʭ ʘʪʦʤʘʨʥʳʭ 

ʧʨʝʜʣʦʞʝʥʠʡ ʚ ʥʝʤ ʩʦʙʣʶʜʘʶʪʩʷ. ʇʨʠ ʵʪʦʤ ʚ ʠʩʭʦʜʥʦʡ ʬʦʨʤʫʣʝ 

ʯʠʩʣʦ ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʚ ʧʫʪʠ ʫʤʝʥʴʰʘʝʪʩʷ ʢʘʢ ʤʠʥʠʤʫʤ ʥʘ ʝʜʠʥʠʮʫ. 

ɼʘʣʴʰʝ ʵʪʦʪ ʧʨʦʮʝʩʩ ʩʣʝʜʫʝʪ ʧʦʚʪʦʨʠʪʴ ʩ ʜʨʫʛʠʤʠ ʧʦʜʬʦʨʤʫʣʘʤʠ 
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ʬʦʨʤʫʣʳ ű, ʚʥʝʰʥʠʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʫʞʝ ʦʙʨʘʙʦʪʘʥʥʳʤ, ʠ 

ʦʙʨʘʙʦʪʘʪʴ ʠʭ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ, ʚ ʢʦʥʝʯʥʦʤ 

ʩʯʝʪʝ, ʥʝ ʙʫʜʝʪ ʦʙʨʘʙʦʪʘʥʘ ʠʩʭʦʜʥʘʷ ʬʦʨʤʫʣʘ ű. 

ʇʨʠ ʵʪʦʤ ʜʣʷ ʤʦʜʝʣʠ M ʙʫʜʝʪ ʧʦʣʫʯʝʥʦ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, ʚ 

ʢʦʪʦʨʳʭ ʩʦʙʣʶʜʘʝʪʩʷ ʬʦʨʤʫʣʘ ű. 

ɿʘʤʝʯʘʥʠʷ ʦ ʜʣʠʥʝ ʬʦʨʤʫʣʳ 

ɺʩʧʦʤʥʠʤ, ʯʪʦ ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ LTL ʚʳʧʦʣʥʷʝʪʩʷ ʟʘ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʚʨʝʤʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʤʝʨʘ ʬʦʨʤʫʣʳ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʪʦ, ʯʪʦ ʨʘʟʥʠʮʘ ʚʦ ʚʨʝʤʝʥʥʦʡ ʩʣʦʞʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʣʠʥʝ 

ʬʦʨʤʫʣʳ ʚʳʛʣʷʜʠʪ ʩʝʨʴʝʟʥʦʡ, ʟʜʝʩʴ ʩʣʝʜʫʝʪ ʩʜʝʣʘʪʴ ʥʝʩʢʦʣʴʢʦ 

ʟʘʤʝʯʘʥʠʡ. ʌʦʨʤʫʣʳ ʚ LTL ʥʠʢʦʛʜʘ ʥʝ ʙʳʚʘʶʪ ʜʣʠʥʥʝʝ, ʠ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʙʳʚʘʶʪ ʢʦʨʦʯʝ, ʯʝʤ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʬʦʨʤʫʣʳ ʚ CTL. ʕʪʦ 

ʩʣʝʜʫʝʪ ʠʟ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʜʣʷ ʬʦʨʤʫʣ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʧʝʨʝʚʝʜʝʥʳ ʠʟ CTL ʚ LTL, ʵʢʚʠʚʘʣʝʥʪʥʘʷ LTL-ʬʦʨʤʫʣʘ ʧʦʣʫʯʘʝʪʩʷ 

ʧʫʪʝʤ ʫʜʘʣʝʥʠʷ ʚʩʝʭ ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʚ ʧʫʪʠ, ʠ ʧʦʵʪʦʤʫ ʦʥʘ ʦʙʳʯʥʦ 

ʧʦʣʫʯʘʝʪʩʷ ʢʦʨʦʯʝ. ɹʦʣʝʝ ʪʦʛʦ, ʜʣʷ ʢʘʞʜʦʡ ʤʦʜʝʣʠ M ʩʫʱʝʩʪʚʫʝʪ 

LTL-ʬʦʨʤʫʣʘ ű, ʪʘʢʘʷ ʯʪʦ ʣʶʙʘʷ CTL-ʬʦʨʤʫʣʘ, ʵʢʚʠʚʘʣʝʥʪʥʘʷ E ű 

(ʠʣʠ A ű) ï ʝʩʣʠ ʪʘʢʘʷ ʬʦʨʤʫʣʘ ʩʫʱʝʩʪʚʫʝʪ ʚ CTL ï ʠʤʝʝʪ ʙʦʣʝʝ ʯʝʤ 

ʧʦʣʠʥʦʤʠʘʣʴʥʫʶ ʜʣʠʥʫ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʣʠʥʝ LTL-ʬʦʨʤʫʣʳ (ʣʠʙʦ 

ʝʝ ʥʝʣʴʟʷ ʧʦʩʪʨʦʠʪʴ ʟʘ ʧʦʣʠʥʦʤʠʘʣʴʥʦʝ ʚʨʝʤʷ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ 

P Í NP). ʕʪʦ ʥʘʛʣʷʜʥʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʘʜʘʧʪʠʨʦʚʘʥʥʳʤ ʧʨʠʤʝʨʦʤ 

[36], ʧʨʠʚʦʜʠʤʳʤ ʥʠʞʝ. 

ɼʣʷ ʪʨʝʙʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʩʧʝʮʠʬʠʮʠʨʦʚʘʥʦ ʠ ʚ CTL, ʠ ʚ 

LTL, ʢʨʘʪʯʘʡʰʘʷ ʚʦʟʤʦʞʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ ʚ LTL ʥʠʢʦʛʜʘ ʥʝ ʙʳʚʘʝʪ 

ʜʣʠʥʥʝʝ CTL-ʬʦʨʤʫʣʳ, ʠ, ʙʦʣʝʝ ʪʦʛʦ, ʤʦʞʝʪ ʙʳʪʴ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ 

ʢʦʨʦʯʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʩʪʦʠʥʩʪʚʦ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ CTL, 

ʩʦʩʪʦʷʱʝʝ ʚ ʪʦʤ, ʯʪʦ ʦʥʘ ʣʠʥʝʡʥʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʣʠʥʝ ʬʦʨʤʫʣʳ, 

ʫʤʝʥʴʰʘʝʪʩʷ (ʠʣʠ ʜʘʞʝ ʧʦʣʥʦʩʪʴʶ ʫʩʪʨʘʥʷʝʪʩʷ) ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ 

ʟʘʜʘʥʥʦʝ ʩʚʦʡʩʪʚʦ ʪʨʝʙʫʝʪ (ʛʦʨʘʟʜʦ) ʙʦʣʝʝ ʜʣʠʥʥʦʡ ʬʦʨʤʫʣʠʨʦʚʢʠ ʚ 

CTL ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ LTL. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʧʦʠʩʢʘ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʫʪʠ ʚ 

ʧʨʦʠʟʚʦʣʴʥʦʤ ʩʚʷʟʥʦʤ ʛʨʘʬʝ, ʠʩʧʦʣʴʟʫʷ ʪʝʨʤʠʥʳ LTL ʠ CTL. ʇʫʩʪʴ 

ʟʘʜʘʥ ʛʨʘʬ G = (V, E), ʛʜʝ V ï ʤʥʦʞʝʩʪʚʦ ʚʝʨʰʠʥ, ʘ E Ì V Ĭ V ï 

ʤʥʦʞʝʩʪʚʦ ʨʝʙʝʨ. ʇʫʩʪʴ V = {v1, é, vn}. ɻʘʤʠʣʴʪʦʥʦʚ ʧʫʪʴ ï ʵʪʦ ʧʫʪʴ ʚ 

ʛʨʘʬʝ, ʢʦʪʦʨʳʡ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʢʘʞʜʫʶ ʚʝʨʰʠʥʫ ʨʦʚʥʦ ʦʜʠʥ ʨʘʟ (ʵʪʘ 

ʟʘʜʘʯʘ ʘʥʘʣʦʛʠʯʥʘ ʟʘʜʘʯʝ ʢʦʤʤʠʚʦʷʞʝʨʘ, ʚ ʢʦʪʦʨʦʡ ʩʪʦʠʤʦʩʪʴ 

ʧʨʦʭʦʜʘ ʧʦ ʢʘʞʜʦʤʫ ʨʝʙʨʫ ʦʜʠʥʘʢʦʚʘ ʜʣʷ ʚʩʝʭ ʨʝʙʝʨ). 

ɺʥʘʯʘʣʝ ʦʧʠʰʝʤ ʟʘʜʘʯʫ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʫʪʠ ʚ LTL. ʀʩʧʦʣʴʟʫʝʤ ʤʝʪʦʜ, 

ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʚ ʨʘʩʩʤʦʪʨʝʥʠʠ ʛʨʘʬʘ G ʚ ʚʠʜʝ ʤʦʜʝʣʠ ʂʨʠʧʢʝ, 

ʢʦʪʦʨʘʷ ʩʪʨʦʠʪʩʷ ʠʟ G ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 
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ʇʦʤʝʪʠʤ ʢʘʞʜʫʶ ʚʝʨʰʠʥʫ vi ʚ V ʫʥʠʢʘʣʴʥʳʤ ʘʪʦʤʘʨʥʳʤ 

ʧʨʝʜʣʦʞʝʥʠʝʤ pi, ʪʦ ʝʩʪʴ Label(vi) = { pi}. ʂʨʦʤʝ ʪʦʛʦ, ʚʚʝʜʝʤ ʥʦʚʫʶ 

(ʪʝʨʤʠʥʘʣʴʥʫʶ) ʚʝʨʰʠʥʫ w, ʪʘʢʫʶ ʯʪʦ w Î V ʩ Label(w) = { q}, ʛʜʝ q ï 

ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, ʦʪʣʠʯʥʦʝ ʦʪ ʚʩʝʭ pi. ʉʜʝʣʘʝʤ ʚʝʨʰʠʥʫ w 

ʧʨʷʤʳʤ ʧʦʪʦʤʢʦʤ ʢʘʞʜʦʛʦ ʫʟʣʘ vi (ʜʦʙʘʚʠʤ ʨʝʙʨʘ (vi, w) ʚ ʛʨʘʬ), ʘ 

ʪʘʢʞʝ ʩʘʤʦʡ ʩʝʙʷ ï (ʨʝʙʨʦ (w, w) ʪʦʞʝ ʜʦʙʘʚʠʤ ʚ ʛʨʘʬ). ʈʠʩ. 2.27 

ʦʪʦʙʨʘʞʘʝʪ ʵʪʫ ʢʦʥʩʪʨʫʢʮʠʶ ʜʣʷ ʩʚʷʟʥʦʛʦ ʛʨʘʬʘ ʩ 4 ʚʝʨʰʠʥʘʤʠ. 

v1 v2

v3 v4

v1 v2

v3 v4

{ q}w

{ p1}

{ p3}

{ p2}

{ p4}

 

ʈʠʩ. 2.27. ʂʦʜʠʨʦʚʘʥʠʝ ʟʘʜʘʯʠ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʫʪʠ ʚ ʤʦʜʝʣʠ 

ɼʣʷ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʚʦʡʩʪʚʦ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʫʪʠ ʚ 

ʛʨʘʬʝ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʦ ʚ LTL ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ
5
: 

E[("i: F pi) Ø X
n
 q], 

ʛʜʝ X
1
 q = X q ʠ X

n+1
 q = X(X

n
 q). ʕʪʘ ʬʦʨʤʫʣʘ ʚʝʨʥʘ ʚ ʢʘʞʜʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʠʟ ʢʦʪʦʨʦʛʦ ʥʘʯʠʥʘʝʪʩʷ ʧʫʪʴ, ʢʦʪʦʨʳʡ ʫʜʦʚʣʝʪʚʦʨʷʝʪ 

ʢʘʞʜʦʤʫ ʘʪʦʤʘʨʥʦʤʫ ʧʨʝʜʣʦʞʝʥʠʶ ʦʜʠʥ ʨʘʟ. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʜʥʦʢʨʘʪʥʦʤʫ ʧʦʩʝʱʝʥʠʶ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ vi. ɾʝʣʘʝʤʳʡ 

ʙʝʩʢʦʥʝʯʥʳʡ ʜʦʧʫʩʪʠʤʳʡ ʧʫʪʴ ʜʦʣʞʝʥ ʠʤʝʪʴ ʩʫʬʬʠʢʩ ʚʠʜʘ w
ɤ
, ʪʘʢ 

ʢʘʢ ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʦʥ ʧʦʩʝʪʠʪ ʦʜʥʦ ʠʣʠ ʙʦʣʝʝ ʩʦʩʪʦʷʥʠʡ ʙʦʣʴʝh 

ʦʜʥʦʛʦ ʨʘʟʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʠʥʘ ʚʳʰʝʦʧʠʩʘʥʥʦʡ ʬʦʨʤʫʣʳ ʣʠʥʝʡʥʘ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʯʠʩʣʫ ʚʝʨʰʠʥ ʚ ʛʨʘʬʝ. 

ʌʦʨʤʫʣʠʨʦʚʢʘ ʟʘʜʘʯʠ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʫʪʠ ʚ CTL ʩʫʱʝʩʪʚʫʝʪ ʠ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʅʘʯʥʝʤ ʩ ʧʦʩʪʨʦʝʥʠʷ CTL-

ʬʦʨʤʫʣʳ g(p1, é, pn), ʢʦʪʦʨʘʷ ʚʳʧʦʣʥʷʝʪʩʷ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ 

ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ ʠʟ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʩʦʩʪʦʷʥʠʷ, 

ʜʣʷ ʢʦʪʦʨʳʭ p1 é pn ʩʪʘʥʦʚʷʪʩʷ ʚʝʨʥʳʤʠ ʚ ʝʩʪʝʩʪʚʝʥʥʦʤ ʧʦʨʷʜʢʝ: 

g(p1, é, pn) = p1 Ø EX(p2 Ø EX(é Ø EX pn)é). 

                                           
5
 ʉʪʨʦʛʦ ʛʦʚʦʨʷ, ʵʪʦ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʘʚʠʣʴʥʦ ʧʦʩʪʨʦʝʥʥʦʡ LTL-ʬʦʨʤʫʣʦʡ, ʪʘʢ ʢʘʢ 

ʢʚʘʥʪʠʬʠʢʘʪʦʨ ʧʫʪʠ E ʥʝ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ LTL. ʆʜʥʘʢʦ, ʜʣʷ E ű, ʛʜʝ ű ʥʝ 

ʩʦʜʝʨʞʠʪ ʥʠʢʘʢʠʭ ʢʚʘʥʪʠʬʠʢʘʪʦʨʦʚ ʧʫʪʠ (ʢʘʢ ʚ ʵʪʦʤ ʧʨʠʤʝʨʝ), ʤʦʞʥʦ ʚʟʷʪʴ 

ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʩʚʦʡʩʪʚʦ ×A ×ű, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʨʝʥʦ ʧʫʪʝʤ ʧʨʦʚʝʨʢʠ 

ʩʚʦʡʩʪʚʘ A ×ű, ʟʘʧʠʩʘʥʥʦʛʦ ʧʨʘʚʠʣʴʥʦ ʧʦʩʪʨʦʝʥʥʦʡ LTL-ʬʦʨʤʫʣʦʡ. 
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ɺʚʠʜʫ ʚʝʪʚʷʱʝʡʩʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ CTL ʬʦʨʤʫʣʠʨʦʚʢʘ ʩʚʦʡʩʪʚʘ 

ʛʘʤʠʣʴʪʦʥʦʚʦʩʪʠ ʛʨʘʬʘ ʚ CTL ʪʨʝʙʫʝʪ ʷʚʥʦʛʦ ʧʝʨʝʯʠʩʣʝʥʠʷ ʚʩʝʭ 

ʚʦʟʤʦʞʥʳʭ ʛʘʤʠʣʴʪʦʥʦʚʳʭ ʧʫʪʝʡ. ʇʫʩʪʴ P ʷʚʣʷʝʪʩʷ ʤʥʦʞʝʩʪʚʦʤ 

ʧʝʨʝʩʪʘʥʦʚʦʢ ʤʥʦʞʝʩʪʚʘ { 1, é, n}. ʊʦʛʜʘ ʧʦʣʫʯʠʤ: 

$ɗ Í P: g(pɗ(1), é, pɗ(n)). 

ʇʦʩʣʝ ʷʚʥʦʛʦ ʧʝʨʝʯʠʩʣʝʥʠʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʧʝʨʝʩʪʘʥʦʚʦʢ ʧʦʣʫʯʠʤ 

ʬʦʨʤʫʣʫ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʜʣʠʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʯʠʩʣʫ ʚʝʨʰʠʥ ʚ 

ʛʨʘʬʝ. ɽʩʣʠ ʙʳ ʩʫʱʝʩʪʚʦʚʘʣʘ ʵʢʚʠʚʘʣʝʥʪʥʘʷ CTL-ʬʦʨʤʫʣʘ 

ʧʦʣʠʥʦʤʠʘʣʴʥʦʡ ʜʣʠʥʳ ʠ ʝʝ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʥʘʡʪʠ ʧʦʣʠʥʦʤʠʘʣʴʥʳʤ 

ʘʣʛʦʨʠʪʤʦʤ, ʪʦ NP-ʧʦʣʥʘʷ ʟʘʜʘʯʘ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʫʪʠ ʙʳʣʘ ʙʳ 

ʨʘʟʨʝʰʠʤʘ ʟʘ ʧʦʣʠʥʦʤʠʘʣʴʥʦʝ ʚʨʝʤʷ ʚʚʠʜʫ ʧʦʣʠʥʦʤʠʘʣʴʥʦʩʪʠ 

ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʝʨʢʠ CTL-ʤʦʜʝʣʝʡ, ʘ ʵʪʦ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʚ ʩʣʫʯʘʝ 

P = NP. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʟʘ ʧʦʣʠʥʦʤʠʘʣʴʥʦʝ ʚʨʝʤʷ ʥʝʣʴʟʷ ʧʦʩʪʨʦʠʪʴ 

CTL-ʬʦʨʤʫʣʫ, ʦʧʠʩʳʚʘʶʱʫʶ ʩʚʦʡʩʪʚʦ ʛʘʤʠʣʴʪʦʥʦʚʦʩʪʠ ʛʨʘʬʘ (ʧʨʠ 

ʫʩʣʦʚʠʠ P Í NP). 

 

2.4. ʇʦʠʩʢ ʩʧʨʘʚʝʜʣʠʚʳʭ ʧʫʪʝʡ 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʩʧʨʘʚʝʜʣʠʚʳʭ ʧʫʪʝʡ 

ʚ ʛʨʘʬʝ ʧʝʨʝʭʦʜʦʚ ʦʙʱʝʛʦ ʚʠʜʘ. ɻʨʘʬ ʧʝʨʝʭʦʜʦʚ ʤʦʞʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ 

ʩʦʙʦʡ ʧʦʜʛʨʘʬ ʤʦʜʝʣʠ ʂʨʠʧʢʝ, ʨʘʟʤʝʯʝʥʥʦʡ LTL-ʪʘʙʣʠʮʳ ʠʣʠ 

ʘʚʪʦʤʘʪʘ ɹʶʭʠ. ʄʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʛʨʘʬ ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʫ, 

ʠʜʝʥʪʠʯʥʫʶ ʦʜʥʦʡ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ, ʩ ʦʜʥʠʤ ʦʪʣʠʯʠʝʤ: ʦʪʥʦʰʝʥʠʝ 

ʧʝʨʝʭʦʜʦʚ ʚ ʥʝʤ ʥʝ ʦʙʷʟʘʥʦ ʙʳʪʴ ʪʦʪʘʣʴʥʳʤ ï ʤʦʛʫʪ ʩʫʱʝʩʪʚʦʚʘʪʴ 

ʩʦʩʪʦʷʥʠʷ ʙʝʟ ʧʦʪʦʤʢʦʚ. 

ʇʫʩʪʴ ʜʘʥʦ ʩʦʩʪʦʷʥʠʝ s ʚ ʛʨʘʬʝ ʠ ʤʥʦʞʝʩʪʚʦ ʫʩʣʦʚʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ 

F. ʊʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ, ʩʫʱʝʩʪʚʫʝʪ ʣʠ ʚ ʛʨʘʬʝ ʭʦʪʷ ʙʳ ʦʜʠʥ 

ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ, ʩʪʘʨʪʫʶʱʠʡ ʚ ʩʦʩʪʦʷʥʠʠ s ʠ ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ 

ʚʩʝʤ ʫʩʣʦʚʠʷʤ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ (ʵʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʚʩʝ ʫʩʣʦʚʠʷ 

ʩʦʙʣʶʜʘʶʪʩʷ ʥʘ ʵʪʦʤ ʧʫʪʠ ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ). 

ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʠʤʝʝʪ ʵʢʚʠʚʘʣʝʥʪʥʫʶ ʬʦʨʤʫʣʠʨʦʚʢʫ: ʦʧʨʝʜʝʣʠʪʴ, 

ʚʳʧʦʣʥʷʝʪʩʷ ʣʠ ʚ ʟʘʜʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ s ʛʨʘʬʘ Fair CTL-ʬʦʨʤʫʣʘ 

EF G true. ʕʪʘ ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ, 

ʢʘʢ ʜʣʷ ʩʧʨʘʚʝʜʣʠʚʳʭ CTL-ʬʦʨʤʫʣ, ʪʘʢ ʠ ʜʣʷ LTL-ʬʦʨʤʫʣ. 

ɺ ʩʣʫʯʘʝ F = Å ʵʪʦ ʟʘʜʘʯʘ ʩʚʦʜʠʪʩʷ ʢ ʧʦʠʩʢʫ ʧʨʦʠʟʚʦʣʴʥʦʛʦ 

ʙʝʩʢʦʥʝʯʥʦʛʦ ʧʫʪʠ, ʘ ʚ ʩʣʫʯʘʝ F Í Å ï ʢ ʧʦʠʩʢʫ ʧʨʦʠʟʚʦʣʴʥʦʛʦ 

ʩʧʨʘʚʝʜʣʠʚʦʛʦ ʧʫʪʠ, ʪʘʢ ʢʘʢ ʣʶʙʦʡ ʩʧʨʘʚʝʜʣʠʚʳʡ ʧʫʪʴ ʙʝʩʢʦʥʝʯʝʥ. 
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ʀʥʦʛʜʘ ʟʘʜʘʯʫ ʩʪʘʚʷʪ ʚ ʰʠʨʦʢʦʤ ʩʤʳʩʣʝ: ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ 

ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʛʨʘʬʘ, ʠʟ ʢʦʪʦʨʳʭ ʩʪʘʨʪʫʝʪ ʙʝʩʢʦʥʝʯʥʳʡ 

ʩʧʨʘʚʝʜʣʠʚʳʡ ʧʫʪʴ. 

ɼʣʷ ʫʟʢʦʡ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ ʙʦʣʴʰʝ ʧʦʜʭʦʜʠʪ ʘʣʛʦʨʠʪʤ ʜʚʦʡʥʦʛʦ 

ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ, ʘ ʜʣʷ ʰʠʨʦʢʦʡ ï ʘʣʛʦʨʠʪʤ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʦʠʩʢʝ 

ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ ʛʨʘʬʘ. 

 

2.4.1. ɼʚʦʡʥʦʡ ʦʙʭʦʜ ʚ ʛʣʫʙʠʥʫ 

ʆʜʠʥ ʠʟ ʧʦʧʫʣʷʨʥʳʭ ʤʝʪʦʜʦʚ ʧʨʦʚʝʨʢʠ ʩʧʝʮʠʬʠʢʘʮʠʡ, ʟʘʜʘʥʥʳʭ ʚ 

ʚʠʜʝ ʬʦʨʤʫʣ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ LTL, ï ʵʪʦ ʧʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʘ 

ʜʚʦʡʥʦʛʦ ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ [17]. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ 

ʧʦʠʩʢʘ ʜʦʧʫʩʢʘʶʱʠʭ ʧʫʪʝʡ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ ʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʦ 

ʤʥʦʛʠʭ ʚʝʨʠʬʠʢʘʪʦʨʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʚʝʨʠʬʠʢʘʪʦʨʘʭ SPIN ʠ Bogor. 

ɺ ʵʪʦʤ ʘʣʛʦʨʠʪʤʝ ʯʝʨʝʜʫʶʪʩʷ ʜʚʘ ʧʦʠʩʢʘ ʚ ʛʣʫʙʠʥʫ (DFS ï Depth-First 

Search). ʇʝʨʚʳʡ ʠʟ ʥʠʭ ʤʦʞʝʪ ʟʘʧʫʩʢʘʪʴ ʚʪʦʨʦʡ, ʘ ʚʪʦʨʦʡ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʤʦʞʝʪ ʣʠʙʦ ʟʘʚʝʨʰʠʪʴ ʨʘʙʦʪʫ ʚʩʝʛʦ ʘʣʛʦʨʠʪʤʘ, ʣʠʙʦ 

ʧʝʨʝʜʘʪʴ ʫʧʨʘʚʣʝʥʠʝ ʦʙʨʘʪʥʦ ʚ ʧʝʨʚʳʡ DFS. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʝʨʚʳʡ 

ʧʦʠʩʢ ʚ ʛʣʫʙʠʥʫ ʧʨʦʜʦʣʞʘʝʪ ʩʚʦʶ ʨʘʙʦʪʫ. ʂʘʞʜʳʡ DFS ʠʩʧʦʣʴʟʫʝʪ 

ʩʚʦʡ ʬʣʘʛ ʜʣʷ ʧʦʤʝʪʢʠ ʧʦʩʝʱʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʇʝʨʚʳʡ ʧʦʠʩʢ ʚ ʛʣʫʙʠʥʫ ʟʘʧʫʩʢʘʝʪ ʚʪʦʨʦʡ ʚ ʪʦʪ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʦʥ 

ʛʦʪʦʚ ʢ ʦʪʢʘʪʫ ʠʟ ʜʦʧʫʩʢʘʶʱʝʛʦ ʩʦʩʪʦʷʥʠʷ. ɽʩʣʠ ʚʪʦʨʦʡ ʧʦʠʩʢ ʚ 

ʛʣʫʙʠʥʫ ʚ ʧʨʦʮʝʩʩʝ ʦʙʭʦʜʘ ʧʦʧʘʜʘʝʪ ʚ ʩʦʩʪʦʷʥʠʝ, ʥʘʭʦʜʷʱʝʝʩʷ ʚ ʩʪʝʢʝ 

ʧʝʨʚʦʛʦ, ʪʦ ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ ʧʦʣʫʯʝʥ. ɽʩʣʠ ʵʪʦʛʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʪʦ 

ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʦʙʭʦʜʘ ʚʪʦʨʦʡ ʧʦʠʩʢ ʚ ʛʣʫʙʠʥʫ ʚʦʟʚʨʘʱʘʝʪ 

ʫʧʨʘʚʣʝʥʠʝ ʚ ʧʝʨʚʳʡ. 

ʌʦʨʤʘʣʴʥʦ ʘʣʛʦʨʠʪʤ ʧʨʦʚʝʨʢʠ ʥʘ ʧʫʩʪʦʪʫ ʷʟʳʢʘ ʘʚʪʦʤʘʪʘ ɹʶʭʠ ʩ 

ʧʦʤʦʱʴʶ ʜʚʦʡʥʦʛʦ DFS ʦʧʠʩʳʚʘʝʪʩʷ ʧʩʝʚʜʦʢʦʜʦʤ ʠʟ ʣʠʩʪʠʥʛʘ 2.6 

[17]. ɺ ʘʣʛʦʨʠʪʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʤʘʥʜʘ terminate  ʜʣʷ 

ʧʨʝʢʨʘʱʝʥʠʷ ʚʳʧʦʣʥʝʥʠʷ ʚʩʝʡ ʧʨʦʛʨʘʤʤʳ ʠ ʚʦʟʚʨʘʪʘ ʟʥʘʯʝʥʠʷ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʦʧʝʨʘʪʦʨʘ return , ʦʥʘ ʦʩʚʦʙʦʞʜʘʝʪ ʚʝʩʴ 

ʩʪʝʢ ʚʳʟʦʚʦʚ, ʘ ʥʝ ʪʦʣʴʢʦ ʚʳʭʦʜʠʪ ʠʟ ʪʝʢʫʱʝʡ ʬʫʥʢʮʠʠ. 

ʃʠʩʪʠʥʛ 2.6. ɸʣʛʦʨʠʪʤ ʜʚʦʡʥʦʛʦ ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ 

emptiness()  

{  

   foreach  ( q0 Í Q0)  

      dfs1(q 0);  

   terminate false;  

}  
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dfs1(q)  

{  

   ʧʦʤʝʪʠʪʴ q ʬʣʘʛʦʤ flag 1;  

   foreach  ( qô | ʩʫʱʝʩʪʚʫʝʪ ʧʝʨʝʭʦʜ ʠʟ q ʚ qô) 

      if  ( qô ʥʝ ʧʦʤʝʯʝʥʘ ʬʣʘʛʦʤ flag 1)  

         dfs1(qô); 

   if (accept(q))  

      dfs2(q);  

}  

 

dfs2(q)  

{  

   ʧʦʤʝʪʠʪʴ q ʬʣʘʛʦʤ ʬʣʘʛʦʤ flag 2;  

   foreach  ( qô | ʩʫʱʝʩʪʚʫʝʪ ʧʝʨʝʭʦʜ ʠʟ q ʚ qô) 

   {  

     if  ( qô ʧʦʤʝʯʝʥʘ ʬʣʘʛʦʤ flag 1)  

         terminate  true ;  

     else  if  ( qô ʥʝ ʧʦʤʝʯʝʥʘ ʬʣʘʛʦʤ flag 2)  

         dfs 2( qô); 

   }  

}  

ɸʣʛʦʨʠʪʤ ʚʦʟʚʨʘʱʘʝʪ true, ʝʩʣʠ ʙʳʣ ʥʘʡʜʝʥ ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ, ʠ 

false ï ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ. ɽʩʣʠ ʘʣʛʦʨʠʪʤ ʚʝʨʥʫʣ ʟʥʘʯʝʥʠʝ true, ʪʦ 

ʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ: ʚ ʩʪʝʢʝ ʧʝʨʚʦʛʦ DFS 

ʭʨʘʥʠʪʩʷ ʧʫʪʴ ʠʟ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʥʝʢʦʪʦʨʦʝ ʜʦʧʫʩʢʘʶʱʝʝ 

ʩʦʩʪʦʷʥʠʝ q1. ʕʪʦʪ ʧʫʪʴ ʙʫʜʝʪ ʠʩʢʦʤʳʤ ʧʨʝʬʠʢʩʦʤ Ŭ. ʇʨʠ ʵʪʦʤ ʚ ʩʪʝʢʝ 
ʚʪʦʨʦʛʦ DFS ʭʨʘʥʠʪʩʷ ʧʫʪʴ ʠʟ ʩʦʩʪʦʷʥʠʷ q1 ʚ ʥʝʢʦʪʦʨʦʝ ʩʦʩʪʦʷʥʠʝ q2, 

ʩʦʜʝʨʞʘʱʝʝʩʷ ʚ ʩʪʝʢʝ ʧʝʨʚʦʛʦ. ʊʦʛʜʘ, ʜʦʩʪʨʦʠʚ ʵʪʦʪ ʧʫʪʴ 

ʩʦʩʪʦʷʥʠʷʤʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʚ ʩʪʝʢʝ ʧʝʨʚʦʛʦ DFS ʚʳʰʝ ʩʦʩʪʦʷʥʠʷ q2, 

ʧʦʣʫʯʠʤ ʮʠʢʣ q1 ­ q2 ­ q1, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʜʦʧʫʩʢʘʶʱʝʝ 

ʩʦʩʪʦʷʥʠʝ q1 ï ʵʪʦ ʠʩʢʦʤʳʡ ʩʫʬʬʠʢʩ ɓ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʫʜʝʪ ʧʦʣʫʯʝʥ 
ʜʦʧʫʩʢʘʶʱʠʡ ʧʫʪʴ Ŭɓ

ɤ
. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ 

ɼʦʢʘʞʝʤ ʢʦʨʨʝʢʪʥʦʩʪʴ ʧʨʠʚʝʜʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ [17]. ʊʨʝʙʫʝʪʩʷ 

ʜʦʢʘʟʘʪʴ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʜʚʦʡʥʦʛʦ ʧʦʠʩʢʘ ʚ ʛʣʫʙʠʥʫ ʥʘʭʦʜʠʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʜʦʧʫʩʢʘʝʤʫʶ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ 

ʪʦʛʜʘ, ʢʦʛʜʘ ʦʥʘ ʩʫʱʝʩʪʚʫʝʪ. 

ɽʩʣʠ ʘʣʛʦʨʠʪʤ ʚʝʨʥʫʣ ʟʥʘʯʝʥʠʝ true, ʪʦ ʚ ʩʪʝʢʝ ʧʝʨʚʦʛʦ DFS ʥʘʭʦʜʠʪʩʷ 
ʢʦʨʨʝʢʪʥʳʡ ʧʫʪʴ ʚ ʘʚʪʦʤʘʪʝ ɹʶʭʠ ʠʟ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ s ʚ 
ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ q2. ɺ ʩʪʝʢʝ ʚʪʦʨʦʛʦ DFS ʥʘʭʦʜʠʪʩʷ ʧʫʪʴ ʠʟ 
ʩʦʩʪʦʷʥʠʷ q2 ʚ ʩʦʩʪʦʷʥʠʝ q1, ʢʦʪʦʨʦʝ ʧʨʠʥʘʜʣʝʞʠʪ ʧʫʪʠ ʠʟ s ʚ q2. 
ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʩʦʩʪʦʷʥʠʝ q2 ʜʦʩʪʠʞʠʤʦ ʠʟ ʩʦʩʪʦʷʥʠʷ q1. ʊʦʛʜʘ 
ʠʩʢʦʤʳʡ ʢʦʥʪʨʧʨʠʤʝʨ, ʜʦʧʫʩʢʘʝʤʳʡ ʘʚʪʦʤʘʪʦʤ ɹʶʭʠ, ʧʨʝʜʩʪʘʚʣʷʝʪ 
ʩʦʙʦʡ ʙʝʩʢʦʥʝʯʥʳʡ ʧʫʪʴ ʚʠʜʘ Ŭɓ

ɤ
, ʛʜʝ Ŭ ï ʵʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

s ­ q1, ʘ ɓ ï ʵʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ q1 ­ q2 ­ q1. ʕʪʦ ʠʟʦʙʨʘʞʝʥʦ ʥʘ 
ʨʠʩ. 2.28. 
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ʈʠʩ. 2.28. ʉʪʨʫʢʪʫʨʘ ʢʦʥʪʨʧʨʠʤʝʨʘ, ʧʦʣʫʯʝʥʥʦʛʦ 
ʘʣʛʦʨʠʪʤʦʤ ʜʚʦʡʥʦʛʦ ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ 

ɼʦʢʘʞʝʤ ʪʝʧʝʨʴ ʦʙʨʘʪʥʦʝ: ʝʩʣʠ ʘʣʛʦʨʠʪʤ ʚʝʨʥʫʣ ʟʥʘʯʝʥʠʝ false, ʪʦ 
ʜʦʧʫʩʢʘʶʱʝʛʦ ʧʫʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʥʝ ʩʫʱʝʩʪʚʫʝʪ. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ 
ʵʪʦ ʥʝ ʪʘʢ. ʇʫʩʪʴ ʩʫʱʝʩʪʚʫʝʪ ʮʠʢʣ, ʩʦʜʝʨʞʘʱʠʡ ʜʦʧʫʩʢʘʶʱʠʝ 
ʩʦʩʪʦʷʥʠʷ ʠ ʜʦʩʪʠʞʠʤʳʡ ʠʟ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʘ q ï ʜʦʧʫʩʢʘʶʱʝʝ 
ʩʦʩʪʦʷʥʠʝ ʵʪʦʛʦ ʮʠʢʣʘ. ʇʦʩʢʦʣʴʢʫ ʧʝʨʚʳʡ DFS ʦʙʭʦʜʠʪ ʚʩʝ ʩʦʩʪʦʷʥʠʷ 
ʘʚʪʦʤʘʪʘ, ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʰʘʛ, ʥʘ ʢʦʪʦʨʦʤ ʦʥ ʦʪʢʘʪʳʚʘʝʪʩʷ ʠʟ q. ɺ ʵʪʦʪ 
ʤʦʤʝʥʪ ʟʘʧʫʩʢʘʝʪʩʷ ʚʪʦʨʦʡ ʦʙʭʦʜ ʚ ʛʣʫʙʠʥʫ. ʇʦʩʢʦʣʴʢʫ q ʣʝʞʠʪ ʚ 
ʮʠʢʣʝ, ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʧʫʪʝʡ ʠʟ q ʚ ʦʜʥʦ ʠʟ ʩʦʩʪʦʷʥʠʡ, 
ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʩʪʝʢʝ ʧʝʨʚʦʛʦ DFS. ʂʘʢ ʤʠʥʠʤʫʤ, ʩʫʱʝʩʪʚʫʝʪ ʧʫʪʴ ʚ 
ʵʪʦ ʩʘʤʦ q. ʊʦʛʜʘ ʚʦʟʤʦʞʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ: 

1. ʉʫʱʝʩʪʚʫʝʪ ʧʫʪʴ ʠʟ q ʚ ʥʝʢʦʪʦʨʦʝ ʩʦʩʪʦʷʥʠʝ, ʩʦʜʝʨʞʘʱʝʝʩʷ ʚ ʩʪʝʢʝ 
ʧʝʨʚʦʛʦ DFS, ʚʩʝ ʩʦʩʪʦʷʥʠʷ ʢʦʪʦʨʦʛʦ ʝʱʝ ʥʝ ʙʳʣʠ ʧʦʤʝʯʝʥʳ 
ʚʪʦʨʳʤ DFS. ʊʦʛʜʘ ʧʦ ʘʣʛʦʨʠʪʤʫ ʚʪʦʨʦʡ DFS ʥʘʡʜʝʪ ʵʪʦʪ ʧʫʪʴ, ʠ, 
ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘʡʜʝʪ ʢʦʥʪʨʧʨʠʤʝʨ. ʕʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ ʩʜʝʣʘʥʥʦʤʫ 
ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦ ʪʦʤ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʥʝ ʤʦʞʝʪ ʥʘʡʪʠ ʢʦʥʪʨʧʨʠʤʝʨ. 

2. ʅʘ ʣʶʙʦʤ ʧʫʪʠ ʠʟ q ʚ ʩʦʩʪʦʷʥʠʷ, ʩʦʜʝʨʞʘʱʠʝʩʷ ʚ ʩʪʝʢʝ ʧʝʨʚʦʛʦ 

DFS, ʣʝʞʠʪ ʩʦʩʪʦʷʥʠʝ r, ʧʦʤʝʯʝʥʥʦʝ ʨʘʥʝʝ ʚʪʦʨʳʤ DFS. ʇʦʢʘʞʝʤ, 

ʯʪʦ ʪʘʢʘʷ ʩʠʪʫʘʮʠʷ ʥʝ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ. 

ʇʫʩʪʴ ʵʪʦ ʥʝ ʪʘʢ. ʊʦʛʜʘ ʩʫʱʝʩʪʚʫʶʪ ʜʦʧʫʩʢʘʶʱʠʝ ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʳʝ 

ʚʭʦʜʷʪ ʚ ʮʠʢʣ,r ʥʦ ʚʪʦʨʦʡ DFS, ʙʫʜʫʯʠ ʟʘʧʫʱʝʥʥʳʤ ʠʟ ʥʠʭ, ʥʠʢʦʛʜʘ 

ʥʝ ʩʤʦʞʝʪ ʥʘʡʪʠ ʮʠʢʣ. ʇʫʩʪʴ ʩʨʝʜʠ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ ʚʪʦʨʦʡ DFS ʙʳʣ 

ʧʝʨʚʳʤ ʟʘʧʫʱʝʥ ʜʣʷ ʩʦʩʪʦʷʥʠʷ q. ɼʘʣʝʝ, ʧʫʩʪʴ r ï ʵʪʦ ʧʝʨʚʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʧʦʩʝʱʝʥʥʦʝ ʚʪʦʨʳʤ DFS, ʩʨʝʜʠ ʪʝʭ, ʢʦʪʦʨʳʝ: 
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Ç ʚʭʦʜʷʪ ʚ ʮʠʢʣ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ q; 

Ç ʙʳʣʠ ʧʦʤʝʯʝʥʳ ʨʘʥʝʝ ʚʪʦʨʳʤ DFS. 

ʅʘʢʦʥʝʮ, ʧʫʩʪʴ q' ï ʜʦʧʫʩʢʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ, ʠʟ ʢʦʪʦʨʦʛʦ ʙʳʣ ʟʘʧʫʱʝʥ 

ʚʪʦʨʦʡ ʦʙʭʦʜ ʚ ʛʣʫʙʠʥʫ, ʢʦʪʦʨʳʡ ʧʦʤʝʪʠʣ ʩʦʩʪʦʷʥʠʝ r. ʉʦʩʪʦʷʥʠʷ q, r 

ʠ q' ʩʭʝʤʘʪʠʯʝʩʢʠ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 2.29. 

s

r

s

q

q'

 

ʈʠʩ. 2.29. ʉʦʩʪʦʷʥʠʷ q, q' ʠ r. ɼʦʧʫʩʢʘʶʱʠʝ ʩʦʩʪʦʷʥʠʷ ʠʟʦʙʨʘʞʝʥʳ 

ʜʚʦʡʥʳʤʠ ʢʨʫʛʘʤʠ. ʉʦʩʪʦʷʥʠʷ, ʧʦʤʝʯʝʥʥʳʝ ʚʪʦʨʳʤ DFS ï ʞʠʨʥʦʡ ʦʢʨʫʞʥʦʩʪʴʶ 

ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʚʦʟʤʦʞʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ. 

1. ʉʦʩʪʦʷʥʠʝ q' ʜʦʩʪʠʞʠʤʦ ʠʟ ʩʦʩʪʦʷʥʠʷ q. ʊʦʛʜʘ ʩʫʱʝʩʪʚʫʝʪ ʮʠʢʣ 

q' ­ r ­ q ­ q'. ɽʩʣʠ ʙʳ ʵʪʦʪ ʮʠʢʣ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʨʘʥʝʝ ʧʨʠ 

ʟʘʧʫʩʢʝ ʚʪʦʨʦʛʦ DFS ʠʟ q', ʪʦ ʘʣʛʦʨʠʪʤ ʙʳʣ ʙʳ ʫʞʝ ʦʩʪʘʥʦʚʣʝʥ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʥ ʥʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ. ʆʜʥʘʢʦ ʵʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ 

ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦ ʪʦʤ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ q ï ʧʝʨʚʦʝ ʠʟ ʩʦʩʪʦʷʥʠʡ, ʠʟ 

ʢʦʪʦʨʳʭ ʚʪʦʨʦʤʫ DFS ʥʝ ʫʜʘʝʪʩʷ ʥʘʡʪʠ ʩʫʱʝʩʪʚʫʶʱʠʡ ʮʠʢʣ. 

2. ʉʦʩʪʦʷʥʠʝ q' ʥʝʜʦʩʪʠʞʠʤʦ ʠʟ ʩʦʩʪʦʷʥʠʷ q. ʉʦʩʪʦʷʥʠʝ q' ʥʝ ʣʝʞʠʪ ʚ 

ʮʠʢʣʝ, ʠʥʘʯʝ ʙʫʜʝʪ ʧʦʣʫʯʝʥʦ ʪʦ ʞʝ ʧʨʦʪʠʚʦʨʝʯʠʝ, ʯʪʦ ʠ ʚ ʧʫʥʢʪʝ 1. 

ʉʜʝʣʘʝʤ ʚʘʞʥʦʝ ʟʘʤʝʯʘʥʠʝ: ʝʩʣʠ ʥʝʢʘʷ ʚʝʨʰʠʥʘ ʥʝ ʚʭʦʜʠʪ ʚ ʮʠʢʣ, 

ʪʦ ʦʪʢʘʪ ʠʟ ʥʝʝ ʧʨʦʠʩʭʦʜʠʪ ʣʠʰʴ ʪʦʛʜʘ, ʢʦʛʜʘ ʚʩʝ ʚʝʨʰʠʥʳ, 

ʜʦʩʪʠʞʠʤʳʝ ʠʟ ʥʝʝ, ʙʳʣʠ ʦʙʦʡʜʝʥʳ ʠ ʦʪʢʘʪʳ ʠʟ ʥʠʭ ʙʳʣʠ 

ʧʨʦʠʟʚʝʜʝʥʳ. ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 2.29, q ʜʦʩʪʠʞʠʤʦ ʠʟ q'. ʀʩʧʦʣʴʟʫʷ 

ʵʪʦ ʫʪʚʝʨʞʜʝʥʠʝ, ʧʦʣʫʯʠʤ, ʯʪʦ ʧʝʨʚʳʡ DFS ʜʦʣʞʝʥ ʙʳʣ ʩʜʝʣʘʪʴ 

ʦʪʢʘʪ ʠʟ q' ʣʠʰʴ ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʦʥ ʩʜʝʣʘʣ ʦʪʢʘʪ ʠʟ q. ʆʜʥʘʢʦ ʚ 

ʪʘʢʦʤ ʩʣʫʯʘʝ, ʧʦ ʦʧʠʩʘʥʠʶ ʘʣʛʦʨʠʪʤʘ ʜʚʦʡʥʦʛʦ ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ, 

ʠ ʚʪʦʨʦʡ DFS ʜʦʣʞʝʥ ʙʳʣ ʙʳʪʴ ʟʘʧʫʱʝʥ ʠʟ q ʨʘʥʴʰʝ, ʯʝʤ ʠʟ q', ʘ 

ʵʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦ ʧʦʨʷʜʢʝ ʟʘʧʫʩʢʦʚ ʚʪʦʨʦʛʦ 

ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʘ ʩʠʪʫʘʮʠʷ, ʚ ʢʦʪʦʨʦʡ 
ʩʫʱʝʩʪʚʫʶʱʠʡ ʮʠʢʣ ʩ ʜʦʧʫʩʢʘʶʱʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʥʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ 
ʘʣʛʦʨʠʪʤʦʤ ʜʚʦʡʥʦʛʦ ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ. 
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2.4.2. ʇʦʠʩʢ ʩʠʣʴʥʦ ʩʚʷʟʥʳʭ ʢʦʤʧʦʥʝʥʪ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʩʧʨʘʚʝʜʣʠʚʳʭ ʧʫʪʝʡ ʚ ʰʠʨʦʢʦʤ 
ʩʤʳʩʣʝ. ɼʘʥ ʨʘʟʤʝʯʝʥʥʳʡ ʛʨʘʬ G ʠ ʤʥʦʞʝʩʪʚʦ ʦʛʨʘʥʠʯʝʥʠʡ 
ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ F. ʊʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ 
ʛʨʘʬʘ, ʠʟ ʢʦʪʦʨʳʭ ʩʪʘʨʪʫʝʪ ʙʝʩʢʦʥʝʯʥʳʡ ʩʧʨʘʚʝʜʣʠʚʳʡ ʧʫʪʴ. 

ʕʪʦ ʧʦʩʪʨʦʝʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʪʨʠ ʵʪʘʧʘ: 

1. ʅʘʭʦʜʠʤ ʫ ʛʨʘʬʘ ʢʦʤʧʦʥʝʥʪʳ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ. ʋʯʠʪʳʚʘʝʤ ʧʨʠ 
ʵʪʦʤ, ʯʪʦ ʝʩʣʠ ʢʦʤʧʦʥʝʥʪʘ ʩʦʩʪʦʠʪ ʣʠʰʴ ʠʟ ʦʜʥʦʡ ʚʝʨʰʠʥʳ ʙʝʟ 
ʧʝʪʣʠ, ʪʦ ʦʥʘ ʥʝ ʩʯʠʪʘʝʪʩʷ ʢʦʤʧʦʥʝʥʪʦʡ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ 
(ʠʩʢʣʶʯʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʥʘ ʜʘʥʥʦʡ ʚʝʨʰʠʥʝ ʝʩʪʴ 
ʧʝʪʣʷ) ï ʦʪʥʦʰʝʥʠʝ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ ʙʫʜʝʤ ʩʯʠʪʘʪʴ ʚ ʦʙʱʝʤ 
ʩʣʫʯʘʝ ʠʨʨʝʬʣʝʢʩʠʚʥʳʤ. 

2. ʊʝ ʠʟ ʢʦʤʧʦʥʝʥʪ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʜʣʷ ʢʘʞʜʦʛʦ 
ʦʛʨʘʥʠʯʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʩʦʜʝʨʞʘʪ ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʵʪʦ 
ʦʛʨʘʥʠʯʝʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ, ʥʘʟʦʚʝʤ ʩʧʨʘʚʝʜʣʠʚʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. 

3. ʉʪʨʦʠʤ ʚ ʛʨʘʬʝ ʜʝʨʝʚʴʷ ʦʙʨʘʪʥʳʭ ʧʫʪʝʡ, ʥʘʯʠʥʘʷ ʦʪ ʚʩʝʭ ʚʝʨʰʠʥ 
ʩʧʨʘʚʝʜʣʠʚʳʭ ʢʦʤʧʦʥʝʥʪ, ʧʦʧʫʪʥʦ ʤʘʨʢʠʨʫʷ ʚʩʝ ʧʦʩʝʱʝʥʥʳʝ 
ʚʝʨʰʠʥʳ ʢʘʢ ʚʳʧʦʣʥʷʶʱʠʝ ʠʩʢʦʤʦʝ ʩʚʦʡʩʪʚʦ (ʩʘʤʠ ʩʧʨʘʚʝʜʣʠʚʳʝ 
ʢʦʤʧʦʥʝʥʪʳ ʤʘʨʢʠʨʫʝʤ ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ). 

ɼʣʷ ʧʦʠʩʢʘ ʩʠʣʴʥʦ ʩʚʷʟʥʳʭ ʢʦʤʧʦʥʝʥʪ ʧʨʠʤʝʥʷʝʤ ʘʣʛʦʨʠʪʤ ʊʘʨʴʷʥʘ 
[37, 38]. ɻʣʘʚʥʘʷ ʠʜʝʷ ʘʣʛʦʨʠʪʤʘ ʩʦʩʪʦʠʪ ʚ ʟʘʧʫʩʢʝ ʦʙʭʦʜʘ ʚ ʛʣʫʙʠʥʫ 
ʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʛʨʘʬʝ. ɼʣʷ ʵʪʦʛʦ ʙʫʜʝʤ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩʪʝʢ 

ʧʦʠʩʢʘ S. ʉʠʣʴʥʦ ʩʚʷʟʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʬʦʨʤʠʨʫʶʪ ʥʝʧʨʝʨʳʚʥʳʝ 

ʫʯʘʩʪʢʠ ʵʪʦʛʦ ʩʪʝʢʘ. ɺʝʨʰʠʥʫ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʳ, 
ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʥʘʠʙʦʣʝʝ ʛʣʫʙʦʢʦ ʚ ʩʪʝʢʝ, ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʢʦʨʥʝʤ 
ʵʪʦʡ ʢʦʤʧʦʥʝʥʪʳ. 

ʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʪʦʛʦ, ʢʦʛʜʘ ʚʝʨʰʠʥʘ 
ʛʨʘʬʘ ʷʚʣʷʝʪʩʷ ʢʦʨʥʝʤ ʩʚʦʝʡ ʢʦʤʧʦʥʝʥʪʳ ʩʠʣʴʥʦʡ ʩʚʷʟʥʦʩʪʠ. ɼʣʷ ʝʝ 

ʨʝʰʝʥʠʷ ʢʘʞʜʫʶ ʚʝʨʰʠʥʫ v  ʩʥʘʙʜʠʤ ʧʝʨʝʤʝʥʥʦʡ-ʠʥʜʝʢʩʦʤ 

v.index , ʢʦʪʦʨʘʷ ʥʫʤʝʨʫʝʪ ʚʝʨʰʠʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ ʧʦʨʷʜʢʝ ʠʭ 

ʧʨʦʩʤʦʪʨʘ ʧʦʠʩʢʦʤ ʚ ʛʣʫʙʠʥʫ. 

ʂʨʦʤʝ ʪʦʛʦ, ʩʦʧʦʩʪʘʚʠʤ ʵʪʦʡ ʚʝʨʰʠʥʝ ʟʥʘʯʝʥʠʝ v.lowest , ʢʦʪʦʨʦʝ 

ʥʘ ʢʘʞʜʦʤ ʨʝʢʫʨʩʠʚʥʦʤ ʚʳʟʦʚʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʶ, 

ʠʥʚʘʨʠʘʥʪʥʦʤʫ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʘʣʛʦʨʠʪʤʘ: 

  ʧʦ ʚʩʝʤ v',
 ʚ ʢʦʪʦʨʳʝ ʙʳʣ
ʥʘʡʜʝʥ ʧʫʪʴ ʠʟ v

v.lowest =  v'.indexMin  

ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʝʨʰʠʥʘ v  ʷʚʣʷʝʪʩʷ ʢʦʨʥʝʤ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʛʨʘʬʘ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʧʦʩʣʝ ʝʝ ʦʙʨʘʙʦʪʢʠ 

ʚʳʧʦʣʥʷʝʪʩʷ ʨʘʚʝʥʩʪʚʦ v.lowest  = v.index . ɸʣʛʦʨʠʪʤ ʨʘʙʦʪʘʝʪ 
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ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʚʩʝʛʜʘ, ʢʦʛʜʘ ʪʨʝʙʫʝʪʩʷ ʟʥʘʯʝʥʠʝ v.lowest , ʦʥʦ 

ʫʞʝ ʚʳʯʠʩʣʝʥʦ. 

ʇʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚʩʝʭ ʧʦʪʦʤʢʦʚ ʚʝʨʰʠʥʳ v  ʚ ʢʦʥʮʝ ʩʪʝʢʘ S ʥʘʭʦʜʷʪʩʷ 

ʚʩʝ ʚʝʨʰʠʥʳ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʝʝ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʝ, ʚ 

ʧʦʨʷʜʢʝ ʠʭ ʦʙʭʦʜʘ ʧʦʠʩʢʦʤ ʚ ʛʣʫʙʠʥʫ, ʥʘʯʠʥʘʷ ʩ ʩʘʤʦʡ ʚʝʨʰʠʥʳ v . 

ʇʦʵʪʦʤʫ ʩʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʷʚʣʷʝʪʩʷ ʫʜʘʣʝʥʠʝ ʚʩʝʭ ʵʪʠʭ ʚʝʨʰʠʥ, 

ʚʢʣʶʯʘʷ v, ʠʟ ʩʪʝʢʘ ʩ ʚʳʚʦʜʦʤ ʵʪʦʡ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʳ. 

ɸʣʛʦʨʠʪʤ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʣʠʩʪʠʥʛʝ 2.7. 

ʃʠʩʪʠʥʛ 2.7. ɸʣʛʦʨʠʪʤ ʊʘʨʴʷʥʘ ʧʦʠʩʢʘ ʩʠʣʴʥʦ ʩʚʷʟʥʳʭ ʢʦʤʧʦʥʝʥʪ ʛʨʘʬʘ 

ʅʘ ʚʭʦʜʝ ʛʨʘʬ G = (V, E)  

 

void computeSCC()  

{  

  // ʉʯʝʪʯʠʢ ʥʦʤʝʨʘ ʚʝʨʰʠʥʳ ʚ DFS 

  index = 0;  

  // ʇʫʩʪʦʡ ʩʪʝʢ ʚʝʨʰʠʥ 

  S = Å;  

 

  foreach  ( v Í V)  do 

    // ɿʘʧʫʩʪʠʤ DFS ʥʘ ʚʩʝʭ ʝʱʝ ʥʝ ʦʙʨʘʙʦʪʘʥʥʳʭ ʚʝʨʰʠʥʘʭ 

    if (v.index ʥʝ ʦʧʨʝʜʝʣʝʥʦ) 

      visit(v);  

}  

 

void visit(v)  

{  

  // ʋʩʪʘʥʦʚʠʤ ʥʦʤʝʨ ʜʣʷ v 

  v.index = index;  

  v.lowest = index;  

  index = index + 1;  

  S.push(v);  

 

  // ʈʘʩʩʤʦʪʨʠʤ ʧʦʪʦʤʢʦʚ v 

  foreach  ( ( v, v ') Í E)  do 

    // ɽʩʣʠ ʚʝʨʰʠʥʘ v' ʥʝ ʧʦʩʝʱʘʣʘʩʴ 

    if (v'.index ʥʝ ʦʧʨʝʜʝʣʝʥʦ) 

    {  

      visit ( v ');  

      v. lowest  = min ( v. lowest , v '. lowest );  

    }  

    else   // ɼʦʙʘʚʣʷʪʴ v' ʚ ʜʝʨʝʚʦ ʥʝ ʩʣʝʜʫʝʪ 

      v. lowest  = min ( v. lowest , v '. index );  

 

  // ɽʩʣʠ v -  ʢʦʨʝʥʴ ʩʠʣʴʥʦ ʩʚʷʟʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

  if (v.lowest == v.index)  

  {  

    print "ʉʠʣʴʥʦ ʩʚʷʟʥʘʷ ʢʦʤʧʦʥʝʥʪʘ:"; 

    repeat  
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    {  

      v' = S.pop;  

      print v';  

    }  

    until  ( v ' == v);  

  }  

}  

ɸʣʛʦʨʠʪʤ ʨʘʙʦʪʘʝʪ ʟʘ ʣʠʥʝʡʥʦʝ ʚʨʝʤʷ ʦʪ ʨʘʟʤʝʨʘ ʛʨʘʬʘ. ʆʪʩʶʜʘ 

ʩʣʝʜʫʝʪ, ʯʪʦ ʟʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʤʥʦʞʝʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ, ʠʟ 

ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʫʶʪ ʙʝʩʢʦʥʝʯʥʳʝ ʩʧʨʘʚʝʜʣʠʚʳʝ ʧʫʪʠ, ʨʝʰʘʝʪʩʷ 

ʦʧʠʩʘʥʥʳʤ ʤʝʪʦʜʦʤ ʟʘ ʚʨʝʤʷ O(|F| Ĭ |M|), ʙʠʣʠʥʝʡʥʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʨʘʟʤʝʨʘ ʤʦʜʝʣʠ M ʠ ʨʘʟʤʝʨʘ ʤʥʦʞʝʩʪʚʘ ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ. 

ɽʩʣʠ ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʥʝʪ, ʪʦ ʘʣʛʦʨʠʪʤ ʨʘʙʦʪʘʝʪ ʟʘ 

ʣʠʥʝʡʥʦʝ ʚʨʝʤʷ ʦʪ ʨʘʟʤʝʨʘ ʤʦʜʝʣʠ. 

 

2.5. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ 

ʜʣʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʉʠʩʪʝʤʳ, ʢʨʠʪʠʯʥʳʝ ʢʦ ʚʨʝʤʝʥʠ 

ʊʘʢʠʝ ʪʝʤʧʦʨʘʣʴʥʳʝ ʣʦʛʠʢʠ, ʢʘʢ LTL ʠ CTL, ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ 

ʩʧʝʮʠʬʠʢʘʮʠʠ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʬʦʢʫʩʠʨʫʶʪʩʷ ʥʘ ʚʨʝʤʝʥʥʦʤ ʧʦʨʷʜʢʝ 

ʩʦʙʳʪʠʡ. ʕʪʦʪ ʚʨʝʤʝʥʥʦʡ ʧʦʨʷʜʦʢ ʷʚʣʷʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʳʤ ʧʦʥʷʪʠʝʤ, 

ʪʘʢ ʢʘʢ ʥʝ ʚʢʣʶʯʘʝʪ ʦʧʠʩʘʥʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʚʨʝʤʝʥʥʳʭ ʩʚʦʡʩʪʚ. 

ʅʘʧʨʠʤʝʨ, ʧʫʩʪʴ ʧʨʝʜʣʦʞʝʥʠʝ p ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʩʪʫʧʣʝʥʠʶ ʩʦʙʳʪʠ ̫

A, ʘ ʧʨʝʜʣʦʞʝʥʠʝ q ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʩʪʫʧʣʝʥʠʶ ʩʦʙʳʪʠ ̫B. ʊʦʛʜʘ LTL-

ʬʦʨʤʫʣʘ G[p ­ F q] ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʤʫ, ʯʪʦ ʟʘ ʩʦʙʳʪʠʝʤ A ʚʩʝʛʜʘ 

ʨʘʥʦ ʠʣʠ ʧʦʟʜʥʦ ʙʫʜʝʪ ʩʣʝʜʦʚʘʪʴ ʩʦʙʳʪʠʝ B, ʥʦ ʦʥʘ ʥʠʯʝʛʦ ʥʝ ʛʦʚʦʨʠʪ 

ʦ ʪʦʤ, ʥʘʩʢʦʣʴʢʦ ʜʣʠʥʥʳʡ ʙʫʜʝʪ ʧʝʨʠʦʜ ʤʝʞʜʫ ʥʘʩʪʫʧʣʝʥʠʝʤ ʩʦʙʳʪʠʡ 

A ʠ B. ʕʪʦ ʦʪʩʫʪʩʪʚʫʶʱʝʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʚʨʝʤʝʥʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʜʣʷ ʩʧʝʮʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤ, ʢʨʠʪʠʯʥʳʭ ʢʦ ʚʨʝʤʝʥʠ. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʙʱʝʧʨʠʥʷʪʳʤ ʦʧʨʝʜʝʣʝʥʠʝʤ, ʩʠʩʪʝʤʳ, ʢʨʠʪʠʯʥʳʝ ʢʦ 

ʚʨʝʤʝʥʠ ï ʵʪʦ ʪʘʢʠʝ ʩʠʩʪʝʤʳ, ʚ ʢʦʪʦʨʳʭ ʢʦʨʨʝʢʪʥʦʩʪʴ ʟʘʚʠʩʠʪ ʥʝ 

ʪʦʣʴʢʦ ʦʪ ʣʦʛʠʯʝʩʢʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʚʳʯʠʩʣʝʥʠʷ, ʥʦ ʪʘʢʞʝ ʠ ʦʪ ʚʨʝʤʝʥʠ, 

ʟʘ ʢʦʪʦʨʦʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ. ʉʠʩʪʝʤʳ, ʢʨʠʪʠʯʥʳʝ ʢʦ ʚʨʝʤʝʥʠ, 

ʜʦʣʞʥʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʥʝ ʪʦʣʴʢʦ ʪʨʝʙʦʚʘʥʠʷʤ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ 

ʢʦʨʨʝʢʪʥʦʩʪʠ, ʥʦ ʠ ʪʨʝʙʦʚʘʥʠʷʤ ʩʚʦʝʚʨʝʤʝʥʥʦʩʪʠ. ʊʘʢʠʝ ʩʠʩʪʝʤʳ 

ʦʙʳʯʥʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤʠ ʚʨʝʤʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, 

ʦʪʥʦʩʷʱʠʤʠʩʷ ʢ ʥʘʩʪʫʧʣʝʥʠʶ ʩʦʙʳʪʠʡ. 

ʇʨʠʤʝʨ ʩʠʩʪʝʤʳ, ʢʨʠʪʠʯʥʦʡ ʢʦ ʚʨʝʤʝʥʠ, ï ʵʪʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ 

ʧʝʨʝʝʟʜ: ʝʩʣʠ ʦʙʥʘʨʫʞʝʥʦ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦʝʟʜʘ, ʧʝʨʝʝʟʜ ʜʦʣʞʝʥ ʙʳʪʴ 

ʟʘʢʨʳʪ ʚ ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʨʝʤʝʥʠ ʩ ʮʝʣʴʶ ʙʣʦʢʠʨʦʚʢʠ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʠ ʧʝʰʝʭʦʜʥʦʛʦ ʪʨʘʬʠʢʘ ʧʝʨʝʜ ʪʝʤ, ʢʘʢ ʧʦʝʟʜ 
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ʜʦʩʪʠʛʥʝʪ ʧʝʨʝʝʟʜʘ. ʂʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ ʧʨʦʪʦʢʦʣʳ ï ʜʨʫʛʦʡ ʧʨʠʤʝʨ 

ʩʠʩʪʝʤʳ, ʢʨʠʪʠʯʥʦʡ ʢʦ ʚʨʝʤʝʥʠ: ʧʦʩʣʝ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʧʦʚʪʦʨʥʘʷ 

ʧʝʨʝʜʘʯʘ ʜʦʣʞʥʘ ʙʳʪʴ ʟʘʧʫʱʝʥʘ, ʝʩʣʠ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʥʝ ʧʦʣʫʯʝʥʦ ʚ 

ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʨʝʤʝʥʠ. ʊʨʝʪʠʡ ʧʨʠʤʝʨ ʩʠʩʪʝʤʳ, ʢʨʠʪʠʯʥʦʡ 

ʢʦ ʚʨʝʤʝʥʠ ï ʵʪʦ ʘʧʧʘʨʘʪ ʣʫʯʝʚʦʡ ʪʝʨʘʧʠʠ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʤʫ 

ʧʘʮʠʝʥʪʳ ʧʦʣʫʯʘʶʪ ʚʳʩʦʢʫʶ ʜʦʟʫ ʨʘʜʠʘʮʠʠ ʚ ʪʝʯʝʥʠʝ ʦʛʨʘʥʠʯʝʥʥʦʛʦ 

ʧʝʨʠʦʜʘ ʚʨʝʤʝʥʠ. ɼʘʞʝ ʥʝʙʦʣʴʰʦʝ ʧʨʝʚʳʰʝʥʠʝ ʵʪʦʛʦ ʧʝʨʠʦʜʘ ʦʧʘʩʥʦ 

ʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʤʝʨʪʠ ʧʘʮʠʝʥʪʘ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʘʷ ʚʨʝʤʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʩʫʱʝʩʪʚʝʥʥʘ ʥʝ ʪʦʣʴʢʦ ʜʣʷ 

ʩʠʩʪʝʤ, ʢʨʠʪʠʯʥʳʭ ʢʦ ʚʨʝʤʝʥʠ, ʥʦ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʡ 

ʩʦʩʪʘʚʥʦʡ ʯʘʩʪʴʶ ʚ ʟʘʜʘʯʘʭ ʘʥʘʣʠʟʘ ʠ ʩʧʝʮʠʬʠʢʘʮʠʠ ʘʩʧʝʢʪʦʚ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩʠʩʪʝʤ. ʊʠʧʠʯʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, ʦʪʥʦʩʷʱʝʝʩʷ ʢ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʪʘʢʦʝ ʢʘʢ çʚʳʧʦʣʥʝʥʠʝ ʟʘʜʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʪʝʯʝʥʠʝ 30 ʩʝʢʫʥʜè, ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʦ, ʪʦʣʴʢʦ ʝʩʣʠ 

ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʷʪʴ ʧʨʦʰʝʜʰʝʝ ʚʨʝʤʷ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʚʨʝʤʝʥʠ ʚ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ 

ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝ ʚʝʪʚʷʱʝʡʩʷ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʦ ʚʨʝʤʝʥʠ. 

ɺʳʰʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʠʥʝʡʥʘʷ ʠ ʚʝʪʚʷʱʘʷʩʷ ʪʝʤʧʦʨʘʣʴʥʘʷ 

ʣʦʛʠʢʘ ʠʥʪʝʨʧʨʝʪʠʨʫʶʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʝʡ, ʛʜʝ ʛʣʘʚʥʫʶ ʨʦʣʴ 

ʠʛʨʘʝʪ ʧʦʥʷʪʠʝ ʩʦʩʪʦʷʥʠʷ. ʅʘʠʙʦʣʝʝ ʚʘʞʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʨʠ ʧʝʨʝʭʦʜʝ 

ʢ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʚʨʝʤʝʥʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʤʝʨʷʪʴ ʚʨʝʤʷ. ʄʦʞʥʦ ʩʧʨʦʩʠʪʴ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʥʷʪʠʝ ʚʨʝʤʝʥʠ 

ʚʢʣʶʯʘʝʪʩʷ ʚ ʤʦʜʝʣʴ, ʙʘʟʠʨʫʶʱʫʶʩʷ ʥʘ ʩʦʩʪʦʷʥʠʷʭ, ʠ ʢʘʢʦʚʳ 

ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʠ ʚʨʝʤʝʥʝʤ. ʇʨʠ ʚʢʣʶʯʝʥʠʠ 

ʚʨʝʤʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʤʦʜʝʣʴ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʳ 

ʥʝʩʢʦʣʴʢʦ ʘʩʧʝʢʪʦʚ: 

Ç ʢʘʢʦʚʘ ʥʦʪʘʮʠʷ ʚʨʝʤʝʥʥʳʭ ʩʩʳʣʦʢ (ʘʙʩʦʣʶʪʥʘʷ ʠʣʠ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ)? 

Ç ʢʘʢʦʚʘ ʩʝʤʘʥʪʠʢʘ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ (ʜʠʩʢʨʝʪʥʘʷ ʠʣʠ 

ʥʝʧʨʝʨʳʚʥʘʷ)? 

ɺʳʙʦʨ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʘʩʧʝʢʪʦʚ ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʩʝʤʘʥʪʠʢʠ 

ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ. ʊʘʢ ʢʘʢ ʚ ʧʨʠʨʦʜʝ ʚʨʝʤʷ ʠʤʝʝʪ ʥʝʧʨʝʨʳʚʥʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʥʘʠʙʦʣʝʝ ʝʩʪʝʩʪʚʝʥʥʳʤ ʚʳʙʦʨʦʤ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʘʷ 

ʚʨʝʤʝʥʥʘʷ ʦʙʣʘʩʪʴ, ʪʘʢʘʷ ʢʘʢ ʚʝʱʝʩʪʚʝʥʥʳʝ ʯʠʩʣʘ. ʅʘʧʨʠʤʝʨ, ʜʣʷ 

ʩʠʥʭʨʦʥʥʳʭ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʢʦʤʧʦʥʝʥʪʳ ʚʳʧʦʣʥʷʶʪʩʷ ʚ 

ʧʦʰʘʛʦʚʦʤ ʨʝʞʠʤʝ, ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘ ʜʠʩʢʨʝʪʥʘʷ ʚʨʝʤʝʥʥʘʷ ʦʙʣʘʩʪʴ. 

ʀʟʚʝʩʪʥʳʤ ʧʨʠʤʝʨʦʤ ʜʠʩʢʨʝʪʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʷʚʣʷʝʪʩʷ 

RTTL (Real-Time Temporal Logic). ɼʣʷ ʩʠʥʭʨʦʥʥʳʭ ʩʠʩʪʝʤ 
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ʘʣʴʪʝʨʥʘʪʠʚʥʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʳʯʥʦʡ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, ʚ ʢʦʪʦʨʦʡ ʜʣʷ ʦʪʨʘʞʝʥʠʷ ʜʠʩʢʨʝʪʥʳʭ 

ʚʨʝʤʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʧʝʨʘʪʦʨ ʩʣʝʜʦʚʘʥʠʷ. ʂʨʘʪʢʦ 

ʦʧʠʰʝʤ, ʢʘʢ ʵʪʦ ʨʘʙʦʪʘʝʪ. 

ɹʘʟʦʚʘʷ ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚʳʯʠʩʣʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ, ʚ ʢʦʪʦʨʦʡ ʢʘʞʜʳʡ ʧʝʨʝʭʦʜ ʠʟ 

ʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʣʝʜʫʶʱʝʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʝʜʠʥʩʪʚʝʥʥʳʡ 

ʪʘʢʪ ʥʝʢʦʪʦʨʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʯʘʩʦʚ. ʇʨʠ ʵʪʦʤ X ű ʚʝʨʥʦ, ʝʩʣʠ 

ʯʝʨʝʟ ʦʜʠʥ ʪʘʢʪ ʯʘʩʦʚ ʚʳʧʦʣʥʷʝʪʩʷ ű. ʇʫʩʪʴ X
k
 ï ʵʪʦ ʩʝʨʠʷ ʠʟ k 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ ʩʣʝʜʦʚʘʥʠʷ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʧʦ ʧʨʘʚʠʣʘʤ 

X
0
 ű = ű ʠ X

k+1
 ű = X

k
 (X ű) ʜʣʷ k Ó 0. ʊʦʛʜʘ, ʥʘʧʨʠʤʝʨ, ʪʨʝʙʦʚʘʥʠʝ 

ʪʦʛʦ, ʯʪʦʙʳ ʤʘʢʩʠʤʘʣʴʥʘʷ ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʩʦʙʳʪʠʝʤ A ʠ ʩʦʙʳʪʠʝʤ B 

ʙʳʣʘ ʤʝʥʴʰʝ 32 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ, ʤʦʞʝʪ ʙʳʪʴ ʩʧʝʮʠʬʠʮʠʨʦʚʘʥʦ 

ʢʘʢ G[p ­ X
<32

 q], ʛʜʝ X
<k

 ű ï ʵʪʦ ʩʦʢʨʘʱʝʥʠʝ ʜʣʷ ʢʦʥʝʯʥʦʡ 

ʜʠʟʲʶʥʢʮʠʠ X
0
 ű Ù é Ù X

kï1
 ű, ʘ p ʠ q ʦʟʥʘʯʘʶʪ ʥʘʩʪʫʧʣʝʥʠʝ ʩʦʙʳʪʠʡ 

A ʠ B, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʦʪʤʝʪʠʤ, ʯʪʦ ʚʚʝʜʝʥʠʝ X
k
-ʦʧʝʨʘʪʦʨʘ 

ʜʝʣʘʝʪ ʟʘʜʘʯʫ ʚʳʧʦʣʥʠʤʦʩʪʠ ʜʣʷ ʚʨʝʤʝʥʥʦʡ ʣʠʥʝʡʥʦʡ ʪʝʤʧʦʨʘʣʴʥʦʡ 

ʣʦʛʠʢʠ EXPSPACE-ʪʨʫʜʥʦʡ. ɽʩʣʠ ʥʝ ʦʛʨʘʥʠʯʠʚʘʪʴʩʷ ʩʠʥʭʨʦʥʥʳʤʠ 

ʩʠʩʪʝʤʘʤʠ, ʪʦ ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʚʝʱʝʩʪʚʝʥʥʦʟʥʘʯʥʫʶ ʚʨʝʤʝʥʥʫʶ 

ʦʙʣʘʩʪʴ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʘʢʢʫʨʘʪʥʦ ʩʧʝʮʠʬʠʮʠʨʦʚʘʪʴ 

ʥʝʩʠʥʭʨʦʥʥʳʝ ʩʠʩʪʝʤʳ. 

ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ ʚʨʝʤʝʥʥʦʡ ʣʦʛʠʢʠ CTL 

ɺʚʝʜʝʥʠʝ ʚʨʝʤʝʥʠ ʚ ʪʝʤʧʦʨʘʣʴʥʫʶ ʣʦʛʠʢʫ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʪʘʢ, 

ʯʪʦʙʳ ʩʦʭʨʘʥʠʪʴ ʨʘʟʨʝʰʠʤʦʩʪʴ ʟʘʜʘʯʠ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ. ɹʫʜʝʤ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʪʴʩʷ ʥʘ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʝ Timed CTL (ʙʦʣʝʝ 

ʢʦʨʦʪʢʦ, TCTL) [39], ʜʣʷ ʢʦʪʦʨʦʡ ʟʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ 

ʨʘʟʨʝʰʠʤʘ. ʕʪʦ ʚʝʪʚʷʱʘʷʩʷ ʪʝʤʧʦʨʘʣʴʥʘʷ ʣʦʛʠʢʘ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, 

ʢʦʪʦʨʘʷ ʧʦʜʜʝʨʞʠʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʚʨʝʤʝʥʥʳʝ ʩʩʳʣʢʠ ʠ 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʥʝʧʨʝʨʳʚʥʦʡ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ (+<  ï 

ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʝ ʚʝʱʝʩʪʚʝʥʥʳʝ ʯʠʩʣʘ). 

ɹʘʟʦʚʘʷ ʠʜʝʷ Timed CTL ʩʦʩʪʦʠʪ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʨʝʤʝʥʥʳʭ 

ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ ʦʙʳʯʥʳʭ ʪʝʤʧʦʨʘʣʴʥʳʭ 

ʦʧʝʨʘʪʦʨʦʚ CTL. ɺ Timed CTL ʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʩʧʝʮʠʬʠʮʠʨʦʚʘʪʴ 

ʧʨʝʜʣʦʞʝʥʠʝ çʤʘʢʩʠʤʘʣʴʥʘʷ ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʩʦʙʳʪʠʝʤ A ʠ ʩʦʙʳʪʠʝʤ 

B ʤʝʥʴʰʝ 32 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮè ʬʦʨʤʫʣʦʡ AG[p ­ AF<32 q], ʛʜʝ, ʢʘʢ 

ʠ ʨʘʥʝʝ, ʧʨʝʜʣʦʞʝʥʠʝ p (q) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʩʪʫʧʣʝʥʠʶ ʩʦʙʳʪʠʷ A (B). 

ʃʦʛʠʢʘ Timed CTL ï ʵʪʦ ʚʝʱʝʩʪʚʝʥʥʦʟʥʘʯʥʦʝ ʨʘʩʰʠʨʝʥʠʝ CTL, ʜʣʷ 

ʢʦʪʦʨʦʛʦ ʩʫʱʝʩʪʚʫʶʪ ʘʣʛʦʨʠʪʤʳ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʠ ʥʝʢʦʪʦʨʳʝ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʝ ʩʨʝʜʩʪʚʘ. 

ʆʩʥʦʚʥʘʷ ʩʣʦʞʥʦʩʪʴ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ, ʚ ʢʦʪʦʨʳʭ ʚʨʝʤʝʥʥʘʷ ʦʙʣʘʩʪʴ 

ʥʝʧʨʝʨʳʚʥʘ, ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʦʚʝʨʷʝʤʘʷ ʤʦʜʝʣʴ ʠʤʝʝʪ ʙʝʩʢʦʥʝʯʥʦ 
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ʤʥʦʛʦ ʩʦʩʪʦʷʥʠʡ ï ʜʣʷ ʢʘʞʜʦʛʦ ʟʥʘʯʝʥʠʷ ʚʨʝʤʝʥʠ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʙʳʪʴ 

ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʤʥʦʞʝʩʪʚʦ ʵʪʠʭ ʟʥʘʯʝʥʠʡ ʙʝʩʢʦʥʝʯʥʦ. 

ʂʘʞʝʪʩʷ, ʯʪʦ ʵʪʦ ʥʝʨʘʟʨʝʰʠʤʘʷ ʟʘʜʘʯʘ. ʌʘʢʪʠʯʝʩʢʠ, ʛʣʘʚʥʳʡ ʚʦʧʨʦʩ ʚ 

ʧʨʦʚʝʨʢʝ ʤʦʜʝʣʝʡ ʜʣʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʢʘʢ ʩʧʨʘʚʣʷʪʴʩʷ ʩ ʙʝʩʢʦʥʝʯʥʳʤ ʤʥʦʞʝʩʪʚʦʤ 

ʩʦʩʪʦʷʥʠʡ. ʊʘʢ ʢʘʢ ʨʝʰʝʥʠ ̫ʜʘʥʥʦʡ ʢʣʶʯʝʚʦʡ ʧʨʦʙʣʝʤʳ ʜʦʩʪʘʪʦʯʥʦ 

ʧʦʭʦʞʠ ʫ ʣʠʥʝʡʥʦʡ ʠ ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ, ʨʘʩʩʤʦʪʨʠʤ 

ʦʜʠʥ ʩʣʫʯʘʡ ï Timed CTL. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ ʥʝʧʨʝʨʳʚʥʦʡ 

ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʨʝʘʣʠʟʦʚʘʪʴ ʜʠʩʢʨʝʪʠʟʘʮʠʶ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʦ ʟʘʧʨʦʩʫ ï ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʦʝ ʜʦʣʞʥʦ 

ʙʳʪʴ ʜʦʢʘʟʘʥʦ ʠ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ. 

ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʮʠʬʠʢʘʮʠʦʥʥʦʛʦ ʬʦʨʤʘʣʠʟʤʘ ʜʣʷ ʩʠʩʪʝʤ ʨʝʘʣʴʥʦʛʦ 

ʚʨʝʤʝʥʠ ʚʚʦʜʠʪʩʷ ʧʦʥʷʪʠʝ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ, ʨʘʩʰʠʨʝʥʠ ̫

ʢʦʥʝʯʥʦʛʦ ʘʚʪʦʤʘʪʘ, ʚ ʢʦʪʦʨʦʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʯʘʩʳ. ɺʨʝʤʝʥʥʳʝ ʘʚʪʦʤʘʪʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʩʧʝʮʠʬʠʢʘʮʠʠ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʩʠʩʪʝʤ, ʢʨʠʪʠʯʥʳʭ ʢʦ ʚʨʝʤʝʥʠ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʜʣʷ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʧʨʦʪʦʢʦʣʦʚ. ɼʣʷ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ 

ʨʘʟʨʘʙʦʪʘʥʦ ʥʝʩʢʦʣʴʢʦ ʠʥʩʪʨʫʤʝʥʪʦʚ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ. ʆʩʥʦʚʥʦʡ 

ʟʘʜʘʯʝʡ ʜʘʥʥʦʛʦ ʨʘʟʜʝʣʘ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʝʨʢʠ 

ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ ʠʩʪʠʥʥʦʩʪʴ TCTL-ʬʦʨʤʫʣʳ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʚʨʝʤʝʥʥʦʤʫ ʘʚʪʦʤʘʪʫ. ʊʝʦʨʠʷ ʠ ʧʨʠʤʝʨʳ ʚʨʝʤʝʥʥʳʭ 

ʘʚʪʦʤʘʪʦʚ ʦʧʠʩʘʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʫʨʩʦʤ ʣʝʢʮʠʡ [1]. 

 

2.5.1. ɺʨʝʤʝʥʥʳʝ ʘʚʪʦʤʘʪʳ 

ɺʨʝʤʝʥʥʳʝ ʘʚʪʦʤʘʪʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʥʝʯʥʳʭ 

ʩʠʩʪʝʤ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ï ʵʪʦ ʬʘʢʪʠʯʝʩʢʠ 

ʢʦʥʝʯʥʳʡ ʘʚʪʦʤʘʪ, ʩʥʘʙʞʝʥʥʳʡ ʢʦʥʝʯʥʳʤ ʤʥʦʞʝʩʪʚʦʤ 

ʚʝʱʝʩʪʚʝʥʥʦʟʥʘʯʥʳʭ ʯʘʩʦʚʳʭ ʧʝʨʝʤʝʥʥʳʭ ʠʣʠ, ʙʦʣʝʝ ʢʦʨʦʪʢʦ, ʯʘʩʦʚ. 

ʏʘʩʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʏʘʩʳ ï ʵʪʦ ʧʝʨʝʤʝʥʥʘʷ, ʧʨʠʥʠʤʘʶʱʘʷ ʟʥʘʯʝʥʠʷ ʚ +< . 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʚ ʢʘʯʝʩʪʚʝ ʯʘʩʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʫʢʚʳ x, y ʠ z. 

ʉʦʩʪʦʷʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʩʦʩʪʦʠʪ ʠʟ ʪʝʢʫʱʝʡ ʧʦʟʠʮʠʠ ʘʚʪʦʤʘʪʘ 

ʠ ʪʝʢʫʱʠʭ ʟʥʘʯʝʥʠʡ ʚʩʝʭ ʯʘʩʦʚʳʭ ʧʝʨʝʤʝʥʥʳʭ
6
. ʏʘʩʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʥʠʮʠʘʣʠʟʠʨʦʚʘʥʳ (ʚ ʥʫʣʴ), ʢʦʛʜʘ ʩʠʩʪʝʤʘ ʜʝʣʘʝʪ ʧʝʨʝʭʦʜ. ʇʦʩʣʝ 

ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʦʥʠ ʥʘʯʠʥʘʶʪ ʩʢʨʳʪʦ ʫʚʝʣʠʯʠʚʘʪʴ ʩʚʦʝ ʟʥʘʯʝʥʠʝ. ɺʩʝ 

ʯʘʩʳ ʠʜʫʪ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ. ɿʥʘʯʝʥʠʝ ʯʘʩʦʚ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

                                           
6
 ʆʪʤʝʪʠʤ ʩʦʟʥʘʪʝʣʴʥʦ ʚʚʝʜʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʧʦʟʠʮʠʝʡ ʠ ʩʦʩʪʦʷʥʠʝʤ. 
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ʦʙʦʟʥʘʯʘʝʪ ʚʨʝʤʷ, ʧʨʦʰʝʜʰʝʝ ʩ ʤʦʤʝʥʪʘ ʠʭ ʠʥʠʮʠʘʣʠʟʘʮʠʠ. ʋʩʣʦʚʠʷ 

ʥʘ ʟʥʘʯʝʥʠʷ ʯʘʩʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʠʨʫʶʱʠʭ ʫʩʣʦʚʠʡ 

ʧʝʨʝʭʦʜʦʚ: ʧʝʨʝʭʦʜ ʘʢʪʠʚʝʥ ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʡʜʝʥ, ʪʦʣʴʢʦ ʝʩʣʠ 

ʯʘʩʦʚʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʚʳʧʦʣʥʝʥʦ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʧʝʨʝʭʦʜ 

ʙʣʦʢʠʨʦʚʘʥ. ɼʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʚʨʝʤʝʥʠ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʚʝʜʝʥʦ ʚ ʧʦʟʠʮʠʠ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʥʚʘʨʠʘʥʪʳ ʥʘ ʯʘʩʘʭ. 

ɸʢʪʠʚʠʨʫʶʱʠʝ ʫʩʣʦʚʠʷ ʠ ʠʥʚʘʨʠʘʥʪʳ ʷʚʣʷʶʪʩʷ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʜʣʷ 

ʯʘʩʦʚ. 

ɼʣʷ ʤʥʦʞʝʩʪʚʘ C ʯʘʩʦʚ (ʛʜʝ x, y Í C) ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚʳʭ ʦʛʨʘʥʠʯʝʥʠʡ 

ʥʘʜ C ʦʙʦʟʥʘʯʘʝʪʩʷ Ɋ(ʉ) ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Ŭ ::= x ~ c | x ï y ~ c | ×Ŭ | (Ŭ Ø Ŭ). 

ɿʜʝʩʴ  c Í8  ʠ  ~ Í{<,  Ò}. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʠʝ ʩʦʢʨʘʱʝʥʠʷ, ʢʘʢ x Ó c ʜʣʷ 

×(x < c) ʠ x = c ʜʣʷ x Ò c Ø x Ó c ʠ ʪ. ʜ. ɼʦʧʫʩʢʘʝʪʩʷ ʪʘʢʞʝ ʩʣʦʞʝʥʠʝ 

ʢʦʥʩʪʘʥʪ ʚ ʯʘʩʦʚʳʭ ʦʛʨʘʥʠʯʝʥʠʷʭ, ʥʘʧʨʠʤʝʨ, x Ò c + d ʜʣʷ d Í8. 

ʉʣʦʞʝʥʠʝ ʞʝ ʯʘʩʦʚʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʢʘʢ ʚ ʦʛʨʘʥʠʯʝʥʠʠ x + y < 3, 

ʩʜʝʣʘʣʦ ʙʳ ʧʨʦʚʝʨʢʫ ʤʦʜʝʣʝʡ ʥʝʨʘʟʨʝʰʠʤʦʡ. ʊʘʢʞʝ ʝʩʣʠ ʙʳ c ʤʦʛʣʦ 

ʙʳʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʳʤ ʯʠʩʣʦʤ, ʪʦ ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ ʚʨʝʤʝʥʥʦʡ 

ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ, ʢʦʪʦʨʘʷ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ, ʢʘʢ ʚ ʪʝʢʫʱʝʤ 

ʩʣʫʯʘʝ, ʥʘ ʧʣʦʪʥʦʡ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ, ʩʪʘʣʘ ʙʳ ʥʝʨʘʟʨʝʰʠʤʦʡ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ c ʙʳʣʦ ʥʘʪʫʨʘʣʴʥʳʤ ʯʠʩʣʦʤ. 

ʈʘʟʨʝʰʠʤʦʩʪʴ ʥʝ ʟʘʪʨʘʛʠʚʘʝʪʩʷ, ʝʩʣʠ ʦʛʨʘʥʠʯʝʥʠʝ ʩʤʷʛʯʠʪʴ ʪʘʢ, ʯʪʦ c 

ʤʦʛʣʦ ʙʳ ʙʳʪʴ ʨʘʮʠʦʥʘʣʴʥʳʤ ʯʠʩʣʦʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʨʘʮʠʦʥʘʣʴʥʳʝ 

ʯʠʩʣʘ ʚ ʢʘʞʜʦʡ ʬʦʨʤʫʣʝ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʳ ʚ ʥʘʪʫʨʘʣʴʥʳʝ 

ʧʨʠ ʧʦʜʭʦʜʷʱʝʤ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʠ (ʵʪʦ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ). 

ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ï ʵʪʦ ʥʘʙʦʨ (L, l0, E, Label, C, clocks, guard, inv), 

ʛʜʝ 

Ç L ï ʥʝʧʫʩʪʦʝ ʢʦʥʝʯʥʦʝ ʤʥʦʞʝʩʪʚʦ ʧʦʟʠʮʠʡ ʩ ʥʘʯʘʣʴʥʦʡ ʧʦʟʠʮʠʝʡ 

l0 Í L; 

Ç E ï ʤʥʦʞʝʩʪʚʦ ʨʝʙʝʨ, ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ (ʙʫʜʝʤ ʜʘʣʝʝ ʦʙʦʟʥʘʯʘʪʴ 
ʝʛʦ e) ʩʥʘʙʞʝʥʦ ʧʦʤʝʪʢʘʤʠ src(e) ʠ dest(e), ʫʢʘʟʳʚʘʶʱʠʤʠ, 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʟ ʢʘʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʩʭʦʜʠʪ ʜʘʥʥʦʝ ʨʝʙʨʦ ʠ ʚ 
ʢʘʢʦʝ ʩʦʩʪʦʷʥʠʝ ʦʥʦ ʚʭʦʜʠʪ (ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʜʥʫ ʠ ʪʫ ʞʝ ʧʘʨʫ 
ʩʦʩʪʦʷʥʠʡ ʤʦʞʝʪ ʩʦʝʜʠʥʷʪʴ ʩʢʦʣʴʢʦ ʫʛʦʜʥʦ ʨʝʙʝʨ); 

Ç Label: L ­ 2
AP

 ï ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʡ ʧʦʟʠʮʠʠ 

l Í L ʤʥʦʞʝʩʪʚʦ Label(l) ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ; 

Ç C ï ʢʦʥʝʯʥʦʝ ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚ; 

Ç clocks: E ­ 2
C 
ï ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʤʫ ʨʝʙʨʫ 

e Í E ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚ clocks(e); 
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Ç guard: E ­ Ɋ(C) ï ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʧʦʤʝʯʘʝʪ ʢʘʞʜʦʝ ʨʝʙʨʦ e Í E 
ʯʘʩʦʚʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ guard(e) ʥʘʜ C; 

Ç inv: L ­ Ɋ(C) ï ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʡ ʧʦʟʠʮʠʠ 
ʠʥʚʘʨʠʘʥʪ. 

ʌʫʥʢʮʠʷ Label ʠʛʨʘʝʪ ʪʫ ʞʝ ʨʦʣʴ, ʯʪʦ ʠ ʚ ʤʦʜʝʣʷʭ ʜʣʷ CTL ʠ LTL, ʠ 
ʩʦʧʦʩʪʘʚʣʷʝʪ ʧʦʟʠʮʠʠ ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ, ʢʦʪʦʨʳʝ 
ʚʝʨʥʳ ʚ ʵʪʦʡ ʧʦʟʠʮʠʠ. ʂʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ, ʵʪʘ ʬʫʥʢʮʠʷ ʚʘʞʥʘ 
ʪʦʣʴʢʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʳʧʦʣʥʷʝʤʦʩʪʠ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ ʚ 
ʩʝʤʘʥʪʠʢʝ TCTL. ɼʣʷ ʨʝʙʨʘ e ʤʥʦʞʝʩʪʚʦ clocks(e) ʦʙʦʟʥʘʯʘʝʪ 
ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ ʩʙʨʦʰʝʥʳ ʧʨʠ ʧʨʦʭʦʜʝ e. 
ʌʫʥʢʮʠʷ guard(e) ï ʘʢʪʠʚʠʨʫʶʱʝʝ ʫʩʣʦʚʠʝ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ, ʢʦʛʜʘ 
e ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʡʜʝʥʦ. ɼʣʷ ʧʦʟʠʮʠʠ l ʫʩʣʦʚʠʝ inv(l) ʦʛʨʘʥʠʯʠʚʘʝʪ 
ʚʨʝʤʷ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʜʝʥʦ ʚ ʵʪʦʡ ʧʦʟʠʮʠʠ. 

ʇʨʠ ʦʪʦʙʨʘʞʝʥʠʠ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ ʙʫʜʝʤ ʧʨʠʜʝʨʞʠʚʘʪʴʩʷ 
ʩʣʝʜʫʶʱʠʭ ʩʦʛʣʘʰʝʥʠʡ. ɺʝʨʰʠʥʳ ʦʙʦʟʥʘʯʘʶʪ ʧʦʟʠʮʠʠ, ʘ ʨʝʙʨʘ 
ʦʙʦʟʥʘʯʘʶʪʩʷ ʩʪʨʝʣʢʘʤʠ. ʀʥʚʘʨʠʘʥʪʳ ʫʢʘʟʘʥʳ ʨʷʜʦʤ ʩ ʧʦʟʠʮʠʤ̫ʠ, 
ʝʩʣʠ ʪʦʣʴʢʦ ʦʥʠ ʥʝ ʨʘʚʥʳ true (ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʠʤʝʝʪʩʷ ʫʩʣʦʚʠʝ ʥʘ 
ʟʘʜʝʨʞʢʫ). ʉʪʨʝʣʢʠ ʩʥʘʙʞʝʥʳ ʧʦʤʝʪʢʘʤʠ, ʢʦʪʦʨʳʝ ʩʦʩʪʦʷʪ ʠʟ 
(ʥʝʦʙʷʟʘʪʝʣʴʥʦʛʦ) ʯʘʩʦʚʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʠ (ʥʝʦʙʷʟʘʪʝʣʴʥʦʛʦ) 
ʤʥʦʞʝʩʪʚʘ ʯʘʩʦʚ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ ʩʙʨʦʰʝʥʳ. ʇʦʤʝʪʢʠ 
ʨʘʟʜʝʣʝʥʳ ʧʨʷʤʦʡ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʣʠʥʠʝʡ. ɽʩʣʠ ʯʘʩʦʚʦʝ ʦʛʨʘʥʠʯʝʥʠʝ 
ʨʘʚʥʦ true ʠ ʝʩʣʠ ʥʝʪ ʯʘʩʦʚ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ ʩʙʨʦʰʝʥʳ, ʪʦ 
ʧʦʤʝʪʢʘ ʥʘ ʩʪʨʝʣʢʝ ʦʧʫʩʢʘʝʪʩʷ. ɼʘʣʝʝ ʯʘʩʪʦ ʙʫʜʝʤ ʦʧʫʩʢʘʪʴ 
ʤʘʨʢʠʨʫʶʱʝʝ ʦʪʥʦʰʝʥʠʝ Label, ʪʘʢ ʢʘʢ ʦʥʦ ʠʛʨʘʝʪ ʨʦʣʴ ʪʦʣʴʢʦ ʧʨʠ 
ʦʙʩʫʞʜʝʥʠʠ ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʠ ʥʝ ʚʘʞʥʦ ʜʣʷ ʦʩʪʘʣʴʥʳʭ 
ʚʚʦʜʠʤʳʭ ʢʦʥʮʝʧʮʠʡ. 

ʇʨʠʤʝʨ. ʈʠʩ. 2.30 (ʘ) ʦʪʦʙʨʘʞʘʝʪ ʧʨʦʩʪʦʡ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ 
ʦʜʥʠʤʠ ʯʘʩʘʤʠ x ʠ ʦʜʥʦʡ ʧʦʟʠʮʠʝʡ l ʩ ʧʝʪʣʝʚʳʤ ʧʝʨʝʭʦʜʦʤ. ʇʝʪʣʝʚʦʡ 
ʧʝʨʝʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʡʜʝʥ, ʝʩʣʠ ʯʘʩʳ x ʠʤʝʶʪ ʟʥʘʯʝʥʠʝ ʢʘʢ 
ʤʠʥʠʤʫʤ 2. ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʵʪʦʛʦ ʧʝʨʝʭʦʜʘ ʯʘʩʳ x ʦʙʥʫʣʷʶʪʩʷ. 
ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʯʘʩʳ x ʠʤʝʶʪ ʟʥʘʯʝʥʠʝ 0. ʅʘ ʨʠʩ. 2.30 (ʙ) ʧʨʠʚʝʜʝʥ 
ʧʨʠʤʝʨ ʟʘʧʫʩʢʘ ʵʪʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ, ʚ ʢʦʪʦʨʦʤ ʦʪʦʙʨʘʞʝʥʳ 
ʟʥʘʯʝʥʠʷ ʯʘʩʦʚ x. ɺ ʢʘʞʜʳʡ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʯʘʩʳ ʩʙʨʘʩʳʚʘʶʪʩʷ ʚ 0, 
ʘʚʪʦʤʘʪ ʧʝʨʝʭʦʜʠʪ ʠʟ ʧʦʟʠʮʠʠ l ʚ ʥʝʝ ʞʝ. ɺʚʠʜʫ ʠʥʚʘʨʠʘʥʪʘ true ʚ 
ʧʦʟʠʮʠʠ l, ʚʨʝʤʷ ʤʦʞʝʪ ʠʜʪʠ ʥʝʦʛʨʘʥʠʯʝʥʥʦ ʜʦʣʛʦ ʚ ʧʨʦʮʝʩʩʝ 
ʧʨʝʙʳʚʘʥʠʷ ʚ l. 

ʅʝʙʦʣʴʰʦʝ ʠʟʤʝʥʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʥʘ ʨʠʩ. 2.30 (ʘ) ʧʫʪʝʤ 

ʚʚʝʜʝʥʠʷ ʠʥʚʘʨʠʘʥʪʘ x Ò 3 ʚ ʧʦʟʠʮʠʠ l ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʯʘʩʳ x 

ʙʦʣʴʰʝ ʥʝ ʤʦʛʫʪ ʠʜʪʠ ʚʧʝʨʝʜ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ. ʊʦʣʴʢʦ ʧʨʠ x Ó 2 

(ʘʢʪʠʚʠʨʫʶʱʝʝ ʦʛʨʘʥʠʯʝʥʠʝ) ʠ x Ò 3 (ʠʥʚʘʨʠʘʥʪ) ʠʩʭʦʜʷʱʝʝ ʨʝʙʨʦ 

ʤʦʞʝʪ ʠ ʜʦʣʞʥʦ ʙʳʪʴ ʧʨʦʡʜʝʥʦ. ʕʪʦ ʦʪʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 2.30 (ʚ) ʠ (ʛ). 
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ɿʘʤʝʪʠʤ, ʯʪʦ ʜʨʫʛʦʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʫʩʠʣʝʥʠʠ 

ʘʢʪʠʚʠʨʫʶʱʝʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʨʠʩ. 2.30 (ʘ) ʜʦ ʫʩʣʦʚʠʷ 2 Ò x Ò 3, ʝʩʣʠ 

ʩʦʭʨʘʥʷʪʴ ʠʥʚʘʨʠʘʥʪ true ʚ ʧʦʟʠʮʠʠ l. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʩʭʦʜʷʱʝʝ ʨʝʙʨʦ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʡʜʝʥʦ ʪʦʣʴʢʦ ʢʦʛʜʘ 2 Ò x Ò 3 (ʢʘʢ ʚ ʧʨʝʜʳʜʫʱʝʤ 

ʩʮʝʥʘʨʠʠ), ʥʦ ʦʥʦ ʥʝ ʦʙʷʟʘʥʦ ʙʳʪʴ ʧʨʦʡʜʝʥʦ ï ʦʥʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʩʪʦ 

ʧʨʦʠʛʥʦʨʠʨʦʚʘʥʦ, ʝʩʣʠ ʨʘʟʨʝʰʠʪʴ ʦʞʠʜʘʥʠʝ ʙʝʟ ʧʝʨʝʭʦʜʦʚ, ʥʘʭʦʜʷʩʴ 

ʚ ʧʦʟʠʮʠʠ l. ʕʪʦ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʦ ʥʘ ʨʠʩ. 2.30 (ʜ) ʠ (ʝ). 
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ʈʠʩ. 2.30. ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʦʜʥʠʤʠ ʯʘʩʘʤʠ ʠ ʧʨʠʤʝʨ ʝʛʦ ʵʚʦʣʶʮʠʠ 

ɺʘʞʥʦ ʪʦ, ʯʪʦ ʨʘʟʣʠʯʥʳʝ ʯʘʩʳ ʤʦʛʫʪ ʩʪʘʨʪʦʚʘʪʴ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʪ ʥʠʢʘʢʦʡ ʥʠʞʥʝʡ ʛʨʘʥʠʮʳ ʥʘ ʨʘʟʥʠʮʫ ʠʭ 
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ʟʥʘʯʝʥʠʡ. ʕʪʦ ʥʝʚʦʟʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʚ ʤʦʜʝʣʠ ʜʠʩʢʨʝʪʥʦʛʦ ʚʨʝʤʝʥʠ, 

ʢʦʛʜʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʯʘʩʘʤʠ ʷʚʣʷʝʪʩʷ ʢʨʘʪʥʦʡ 

ʦʜʥʦʡ ʝʜʠʥʠʮʝ ʚʨʝʤʝʥʠ. ʅʘʣʠʯʠʝ ʤʥʦʛʠʭ ʯʘʩʦʚ ʧʦʟʚʦʣʷʝʪ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʤʥʦʛʠʝ ʧʘʨʘʣʣʝʣʴʥʳʝ ʟʘʜʝʨʞʢʠ. ʕʪʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʧʨʠʤʝʨʦʤ. 

ʇʨʠʤʝʨ. ʈʠʩ. 2.31 (ʘ) ʦʪʦʙʨʘʞʘʝʪ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʜʚʫʤʷ ʯʘʩʘʤʠ x 

ʠ y. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʠ ʪʝ ʠ ʜʨʫʛʠʝ ʯʘʩʳ ʥʘʯʠʥʘʶʪ ʦʪʩʯʝʪ ʩʦ ʟʥʘʯʝʥʠʷ 0 

ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ ʧʨʦʡʜʫʪ ʜʚʝ ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮʳ. ʅʘʯʠʥʘʷ ʩ ʵʪʦʛʦ 

ʤʦʤʝʥʪʘ, ʦʙʘ ʨʝʙʨʘ ʘʢʪʠʚʥʳ ʠ ʤʦʛʫʪ ʙʳʪʴ ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦ 

ʧʨʦʡʜʝʥʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʣʠʙʦ ʯʘʩʳ x, ʣʠʙʦ ʯʘʩʳ y ʦʙʥʫʣʷʶʪʩʷ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʦʩʪʘʚʰʠʝʩʷ ʯʘʩʳ ʧʨʦʜʦʣʞʘʶʪ ʠʜʪʠ. ʇʨʠ ʵʪʦʤ ʨʘʟʥʠʮʘ 

ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʯʘʩʦʚ x ʠ y ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʠʟʚʦʣʴʥʦʡ. ʇʨʠʤʝʨ 

ʵʚʦʣʶʮʠʠ ʵʪʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 2.31 (ʙ). 

l

x Ó 2

{ x}

y Ó 2

{ y}
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ʈʠʩ. 2.31. ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʜʚʫʤʷ ʯʘʩʘʤʠ ʠ ʧʨʠʤʝʨ ʝʛʦ ʵʚʦʣʶʮʠʠ 

ʇʨʠʤʝʨ. ʈʠʩ. 2.32 ʧʦʢʘʟʳʚʘʝʪ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʜʚʫʤʷ ʧʦʟʠʮʠʷʤʠ, 

ʥʘʟʳʚʘʝʤʳʤʠ off ʠ on, ʠ ʜʚʫʤʷ ʯʘʩʘʤʠ x ʠ y. ʏʘʩʳ ʠʥʠʮʠʘʣʠʟʠʨʫʶʪʩʷ ʚ 

0 ʧʨʠ ʚʭʦʞʜʝʥʠʠ ʚ ʩʪʘʨʪʦʚʫʶ ʧʦʟʠʮʠʶ off. 

ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘ ʨʠʩ. 2.32 ʤʦʜʝʣʠʨʫʝʪ ʧʝʨʝʢʣʶʯʘʪʝʣʴ. 

ʇʝʨʝʢʣʶʯʘʪʝʣʴ ʤʦʞʝʪ ʙʳʪʴ ʚʢʣʶʯʝʥ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, 

ʧʨʦʠʩʭʦʜʷʱʠʡ ʢʘʢ ʤʠʥʠʤʫʤ ʯʝʨʝʟ ʜʚʝ ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮʳ ʥʘʯʠʥʘʷ ʩ 

ʤʦʤʝʥʪʘ ʧʦʩʣʝʜʥʝʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʜʘʞʝ ʝʩʣʠ ʦʥ ʚʩʝ ʝʱʝ ʚʢʣʶʯʝʥ. ʆʥ 

ʚʳʢʣʶʯʘʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʨʦʚʥʦ ʯʝʨʝʟ 9 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ ʧʦʩʣʝ 

ʧʦʩʣʝʜʥʝʛʦ ʤʦʤʝʥʪʘ, ʢʦʛʜʘ ʦʥ ʙʳʣ ʧʝʨʝʢʣʶʯʝʥ ʠʟ ʧʦʟʠʮʠʠ off ʚ on. 

ʏʘʩʳ x ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʪʩʣʝʞʠʚʘʥʠʷ ʟʘʜʝʨʞʢʠ ʩ ʧʦʩʣʝʜʥʝʛʦ 

ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ, ʢʦʛʜʘ ʦʥ ʙʳʣ ʧʝʨʝʢʣʶʯʝʥ. ʈʝʙʨʘ, ʦʪʤʝʯʝʥʥʳʝ 

ʯʘʩʦʚʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ x Ó 2, ʤʦʜʝʣʠʨʫʶʪ ʧʝʨʝʭʦʜʳ ʧʦ ʚʢʣʶʯʝʥʠʶ. 

ʏʘʩʳ y ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʪʩʣʝʞʠʚʘʪʴ ʟʘʜʝʨʞʢʫ ʩ 

ʧʦʩʣʝʜʥʝʛʦ ʤʦʤʝʥʪʘ, ʢʦʛʜʘ ʘʚʪʦʤʘʪ ʙʳʣ ʧʝʨʝʢʣʶʯʝʥ ʠʟ ʧʦʟʠʮʠʠ off ʚ 

on, ʠ ʢʦʥʪʨʦʣʠʨʫʶʪ ʚʳʢʣʶʯʝʥʠʝ. 
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x Ó 2

{ x}
on

y = 9

{ x}

x Ó 2

{ x, y}

 

ʈʠʩ. 2.32. ʇʨʠʤʝʨ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ: ʧʝʨʝʢʣʶʯʘʪʝʣʴ 

ɺ ʧʨʠʚʝʜʝʥʥʳʭ ʧʨʠʤʝʨʘʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʢʘʢ ʯʘʩʳ ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ. 

ɿʥʘʯʝʥʠʷ ʯʘʩʦʚ ʬʦʨʤʘʣʴʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʘʩʦʚʳʤʠ ʦʮʝʥʢʘʤʠ. 

ʏʘʩʦʚʘʷ ʦʮʝʥʢʘ v ʜʣʷ ʤʥʦʞʝʩʪʚʘ ʯʘʩʦʚ C ï ʵʪʦ ʬʫʥʢʮʠʷ v: C ­ +< , 

ʢʦʪʦʨʘʷ ʧʨʠʩʚʘʠʚʘʝʪ ʢʘʞʜʳʤ ʯʘʩʘʤ x Í C ʠʭ ʪʝʢʫʱʝʝ ʟʥʘʯʝʥʠʝ v(x). 

ʇʫʩʪʴ V(ʉ) ʦʙʦʟʥʘʯʘʝʪ ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʯʘʩʦʚʳʭ ʦʮʝʥʦʢ ʥʘʜ C. 

ʉʦʩʪʦʷʥʠʝʤ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ A ʥʘʟʳʚʘʝʪʩʷ ʧʘʨʘ (l, v), ʛʜʝ l ï 

ʧʦʟʠʮʠʷ A, ʘ v ï ʦʮʝʥʢʘ ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ C ʘʚʪʦʤʘʪʘ A. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘ ʨʠʩ. 2.32. ʅʝʢʦʪʦʨʳʝ 

ʩʦʩʪʦʷʥʠʷ ʵʪʦʛʦ ʘʚʪʦʤʘʪʘ ï ʵʪʦ ʧʘʨʳ (off, v) ʩ v(x) = v( y) = 0, (off, v') ʩ 

v'(x) = 4 ʠ v'( y) = 13, ʠ (on, v") ʩ v''(x) = 4 ʠ v''( y) = 3. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʧʦʩʣʝʜʥʝʝ ʩʦʩʪʦʷʥʠʝ ʥʝʜʦʩʪʠʞʠʤʦ. 

ʇʫʩʪʴ v ï ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ C. ʏʘʩʦʚʘʷ ʦʮʝʥʢʘ 

v + t ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ ʯʘʩʳ ʫʚʝʣʠʯʝʥʳ ʥʘ t ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʯʘʩʦʚʦʡ 

ʦʮʝʥʢʝ v. ʆʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ (v + t)(x) = v(x) + t ʜʣʷ ʚʩʝʭ ʯʘʩʦʚ 

x Í C. ʏʘʩʦʚʘʷ ʦʮʝʥʢʘ [x]v, ʦʟʥʘʯʘʶʱʘʷ ʦʮʝʥʢʫ v ʩʦ ʩʙʨʦʰʝʥʥʳʤʠ 

ʯʘʩʘʤʠ x, ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

[]( )()
(), ʝʩʣʠ 

0, ʝʩʣʠ .

v y y x
x v y

y x

ë ¸
=ì

=í
 

ɼʣʷ ʚʣʦʞʝʥʥʳʭ ʚʭʦʞʜʝʥʠʡ ʦʧʝʨʘʮʠʠ ʩʙʨʘʩʳʚʘʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʩʪʘʥʜʘʨʪʥʳʝ ʩʦʢʨʘʱʝʥʠʷ. ʅʘʧʨʠʤʝʨ, [x]([ y]v) ʟʘʧʠʩʳʚʘʝʪʩʷ ʧʨʦʩʪʦ ʢʘʢ 

[x, y]v. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʯʘʩʦʚʳʝ ʦʮʝʥʢʠ v ʠ v' ʠʟ ʧʨʝʜʳʜʫʱʝʛʦ ʧʨʠʤʝʨʘ. 

ʆʮʝʥʢʘ v + 9 ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ (v + 9)(x) = (v + 9)( y) = 9. ɺ ʯʘʩʦʚʦʡ 

ʦʮʝʥʢʝ [x](v + 9) ʯʘʩʳ x ʠʤʝʶʪ ʟʥʘʯʝʥʠʝ 0, ʘ ʯʘʩʳ y ï 9. ʇʨʠ ʵʪʦʤ 

ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ v' ʨʘʚʥʷʝʪʩʷ [x](v + 9) + 4. 

ʊʝʧʝʨʴ ʤʦʞʥʦ ʬʦʨʤʘʣʴʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʦʟʥʘʯʘʝʪ ʫʪʚʝʨʞʜʝʥʠʝ, ʯʪʦ 

ʯʘʩʦʚʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʚʝʨʥʦ ʠʣʠ ʥʝʪ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʜʝʣʘʥʦ ʪʝʤ ʞʝ 

ʧʫʪʝʤ, ʯʪʦ ʠ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʩʝʤʘʥʪʠʢʠ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ï 

ʦʧʨʝʜʝʣʝʥʠʝʤ ʦʪʥʦʰʝʥʠʷ ʚʳʧʦʣʥʷʝʤʦʩʪʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʪʥʦʰʝʥʠʝ 
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ʚʳʧʦʣʥʷʝʤʦʩʪʠ ƝƏ ï ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʯʘʩʦʚʳʤʠ ʦʮʝʥʢʘʤʠ (ʥʘʜ 

ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ C) ʠ ʯʘʩʦʚʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ (ʥʘʜ C). 

ɼʣʷ x, y Í C; v Í V(ʉ); Ŭ, ɓ Í Ɋ(ʉ) ʠʤʝʝʤ: 

vƝƏ x ~ c Ú v(x) ~ c; 

vƝƏ x ï y ~ c Ú v(x) ï v( y) ~ c; 

vƝƏ ×Ŭ Ú v |=/Ŭ; 

vƝƏ (Ŭ Ø ɓ) Ú (vƝƏ Ŭ) Ø (vƝƏ ɓ). 

ɼʣʷ ʦʪʨʠʮʘʥʠʷ ʠ ʢʦʥʲʶʥʢʮʠʠ ʧʨʘʚʠʣʘ ʠʜʝʥʪʠʯʥʳ ʧʨʘʚʠʣʘʤ 

ʧʨʦʧʦʟʠʮʠʦʥʘʣʴʥʦʡ ʣʦʛʠʢʠ. ɼʣʷ ʧʨʦʚʝʨʢʠ, ʚʳʧʦʣʥʷʝʪʩʷ ʣʠ x ~ c ʚ v, 

ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʠʪʴ, ʚʝʨʥʦ ʣʠ v(x) ~ c. ɸʥʘʣʦʛʠʯʥʦ ʪʨʘʢʪʫʶʪʩʷ 

ʠʥʪʝʨʚʘʣʳ ʤʝʞʜʫ ʯʘʩʘʤʠ. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʯʘʩʦʚʳʝ ʦʮʝʥʢʠ v, v + 9 ʠ [x](v + 9) ʠʟ 

ʧʨʝʜʳʜʫʱʝʛʦ ʧʨʠʤʝʨʘ ʠ ʧʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʠʪʴ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʬʦʨʤʫʣ Ŭ := x Ò 5 ʠ ɓ := (x ï y = 0). ɺʚʠʜʫ 

v(x) = v( y) = 0 ʠʤʝʝʤ vƝƏ Ŭ ʠ vƝƏ ɓ. ɼʘʣʝʝ, v + 9 |=/Ŭ, ʪʘʢ ʢʘʢ 

(v + 9)(x) = 9 > 5, ʠ v + 9ƝƏ ɓ, ʪʘʢ ʢʘʢ (v + 9)(x) = (v + 9)( y) = 9. ʊʘʢ ʞʝ 

ʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ, ʯʪʦ [x](v + 9)ƝƏ Ŭ ʠ [x](v + 9) |=/ɓ. 

 

2.5.2. ʉʝʤʘʥʪʠʢʘ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ 

ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ 

ʙʝʩʢʦʥʝʯʥʦʡ ʩʠʩʪʝʤʳ ʧʝʨʝʭʦʜʦʚ (S, ½½­), ʛʜʝ S ï ʵʪʦ ʤʥʦʞʝʩʪʚʦ 

ʩʦʩʪʦʷʥʠʡ (ʧʘʨ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʦʟʠʮʠʠ ʠ ʯʘʩʦʚʦʡ ʦʮʝʥʢʠ), ʘ ½½­  ï 

ʦʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ, ʢʘʢ ʦʜʥʠ ʩʦʩʪʦʷʥʠʷ 

ʩʤʝʥʷʶʪʩʷ ʜʨʫʛʠʤʠ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʚʦʟʤʦʞʥʳʭ ʧʦʚʝʜʝʥʠʷ, 

ʨʝʘʣʠʟʫʝʤʳʭ ʚʨʝʤʝʥʥʳʤ ʘʚʪʦʤʘʪʦʤ: ʧʝʨʝʭʦʜ ʧʦ ʨʝʙʨʫ ʚ ʘʚʪʦʤʘʪʝ ʠʣʠ 

ʦʞʠʜʘʥʠʝ ʚ ʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʙʘ ʧʦʚʝʜʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʦʜʥʠʤ 

ʦʪʥʦʰʝʥʠʝʤ ʧʝʨʝʭʦʜʦʚ ½½­ . 

ʉʠʩʪʝʤʘ ʧʝʨʝʭʦʜʦʚ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʘʷ ʩ ʘʚʪʦʤʘʪʦʤ A ʠ ʥʘʟʳʚʘʝʤʘʷ 

M(A), ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ (S, s0, ½½­), ʛʜʝ: 

Ç S = {( l, v) Í L Ĭ V(ʉ) | vƝƏ inv(l)};  

Ç s0 = (l0, v0), ʛʜʝ v0(x) = 0 ʜʣʷ ʚʩʝʭ x Í C (s0 ʥʘʟʳʚʘʝʪʩʷ ʥʘʯʘʣʴʥʳʤ 

ʩʦʩʪʦʷʥʠʝʤ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ); 

Ç ʦʪʥʦʰʝʥʠʝ ʧʝʨʝʭʦʜʦʚ ½½­  Ì S Ĭ +<  Ĭ S ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʧʨʘʚʠʣʘʤ: 
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1) (l, v) 
0½½­ (l', [clocks(e)]v), ʝʩʣʠ ʩʣʝʜʫʶʱʠʝ ʫʩʣʦʚʠʷ 

ʚʳʧʦʣʥʷʶʪʩʷ:  

(a) e Í E, src(e) = l, dest(e) = l'  

(b) vƝƏ guard(e) ʠ  

(c) ([clocks(e)]v)ƝƏ inv(l' ); 

2) (l, v) 
d½½­  (l, v + d) ʜʣʷ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʚʝʱʝʩʪʚʝʥʥʦʛʦ d, ʝʩʣʠ 

ʩʣʝʜʫʶʱʝʝ ʫʩʣʦʚʠʝ ʚʳʧʦʣʥʷʝʪʩʷ:  

"d' Ò d: v + d'ƝƏ inv(l ). 

ʄʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ï ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʧʘʨ (l, v), ʛʜʝ l ï ʧʦʟʠʮʠʷ A, ʘ v 

ï ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ ʥʘʜ C (ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ A), ʪʘʢʠʭ ʯʪʦ v ʥʝ 

ʥʘʨʫʰʘʝʪ ʠʥʚʘʨʠʘʥʪ l. ʆʪʤʝʪʠʤ, ʯʪʦ ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʤʦʞʝʪ ʚʢʣʶʯʘʪʴ 

ʥʝʜʦʩʪʠʞʠʤʳʝ ʩʦʩʪʦʷʥʠʷ (ʩʪʨʦʛʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʜʦʩʪʠʞʠʤʦʩʪʠ 

ʧʨʠʚʝʜʝʥʦ ʥʠʞʝ). ɼʣʷ ʧʝʨʝʭʦʜʘ, ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ (a) 

ʧʨʦʭʦʞʜʝʥʠʶ ʨʝʙʨʘ e ʚʦ ʚʨʝʤʝʥʥʦʤ ʘʚʪʦʤʘʪʝ, v ʜʦʣʞʥʦ (b) 

ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʯʘʩʦʚʦʤʫ ʦʛʨʘʥʠʯʝʥʠʶ e (ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʨʝʙʨʦ 

ʟʘʙʣʦʢʠʨʦʚʘʥʦ) ʠ (c) ʥʦʚʘʷ ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʫʪʝʤ ʩʙʨʦʩʘ 

ʚʩʝʭ ʯʘʩʦʚ, ʩʦʧʦʩʪʘʚʣʝʥʥʳʭ ʨʝʙʨʫ e ʚ v, ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʠʥʚʘʨʠʘʥʪʫ 

ʮʝʣʝʚʦʡ ʧʦʟʠʮʠʠ l' (ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʚ l' ʥʘʭʦʜʠʪʴʩʷ ʟʘʧʨʝʱʝʥʦ). 

ʆʞʠʜʘʥʠʝ ʚ ʧʦʟʠʮʠʠ (ʚʪʦʨʦʝ ʧʨʘʚʠʣʦ) ʚ ʪʝʯʝʥʠʝ ʥʝʥʫʣʝʚʦʛʦ 

ʧʨʦʤʝʞʫʪʢʘ ʚʨʝʤʝʥʠ ʨʘʟʨʝʰʝʥʦ, ʝʩʣʠ ʠʥʚʘʨʠʘʥʪ ʩʦʭʨʘʥʷʝʪʩʷ ʩ 

ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ. ʆʪʤʝʪʠʤ, ʯʪʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʦʪʨʝʙʦʚʘʪʴ ʪʦʣʴʢʦ 

v + dƝƏ inv(l), ʪʘʢ ʢʘʢ ʵʪʦ ʤʦʞʝʪ ʥʘʨʫʰʠʪʴ ʠʥʚʘʨʠʘʥʪ ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ 

d' < d. ʅʘʧʨʠʤʝʨ, ʜʣʷ inv(l) = (x Ò 2) Ù (x > 4) ʠ ʩʦʩʪʦʷʥʠʷ (l, v) ʩ 

v(x) = 1.5 ʥʝ ʜʦʣʞʥʦ ʙʳʪʴ ʨʘʟʨʝʰʝʥʦ ʦʞʠʜʘʥʠʝ ʚ ʪʝʯʝʥʠʝ 3 ʚʨʝʤʝʥʥʳʭ 

ʝʜʠʥʠʮ: ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʦʮʝʥʢʘ v + 3ƝƏ inv(l), 

ʥʝʢʦʪʦʨʳʝ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʦʮʝʥʢʠ (ʥʘʧʨʠʤʝʨ, v + 2) ʥʘʨʫʰʘʶʪ 

ʯʘʩʦʚʦʝ ʦʛʨʘʥʠʯʝʥʠʝ. 

ʉʦʩʪʦʷʥʠʝ s ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ A ʥʘʟʳʚʘʝʪʩʷ ʜʦʩʪʠʞʠʤʳʤ, ʝʩʣʠ 

s0 
*½½­  s, ʛʜʝ s0 ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʘʚʪʦʤʘʪʘ A, ʘ ʦʪʥʦʰʝʥʠʝ 

*½½­  

ï ʵʪʦ ʨʝʬʣʝʢʩʠʚʥʦʝ ʠ ʪʨʘʥʟʠʪʠʚʥʦʝ ʟʘʤʳʢʘʥʠʝ ʦʪʥʦʰʝʥʠʷ ½½­ . 

ʇʫʪʝʤ ʥʘʟʳʚʘʝʪʩʷ ʙʝʩʢʦʥʝʯʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ s0 a0 s1 a1 s2 a2 é 

ʩʦʩʪʦʷʥʠʡ, ʯʝʨʝʜʫʶʱʠʭʩʷ ʩ ʤʘʨʢʝʨʘʤʠ ʧʝʨʝʭʦʜʦʚ, ʪʘʢʠʭ ʯʪʦ 

si 
ia

½½­  si +1 ʜʣʷ ʚʩʝʭ i Ó 0. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʤʘʨʢʝʨʳ ʤʦʛʫʪ ʙʳʪʴ ʣʠʙʦ ƺ ï ʚ ʩʣʫʯʘʝ ʧʝʨʝʭʦʜʘ ʧʦ 

ʨʝʙʨʫ ʚʦ ʚʨʝʤʝʥʥʦʤ ʘʚʪʦʤʘʪʝ, ʣʠʙʦ (ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ) 

ʚʝʱʝʩʪʚʝʥʥʳʤʠ ʯʠʩʣʘʤʠ ï ʚ ʩʣʫʯʘʝ ʧʝʨʝʭʦʜʘ ʧʦ ʟʘʜʝʨʞʢʝ. ʄʥʦʞʝʩʪʚʦ 

ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʩ ʟʘʜʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠ,̫ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʠ 

ʧʨʝʞʜʝ. 
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ʇʦʟʠʮʠʷ ʧʫʪʠ ï ʵʪʦ ʧʘʨʘ (i, d), ʪʘʢʘʷ ʯʪʦ d Ò ai. ʄʥʦʞʝʩʪʚʦ ʧʦʟʠʮʠʡ 

ʧʫʪʠ ʚʠʜʘ (i, d) ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, ʚʭʦʜʷʱʠʭ ʚ ʧʫʪʴ 

ů ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʦʪ ʩʦʩʪʦʷʥʠʷ si ʢ ʧʦʪʦʤʢʫ si +1. ʉʦʩʪʦʷʥʠʝ si ʙʫʜʝʤ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʧʘʨʦʡ (l i, vi). ʇʫʩʪʴ Pos(ů) ʦʙʦʟʥʘʯʘʝʪ ʤʥʦʞʝʩʪʚʦ 

ʧʦʟʠʮʠʡ ʧʫʪʠ ů. ɼʣʷ ʫʜʦʙʩʪʚʘ ʧʫʩʪʴ ů(i, d) ʦʧʨʝʜʝʣʷʝʪ ʩʦʩʪʦʷʥʠʝ 

(l i, vi + d). ʃʠʥʝʡʥʳʡ ʧʦʨʷʜʦʢ ʥʘ ʧʦʟʠʮʠʷʭ ʧʫʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

(i, d)<<( j, d' ), ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ i < j Ù (i = j Ø d < d' ). 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʟʠʮʠʷ ʧʫʪʠ (i, d) ʧʨʝʜʰʝʩʪʚʫʝʪ ʧʦʟʠʮʠʠ ʧʫʪʠ ( j, d' ), 

ʝʩʣʠ l i ʧʦʩʝʱʘʝʪʩʷ ʧʝʨʝʜ l j ʚ ů ʠʣʠ ʝʩʣʠ ʵʪʠ ʧʦʟʠʮʠʠ ʧʫʪʠ ʫʢʘʟʳʚʘʶʪ 

ʥʘ ʦʜʥʫ ʧʦʟʠʮʠʶ ʚ ʘʚʪʦʤʘʪʝ ʠ d ʤʝʥʴʰʝ d'. 

ʉ ʮʝʣʴʶ çʠʟʤʝʨʝʥʠʷè ʚʨʝʤʝʥʠ, ʢʦʪʦʨʦʝ ʧʨʦʭʦʜʠʪ ʚ ʪʝʯʝʥʠʝ ʧʫʪʠ, 

ʚʚʝʜʝʤ ʩʣʝʜʫʶʱʫʶ ʚʝʣʠʯʠʥʫ. 

ɼʣʷ ʧʫʪʠ ů = s0 
0a

½½­  s1 
1a

½½­  é ʠ ʥʘʪʫʨʘʣʴʥʦʛʦ n ʚʨʝʤʷ, 

ʧʨʦʰʝʜʰʝʝ ʩ s0 ʧʦ sn, ʦʙʦʟʥʘʯʘʝʪʩʷ ȹ(ů, n) ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

( )
1

0

, .
n

k

k

n as
-

=

D =ä  

ʇʫʪʴ ů ʥʘʟʳʚʘʝʪʩʷ ʨʘʩʭʦʜʷʱʠʤʩʷ, ʝʩʣʠ limn­¤ ȹ(ů, n) = ¤. ʄʥʦʞʝʩʪʚʦ 

ʨʘʩʭʦʜʷʱʠʭʩʷ ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʩ ʩʦʩʪʦʷʥʠ ̫ s, ʦʙʦʟʥʘʯʘʝʪʩʷ 

PM

Ð 
(s). ʇʨʠʤʝʨʦʤ ʩʭʦʜʷʱʝʛʦʩʷ ʧʫʪʠ ʷʚʣʷʝʪʩʷ ʧʫʪʴ, ʢʦʪʦʨʳʡ ʧʦʩʝʱʘʝʪ 

ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʩʦʩʪʦʷʥʠʡ ʚ ʦʛʨʘʥʠʯʝʥʥʳʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ. 

ʅʘʧʨʠʤʝʨ, ʧʫʪʴ 

s0 
12-½½­  s1 

22-½½­  s2 
32-½½­  s3 é 

ʷʚʣʷʝʪʩʷ ʩʭʦʜʷʱʠʤʩʷ, ʪʘʢ ʢʘʢ ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʩʦʩʪʦʷʥʠʡ 

ʧʦʩʝʱʘʝʪʩʷ ʚ ʪʝʯʝʥʠʝ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ [1
2 , 1]. ʊʘʢ ʢʘʢ ʪʘʢʠʝ 

ʧʫʪʠ ʥʝ ʷʚʣʷʶʪʩʷ ʨʝʘʣʠʩʪʠʯʥʳʤʠ, ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ 

ʨʘʩʭʦʜʷʱʠʝʩʷ ʘʚʪʦʤʘʪʳ. 

ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘʟʳʚʘʝʪʩʷ ʨʘʩʭʦʜʷʱʠʤʩʷ, ʝʩʣʠ ʠʟ ʢʘʞʜʦʛʦ ʝʛʦ 

ʜʦʩʪʠʞʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʪʘʨʪʫʝʪ ʥʝʢʦʪʦʨʳʡ ʨʘʩʭʦʜʷʱʠʡʩʷ ʧʫʪʴ. 

ʇʫʪʴ ů = s0 
0a

½½­  s1 
1a

½½­  é ʥʘʟʳʚʘʝʪʩʷ ʟʝʥʦʥʦʚʳʤ
7
, ʝʩʣʠ ʦʥ 

ʷʚʣʷʝʪʩʷ ʩʭʦʜʷʱʠʤʩʷ ʠ ʩʦʜʝʨʞʠʪ ʙʝʩʢʦʥʝʯʥʦ ʤʥʦʛʦ ʧʝʨʝʭʦʜʦʚ ʧʦ 

ʨʝʙʨʫ. 

                                           
7
 ʅʘʟʚʘʥʠʝ ʜʘʥʦ ʚ ʯʝʩʪʴ ʘʧʦʨʠʠ ɿʝʥʦʥʘ çɸʭʠʣʣʝʩ ʠ ʯʝʨʝʧʘʭʘè, ʨʘʩʩʤʘʪʨʠʚʘʶʱʝʡ 

ʩʠʪʫʘʮʠʶ, ʚ ʢʦʪʦʨʦʡ ʦʧʠʩʳʚʘʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʜʝʡʩʪʚʠʡ, ʚʳʧʦʣʥʝʥʥʳʭ ʟʘ 

ʢʦʥʝʯʥʦʝ ʚʨʝʤʷ. 
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ɺʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘʟʳʚʘʝʪʩʷ ʥʝʟʝʥʦʥʦʚʳʤ, ʝʩʣʠ ʣʶʙʦʡ ʧʫʪʴ, 

ʩʪʘʨʪʫʶʱʠʡ ʠʟ ʣʶʙʦʛʦ ʜʦʩʪʠʞʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʵʪʦʤ ʘʚʪʦʤʘʪʝ, ʥʝ 

ʷʚʣʷʝʪʩʷ ʟʝʥʦʥʦʚʳʤ. 

ʄʦʞʥʦ ʜʘʪʴ ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ: ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ 

ʥʘʟʳʚʘʝʪʩʷ ʥʝʟʝʥʦʥʦʚʳʤ, ʝʩʣʠ ʣʶʙʦʡ ʧʫʪʴ, ʩʪʘʨʪʫʶʱʠʡ ʠʟ ʥʘʯʘʣʴʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʵʪʦʛʦ ʘʚʪʦʤʘʪʘ, ʥʝ ʷʚʣʷʝʪʩʷ ʟʝʥʦʥʦʚʳʤ. 

ɸʣʛʦʨʠʪʤʠʯʝʩʢʘʷ ʧʨʦʚʝʨʢʘ ʫʩʣʦʚʠʷ ʥʝʟʝʥʦʥʦʚʦʩʪʠ ʚʨʝʤʝʥʥʦʛʦ 
ʘʚʪʦʤʘʪʘ ʜʦʩʪʘʪʦʯʥʦ ʪʨʫʜʥʘ. ɺʤʝʩʪʦ ʵʪʦʛʦ ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ 
ʜʦʩʪʘʪʦʯʥʳʝ ʫʩʣʦʚʠʷ, ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʧʨʦʚʝʨʠʪʴ ʧʫʪʝʤ ʩʪʘʪʠʯʝʩʢʦʛʦ 
ʘʥʘʣʠʟʘ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ. ʉʣʝʜʫʶʱʝʝ ʜʦʩʪʘʪʦʯʥʦʝ ʫʩʣʦʚʠʝ 
ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʠʥʪʫʠʮʠʠ, ʯʪʦ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʷʚʣʷʝʪʩʷ 
ʥʝʟʝʥʦʥʦʚʳʤ, ʝʩʣʠ ʥʘ ʣʶʙʦʤ ʮʠʢʣʝ, ʩʦʩʪʘʚʣʝʥʥʦʤ ʠʟ ʧʦʟʠʮʠʡ ʵʪʦʛʦ 
ʘʚʪʦʤʘʪʘ, ʚʨʝʤʷ ʧʨʦʜʚʠʛʘʝʪʩʷ ʢʘʢ ʤʠʥʠʤʫʤ ʥʘ ʝʜʠʥʠʮʫ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 
ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʫʶ ʪʝʦʨʝʤʫ [4]. 

ʊʝʦʨʝʤʘ. ʇʫʩʪʴ A ï ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ C, ʪʘʢʦʡ 

ʯʪʦ ʜʣʷ ʣʶʙʦʛʦ ʧʨʦʩʪʦʛʦ ʮʠʢʣʘ ʚ A 

l0 
1e½½­  l1 

2e
½½­  é ne

½½­  ln, ʛʜʝ l0 = ln, 

ʩʫʱʝʩʪʚʫʶʪ ʯʘʩʳ x Í C ʠ ʠʥʜʝʢʩʳ i, j ʦʪ 1 ʜʦ n, ʪʘʢʠʝ ʯʪʦ: 

Ç x Í clocks(ei) ʠ 

Ç ʜʣʷ ʚʩʝʭ ʯʘʩʦʚʳʭ ʦʮʝʥʦʢ ɖ Í V(C), ʪʘʢʠʭ ʯʪʦ ɖƝƏ guard(ej) ʠ 

[clocks(ej)]ɖƝƏ inv(l j), ʚʳʧʦʣʥʷʝʪʩʷ ɖƝƏ x Ó 1. 

ʊʦʛʜʘ ʘʚʪʦʤʘʪ A ʥʝʟʝʥʦʥʦʚ. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ʇʫʩʪʴ A ï ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘʜ C, 
ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ ʫʢʘʟʘʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ, ʠ  ́ï ʧʫʪʴ, ʩʦʜʝʨʞʘʱʠʡ 
ʙʝʩʢʦʥʝʯʥʦ ʤʥʦʛʦ ʧʝʨʝʭʦʜʦʚ ʧʦ ʨʝʙʨʫ. ʊʘʢ ʢʘʢ ʘʚʪʦʤʘʪ A ʩʦʜʝʨʞʠʪ 
ʣʠʰʴ ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʧʦʟʠʮʠʡ, ʯʝʨʝʟ ʢʘʢʫʶ-ʪʦ ʠʟ ʵʪʠʭ ʧʦʟʠʮʠʡ ʧʫʪʴ  ́
ʧʨʦʡʜʝʪ ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʨʘʟ. ʆʙʦʟʥʘʯʠʤ ʵʪʫ ʧʦʟʠʮʠʶ ʯʝʨʝʟ l. 
ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘʯʠʥʘʷ ʩ ʥʝʢʦʪʦʨʦʛʦ ʤʦʤʝʥʪʘ, ʧʫʪʴ  ́ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ 
ʮʠʢʣʳ, ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʷʶʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʧʦʟʠʮʠʠ l. ʕʪʠ ʮʠʢʣʳ, ʚ 
ʩʚʦʶ ʦʯʝʨʝʜʴ, ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ ʧʨʦʩʪʳʝ ʮʠʢʣʳ (ʮʠʢʣʳ, ʥʝ ʩʦʜʝʨʞʘʱʠʝ 
ʜʚʫʭ ʦʜʠʥʘʢʦʚʳʭ ʚʝʨʰʠʥ). ʇʨʠ ʵʪʦʤ ʧʨʦʩʪʳʝ ʮʠʢʣʳ ʥʝ ʦʙʷʟʘʥʳ ʠʜʪʠ 
ʩʪʨʦʛʦ ʜʨʫʛ ʟʘ ʜʨʫʛʦʤ; ʦʥʠ, ʥʘʧʨʠʤʝʨ, ʤʦʛʫʪ ʨʘʟʙʠʚʘʪʴ ʜʨʫʛ ʜʨʫʛʘ ʥʘ 
ʯʘʩʪʠ. ʊʘʢ ʠʣʠ ʠʥʘʯʝ, ʯʠʩʣʦ ʧʨʦʩʪʳʭ ʮʠʢʣʦʚ ʚ ʘʚʪʦʤʘʪʝ A ʢʦʥʝʯʥʦ, ʠ 

ʧʦʵʪʦʤʫ ʢʘʢʦʡ-ʪʦ ʠʟ ʥʠʭ (ʦʙʦʟʥʘʯʠʤ ʝʛʦ l0 ­ l1 ­ é ­ ln = l0) 
ʦʙʷʟʘʪʝʣʴʥʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʧʫʪʠ  ́ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʨʘʟ. ɼʣʷ ʵʪʦʛʦ 
ʧʨʦʩʪʦʛʦ ʮʠʢʣʘ, ʩʦʛʣʘʩʥʦ ʫʩʣʦʚʠʶ ʪʝʦʨʝʤʳ, ʩʫʱʝʩʪʚʫʶʪ ʠʥʜʝʢʩʳ i, j ʠ 
ʯʘʩʳ x, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʜʚʫʤ ʦʧʠʩʘʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʷʤ. 
ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ i = n (ʵʪʦ ʥʝ ʫʤʝʥʴʰʘʝʪ ʦʙʱʥʦʩʪʠ, ʪʘʢ ʢʘʢ ʧʦʟʠʮʠʠ 
ʚ ʮʠʢʣʝ ʤʦʛʫʪ ʙʳʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʨʘʟʦʤ ʧʝʨʝʥʫʤʝʨʦʚʘʥʳ ʚʚʠʜʫ 
ʪʦʛʦ, ʯʪʦ ʮʠʢʣ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʧʫʪʠ  ́ʙʝʩʢʦʥʝʯʥʦ ʯʘʩʪʦ). ʈʘʩʩʤʦʪʨʠʤ 
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ʬʨʘʛʤʝʥʪ ʧʫʪʠ ʚ ʩʠʩʪʝʤʝ ʧʝʨʝʭʦʜʦʚ ʘʚʪʦʤʘʪʘ A, ʢʦʪʦʨʳʡ ʩʪʘʨʪʫʝʪ ʠ 
ʟʘʚʝʨʰʘʝʪʩʷ ʚ ʧʦʟʠʮʠʠ l0: 

(l0, ɖ0) é (l j ï1, ɖj ï1) 
0½½­ (l j, ɖj) é (ln, ɖn). 

ʀʟ ʫʩʣʦʚʠʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘ ʧʝʨʝʭʦʜʝ ln ï1 ­ ln = l0 ʦʙʥʫʣʷʶʪʩʷ ʯʘʩʳ x ʠ 

ʯʪʦ ʧʝʨʝʭʦʜ l j ï1 ­ l j ʚʦʟʤʦʞʝʥ, ʪʦʣʴʢʦ ʝʩʣʠ ɖjï1(x) Ó 1 (ʚ ʧʨʦʪʠʚʥʦʤ 
ʩʣʫʯʘʝ ʧʨʠ ɖj ï1(x) < 1 ʥʘʨʫʰʘʝʪʩʷ ʣʠʙʦ ʘʢʪʠʚʠʨʫʶʱʝʝ ʫʩʣʦʚʠʝ, ʣʠʙʦ 
ʠʥʚʘʨʠʘʥʪ ʧʦʟʠʮʠʠ l j). ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʦʭʦʜ ʮʠʢʣʘ 

l0 ­ é ­ ln = l0 ʟʘʥʠʤʘʝʪ ʢʘʢ ʤʠʥʠʤʫʤ ʦʜʥʫ ʚʨʝʤʝʥʥʫʶ ʝʜʠʥʠʮʫ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʫʪʴ  ́ʷʚʣʷʝʪʩʷ ʨʘʩʭʦʜʷʱʠʤʩʷ, ʠ ʘʚʪʦʤʘʪ A ʥʝʟʝʥʦʥʦʚ. 

ʇʨʠʤʝʨ. ɺʥʦʚʴ ʨʘʩʩʤʦʪʨʠʤ ʧʝʨʝʢʣʶʯʘʪʝʣʴ ʠʟ ʧʨʝʜʳʜʫʱʝʛʦ ʧʨʠʤʝʨʘ 
(ʨʠʩ. 2.32). ʇʨʠʚʝʜʝʤ ʧʨʠʤʝʨ ʧʨʝʬʠʢʩʘ ʧʫʪʠ ʚ ʧʝʨʝʢʣʶʯʘʪʝʣʝ: 

ů = (off, v0) 
3½½­  (off, v1) 

0½½­ (on, v2) 
4½½­  (on, v3) 

0½½­  

(on, v4) 
1½½­  (on, v5) 

2½½­  (on, v6) 
2½½­  (on, v7) 

0½½­  (off, v8) é 

ʩ v0(x) = v0(y) = 0, v1 = v0 + 3, v2 = [x, y]v1, v3 = v2 + 4, v4 = [x]v3, 
v5 = v4 + 1, v6 = v5 + 2, v7 = v6 + 2 ʠ v8 = [x]v7. ʕʪʠ ʯʘʩʦʚʳʝ ʦʮʝʥʢʠ 
ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʪʘʙʣ. 2.6. 

ʊʘʙʣʠʮʘ 2.6. ʏʘʩʦʚʳʝ ʦʮʝʥʢʠ 

 v0 v1 v2 v3 v4 v5 v6 v7 v8 

x 0 3 0 4 0 1 3 5 0 

y 0 3 0 4 4 5 7 9 9 

 

ʇʝʨʝʭʦʜ (off, v1) 
0½½­ (on, v2), ʥʘʧʨʠʤʝʨ, ʚʦʟʤʦʞʝʥ, ʧʦʩʢʦʣʴʢʫ 

(a) ʩʫʱʝʩʪʚʫʝʪ ʨʝʙʨʦ e ʠʟ off ʚ on, (b) v1ƝƏ x Ó 2, ʪʘʢ ʢʘʢ v1(x) = 3, 
ʠ (c) v2ƝƏ inv(on). ʊʠʧʠʯʥʳʤʠ ʧʦʟʠʮʠʷʤʠ ʧʫʪʠ ů ʷʚʣʷʶʪʩʷ ʧʘʨʳ (0, 3), 
(1, 0), (2, 4), (3, 0), (4, 1), (5, 2), (6, 2), (7, 0), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ 
ʚʳʧʦʣʥʷʝʪʩʷ, ʥʘʧʨʠʤʝʨ, (1, 0)<<(5, 2). ʂʨʦʤʝ ʪʦʛʦ, ȹ(ů, 3) = 7 ʠ 
ȹ(ů, 7) = 12. 

ɼʨʫʛʘʷ ʚʦʟʤʦʞʥʘʷ ʵʚʦʣʶʮʠʷ ʧʝʨʝʢʣʶʯʘʪʝʣʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ 
ʦʩʪʘʚʘʪʴʩʷ ʙʝʩʢʦʥʝʯʥʦ ʜʦʣʛʦ ʚ ʧʦʟʠʮʠʠ off, ʚʳʧʦʣʥʷʷ ʙʝʩʢʦʥʝʯʥʦ 
ʤʥʦʛʦ ʧʝʨʝʭʦʜʦʚ ʧʦ ʟʘʜʝʨʞʢʝ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ 
ʚʨʝʤʝʥʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠ v(x) Ó 2, ʨʝʙʨʦ ʚ ʧʦʟʠʮʠʶ on ʘʢʪʠʚʥʦ, ʦʥʦ 
ʤʦʞʝʪ ʧʦʩʪʦʷʥʥʦ ʠʛʥʦʨʠʨʦʚʘʪʴʩʷ. ɸʥʘʣʦʛʠʯʥʦ, ʧʝʨʝʢʣʶʯʘʪʝʣʴ ʤʦʞʝʪ 
ʦʩʪʘʚʘʪʴʩʷ ʥʝʦʛʨʘʥʠʯʝʥʥʦ ʜʦʣʛʦ ʚ ʧʦʟʠʮʠʠ on. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ 
ʩʚʷʟʘʥʦ ʪʝʤ, ʯʪʦ inv(off) = inv(on) = true. ɽʩʣʠ ʠʟʤʝʥʠʪʴ ʧʝʨʝʢʣʶʯʘʪʝʣʴ 
ʪʘʢ, ʯʪʦ inv(off) ʩʪʘʥʝʪ y Ò 9, ʘ inv(on) ʦʩʪʘʥʝʪʩʷ ʨʘʚʥʳʤ true, 
ʫʧʦʤʷʥʫʪʳʡ ʚʳʰʝ ʧʫʪʴ ů ʩʪʘʥʦʚʠʪʩʷ ʥʝʜʦʧʫʩʪʠʤʳʤ (ʪʘʢ ʢʘʢ ʠʟ 
ʩʦʩʪʦʷʥʠʷ (off, v8) ʥʝʪ ʧʝʨʝʭʦʜʦʚ), ʭʦʪʷ ʦʧʠʩʘʥʥʳʡ ʚ ʪʘʙʣʠʮʝ ʧʨʝʬʠʢʩ 
ʵʪʦʛʦ ʧʫʪʠ ʚʩʝ ʝʱʝ ʜʦʧʫʩʪʠʤ. 
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2.5.3. ʉʠʥʪʘʢʩʠʩ TCTL 

ʇʫʩʪʴ A ï ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ, AP ï ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 
ʧʨʝʜʣʦʞʝʥʠʡ ʠ D ï ʥʝʧʫʩʪʦʝ ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚ, ʢʦʪʦʨʳʝ ʦʪʣʠʯʥʳ ʦʪ 

ʯʘʩʦʚ ʘʚʪʦʤʘʪʘ A  (C Æ D = Å).  z Í D ʠʥʦʛʜʘ ʥʘʟʳʚʘʝʪʩʷ 
ʬʦʨʤʫʣʴʥʳʤʠ ʯʘʩʘʤʠ. ʇʦʩʢʦʣʴʢʫ ʯʘʩʳ ʦʙʨʘʟʫʶʪ ʯʘʩʪʴ ʩʠʥʪʘʢʩʠʩʘ 
ʣʦʛʠʢʠ, ʪʘʢʘʷ ʣʦʛʠʢʘ ʠʥʦʛʜʘ ʥʘʟʳʚʘʝʪʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʦʡ ʩ 
ʷʚʥʳʤʠ ʯʘʩʘʤʠ. 

ɼʣʷ p Í AP, z Í D ʠ Ŭ Í Ɋ(C Ç D) ʤʥʦʞʝʩʪʚʦ TCTL-ʬʦʨʤʫʣ 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ű ::= p | Ŭ | ×ű | (ű Ù ű) | z in ű | E[ű U ű] | A[ű U ű]. 

ʆʪʤʝʪʠʤ, ʯʪʦ Ŭ ï ʵʪʦ ʯʘʩʦʚʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘʜ ʬʦʨʤʫʣʴʥʳʤʠ ʯʘʩʘʤʠ ʠ 
ʯʘʩʘʤʠ ʘʚʪʦʤʘʪʘ. ʆʥʦ ʜʦʧʫʩʢʘʝʪ, ʥʘʧʨʠʤʝʨ, ʩʨʘʚʥʝʥʠʝ ʬʦʨʤʫʣʴʥʳʭ 

ʯʘʩʦʚ ʠ ʯʘʩʦʚ ʘʚʪʦʤʘʪʘ. ɹʫʣʝʚʳ ʦʧʝʨʘʮʠʠ true, false, Ø, ­ ʠ ª 
ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤ ʦʙʨʘʟʦʤ. ʏʘʩʳ z ʚ ʬʦʨʤʫʣʝ z in ű 
ʥʘʟʳʚʘʶʪʩʷ ʬʠʢʩʠʨʫʶʱʠʤ ʠʜʝʥʪʠʬʠʢʘʪʦʨʦʤ ʠ ʦʛʨʘʥʠʯʠʚʘʶʪ 
ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ z ʚ ű. ʀʥʪʫʠʪʠʚʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʪʘʢʦʚʘ: z in ű 
ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ s, ʝʩʣʠ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʪʦʤ ʞʝ ʩʦʩʪʦʷʥʠʠ ʩ 
ʦʜʥʠʤ ʦʪʣʠʯʠʝʤ: ʯʘʩʳ z ʚ ʥʝʤ ʧʨʠʥʠʤʘʶʪ ʟʥʘʯʝʥʠʝ 0. ʅʘʧʨʠʤʝʨ, 
z in (z = 0) ʷʚʣʷʝʪʩʷ ʚʝʨʥʳʤ ʧʨʝʜʣʦʞʝʥʠʝʤ, ʪʦʛʜʘ ʢʘʢ z in (z > 1) ï ʥʝʪ. 
ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʠʢʩʠʨʫʶʱʝʛʦ ʠʜʝʥʪʠʬʠʢʘʪʦʨʘ ʧʦʣʝʟʥʦ ʚ ʢʦʤʙʠʥʘʮʠʠ 
ʩ until-ʢʦʥʩʪʨʫʢʮʠʷʤʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʧʝʮʠʬʠʮʠʨʦʚʘʪʴ ʪʠʧʠʯʥʳʝ 
ʪʨʝʙʦʚʘʥʠʷ ʩʚʦʝʚʨʝʤʝʥʥʦʩʪʠ. ʆʙʳʯʥʦ ʥʝʪ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʦʩʪʠ ʚ 
ʬʦʨʤʫʣʘʭ, ʚ ʢʦʪʦʨʳʭ ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ ʠʟ D ʷʚʣʷʶʪʩʷ ʩʚʦʙʦʜʥʳʤʠ, ʘ 
ʥʝ ʩʚʷʟʘʥʥʳʤʠ ʢʘʢʠʤʠ-ʣʠʙʦ ʬʠʢʩʠʨʫʶʱʠʤʠ ʠʜʝʥʪʠʬʠʢʘʪʦʨʘʤʠ. ɼʣʷ 
ʧʨʦʩʪʦʪʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʟʣʦʞʝʥʠʠ ʙʫʜʝʤ ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ ʚʩʝ 
TCTL-ʬʦʨʤʫʣʳ ʷʚʣʷʶʪʩʷ ʟʘʤʢʥʫʪʳʤʠ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ 
ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ ʚ ʥʠʭ ʩʚʷʟʘʥʳ ʬʠʢʩʠʨʫʶʱʠʤʠ ʠʜʝʥʪʠʬʠʢʘʪʦʨʘʤʠ. 
ʅʘʧʨʠʤʝʨ, ʪʘʢʠʝ ʬʦʨʤʫʣʳ, ʢʘʢ x Ò 2 ʠ z in (z ï y = 4) ʥʝʜʦʧʫʩʪʠʤʳ, 

ʝʩʣʠ x, y ï ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ (x, y Í D). ʌʦʨʤʫʣʳ x in (x Ò 2) ʠ 
z in (y in (z ï y = 4)), ʦʜʥʘʢʦ, ʷʚʣʷʶʪʩʷ ʜʦʧʫʩʪʠʤʳʤʠ. 

ʊʘʢ ʞʝ, ʢʘʢ ʠ ʜʣʷ CTL, ʙʘʟʦʚʳʝ ʦʧʝʨʘʪʦʨʳ TCTL ʷʚʣʷʶʪʩʷ until-
ʬʦʨʤʫʣʘʤʠ ʩ ʵʢʟʠʩʪʝʥʮʠʘʣʴʥʳʤʠ ʠ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ 
ʢʚʘʥʪʠʬʠʢʘʪʦʨʘʤʠ ʥʘʜ ʧʫʪʷʤʠ. ʌʦʨʤʫʣʳ EF, EG ʠ ʪ. ʜ. ʷʚʣʷʶʪʩʷ 
ʧʨʦʠʟʚʦʜʥʳʤʠ ʦʪ ʵʪʠʭ until-ʬʦʨʤʫʣ, ʢʘʢ ʠ ʨʘʥʝʝ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ 
TCTL ʥʝʪ ʚʨʝʤʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ EX ʠ AX. ʇʨʠʯʠʥʘ ʵʪʦʛʦ ʙʫʜʝʪ ʷʩʥʘ 
ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʝʤʘʥʪʠʢʠ ʣʦʛʠʢʠ. ʇʨʠʚʷʟʢʘ ʦʧʝʨʘʪʦʨʦʚ ʠʜʝʥʪʠʯʥʘ 
ʩʣʫʯʘʶ CTL. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʠʢʩʠʨʫʶʱʝʛʦ ʠʜʝʥʪʠʬʠʢʘʪʦʨʘ ʪʘʢʠʝ 
ʪʝʤʧʦʨʘʣʴʥʳʝ ʦʧʝʨʘʪʦʨʳ CTL, ʢʘʢ E[ű U ɣ], EF ű ʠ ʪ. ʜ. ʤʦʛʫʪ ʙʳʪʴ 
ʩʥʘʙʞʝʥʳ ʯʘʩʦʚʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʣʘʢʦʥʠʯʥʳʤ ʩʧʦʩʦʙʦʤ. ʅʘʧʨʠʤʝʨ, 
ʬʦʨʤʫʣʘ 

A[ű UÒ 7 ɣ] 
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ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʜʦʣʴ ʣʶʙʦʛʦ ʧʫʪʠ, ʥʘʯʠʥʘʶʱʝʛʦʩʷ ʩ ʪʝʢʫʱʝʛʦ 

ʩʦʩʪʦʷʥʠʷ, ʩʚʦʡʩʪʚʦ ű ʥʝʧʨʝʨʳʚʥʦ ʚʳʧʦʣʥʷʝʪʩʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʚ 

ʪʝʯʝʥʠʝ 7 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ ʥʝ ʩʪʘʥʝʪ ʚʝʨʥʳʤ ɣ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʦ ʢʘʢ 

z in A[ű U (ɣ  Ø  z Ò 7)]. 

ɸʥʘʣʦʛʠʯʥʦ, ʬʦʨʤʫʣʘ EF<5 ű ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʜʦʣʴ ʥʝʢʦʪʦʨʦʛʦ ʧʫʪʠ, 

ʥʘʯʠʥʘʶʱʝʛʦʩʷ ʩ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ, ʩʚʦʡʩʪʚʦ ű ʩʪʘʥʦʚʠʪʩʷ ʚʝʨʥʳʤ 

ʚ ʪʝʯʝʥʠʝ 5 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ, ʠ ʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

z in EF(z < 5  Ø  ű), ʛʜʝ EF ʦʧʨʝʜʝʣʝʥʦ, ʢʘʢ ʨʘʥʝʝ. ɻʦʚʦʨʷ ʠʥʘʯʝ, EF<c ű 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ű-ʩʦʩʪʦʷʥʠʝ ʜʦʩʪʠʞʠʤʦ ʚ ʪʝʯʝʥʠʝ c ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ. 

ɼʚʦʡʩʪʚʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ AF<c ű ʚʳʧʦʣʥʷʝʪʩʷ, ʝʩʣʠ ʚʩʝ ʚʳʯʠʩʣʝʥʠʷ 

ʚʝʜʫʪ ʢ ű-ʩʦʩʪʦʷʥʠʶ ʚ ʪʝʯʝʥʠʝ c ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ. 

ʇʨʠʤʝʨ. ʇʫʩʪʴ ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ AP ʨʘʚʥʦ {b = 1, 

b < 2, b Ó 3}. ʇʨʠʤʝʨʘʤʠ TCTL-ʬʦʨʤʫʣ ʷʚʣʷʶʪʩʷ E[(b < 2)UÒ 21(b Ó 3)], 

AFÓ1(b < 2) ʠ EF<7[EF<3(b = 1)]. ʌʦʨʤʫʣʘ AX  <2 (b = 1) ʥʝ ʷʚʣʷʝʪʩʷ 

TCTL-ʬʦʨʤʫʣʦʡ, ʪʘʢ ʢʘʢ ʚ ʣʦʛʠʢʝ ʥʝʪ ʦʧʝʨʘʪʦʨʘ ʩʣʝʜʦʚʘʥʠʷ. ʌʦʨʤʫʣʘ 

AFÒ  ́(b < 2) ʥʝ ʷʚʣʷʝʪʩʷ ʜʦʧʫʩʪʠʤʦʡ TCTL-ʬʦʨʤʫʣʦʡ, ʪʘʢ ʢʘʢ  ́ Î8. 

ʇʦ ʵʪʦʡ ʞʝ ʧʨʠʯʠʥʝ AF= 2/3 [AG< 4/5 (b < 2)] ʪʘʢʞʝ ʥʝ ʜʦʧʫʩʢʘʝʪʩʷ. 

ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʜʭʦʜʷʱʝʛʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʵʪʘ 

ʬʦʨʤʫʣʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʚ ʜʦʧʫʩʪʠʤʫʶ TCTL-ʬʦʨʤʫʣʫ 

AF= 5 [AG< 6 (b < 2)]. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚʨʝʤʝʥʥʦʝ ʩʚʦʡʩʪʚʦ 

ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʦʪʢʣʠʢʘ, ʪʘʢʦʝ ʢʘʢ çʩʫʱʝʩʪʚʫʝʪ ʥʝʢʦʪʦʨʦʝ ʥʝʠʟʚʝʩʪʥʦʝ 

ʚʨʝʤʷ t, ʪʘʢʦʝ ʯʪʦ ʝʩʣʠ ű ʚʳʧʦʣʥʷʝʪʩʷ, ʪʦ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ t ʩʚʦʡʩʪʚʦ 

ɣ ʚʳʧʦʣʥʷʝʪʩʷè. ʅʘʧʨʠʤʝʨ, $t: z in (AG[(b = 1) ­ AF(z < t  Ø  b Ó 3)]). 

ʊʘʢʠʝ ʢʚʘʥʪʠʬʠʢʘʮʠʠ ʧʦ ʚʨʝʤʝʥʠ ʜʝʣʘʶʪ ʧʨʦʚʝʨʢʫ ʤʦʜʝʣʝʡ 

ʥʝʨʘʟʨʝʰʠʤʦʡ. 

 

2.5.4. ʉʝʤʘʥʪʠʢʘ TCTL 

ɺʩʧʦʤʥʠʤ, ʯʪʦ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ 

ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʠ. ɼʣʷ LTL ʪʘʢʘʷ ʤʦʜʝʣʴ ʩʦʩʪʦʠʪ ʠʟ (ʥʝʧʫʩʪʦʛʦ) 

ʤʥʦʞʝʩʪʚʘ S ʩʦʩʪʦʷʥʠʡ, ʪʦʪʘʣʴʥʦʡ ʬʫʥʢʮʠʠ ʩʣʝʜʦʚʘʥʠʷ R ʥʘ 

ʩʦʩʪʦʷʥʠʷʭ ʠ ʧʨʠʩʚʘʠʚʘʥʠʷ Label ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ 

ʩʦʩʪʦʷʥʠʷʤ. ɼʣʷ CTL ʬʫʥʢʮʠʷ R ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʦʪʥʦʰʝʥʠʝ ʠ 

ʧʨʠʥʠʤʘʝʪʩʷ ʚʦ ʚʥʠʤʘʥʠʝ ʚʝʪʚʷʱʘʷʩʷ ʧʨʠʨʦʜʘ. ɼʣʷ TCTL ʚʜʦʙʘʚʦʢ 

ʜʦʣʞʥʦ ʙʳʪʴ ʚʚʝʜʝʥʦ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ. ɹʘʟʦʚʘʷ 

ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʦʩʪʦʷʥʠʝ ï ʧʦʟʠʮʠʶ ʠ 

ʯʘʩʦʚʫʶ ʦʮʝʥʢʫ. ʇʦʟʠʮʠʷ ʦʧʨʝʜʝʣʷʝʪ, ʢʘʢʠʝ ʘʪʦʤʘʨʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ 

ʚʝʨʥʳ (ʩ ʧʦʤʦʱʴʶ ʤʘʨʢʠʨʫʶʱʝʛʦ ʦʪʥʦʰʝʥʠʷ Label), ʘ ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʯʘʩʦʚʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ 
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ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʬʦʨʤʫʣʝ. ʊʘʢ ʢʘʢ ʯʘʩʦʚʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʤʦʛʫʪ 

ʩʦʜʝʨʞʘʪʴ, ʧʦʤʠʤʦ ʯʘʩʦʚ ʠʟ ʘʚʪʦʤʘʪʘ, ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ, ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʧʨʝʜʣʦʞʝʥʠʡ ʦʙ ʵʪʠʭ ʯʘʩʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʣʷ ʩʦʩʪʦʷʥʠʷ s = (l, v) ʠ ʬʦʨʤʫʣʴʥʦʡ ʯʘʩʦʚʦʡ ʦʮʝʥʢʠ w. 

ɹʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ʯʝʨʝʟ v Ç w ʦʮʝʥʢʫ, ʢʦʪʦʨʘʷ ʜʣʷ ʯʘʩʦʚ ʠʟ ʘʚʪʦʤʘʪʘ x 

ʨʘʚʥʘ v(x) ʠ ʜʣʷ ʬʦʨʤʫʣʴʥʳʭ ʯʘʩʦʚ z ʨʘʚʥʘ w(z). 

ʉʝʤʘʥʪʠʢʘ TCTL ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ʚʳʧʦʣʥʷʝʤʦʩʪʠ 

(ʦʙʦʟʥʘʯʘʝʤʳʤ ƝƏ), ʢʦʪʦʨʦʝ ʩʚʷʟʘʥʦ ʩ ʩʠʩʪʝʤʦʡ ʧʝʨʝʭʦʜʦʚ M, 

ʩʦʩʪʦʷʥʠʝʤ (ʧʦʟʠʮʠʝʡ ʠ ʯʘʩʦʚʦʡ ʦʮʝʥʢʦʡ ʥʘʜ ʯʘʩʘʤʠ ʘʚʪʦʤʘʪʘ), 

ʯʘʩʦʚʦʡ ʦʮʝʥʢʦʡ ʥʘʜ ʬʦʨʤʫʣʴʥʳʤʠ ʯʘʩʘʤʠ, ʚʩʪʨʝʯʘʶʱʠʤʠʩʷ ʚ ű, ʠ 

ʩʘʤʦʡ ʬʦʨʤʫʣʦʡ ű. ɹʫʜʝʤ ʟʘʧʠʩʳʚʘʪʴ (M, (s, w), ű) ÍƝƏ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ: M, (s, w)ƝƏ ű. ɺʳʨʘʞʝʥʠʝ M, (s, w)ƝƏ ű ʚʝʨʥʦ, ʝʩʣʠ ʠ ʪʦʣʴʢʦ 

ʝʩʣʠ ʬʦʨʤʫʣʘ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ s ʤʦʜʝʣʠ M ʥʘʜ ʬʦʨʤʫʣʴʥʦʡ 

ʯʘʩʦʚʦʡ ʦʮʝʥʢʦʡ w. ɹʫʜʝʤ ʦʧʫʩʢʘʪʴ ʤʦʜʝʣʴ M ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʥʘ 

ʷʩʥʘ ʠʟ ʢʦʥʪʝʢʩʪʘ. 

ʉʦʩʪʦʷʥʠʝ s = (l, v) ʫʜʦʚʣʝʪʚʦʨʷʝʪ ű, ʝʩʣʠ çʨʘʩʰʠʨʝʥʥʦʝè ʩʦʩʪʦʷʥʠʝ 

(s, w) ʫʜʦʚʣʝʪʚʦʨʷʝʪ ű, ʛʜʝ w ï ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ, ʪʘʢʘʷ ʯʪʦ w(z) = 0 ʜʣʷ 

ʚʩʝʭ ʬʦʨʤʫʣʴʥʳʭ ʯʘʩʦʚ z. 

ʇʫʩʪʴ p Í AP ï ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, Ŭ Í Ɋ(C Ç D) ï ʯʘʩʦʚʦʝ 

ʦʛʨʘʥʠʯʝʥʠʝ ʥʘʜ C Ç D, M = (S, ½½­ ) ï ʙʝʩʢʦʥʝʯʥʘʷ ʩʠʩʪʝʤʘ 

ʧʝʨʝʭʦʜʦʚ, s = (l, v) Í S, w Í V(D) ʠ ű, ɣ ï TCTL-ʬʦʨʤʫʣʳ. ʆʪʥʦʰʝʥʠʝ 

ʚʳʧʦʣʥʷʝʤʦʩʪʠ ƝƏ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

s, wƝƏ p Ú p Í Label(l); 

s, wƝƏ Ŭ Ú v Ç wƝƏ Ŭ; 

s, wƝƏ ×ű Ú ×(s, wƝƏ ű); 

s, wƝƏ (ű Ù ɣ) Ú (s, wƝƏ ű) Ù (s, wƝƏ ɣ); 

s, wƝƏ z in ű Ú s, [z]wƝƏ ű; 

s, wƝƏ E[ű U ɣ] Ú $ů Í PM

Ð 
(s): $(i, d) Í Pos(ů): 

     (ů(i, d), w + ȹ(ů, i) + dƝƏ ɣ  Ø  ("( j, d' )<<(i, d): 

      ů( j, d' ), w + ȹ(ů, j) + d'ƝƏ ű Ù ɣ)); 

s, wƝƏ A[ű U ɣ] Ú "ů Í PM

Ð 
(s): $(i, d) Í Pos(ů): 

     (ů(i, d), w + ȹ(ů, i) + dƝƏ ɣ  Ø  ("( j, d' )<<(i, d): 

      ů( j, d' ), w + ȹ(ů, j) + d'ƝƏ ű Ù ɣ)). 

ɼʣʷ ʘʪʦʤʘʨʥʳʭ ʧʨʝʜʣʦʞʝʥʠʡ, ʦʪʨʠʮʘʥʠʡ ʠ ʜʠʟʲʶʥʢʮʠʡ ʩʝʤʘʥʪʠʢʘ 

ʦʧʨʝʜʝʣʝʥʘ ʪʘʢʠʤ ʞʝ ʦʙʨʘʟʦʤ, ʢʘʢ ʠ ʨʘʥʝʝ. ʏʘʩʦʚʦʝ ʦʛʨʘʥʠʯʝʥʠʝ Ŭ 

ʚʝʨʥʦ ʚ (s, w), ʝʩʣʠ ʚʩʝ ʟʥʘʯʝʥʠʷ ʯʘʩʦʚ ʚ v (ʦʮʝʥʢʝ ʠʟ s) ʠ ʚ w 

ʫʜʦʚʣʝʪʚʦʨʷʶʪ Ŭ. ʌʦʨʤʫʣʘ z in ű ʚʝʨʥʘ ʚ (s, w), ʝʩʣʠ ű ʚʝʨʥʦ ʚ (s, w' ), 



 124 

ʛʜʝ w' ʧʦʣʫʯʘʝʪʩʷ ʠʟ w ʧʫʪʝʤ ʦʙʥʫʣʝʥʠʷ z. ʌʦʨʤʫʣʘ E[ű U ɣ] ʚʝʨʥʘ ʚ 

(s, w), ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʨʘʩʭʦʜʷʱʠʡʩʷ ʧʫʪʴ ů, ʥʘʯʠʥʘʶʱʠʡʩʷ ʩ 

ʩʦʩʪʦʷʥʠ ̫ s, ʢʦʪʦʨʳʡ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ɣ ʚ ʥʝʢʦʪʦʨʦʡ ʧʦʟʠʮʠʠ ʧʫʪʠ ʠ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ű Ù ɣ ʚʦ ʚʩʝʭ ʧʨʝʜʳʜʫʱʠʭ ʧʦʟʠʮʠʷʭ ʧʫʪʠ. ʌʦʨʤʫʣʘ 

A[ű U ɣ] ʚʝʨʥʘ ʚ (s, w), ʝʩʣʠ ʚʩʝ ʨʘʩʭʦʜʷʱʠʝʩʷ ʧʫʪʠ, ʩʪʘʨʪʫʶʱʠʝ ʚ 

ʩʦʩʪʦʷʥʠʠ s, ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʪʘʢʦʤʫ ʞʝ ʫʩʣʦʚʠʶ. 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʚ ʵʪʦʤ ʧʦʩʣʝʜʥʝʤ ʘʩʧʝʢʪʝ 

ʣʦʛʠʢʘ TCTL ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʥʝʪʘʡʤʠʨʦʚʘʥʥʳʭ 

ʪʝʤʧʦʨʘʣʴʥʳʭ ʣʦʛʠʢ. ʇʨʠʯʠʥʘ ʪʘʢʦʡ ʪʨʘʢʪʦʚʢʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ 

ʯʘʩʦʚʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʚ TCTL ʦʧʨʝʜʝʣʷʶʪ ʥʝ ʦʜʥʦ, ʘ ʩʨʘʟʫ ʮʝʣʳʡ 

ʢʣʘʩʩ ʩʦʩʪʦʷʥʠʡ (ʥʠʞʝ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʠ ʩʦʩʪʦʷʥʠʷ ʥʝʦʪʣʠʯʠʤʳ 

ʜʨʫʛ ʦʪ ʜʨʫʛʘ). ʅʘʧʨʠʤʝʨ, ʨʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘ 

ʨʠʩ. 2.30 (ʘ). ɿʘʧʠʰʝʤ ʜʣʷ ʥʝʛʦ TCTL-ʩʚʦʡʩʪʚʦ s0, wƝƏ 

E[(x Ò 1) U (x > 1)]. ʇʨʠ ʥʝʦʛʨʘʥʠʯʝʥʥʦʤ ʦʞʠʜʘʥʠʠ ʚ ʩʪʘʨʪʦʚʦʡ 

ʧʦʟʠʮʠʠ ʩʚʦʡʩʪʚʦ x > 1 ʦʙʷʟʘʪʝʣʴʥʦ ʥʘʩʪʫʧʠʪ, ʘ ʜʦ ʥʝʛʦ ʚʩʝʛʜʘ ʙʫʜʝʪ 

ʚʳʧʦʣʥʷʪʴʩʷ x Ò 1. ʇʦʵʪʦʤʫ ʠʥʪʫʠʮʠʷ ʧʦʜʩʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʘʥʥʘʷ 

ʬʦʨʤʫʣʘ ʜʦʣʞʥʘ ʙʳʪʴ ʚʝʨʥʘ ʚ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʝʩʣʠ ʙʳ ʩʝʤʘʥʪʠʯʝʩʢʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʪʦʡ ʬʦʨʤʫʣʳ ʙʳʣʘ ʪʘʢʦʡ ʞʝ, 

ʢʘʢ ʚ ʥʝʪʘʡʤʠʨʦʚʘʥʥʦʤ ʩʣʫʯʘʝ, ʪʦ ʚʦʟʥʠʢʣʘ ʙʳ ʩʣʝʜʫʶʱʘʷ ʩʠʪʫʘʮʠʷ: 

ʥʘ ʧʫʪʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʦʩʪʦʷʥʠʷ s ʚʠʜʘ (l, x*), ʜʣʷ ʢʦʪʦʨʳʭ x* > 1, ʥʦ ʫ 

ʣʶʙʦʛʦ ʪʘʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʙʷʟʘʪʝʣʴʥʦ ʠʤʝʶʪʩʷ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʠ, ʜʣʷ 

ʢʦʪʦʨʳʭ ʬʦʨʤʫʣʘ x Ò 1 ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ. ʊʘʢʠʤʠ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘʤʠ 

ʙʫʜʫʪ ʣʶʙʳʝ ʩʦʩʪʦʷʥʠʷ ʚʠʜʘ (l, x), ʛʜʝ 1 < x < x*. ʀʩʪʠʥʥʦʩʪʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʬʦʨʤʫʣʳ ʤʝʰʘʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚʝʱʝʩʪʚʝʥʥʳʡ 

ʠʥʪʝʨʚʘʣ ʥʝ ʩʦʜʝʨʞʠʪ ʩʚʦʶ ʥʠʞʥʶʶ ʛʨʘʥ.ɹ ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʝʩʣʠ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʩʝʤʘʥʪʠʢʠ ʬʦʨʤʫʣʳ E[ű U ɣ] ʟʘʤʝʥʠʪʴ ʫʩʣʦʚʠʝ ű Ù ɣ ʥʘ 

ű, ʧʦʣʫʯʠʚ ʪʝʤ ʩʘʤʳʤ ʠʥʪʝʨʧʨʝʪʘʮʠʶ, ʘʥʘʣʦʛʠʯʥʫʶ ʢʣʘʩʩʠʯʝʩʢʦʡ, ʪʦ 

ʩʚʦʡʩʪʚʦ s0, wƝƏ E[(x Ò 1) U (x > 1)] ʜʣʷ ʫʢʘʟʘʥʥʦʛʦ ʚʨʝʤʝʥʥʦʛʦ 

ʘʚʪʦʤʘʪʘ ʚʳʧʦʣʥʷʪʴʩʷ ʥʝ ʙʫʜʝʪ. ʊʘʢʘʷ ʩʧʝʮʠʬʠʢʘ ʚʳʟʚʘʣʘ ʙʳ 

ʥʝʫʜʦʙʩʪʚʘ ʧʨʠ ʨʘʙʦʪʝ ʩ ʪʝʤʧʦʨʘʣʴʥʳʤʠ ʬʦʨʤʫʣʘʤʠ, ʠ ʧʦʵʪʦʤʫ ʜʣʷ 

ʬʦʨʤʫʣʳ ʚʠʜʘ E[ű U ɣ] ʚʳʙʨʘʥʘ ʜʨʫʛʘʷ ʩʝʤʘʥʪʠʢʘ, ʢʦʪʦʨʘʷ ʫʯʠʪʳʚʘʝʪ 

ʦʩʦʙʝʥʥʦʩʪʠ ʚʝʱʝʩʪʚʝʥʥʳʭ ʠʥʪʝʨʚʘʣʦʚ, ʠ ʚ ʢʦʪʦʨʦʡ ʪʘʢʘʷ ʬʦʨʤʫʣʘ, 

ʢʘʢ E[(x Ò 1) U (x > 1)], ʚʳʧʦʣʥʷʝʪʩʷ. ʕʪʘ ʩʝʤʘʥʪʠʢʘ ʜʣʷ ʬʦʨʤʫʣ ʩ 

ʯʘʩʦʚʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʦʢʘʟʳʚʘʝʪʩʷ ʙʦʣʝʝ ʫʜʘʯʥʦʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʥʝʪʘʡʤʠʨʦʚʘʥʥʳʭ ʣʦʛʠʢ, ʚ ʢʦʪʦʨʳʭ ʦʥʘ ʵʢʚʠʚʘʣʝʥʪʥʘ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʩʝʤʘʥʪʠʢʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʥʘ LTL-ʤʦʜʝʣʷʭ ʢʣʘʩʩʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ 

ʧʫʪʠ [Ŭ U ɓ] ʠ [(Ŭ Ù ɓ) U ɓ] ʵʢʚʠʚʘʣʝʥʪʥʳ (ʧʨʠ ʵʪʦʤ ʚʪʦʨʘʷ ʠʟ ʥʠʭ ʚ 

ʪʘʡʤʠʨʦʚʘʥʥʦʤ ʩʣʫʯʘʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʡ ʠʥʪʫʠʮʠʠ, ʢʦʪʦʨʘʷ ʚʣʦʞʝʥʘ 

ʚ ʩʝʤʘʥʪʠʢʫ TCTL-ʬʦʨʤʫʣ E[ű U ɣ] ʠ A[ű U ɣ]). ɼʣʷ ʧʨʠʥʷʪʦʡ 

ʩʝʤʘʥʪʢʠ ʪʘʡʤʠʨʦʚʘʥʥʳʭ ʬʦʨʤʫʣ ʥʘ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʘʭ 

ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʷʚʣʷʶʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʘʨʳ ʬʦʨʤʫʣ E[ű U ɣ] ʠ 

E[(ű Ù ɣ) U ɣ], A[ű U ɣ] ʠ A[(ű Ù ɣ) U ɣ]. 
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ʈʘʩʩʤʦʪʨʠʤ ʪʝʧʝʨʴ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʬʦʨʤʫʣʫ E[ű U<12 ɣ] ʠ 

ʩʦʩʪʦʷʥʠʝ s ʚ M. ʕʪʘ ʬʦʨʤʫʣʘ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʨʘʩʭʦʜʷʱʠʡʩʷ 

ʧʫʪʴ (ʥʘʯʠʥʘʶʱʠʡʩʷ ʚ s), ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʥʘʯʘʣʴʥʳʡ ʧʨʝʬʠʢʩ, 

ʧʨʦʜʣʝʚʘʶʱʠʡʩʷ ʤʝʥʝʝ 12 ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ, ʪʘʢʦʡ ʯʪʦ ɣ ʚʳʧʦʣʥʷʝʪʩʷ 

ʚ ʢʦʥʮʝ ʧʨʝʬʠʢʩʘ ʠ ű ʚʳʧʦʣʥʷʝʪʩʷ ʚʦ ʚʩʝʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ. ʌʦʨʤʫʣʘ A[ű U<12 ɣ] ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʵʪʦ ʩʚʦʡʩʪʚʦ ʙʳʣʦ 

ʚʝʨʥʳʤ ʜʣʷ ʚʩʝʭ ʨʘʩʭʦʜʷʱʠʭʩʷ ʧʫʪʝʡ, ʥʘʯʠʥʘʶʱʠʭʩʷ ʩ ʩʦʩʪʦʷʥʠ ̫s. 

ʈʘʩʰʠʨʝʥʠʝ ʚʳʨʘʟʠʪʝʣʴʥʦʩʪʠ CTL ʘʩʧʝʢʪʘʤʠ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʪʨʝʙʫʝʪ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʘʪʨʘʪ. ɺʩʧʦʤʥʠʤ, ʯʪʦ ʟʘʜʘʯʘ ʚʳʧʦʣʥʠʤʦʩʪʠ 

ʜʣʷ ʥʝʢʦʪʦʨʦʡ ʣʦʛʠʢʠ ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ: ʩʫʱʝʩʪʚʫʝʪ ʣʠ ʤʦʜʝʣʴ M 

(ʜʣʷ ʵʪʦʡ ʣʦʛʠʢʠ), ʪʘʢʘʷ ʯʪʦ MƝƏ ű ʜʣʷ ʟʘʜʘʥʥʦʡ ʬʦʨʤʫʣʳ ű? ɼʣʷ 

LTL ʠ CTL ʚʳʧʦʣʥʠʤʦʩʪʴ ʨʘʟʨʝʰʠʤʘ, ʥʦ ʜʣʷ TCTL ʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ 

ʟʘʜʘʯʘ ʚʳʧʦʣʥʠʤʦʩʪʠ ʩʠʣʴʥʦ ʥʝʨʘʟʨʝʰʠʤʘ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʜʣʷ 

ʙʦʣʴʰʠʥʩʪʚʘ ʣʦʛʠʢ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʟʘʜʘʯʘ ʚʳʧʦʣʥʠʤʦʩʪʠ 

ʥʝʨʘʟʨʝʰʠʤʘ: ʪʦʣʴʢʦ ʦʯʝʥʴ ʩʣʘʙʘʷ ʘʨʠʬʤʝʪʠʢʘ ʥʘʜ ʜʠʩʢʨʝʪʥʦʡ 

ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʴʶ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʣʦʛʠʢʝ, ʜʣʷ ʢʦʪʦʨʦʡ 

ʚʳʧʦʣʥʠʤʦʩʪʴ ʨʘʟʨʝʰʠʤʘ [40]. 

ɽʱʝ ʦʜʥʦ ʨʘʟʣʠʯʠʝ ʩ ʥʝʪʘʡʤʠʨʦʚʘʥʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʩʦʩʪʦʠʪ ʚ 

ʨʘʩʰʠʨʝʥʠʠ ʣʦʛʠʢʠ ʦʧʝʨʘʪʦʨʘʤʠ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ ï ʦʧʝʨʘʪʦʨʘʤʠ, 

ʢʦʪʦʨʳʝ ʩʩʳʣʘʶʪʩʷ ʥʘ ʧʨʦʰʣʦʝ ʚʤʝʩʪʦ ʙʫʜʫʱʝʛʦ (ʢʘʢ F, U ʠ G). 

ʇʨʠʤʝʨʘʤʠ ʦʧʝʨʘʪʦʨʦʚ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ X (ʜʚʦʡʩʪʚʝʥʥʳʡ 

ʢ X) ʠ U (ʜʚʦʡʩʪʚʝʥʥʳʡ ʢ U). ʀʟʚʝʩʪʥʦ, ʯʪʦ ʨʘʩʰʠʨʝʥʠʝ CTL ʠ LTL 

ʦʧʝʨʘʪʦʨʘʤʠ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ ʥʝ ʧʦʚʳʰʘʝʪ ʠʭ ʚʳʨʘʟʠʪʝʣʴʥʦʩʪʠ. 

ɻʣʘʚʥʘʷ ʧʨʠʯʠʥʘ ʨʘʩʩʤʦʪʨʝʥʠʷ ʪʘʢʠʭ ʦʧʝʨʘʪʦʨʦʚ ʜʣʷ ʵʪʠʭ ʣʦʛʠʢ 

ʩʦʩʪʦʠʪ ʚ ʫʚʝʣʠʯʝʥʠʠ ʫʜʦʙʩʪʚʘ ʩʧʝʮʠʬʠʢʘʮʠʠ ï ʥʝʢʦʪʦʨʳʝ ʩʚʦʡʩʪʚʘ 

ʣʝʛʯʝ ʬʦʨʤʫʣʠʨʦʚʘʪʴ, ʢʦʛʜʘ ʚʢʣʶʯʝʥʳ ʦʧʝʨʘʪʦʨʳ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ 

(ʧʨʠ ʵʪʦʤ ʬʦʨʤʫʣʳ ʧʦʣʫʯʘʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʢʦʨʦʯʝ). ɼʣʷ TCTL, 

ʦʜʥʘʢʦ, ʵʪʦ ʥʝ ʪʘʢ: ʨʘʩʰʠʨʝʥʠʝ TCTL ʦʧʝʨʘʪʦʨʘʤʠ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ 

ʫʚʝʣʠʯʠʚʘʝʪ ʝʝ ʚʳʨʘʟʠʪʝʣʴʥʦʩʪʴ [41]. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʝʡ ʜʣʷ ʪʘʢʦʡ 

ʣʦʛʠʢʠ, ʦʜʥʘʢʦ, ʚʩʝ ʝʱʝ ʚʦʟʤʦʞʥʘ, ʠ ʝʝ ʩʣʦʞʥʦʩʪʴ ʚ ʭʫʜʰʝʤ ʩʣʫʯʘʝ ʥʝ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 

 

2.5.5. ʉʧʝʮʠʬʠʢʘʮʠʷ ʚʨʝʤʝʥʥʳʭ ʩʚʦʡʩʪʚ ʚ TCTL 

ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʥʝʢʦʪʦʨʳʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ 

ʚʨʝʤʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʜʣʷ ʩʠʩʪʝʤ, ʢʨʠʪʠʯʥʳʭ ʢʦ ʚʨʝʤʝʥʠ, ʠ ʵʪʠ 

ʩʚʦʡʩʪʚʘ ʙʫʜʫʪ ʬʦʨʤʘʣʴʥʦ ʩʧʝʮʠʬʠʮʠʨʦʚʘʥʳ ʚ TCTL. 

1. ʊʨʝʙʦʚʘʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʟʘʜʝʨʞʢʠ: ʩʧʝʮʠʬʠʮʠʨʫʝʪ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʟʘʜʝʨʞʢʫ ʤʝʞʜʫ ʥʘʩʪʫʧʣʝʥʠʝʤ ʩʦʙʳʪʠʷ ʠ ʨʝʘʢʮʠʝʡ. 

ʅʘʧʨʠʤʝʨ, ʟʘ ʢʘʞʜʦʡ ʧʝʨʝʜʘʯʝʡ ʩʦʦʙʱʝʥʠʷ ʩʣʝʜʫʝʪ ʦʪʚʝʪ ʚ ʪʝʯʝʥʠʝ 

5 ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ. ʌʦʨʤʘʣʴʥʦ:  
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AG[send(m) ­ AF<5 receive(rm)], 

ʛʜʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ m ʠ rm ʫʥʠʢʘʣʴʥʳ, ʠ ʯʪʦ send(m) ʠ 

receive(rm) ʚʳʧʦʣʥʷʶʪʩʷ, ʝʩʣʠ m ʧʦʩʣʘʥʦ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʝʩʣʠ 

rm ʧʦʣʫʯʝʥʦ, ʠ ʥʝ ʚʳʧʦʣʥʷʶʪʩʷ ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ. 

2. ʊʨʝʙʦʚʘʥʠʝ ʪʦʯʥʦʩʪʠ: ʩʧʝʮʠʬʠʮʠʨʫʝʪ ʪʦʯʥʫʶ ʟʘʜʝʨʞʢʫ ʤʝʞʜʫ 

ʩʦʙʳʪʠʷʤʠ. ʅʘʧʨʠʤʝʨ, ʩʫʱʝʩʪʚʫʝʪ ʚʳʯʠʩʣʝʥʠʝ, ʚ ʪʝʯʝʥʠʝ ʢʦʪʦʨʦʛʦ 

ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʧʝʨʝʜʘʯʝʡ m ʠ ʧʦʣʫʯʝʥʠʝʤ ʦʪʚʝʪʘ ʩʦʩʪʘʚʣʷʝʪ 

ʨʦʚʥʦ 11 ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ. ʌʦʨʤʘʣʴʥʦ:  

EG[send(m) ­ AF=11 receive(rm)]. 

3. ʊʨʝʙʦʚʘʥʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ: ʩʧʝʮʠʬʠʮʠʨʫʝʪ ʫʩʣʦʚʠʝ, ʯʪʦ ʩʦʙʳʪʠʝ 

ʥʘʩʪʫʧʘʝʪ ʚ ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʝʨʠʦʜʘ. ʅʘʧʨʠʤʝʨ, 

ʨʘʩʩʤʦʪʨʠʤ ʤʘʰʠʥʫ, ʢʦʪʦʨʘʷ ʜʝʣʘʝʪ ʦʪʚʝʨʩʪʠʷ ʥʘ ʜʚʠʞʫʱʝʤʩʷ 

ʨʝʤʥʝ, ʢʦʪʦʨʳʡ ʧʝʨʝʤʝʱʘʝʪʩʷ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ. ɼʣʷ ʪʦʛʦ 

ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʨʘʚʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ 

ʦʪʚʝʨʩʪʠʷʤʠ ʥʘ ʨʝʤʥʝ, ʦʪ ʤʘʰʠʥʳ ʪʨʝʙʫʝʪʩʷ ʜʝʣʘʪʴ ʦʪʚʝʨʩʪʠʷ ʩ 

ʧʝʨʠʦʜʦʤ, ʥʘʧʨʠʤʝʨ, ʚ 25 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ. ʕʪʦ ʧʝʨʠʦʜʠʯʝʩʢʦʝ 

ʧʦʚʝʜʝʥʠʝ ʤʦʞʥʦ ʧʦʧʳʪʘʪʴʩʷ ʩʧʝʮʠʬʠʮʠʨʦʚʘʪʴ ʬʦʨʤʫʣʦʡ:  

AG[AF=25 putbox], 

ʛʜʝ ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ putbox ʚʳʧʦʣʥʷʝʪʩʷ, ʝʩʣʠ ʤʘʰʠʥʘ 

ʜʝʣʘʝʪ ʦʪʚʝʨʩʪʠʝ ʥʘ ʨʝʤʥʝ, ʠ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ. 

ʊʘʢʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ, ʦʜʥʘʢʦ, ʧʨʝʜʧʠʩʳʚʘʝʪ ʜʝʣʘʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʦʪʚʝʨʩʪʠʷ ʥʘ ʨʝʤʥʝ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʩʦʟʜʘʥʠʷʤʠ ʦʪʚʝʨʩʪʠʡ, ʠʥʪʝʨʚʘʣ ʤʝʞʜʫ 

ʢʦʪʦʨʳʤʠ 25 ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ. ʅʘʧʨʠʤʝʨ, ʤʘʰʠʥʘ, ʢʦʪʦʨʘʷ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʚʳʰʝʫʢʘʟʘʥʥʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ, ʜʦʣʞʥʘ ʜʝʣʘʪʴ 

ʦʪʚʝʨʩʪʠʷ ʥʘ ʨʝʤʥʝ ʥʝ ʪʦʣʴʢʦ ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 25, 50, 75, é, ʥʦ 

ʠ, ʥʘʧʨʠʤʝʨ, ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 35, 60, 85, é ʇʦʵʪʦʤʫ ʙʦʣʝʝ 

ʪʦʯʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ ʪʨʝʙʦʚʘʥʠʷ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʪʘʢʦʚʘ:  

AG[putbox ­ A[×putbox U=25 putbox]]. 

ʕʪʦ ʪʨʝʙʦʚʘʥʠʝ ʩʧʝʮʠʬʠʮʠʨʫʝʪ ʟʘʜʝʨʞʢʫ ʚ 25 ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ 

ʤʝʞʜʫ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʩʦʟʜʘʥʠʷʤʠ ʦʪʚʝʨʩʪʠʡ ʠ ʚʜʦʙʘʚʦʢ 

ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʪʘʢʠʝ ʩʦʙʳʪʠʷ ʥʝ ʩʣʫʯʘʣʠʩʴ ʚ ʧʨʦʤʝʞʫʪʢʘʭ
8
. 

4. ʊʨʝʙʦʚʘʥʠʝ ʤʠʥʠʤʘʣʴʥʦʡ ʟʘʜʝʨʞʢʠ: ʩʧʝʮʠʬʠʮʠʨʫʝʪ ʤʠʥʠʤʘʣʴʥʫʶ 

ʟʘʜʝʨʞʢʫ ʤʝʞʜʫ ʩʦʙʳʪʠʷʤʠ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʙʝʜʠʪʴʩʷ ʚ 

ʙʝʟʦʧʘʩʥʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʠʩʪʝʤʳ, ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʦʝʟʜʘʤʠ ʥʘ ʧʝʨʝʝʟʜʝ ʜʦʣʞʥʘ ʙʳʪʴ ʩʜʝʣʘʥʘ ʢʘʢ ʤʠʥʠʤʫʤ 180 

                                           
8
 ʄʦʞʥʦ ʧʦʠʥʪʝʨʝʩʦʚʘʪʴʩʷ, ʧʦʯʝʤʫ ʪʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʪʨʝʙʦʚʘʥʠʷ ʪʦʯʥʦʩʪʠ. ʕʪʦ ʩʣʝʜʫʝʪ ʠʟ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ rm ʫʥʠʢʘʣʴʥʦ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, receive(rm) ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʤʘʢʩʠʤʫʤ ʦʜʥʦʢʨʘʪʥʦ. ʕʪʦ 

ʥʝʚʝʨʥʦ ʜʣʷ ʧʨʝʜʠʢʘʪʘ putbox, ʪʘʢ ʢʘʢ ʩʦʟʜʘʥʠʝ ʦʪʚʝʨʩʪʠʡ ʥʘ ʨʝʤʥʝ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʦʚʪʦʨʷʶʱʠʤʩʷ ʧʨʦʮʝʩʩʦʤ. 
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ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ. ʇʫʩʪʴ tac ï ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, ʢʦʪʦʨʦʝ 

ʚʳʧʦʣʥʷʝʪʩʷ, ʢʦʛʜʘ ʧʦʝʟʜ ʥʘ ʧʝʨʝʝʟʜʝ. ʊʨʝʙʦʚʘʥʠʝ ʤʠʥʠʤʘʣʴʥʦʡ 

ʟʘʜʝʨʞʢʠ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

AG[tac ­ A[×tac UÓ180 tac]]. 

ʇʨʠʯʠʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ until-ʢʦʥʩʪʨʫʢʮʠʠ ʘʥʘʣʦʛʠʯʥʘ 

ʧʨʝʜʳʜʫʱʝʤʫ ʩʣʫʯʘʶ ʜʣʷ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

5. ʊʨʝʙʦʚʘʥʠʝ ʠʥʪʝʨʚʘʣʴʥʦʡ ʟʘʜʝʨʞʢʠ: ʩʧʝʮʠʬʠʮʠʨʫʝʪ ʫʩʣʦʚʠʝ ʥʘ 

ʩʦʙʳʪʠʝ, ʢʦʪʦʨʦʝ ʜʦʣʞʥʦ ʥʘʩʪʫʧʠʪʴ ʚ ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ 

ʠʥʪʝʨʚʘʣʘ ʧʦʩʣʝ ʜʨʫʛʦʛʦ ʩʦʙʳʪʠʷ. ʇʨʝʜʧʦʣʦʞʠʤ, ʥʘʧʨʠʤʝʨ, ʯʪʦ ʩ 

ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʩʠʩʪʝʤʳ ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ ʧʦʝʟʜʘ ʥʘʭʦʜʠʣʠʩʴ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

ʤʘʢʩʠʤʫʤ ʚ 900 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ. ɹʝʟʦʧʘʩʥʦʩʪʴ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʠʩʪʝʤʳ ʜʦʣʞʥʘ ʙʳʪʴ ʩʦʭʨʘʥʝʥʘ. ʌʦʨʤʘʣʴʥʦ, 

ʤʦʞʥʦ ʣʝʛʢʦ ʨʘʩʰʠʨʠʪʴ ʧʨʝʜʳʜʫʱʝʝ ʪʨʝʙʦʚʘʥʠʝ ʤʠʥʠʤʘʣʴʥʦʡ 

ʟʘʜʝʨʞʢʠ:  

AG[tac ­ (A[×tac UÓ180 tac] Ø A[×tac UÒ 900 tac])]. 

ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ:  

AG[tac ­ A[×tac U=180(AFÒ 720 tac)]]. 

ʕʪʘ ʬʦʨʤʫʣʘ ʩʧʝʮʠʬʠʮʠʨʫʝʪ ʫʩʣʦʚʠʝ, ʯʪʦ ʧʦʩʣʝ ʪʦʛʦ ʢʘʢ ʧʦʝʟʜ 

ʦʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʝʨʝʝʟʜʝ, ʧʨʦʭʦʜʠʪ 180 ʝʜʠʥʠʮ ʚʨʝʤʝʥʠ 

(ʪʨʝʙʦʚʘʥʠʝ ʙʝʟʦʧʘʩʥʦʩʪʠ) ʧʝʨʝʜ ʪʝʤ, ʢʘʢ ʧʨʠʙʫʜʝʪ ʩʣʝʜʫʶʱʠʡ 

ʧʦʝʟʜ, ʧʨʠʯʝʤ ʩʣʝʜʫʶʱʠʡ ʧʦʝʟʜ ʧʨʠʙʳʚʘʝʪ ʚ ʪʝʯʝʥʠʝ 

720 + 180 = 900 ʚʨʝʤʝʥʥʳʭ ʝʜʠʥʠʮ (ʪʨʝʙʦʚʘʥʠʝ ʧʨʦʧʫʩʢʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ). 

 

2.5.6. ʕʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʯʘʩʦʚʳʭ ʦʮʝʥʦʢ 

ʆʪʥʦʰʝʥʠʝ ʚʳʧʦʣʥʷʝʤʦʩʪʠ ƝƏ ʜʣʷ TCTL ʦʧʨʝʜʝʣʝʥʦ ʥʝ ʚ ʪʝʨʤʠʥʘʭ 

ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ, ʘ ʚ ʪʝʨʤʠʥʘʭ ʙʝʩʢʦʥʝʯʥʳʭ ʩʠʩʪʝʤ ʧʝʨʝʭʦʜʦʚ. 

ɿʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ ʤʦʞʝʪ ʣʝʛʢʦ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʘ ʚ ʪʝʨʤʠʥʘʭ M(A) ï ʩʠʩʪʝʤʳ ʧʝʨʝʭʦʜʦʚ ʥʘʜ A. ʇʫʩʪʴ 

s0 = (l0, v0) ï ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ M(A). ɿʜʝʩʴ l0 ï ʥʘʯʘʣʴʥʘʷ ʧʦʟʠʮʠʷ 

A, ʠ v0 ï ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ, ʢʦʪʦʨʘʷ ʧʨʠʩʚʘʠʚʘʝʪ ʥʫʣʝʚʦʝ ʟʥʘʯʝʥʠʝ ʚʩʝʤ 

ʯʘʩʘʤ ʠʟ A. ʊʝʧʝʨʴ ʤʦʞʥʦ ʬʦʨʤʘʣʠʟʦʚʘʪʴ ʫʪʚʝʨʞʜʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ 

ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʟʘʜʘʥʥʦʡ TCTL-ʬʦʨʤʫʣʝ. 

ɼʣʷ TCTL-ʬʦʨʤʫʣʳ ű ʠ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ A ʙʫʜʝʤ ʧʠʩʘʪʴ AƝƏ ű, 

ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ M(A), (s0, w0)ƝƏ ű, ʛʜʝ w0( y) = 0 ʜʣʷ ʚʩʝʭ 

ʬʦʨʤʫʣʴʥʳʭ ʯʘʩʦʚ y. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʟʘʜʘʯʘ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʩʦʩʪʦʠʪ ʚ ʦʧʨʝʜʝʣʝʥʠʠ, 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʣʠ ʟʘʜʘʥʥʳʡ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ A ʥʝʢʦʪʦʨʦʡ TCTL-

ʬʦʨʤʫʣʝ ű. ɹʘʟʦʡ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʠ ʘʚʪʦʤʘʪʘ A ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ 
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ʧʝʨʝʭʦʜʦʚ M(A). ɻʣʘʚʥʘʷ ʧʨʦʙʣʝʤʘ, ʦʜʥʘʢʦ, ʚ ʪʦʤ, ʯʪʦ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʩʦʩʪʦʷʥʠʡ M(A) ï ʤʥʦʞʝʩʪʚʦ L Ĭ V(C) ï ʷʚʣʷʝʪʩʷ ʙʝʩʢʦʥʝʯʥʳʤ! ʕʪʦ 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʦ ʥʘ ʨʠʩ. 2.33 (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ 

ʩ ʦʜʥʦʡ ʧʦʟʠʮʠʝʡ, ʠʥʚʘʨʠʘʥʪ ʚ ʢʦʪʦʨʦʡ ʨʘʚʝʥ true). 

. . . . . .. . . . . .x = 2.1

x = 0

x = 2 x = ˊ x = 27
 

ʈʠʩ. 2.33. ʇʨʠʤʝʨ ʙʝʩʢʦʥʝʯʥʦʡ ʩʠʩʪʝʤʳ ʧʝʨʝʭʦʜʦʚ 

ʂʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʚʝʨʷʪʴ, ʚʝʨʥʘ ʣʠ ʟʘʜʘʥʥʘʷ 

ʬʦʨʤʫʣʘ ʜʣʷ M(A), ʝʩʣʠ ʪʨʝʙʫʝʪʩʷ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʙʝʩʢʦʥʝʯʥʦʝ ʯʠʩʣʦ 

ʩʦʩʪʦʷʥʠʡ? 

ʀʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ 

ʯʠʩʣʦ ʩʦʩʪʦʷʥʠʡ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʙʝʩʢʦʥʝʯʥʦ. ʂʣʶʯʝʚʘʷ ʠʜʝʷ, 

ʢʦʪʦʨʘʷ ʫʧʨʦʱʘʝʪ ʧʨʦʚʝʨʢʫ ʤʦʜʝʣʝʡ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ (ʠ 

ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ), ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʚʚʝʩʪʠ ʧʦʜʭʦʜʷʱʝʝ 

ʦʪʥʦʰʝʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (º) ʥʘ ʯʘʩʦʚʳʭ ʦʮʝʥʢʘʭ, ʪʘʢʦʝ ʯʪʦ 

ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ: ʢʦʨʨʝʢʪʥʦʩʪʴ (ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʯʘʩʦʚʳʝ ʦʮʝʥʢʠ 

ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʜʠʥʘʢʦʚʳʤ TCTL-ʬʦʨʤʫʣʘʤ) ʠ ʢʦʥʝʯʥʦʩʪʴ (ʯʠʩʣʦ 

ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘʜ º ʢʦʥʝʯʥʦ). 

ʉʚʦʡʩʪʚʦ ʢʦʥʝʯʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʥʠʪʴ ʙʝʩʢʦʥʝʯʥʦʝ ʤʥʦʞʝʩʪʚʦ 

ʯʘʩʦʚʳʭ ʦʮʝʥʦʢ ʢʦʥʝʯʥʳʤ ʤʥʦʞʝʩʪʚʦʤ (ʤʥʦʞʝʩʪʚʘʤʠ). ɺʜʦʙʘʚʦʢ 

ʩʚʦʡʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʛʘʨʘʥʪʠʨʫʝʪ, ʯʪʦ ʜʣʷ ʤʦʜʝʣʠ M ʵʪʠ ʯʘʩʦʚʳʝ 

ʦʮʝʥʢʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʪʝʤ ʞʝ TCTL-ʬʦʨʤʫʣʘʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝ 

ʩʫʱʝʩʪʚʫʝʪ TCTL-ʬʦʨʤʫʣʳ, ʢʦʪʦʨʘʷ ʨʘʟʣʠʯʘʝʪ ʙʝʩʢʦʥʝʯʥʫʶ ʠ 

ʵʢʚʠʚʘʣʝʥʪʥʫʶ ʝʡ ʢʦʥʝʯʥʫʶ ʯʘʩʦʚʫʶ ʦʮʝʥʢʫ. ʌʦʨʤʘʣʴʥʦ, ʜʣʷ ʣʶʙʦʛʦ 

ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ A ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʝʤʫ ʩʦʦʪʥʦʰʝʥʠʶ: 

M(A), ((l, v), w)ƝƏ ű ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ M(A), ((l, v' ), w')ƝƏ ű 

ʜʣʷ v Ç w º v' Ç w'. 

ʂʣʶʯʝʚʦʝ ʥʘʙʣʶʜʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʪ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʵʪʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʫʪʠ ʚʨʝʤʝʥʥʦʛʦ 

ʘʚʪʦʤʘʪʘ A, ʥʘʯʠʥʘʶʱʠʝʩʷ ʚ ʩʦʩʪʦʷʥʠʷʭ, ʢʦʪʦʨʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʚ 

ʮʝʣʳʭ ʯʘʩʪʷʭ ʟʥʘʯʝʥʠʡ ʚʩʝʭ ʯʘʩʦʚ ʠ ʚ ʧʦʨʷʜʢʝ ʜʨʦʙʥʳʭ ʯʘʩʪʝʡ ʚʩʝʭ 

ʯʘʩʦʚ, ʦʯʝʥʴ ʧʦʭʦʞʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʚʨʝʤʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ 

ʚ TCTL-ʬʦʨʤʫʣʘʭ ʩʩʳʣʘʶʪʩʷ ʪʦʣʴʢʦ ʥʘ ʥʘʪʫʨʘʣʴʥʳʝ ʯʠʩʣʘ, ʥʝ 

ʩʫʱʝʩʪʚʫʝʪ TCTL-ʬʦʨʤʫʣʳ, ʢʦʪʦʨʘʷ ʨʘʟʣʠʯʘʝʪ ʵʪʠ çʧʦʯʪʠ 

ʦʜʠʥʘʢʦʚʳʝè ʧʫʪʠ. ɻʨʫʙʦ ʛʦʚʦʨʷ, ʜʚʝ ʯʘʩʦʚʳʭ ʦʮʝʥʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳ, 

ʝʩʣʠ ʦʥʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʜʚʫʤ ʚʳʰʝʫʧʦʤʷʥʫʪʳʤ ʦʛʨʘʥʠʯʝʥʠʷʤ. 

ʂʨʦʤʝ ʪʦʛʦ, ʝʩʣʠ ʧʦʢʘʟʘʪʝʣʴ ʯʘʩʦʚ ʧʨʝʚʳʰʘʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ 
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ʢʦʥʩʪʘʥʪʫ, ʩ ʢʦʪʦʨʦʡ ʦʥ ʩʨʘʚʥʠʚʘʝʪʩʷ, ʪʦ ʝʛʦ ʪʦʯʥʘʷ ʚʝʣʠʯʠʥʘ ʥʝ 

ʠʤʝʝʪ ʟʥʘʯʝʥʠʷ. ʕʪʦ ʥʘʙʣʶʜʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʯʠʩʣʦ ʢʣʘʩʩʦʚ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝ ʪʦʣʴʢʦ ʩʯʝʪʥʳʤ, ʥʦ ʠ 

ʢʦʥʝʯʥʳʤ. 

ʊʦʪ ʬʘʢʪ, ʯʪʦ ʯʠʩʣʦ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʢʦʥʝʯʥʦ ʠ 

ʵʢʚʠʚʘʣʝʥʪʥʳʝ TCTL-ʤʦʜʝʣʠ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ ʫʜʦʚʣʝʪʚʦʨʷʶʪ 

ʦʜʠʥʘʢʦʚʳʤ ʬʦʨʤʫʣʘʤ, ʥʘʚʦʜʠʪ ʥʘ ʤʳʩʣʴ ʦ ʪʦʤ, ʯʪʦ ʧʨʦʚʝʨʢʘ 

ʤʦʜʝʣʝʡ ʜʦʣʞʥʘ ʚʳʧʦʣʥʷʪʴʩʷ ʥʘ ʙʘʟʝ ʵʪʠʭ ʢʣʘʩʩʦʚ. ʂʦʥʝʯʥʘʷ ʤʦʜʝʣʴ, 

ʢʦʪʦʨʘʷ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ A, ʥʘʟʳʚʘʝʪʩʷ ʝʛʦ 

ʨʝʛʠʦʥʥʳʤ ʘʚʪʦʤʘʪʦʤ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘʜ 

º ʥʘʟʳʚʘʶʪʩʷ ʨʝʛʠʦʥʘʤʠ. ʇʨʦʚʝʨʢʘ ʤʦʜʝʣʠ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʦʜʠʪʩʷ ʢ ʧʨʦʚʝʨʢʝ ʤʦʜʝʣʝʡ ʩʚʷʟʘʥʥʦʛʦ ʩ ʥʠʤ 

ʢʦʥʝʯʥʦʛʦ ʨʝʛʠʦʥʥʦʛʦ ʘʚʪʦʤʘʪʘ. ʕʪʘ ʩʚʦʜʥʘʷ ʟʘʜʘʯʘ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʰʝʥʘ ʪʝʤ ʞʝ ʧʫʪʝʤ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ 

ʚʝʪʚʷʱʝʡʩʷ ʪʝʤʧʦʨʘʣʴʥʦʡ ʣʦʛʠʢʠ CTL ï ʧʫʪʝʤ ʠʪʝʨʘʪʠʚʥʦʡ 

ʤʘʨʢʠʨʦʚʢʠ ʩʦʩʪʦʷʥʠʡ ʧʦʜʬʦʨʤʫʣʘʤʠ ʧʨʦʚʝʨʷʝʤʦʛʦ ʩʚʦʡʩʪʚʘ (ʙʫʜʝʪ 

ʨʘʩʩʤʦʪʨʝʥʦ ʧʦʟʜʥʝʝ). ʇʦʵʪʦʤʫ, ʛʨʫʙʦ ʛʦʚʦʨʷ, ʧʨʦʚʝʨʢʘ ʤʦʜʝʣʠ 
ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ TCTL-ʬʦʨʤʫʣʳ ʵʢʚʠʚʘʣʝʥʪʥʘ 
ʧʨʦʚʝʨʢʝ ʤʦʜʝʣʠ ʝʛʦ ʨʝʛʠʦʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ CTL-
ʬʦʨʤʫʣʳ. 

ʇʦʜʚʝʜʷ ʠʪʦʛ, ʠʟʣʦʞʠʤ ʤʝʪʦʜ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʣʷ TCTL-ʬʦʨʤʫʣʳ 

ű ʥʘʜ ʚʨʝʤʝʥʥʳʤ ʘʚʪʦʤʘʪʦʤ A. ʆʙʦʟʥʘʯʠʤ ʢʣʘʩʩ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ 

ʯʘʩʦʚʦʡ ʦʮʝʥʢʠ v ʥʘʜ ʦʪʥʦʰʝʥʠʝʤ º ʯʝʨʝʟ [v]. ʂʘʢ ʙʫʜʝʪ ʫʢʘʟʘʥʦ 

ʥʠʞʝ, ʨʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ ʯʘʩʦʚʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ 

ʧʨʦʚʝʨʷʝʤʦʡ ʬʦʨʤʫʣʝ, ʥʦ ʫʯʝʪ ʵʪʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩ ʮʝʣʴʶ ʫʧʨʦʱʝʥʠʷ 

ʟʜʝʩʴ ʦʧʫʩʢʘʝʪʩʷ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ (l, [v]) ʯʝʨʝʟ [s] ʜʣʷ s = (l, v). ʂʨʦʤʝ 

ʪʦʛʦ, ʙʫʜʝʤ ʧʠʩʘʪʴ [s, w] ʢʘʢ ʩʦʢʨʘʱʝʥʠʝ ʜʣʷ (l, [v Ç w]), ʛʜʝ w ï 

ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ ʥʘʜ ʬʦʨʤʫʣʴʥʳʤʠ ʯʘʩʘʤʠ. ʊʘʢʞʝ ʜʣʷ s = (l, v) ʠ 

s' = (l', v') ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʟʘʧʠʩʴ s, w º s', w', ʧʦʜʨʘʟʫʤʝʚʘʷ ʧʦʜ 

ʵʪʠʤ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʚʳʧʦʣʥʝʥʠʝ ʨʘʚʝʥʩʪʚʘ l = l' ʠ ʫʩʣʦʚʠʷ 

v Ç w º v' Ç w'. 

ɹʘʟʦʚʳʡ ʩʧʦʩʦʙ ʧʨʦʚʝʨʢʠ TCTL-ʤʦʜʝʣʝʡ ʜʣʷ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ 

ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ: 

1. ʆʧʨʝʜʝʣʠʪʴ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (ʨʝʛʠʦʥʳ) ʥʘʜ ʦʪʥʦʰʝʥʠʝʤ º. 

2. ʇʦʩʪʨʦʠʪʴ ʨʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ R(A). 

3. ʇʨʠʤʝʥʠʪʴ ʧʨʦʮʝʜʫʨʫ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ CTL ʢ R(A). 

4. AƝƏ ű ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ [s0, w0] Í Sat
R
(ű). 



 130 

ɺ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʧʦʩʪʨʦʝʥʠʝ ʨʝʛʠʦʥʥʦʛʦ 

ʘʚʪʦʤʘʪʘ R(A). ʅʘʯʥʝʤ ʩ ʦʙʩʫʞʜʝʥʠʷ ʚ ʜʝʪʘʣʷʭ ʠʜʝʡ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ 

ʚʳʰʝ ʦʪʥʦʰʝʥʠʷ º. ʊʘʢ ʢʘʢ ʠʜʝʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʠʤʝʝʪ ʢʣʶʯʝʚʫʶ 

ʚʘʞʥʦʩʪʴ ʜʣʷ ʵʪʦʛʦ ʧʦʜʭʦʜʘ, ʝʝ ʦʧʨʝʜʝʣʝʥʠʝ ʙʫʜʝʪ ʧʦʷʩʥʝʥʦ 

ʧʨʠʤʝʨʘʤʠ. 

ɼʘʣʝʝ ʧʨʠ ʟʘʧʠʩʠ ʯʘʩʦʚʳʭ ʦʮʝʥʦʢ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʥʦʪʘʮʠʷ. 

ɼʣʷ ʯʘʩʦʚʦʡ ʦʮʝʥʢʠ v: C ­ +<  ʠ ʯʘʩʦʚ x Í C ʧʫʩʪʴ v(x) = [x] + { x}, ʛʜʝ 

[x] ï ʵʪʦ ʮʝʣʘʷ ʯʘʩʪʴ ʟʥʘʯʝʥʠʷ ʯʘʩʦʚ ʠ {x} ï ʜʨʦʙʥʘʷ ʯʘʩʪʴ. ʅʘʧʨʠʤʝʨ, 

ʜʣʷ v(x) = 2.134 ʠʤʝʝʤ [x] = 2 ʠ {x}  = 0.134. ʇʦʩʪʨʦʝʥʠʝ ʦʪʥʦʰʝʥʠʷ º 

ʥʘ ʯʘʩʦʚʳʭ ʦʮʝʥʢʘʭ ʠʩʭʦʜʠʪ ʠʟ ʯʝʪʳʨʝʭ ʥʘʙʣʶʜʝʥʠʡ, ʢʦʪʦʨʳʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʝʜʫʪ ʢ ʫʣʫʯʰʝʥʠʶ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. ʇʫʩʪʴ v ʠ v' ï ʜʚʝ ʯʘʩʦʚʳʭ ʦʮʝʥʢʠ, ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ C. 

ʇʝʨʚʦʝ ʥʘʙʣʶʜʝʥʠʝ. ʈʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ, ʠʟʦʙʨʘʞʝʥʥʳʡ 

ʥʘ ʨʠʩ. 2.34, ʠ ʩʣʝʜʫʶʱʠʝ ʩʦʩʪʦʷʥʠʷ ʘʚʪʦʤʘʪʘ: (l0, v) ʠ (l0, v') ʩ 

v(x) = 3.2 ʠ v'(x) = 3.7. ɺ ʦʙʦʠʭ ʩʦʩʪʦʷʥʠʷʭ ʨʝʙʨʦ ʠʟ ʧʦʟʠʮʠʠ l0 ʚ l1 

ʘʢʪʠʚʥʦ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʧʨʝʚʦʩʭʦʜʷʱʠʡ ʠʣʠ ʨʘʚʥʳʡ 2. 

ɼʨʦʙʥʳʝ ʯʘʩʪʠ v(x) ʠ v'(x) ʥʝ ʚʣʠʷʶʪ ʥʘ ʝʛʦ ʘʢʪʠʚʥʦʩʪʴ. ɸʥʘʣʦʛʠʯʥʦ, 

ʝʩʣʠ v(x) = 1.2 ʠ v'(x) = 1.7, ʪʦ ʨʝʙʨʦ ʙʣʦʢʠʨʦʚʘʥʦ ʜʣʷ ʦʙʝʠʭ ʯʘʩʦʚʳʭ 

ʦʮʝʥʦʢ ʠ ʜʨʦʙʥʳʝ ʯʘʩʪʠ ʩʥʦʚʘ ʥʝʩʫʱʝʩʪʚʝʥʥʳ. ʇʦʩʢʦʣʴʢʫ, ʚʦʦʙʱʝ 

ʛʦʚʦʨʷ, ʯʘʩʦʚʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʠʤʝʶʪ ʚʠʜ x ~ c, ʛʜʝ c Í8, ʤʦʞʥʦ 
ʩʯʠʪʘʪʴ, ʯʪʦ ʪʦʣʴʢʦ ʮʝʣʳʝ ʯʘʩʪʠ ʯʘʩʦʚ ʠʤʝʶʪ ʟʥʘʯʝʥʠʝ. ʕʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʧʝʨʚʦʤʫ ʧʨʝʜʣʦʞʝʥʠʶ ʦʙ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʯʘʩʦʚ: 

Ç v º v', ʪʦʣʴʢʦ ʝʩʣʠ [v(x)] = [v'(x)] ʜʣʷ ʚʩʝʭ x Í C. (*)  

ʕʪʘ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʘʷ ʠʜʝʷ ʧʨʠʚʦʜʠʪ ʢ ʩʯʝʪʥʦʤʫ (ʥʦ ʚʩʝ ʝʱʝ 

ʙʝʩʢʦʥʝʯʥʦʤʫ) ʯʠʩʣʫ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʥʦ ʵʪʦ ʩʣʠʰʢʦʤ 

ʛʨʫʙʦʝ ʜʝʣʝʥʠʝ. ʇʨʠʯʠʥʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʵʪʦ ʜʝʣʝʥʠʝ 

ʦʪʦʞʜʝʩʪʚʣʷʝʪ ʯʘʩʦʚʳʝ ʦʮʝʥʢʠ, ʢʦʪʦʨʳʝ ʨʘʟʣʠʯʠʤʳ ʚ ʪʝʨʤʠʥʘʭ 

TCTL-ʬʦʨʤʫʣ. 

x Ó 2

{ x}

l0 l1

 

ʈʠʩ. 2.34. ʏʘʩʦʚʳʝ ʦʮʝʥʢʠ, ʩʦʛʣʘʩʫʶʱʠʝʩʷ ʚ ʮʝʣʳʭ ʯʘʩʪʷʭ, ʵʢʚʠʚʘʣʝʥʪʥʳ 

ɺʪʦʨʦʝ ʥʘʙʣʶʜʝʥʠʝ. ʈʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘ ʨʠʩ. 2.35 ʠ 

ʩʣʝʜʫʶʱʠʝ ʝʛʦ ʩʦʩʪʦʷʥʠʷ: s = (l0, v) ʠ s' = (l0, v') ʩ v(x) = 0.4, v'(x) = 0.2 

ʠ v( y) = v'( y) = 0.3. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʚʳʰʝ 

ʧʨʝʜʣʦʞʝʥʠʝʤ, ʤʦʞʥʦ ʠʤʝʪʴ v º v', ʪʘʢ ʢʘʢ [v(x)] = [v'(x)] = 0 ʠ ʪʦ ʞʝ 

ʩʘʤʦʝ ʜʣʷ ʯʘʩʦʚ y. ʆʜʥʘʢʦ ʠʟ ʩʦʩʪʦʷʥʠʷ s ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʧʦʟʠʮʠʠ l2, 
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ʪʦʛʜʘ ʢʘʢ ʵʪʦ ʥʝʚʦʟʤʦʞʥʦ ʜʣʷ ʩʦʩʪʦʷʥʠʷ s'. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʈʘʩʩʤʦʪʨʠʤ ʩʦʩʪʦʷʥʠʝ s ʯʝʨʝʟ 0.6 ʝʜʠʥʠʮʳ 

ʚʨʝʤʝʥʠ. ɽʛʦ ʯʘʩʦʚʘʷ ʦʮʝʥʢʘ v + 0.6 ʦʟʥʘʯʘʝʪ (v + 0.6)(x) = 1 ʠ 

(v + 0.6)( y) = 0.9. ɺ ʵʪʦʡ ʯʘʩʦʚʦʡ ʦʮʝʥʢʝ ʨʝʙʨʦ, ʢʦʪʦʨʦʝ ʚʝʜʝʪ ʠʟ l0 ʚ l1, 

ʘʢʪʠʚʥʦ. ɽʩʣʠ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʵʪʦʛʦ ʨʝʙʨʘ ʚ ʧʦʟʠʮʠʠ l1 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʦʜʦʞʜʘʪʴ 0.1 ʝʜʠʥʠʮʳ ʚʨʝʤʝʥʠ, ʪʦ ʨʝʙʨʦ, ʢʦʪʦʨʦʝ 

ʚʝʜʝʪ ʚ ʧʦʟʠʮʠʶ l2, ʩʪʘʥʝʪ ʘʢʪʠʚʥʳʤ. ɼʣʷ s' ʥʝ ʩʫʱʝʩʪʚʫʝʪ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʩʮʝʥʘʨʠʷ. ʏʪʦʙʳ ʧʦʧʘʩʪʴ ʠʟ ʩʦʩʪʦʷʥʠʷ s' ʚ ʧʦʟʠʮʠ ʁ l1, 

ʧʦʢʘʟʘʥʠʷ ʯʘʩʦʚ x ʜʦʣʞʥʳ ʙʳʪʴ ʫʚʝʣʠʯʝʥʳ ʥʘ 0.8 ʝʜʠʥʠʮʳ ʚʨʝʤʝʥʠ. 

ʆʜʥʘʢʦ ʪʝʧʝʨʴ v'( y) = 1.1 ʠ ʨʝʙʨʦ ʚ l2 ʙʫʜʝʪ ʧʦʩʪʦʷʥʥʦ ʙʣʦʢʠʨʦʚʘʥʦ. 

ɺʘʞʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ v ʠ v' ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ {v(x)}  > { v( y)}, ʥʦ 

{ v'(x)}  < { v'(y)}. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʝʤʫ ʨʘʩʰʠʨʝʥʠʶ 

ʧʨʝʜʣʦʞʝʥʠʷ (*): 

Ç { v(x)}  Ò { v( y)} ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ {v'(x)}  Ò { v'( y)}   

ʜʣʷ ʚʩʝʭ x, y Í C. (**)  

ʈʝʟʫʣʴʪʠʨʫʶʱʘʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʩʥʦʚʘ ʧʨʠʚʦʜʠʪ ʢ ʩʯʝʪʥʦʤʫ ʯʠʩʣʫ 

ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʥʦ ʚʩʝ ʝʱʝ ʩʣʠʰʢʦʤ ʛʨʫʙʘʷ. 

y = 1
l1 l2

x = 1
l0

 

ʈʠʩ. 2.35. ʇʦʨʷʜʦʢ ʜʨʦʙʥʳʭ ʯʘʩʪʝʡ ʯʘʩʦʚʳʭ ʦʮʝʥʦʢ ʚ ʨʘʟʣʠʯʥʳʭ ʯʘʩʘʭ ʚʘʞʝʥ 

ʊʨʝʪʴʝ ʥʘʙʣʶʜʝʥʠʝ. ʈʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘ ʨʠʩ. 2.36 ʠ 

ʩʣʝʜʫʶʱʠʝ ʩʦʩʪʦʷʥʠʷ: s = (l0, v) ʠ s' = (l0, v') ʩ v(x) = 0 ʠ v'(x) = 0.1. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʝʜʣʦʞʝʥʠʷʤʠ (*) ʠ (**) ʠʤʝʝʤ v º v', ʦʜʥʘʢʦ, ʚ 

ʩʦʩʪʦʷʥʠʷʭ s ʠ s' ʚʳʧʦʣʥʷʶʪʩʷ ʨʘʟʥʳʝ ʬʦʨʤʫʣʳ. ʅʘʧʨʠʤʝʨ, 

s, wƝƏ EF=1 p, ʥʦ s', w |=/EF=1 p, ʛʜʝ p ï ʘʪʦʤʘʨʥʦʝ ʧʨʝʜʣʦʞʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʚʝʨʥʦ ʪʦʣʴʢʦ ʚ ʧʦʟʠʮʠʠ l1. ɻʣʘʚʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ v ʠ v' 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʯʘʩʳ x ʚ s ʚ ʪʦʯʥʦʩʪʠ ʨʘʚʥʳ 0, ʪʦʛʜʘ ʢʘʢ ʚ 

ʩʦʩʪʦʷʥʠʠ s' ʦʥʠ ʫʞʝ ʧʨʦʰʣʠ ʯʝʨʝʟ 0. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʰʠʨʝʥʠʶ 

ʧʨʝʜʣʦʞʝʥʠʡ (*) ʠ (**) ʩʣʝʜʫʶʱʠʤ ʫʩʣʦʚʠʝʤ: 

Ç { v(x)}  = 0 ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ {v'(x)}  = 0 ʜʣʷ ʚʩʝʭ x Í C. (***)  

ʈʝʟʫʣʴʪʠʨʫʶʱʘʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʙʦʣʴʰʝ ʥʝ ʷʚʣʷʝʪʩʷ ʩʣʠʰʢʦʤ 

ʛʨʫʙʦʡ, ʥʦ ʚʩʝ ʝʱʝ ʚʝʜʝʪ ʢ ʙʝʩʢʦʥʝʯʥʦʤʫ, ʘ ʥʝ ʢʦʥʝʯʥʦʤʫ ʯʠʩʣʫ 

ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. 

x = 1
l0 l1

 

ʈʠʩ. 2.36. ʎʝʣʦʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʯʘʩʦʚ 

ʜʦʣʞʥʳ ʙʳʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʜʨʫʛ ʩ ʜʨʫʛʦʤ 
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ʏʝʪʚʝʨʪʦʝ ʥʘʙʣʶʜʝʥʠʝ. ʇʫʩʪʴ cx ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʢʦʥʩʪʘʥʪʘ, ʩ 

ʢʦʪʦʨʦʡ ʯʘʩʳ x ʩʨʘʚʥʠʚʘʶʪʩʷ ʚ ʯʘʩʦʚʦʤ ʦʛʨʘʥʠʯʝʥʠʠ ʚʠʜʘ x ~ c ʠʣʠ 

x ï y ~ c ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʚʨʝʤʝʥʥʦʤ ʘʚʪʦʤʘʪʝ. ʕʪʦ ʯʘʩʦʚʦʝ 

ʦʛʨʘʥʠʯʝʥʠʝ ʧʦʷʚʣʷʝʪʩʷ ʚ ʘʢʪʠʚʠʨʫʶʱʝʤ ʫʩʣʦʚʠʠ, ʩʚʷʟʘʥʥʦʤ ʩ 

ʨʝʙʨʦʤ, ʠʣʠ ʚ ʠʥʚʘʨʠʘʥʪʝ. ʇʦʩʢʦʣʴʢʫ cx ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʴʰʝʡ 

ʢʦʥʩʪʘʥʪʦʡ, ʩ ʢʦʪʦʨʦʡ x ʩʨʘʚʥʠʚʘʝʪʩʷ, ʦʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʝʩʣʠ 

v(x) > cx, ʪʦ ʬʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ x ʥʝʩʫʱʝʩʪʚʝʥʥʦ. ʉʘʤʦʛʦ ʬʘʢʪʘ, ʯʪʦ 

v(x) > cx, ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʚʩʝʭ ʨʝʙʝʨ ʚʦ 

ʚʨʝʤʝʥʥʦʤ ʘʚʪʦʤʘʪʝ. 

ɺ ʢʦʤʙʠʥʘʮʠʠ ʩ ʪʨʝʤʷ ʚʳʰʝʫʢʘʟʘʥʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʵʪʦ ʥʘʙʣʶʜʝʥʠʝ 

ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʝʯʥʦʤʫ ʯʠʩʣʫ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʢʣʘʩʩʦʚ ʚʘʞʥʳ ʮʝʣʳʝ ʯʘʩʪʠ ʯʘʩʦʚ ʚʧʣʦʪʴ ʜʦ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʛʨʘʥʠʮʳ ((*) ʠ ʯʝʪʚʝʨʪʦʝ ʥʘʙʣʶʜʝʥʠʝ) ʧʣʶʩ ʧʦʨʷʜʦʢ ʠʭ 

ʜʨʦʙʥʳʭ ʯʘʩʪʝʡ (**) ʠ ʬʘʢʪ, ʨʘʚʥʳ ʜʨʦʙʥʳʝ ʯʘʩʪʠ ʥʫʣʶ ʠʣʠ ʥʝʪ (***). 

ʇʦʩʣʝʜʥʠʝ ʜʚʘ ʫʩʣʦʚʠʷ ʪʝʧʝʨʴ ʪʘʢʞʝ ʚʘʞʥʳ, ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʯʘʩʳ ʥʝ ʧʨʝʚʳʰʘʶʪ ʠʭ ʛʨʘʥʠʮʫ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ v(y) > cy, ʪʦ 

ʨʘʚʝʥʩʪʚʦ ʜʨʦʙʥʦʡ ʯʘʩʪʠ y ʥʫʣʶ ʥʝ ʠʛʨʘʝʪ ʨʦʣʠ, ʪʘʢ ʢʘʢ ʟʥʘʯʝʥʠʝ y ʚ 

ʣʶʙʦʤ ʩʣʫʯʘʝ ʙʦʣʴʰʝ ʥʝ ʙʫʜʝʪ ʧʨʦʚʝʨʝʥʦ. 

ɺ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʧʨʠʭʦʜʠʤ ʢ ʩʣʝʜʫʶʱʝʤʫ ʦʧʨʝʜʝʣʝʥʠʶ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʯʘʩʦʚ. 

ʇʫʩʪʴ A ï ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʤʥʦʞʝʩʪʚʦʤ ʯʘʩʦʚ C ʠ v, v' Í V(ʉ). 

ʊʦʛʜʘ v º v', ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʧʦʣʥʷʶʪʩʷ ʯʝʪʳʨʝ 

ʫʩʣʦʚʠʷ: 

1. [v(x)] = [v'(x)] ʠʣʠ v(x) > cx ʠ v'(x) > cx ʜʣʷ ʚʩʝʭ x Í C. 

2. { v(x)}  Ò { v( y)}, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ {v'(x)}  Ò { v'(y)} ʜʣʷ ʚʩʝʭ 

x, y Í C, ʪʘʢʠʭ ʯʪʦ v(x) Ò cx ʠ v( y) Ò cy. 

3. { v(x)}  = 0, ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ {v'(x)}  = 0 ʜʣʷ ʚʩʝʭ x Í C ʧʨʠ 

v(x) Ò cx. 

4. ɼʣʷ ʣʶʙʦʡ ʧʦʜʬʦʨʤʫʣʳ ʚʠʜʘ x ï y ~ c ʚ ʯʘʩʦʚʳʭ ʦʛʨʘʥʠʯʝʥʠʷʭ ʠ 

ʣʶʙʦʛʦ ~~ Í {<, Ò} ʥʝʨʘʚʝʥʩʪʚʦ v(x) ï v( y) ~~ c ʚʝʨʥʦ, ʝʩʣʠ ʠ 

ʪʦʣʴʢʦ ʝʩʣʠ v'(x) ï v'( y) ~~ c. 

ʕʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʠʟʤʝʥʝʥʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙ  rʦʪʥʦʰʝʥʠʝ º ʙr ʣʦ ʦʧʨʝʜʝʣʝʥʦ ʥʘ ʤʥʦʞʝʩʪʚʝ ʯʘʩʦʚ C', ʪʘʢʦʤ 

ʯʪʦ C Ì C'. ʕʪʦ ʦʭʚʘʪʠʪ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʚ C' ʪʘʢʞʝ ʚʢʣʶʯʝʥʳ 

ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ (ʧʦʤʠʤʦ ʯʘʩʦʚ ʘʚʪʦʤʘʪʘ). ɼʣʷ ʬʦʨʤʫʣʴʥʳʭ ʯʘʩʦʚ z 

ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʚʦʡʩʪʚʝ ű ʟʥʘʯʝʥʠʝ cz ï ʥʘʠʙʦʣʴʰʘʷ ʢʦʥʩʪʘʥʪʘ, ʩ 

ʢʦʪʦʨʦʡ z ʩʨʘʚʥʠʚʘʝʪʩʷ ʚ ʯʘʩʦʚʦʤ ʦʛʨʘʥʠʯʝʥʠʠ ʚʠʜʘ z ~ c ʠʣʠ z ï y ~ c, 

ʩʦʜʝʨʞʘʱʝʤʩʷ ʚ ʬʦʨʤʫʣʝ ű. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʬʦʨʤʫʣʳ 

z in AF[(p Ø z Ò 3) Ù (q Ø z > 4) Ø (z ï x > 5)] ʟʥʘʯʝʥʠʝ cz ʨʘʚʥʦ 5. 
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ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʥʘ ʨʠʩ. 2.30 (ʘ). ʆʥ ʠʤʝʝʪ 

ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚ {x} ʩ cx = 2, ʪʘʢ ʢʘʢ ʝʜʠʥʩʪʚʝʥʥʦʝ ʯʘʩʦʚʦʝ 

ʦʛʨʘʥʠʯʝʥʠʝ x Ó 2. ɹʫʜʝʤ ʧʦʩʪʝʧʝʥʥʦ ʩʪʨʦʠʪʴ ʨʝʛʠʦʥʳ ʵʪʦʛʦ ʘʚʪʦʤʘʪʘ 

ʧʫʪʝʤ ʨʘʩʩʤʦʪʨʝʥʠʷ ʢʘʞʜʦʛʦ ʫʩʣʦʚʠʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʦʪʥʦʰʝʥʠʷ º ʧʦ 

ʦʪʜʝʣʴʥʦʩʪʠ. ʏʘʩʦʚʳʝ ʦʮʝʥʢʠ v ʠ v' ʵʢʚʠʚʘʣʝʥʪʥʳ, ʝʩʣʠ v(x) ʠ v'(x) 

ʧʨʠʥʘʜʣʝʞʘʪ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʢʣʘʩʩʫ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘ 

ʚʝʱʝʩʪʚʝʥʥʦʡ ʧʦʣʫʧʨʷʤʦʡ (ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʣʷ n ʯʘʩʦʚ ʵʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ n-ʤʝʨʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʘʜ +<). ɼʣʷ ʫʜʦʙʩʪʚʘ 
ʦʙʦʟʥʘʯʠʤ ʯʝʨʝʟ [x ~ c] ʩʦʢʨʘʱʝʥʠʝ {x | x ~ c} ʜʣʷ ʥʘʪʫʨʘʣʴʥʦʛʦ c ʠ 

ʦʧʝʨʘʮʠʠ ʩʨʘʚʥʝʥʠʷ ~. 

1. ʊʨʝʙʦʚʘʥʠʝ ʪʦʛʦ, ʯʪʦ [v(x)] = [v'(x)], ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʝʤʫ 

ʨʘʟʙʠʝʥʠʶ ʚʝʱʝʩʪʚʝʥʥʦʡ ʧʦʣʫʧʨʷʤʦʡ:  

[0 Ò x < 1], [1 Ò x < 2], [2 Ò x < 3], [3 Ò x < 4], é 

2. ʊʘʢ ʢʘʢ cx = 2, ʜʣʷ ʜʘʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʥʝ ʩʣʝʜʫʝʪ ʜʝʣʘʪʴ ʨʘʟʣʠʯʠʷ 

ʤʝʞʜʫ ʦʮʝʥʢʘʤʠ v(x) = 3 ʠ v'(x) = 27. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʣʘʩʩʳ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʘʶʪʩʷ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʧʝʨʚʦʛʦ 

ʪʨʝʙʦʚʘʥʠʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʦʪʥʦʰʝʥʠʷ º, ʪʘʢʦʚʳ:  

[0 Ò x < 1], [1 Ò x < 2], [x = 2] ʠ [x > 2]. 

3. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʚʪʦʨʳʤ ʠ ʯʝʪʚʝʨʪʳʤ ʪʨʝʙʦʚʘʥʠʷʤʠ, ʧʦʨʷʜʦʢ 
ʯʘʩʦʚ ʠ ʠʭ ʜʨʦʙʥʳʭ ʯʘʩʪʝʡ ʜʦʣʞʝʥ ʙʳʪʴ ʩʦʭʨʘʥʝʥ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʵʪʦ ʪʨʝʙʦʚʘʥʠʝ ʪʨʠʚʠʘʣʴʥʦ ʚʳʧʦʣʥʷʝʪʩʷ, ʪʘʢ ʢʘʢ ʠʤʝʶʪʩʷ ʪʦʣʴʢʦ 

ʦʜʥʠ ʯʘʩʳ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʜʘʥʥʦʛʦ ʪʨʝʙʦʚʘʥʠʷ 

ʥʦʚʳʝ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʝ ʚʚʦʜʷʪʩʷ. 

4. ʋʩʣʦʚʠʝ, ʯʪʦ {v(x)}  = 0 ʝʩʣʠ ʠ ʪʦʣʴʢʦ ʝʩʣʠ {v'(x)}  = 0 ʧʨʠ v(x) Ò cx, 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʙʠʝʥʠʶ, ʥʘʧʨʠʤʝʨ, ʢʣʘʩʩʘ [0 Ò x < 1] ʥʘ ʢʣʘʩʩʳ 

[x = 0] ʠ [0 < x < 1]. ɸʥʘʣʦʛʠʯʥʦ ʨʘʟʙʠʚʘʝʪʩʷ ʢʣʘʩʩ [1 Ò x < 2]. ʂʣʘʩʩ 

[x > 2] ʜʘʣʝʝ ʨʘʟʙʠʚʘʪʴ ʥʝ ʪʨʝʙʫʝʪʩʷ, ʪʘʢ ʢʘʢ ʜʣʷ ʵʪʦʛʦ ʢʣʘʩʩʘ 

ʥʘʨʫʰʘʝʪʩʷ ʫʩʣʦʚʠʝ v(x) Ò cx. ɺ ʢʘʯʝʩʪʚʝ ʨʝʟʫʣʴʪʘʪʘ ʧʦʣʫʯʘʝʤ ʜʣʷ 

ʧʨʦʩʪʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ 6 ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ:  

[x = 0], [0 < x < 1], [x = 1], [1 < x < 2], [x = 2] ʠ [x > 2]. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʤʥʦʞʝʩʪʚʦ ʯʘʩʦʚ C = { x, y} ʩ cx = 2 ʠ cy = 1, ʠ 

ʧʫʩʪʴ ʯʘʩʦʚʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʝ ʩʦʜʝʨʞʘʪ ʧʦʜʬʦʨʤʫʣ ʚʠʜʘ x ï y ~ c ʠʣʠ 

y ï x ~ c. ʅʘ ʨʠʩ. 2.37 ʦʪʦʙʨʘʞʝʥʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʦʩʪʨʦʝʥʠʝ 

ʨʝʛʠʦʥʦʚ ʧʫʪʝʤ ʨʘʩʩʤʦʪʨʝʥʠʷ ʢʘʞʜʦʛʦ ʫʩʣʦʚʠʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ 

ʦʪʥʦʰʝʥʠʷ º ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ. ʈʠʩʫʥʦʢ ʦʪʦʙʨʘʞʘʝʪ ʨʘʟʙʠʝʥʠʝ 

ʜʚʫʤʝʨʥʦʛʦ ʢʚʘʜʨʘʥʪʘ +<Ĭ +<. ʏʘʩʦʚʳʝ ʦʮʝʥʢʠ v ʠ v' ʵʢʚʠʚʘʣʝʥʪʥʳ, 
ʝʩʣʠ ʚʝʱʝʩʪʚʝʥʥʦʟʥʘʯʥʳʝ ʧʘʨʳ (v(x), v( y)) ʠ (v'(x), v'( y)) ʷʚʣʷʶʪʩʷ 
ʵʣʝʤʝʥʪʘʤʠ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʢʣʘʩʩʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʚ ʜʚʫʤʝʨʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ. 

1. ʊʨʝʙʦʚʘʥʠʝ ʪʦʛʦ, ʯʪʦ [v(x)] = [v'(x)] ʜʣʷ ʚʩʝʭ ʯʘʩʦʚ ʠʟ C, ʧʨʠʚʦʜʠʪ, 
ʥʘʧʨʠʤʝʨ, ʢ ʢʣʘʩʩʘʤ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ [(0 Ò x < 1), (0 Ò y < 1)] ʠ 



 134 

[(1 Ò x < 2), (0 Ò y < 1)] ʠ ʪ. ʜ. ʋʩʣʦʚʠʝ, ʯʪʦ v(x) > cx ʠ v'(x) > cx 
ʜʣʷ ʚʩʝʭ ʯʘʩʦʚ ʠʟ C, ʧʨʠʚʦʜʠʪ ʢ ʢʣʘʩʩʫ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ [(x > 2), 
( y > 1)]. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʣʶʙʦʡ ʯʘʩʦʚʦʡ ʦʮʝʥʢʠ v, ʜʣʷ 
ʢʦʪʦʨʦʡ v(x) > 2 ʠ v( y) > 1, ʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ x ʠ y ʥʝʩʫʱʝʩʪʚʝʥʥʳ. ɺ 
ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ:  
[(0 Ò x < 1), (0 Ò y < 1)], [(1 Ò x < 2), (0 Ò y < 1)],  
[(0 Ò x < 1), ( y = 1)],  [(1 Ò x < 2), ( y = 1)],  
[(0 Ò x < 1), ( y > 1)],  [(1 Ò x < 2), ( y > 1)],  
[(x = 2), (0 Ò y < 1)],  [(x > 2), (0 Ò y < 1)],  
[(x = 2), (y = 1)],  [(x > 2), (y = 1)],  
[(x = 2), (y > 1)],  [(x > 2), (y > 1)].  
ʕʪʠ 12 ʢʣʘʩʩʦʚ ʦʪʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 2.37 (ʘ). 

2. ʈʘʩʩʤʦʪʨʠʤ ʢʣʘʩʩ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ [(0 Ò x < 1), (0 Ò y < 1)], 
ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʫʯʝʥ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ. ʊʘʢ ʢʘʢ ʧʦʨʷʜʦʢ 
ʜʨʦʙʥʳʭ ʯʘʩʪʝʡ ʯʘʩʦʚ ʩʝʡʯʘʩ ʩʪʘʥʦʚʠʪʩʷ ʚʘʞʥʳʤ, ʵʪʦʪ ʢʣʘʩʩ 
ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʢʣʘʩʩʳ [(0 Ò x < 1), (0 Ò y < 1), 
(x < y)], [(0 Ò x < 1), (0 Ò y < 1), (x = y)] ʠ [(0 Ò x < 1), (0 Ò y < 1), 
(x > y)]. ɸʥʘʣʦʛʠʯʥʦʝ ʨʘʩʩʫʞʜʝʥʠʝ ʧʨʠʤʝʥʠʤʦ ʢ ʢʣʘʩʩʫ [(1 Ò x < 2), 
(0 Ò y < 1)]. ɼʨʫʛʠʝ ʢʣʘʩʩʳ ʙʦʣʝʝ ʥʝ ʨʘʟʙʠʚʘʶʪʩʷ. ʅʘʧʨʠʤʝʨ, ʢʣʘʩʩ 
[(0 Ò x < 1), ( y = 1)] ʥʝ ʜʦʣʞʝʥ ʨʘʟʙʠʚʘʪʴʩʷ, ʪʘʢ ʢʘʢ ʧʦʨʷʜʦʢ ʥʘ 
ʜʨʦʙʥʳʭ ʯʘʩʪʷʭ ʯʘʩʦʚ x ʠ y ʚ ʜʘʥʥʦʤ ʢʣʘʩʩʝ ʬʠʢʩʠʨʦʚʘʥ, 
{ v(x)}  Ó { v( y)}. ʂʣʘʩʩ [(1 Ò x < 2), ( y > 1)] ʥʝ ʨʘʟʙʠʚʘʝʪʩʷ, ʪʘʢ ʢʘʢ 
ʜʣʷ ʵʪʦʛʦ ʢʣʘʩʩʘ ʥʘʨʫʰʘʝʪʩʷ ʫʩʣʦʚʠʝ v(x) Ò cx ʠ v( y) Ò cy. 
ʈʠʩ. 2.37 (ʙ) ʧʦʢʘʟʳʚʘʝʪ ʨʝʟʫʣʴʪʠʨʫʶʱʠʝ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. 

3. ʅʘʢʦʥʝʮ, ʧʨʠʤʝʥʠʤ ʪʨʝʪʠʡ ʢʨʠʪʝʨʠʡ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʦʪʥʦʰʝʥʠʷ º. 
ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʢʣʘʩʩ [(0 Ò x < 1), (0 Ò y < 1), 
(x = y)], ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʫʯʝʥ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ. ʕʪʦʪ ʢʣʘʩʩ 
ʪʝʧʝʨʴ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ [(x = 0), ( y = 0)] ʠ [(0 < x < 1), (0 < y < 1), 
(x = y)]. ʈʠʩ. 2.37 (ʚ) ʧʦʢʘʟʳʚʘʝʪ 28 ʨʝʟʫʣʴʪʠʨʫʶʱʠʭ ʢʣʘʩʩʦʚ 
ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ: 6 ʫʛʣʦʚʳʭ ʪʦʯʝʢ, 14 ʦʪʢʨʳʪʳʭ ʧʨʷʤʦʣʠʥʝʡʥʳʭ 
ʫʯʘʩʪʢʦʚ ʠ 8 ʦʪʢʨʳʪʳʭ ʦʙʣʘʩʪʝʡ (ʨʝʛʠʦʥʦʚ). 

4. ʇʦʩʢʦʣʴʢʫ, ʩʦʛʣʘʩʥʦ ʫʩʣʦʚʠʶ, ʧʦʜʬʦʨʤʫʣ ʚʠʜʘ x ï y ~ c ʚ ʯʘʩʦʚʳʭ 
ʦʛʨʘʥʠʯʝʥʠʷʭ ʥʝʪ, ʙʦʣʴʰʝ ʨʝʛʠʦʥʳ ʥʝ ʨʘʟʙʠʚʘʶʪʩʷ. 

2

1

x

y

10
 

2

1

x

y

10
 

2

1

x

y

10
 

ʘ ʙ ʚ 

ʈʠʩ. 2.37. ʈʘʟʙʠʝʥʠʝ 
+<Ĭ +<  ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ º ʜʣʷ cx = 2 ʠ cy = 1 
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2.5.7. ʈʝʛʠʦʥʥʳʝ ʘʚʪʦʤʘʪʳ 

ʂʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘʜ ʦʪʥʦʰʝʥʠʝʤ º ʷʚʣʷʶʪʩʷ ʙʘʟʦʡ ʜʣʷ 

ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʦʚ. ʂʦʤʙʠʥʘʮʠʷ ʪʘʢʦʛʦ ʢʣʘʩʩʘ ʠ 

ʧʦʟʠʮʠʠ ʥʘʟʳʚʘʝʪʩʷ ʨʝʛʠʦʥʦʤ. 

ʈʝʛʠʦʥ r ï ʵʪʦ ʧʘʨʘ (l, [v]) ʩ ʧʦʟʠʮʠʝʡ l Í L ʠ ʦʮʝʥʢʦʡ v Í V(ʉ). 

ʊʘʢ ʢʘʢ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ 

ʥʘʜ ʦʪʥʦʰʝʥʠʝʤ º ʠ ʣʶʙʦʡ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩʦʜʝʨʞʠʪ ʣʠʰʴ 

ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʧʦʟʠʮʠʡ, ʯʠʩʣʦ ʨʝʛʠʦʥʦʚ ʢʦʥʝʯʥʦ. ʉʣʝʜʫʶʱʠʡ 

ʨʝʟʫʣʴʪʘʪ ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʦʜʥʦʤʫ ʠ ʪʦʤʫ 

ʞʝ ʨʝʛʠʦʥʫ, ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʜʠʥʘʢʦʚʳʤ TCTL-ʬʦʨʤʫʣʘʤ. ʕʪʦ 

ʚʘʞʥʳʡ ʨʝʟʫʣʴʪʘʪ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. 

ʊʝʦʨʝʤʘ [39]. ʇʫʩʪʴ s, s' Í S ʠ w, w' Í V(D) ʪʘʢʦʚʳ, ʯʪʦ s, w º s', w'. 

ʊʦʛʜʘ ʜʣʷ ʣʶʙʦʡ TCTL-ʬʦʨʤʫʣʳ ű ʠʤʝʝʤ: M(A), (s, w)ƝƏ ű, ʝʩʣʠ ʠ 

ʪʦʣʴʢʦ ʝʩʣʠ M(A), (s', w')ƝƏ ű. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʥʝ ʪʨʝʙʫʝʪʩʷ ʨʘʟʣʠʯʘʪʴ 

ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʩʦʩʪʦʷʥʠʷ s ʠ s', ʪʘʢ ʢʘʢ ʠʭ ʥʝ ʤʦʞʝʪ ʨʘʟʣʠʯʠʪʴ 

ʥʠʢʘʢʘʷ TCTL-ʬʦʨʤʫʣʘ. ʕʪʦ ʜʘʝʪ ʢʨʠʪʝʨʠʡ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘʜ ʦʪʥʦʰʝʥʠʝʤ º 

(ʨʝʛʠʦʥʦʚ), ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʳ ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ. ʀʩʧʦʣʴʟʫʷ ʨʝʛʠʦʥʳ 

ʚ ʢʘʯʝʩʪʚʝ ʩʦʩʪʦʷʥʠʡ, ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʢʦʥʝʯʥʳʡ ʛʨʘʬ, ʥʘʟʳʚʘʝʤʳʡ 

ʨʝʛʠʦʥʥʳʤ ʘʚʪʦʤʘʪʦʤ. ʕʪʦʪ ʛʨʘʬ ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʫ ʤʦʜʝʣʠ ʂʨʠʧʢʝ ʠ 

ʩʦʩʪʦʠʪ ʠʟ ʜʦʩʪʠʞʠʤʳʭ ʨʝʛʠʦʥʦʚ-ʩʦʩʪʦʷʥʠʡ ʠ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ 

ʨʝʛʠʦʥʘʤʠ. ɼʘʥʥʳʝ ʧʝʨʝʭʦʜʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʠʙʦ ʧʨʦʭʦʞʜʝʥʠʶ 

ʚʨʝʤʝʥʠ, ʣʠʙʦ ʨʝʙʨʘʤ ʚ ʧʝʨʚʦʥʘʯʘʣʴʥʦʤ ʚʨʝʤʝʥʥʦʤ ʘʚʪʦʤʘʪʝ. 

ɺʥʘʯʘʣʝ ʨʘʩʩʤʦʪʨʠʤ ʧʦʩʪʨʦʝʥʠʝ ʨʝʛʠʦʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʥʘ ʧʨʠʤʝʨʝ. 
ʄʝʞʜʫ ʨʝʛʠʦʥʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʜʚʘ ʪʠʧʘ ʧʝʨʝʭʦʜʦʚ. ʕʪʦ ʣʠʙʦ 
ʧʨʦʪʝʢʘʥʠʝ ʚʨʝʤʝʥʠ, ʣʠʙʦ ʧʝʨʝʭʦʜʳ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʚʨʝʤʝʥʥʦʤ 
ʘʚʪʦʤʘʪʝ. ʇʨʦʪʝʢʘʥʠʝ ʚʨʝʤʝʥʠ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ʩʧʣʦʰʥʳʤʠ 
ʩʪʨʝʣʢʘʤʠ, ʘ ʧʝʨʝʭʦʜʳ ʚʦ ʚʨʝʤʝʥʥʦʤ ʘʚʪʦʤʘʪʝ ï ʧʫʥʢʪʠʨʥʳʤʠ 
ʩʪʨʝʣʢʘʤʠ. 

ʇʨʠʤʝʨ. ʈʘʩʩʤʦʪʨʠʤ ʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪ ʩ ʝʜʠʥʩʪʚʝʥʥʳʤ ʨʝʙʨʦʤ ʥʘ 
ʨʠʩ. 2.30 (ʘ). ʄʘʢʩʠʤʘʣʴʥʘʷ ʢʦʥʩʪʘʥʪʘ, ʩ ʢʦʪʦʨʦʡ ʩʨʘʚʥʠʚʘʝʪʩʷ x, ï 
ʵʪʦ 2. ʇʦʵʪʦʤʫ cx = 2. ʈʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 2.38. 

ʊʘʢ ʢʘʢ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʦʜʥʘ ʧʦʟʠʮʠʷ, ʢʘʞʜʳʡ ʜʦʩʪʠʞʠʤʳʡ ʨʝʛʠʦʥ 
ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʟʠʮʠʠ l. ʈʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ 
ʩʦʜʝʨʞʠʪ ʜʚʘ ʧʝʨʝʭʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʝʙʨʫ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ. 
ʆʥʠ ʦʙʘ ʚʝʜʫʪ ʚ ʩʪʘʨʪʦʚʳʡ ʨʝʛʠʦʥ A. ʇʫʥʢʪʠʨʥʳʝ ʧʝʨʝʭʦʜʳ ʠʟ E ʠ F ʚ 
A ʦʙʦʟʥʘʯʘʶʪ ʨʝʙʨʘ. ʂʣʘʩʩʳ, ʚ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 
ʞʜʘʪʴ ʚ ʪʝʯʝʥʠʝ ʣʶʙʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʨʝʤʝʥʠ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ, 
ʦʩʪʘʚʘʷʩʴ ʚ ʪʝʢʫʱʝʤ ʢʣʘʩʩʝ, ʥʘʟʳʚʘʶʪʩʷ ʥʝʦʛʨʘʥʠʯʝʥʥʳʤʠ ʢʣʘʩʩʘʤʠ. 
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ɺ ʵʪʦʤ ʧʨʠʤʝʨʝ ʪʦʣʴʢʦ ʦʜʠʥ ʥʝʦʛʨʘʥʠʯʝʥʥʳʡ ʢʣʘʩʩ ï F, ʦʥ ʩʥʘʙʞʝʥ 
ʩʧʣʦʰʥʳʤ ʧʝʪʣʝʚʳʤ ʧʝʨʝʭʦʜʦʤ. ɺ ʢʣʘʩʩʝ F ʯʘʩʳ x ʤʦʛʫʪ ʚʦʟʨʘʩʪʘʪʴ 
ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ (ʧʨʠ ʵʪʦʤ ʤʦʞʥʦ ʦʩʪʘʚʘʪʴʩʷ ʚ ʪʦʤ ʞʝ ʢʣʘʩʩʝ). 
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ʈʠʩ. 2.38. ʈʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ ʜʣʷ ʧʨʦʩʪʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ 

ʇʨʝʜʧʦʣʦʞʠʤ ʪʝʧʝʨʴ, ʯʪʦ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʠʪʴ ʤʦʜʝʣʴ ʥʘʜ ʚʨʝʤʝʥʥʳʤ 
ʘʚʪʦʤʘʪʦʤ ʥʘ ʨʠʩ. 2.30 (ʘ) ʜʣʷ TCTL-ʬʦʨʤʫʣʳ, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ 
ʝʜʠʥʩʪʚʝʥʥʳʝ ʬʦʨʤʫʣʴʥʳʝ ʯʘʩʳ z ʩ cz = 2 (ʯʘʩʳ z ʥʝ ʩʨʘʚʥʠʚʘʶʪʩʷ ʚ 
ʬʦʨʤʫʣʝ ʩ ʢʦʥʩʪʘʥʪʦʡ, ʙʦʣʴʰʝʡ 2), ʧʨʠʯʝʤ ʚ ʥʝʡ ʥʝʪ ʧʦʜʬʦʨʤʫʣ ʚʠʜʘ 
x ï z ~ c ʠ z ï x ~ c. ʈʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ ʥʘʜ {x, z} ʠʟʦʙʨʘʞʝʥ ʥʘ 
ʨʠʩ. 2.39. 
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ʈʠʩ. 2.39. ʈʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ ʧʨʦʩʪʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʘʚʪʦʤʘʪʘ 

ʜʣʷ ʬʦʨʤʫʣʴʥʳʭ ʯʘʩʦʚ z ʩ cz = 2 

ʆʪʤʝʪʠʤ, ʯʪʦ ʵʪʦ ʬʘʢʪʠʯʝʩʢʠ ʧʨʝʜʳʜʫʱʠʡ ʨʝʛʠʦʥʥʳʡ ʘʚʪʦʤʘʪ, 

ʨʘʩʰʠʨʝʥʥʳʡ ʩʚʦʝʡ çʢʦʧʠʝʡè: ʨʝʛʠʦʥʘʤʠ ʩ G ʧʦ L. ʕʪʘ ʢʦʧʠʷ 

ʚʚʦʜʠʪʩʷ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ z > 2. ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʬʦʨʤʫʣʴʥʳʝ 

ʯʘʩʳ z ʥʠʢʦʛʜʘ ʥʝ ʩʙʨʘʩʳʚʘʶʪʩʷ. ɼʣʷ ʬʦʨʤʫʣʴʥʳʭ ʯʘʩʦʚ ʪʘʢ ʠ ʜʦʣʞʥʦ 

ʙʳʪʴ, ʪʘʢ ʢʘʢ ʚ ʨʝʛʠʦʥʥʦʤ ʘʚʪʦʤʘʪʝ ʥʝʪ ʩʤʳʩʣʘ ʦʙʥʫʣʷʪʴ ʬʦʨʤʫʣʴʥʳʝ 

ʯʘʩʳ ʩ ʪʝʭ ʧʦʨ, ʢʘʢ ʦʥʠ ʚʚʝʜʝʥʳ. 




