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ʅʘʚʯʘʣʴʥʠʡ ʧʦʩʽʙʥʠʢ "ʅʘʜʽʡʥʽʩʪʴ ʽ ʪʝʩʪʦʧʨʠʜʘʪʥʽʩʪʴ ʤʽʢʨʦʩʠʩʪʝʤ" ʩʪʚʦ-

ʨʝʥʦ ʜʣʷ ʜʦʧʦʤʦʛʠ ʚʠʱʠʤ ʥʘʚʯʘʣʴʥʠʤ ʟʘʢʣʘʜʘʤ ʋʢʨʘʾʥʠ ʚʧʨʦʚʘʜʠʪʠ ʥʦʚʫ 

ʤʘʛʽʩʪʝʨʩʴʢʫ ʥʘʚʯʘʣʴʥʫ ʧʨʦʛʨʘʤʫ "ʇʨʦʝʢʪʫʚʘʥʥʷ ʤʽʢʨʦʩʠʩʪʝʤ". 

ʇʦʩʽʙʥʠʢ "ʅʘʜʽʡʥʽʩʪʴ ʽ ʪʝʩʪʦʧʨʠʜʘʪʥʽʩʪʴ ʤʽʢʨʦʩʠʩʪʝʤ" ʩʪʚʦʨʝʥʦ ʧʨʠ ʧʽʜ-

ʪʨʠʤʮʽ ɭʚʨʦʧʝʡʩʴʢʦʛʦ ʉʦʶʟʫ ʟʘ ʉʧʽʣʴʥʠʤ ɭʚʨʦʧʝʡʩʴʢʠʤ ʇʨʦʝʢʪʦʤ 

"Curricula Development for New Specialization: Master of Engineering in 

Microsystems Design" (MastMST), ʜ̔ʝʥʪʠʬ̔ʢʘʮ̔ʡʥʠʡ ʥʦʤʝʨ 530785-TEMPUS-

1-2012-1-PL-TEMPUS-JPCR. 

 

ʂʦʦʨʜʠʥʘʪʦʨ ʧʨʦʝʢʪʫ ʧʨʦʬ. ɿʙʽʛʥʻʚ ʃʽʩʽʢ, ʊʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʤ.ʃʦʜʟʴ, 

ʇʦʣʴʱʘ. 

 

ʋʯʘʩʥʠʢʠ ʧʨʦʝʢʪʫ: 

¶ ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ "ʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘ", ʤ. ʃʴʚʽʚ, ʋʢʨʘʾʥʘ,  

¶ ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ʄʠʭʘʡʣʦ ʃʦʙʫʨ. 

¶ ʂʠʾʚʩʴʢʠʡ ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ,ʤ. ʂʠʾʚ, 

ʋʢʨʘʾʥʘ,  

ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ɺʘʣʝʨʽʡ ʉʢʨʠʰʝʚʩʴʢʠʡ. 

¶ ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʨʘʜʽʦʝʣʝʢʪʨʦʥʽʢʠ, ʤ. ʍʘʨʢʽʚ, 

ʋʢʨʘʾʥʘ,  

ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ɺʦʣʦʜʠʤʠʨ ʍʘʭʘʥʦʚ. 

¶ ɼʦʥʝʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ʂʨʘʩʥʦʘʨʤʽʡʩʴʢ, 

ʋʢʨʘʾʥʘ,  

ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ɺʦʣʦʜʠʤʠʨ ʉʚʷʪʥʠʡ. 

¶ ʊʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʤ. ɯʣʴʤʝʥʘʫ, ʅʽʤʝʯʯʠʥʘ,  

ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ɯʚʦ ʈʘʥʛʝʣʦʚ. 

¶ ʃʽʦʥʩʴʢʠʡ ʅʘʮʽʦʥʘʣʴʥʠʡ ʽʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʠʭ ʥʘʫʢ, ʌʨʘʥʮʽʷ,  

ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ɸʣʝʢʩʘʥʜʨʘ ɸʧʦʪʦʣʶʢ 

¶ ʋʥʽʚʝʨʩʠʪʝʪ ʇʘʚʽʾ, ʤ. ʇʘʚʽʾ, ɯʪʘʣʽʷ,  

ʢʦʦʨʜʠʥʘʪʦʨ ʧʨʦʬ. ʇʘʦʣʦ ɼʽ ɹʘʨʙʘ 

 

ʇʦʩʽʙʥʠʢ ʩʭʚʘʣʝʥʦ ʨʝʜʘʢʮʽʡʥʠʤ ʢʦʤʽʪʝʪʦʤ (ʧʨʦʬ. ʇʘʦʣʦ ɼʽ ɹʘʨʙʘ (ʋʥʽʚʝʨ-

ʩʠʪʝʪ ʇʘʚʽʾ) - ʩʧʽʚʛʦʣʦʚʘ, ʧʨʦʬ. ɸʣʝʢʩʘʥʜʨʘ ɸʧʦʩʪʦʣʶʢ(ʃʽʦʥʩʴʢʠʡ ʅʘʮʽʦʥʘ-

ʣʴʥʠʡ ʽʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʠʭ ʥʘʫʢ) ï ʩʧʽʚʛʦʣʦʚʘ, ʯʣʝʥʠ: ʧʨʦʬ. ɿʙʽʛʥʻʚ ʃʽ-

ʩʽʢ(ʊʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʤ.ʃʦʜʟʴ), ʜ-ʨ ʗʮʝʢ ʇʦʜʛʫʨʩʴʢʽ (ʊʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨ-

ʩʠʪʝʪ ʤ.ʃʦʜʟʴ), ɼ-ʨ ʗʥʫʰ ɺʦʟʥʠʡ (ʊʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʤ.ʃʦʜʟʴ), ɼ-ʨ ɺʘ-

ʣʝʥʪʠʥ ɯʱʫʢ (ʊʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʤ.ɯʣʴʤʝʥʘʫ), ɼ-ʨ ʄʘʨʽʷ-ɽʚʝʣʽʥʘ ʄʦʛʥʘ-

ʯʽ (ʋʥʽʚʝʨʩʠʪʝʪ ʇʘʚʽʾ), ɼ-ʨ ʈʦʙʝʨʪʦ ɻʘʣʜʽ (ʋʥʽʚʝʨʩʠʪʝʪ ʇʘʚʽʾ)) 6 ʪʨʘʚʥʷ 2016, 

ʤ. ʇʘʚʽʷ, ɯʪʘʣʽʷ  

 

ɸʚʪʦʨʠ ʚʠʩʣʦʚʣʶʶʪʴ ʛʣʠʙʦʢʫ ʚʜʷʯʥʽʩʪʴ ʢʝʨʽʚʥʠʮʪʚʫ ʚʠʱʝʥʘʟʚʘʥʠʭ ʫʥʽʚʝʨ-

ʩʠʪʝʪʽʚ ʟʘ ʚʩʝʙʽʯʥʫ ʧʽʜʪʨʠʤʢʫ ʇʨʦʝʢʪʫ. 
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ɹɹʂ 32.973.2 

ɹ81 

ʅʘʜʝʞʥʦʩʪʴ ʠ ʪʝʩʪʦʧʨʠʛʦʜʥʦʩʪʴ ʤʠʢʨʦʩʠʩʪʝʤ / ɺ.ʀ. ʍʘʭʘʥʦʚ, ɽ.ʀ. 
ʃʠʪʚʠʥʦʚʘ, ʉ.ɺ. ʏʫʤʘʯʝʥʢʦ.ï ʍʘʨʴʢʦʚ: ʍʅʋʈʕ.ï 2015.ï 162 ʩ.  

ʇʨʝʜʩʪʘʚʣʝʥʳ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʪʝʦʨʠʠ ʥʘʜʝʞʥʦʩʪʠ ʤʠʢʨʦʩʠʩʪʝʤ. ɼʘʥ 

ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʨʳʥʢʘ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠ-

ʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ). ʀʩʧʦʣʴʟʦʚʘʥʳ ʣʫʯʰʠʝ ʟʘʨʫʙʝʞʥʳʝ ʠ ʦʪʝʯʝʩʪʚʝʥʥʳʝ 

ʠʟʜʘʥʠʷ, ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʝ ʩʪʘʥʜʘʨʪʳ, ʘ ʪʘʢʞʝ ʨʘʙʦʪʳ ʚʝʜʫʱʠʭ ʫʯʝʥʳʭ ʠ 

ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʪʝʦʨʠʠ ʥʘʜʝʞʥʦʩʪʠ. ʇʨʝʜʣʘʛʘʶʪʩʷ ʢʫʙʠʪʥʳʝ ʤʦʜʝʣʠ 

ʠ ʤʝʪʦʜʳ ʧʦʚʳʰʝʥʠʷ ʪʝʩʪʦʧʨʠʛʦʜʥʦʩʪʠ ʧʨʦʛʨʘʤʤʥʳʭ ʠ ʘʧʧʘʨʘʪʥʳʭ ʩʨʝʜʩʪʚ 

ʘʥʘʣʠʟʘ ʮʠʬʨʦʚʳʭ ʫʩʪʨʦʡʩʪʚ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʩʪʨʫʢʪʫʨ ʜʘʥ-

ʥʳʭ ʠ ʧʘʤʷʪʠ. ɺʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ, ʪʝʨʤʠʥʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ, ʥʝʦʙʭʦ-

ʜʠʤʳʝ ʜʣʷ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʡ ʚ ʧʨʘʢʪʠʢʫ ʘʥʘʣʠʟʘ ʚʠʨ-

ʪʫʘʣʴʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʘʩʘʶʱʠʝ-

ʩʷ ʤʦʜʝʣʝʡ ʠ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʷ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤ, ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʠʩʧʨʘʚʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʦʪʢʘʟʘʚʰʠʭ ʧʨʠ-

ʤʠʪʠʚʦʚ. ʆʧʠʩʘʥʘ ʠʥʥʦʚʘʮʠʦʥʥʘʷ ʠʜʝʷ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʢʦʪʦʨʘʷ ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʝʨʝʭʦʜʦʤ ʦʪ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʜʫʨ ʥʘʜ ʙʘʡʪ-ʦʧʝʨʘʥʜʦʤ, 

ʦʧʨʝʜʝʣʷʶʱʠʤ ʚ ʜʠʩʢʨʝʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʜʥʦ ʨʝʰʝʥʠʝ (ʪʦʯʢʫ) ʢ ʣʦʛʠʯʝ-

ʩʢʠʤ ʨʝʛʠʩʪʨʦʚʳʤ ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʨʦʮʝʩʩʘʤ ʥʘʜ ʢʫʙʠʪ-ʦʧʝʨʘʥʜʦʤ, ʦʜʥʦʚʨʝ-

ʤʝʥʥʦ ʬʦʨʤʠʨʫʶʱʠʤ ʙʫʣʝʘʥ ʨʝʰʝʥʠʡ, ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ 

ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʥʘ ʧʫʪʠ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʢʦʤʧʴʶʪʝ-

ʨʦʚ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ ʠ ʩʝʨʚʠʩʦʚ ʜʠʩʢʨʝʪʥʦʛʦ ʢʠ-

ʙʝʨʧʨʦʩʪʨʘʥʩʪʚʘ. 

 
ʂʥʠʛʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄʕʄʉ, ʘ ʪʘʢʞʝ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ 

ʯʠʪʘʪʝʣʝʡ, ʩʧʝʮʠʘʣʠʟʠʨʫʶʱʠʭʩʷ ʚ ʦʙʣʘʩʪʠ ʥʘʜʝʞʥʦʩʪʠ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘ-

ʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

 

ʈʠʩ. 52. ʊʘʙʣ. 5. ɹʠʙʣʠʦʛʨ.: 38 ʥʘʟʚ. 

 

    ɺ.ʀ. ʍʘʭʘʥʦʚ, ɽ.ʀ. ʃʠʪʚʠʥʦʚʘ,  

              ʉ.ɺ. ʏʫʤʘʯʝʥʢʦ, 2016 
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ɺɺɽɼɽʅʀɽ 
 

ʈʘʟʚʠʪʠʝ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ (ʄʕʄʉ) ʪʝʭʥʦʣʦʛʠʡ ʠʟʤʝʥʠʣʦ ʤʠʨ ʠ 

ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʜʦʨʦʛʠʭ ʚʳʩʦʢʦʥʘʜʝʞʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩʦ ʩʣʦʞʥʦʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴʶ, ʢʦʪʦʨʳʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ, ʠʥʜʫ-

ʩʪʨʠʘʣʴʥʦʡ, ʤʝʜʠʮʠʥʩʢʦʡ, ʚʦʝʥʥʦʡ ʦʪʨʘʩʣʷʭ, ʘ ʪʘʢʞʝ ʚ ʧʦʪʨʝʙʠʪʝʣʴʩʢʦʡ 

ʵʣʝʢʪʨʦʥʠʢʝ [1].  

ɿʘ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ ʤʠʢʨʦʩʠʩʪʝʤʳ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣʠ ʦʪ ʤʠʥʠʘ-

ʪʶʨʥʳʭ ʦʜʥʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʢ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʠʥʪʝʣ-

ʣʝʢʪʫʘʣʴʥʳʤ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤ ʩʠʩʪʝʤʘʤ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-

ʩʪʠ ʨʘʟʣʠʯʘʶʪ ʥʝʩʢʦʣʴʢʦ ʧʦʢʦʣʝʥʠʡ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ. ʉʠʩʪʝʤʳ 

ʧʝʨʚʦʛʦ ʧʦʢʦʣʝʥʠʷ (Smart Systems) ʩʦʩʪʦʷʣʠ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʧʘʢʝʪʦʚ ʢʦʤʧʦ-

ʥʝʥʪʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ ʥʘ ʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʠʣʠ ʧʝʯʘʪʥʦʡ ʧʣʘʪʝ, ʠ ʧʨʠʤʝʥʷʣʠʩʴ 

ʚ ʩʣʫʭʦʚʳʭ ʘʧʧʘʨʘʪʘʭ ʠ ʢʘʨʜʠʦʩʪʠʤʫʣʷʪʦʨʘʭ, ʘ ʪʘʢʞʝ ʚ ʘʚʪʦʤʦʙʠʣʴʥʳʭ ʩʠʩ-

ʪʝʤʘʭ, ʥʘʧʨʠʤʝʨ, ʧʦʜʫʰʢʘʭ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʤ ʧʨʠʤʝʨʦʤ 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʚʪʦʨʦʛʦ ʧʦʢʦʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʤʘʨʪʬʦʥ, ʠʤʝʶʱʠʡ 

ʙʦʣʴʰʦʡ ʢʦʤʤʝʨʯʝʩʢʠʡ ʫʩʧʝʭ. 

ʉʘʤʦʜʦʩʪʘʪʦʯʥʳʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʪʨʝʪʴʝʛʦ ʧʦʢʦʣʝ-

ʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʩʰʠʨʝʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴʶ, ʩʧʦʩʦʙʥʳ ʚʳʧʦʣ-

ʥʷʪʴ ʩʙʦʨ ʜʘʥʥʳʭ, ʘʢʪʶʘʪʦʨʥʳʝ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʦʙʨʘʙʦʪʢʫ ʠʥʬʦʨʤʘʮʠʠ. ɺʳ-

ʩʦʢʘʷ ʥʘʜʝʞʥʦʩʪʴ ʠ ʥʘʣʠʯʠʝ ʘʜʨʝʩʘʮʠʠ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝʤʳ ʦʙʝʩʧʝ-

ʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʦʪʜʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ʠʭ ʬʫʥʢʮʠʦʥʠ-

ʨʦʚʘʥʠʝ ʚʦ ʚʟʘʠʤʦʩʚʷʟʠ ʩ ʜʨʫʛʠʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ. ʊʘʢʠʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ 

ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ ʘʧʧʘʨʘʪʥʦʡ ʦʩʥʦʚʦʡ ʀʥʪʝʨʥʝʪʘ ʚʝʱʝʡ (Internet of Things, 

IoT) ʠ ʥʦʚʳʭ ʧʨʠʣʦʞʝʥʠʡ: ʤʠʢʨʦʨʘʟʤʝʨʥʳʭ ʟʝʨʢʘʣ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʠʷ ʠ/ʠʣʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʩʚʝʪʦʚʦʛʦ ʣʫʯʘ, ʢʦʤʧʘʢʪʥʳʭ ʠ ʙʳʩʪʨʦʜʝʡ-

ʩʪʚʫʶʱʠʭ ʩʠʩʪʝʤ ʘʚʪʦʬʦʢʫʩʠʨʦʚʢʠ ʜʣʷ ʤʦʙʠʣʴʥʳʭ ʪʝʣʝʬʦʥʦʚ, ʥʦʚʳʭ ʪʠʧʦʚ 

ʧʝʯʘʪʘʶʱʠʭ ʛʦʣʦʚʦʢ ʜʣʷ 3D-ʧʝʯʘʪʠ. 

ɼʣʷ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʠ Internet of Things (IoT) ʠ ʥʦʚʦʡ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʦʡ ʢʫʣʴʪʫʨʳ Smart Everything ʪʨʝʙʫʶʪʩʷ ʤʠʣʣʠʘʨʜʳ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝ-

ʭʘʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʠ ʜʘʪʯʠʢʦʚ, ʚʳʧʦʣʥʷʶʱʠʭ ʬʫʥʢʮʠʠ ʤʦʥʠʪʦʨʠʥʛʘ ʠ 

ʫʧʨʘʚʣʝʥʠʷ. ʉʪʨʫʢʪʫʨʘ ʨʳʥʢʘ IoT ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1, ʜʦʣʷ ʝʛʦ ʦʩʥʦʚʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ (hardware, cloud, data) ï ʥʘ ʨʠʩ. 2. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘ ʨʳʥʢʝ ʄʕʄʉ ʜʦʤʠʥʠʨʫʶʪ ʧʦʪʨʝʙʠʪʝʣʴʩʢʠʝ ʧʨʠʣʦ-

ʞʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʘʢʩʝʣʝʨʦʤʝʪʨʳ ʠ ʛʠʨʦʩʢʦʧʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʩʤʘʨʪʬʦʥʘʭ ʠ 

ʧʣʘʥʰʝʪʥʳʭ ʢʦʤʧʴʶʪʝʨʘʭ, ʘʚʪʦʤʦʙʠʣʴʥʳʝ ʠ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʨʠʣʦʞʝʥʠʷ, 

ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ IoT. 

ʇʦ ʧʨʦʛʥʦʟʘʤ ʦʙʲʝʤ ʧʨʦʜʘʞ ʨʳʥʢʘ ʄʕʄʉ ʚ 2018 ʛʦʜʫ ʜʦʩʪʠʛʥʝʪ 12 ʤʣʨʜ 

ʜʦʣʣʘʨʦʚ [2]. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʦʪʯʝʪʘ ʢʦʤʧʘʥʠʠ Yole Developpment ʟʘ 2015 ʛʦʜ çʉʪʘʪʫʩ 

ʄʕʄʉ-ʧʨʦʤʳʰʣʝʥʥʦʩʪʠè ʚ ʧʦʩʣʝʜʫʶʱʠʝ ʰʝʩʪʴ ʣʝʪ ʩʦʚʦʢʫʧʥʳʡ ʩʨʝʜʥʝʛʦ-
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ʜʦʚʦʡ ʪʝʤʧ ʨʦʩʪʘ ʩʝʛʤʝʥʪʘ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ ʠ ʤʦʙʠʣʴʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʩʦ-

ʩʪʘʚʠʪ 11%, ʧʨʦʤʳʰʣʝʥʥʳʝ, ʤʝʜʠʮʠʥʩʢʠʝ, ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ, ʚʦʝʥ-

ʥʳʝ, ʢʦʩʤʠʯʝʩʢʠʝ ʧʨʠʣʦʞʝʥʠʷ ʦʙʝʩʧʝʯʘʪ ʨʦʩʪ 18%, ʘʚʪʦʤʦʙʠʣʴʥʳʝ ʧʨʠʣʦ-

ʞʝʥʠʷ ï 28%. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʨʳʥʦʢ ʄʕʄʉ ʫʚʝʣʠʯʠʪʩʷ ʩ $10 ʤʣʨʜ ʚ 2015 

ʛʦʜʫ ʜʦ $14 ʤʣʨʜ ʚ 2019 ʛʦʜʫ, ʜʝʤʦʥʩʪʨʠʨʫʷ ʚ ʵʪʦʪ ʧʝʨʠʦʜ ʩʦʚʦʢʫʧʥʳʡ ʝʞʝ-

ʛʦʜʥʳʡ ʪʝʤʧ ʨʦʩʪʘ 7,6% (ʨʠʩ. 3) [3]. 

 

 
ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʨʳʥʢʘ IoT 

 

 
ʈʠʩ. 2. ʂʦʤʧʦʥʝʥʪʳ ʨʳʥʢʘ IoT 

 

ʋʩʧʝʭ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʢʨʠʪʝ-

ʨʠʷʤʠ: ʤʘʣʳʝ ʨʘʟʤʝʨʳ, ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʩʣʦʞʥʘʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ, ʧʨʦ-

ʩʪʦʪʘ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʚʳʭʦʜ ʛʦʜʥʳʭ ï Yield), ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ, ʚʳ-

ʩʦʢʘʷ ʥʘʜʝʞʥʦʩʪʴ. 
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ʈʠʩ. 3. ʇʨʦʛʥʦʟ ʨʳʥʢʘ ʄʕʄʉ 

 
ʃʠʜʝʨʘʤʠ ʥʘ ʨʳʥʢʝ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤ (ʄʕʄʉ) ʷʚʣʷʶʪʩʷ: Robert Bosch, STMicroelectronics, Texas 

Instruments, Hewlett Packard, Knowles Electronics. 

 

ʄʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ (ʄʕʄʉ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʫʩʪʨʦʡ-

ʩʪʚʘ ʤʠʢʨʦʩʠʩʪʝʤʦʡ ʪʝʭʥʠʢʠ, ʚʳʧʦʣʥʝʥʥʳʝ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʦʙʲʸʤʥʦʡ ʤʠʢʨʦ-

ʤʝʭʘʥʠʢʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʧʫʪʸʤ ʣʦʢʘʣʴʥʦʛʦ ʚʳʪʨʘʚʣʠʚʘʥʠʷ ʧʦʜʣʦʞʢʠ, ʣʝ-

ʛʠʨʦʚʘʥʠʷ, ʥʘʥʝʩʝʥʠʷ ʥʘ ʥʝʸ ʤʘʪʝʨʠʘʣʘ. ʇʦʜʣʦʞʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʟʛʦʪʘʚʣʠ-

ʚʘʶʪʩʷ ʠʟ ʢʨʝʤʥʠʷ ʙʣʘʛʦʜʘʨʷ ʝʛʦ ʧʨʝʚʦʩʭʦʜʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ, ʤʝʭʘʥʠʯʝ-

ʩʢʠʤ ʠ ʪʝʧʣʦʚʳʤ ʩʚʦʡʩʪʚʘʤ. ʈʘʟʤʝʨʳ ʄʕʄʉ ʣʝʞʘʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʤʠʢʨʦ-

ʥʘ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʣʣʠʤʝʪʨʦʚ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ, ʦʙʣʘʩʪʠ ʧʨʠʤʝ-

ʥʝʥʠʷ, ʥʘʣʠʯʠʷ ʚʩʪʨʦʝʥʥʳʭ ʩʭʝʤ ʦʙʨʘʙʦʪʢʠ ʠ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ. 

ʆʩʥʦʚʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʄʕʄʉ: 

ī ʄʠʥʠʘʪʶʨʥʦʩʪʴ; 

ī ɺʳʩʦʢʘʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ; 

ī ʅʘʜʸʞʥʦʩʪʴ; 

ī ʄʘʣʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ; 

ī ɺʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ ʵʣʝʢʪʨʦʥʠʢʠ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ ʠ 

ʧʨʦʯʠʤʠ ʫʟʣʘʤʠ; 

ī ʄʘʣʳʡ ʨʘʟʙʨʦʩ ʧʘʨʘʤʝʪʨʦʚ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʡ ʧʘʨʪʠʠ ʠʟʜʝʣʠʡ; 

ī ɺʳʩʦʢʘʷ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʠ ʧʦʚʪʦʨʷʝʤʦʩʪʴ; 

ī ɺʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʯʴ ʦʯʝʥʴ ʥʠʟʢʫʶ ʩʪʦʠʤʦʩʪʴ (ʧʨʠ ʙʦʣʴʰʠʭ ʠʣʠ ʦʯʝʥʴ 

ʙʦʣʴʰʠʭ ʦʙʲʸʤʘʭ ʧʨʦʠʟʚʦʜʩʪʚʘ). 
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1. ɺʀɼʓ ʅɽʀʉʇʈɸɺʅʆʉʊɽʁ ʄʕʄʉ 

 

1.1. ɺʠʜʳ ʄʕʄʉ 

ʄʕʄʉ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʠ, ʚ ʩʦʩʪʘʚ 

ʢʦʪʦʨʦʡ ʚʭʦʜʷʪ ʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʤʝʭʘʥʠʯʝʩʢʠʝ, ʤʘʛʥʠʪʥʳʝ, ʞʠʜʢʦʩʪʥʳʝ, ʪʝʨ-

ʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʠʟʛʦʪʦʚʣʝʥʥʫʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʨʘʟʤʝʨʦʤ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ ʜʦ ʤʠʢʨʦʤʝʪʨʦʚ ʠʣʠ ʤʠʣ-

ʣʠʤʝʪʨʦʚ [4]. ʄʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʩ ʚʥʝʰʥʝʡ ʩʨʝʜʦʡ ʚ ʨʝʞʠʤʝ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʫʧʨʘʚʣʝʥʠʷ ʚ ʮʝʣʷʭ 

ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʦʩʪʦʷʥʠʠ ʦʙʲʝʢʪʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʧʨʘʚʣʷʶʱʠʭ 

ʚʦʟʜʝʡʩʪʚʠʡ. 

 

 

ʂʦʤʧʦʥʝʥʪʳ ʄʕʄʉ hʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ, ʠ ʫʩ-

ʣʦʚʥʦ ʠʭ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʪʠʧʘ: ʩʝʥʩʦʨʳ ï ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʫʩʪʨʦʡʩʪ-

ʚʘ, ʢʦʪʦʨʳʝ ʧʨʝʦʙʨʘʟʫʶʪ ʬʠʟʠʯʝʩʢʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ, ʠ 

ʘʢʪʶʘʪʦʨʳ (ʠʩʧʦʣʥʠʪʝʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ), ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪ ʦʙʨʘʪʥʳʝ 

ʜʝʡʩʪʚʠʷ ï ʧʨʝʦʙʨʘʟʫʶʪ ʩʠʛʥʘʣʳ ʚ ʬʠʟʠʯʝʩʢʠʝ ʚʦʟʜʝʡʩʪʚʠʷ.  

ʂ ʩʝʥʩʦʨʘʤ ʦʪʥʦʩʷʪ: 

ī ɼʘʪʯʠʢʠ ʜʚʠʞʝʥʠʷ (ʘʢʩʝʣʝʨʦʤʝʪʨʳ ï ʜʘʪʯʠʢʠ ʫʩʢʦʨʝʥʠʷ,  ʛʠʨʦʩʢʦʧʳ ï 

ʜʘʪʯʠʢʠ ʧʦʚʦʨʦʪʘ) ï ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʦʙʠʣʴʥʳʭ ʪʝʣʝʬʦʥʘʭ, ʚʠʜʝʦʧʨʠʩʪʘʚ-

ʢʘʭ, ʧʦʨʪʘʪʠʚʥʳʭ ʢʦʤʧʴʶʪʝʨʘʭ, ʬʦʪʦʪʝʭʥʠʢʝ, ʫʩʪʨʦʡʩʪʚʘʭ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝ-

ʩʪʦʧʦʣʦʞʝʥʠʷ; 

ī ʄʠʢʨʦʬʦʥʳ; 

ī ɼʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ. 

ʄʕʄʉ ʘʢʩʝʣʝʨʦʤʝʪʨʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʭ, ʠ ʦʜʥʦʚʨʝ-

ʤʝʥʥʦ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʠʢʨʦ-ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

ʆʥʠ ʥʝʟʘʤʝʥʠʤʳ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʢʦʤʧʴʶʪʝʨʥʦʡ ʠ ʘʫ-

ʜʠʦ-ʚʠʜʝʦ ʪʝʭʥʠʢʝ [5].  

ɸʢʩʝʣʝʨʦʤʝʪʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ, ʢʦʪʦʨʦʝ 

ʠʟʤʝʨʷʝʪ ʫʩʢʦʨʝʥʠʝ ʩʠʣʳ. ʉʠʣʘ ʤʦʞʝʪ ʙʳʪʴ ʩʪʘʪʠʯʝʩʢʦʡ (ʥʘʧʨʠʤʝʨ, ʧʦʩʪʦ-

ʷʥʥʘʷ ʩʠʣʘ ʪʷʞʝʩʪʠ) ʠʣʠ ʜʠʥʘʤʠʯʝʩʢʦʡ (ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʤʝʱʝʥʠʷ ʠʣʠ ʚʠʙ-

ʨʘʮʠʠ). ɺ ʄʕʄʉ ʘʢʩʝʣʝʨʦʤʝʪʨʘʭ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʵʬʬʝʢʪ, ʢʦʛʜʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʠʣʳ ʠʥʝʨʮʠʠ ʥʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʚʦʟʥʠʢʘʝʪ ʥʘʧʨʷʞʝʥʠʝ, ʠʣʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ ʠʟ-

ʤʝʥʝʥʠʷ ʝʤʢʦʩʪʠ ʢʦʥʜʝʥʩʘʪʦʨʘ. ʇʨʝʠʤʫʱʝʩʪʚʦ ʚʪʦʨʦʛʦ ʩʧʦʩʦʙʘ ï ʧʨʠ ʨʝʘʣʠ-

ʟʘʮʠʠ ʘʢʩʝʣʝʨʦʤʝʪʨʘ ʧʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʦʩʥʦʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘ-

ʮʠʡ ʥʝ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ. ʂʦʥʜʝʥʩʘʪʦʨʳ ʤʦʛʫʪ ʚʳʧʦʣ-

ʥʷʪʴ ʬʫʥʢʮʠʠ ʜʘʪʯʠʢʦʚ ʠ ʘʢʪʶʘʪʦʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʩʪʴʶ ʠ ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʥʠʭ ʤʝʭʘʥʠʟʤ ʪʨʘʥʩʜʫʢʮʠʠ ʥʝʯʫʚʩʪʚʠʪʝʣʝʥ ʢ 

ʚʦʟʜʝʡʩʪʚʠʶ ʪʝʤʧʝʨʘʪʫʨʳ.  
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ɻʠʨʦʩʢʦʧ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʪʨʦʡʩʪʚʦ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ 

ʪʝʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʘʜʘʥʥʦʡ ʦʩʠ ʚʨʘʱʝʥʠʷ. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ MEMS ʛʠʨʦ-

ʩʢʦʧʘ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʬʬʝʢʪʘ ʂʦʨʠʦʣʠʩʘ ʧʨʠ ʚʨʘʱʝʥʠʠ ʜʚʫʭ 

ʢʨʝʤʥʠʝʚʳʭ ʤʘʩʩ, ʩʦʚʝʨʰʘʶʱʠʭ ʢʦʣʝʙʘʥʠʷ ʨʘʚʥʦʡ ʘʤʧʣʠʪʫʜʳ ʚ ʧʨʦʪʠʚʦʧʦ-

ʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ɼʝʡʩʪʚʠʝ ʩʠʣʳ ʂʦʨʠʦʣʠʩʘ ʚʳʟʳʚʘʝʪ ʦʨʪʦʛʦʥʘʣʴʥʫʶ 

ʚʠʙʨʘʮʠʶ ʢʦʣʝʙʣʶʱʠʭʩʷ ʤʘʩʩ (ʩʤʝʱʝʥʠʝ ʠʭ ʦʪ ʧʣʦʩʢʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʚʝʣʠʯʠʥʳ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ) [6]. ʄʕʄʉ ʛʠʨʦʩʢʦʧʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʘʚʪʦʤʦ-

ʙʠʣʴʥʦʡ, ʧʨʦʤʳʰʣʝʥʥʦʡ ʠ ʧʦʪʨʝʙʠʪʝʣʴʩʢʦʡ ʵʣʝʢʪʨʦʥʠʢʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʥʠʟʢʦʡ ʮʝʥʦʡ ʠ ʤʘʣʳʤʠ ʨʘʟʤʝʨʘʤʠ. 

MEMS ʤʠʢʨʦʬʦʥʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʘʫʜʠʦ ʧʨʠʣʦʞʝʥʠʷʭ, ʛʜʝ ʦʩʥʦʚʥʳʤʠ ʢʨʠ-

ʪʝʨʠʷʤʠ ʷʚʣʷʶʪʩʷ ʤʘʣʳʡ ʨʘʟʤʝʨ, ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʟʚʫʢʘ, ʥʘʜʝʞʥʦʩʪʴ ʠ ʜʦʩ-

ʪʫʧʥʦʩʪʴ. MEMS ʤʠʢʨʦʬʦʥʳ ʩʪʨʦʷʪʩʷ ʥʘ ʦʩʥʦʚʝ ʢʦʥʜʝʥʩʘʪʦʨʥʦʛʦ ʧʨʠʥʮʠʧʘ 

ʠʣʠ ʧʴʝʟʦʵʬʬʝʢʪʘ. 

MEMS ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʝʜʠʮʠʥʝ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʚʳʩʦʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠ ʥʘʜʝʞʥʦʩʪʴ ʧʨʠ ʤʘʣʳʭ ʨʘʟʤʝʨʘʭ. 

 

ʎʠʬʨʦʚʳʝ ʤʠʢʨʦʟʝʨʢʘʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ï DLP-ʧʨʦʝʢʪʦʨʳ (DLP ï Digital 

Light Processing) ï ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʮʠʬʨʦʚʦʤ ʢʠʥʝʤʘʪʦʛʨʘʬʝ, ʙʠʟʥʝʩ-

ʧʨʠʣʦʞʝʥʠʷʭ, ʦʙʨʘʟʦʚʘʥʠʠ ʠ ʜʦʤʘʰʥʠʭ ʢʠʥʦʪʝʘʪʨʘʭ. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ DLP-

ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʶʪʩʷ: 

ī ʉʪʦʡʢʠʡ ʪʦʯʥʳʡ ʮʚʝʪ; 

ī ɺʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʧʝʨʝʢʣʶʯʝʥʠʷ ʮʚʝʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʚʩʪʨʦʝʥʥʳʤʠ 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ; 

ī ʅʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ; 

ī ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʪʦʤ DLP 

CinemaÈ. 

ʎʠʬʨʦʚʦʝ ʤʠʢʨʦʟʝʨʢʘʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ (Digital Micromirror Device, DMD) ʥʘ 

ʦʩʥʦʚʝ ʪʝʭʥʦʣʦʛʠʠ DLP ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʩʩʠʚ ʤʠʢʨʦʟʝʨʢʘʣ, ʬʫʥʢʮʠʦ-

ʥʠʨʫʶʱʠʡ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʚ ʮʝʣʷʭ ʵʬʬʝʢʪʠʚʥʦʡ ʠ ʚʳʩʦʢʦʥʘ-

ʜʝʞʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʤʦʜʫʣʷʮʠʠ ʩʚʝʪʘ. DMD ʫʩʪʨʦʡʩʪʚʘ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʚ ʩʠʩʪʝʤʘʭ ʮʠʬʨʦʚʦʡ ʣʠʪʦʛʨʘʬʠʠ, ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ, 3D-ʧʝʯʘʪʠ, ʩʧʝʢʪʨʦ-

ʩʢʦʧʠʠ.  

ʄʘʪʨʠʮʳ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʤʠʢʨʦʟʝʨʢʘʣ ʤʝʥʝʝ 1 ʤʠʣʣʠʦʥʘ ʧʨʠʤʝʥʷʶʪʩʷ ʚ 3D-

ʧʨʠʥʪʝʨʘʭ, ʩʢʘʥʝʨʘʭ, ʩʧʝʢʪʨʦʤʝʪʨʘʭ, ʜʦʧʫʩʢʘʶʪ ʩʠʥʭʨʦʥʠʟʘʮʠʶ ʠ ʩʦʚʤʝʩʪ-

ʥʫʶ ʨʘʙʦʪʫ ʩ ʢʘʤʝʨʘʤʠ, ʜʘʪʯʠʢʘʤʠ, ʰʘʛʦʚʳʤʠ ʜʚʠʛʘʪʝʣʷʤʠ ʠ ʜʨʫʛʠʤʠ 

ʚʥʝʰʥʠʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ.  

ʄʘʪʨʠʮʳ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʤʠʢʨʦʟʝʨʢʘʣ (>= 1 ʤʠʣʣʠʦʥ) ʤʦʛʫʪ ʩʦʜʝʨ-

ʞʘʪʴ ʙʦʣʝʝ 2560x1600 ʵʣʝʤʝʥʪʦʚ (4 ʤʠʣʣʠʦʥʘ ʧʠʢʩʝʣʝʡ), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʷʨʢʦʩʪʴ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʙʦʣʴʰʠʭ 

ʦʙʲʝʢʪʦʚ ʩ ʪʦʯʥʦʩʪʴʶ ʤʠʢʨʦʥʥʦʛʦ ʫʨʦʚʥʷ ʚ 3D ʩʢʘʥʝʨʘʭ, ʘʥʘʣʠʟ ʞʠʜʢʦʩʪʝʡ 

ʠ ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚ ʩ ʚʳʩʦʢʠʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚ ʩʧʝʢʪʨʦʤʝʪʨʘʭ ʠ 

ʧʝʯʘʪʴ ʦʙʲʝʢʪʦʚ ʩ ʙʦʣʴʰʠʤ ʧʷʪʥʦʤ (footprint) ʚ 3D-ʧʨʠʥʪʝʨʘʭ. 
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1.2. ʂʦʤʧʦʥʝʥʪʳ ʄʕʄʉ 

ɹʦʣʴʰʠʥʩʪʚʦ ʄʕʄʉ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʤʦʜʫʣʠ: 

ʢʦʥʩʦʣʴʥʳʝ ʙʘʣʢʠ (ʩ ʦʜʥʦʩʪʦʨʦʥʥʠʤ ʠʣʠ ʜʚʫʩʪʦʨʦʥʥʠʤ ʟʘʞʠʤʦʤ), ʤʝʤʙʨʘ-

ʥʳ (ʧʣʘʚʘʶʱʠʝ ʠ ʟʘʢʨʳʪʳʝ), ʧʨʫʞʠʥʳ, ʰʘʨʥʠʨʳ. ʋʢʘʟʘʥʥʳʝ ʵʣʝʤʝʥʪʳ ʧʦʜ-

ʚʝʨʞʝʥʳ ʜʝʛʨʘʜʘʮʠʠ, ʚ ʥʠʭ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʧʦʚʨʝʞʜʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʪʢʘʟʘʤ ʤʠʢʨʦʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ. ɺ ʪʘʙʣ. 1 ʧʨʠʚʝʜʝʥ ʦʙʟʦʨ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʄʕʄʉ [7]. ɸʥʘʣʠʟ ʤʘʪʝʨʠʘʣʦʚ, ʠʟ 

ʢʦʪʦʨʳʭ ʠʟʛʦʪʦʚʣʝʥʳ ʵʪʠ ʵʣʝʤʝʥʪʳ, ʠ ʫʩʣʦʚʠʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʧʦʟʚʦʣʷ-

ʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʩʧʠʩʦʢ ʚʦʟʤʦʞʥʳʭ ʥʘʨʫʰʝʥʠʡ ʵʣʝʤʝʥʪʦʚ ʠ ʤʝʭʘʥʠʟʤʦʚ 

ʄʕʄʉ, ʧʨʠʚʝʜʝʥʥʳʡ ʚ ʪʘʙʣ. 2. 

ʉʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʠʢʨʦʩʠʩʪʝʤ, ʠʟʛʦʪʦʚʣʝʥ-

ʥʳʭ ʧʦ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ. ʆʜʥʘʢʦ 

ʧʨʦʙʣʝʤʳ ʜʝʛʨʘʜʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʟʫʯʝʩʪʠ ʠ ʫʩʪʘʣʦʩʪʠ ʦʩʪʘʶʪʩʷ ʘʢʪʫ-

ʘʣʴʥʳʤʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ. ʇʨʠʣʠʧʘʥʠʝ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ ʩʙʦʠ ʚ ʫʩʪʨʦʡʩʪ-

ʚʘʭ ʄʕʄʉ, ʠʤʝʶʱʠʭ ʤʘʣʳʡ ʟʘʟʦʨ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʵʣʝ-

ʤʝʥʪʘʤʠ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʝ). ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʄʕʄʉ, ʧʦʟʚʦʣʷʶʪ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜʳ ʦ ʪʦʤ, ʢʘʢʠʝ ʚʠʜʳ ʦʪʢʘʟʦʚ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʪʦʡ 

ʠʣʠ ʠʥʦʡ ʛʨʫʧʧʳ.  

ʊʘʙʣʠʮʘ 1 ï ʕʣʝʤʝʥʪʳ ʄʕʄʉ 

ʕʣʝʤʝʥʪʳ ʄʕʄʉ 

1. Structural beams ï ʢʦʥʩʦʣʴʥʳʝ ʙʘʣʢʠ 

- rigid (ʞʝʩʪʢʠʡ) 

- flexible (ʛʠʙʢʠʡ) 

- one side clamped (ʩ ʦʜʥʦʩʪʦʨʦʥʥʠʤ ʟʘʞʠʤʦʤ) 

- two sides clamped (ʩ ʜʚʫʩʪʦʨʦʥʥʠʤ ʟʘʞʠʤʦʤ) 

2. Structural thin membranes - cʪʨʫʢʪʫʨʥʳʝ ʪʦʥʢʠʝ ʤʝʤʙʨʘʥʳ 

- rigid (ʞʝʩʪʢʠʝ) 

- flexible (ʛʠʙʢʠʝ)  

- with holes (ʩ ʦʪʚʝʨʩʪʠʷʤʠ) 

3. Flat layers (ʧʣʦʩʢʠʝ ʩʣʦʠ, ʧʨʠʢʣʝʝʥʥʳʝ ʢ ʧʦʜʣʦʞʢʝ) 

- conductive (ʧʨʦʚʦʜʷʱʠʝ) 

- insulating (ʠʟʦʣʷʮʠʦʥʥʳʝ) 

4. Hinges (ʰʘʨʥʠʨʳ) 

- Substrate hinge (ʰʘʨʥʠʨ ʥʘ ʧʦʜʣʦʞʢʝ) 

- scissors hinge (ʥʦʞʥʠʯʥʳʡ ʰʘʨʥʠʨ) 

5. Cavities (ʧʦʣʦʩʪʠ)  
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- sealed (ʟʘʧʝʯʘʪʘʥʥʘʷ)  

- open (ʦʪʢʨʳʪʘʷ) 

6. Gears (ʰʝʩʪʝʨʥʠ)  

- teeth (ʟʫʙʯʘʪʳʝ) 

- hubs (ʩʪʫʧʠʯʥʳʝ) 

7. Tunneling tips (ʪʫʥʥʝʣʴʥʳʝ ʟʦʥʜʳ ʚ ʚʠʜʝ ʦʩʪʨʠʷ) 

8. Reflective layers (ʦʪʨʘʞʘʶʱʠʝ ʩʣʦʠ) 

 

ʊʘʙʣʠʮʘ 2 ï ʄʝʭʘʥʠʟʤʳ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʄʕʄʉ 

ʄʝʭʘʥʠʟʤʳ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʄʕʄʉ 

1. Fracture (ʪʨʝʱʠʥʘ, ʨʘʟʨʫʰʝʥʠʝ)  

- overload fracture (ʨʘʟʨʫʰʝʥʠʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʯʨʝʟʤʝʨʥʳʭ ʥʘʛʨʫʟʦʢ) 

- fatigue fracture (ʫʩʪʘʣʦʩʪʥʦʝ ʨʘʟʨʫʰʝʥʠʝ) 

2. Creep (ʧʦʣʟʫʯʝʩʪʴ) 

- applied stress (ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ) 

- intrinsic stress (ʚʥʫʪʨʝʥʥʝʝ ʥʘʧʨʷʞʝʥʠʝ) 

- thermal stress (ʪʝʨʤʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ) 

3. Stiction (ʧʨʠʣʠʧʘʥʠʝ) 

- capillary forces (ʢʘʧʠʣʣʷʨʥʳʝ ʩʠʣʳ) 

- van der Waals molecular forces (ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʠʣʳ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ 

- electrostatic forces (ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʩʠʣʳ) 

- solid bridging (ʪʚʝʨʜʳʝ ʧʝʨʝʤʳʯʢʠ) 

4. Electromigration (ʵʣʝʢʪʨʦʤʠʛʨʘʮʠʷ) 

5. Wear (ʠʟʥʦʩ) 

- adhesive (ʘʜʛʝʟʠʚʥʳʡ) 

- abrasive (ʘʙʨʘʟʠʚʥʳʡ) 

- corrosive (ʢʦʨʨʦʟʠʦʥʥʳʡ) 

6. Degradation of dielectrics (ʜʝʛʨʘʜʘʮʠʷ ʜʠʵʣʝʢʪʨʠʢʦʚ) 

-  leakage (ʫʪʝʯʢʘ) 

- charging (ʟʘʨʷʜʢʘ) 

- breakdown (ʧʨʦʙʦʡ) 

7. Delamination (ʨʘʩʩʣʘʠʚʘʥʠʝ) 
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8. Contamination (ʟʘʛʨʷʟʥʝʥʠʝ) 

9. Pitting of contacting surfaces (ʢʦʨʨʦʟʠʷ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ) 

10. Electrostatic discharge, ESD (ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʨʘʟʨʷʜ) 

 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʥʝ ʠʤʝʶ-

ʱʠʭ ʜʚʠʞʫʱʠʭʩʷ ʯʘʩʪʝʡ, ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʄʕʄʉ ʚʦʟʥʠʢʘ-

ʝʪ ʥʝʩʢʦʣʴʢʦ ʩʣʦʞʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ: 1) ʢʦʤʧʦʥʝʥʪʳ ʄʕʄʉ ʤʦʛʫʪ 

ʩʦʜʝʨʞʘʪʴ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ 3D-ʩʪʨʫʢʪʫʨ, ʟʘʯʘʩʪʫʶ ʦʯʝʥʴ ʩʣʦʞʥʦʡ 

ʬʦʨʤʳ, ʩ ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ; 2) ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢ-

ʪʘ ʪʝʩʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ ʝʛʦ ʩʦʟʜʘʥʠʷ, ʦʩʥʦʚʘʥ-

ʥʦʤ ʥʘ ʧʨʠʥʮʠʧʝ çʦʜʠʥ ʧʨʦʜʫʢʪ ï ʦʜʠʥ ʧʨʦʮʝʩʩè, ʚ ʦʪʣʠʯʠʝ ʦʪ ʉɹʀʉ ʠʥʜʫ-

ʩʪʨʠʠ, ʛʜʝ ʤʥʦʞʝʩʪʚʦ ʦʜʥʦʪʠʧʥʳʭ ʧʨʦʜʫʢʪʳ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʦʜʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ɼʣʷ ʄʕʄʉ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʵʢʚʠʚʘʣʝʥʪʘ 

32 ʥʤ ʫʟʣʘ. 

ʉʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʄʕʄʉ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦ-

ʟʚʦʣʠʣʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ 

ʩʪʨʫʢʪʫʨ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʠ ʩʪʘʥʜʘʨʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ ʫʩʪʨʦʡʩʪʚ ʄʕʄʉ. 

ʉʦʚʨʝʤʝʥʥʘʷ ʤʝʪʦʜʦʣʦʛʠʷ ʨʘʟʨʘʙʦʪʢʠ ʄʕʄʉ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʤʝʪʦʜʦʣʦʛʠʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʚʝʨʭʫ ʚʥʠʟ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʨʝʤʷ ʧʨʦʝʢʪʠʨʦʚʘ-

ʥʠʷ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʧʦ-ʧʨʝʞʥʝʤʫ ʷʚʣʷʝʪʩʷ ʦʙʝʩ-

ʧʝʯʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ ʚ ʟʘʜʘʥʥʳʭ ʨʝʞʠʤʘʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ. 

ʊʨʘʜʠʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄʕʄʉ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1.1 [4]. 

ɸʣʛʦʨʠʪʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄʕʄʉ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʘʣʣʝʣʴʥʳʭ ʦʧʝʨʘʮʠʡ 

ʦʩʥʦʚʘʥ ʥʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʬʫʥʢʮʠʡ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʮʝ-

ʣʷʭ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʠ ʚʳʭʦʜʘ ʠʟʜʝʣʠʷ ʥʘ ʨʳʥʦʢ time-to-market, ʨʠʩ. 1.2. 

 

 

ʈʠʩ. 1.1. ʊʨʘʜʠʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄʕʄʉ 
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ʈʠʩ. 1.2. ɸʣʛʦʨʠʪʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄʕʄʉ ʥʘ ʦʩʥʦʚʝ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʦʧʝʨʘʮʠʡ 

ʇʨʦʙʣʝʤʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʄʕʄʉ [8]: 

1) ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʭʦʜʘ çʦʜʥʦ ʫʩʪʨʦʡʩʪʚʦ ï ʦʜʠʥ ʧʨʦʮʝʩʩè, ʢʦʛʜʘ ʜʣʷ ʢʘʞ-

ʜʦʡ ʄʕʄʉ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʫʥʠʢʘʣʴʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ. ɺ ʮʝʣʷʭ 

ʫʤʝʥʴʰʠʪʴ ʟʘʪʨʘʪ rʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʚʨʝʤ ̫ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦ-

ʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʝ ʙʠʙʣʠʦʪʝʯʥʳʝ ʤʦʜʫʣʠ ʪʝʭʥʦʣʦʛʠ-

ʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ; 

2) ʩʪʘʪʠʩʪʠʯʝʩʢʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘʤʠ (statistical process control, SPC) ʟʘ-

ʯʘʩʪʫ  ʁʥʝʚʦʟʤʦʞʥʦ. ʈʘʟʨʘʙʦʪʯʠʢʠ ʦʮʝʥʠʚʘʶʪ ʚʘʨʠʘʥʪʳ ʨʝʰʝʥʠʷ, ʦʩʥʦʚʳʚʘ-

ʷʩʴ ʥʘ ʧʨʦʰʣʦʤ ʦʧʳʪʝ; 

3) ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʄʕʄʉ ʚ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʧʨʠʚʦʜʠʪ ʢ ʥʝ-

ʦʙʭʦʜʠʤʦʩʪʠ ʧʦʚʳʰʝʥʠʷ ʫʨʦʚʥʷ ʠʥʪʝʛʨʘʮʠʠ ʟʘ ʩʯʝʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭ-

ʥʦʣʦʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʫʧʘʢʦʚʢʠ ʢʨʠʩʪʘʣʣʦʚ ʚ ʢʦʨʧʫʩ (wafer bumping ï 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʦʣʙʠʢʦʚʳʭ ʚʳʚʦʜʦʚ, die-on-wafer assembly ï ʤʦʥʪʘʞ ʤʥʦʛʦ-

ʢʨʠʩʪʘʣʴʥʳʭ ʤʦʜʫʣʝʡ, through-silicon via ï ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʦʪʚʝʨ-

ʩʪʠʡ). ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʛʨʘʮʠʠ ʥʝ-

ʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʨʝʜʩʪʚʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʢʦʤʧʝʥʩʘʮʠʠ ʧʨʦʠʟʚʦʜʩʪ-

ʚʝʥʥʳʭ ʜʝʬʝʢʪʦʚ; 

4) ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʠʩʪʝʤʘ ʧʨʦʝʢʪʠʨʫ-

ʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʥʠʟʢʦʤ ʘʧʧʘʨʘʪʥʦʤ ʫʨʦʚʥʝ ʠʣʠ ʥʘ ʫʨʦʚʥʝ ʧʨʦ-

ʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʷʚʣʷʶʪʩʷ ʥʝʵʬʬʝʢʪʠʚʥʳʤʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʨʳʚʫ 

ʤʝʞʜʫ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʩʣʦʞʥʦʩʪʠ ʧʨʦʝʢʪʠʨʫʝʤʳʭ ʩʠʩʪʝʤ ʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ 

ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. 
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ʆʜʥʠʤ ʠʟ ʦʙʱʝʧʨʠʥʷʪʳʭ ʨʝʰʝʥʠʡ ʦʧʠʩʘʥʥʳʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝʥʠʝ 

ʫʨʦʚʥʷ ʘʙʩʪʨʘʢʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʨʠʝʤʣʝʤʦ-

ʛʦ ʨʦʩʪʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʧʨʝʦʜʦʣʝʥʠʷ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʨʘʟʨʳʚʘ ʤʝʞʜʫ 

ʚʳʩʦʢʠʤ ʠ ʥʠʟʢʠʤ ʫʨʦʚʥʷʤʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʚʳʰʘʪʴ ʫʨʦʚʝʥʴ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʩʠʩʪʝʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʇʨʦʝʢʪʠʨʦʚʱʠʢ 

ʜʦʣʞʝʥ ʧʨʠʤʝʥʷʪʴ ʩʨʝʜʩʪʚʘ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩʠʤʫʣʷʮʠʠ, 

ʩʠʥʪʝʟʘ ʠ ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʝʢʪʘ. ʆʜʥʘʢʦ ʚʥʝʜʨʝʥʠʝ ʩʨʝʜʩʪʚ ʘʚʪʦʤʘʪʠʟʘʮʠʠ 

ʷʚʣʷʝʪʩʷ ʥʝ ʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ, ʝʩʣʠ ʫʨʦʚʝʥʴ ʩʠʩʪʝʤʥʳʭ ʘʙʩʪʨʘʢʮʠʡ ʥʝ ʜʦʩʪʘ-

ʪʦʯʥʦ ʦʧʨʝʜʝʣʝʥ, ʢʦʤʧʦʥʝʥʪʳ ʢʦʥʢʨʝʪʥʦʛʦ ʫʨʦʚʥʷ ʘʙʩʪʨʘʢʮʠʠ ʥʝ ʠʟʚʝʩʪʥʳ, 

ʷʟʳʢʠ ʩʠʩʪʝʤʥʦʛʦ ʫʨʦʚʥʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʥʝ ʠʤʝʶʪ ʯʝʪʢʦʡ ʩʝʤʘʥʪʠʢʠ, ʧʨʘ-

ʚʠʣʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʩʪʠʣʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ 

ʩʣʦʞʥʦʩʪʴʶ.  

ʇʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ ʄʕʄʉ ʠʥʜʫʩʪʨʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ ʧʨʦʝʢʪʠʨʦ-

ʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʢ ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ ʤʠʢʨʦʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ (ʩʠʩʪʝʤʥʳʡ 

ʧʦʜʭʦʜ ʢ ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ), ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʩʦʚʤʝʩʪʥʦʝ ʧʨʦ-

ʝʢʪʠʨʦʚʘʥʠʝ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʛʨʘʤʤʥʦʛʦ (software, SW) ʠ 

ʘʧʧʘʨʘʪʥʦʛʦ (hardware, HW) ʦʙʝʩʧʝʯʝʥʠʡ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʄʕʄʉ ʦʩʫʱʝʩʪ-

ʚʣʷʝʪʩʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʷʭ ʘʙʩʪʨʘʢʮʠʠ. ʅʝʵʤʧʠʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʙʘʟʠʨʫ-

ʶʪʩʷ ʥʘ ʘʪʦʤʠʩʪʠʯʝʩʢʦʡ, ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʠʣʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘ-

ʤʠʢʝ. ʊʘʢʠʝ ʤʦʜʝʣʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʝʭʥʦ-

ʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʘ (ʥʘʧʨʠʤʝʨ, ʚ 

ʧʨʦʮʝʩʩʝ ʪʨʘʚʣʝʥʠʷ). ʄʦʜʝʣʠ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʫʨʦʚʥʷ (ʩ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ) ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʳʚʘʪʴ ʪʘʢʠʝ ʢʦʤʧʦʥʝʥ-

ʪr , ʢʘʢ ʧʣʘʩʪʠʥ r ʠ ʛʨʝʙʝʥʯʘʪʳʡ ʧʨʠʚʦʜ. ʄʦʜʝʣʠ ʫʩʪʨʦʡʩʪʚ ʦʧʠʩʳʚʘʶʪ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʤʠʢʨʦ- ʠʣʠ ʥʘʥʦʩʪʨʫʢʪʫʨʳ. ɸʣʛʦʨʠʪʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʣʦʛʠʯʝʩʢʦʛʦ ʠʣʠ ʫʧʨʘʚʣʷʶʱʝʛʦ ʵʣʝ-

ʤʝʥʪʘ ʩʠʩʪʝʤʳ ʚ ʧʨʦʮʝʩʩʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ. ʄʦʜʝʣʠ ʩʠʩʪʝʤʥʦʛʦ ʫʨʦʚʥʷ 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʠʢʨʦʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ. 

X-ʜʠʘʛʨʘʤʤʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʠʩʪʝʤ, ʠʣʣʶʩʪʨʠʨʫʶʰʘʷ ʫʨʦʚ-

ʥʠ ʘʙʩʪʨʘʢʮʠʠ ʠ ʘʩʧʝʢʪʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.3. ʅʘ ʜʠʘ-

ʛʨʘʤʤʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʝʪʳʨʝ ʘʩʧʝʢʪʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ: ʧʦʚʝʜʝʥʯʝʩʢʠʡ, 

ʩʪʨʫʢʪʫʨʥʳʡ, ʬʠʟʠʯʝʩʢʠʡ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠ ʧʷʪʴ ʫʨʦʚʥʝʡ ʘʙʩʪʨʘʢʮʠʠ: ʩʠʩ-

ʪʝʤʥʳʡ, ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ, ʩʭʝʤʥʳʡ, ʢʦʤʧʦʥʝʥʪʥʳʡ ʠ ʙʘʟʦʚʳʡ (ʫʨʦʚʝʥʴ ʠʜʝʠ 

ʠʣʠ ʧʨʠʥʮʠʧʘ ʜʝʡʩʪʚʠʷ).  

ʇʦʚʝʜʝʥʯʝʩʢʠʡ ʘʩʧʝʢʪ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʪʘʚʠʪʴ ʧʨʦʝʢʪ ʚ ʚʠʜʝ ʯʝʨʥʦʛʦ ʷʱʠʢʘ, 

ʦʧʨʝʜʝʣʠʪʴ ʚʨʝʤʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʧʣʦʱʘʜʠ ʢʨʠʩʪʘʣʣʘ, 

ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ, ʪʝʩʪʦʧʨʠʛʦʜʥʦʩʪʠ. ʇʦʚʝʜʝʥʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʙʳʯʥʦ 

ʟʘʜʘʝʪʩʷ ʚ ʚʠʜʝ ʠʩʧʦʣʥʷʝʤʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʦʧʠʩʘʥʠʡ ʥʘ ʷʟʳʢʝ ʪʠʧʘ C 

(ʠʣʠ C++). ʇʦ ʵʪʠʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʦʧʠʩʘʥʠʷʤ ʟʘʪʝʤ ʚʳʧʦʣʥʷʝʪʩʷ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ ʜʣʷ ʰʠʨʦʢʦʛʦ ʥʘʙʦʨʘ ʚʭʦʜʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ. ʇʦʚʝʜʝʥʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʯʝʨʥʦʛʦ ʷʱʠʢʘ ʥʝ ʦʧʨʝʜʝʣʷʝʪ ʩʧʦʩʦʙ ʨʝʘʣʠʟʘʮʠʠ ʠ ʩʪʨʫʢʪʫʨʫ ʦʙʲʝʢʪʘ.  

ʉʪʨʫʢʪʫʨʥʳʡ ʘʩʧʝʢʪ ʥʘʧʨʘʚʣʝʥ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʝʢʪʘ ʚ ʚʠʜʝ ʥʘʙʦʨʘ 

ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʩʚʷʟʝʡ ʤʝʞʜʫ ʥʠʤʠ. ʇʦʚʝʜʝʥʠʝ ʯʝʨʥʦʛʦ ʷʱʠʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 
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ʧʦʚʝʜʝʥʠʝʤ ʝʛʦ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʠʭ ʚʟʘʠʤʦʩʚʷʟʷʤʠ, ʦʜʥʘʢʦ ʧʦʚʝʜʝʥʠʝ ʧʨʦʝʢʪʘ 

ʚ ʮʝʣʦʤ ʤʦʞʝʪ ʙʳʪʴ ʩʣʦʞʥʳʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʦʥʦ ʩʢʨʳʪʦ ʚ ʜʝʪʘ-

ʣʷʭ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʩʚʷʟʝʡ ʤʝʞʜʫ ʥʠʤʠ.  

 

     
ʈʠʩ. 1.3. X-ʜʠʘʛʨʘʤʤʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʠʩʪʝʤ  

 

ʌʠʟʠʯʝʩʢʠʡ ʘʩʧʝʢʪ ʦʧʨʝʜʝʣʷʝʪ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʝʛʦ ʨʘʟʤʝʨʳ (ʚʳʩʦʪʫ 

ʠ ʰʠʨʠʥʫ), ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ, ʧʦʨʪʳ ʠ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʩʠʣʠʢʦʥʦʚʦʤ ʢʨʠʩʪʘʣʣʝ 

ʠʣʠ ʧʝʯʘʪʥʦʡ ʧʣʘʪʝ. ʌʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʨʘʟʤʝʨ-

ʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʘʩʧʝʢʪ ʥʘʧʨʘʚʣʝʥ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦ-

ʚʘʥʠʷ ʬʠʟʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʥʘʧʨʠʤʝʨ, ʜʠʬʬʫʟʠʠ, ʚʳʨʘ-

ʱʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʘ ʠʣʠ ʪʨʘʚʣʝʥʠʷ.  

ʍ-ʜʠʘʛʨʘʤʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʨʦʝʢʪ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʷʭ ʘʙʩʪʨʘʢʮʠʠ, ʧʨʝʜ-

ʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 1.3 ʚ ʚʠʜʝ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʦʢʨʫʞʥʦʩʪʝʡ ʩ ʮʝʥʪʨʦʤ ʚ ʥʘ-

ʯʘʣʝ ʢʦʦʨʜʠʥʘʪ. ʅʘʟʚʘʥʠʝ ʢʘʞʜʦʛʦ ʫʨʦʚʥʷ ʘʙʩʪʨʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʠʧʦʤ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʥʘ ʜʘʥʥʦʤ ʫʨʦʚʥʝ.  

ɹʘʟʦʚʳʡ ʫʨʦʚʝʥʴ ʦʧʨʝʜʝʣʷʝʪ ʫʩʪʨʦʡʩʪʚʦ ʥʘ ʦʩʥʦʚʝ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ ʠʣʠ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʦʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ. ʀʥʬʦʨʤʘʮʠʷ 

ʙʘʟʦʚʦʛʦ ʫʨʦʚʥʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʩʚʦʡʩʪʚ ʠ ʧʦʚʝʜʝʥʠʷ ʤʘ-

ʪʝʨʠʘʣʘ ʥʘ ʥʘʥʦʫʨʦʚʥʝ. ʆʙʲʝʢʪʳ, ʩʦʟʜʘʚʘʝʤʳʝ ʥʘ ʢʦʤʧʦʥʝʥʪʥʦʤ ʫʨʦʚʥʝ, ʷʚ-

ʣʷʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤʠ ʷʯʝʡʢʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʪʨʘʥʟʠʩʪʦʨʦʚ ʩ ʢʘʥʘʣʦʤ n-

ʪʠʧʘ ʠʣʠ p-ʪʠʧʘ ʠ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʄʕʄʉ .  

ʉʭʝʤʦʪʝʭʥʠʯʝʩʢʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ 

ʨʝʘʣʠʟʫʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʥʠʩʭʦʜʷʱʝʡ ʤʝʪʦʜʦʣʦʛʠʠ çʩʚʝʨʭʫ ʚʥʠʟè. ʆʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʨʦʝʢʪ 

ʬʦʨʤʠʨʫʝʪʩʷ ʠʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʩʪʨʦʠʪʝʣʴʥʳʭ ʙʣʦʢʦʚ ʠʣʠ ʢʦʤʧʦʥʝʥʪʦʚ. 

ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ ʬʦʨʤʠʨʦʚʘʪʴ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʳʝ ʤʦʜʝʣʠ 

ʫʩʪʨʦʡʩʪʚʘ, ʦʧʠʩʳʚʘʶʱʠʝ ʢʦʤʧʦʥʦʚʦʯʥʳʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʜʘʥʥʳʝ. 
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ʇʨʦʝʢʪ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʚʠʜʝ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʦʡ ʘʙʩʪʨʘʢʪʥʦʡ ʤʦʜʝʣʠ, 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʥʘ ʨʘʟʥʳʭ ʫʨʦʚʥʷʭ ʘʙʩʪʨʘʢʮʠʠ ʠ ʜʝʪʘʣʠʟʘʮʠʠ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʘʪʦʤʘʨʥʳʭ ʦʙʲʝʢʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʦʜʝʣʠ ʢʦʥʝʯʥʳʭ ʠ 

ʛʨʘʥʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ FEA/BEA (Finite Element Analysis / Boundary Element 

Analysis) ʠʣʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʤʦʜʝʣʠ; ʘʥʘʣʠʟ ʦʙʲʝʢʪʦʚ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ 

ʤʝʪʦʜʫ ʈʵʣʝʷ-ʈʠʪʮʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʪʨʝʙʫʝʤʦʡ 

ʪʦʯʥʦʩʪʴʶ ʠ ʚʨʝʤʝʥʝʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʉʭʝʤʘ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʦʥʝʥʪʦʚ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʚ ʬʠʟʠʯʝʩʢʫʶ ʤʦʜʝʣʴ (ʬʦʪʦʰʘʙʣʦʥ ʠʣʠ 

ʰʝʩʪʠʛʨʘʥʥʳʝ ʩʝʪʢʠ), ʠʩʧʦʣʴʟʫʝʤʫʶ ʜʣʷ 3D-ʘʥʘʣʠʟʘ ʤʠʢʨʦʩʠʩʪʝʤʳ. 

ʅʝʜʦʩʪʘʪʢʠ ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʛʦ ʥʠʩʭʦʜʷʱʝʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ:  

1. ʆʛʨʘʥʠʯʝʥʥʳʡ ʥʘʙʦʨ ʜʦʧʫʩʪʠʤʳʭ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ, 

ʢʦʪʦʨʳʝ ʭʨʘʥʷʪʩʷ ʚ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʡ ʙʠʙʣʠʦʪʝʢʝ. 

2. ʅʝʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʢʦʤʧʦʥʝʥʪʘ ʠʣʠ ʩʠʩʪʝʤʳ ʜʦ ʪʝʭ ʧʦʨ, 

ʧʦʢʘ ʚʝʩʴ ʧʨʦʝʢʪ ʥʝ ʙʫʜʝʪ ʟʘʢʦʥʯʝʥ.  

3. ʇʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʠ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝ ʠʟʚʝʩʪʥʳ ʜʦ ʧʦʩʣʝʜʥʝʛʦ ʰʘʛʘ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʯʝʥʴ ʪʨʫʜʥʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʚʝʩʴ ʧʨʦʝʢʪ. ɼʝʢʦʤʧʦʟʠʮʠʷ 

ʧʨʦʝʢʪʘ ʠʣʠ ʩʠʥʪʝʟ ʧʦʚʪʦʨʷʝʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʫʨʦʚʥʷ ʠʝʨʘʨʭʠʠ ʠ ʨʘʟʨʘʙʦʪʯʠʢ 

ʥʝ ʚʩʝʛʜʘ ʤʦʞʝʪ ʧʦʥʷʪʴ ʠʜʝʪ ʣʠ ʦʧʪʠʤʠʟʘʮʠʷ ʚ ʧʨʘʚʠʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʝʢʪʥʳʭ ʠʪʝʨʘʮʠʡ, 

ʧʨʦʝʢʪʠʨʦʚʱʠʢ ʜʦʣʞʝʥ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ çʟʘʤʳʢʘʥʠʷ ʤʝʪʨʠʢʠè, ʚ 

ʢʦʪʦʨʦʡ ʨʘʟʣʠʯʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠʟ ʥʠʞʥʠʭ ʫʨʦʚʥʝʡ ʘʙʩʪʨʘʢʮʠʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʝʢʪʘ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʫʨʦʚʥʷʭ ʘʙʩʪʨʘʢʮʠʠ. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʥʘ 

ʙʦʣʝʝ ʥʠʟʢʦʤ ʫʨʦʚʥʝ ʘʙʩʪʨʘʢʮʠʠ ʚ ʪʝʯʝʥʠʝ ʩʣʝʜʫʶʱʝʡ ʠʪʝʨʘʮʠʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ ʘʙʩʪʨʘʢʮʠʠ. ʂ ʩʦʞʘʣʝʥʠʶ, 

ʢʦʥʮʝʧʮʠʶ çʟʘʤʳʢʘʥʠʷ ʤʝʪʨʠʢʠè ʪʨʫʜʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʥʘ ʧʨʘʢʪʠʢʝ ʠʟ-ʟʘ 

ʚʳʩʦʢʦʡ ʩʣʦʞʥʦʩʪʠ ʨʝʘʣʴʥʳʭ ʧʨʦʝʢʪʦʚ.  

4. ʄʦʜʝʣʠ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ 

ʬʦʨʤʳ ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʩʣʦʞʥʦʩʪʴ.  

5. ʌʠʟʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʥʘ ʫʨʦʚʥʝ ʫʧʘʢʦʚʢʠ ʢʨʠʩʪʘʣʣʘ ʚ ʢʦʨʧʫʩ, ʪʘʢʠʝ ʢʘʢ 

ʚʣʠʷʥʠʝ ʚʷʟʢʦʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʵʬʬʝʢʪʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʦʣʙʠʢʦʚʳʭ ʚʳʚʦʜʦʚ, ʪʨʫʜʥʦ ʫʯʝʩʪʴ ʧʨʠ ʥʠʩʭʦʜʷʱʝʤ 

ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʦʥʝʥʪʦʚ.  

ɺʦʩʭʦʜʷʱʘʷ ʤʝʪʦʜʦʣʦʛʠʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʪʦʧʦʣʦʛʠʠ (layout-based 

design) ʧʦʟʚʦʣʷʝʪ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚʳʧʦʣʥʠʪʴ ʨʘʟʨʘʙʦʪʢʫ ʢʦʤʧʦʥʝʥʪʦʚ ʠ 

ʩʦʭʨʘʥʠʪʴ ʠʭ ʚ ʙʠʙʣʠʦʪʝʢʝ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘ ʩʣʝʜʫʶʱʝʤ ʙʦʣʝʝ ʚʳʩʦʢʦʤ 

ʫʨʦʚʥʝ ʘʙʩʪʨʘʢʮʠʠ. ɼʚʫʤʝʨʥʘʷ ʤʦʜʝʣʴ ʪʦʧʦʣʦʛʠʠ ʤʠʢʨʦʩʠʩʪʝʤʳ 

ʬʦʨʤʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 2D ʤʦʜʝʣʝʡ ʙʠʙʣʠʦʪʝʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʟʘʪʝʤ 

ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʪʨʝʭʤʝʨʥʫʶ ʤʦʜʝʣʴ ʧʫʪʝʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʄʕʄʉ. ʇʦʣʫʯʝʥʥʘʷ 3D ʪʚʝʨʜʦʪʝʣʴʥʘ ̫ ʤʦʜʝʣ ɹ

ʤʠʢʨʦʩʠʩʪʝʤʳ ʧʦʜʚʝʨʛʘʝʪʩʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʠ ʘʥʘʣʠʟʫ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʦʜʦʚ 3D ʢʦʥʝʯʥʳʭ / ʛʨʘʥʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (FEA / BEA). ʊʠʧʦʚʳʝ 3D 

ʤʦʜʝʣʠ ʄʕʄʉ ʤʦʛʫʪ ʠʤʝʪʴ ʦʪ 100 000 ʜʦ 1 ʤʠʣʣʠʦʥʘ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ, ʚ ʪʦ 
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ʚʨʝʤʷ ʢʘʢ ʩʠʩʪʝʤʥʳʝ ʩʠʤʫʣʷʪʦʨʳ ʥʝ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʪʘʢʠʭ 

ʩʣʦʞʥʳʭ ʧʨʦʝʢʪʦʚ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʚ ʩʠʩʪʝʤʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠʙʣʠʞʝʥʥʳʝ ʤʦʜʝʣʠ ʩ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʠ ʚʨʝʤʝʥʥʳʝ 

ʟʘʪʨʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʜʥʘʢʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʦʰʠʙʢʘʤ ʧʨʠ ʘʥʘʣʠʟʝ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʤʝʭʘʥʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʘʭ 

ʤʠʢʨʦʩʠʩʪʝʤʳ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʘʥʘʣʠʟʝ ʚʦʟʥʠʢʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʩʪʝʨʞʥʷʭ ʠ ʵʬʬʝʢʪʘ ʣʝʚʠʪʘʮʠʠ ʧʦʜʚʠʞʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʠʟ-ʟʘ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ). ɺ ʧʨʦʮʝʩʩʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʘʷ 

ʪʚʝʨʜʦʪʝʣʴʥʘʷ ʤʦʜʝʣʴ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʩʠʩʪʝʤʥʫʶ ʤʦʜʝʣʴ.  

ɼʦʩʪʦʠʥʩʪʚʦʤ ʚʦʩʭʦʜʷʱʝʡ ʤʝʪʦʜʦʣʦʛʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʩʚʷʟʴ 

ʧʨʦʝʢʪʥʦʡ ʠʜʝʠ ʩ ʪʝʭʥʦʣʦʛʠʝʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʠʢʨʦʩʠʩʪʝʤʳ. ʅʝʜʦʩʪʘʪʢʦʤ 

ʦʧʠʩʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʙʠʙʣʠʦʪʝʢʠ ʜʦʣʞʥʳ ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ 

ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩʦ ʚʩʝʤʠ ʚʦʟʤʦʞʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʠ ʦʥʠ 

ʜʦʣʞʥʳ ʙʳʪʴ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʜʣʷ ʣʶʙʳʭ ʥʘʩʪʦʷʱʠʭ ʠ ʚʦʟʤʦʞʥʳʭ ʙʫʜʫʱʠʭ 

ʧʨʠʣʦʞʝʥʠʡ. ʕʪʦ ʦʯʝʥʴ ʩʣʦʞʥʘʷ ʠ ʙʝʩʢʦʥʝʯʥʘʷ ʟʘʜʘʯʘ, ʧʦʩʢʦʣʴʢʫ ʦʯʝʥʴ 

ʪʨʫʜʥʦ ʧʨʝʜʚʠʜʝʪʴ ʥʘ ʥʠʞʥʝʤ ʫʨʦʚʥʝ ʘʙʩʪʨʘʢʮʠʠ ʚʩʝ ʧʦʪʨʝʙʥʦʩʪʠ 

ʩʣʝʜʫʶʱʝʛʦ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʘʙʩʪʨʘʢʮʠʠ. 

ʄʝʪʦʜʦʣʦʛʠʷ ʜʝʣʝʥʠʷ ʧʦʧʦʣʘʤ (meet-in-the-middle) ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ ʦʙʝʠʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʦʣʦʛʠʡ 

ʥʠʩʭʦʜʷʱʝʛʦ ʠ ʚʦʩʭʦʜʷʱʝʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ ʠʭ 

ʥʝʜʦʩʪʘʪʢʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʫʜʦʙʝʥ ʪʝʤ, ʯʪʦ ʩʪʘʥʜʘʨʪʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ 

ʩʨʝʜʩʪʚʘ ʉɸʇʈ ʥʘ ʥʠʞʥʠʭ ʫʨʦʚʥʷʭ ʘʙʩʪʨʘʢʮʠʠ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʨʘʟʚʠʪʳ, 

ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʠʩʪʝʤʥʦʛʦ ʫʨʦʚʥʷ. ɺ meet-in-the-middle ʤʝʪʦʜʦʣʦʛʠʠ 

ʧʨʠʤʝʥʷʝʪʩʷ ʥʠʩʭʦʜʷʱʝʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʥʘ ʚʳʩʰʠʭ ʫʨʦʚʥʷʭ ʘʙʩʪʨʘʢʮʠʠ ʠ 

ʚʦʩʭʦʜʷʱʝʝ ï ʥʘ ʥʠʞʥʠʭ ʫʨʦʚʥʷʭ. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ 

ʷʚʣʷʝʪʩʷ ʤʝʩʪʦ ʧʝʨʝʭʦʜʘ ʦʪ ʦʜʥʦʛʦ ʩʪʠʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʢ ʜʨʫʛʦʤʫ. ʊʘʢ 

ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣʣʘʭ meet-in-the-

middle ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʩ ʤʦʜʝʣʠ ʚʳʯʠʩʣʝʥʠʡ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ 

ʚʳʧʦʣʥʷʝʪʩʷ ʩʠʥʪʝʟ ʩʠʩʪʝʤʥʦʡ ʧʣʘʪʬʦʨʤʳ ʩ ʚʠʨʪʫʘʣʴʥʳʤʠ ʧʨʦʮʝʩʩʦʨʥʳʤʠ 

ʠ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʩʠʥʪʝʟʠʨʫʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ RTL ʢʦʤʧʦʥʝʥʪʦʚ ʠʟ RTL ʙʠʙʣʠʦʪʝʢʠ. ʇʨʦʮʝʩʩʦʨʥʳʝ ʠ 

ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ  ʢʦʤʧʦʥʝʥʪʳ ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴ IP-ʤʦʜʫʣʠ ʚ ʚʠʜʝ ʩʧʠʩʢʦʚ 

ʩʦʝʜʠʥʝʥʠʡ (netlists) RTL ʢʦʤʧʦʥʝʥʪʦʚ. ʂʘʞʜʳʡ RTL ʢʦʤʧʦʥʝʥʪ ʠʤʝʝʪ ʩʚʦʶ 

ʩʦʙʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʪʦʧʦʣʦʛʠʶ, ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʧʨʠʤʝʥʝʥʠʷ 

ʚʦʩʭʦʜʷʱʝʡ ʤʝʪʦʜʦʣʦʛʠʠ. ɺ ʧʨʦʮʝʩʩʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ RTL ʢʦʤʧʦʥʝʥʪʳ 

ʦʙʲʝʜʠʥʷʶʪʩʷ ʧʫʪʝʤ ʠʭ ʨʘʟʤʝʱʝʥʠʷ ʠ ʪʨʘʩʩʠʨʦʚʢʠ, ʬʦʨʤʠʨʫʷ ʮʠʬʨʦʚʫʶ 

ʩʠʩʪʝʤʫ ʥʘ ʢʨʠʩʪʘʣʣʝ. 

ʅʘ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʛʦ 

ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʜʫʨ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʚ ʄʕʄʉ ʦʪ ʤʦʤʝʥʪʘ ʝʝ 

ʧʦʣʫʯʝʥʠʷ ʜʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʛʝʥʝʨʠʨʫʶʪʩʷ 

ʩʪʘʥʜʘʨʪʥʳʝ ʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʧʨʦʮʝʩʩʦʨʳ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʝ 
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ʘʧʧʘʨʘʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʪʘʢʠʝ ʢʘʢ ʢʦʥʪʨʦʣʣʝʨʳ ʧʘʤʷʪʠ, ʘʨʙʠʪʨʳ, ʤʦʩʪʳ, 

ʤʘʨʰʨʫʪʠʟʘʪʦʨʳ ʠ ʢʦʤʧʦʥʝʥʪʳ ʠʥʪʝʨʬʝʡʩʘ.  

ʅʘ ʩʠʩʪʝʤʥʦʤ ʫʨʦʚʥʝ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ ʠʣʠ ʚʩʪʨʦʝʥʥʳʝ 

ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʧʨʦʮʝʩʩʦʨʦʚ, ʧʘʤʷʪʠ, ʰʠʥ, ʢʦʤʧʦʥʝʥʪʦʚ ʄʕʄʉ. 

ʅʦʚʳʡ ʢʣʘʩʩ ʯʠʩʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʩʦʢʨʘʱʝʥʠʷ 

ʧʦʜʧʨʦʩʪʨʘʥʩʪʚ ʂʨʳʣʦʚʘ/ɸʨʥʦʣʴʜʠ ʨʘʟʨʘʙʦʪʘʥ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʜʝʣʝʡ 

ʘʥʘʣʠʟʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʤʦʜʝʣʠ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ. ʄʦʜʝʣʠ FEA / BEA ʤʦʛʫʪ ʙʳʪʴ ʩʚʝʜʝʥ rʢ ʵʬʬʝʢʪʠʚʥʳʤ 

ʢʦʤʧʘʢʪʥʳʤ ʤʦʜʝʣʷʤ ʩʠʩʪʝʤʳ (ʤʦʜʝʣʷʤ ʧʦʥʠʞʝʥʥʦʛʦ ʧʦʨʷʜʢʘ ï Reduced 

Order Models, ROMs), ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʚʳʧʦʣʥʷʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʤʠʢʨʦʫʩʪʨʦʡʩʪʚ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ 2-5% ʧʨʠ ʩʦʢʨʘʱʝʥʠʠ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ ʚ 

100-1000 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʥʦʡ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʴʶ. ʄʦʜʝʣʠ ROM 

ʪʦʯʥʦ ʦʧʠʩʳʚʘʶʪ ʧʦʚʝʜʝʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʡ, 

ʪʝʧʣʦʚʦʡ, ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʡ ʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʳ ʚ ʤʦʜʝʣʠ 

ʦʧʠʩʘʥʠʷ ʘʧʧʘʨʘʪʫʨʳ ʥʘ ʷʟʳʢʘʭ HDL (Hardware Description Languages). 

ɺʝʨʠʬʠʢʘʮʠʷ MEMS ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʚʝʨʠʬʠʢʘʮʠʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʚ 

ʧʨʦʮʝʩʩʝ ʢʦʪʦʨʦʡ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʦʚʝʨʢʘ ʩʦʦʪʚʝʪʩʪʚʠʷ ʩʭʝʤʥʦʛʦ ʦʧʠʩʘʥʠʷ 

ʪʦʧʦʣʦʛʠʠ ʧʨʦʝʢʪʘ ʩ ʧʦʤʦʱʴʶ ʠʥʩʪʨʫʤʝʥʪʘ ʧʨʦʚʝʨʢʠ ʧʨʘʚʠʣ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ Design Rule Check (DRC). ʀʥʩʪʨʫʤʝʥʪ DRC, ʜʦʧʦʣʥʝʥʥʳʡ 

ʩʨʝʜʩʪʚʘʤʠ ʘʥʘʣʠʟʘ ʢʨʠʚʳʭ ɹʝʟʴʝ ʠ ʧʨʦʠʟʚʦʣʴʥʦʡ 3D ʛʝʦʤʝʪʨʠʠ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʄʕʄʉ.   

ɺʝʨʠʬʠʢʘʮʠʷ ï ʧʨʦʮʝʩʩ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʭʥʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʟʜʝʣʠʷ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʝʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʩʦ ʩʧʝʮʠʬʠʢʘʮʠʝʡ 

ʥʘ ʦʩʥʦʚʝ  ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʩʪʦʚʳʭ ʠʣʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ.  

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʄʕʄʉ, ʚʝʨʠʬʠʢʘʮʠʷ ï ʵʪʦ ʧʨʦʮʝʩʩ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʟʜʝʣʠʷ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʤʝʪʦʜʦʣʦʛʠʷ ʩʚʝʨʭʫ ʚʥʠʟ) ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ 3D ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʤʝʪʦʜʦʣʦʛʠʷ ʩʥʠʟʫ ʚʚʝʨʭ). ɺʝʨʠʬʠʢʘʮʠʷ 

ʄʕʄʉ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʦʧʦʩʪʘʚʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʭʝʤ,r 3D ʢʦʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʤʦʜʝʣʝʡ ROM. 

 

1.3. ɺʠʜʳ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʄʕʄʉ  

ʇʦʜʭʦʜʳ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʶ, ʪʝʩʪʠʨʦʚʘ-

ʥʠʶ ʠ ʦʙʝʩʧʝʯʝʥʠʶ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʠ ʮʠʬʨʦʚʳʭ ʩʭʝʤ ʠʤʝʶʪ ʚʘʞʥʦʝ ʟʥʘ-

ʯʝʥʠʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘʜʝʞʥʳʭ ʠʟʜʝʣʠʡ. ʉ ʨʘʟʚʠʪʠʝʤ VLSI ʪʝʭʥʦʣʦʛʠʠ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʣʦʩʴ ʢʦʣʠʯʝʩʪʚʦ ʢʦʤʧʦʥʝʥʪʦʚ, ʨʘʟʤʝʱʘʝʤʳʭ ʥʘ ʦʜʥʦʤ ʢʨʠ-

ʩʪʘʣʣʝ ʠ, ʢʘʢ ʨʝʟʫʣʴʪʘʪ ï ʚʦʟʨʦʩʣʘ ʩʪʝʧʝʥʴ ʠʥʪʝʛʨʘʮʠʠ ʠ ʢʦʣʠʯʝʩʪʚʦ ʥʝʠʩ-

ʧʨʘʚʥʦʩʪʝʡ.  

ɺ ʧʨʦʮʝʩʩʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʮʠʬʨʦʚʦʛʦ ʠʟʜʝʣʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʧʨʦʚʝʨʷʪʴ (ʧʫʪʝʤ ʪʝʩʪʠʨʦʚʘʥʠʷ) ʢʦʨʨʝʢʪʥʦʩʪʴ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʭʝʤʳ ʠ 

ʦʪʩʫʪʩʪʚʠʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʪʴ ʢʦʨʨʝʢʪʥʫʶ ʨʘʙʦʪʫ ʩʭʝʤʳ ʚ 

ʩʣʫʯʘʝ ʧʦʷʚʣʝʥʠʷ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ (ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʴ). 
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ʇʦʜ ʥʝʠʩʧʨʘʚʥʦʩʪʴʶ ʩʭʝʤʳ ʧʦʥʠʤʘʶʪ ʬʠʟʠʯʝʩʢʠʡ ʜʝʬʝʢʪ ʦʜʥʦʛʦ ʠʣʠ ʙʦʣʝʝ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʭʝʤʳ. ʈʘʟʣʠʯʘʶʪ ʧʦʩʪʦʷʥʥʳʝ ʠ ʥʝʨʝʛʫʣʷʨʥʳʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ. 

ʇʦʩʪʦʷʥʥʳʝ (ʞʝʩʪʢʠʝ) ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʩʣʝʜʩʪʚʠʝʤ ʨʘʟʨʫʰʝʥʠʷ 

ʠʣʠ ʠʟʥʦʩʘ ʢʦʤʧʦʥʝʥʪʘ. ʅʝʨʝʛʫʣʷʨʥʳʝ (ʤʷʛʢʠʝ) ʜʝʬʝʢʪʳ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʦʧ-

ʨʝʜʝʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʤʠ (transient) 

ʠ ʧʝʨʝʤʝʞʘʶʱʠʤʠʩʷ (intermittent). 

ʅʝʠʩʧʨʘʚʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʣʦʛʠʯʝʩʢʠʤʠ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤʠ. ʃʦʛʠʯʝʩʢʘʷ 

ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʠʟʤʝʥʷʝʪ ʙʫʣʝʚʫ ʬʫʥʢʮʠʶ, ʢʦʪʦʨʘʷ ʨʝʘʣʠʟʫʝʪʩʷ ʩʭʝʤʦʡ. ʇʘ-

ʨʘʤʝʪʨʠʯʝʩʢʘʷ ï ʠʟʤʝʥʷʝʪ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʩʭʝʤʳ (ʪʦʢ, ʥʘʧʨʷʞʝʥʠʝ). ʂ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤ ʜʝʬʝʢʪʘʤ ʦʪʥʦʩʷʪ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʟʘʜʝʨʞʢʠ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʨʘʟʣʠʯʥʳʤ ʚʨʝʤʝʥʝʤ ʧʨʦʭʦʞʜʝʥʠʷ ʩʠʛʥʘʣʘ ʯʝʨʝʟ ʣʦʛʠʯʝʩʢʠʝ ʚʝʥʪʠʣʠ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʛʦʥʢʘʤ (ʩʦʩʪʷʟʘʥʠʷʤ) ʩʠʛʥʘʣʦʚ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʬʠʟʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʩ-

ʥʦʚʘʥʦ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʜʥʦʡ ʤʦʜʝʣʠ ʣʦʛʠʯʝʩʢʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ, ʯʪʦ ʧʦ-

ʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʩʣʦʞʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʄʦʜʝʣʴ ʣʦʛʠʯʝ-

ʩʢʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʝʭʥʦʣʦʛʠʠ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʧʨʦʝʢʪʘ, ʘ 

ʪʝʩʪʳ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʣʦʛʠʯʝʩʢʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ, ʤʦʛʫʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʪʘʢʞʝ ʠ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ. 

ʄʦʜʝʣʴ ʣʦʛʠʯʝʩʢʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʷʚʥʦʡ ʠʣʠ ʥʝʷʚʥʦʡ. ʗʚʥʘʷ 

ʤʦʜʝʣʴ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʚ ʢʦʪʦʨʦʤ 

ʢʘʞʜʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ, ʘ ʥʝʠʩʧʨʘʚʥʦʩʪʠ, 

ʧʦʜʣʝʞʘʱʠʝ ʘʥʘʣʠʟʫ, ʤʦʛʫʪ ʙʳʪʴ ʷʚʥʦ ʦʧʠʩʘʥʳ. ʗʚʥʘʷ ʤʦʜʝʣʴ ʥʝʠʩʧʨʘʚʥʦ-

ʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʠʤʝʥʠʤʘ, ʝʩʣʠ ʝʝ ʨʘʟʤʝʨʥʦʩʪʴ ʥʝ ʷʚʣʷʝʪʩʷ ʩʣʠʰʢʦʤ 

ʙʦʣʴʰʦʡ. ʅʝʷʚʥʘʷ ʤʦʜʝʣʴ ʦʧʠʩʳʚʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʧʫʪʝʤ 

ʩʦʚʦʢʫʧʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʪʠʧʘ ʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʯʝʩʢʠʤʠ ʧʨʠʟʥʘʢʘʤʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʪʝʩʥʦ ʩʚʷʟʘʥʦ ʩ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ. ʅʝʠʩʧʨʘʚʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʚ ʩʦʯʝʪʘʥʠʠ ʩʦ 

ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʝʣʴʶ, ʦʪʥʦʩʷʪʩʷ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʥʝʠʩʧʨʘʚʥʦʩʪʷʤ, ʧʨʦʷʚ-

ʣʷʶʱʠʤʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʢʦʤʧʦʥʝʥʪʦʚ. ʌʫʥʢʮʠʦ-

ʥʘʣʴʥʳʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʤʦʜʝ-

ʣʴʶ, ʪʘʢ ʥʘʧʨʠʤʝʨ, ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʤʦʞʝʪ ʧʨʦʷʚʣʷʪʴʩʷ ʚ ʠʟ-

ʤʝʥʝʥʠʠ ʪʘʙʣʠʮʳ ʠʩʪʠʥʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʘ ʠʣʠ ʠʩʢʘʞʝʥʠʠ RTL ʦʧʝʨʘʮʠʠ.  

ʂʣʘʩʩʳ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ. ʉʫʱʝʩʪʚʫʝʪ ʪʨʠ ʢʣʘʩʩʘ ʣʦʛʠʯʝʩʢʠʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ: 

ʢʦʥʩʪʘʥʪʥʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ (stuck-at-fault), ʤʦʩʪʠʢʦʚʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ 

(bridging fault) ʠ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʟʘʜʝʨʞʢʠ (delay fault). 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʘʷ ʤʦʜʝʣʴ ʢʦʥʩʪʘʥʪʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ï ʦʜʠʥʦʯʥʘʷ 

ʢʦʥʩʪʘʥʪʥʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ. ʉʫʱʥʦʩʪʴ ʤʦʜʝʣʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʥʝʠʩ-

ʧʨʘʚʥʦʩʪʴ ʣʦʛʠʯʝʩʢʦʛʦ ʚʝʥʪʠʣʷ ʧʨʠʚʦʜʠʪ ʢ çʟʘʣʠʧʘʥʠʶè ʣʦʛʠʯʝʩʢʦʛʦ 0 (ʢʦʥ-

ʩʪʘʥʪʘ 0, s-a-0) ʠʣʠ ʣʦʛʠʯʝʩʢʦʡ 1 (ʢʦʥʩʪʘʥʪʘ 1, s-a-1) ʥʘ ʦʜʥʦʤ ʠʟ ʝʛʦ ʚʭʦʜʦʚ 

ʠʣʠ ʚʳʭʦʜʦʚ.  

ʄʦʜʝʣʴ ʢʦʥʩʪʘʥʪʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʢʨʘʪʥʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʚ ʩʭʝʤʝ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʙʦʣʝʝ, ʯʝʤ 

ʥʘ ʦʜʥʦʡ ʣʠʥʠʠ ʩʭʝʤʳ ʠʤʝʝʪʩʷ ʢʦʥʩʪʘʥʪʥʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ s-a-0 ʠʣʠ s-a-1. 
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ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʩʦʚʦʢʫʧʥʦʩʪʴ ʢʦʥʩʪʘʥʪʥʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʩʫʱʝʩʪʚʫʝʪ ʚ 

ʩʭʝʤʝ ʚ ʦʜʥʦ ʠ ʪʦ ʞʝ ʚʨʝʤʷ. ʈʘʟʥʦʚʠʜʥʦʩʪʴʶ ʢʨʘʪʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʷʚʣʷʝʪ-

ʩʷ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ï ʢʦʛʜʘ ʚʩʝ ʢʦʥʩʪʠʪʫʝʥʪʳ (ʩʦʩʪʘʚʣʷʶ-

ʱʠʝ ʯʘʩʪʠ) ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ s-a-0 ʠʣʠ s-a-1, ʥʦ ʥʝ ʦʙʝ ʦʜ-

ʥʦʚʨʝʤʝʥʥʦ. 

ʄʦʜʝʣʴ ʢʦʥʩʪʘʥʪʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʥʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʧʨʠ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʠ ʉɹʀʉ (Very Large Scale Integrated, VLSI), ʧʦʩʪʨʦʝʥʥʳʭ ʧʦ CMOS 

ʪʝʭʥʦʣʦʛʠʠ. ʅʝʠʩʧʨʘʚʥʦʩʪʠ ʚ CMOS ʩʭʝʤʘʭ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʣʦʛʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʤʦʜʝʣʴʶ ʢʦʥʩʪʘʥʪ-

ʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ. ɼʝʬʝʢʪʳ CMOS-ʩʭʝʤ ʦʪʦʙʨʘʞʘʶʪʩʷ ʪʘʢʞʝ ʤʦʜʝʣʷʤʠ ʫʩ-

ʪʦʡʯʠʚʳʭ ʦʙʨʳʚʦʚ ʪʨʘʥʟʠʩʪʦʨʦʚ SOP (stuck-open) ʠ ʫʩʪʦʡʯʠʚʳʭ ʟʘʤʳʢʘʥʠʡ 

ʪʨʘʥʟʠʩʪʦʨʦʚ SON (stuck-on) [9]. 

ʄʦʩʪʠʢʦʚʳʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʪʠʧʘ çʢʦʨʦʪʢʦʝ ʟʘʤʳʢʘʥʠʝè ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʧʦʩʪʦʷʥʥʳʝ ʜʝʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʢʦʥʩʪʘʥʪʥʦʡ 

ʥʝʠʩʧʨʘʚʥʦʩʪʴʶ. ʂʦʨʦʪʢʦʝ ʟʘʤʳʢʘʥʠʝ ʚʦʟʥʠʢʘʝʪ, ʢʦʛʜʘ ʜʚʝ ʠʣʠ ʙʦʣʝʝ ʩʠʛ-

ʥʘʣʴʥʳʭ ʣʠʥʠʡ ʩʭʝʤʳ ʵʣʝʢʪʨʠʯʝʩʢʠ ʩʚʷʟʘʥʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʄʦʩʪʠʢʦʚʳʝ ʥʝ-

ʠʩʧʨʘʚʥʦʩʪʠ ʚʝʥʪʠʣʴʥʦʛʦ ʫʨʦʚʥʷ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ʚʭʦʜʥʳʝ ï ʚʳʟʚʘʥʳ ʢʦʨʦʪʢʠʤ ʟʘʤʳʢʘʥʠʝʤ ʚʭʦʜʦʚ ʣʦʛʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ, ʥʝ-

ʠʩʧʨʘʚʥʦʩʪʠ ʪʠʧʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ï ʚʳʟʚʘʥʳ ʟʘʤʳʢʘʥʠʝʤ ʚʭʦʜʥʦʡ ʠ ʚʳʭʦʜ-

ʥʦʡ ʣʠʥʠʡ, ʘ ʪʘʢʞʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʙʝʟ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʢʦʪʦʨʳʝ ʥʝ ʦʪʥʦʩʷʪʩʷ 

ʢ ʧʝʨʚʳʤ ʜʚʫʤ ʪʠʧʘʤ. ɺ ʪʝʦʨʠʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʩʪʠʢʦʚʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ʜʝʣʘʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʚʝʨʦʷʪʥʦʩʪʴ ʟʘʤʳʢʘʥʠʷ ʙʦʣʝʝ ʜʚʫʭ ʣʠʥʠʡ ʷʚ-

ʣʷʝʪʩʷ ʥʠʟʢʦʡ ʠ ʣʦʛʠʢʘ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʚʠʜʝ ʩʚʷʟʝʡ. ʄʦʩʪʠʢʦ-

ʚʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʣʦʛʠʢʝ ʚʦʟʥʠʢʘʝʪ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʝʝ 

ʧʦʚʝʜʝʥʠʝ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʦʚʦʜʥʳʤ AND (0 ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʘʥʪʥʳʤ ʣʦʛʠʯʝ-

ʩʢʠʤ ʟʥʘʯʝʥʠʝʤ), ʠ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʣʦʛʠʢʝ - ʢʦʛʜʘ ʝʝ ʧʦʚʝʜʝʥʠʝ ʦʧʠʩʳʚʘʝʪ-

ʩʷ ʧʨʦʚʦʜʥʳʤ OR (1 ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʘʥʪʥʳʤ ʣʦʛʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ).  

ʅʝʠʩʧʨʘʚʥʦʩʪʠ ʟʘʜʝʨʞʢʠ [10, 11]. ʅʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʚʳʟʚʘʪʴ ʨʘʟʨʳʚʳ ʠ ʢʦʨʦʪʢʠʝ ʟʘʤʳʢʘʥʠʷ ʚ ʩʭʝʤʝ, ʠʤʝʶʪ ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʦʪʢʣʦʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦ-

ʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ. ɼʝʬʝʢʪʳ ʤʦʛʫʪ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪʴ ʢ ʥʘʨʫʰʝʥʠʷʤ 

ʚʨʝʤʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʭʝʤʳ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʣʦʛʠʢʠ ʝʝ ʨʘʙʦʪʳ: ʟʘʜʝʨʞʢʘ ʧʝ-

ʨʝʢʣʶʯʝʥʠʷ ʩʠʛʥʘʣʘ ʠʟ 0 ʚ 1 ʠ ʥʘʦʙʦʨʦʪ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʚʠʜʘ ʥʝʠʩʧʨʘʚʥʦ-

ʩʪʝʡ ʟʘʜʝʨʞʢʠ: ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʟʘʜʝʨʞʢʠ ʚʝʥʪʠʣʷ ʠ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʟʘʜʝʨʞʢʠ 

ʧʫʪʠ. ɿʘʜʝʨʞʢʘ ʚʝʥʪʠʣʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ, ʧʨʠ ʢʦ-

ʪʦʨʳʭ ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ ʩʠʛʥʘʣʘ ʯʝʨʝʟ ʚʝʥʪʠʣʴ ʧʨʝʚʳʰʘʝʪ ʧʨʝʜʝʣʴʥʦ-

ʜʦʧʫʩʪʠʤʦʝ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʦʣʴʢʦ ʜʣʷ ʠʟʦʣʠʨʦ-

ʚʘʥʥʳʭ, ʥʝ ʪʨʘʥʩʧʦʨʪʠʨʫʝʤʳʭ ʜʝʬʝʢʪʦʚ, ʥʘʧʨʠʤʝʨ, ʥʝʩʢʦʣʴʢʦ ʤʘʣʳʭ ʟʘʜʝʨ-

ʞʝʢ. ʄʦʜʝʣʴ ʟʘʜʝʨʞʢʠ ʧʫʪʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʢʘʢ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥ-

ʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʪʨʘʥʩʧʦʨʪʠʨʫʝʤʳʭ ʜʝʬʝʢʪʦʚ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʟʘʜʝʨʞʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘ-

ʣʘ ʚʜʦʣʴ ʣʠʥʠʠ ʩʭʝʤʳ ʧʨʝʚʳʰʘʝʪ ʜʦʧʫʩʪʠʤʦʝ ʟʥʘʯʝʥʠʝ. 
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ʂʨʘʪʢʦʚʨʝʤʝʥʥʳʝ ʠ ʧʝʨʝʤʝʞʘʶʱʠʝʩʷ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 

ʚʨʝʤʝʥʥʳʝ ʜʝʬʝʢʪʳ. ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʮʠʬʨʦʚʳʭ ʩʭʝʤ ʚʳʟʚʘ-

ʥʘ ʠʤʝʥʥʦ ʚʨʝʤʝʥʥʳʤʠ ʜʝʬʝʢʪʘʤʠ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʣʦʞʥʦʩʪʴʶ 

ʚʳʷʚʣʝʥʠʷ ʠ ʫʩʪʨʘʥʝʥʠʷ. ʂʨʘʪʢʦʚʨʝʤʝʥʥʳʝ ʜʝʬʝʢʪʳ ʷʚʣʷʶʪʩʷ ʥʝʧʦʚʪʦʨʷʶ-

ʱʠʤʠʩʷ ʠ ʚʳʟʳʚʘʶʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʬʣʫʢʪʫʘʮʠʷʤʠ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ ʠʣʠ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʆʥʠ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ 

ʦʪʢʘʟʘ ʵʣʝʤʝʥʪʦʚ ʧʘʤʷʪʠ ʩʠʩʪʝʤ ʥʘ ʢʨʠʩʪʘʣʣʘʭ. 

ʇʝʨʝʤʝʞʘʶʱʠʝʩʷ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʤʦʛʫʪ ʧʦʷʚʣʷʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʨʫʰʝʥʠʷ 

ʤʝʞʩʦʝʜʠʥʝʥʠʡ, ʧʨʠʤʝʥʝʥʠʷ ʜʝʬʝʢʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʚʦʟʜʝʡʩʪʚʠʷ ʚʥʝʰʥʠʭ 

ʬʘʢʪʦʨʦʚ (ʪʝʤʧʝʨʘʪʫʨʘ, ʚʣʘʞʥʦʩʪʴ, ʚʠʙʨʘʮʠʷ) ʠʣʠ ʙʳʪʴ ʩʣʝʜʩʪʚʠʝʤ ʦʰʠʙʦʢ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʇʝʨʝʤʝʞʘʶʱʠʝʩʷ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʚʦʟʥʠʢʘʶʪ ʩʣʫʯʘʡʥʳʤ 

ʦʙʨʘʟʦʤ ʠ ʤʦʜʝʣʠʨʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʤʝʪʦʜʦʚ (ʄʘʨʢʦʚʩʢʠʝ 

ʤʦʜʝʣʠ). 

1.4. ʄʦʜʝʣʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ɺʩʝ ʙʦʣʝʝ ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʳʭ ʩʠʩʪʝʤ ʚ ʢʨʠʪʠ-

ʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ ʧʨʠʚʝʣʦ ʢ ʧʦʚʳʰʝʥʠʶ ʟʥʘʯʠʤʦʩʪʠ ʚʝʨʠʬʠʢʘʮʠʠ ʠ ʪʝʩ-

ʪʠʨʦʚʘʥʠʷ ʧʨʦʛʨʘʤʤʥʳʭ ʠ ʘʧʧʘʨʘʪʥʳʭ ʤʦʜʫʣʝʡ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪ-

ʚʫʝʪ ʨʷʜ ʧʨʦʙʣʝʤ ʚʝʨʠʬʠʢʘʮʠʠ, ʩʚʷʟʘʥʥʳʭ ʩ ʚʳʩʦʢʦʡ ʩʣʦʞʥʦʩʪʴʶ ʧʨʦ-

ʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʠ ʠʭ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʉʪʦʠʤʦʩʪʴ 

ʚʝʨʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤʳ ʫʚʝʣʠʯʠʣʘʩʴ ʜʦ ʪʘʢʦʡ ʩʪʝʧʝʥʠ, ʯʪʦ ʠʥʦʛʜʘ ʜʘʞʝ ʧʨʝ-

ʚʳʰʘʝʪ ʩʪʦʠʤʦʩʪʴ ʧʨʦʝʢʪʘ. ʌʦʨʤʘʣʴʥʳʝ ʤʝʪʦʜʳ ʚʝʨʠʬʠʢʘʮʠʠ ʧʦʟʚʦʣʷʶʪ 

ʧʨʦʚʝʨʠʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʘʣʴʥʳʭ ʤʝʪʦʜʦʚ (ʧʨʦʚʝʨʢʘ 

ʤʦʜʝʣʝʡ, ʧʨʦʚʝʨʢʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤ). 

ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʣʦʞʥʦʩʪʴʶ ʟʘʜʘʯʠ ʚʝʨʠʬʠʢʘʮʠʠ, ʧʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʳ, ʦʩ-

ʥʦʚʘʥʥʳʝ ʥʘ ʩʠʤʫʣʷʮʠʠ (ʵʤʫʣʷʮʠʠ) ʦʧʠʩʘʥʠʷ ʩʠʩʪʝʤʳ ʟʘʜʘʥʥʦʡ ʚʭʦʜʥʦʡ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ.  

ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʠʩʢʘʞʘʶʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʮʠʬʨʦ-

ʚʦʛʦ ʠʟʜʝʣʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʝ ʩʧʝʮʠʬʠʢʘʮʠʝʡ. ɼʝʬʝʢʪ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʧʨʘʚʠʣʴʥʫʶ ʜʝʪʘʣʴ ʧʨʦʝʢʪʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʫʶ ʨʘʟʨʘʙʦʪʯʠ-

ʢʦʤ. ɼʝʬʝʢʪʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʣʠʙʦ ʩʠʥʪʘʢʩʠʯʝʩʢʠʭ 

(ʩʝʤʘʥʪʠʯʝʩʢʠʭ) ʦʰʠʙʦʢ ʚ ʦʧʠʩʘʥʠʠ ʫʩʪʨʦʡʩʪʚʘ ʠʣʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʥʝ-

ʧʦʥʠʤʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ, ʦʧʠʩʘʥʥʦʡ ʧʨʦʝʢʪʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʝʡ. ʂʦʣʠ-

ʯʝʩʪʚʦ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʜʝʬʝʢʪʦʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʣʠʰʢʦʤ 

ʙʦʣʴʰʠʤ, ʯʪʦʙʳ ʩ ʥʠʤʠ ʤʦʞʥʦ ʙʳʣʦ ʙʦʨʦʪʴʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠʣʠ ʚʨʫʯʥʫʶ, 

ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʷʪʴ ʩʧʦʩʦʙʳ ʫʤʝʥʴʰʝʥʠʷ ʩʣʦʞʥʦʩʪʠ ʧʨʦʝʢʪʘ 

ʙʝʟ ʫʱʝʨʙʘ ʜʣʷ ʪʦʯʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ. ʄʦʜʝʣʴ ʧʨʦʝʢʪʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ 

ʦʧʠʩʳʚʘʝʪ ʧʦʚʝʜʝʥʠʝ ʥʝʢʦʪʦʨʦʛʦ ʤʥʦʞʝʩʪʚʘ ʜʝʬʝʢʪʦʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʄʦ-

ʜʝʣʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʦʧʠʩʳʚʘʝʪ ʬʠʟʠʯʝʩʢʠʝ ʠ ʧʨʦʝʢʪʥʳʝ 

ʜʝʬʝʢʪʳ ʘʧʧʘʨʘʪʥʳʭ ʠ ʧʨʦʛʨʘʤʤʥʳʭ ʤʦʜʫʣʝʡ. ʄʦʜʝʣʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʥʝ-

ʠʩʧʨʘʚʥʦʩʪʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʪʦʯʥʦʩʪʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʝʢʪʥʳʭ ʜʝʬʝʢʪʦʚ 

ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ (ʢʦʣʠʯʝʩʪʚʦʤ ʦʙʥʘʨʫʞʠʚʘʝʤʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʩʭʝʤʳ). 

ɹʦʣʴʰʠʥʩʪʚʦ ʘʧʧʘʨʘʪʥʳʭ ʩʠʩʪʝʤ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʣʦʛʠʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʚʝʨʭʫ ʚʥʠʟ, ʢʦʪʦʨʘʷ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ 
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ʩʠʩʪʝʤʳ. ʂʘʢ ʨʝʟʫʣʴʪʘʪ, ʙʦʣʴʰʠʥʩʪʚʦ ʤʦʜʝʣʝʡ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʝʠʩʧʨʘʚ-

ʥʦʩʪʝʡ ʷʚʣʷʶʪʩʷ ʤʦʜʝʣʷʤʠ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʠʣʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ. 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʤʦʜʝʣʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʤʦʛʫʪ ʙʳʪʴ ʢʣʘʩ-

ʩʠʬʠʮʠʨʦʚʘʥʳ ʧʦ ʩʪʠʣʶ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ, ʥʘ ʢʦʪʦʨʦʤ ʦʥʠ ʙʘʟʠʨʫ-

ʶʪʩʷ. ʉʠʩʪʝʤʥʦʝ ʧʦʚʝʜʝʥʠʝ ʦʧʠʩʳʚʘʝʪʩʷ ʥʘ ʷʟʳʢʘʭ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ 

(System C) ʠʣʠ ʦʧʠʩʘʥʠʷ ʘʧʧʘʨʘʪʫʨʳ (VHDL, Verilog) ʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚʦ 

ʚʥʫʪʨʝʥʥʠʡ ʬʦʨʤʘʪ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʩʠʤʫʣʷʮʠʠ. 

1.4.1. ʊʝʢʩʪʦʚʳʝ (ʩʝʤʘʥʪʠʯʝʩʢʠʝ) ʤʦʜʝʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ʊʝʢʩʪʦʚʘʷ (ʩʝʤʘʥʪʠʯʝʩʢʘʷ) ʤʦʜʝʣʴ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʩʭʦʜ-

ʥʦʛʦ ʪʝʢʩʪʦʚʦʛʦ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʧʨʦʝʢʪʘ [12]. ʇʨʦʩʪʝʡʰʝʡ ʪʝʢʩʪʦ-

ʚʦʡ ʤʦʜʝʣʴʶ ʷʚʣʷʝʪʩʷ ʤʝʪʨʠʢʘ ʧʦʢʨʳʪʠʷ ʠʥʩʪʨʫʢʮʠʡ (statement coverage 

metric), ʠʩʧʦʣʴʟʫʝʤʘʷ ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʢʦʪʦʨʘʷ 

ʩʚʷʟʳʚʘʝʪ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʦʰʠʙʢʫ ʩ ʢʘʞʜʦʡ ʩʪʨʦʢʦʡ ʢʦʜʘ, ʠ ʪʨʝʙʫʝʪ, ʯʪʦʙʳ 

ʢʘʞʜʳʡ ʦʧʝʨʘʪʦʨ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʚʳʧʦʣʥʷʣʩʷ ʚʦ ʚʨʝʤʷ ʪʝʩʪʠʨʦʚʘ-

ʥʠʷ. ʕʪʘ ʤʦʜʝʣʴ ʥʝ ʦʯʝʥʴ ʵʬʬʝʢʪʠʚʥʘ, ʧʦʩʢʦʣʴʢʫ ʢʦʣʠʯʝʩʪʚʦ ʚʦʟʤʦʞʥʳʭ ʥʝ-

ʠʩʧʨʘʚʥʦʩʪʝʡ ʨʘʚʥʦ ʯʠʩʣʫ ʩʪʨʦʢ ʢʦʜʘ. ʆʛʨʘʥʠʯʝʥʠʝ ʪʦʯʥʦʩʪʠ ʧʦʢʨʳʪʠʷ ʠʥ-

ʩʪʨʫʢʮʠʡ ʧʦʟʚʦʣʷʝʪ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʜʨʫʛʠʤʠ ʤʦʜʝʣʷʤʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʧʦʚʳ-

ʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʩʪʠʨʦʚʘʥʠʷ. 

ʈʷʜ ʤʦʜʝʣʝʡ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʙʘʟʠʨʫʶʪʩʷ ʥʘ ʦʙʭʦʜʝ ʧʫʪʝʡ 

ʛʨʘʬʘ ʧʦʪʦʢʦʚ ʫʧʨʘʚʣʝʥʠʷ (Control-Data Flow Graph, CDFG), ʦʧʠʩʳʚʘʶʱʝʛʦ 

ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ [12]. ʈʘʥʥʠʝ ʤʦʜʝʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ CDFG ʦʩʥʦʚʳʚʘ-

ʣʠʩʴ ʥʘ ʧʦʢʨʳʪʠʠ ʚʝʪʚʝʡ ʠ ʧʫʪʝʡ ʛʨʘʬʘ. ʇʦʢʨʳʪʠʝ ʚʝʪʚʝʡ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ 

ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʧʨʦʚʝʨʷʝʤʳʭ ʧʫʪʝʡ ʛʨʘʬʘ CDFG ʦʭʚʘʪʳʚʘʝʪ ʜʚʘ ʥʘʧʨʘʚʣʝ-

ʥʠʷ ʨʝʘʣʠʟʘʮʠʠ ʚʩʝʭ ʙʠʥʘʨʥʳʭ ʫʩʣʦʚʠʡ. ʇʦʢʨʳʪʠʝ ʚʝʪʚʝʡ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫ-

ʝʪʩʷ ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʠ ʘʧʧʘʨʘʪʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʦʜʥʘʢʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʣʴʢʦ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʦʣʥʫʶ ʛʘʨʘʥ-

ʪʠʶ ʢʦʨʨʝʢʪʥʦʩʪʠ ʢʦʜʘ.  

ʄʝʪʨʠʢʘ ʧʦʢʨʳʪʠʷ ʧʫʪʝʡ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪ-

ʨʠʢʦʡ ʧʦʢʨʳʪʠʷ ʚʝʪʚʝʡ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʦʪʨʘʞʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʧʫʪʝʡ ʛʨʘʬʘ ʧʦ-

ʪʦʢʦʚ ʫʧʨʘʚʣʝʥʠʷ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʜʝʬʝʢʪ ʩʚʷʟʘʥ ʩ ʥʝʢʦʪʦʨʳʤ ʧʫʪʝʤ 

ʛʨʘʬʘ ʧʦʪʦʢʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʛʦ ʦʙʥʘʨʫ-

ʞʝʥʠʷ ʚʩʝʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʜʦʣʞʥʳ ʙʳʪʴ ʚʳʧʦʣʥʝʥʳ ʚʩʝ ʧʫʪʠ ʧʦʪʦʢʘ ʫʧʨʘʚ-

ʣʝʥʠʷ. ʂʦʣʠʯʝʩʪʚʦ ʧʫʪʝʡ ʫʧʨʘʚʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʙʝʩʢʦʥʝʯʥʳʤ, ʝʩʣʠ ʛʨʘʬ 

CDFG ʩʦʜʝʨʞʠʪ ʮʠʢʣ. ʇʦʵʪʦʤʫ, ʤʝʪʨʠʢʘ ʦʙʭʦʜʘ ʧʫʪʝʡ ʤʦʞʝʪ ʙʳʪʴ ʦʛʨʘʥʠ-

ʯʝʥʘ ʜʣʠʥʦʡ ʧʫʪʠ. ʇʦʩʢʦʣʴʢʫ ʦʙʱʝʝ ʯʠʩʣʦ ʧʫʪʝʡ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʨʘʩʪʝʪ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʫʩʣʦʚʥʳʭ ʦʧʝʨʘʪʦʨʦʚ, ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʧʦʜ-

ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʧʫʪʝʡ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʠ ʜʦʩʪʘʪʦʯʥʦʝ ʜʣʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ. ʆʜʥʠʤ ʠʟ ʢʨʠʪʝʨʠʝʚ ʚʳʙʦʨʘ ʧʫʪʠ ʤʦʞʝʪ ʙʳʪʴ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ 

ʧʫʪʝʡ ʠʣʠ ʧʦʜʤʥʦʞʝʩʪʚʦ ʧʫʪʝʡ, ʢʦʪʦʨʳʝ ʣʠʥʝʡʥʦ ʥʝʟʘʚʠʩʠʤʳ ʠ ʤʦʛʫʪ ʦʙʨʘ-

ʟʦʚʳʚʘʪʴ ʣʶʙʦʡ ʜʨʫʛʦʡ ʧʫʪʴ. ʇʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʦʪʦʢʦʚ ʜʘʥʥʳʭ ʧʦʷʚʣʝʥʠʝ 

ʢʘʞʜʦʡ ʧʝʨʝʤʝʥʥʦʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʣʠʙʦ ʢʘʢ ʦʧʠʩʘʥʠʝ ʧʝʨʝʤʝʥʥʦʡ, ʣʠʙʦ 

ʢʘʢ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ. ʇʨʠ ʚʳʙʦʨʝ ʧʫʪʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʘʢʠʝ, ʢʦʪʦʨʳʝ 

ʩʚʷʟʳʚʘʶʪ ʦʧʨʝʜʝʣʝʥʠʝ ʧʝʨʝʤʝʥʥʦʡ ʩ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ. ʂʨʠʪʝʨʠʠ ʪʝʩʪʠ-
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ʨʦʚʘʥʠʷ ʧʦʪʦʢʦʚ ʪʘʢʞʝ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʧʨʦʚʝʨʢʠ ʧʦʚʝʜʝʥʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ 

ʘʧʧʘʨʘʪʥʳʭ ʤʦʜʫʣʝʡ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʤʦʜʝʣʝʡ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʛʨʘʬʘ ʧʦʪʦʢʦʚ ʫʧʨʘʚʣʝʥʠʷ ʨʘʩʩʤʘʪ-

ʨʠʚʘʶʪ ʧʫʪʠ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʷ ʟʥʘʯʝʥʠʡ ʧʝʨʝʤʝʥʥʳʭ ʠ ʩʠʛʥʘʣʦʚ. ɺ ʧʨʦʪʠʚʦ-

ʧʦʣʦʞʥʦʩʪʴ ʠʤ, ʩʫʱʝʩʪʚʫʶʪ ʤʦʜʝʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʥʘ 

ʧʝʨʝʤʝʥʥʳʝ/ʩʠʛʥʘʣʳ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʙʦʣʝʝ ʞʝʩʪʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʝ-

ʣʠʯʠʥʫ ʩʠʛʥʘʣʘ ʚ ʮʝʣʷʭ ʦʙʥʘʨʫʞʝʥʠʷ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ. ʄʝʪʦʜʠʢʘ ʘʥʘʣʠʟʘ 

ʜʦʤʝʥʘ ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʥʝ 

ʪʦʣʴʢʦ ʧʫʪʴ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʥʦ ʠ ʟʥʘʯʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʠ ʩʠʛʥʘʣʦʚ ʚʦ 

ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ. ɼʦʤʝʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʜʤʥʦʞʝʩʪʚʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʚʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʦʛʨʘʤʤʳ, ʚ ʢʦʪʦʨʦʤ ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʘʢʪʠʚʠʟʠʨʫʝʪ 

ʚʳʧʦʣʥʝʥʠʝ ʧʨʦʛʨʘʤʤʳ ʧʦ ʥʝʢʦʪʦʨʦʤʫ ʧʫʪʠ. ʅʝʠʩʧʨʘʚʥʦʩʪʴ ʜʦʤʝʥʘ ʚʳʟʳ-

ʚʘʝʪ ʚʳʧʦʣʥʝʥʠʝ ʧʨʦʛʨʘʤʤʳ, ʩʣʝʜʩʪʚʠʝʤ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʚ ʥʝ-

ʧʨʘʚʠʣʴʥʫʶ ʦʙʣʘʩʪʴ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʧʨʠʤʝʥʝʥ ʜʣʷ ʪʝʩʪʠ-

ʨʦʚʘʥʠʷ ʘʧʧʘʨʘʪʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. 

ʄʥʦʛʠʝ ʤʦʜʝʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʛʨʘʬʘ ʧʦʪʦʢʦʚ ʫʧʨʘʚʣʝʥʠʷ ʩʦʜʝʨʞʘʪ ʪʨʝʙʦ-

ʚʘʥʠʷ ʢ ʘʢʪʠʚʠʟʘʮʠʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʥʝ ʟʘʚʠʩʠʤʦ ʦʪ ʟʥʘʯʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦ-

ʩʪʠ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʛʦ ʥʝʜʦʩʪʘʪʢʘ ʧʨʝʜʣʦʞʝʥʳ ʧʦʚʝʜʝʥʯʝʩʢʠʝ ʤʦʜʝʣʠ 

ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʧʨʠʤʝʥʠʤʳʝ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ software ʠ hardware ʤʦʜʫʣʝʡ. 

ʇʦʜʭʦʜ OCCOM [12] ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʜʦʙʘʚʣʝʥʠʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʥʘʟʳʚʘʝ-

ʤʳʭ ʪʝʛʘʤʠ, ʢ ʢʘʞʜʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʧʝʨʝʤʝʥʥʦʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʧʦʣʦʞʠ-

ʪʝʣʴʥʦʝ ʠʣʠ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʦʪ ʧʨʘʚʠʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩʠʛʥʘʣʘ. ɿʥʘʢ 

ʦʰʠʙʢʠ ʠʟʚʝʩʪʝʥ, ʥʦ ʚʝʣʠʯʠʥʘ ï ʥʝʪ. ɸʥʘʣʠʟ ʥʘʙʣʶʜʘʝʤʦʩʪʠ ʚʜʦʣʴ ʧʫʪʠ ʧʦ-

ʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʜʝʣʘʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʥʦ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʦʧʝʨʘʮʠʡ ʠ ʜʘʥʥʳʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʊʝʛ ʙʫʜʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʩ 

ʧʦʤʦʱʴʶ ʧʦʚʝʜʝʥʯʝʩʢʦʡ ʦʧʝʨʘʮʠʠ, ʝʩʣʠ ʙʫʜʫʪ ʚʳʧʦʣʥʝʥʳ ʜʚʘ ʫʩʣʦʚʠʷ: 1) 

ʩʦʚʧʘʜʝʪ ʟʥʘʢ; 2) ʜʨʫʛʠʝ ʚʭʦʜʳ ʚ ʧʨʦʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ ʥʝ ʢʦʥʪʨʦ-

ʣʠʨʫʶʪʩʷ. ʈʘʟʨʘʙʦʪʘʥ ʪʘʢʞʝ ʪʦʯʥʳʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦʩʪʠ, ʚ 

ʢʦʪʦʨʦʤ ʢʦʥʩʪʘʥʪʥʘʷ ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʚʚʦʜʠʪʩʷ ʥʘ ʚʥʫʪʨʝʥʥʠʭ ʧʝʨʝʤʝʥʥʳʭ, ʠ 

ʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʚʝʜʝʥʠʝʤ ʦʙʲʝʢʪʘ. ʇʦʩʢʦʣʴʢʫ ʘʥʘʣʠʟ 

ʥʘʙʣʶʜʘʝʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʪʦʯʥʳʤ, ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ ʧʨʠ ʵʪʦʤ ʚʦʟ-

ʨʘʩʪʘʝʪ. 

1.4.2. ʄʫʪʘʮʠʦʥʥʳʝ ʤʦʜʝʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ʄʫʪʘʮʠʦʥʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʦʩʥʦʚʘʥʦ ʥʘ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʚʥʝʩʝʥʠʠ ʥʝʠʩʧʨʘʚ-

ʥʦʩʪʝʡ ʚ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʠ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ ʠ 

ʘʧʧʘʨʘʪʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʡ [12]. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʤʠʪʘʮʠʠ ʪʠ-

ʧʠʯʥʳʭ ʦʰʠʙʦʢ ʧʨʦʛʨʘʤʤʠʩʪʘ ʠ ʩʦʟʜʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʪʝʩʪʦʚ ʜʣʷ ʠʭ ʚʳʷʚ-

ʣʝʥʠʷ (ʪʝʩʪʦʚ, ʢʦʪʦʨʳʝ ʙʳ ʦʙʥʘʨʫʞʠʚʘʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʠ, ʝʩʣʠ ʙʳ ʦʥʠ ʧʨʠ-

ʩʫʪʩʪʚʦʚʘʣʠ). ʅʝʠʩʧʨʘʚʥʦʩʪʠ ʚʚʦʜʷʪʩʷ ʚ ʦʨʠʛʠʥʘʣʴʥʫʶ ʧʨʦʛʨʘʤʤʫ ʠ ʩʦʟʜʘ-

ʝʪʩʷ ʤʥʦʛʦ ʥʝʠʩʧʨʘʚʥʳʭ ʚʝʨʩʠʡ ʧʨʦʛʨʘʤʤʳ. ʂʘʞʜʘʷ ʠʟ ʥʠʭ ʩʦʜʝʨʞʠʪ ʦʜʥʫ 

ʦʰʠʙʢʫ. ʆʰʠʙʦʯʥʳʝ ʧʨʦʛʨʘʤʤʳ ʥʘʟʳʚʘʶʪʩʷ ʤʫʪʘʥʪʘʤʠ ʦʨʠʛʠʥʘʣʴʥʦʡ ʧʨʦ-

ʛʨʘʤʤʳ. ʎʝʣʴʶ ʛʝʥʝʨʘʮʠʠ ʪʝʩʪʦʚ ʷʚʣʷʝʪʩʷ ʨʘʟʛʨʘʥʠʯʝʥʠʝ ʦʨʠʛʠʥʘʣʴʥʦʡ ʧʨʦ-

ʛʨʘʤʤʳ ʠ ʚʩʝʭ ʝʝ ʤʫʪʘʥʪʦʚ. ʆʨʠʛʠʥʘʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ ʠ ʚʩʝ ʝʝ ʤʫʪʘʮʠʠ ʪʝʩ-



25 

ʪʠʨʫʶʪʩʷ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʥʘʙʦʨʝ ʪʝʩʪʦʚ. ɽʩʣʠ ʥʘ ʵʪʦʤ ʥʘʙʦʨʝ ʧʦʜʪʚʝʨ-

ʞʜʘʝʪʩʷ ʧʨʘʚʠʣʴʥʦʩʪʴ ʧʨʦʛʨʘʤʤʳ ʠ ʚʳʷʚʣʷʶʪʩʷ ʚʩʝ ʦʰʠʙʢʠ ʚ ʧʨʦʛʨʘʤʤʘʭ-

ʤʫʪʘʥʪʘʭ, ʪʦ ʦʨʠʛʠʥʘʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ ʦʙʲʷʚʣʷʝʪʩʷ ʧʨʘʚʠʣʴʥʦʡ. ɽʩʣʠ ʚ ʥʝʢʦ-

ʪʦʨʳʭ ʤʫʪʘʥʪʘʭ ʥʝ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʚʩʝ ʦʰʠʙʢʠ, ʪʦ ʪʝʩʪʦʚʳʡ ʥʘʙʦʨ ʩʯʠʪʘʶʪ 

ʥʝ ʧʦʣʥʳʤ, ʠ ʦʥ ʧʦʜʣʝʞʠʪ ʜʦʨʘʙʦʪʢʝ. ʅʘʙʦʨ ʤʫʪʘʮʠʦʥʥʳʭ ʦʧʝʨʘʪʦʨʦʚ ʷʟʳʢʘ 

VHDL ʚʢʣʶʯʘʝʪ ʠʟʤʝʥʝʥʠʷ ʩʣʝʜʫʶʱʠʭ ʦʙʲʝʢʪʦʚ: ʘʨʠʬʤʝʪʠʯʝʩʢʠʝ ʦʧʝʨʘʪʦ-

ʨʳ, ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʠʟʤʝʥʝʥʠʝ ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʠ ʢʦʥʩʪʘʥʪʳ, ʣʦʛʠʯʝ-

ʩʢʠʝ ʦʧʝʨʘʪʦʨʳ, ʨʝʣʷʮʠʦʥʥʳʝ ʦʧʝʨʘʪʦʨʳ, ʜʦʙʘʚʣʝʥʠʝ ʫʥʘʨʥʦʛʦ ʦʧʝʨʘʪʦʨʘ. 

ʂʘʞʜʳʡ ʦʧʝʨʘʪʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʧʨʝʜʝʣʝʥʥʳʡ ʢʣʘʩʩ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ. ɺʩʝ 

ʚʦʟʤʦʞʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʧʨʦʛʨʘʤʤʝ ʥʝ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʠʟ-ʟʘ ʠʭ ʥʝʧʦ-

ʤʝʨʥʦ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ. ʀʟʤʝʥʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʛʨʘʥʠʯʝʥʳ ʜʦ ʧʨʠʝʤ-

ʣʝʤʦʛʦ ʥʘʙʦʨʘ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ ʛʠʧʦʪʝʟ: ʵʬʬʝʢʪ ʩʮʝʧʣʝʥʠʷ ʠ ʢʦʤʧʝʪʝʥʪʥʳʡ 

ʧʨʦʛʨʘʤʤʠʩʪ. ʕʬʬʝʢʪ ʩʮʝʧʣʝʥʠʷ ʛʣʘʩʠʪ, ʯʪʦ ʩʣʦʞʥʳʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʤʦʛʫʪ 

ʩʦʯʝʪʘʪʴʩʷ ʩ ʧʨʦʩʪʳʤʠ ʥʝʠʩʧʨʘʚʥʦʩʪʷʤʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʩʪʦʚʳʡ ʥʘʙʦʨ, 

ʢʦʪʦʨʳʡ ʦʙʥʘʨʫʞʠʚʘʝʪ ʚʩʝ ʧʨʦʩʪʳʝ ʦʰʠʙʢʠ ʚ ʧʨʦʛʨʘʤʤʝ, ʙʫʜʝʪ ʦʙʥʘʨʫʞʠʪʴ 

ʪʘʢʞʝ ʠ ʩʣʦʞʥʳʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ. ɻʠʧʦʪʝʟʘ çʢʦʤʧʝʪʝʥʪʥʳʡ ʧʨʦʛʨʘʤʤʠʩʪè 

ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʢʦʤʧʝʪʝʥʪʥʳʡ ʧʨʦʛʨʘʤʤʠʩʪ ʩʪʨʝʤʠʪʩʷ ʧʠʩʘʪʴ ʧʨʦʛʨʘʤʤʳ, 

ʢʦʪʦʨʳʝ ʧʨʘʢʪʠʯʝʩʢʠ ʷʚʣʷʶʪʩʷ ʧʨʘʚʠʣʴʥʳʤʠ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʨʦʛʨʘʤʤʘ, 

ʥʘʧʠʩʘʥʥʘʷ ʢʦʤʧʝʪʝʥʪʥʳʤ ʧʨʦʛʨʘʤʤʠʩʪʦʤ ʤʦʞʝʪ ʙʳʪʴ ʥʝʧʨʘʚʠʣʴʥʦʡ, ʥʦ 

ʦʥʘ ʙʫʜʝʪ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʧʨʘʚʠʣʴʥʦʡ ʚʝʨʩʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʳʤʠ ʦʰʠʙ-

ʢʘʤʠ. ʅʝʜʦʩʪʘʪʢʦʤ ʤʫʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ ʣʦʢʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʤʫ-

ʪʘʮʠʡ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʤʦʜʝʣʝʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʙʦʣʴʰʦʛʦ ʥʘʙʦ-

ʨʘ ʜʝʬʝʢʪʦʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ.  

1.4.3. ʄʦʜʝʣʠ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʢʦʥʝʯʥʦʛʦ ʘʚʪʦʤʘʪʘ  

ʂʦʥʝʯʥʳʝ ʘʚʪʦʤʘʪʳ (ʂɸ) ʷʚʣʷʶʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ ʦʧʠʩʘʥʠʷ ʧʦʚʝ-

ʜʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʥʳʭ ʩʭʝʤ, ʠ ʜʣʷ ʥʠʭ ʦʧʨʝʜʝʣʝʥʳ ʤʦʜʝʣʠ ʥʝʠʩʧʨʘʚ-

ʥʦʩʪʝʡ [12]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ ʧʦʢʨʳʪʠʷ ʩʦʩʪʦʷ-

ʥʠʡ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʪʨʝʙʦʚʘʥʠʠ ʧʦʢʨʳʪʠʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʚʳ-

ʧʦʣʥʝʥʠʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʧʨʦʮʝʩʩʝ ʪʝʩʪʠʨʦʚʘʥʠʷ. ɼʝʬʝʢʪʳ ʂɸ 

ʥʝ ʚʳʚʦʜʷʪ ʝʛʦ ʟʘ ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, ʟʘʜʘʥʥʦʝ ʩʧʝʮʠʬʠʢʘʮʠʝʡ. ʇʨʦ-

ʙʣʝʤʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʝʡ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʢʦʥʝʯʥʦʛʦ ʘʚʪʦʤʘʪʘ ʟʘʢʣʶʯʘ-

ʝʪʩʷ ʚ ʚʳʩʦʢʦʡ ʩʣʦʞʥʦʩʪʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʪʝʩʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʦʙʫʩʣʦʚ-

ʣʝʥʘ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʪʠʧʦʚʦʡ ʚʳʯʠʩʣʠʪʝʣʴ-

ʥʦʡ ʩʠʩʪʝʤʳ. ʈʝʰʝʥʠʝʤ ʫʢʘʟʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʚʳʷʚʣʝʥʠʝ ʧʦʜ-

ʤʥʦʞʝʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʢʦʥʝʯʥʦʛʦ ʘʚʪʦʤʘʪʘ, ʠʤʝʶʱʠʭ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ 

ʜʣʷ ʝʛʦ ʢʦʨʨʝʢʪʥʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ. ʄʦʜʝʣʠ ʨʘʩʰʠʨʝʥʥʦʛʦ ʢʦʥʝʯʥʦʛʦ 

ʘʚʪʦʤʘʪʘ (Extended Finite State Machine, EFSM) ʠ ʤʘʰʠʥʳ ʢʦʥʪʨʦʣʷ 

(Extracted Control Flow Machine, ECFM) ʧʦʟʚʦʣʷʶʪ ʫʤʝʥʴʰʠʪʴ ʢʦʥʝʯʥʳʡ ʘʚ-

ʪʦʤʘʪ ʧʫʪʝʤ ʝʛʦ ʨʘʟʜʝʣʝʥʠʷ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʦʩʪʦʷʥʠʡ ʠ ʧʨʦʩʪʨʘʥʩʪʚʦ ʜʘʥ-

ʥʳʭ. ʋʤʝʥʴʰʝʥʥʳʡ ʢʦʥʝʯʥʳʡ ʘʚʪʦʤʘʪ ʛʝʥʝʨʠʨʫʝʪʩʷ ʧʫʪʝʤ ʧʨʦʝʮʠʨʦʚʘʥʠʷ 

ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʢʦʥʝʯʥʦʛʦ ʘʚʪʦʤʘʪʘ ʥʘ ʤʥʦʞʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, ʠʤʝʶʱʠʭ ʥʘʠ-

ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʨʦʮʝʩʩʘ ʚʘʣʠʜʘʮʠʠ.  

1.4.4. ʄʦʜʝʣʴ ʠʩʧʨʘʚʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʦʙʲʝʢʪʘ 
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ʄʦʜʝʣʴ ʦʙʲʝʢʪʘ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʷ ï ʵʪʦ ʩʦʚʦʢʫʧʥʦʩʪʴ ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʦʤʧʦ-

ʥʝʥʪʦʚ, ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʚʦ ʚʨʝʤʝʥʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʩ ʟʘʜʘʥʥʦʡ ʘʜʝʢʚʘʪʥʦ-

ʩʪʴʶ ʦʧʠʩʳʚʘʶʱʠʭ ʥʝʢʦʪʦʨʳʡ ʧʨʦʮʝʩʩ ʠʣʠ ʷʚʣʝʥʠʝ. ʄʦʜʝʣʴ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ, ʪʘʙʣʠʯʥʦʡ, ʚʝʢʪʦʨʥʦʡ, ʛʨʘʬʠʯʝʩʢʦʡ ʠʣʠ ʜʨʫ-

ʛʦʡ ʬʦʨʤʝ ʠ ʟʘʜʘʥʘ ʚ ʷʚʥʦʤ ʠʣʠ ʥʝʷʚʥʦʤ ʚʠʜʝ. 

ʗʚʥʘʷ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʦʧʠʩʘʥʠʡ ʝʛʦ ʠʩʧʨʘʚʥʦʡ 

ʠ ʚʩʝʭ ʥʝʠʩʧʨʘʚʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ. ʅʝʷʚʥʘʷ ʤʦʜʝʣʴ ʩʦʜʝʨʞʠʪ ʦʧʠʩʘʥʠʝ ʠʩ-

ʧʨʘʚʥʦʛʦ ʦʙʲʝʢʪʘ, ʤʦʜʝʣʠ ʝʛʦ ʬʠʟʠʯʝʩʢʠʭ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʠ ʧʨʘʚʠʣʘ ʧʦʣʫ-

ʯʝʥʠʷ ʧʦ ʥʠʤ ʚʩʝ ʥʝʠʩʧʨʘʚʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʦʙʲʝʢʪʘ. ʋʥʠʚʝʨʩʘʣʴʥʦʡ ʤʘʪʝ-

ʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʦʙʲʝʢʪʘ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʪʘʙʣʠʮʘ ʬʫʥʢʮʠʡ 

ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ (ʊʌʅ). ʂʘʞʜʦʝ ʥʝʠʩʧʨʘʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʙʲʝʢʪʘ ʜʠʘʛʥʦʩʪʠ-

ʨʦʚʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʡ ʥʝʠʩʧʨʘʚʥʦʩʪʠ (ʦʜʠʥʦʯʥʦʡ ʠʣʠ ʢʨʘʪʥʦʡ) ʠʟ ʟʘ-

ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ. ʅʝʜʦʩʪʘʪʢʦʤ ʊʌʅ ʷʚʣʷʶʪʩʷ ʝʝ ʙʦʣʴʰʠʝ 

ʨʘʟʤʝʨʳ. ʄʦʜʝʣʴ ʜʠʩʢʨʝʪʥʦʡ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʪʘʙ-

ʣʠʮʳ ʠʩʪʠʥʥʦʩʪʠ, ʣʦʛʠʯʝʩʢʦʡ ʩʝʪʠ, ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʛʨʘʬʘ, ʵʢʚʠʚʘʣʝʥʪʥʦʡ 

ʥʦʨʤʘʣʴʥʦʡ ʬʦʨʤʳ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʙʫʣʝʚʳʭ ʬʫʥʢʮʠʡ, ʪʘʙʣʠʮʳ ʧʝʨʝʭʦʜʦʚ-

ʚʳʭʦʜʦʚ ʤʥʦʛʦʪʘʢʪʥʦʡ ʩʭʝʤʳ. ɺʳʙʦʨ ʤʦʜʝʣʠ ʚʣʠʷʝʪ ʥʘ ʛʣʫʙʠʥʫ ʠ ʪʨʫʜʦʝʤ-

ʢʦʩʪʴ ʧʨʦʮʝʩʩʘ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʷ. 

 

1.5. ʆʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ, ʪʝʨʤʠʥʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʄʕʄʉ ʠ 

ʩʚʦʡʩʪʚ ʥʘʜʝʞʥʦʩʪʠ  

ʊʝʨʤʠʥʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʦʩʥʦʚʥʳʭ ʧʦʥʷʪʠʡ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʪʝʦʨʠʠ ʥʘʜʝʞ-

ʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ [13]. ʄʕʄʉ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʭʦʜʥʳʤʠ ʧʘʨʘʤʝʪ-

ʨʘʤʠ, ʜʦʧʫʩʪʠʤʳʝ ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʦʧʠʩʘʥʳ ʚ 

ʥʦʨʤʘʪʠʚʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ (ʩʪʘʥʜʘʨʪʳ, ʪʝʭʥʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ) ʠ/ʠʣʠ ʢʦʥʩʪʨʫʢ-

ʪʦʨʩʢʦʡ (ʧʨʦʝʢʪʥʦʡ) ʜʦʢʫʤʝʥʪʘʮʠʠ. 

ɼʉʊʋ 2860-94 ʚʠʟʥʘʯʘʻ ʥʘʜʽʡʥʽʩʪʴ ʷʢ ʚʣʘʩʪʠʚʽʩʪʴ ʦʙ'ʻʢʪʘ ʟʙʝʨʽʛʘʪʠ ʫ ʯʘʩʽ ʚ 

ʫʩʪʘʥʦʚʣʝʥʠʭ ʤʝʞʘʭ ʟʥʘʯʝʥʥʷ ʚʩʽʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʟʜʘʪʥʽʩʪʴ 

ʚʠʢʦʥʫʚʘʪʠ ʧʦʪʨʽʙʥʽ ʬʫʥʢʮʽʾ ʚ ʟʘʜʘʥʠʭ ʨʝʞʠʤʘʭ ʪʘ ʫʤʦʚʘʭ ʟʘʩʪʦʩʫʚʘʥʥʷ, 

ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ. ʅʘʜʽʡʥʽʩʪʴ ʻ 

ʢʦʤʧʣʝʢʩʥʦʶ ʚʣʘʩʪʠʚʽʩʪʶ, ʱʦ ʟʘʣʝʞʥʦ ʚʽʜ ʧʨʠʟʥʘʯʝʥʥʷ ʦʙ'ʻʢʪʘ ʽ ʫʤʦʚ ʡʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ, ʤʦʞʝ ʤʽʩʪʠʪʠ ʚ ʩʦʙʽ ʙʝʟʚʽʜʤʦʚʥʽʩʪʴ, ʜʦʚʛʦʚʽʯʥʽʩʪʴ, ʨʝʤʦʥʪʦ-

ʧʨʠʜʘʪʥʽʩʪʴ ʪʘ ʟʙʝʨʝʞʫʚʘʥʽʩʪʴ ʯʠ ʧʝʚʥʽ ʧʦʻʜʥʘʥʥʷ ʮʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ [13]. 

ɹʝʟʚʽʜʤʦʚʥʽʩʪʴ ï ʚʣʘʩʪʠʚʽʩʪʴ ʦʙ'ʻʢʪʘ ʚʠʢʦʥʫʚʘʪʠ ʧʦʪʨʽʙʥʽ ʬʫʥʢʮʽʾ ʚ ʧʝʚʥʠʭ 

ʫʤʦʚʘʭ ʧʨʦʪʷʛʦʤ ʟʘʜʘʥʦʛʦ ʽʥʪʝʨʚʘʣʫ ʯʘʩʫ ʯʠ ʥʘʨʦʙʽʪʢʫ [13]. 

ɼʦʚʛʦʚʽʯʥʽʩʪʴ ï ʚʣʘʩʪʠʚʽʩʪʴ ʦʙ'ʻʢʪʘ ʚʠʢʦʥʫʚʘʪʠ ʧʦʪʨʽʙʥʽ ʬʫʥʢʮʽʾ ʜʦ ʧʝʨʝʭʦʜʫ 

ʫ ʛʨʘʥʠʯʥʠʡ ʩʪʘʥ ʧʨʠ ʚʩʪʘʥʦʚʣʝʥʽʡ ʩʠʩʪʝʤʽ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ 

ʨʝʤʦʥʪʫ [13]. 

ʈʝʤʦʥʪʦʧʨʠʜʘʪʥʽʩʪʴ ï ʚʣʘʩʪʠʚʽʩʪʴ ʦʙ'ʻʢʪʘ ʙʫʪʠ ʧʨʠʩʪʦʩʦʚʘʥʠʤ ʜʦ 

ʧʽʜʪʨʠʤʘʥʥʷ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʘʥʫ, ʚ ʷʢʦʤʫ ʚʽʥ ʟʜʘʪʥʠʡ ʚʠʢʦʥʫʚʘʪʠ ʧʦʪʨʽʙʥʽ 

ʬʫʥʢʮʽʾ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʨʝʤʦʥʪʫ [13]. 
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ɿʙʝʨʝʞʫʚʘʥʽʩʪʴ ï ʚʣʘʩʪʠʚʽʩʪʴ ʦʙ'ʻʢʪʘ ʟʙʝʨʽʛʘʪʠ ʚ ʟʘʜʘʥʠʭ ʤʝʞʘʭ ʟʥʘʯʝʥʥʷ ʧʘ-

ʨʘʤʝʪʨʽʚ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʟʜʘʪʥʽʩʪʴ ʦʙ'ʻʢʪʘ ʚʠʢʦʥʫʚʘʪʠ ʧʦʪʨʽʙʥʽ ʬʫʥʢʮʽʾ, 

ʧʽʜ ʯʘʩ ʽ ʧʽʩʣʷ ʟʙʝʨʽʛʘʥʥʷ ʪʘ (ʯʠ) ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ [13]. 

ʄʕʄʉ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʩʣʝʜʫʶʱʠʭ ʪʝʭʥʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʷʭ: ʠʩʧʨʘʚʥʦʝ, 

ʥʝʠʩʧʨʘʚʥʦʝ, ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʝ, ʥʝʨʘʙʦʪʦʩʧʦʩʦʙʥʦʝ ʠ ʧʨʝʜʝʣʴʥʦʝ. 

ʄʕʄʉ ʚ ʠʩʧʨʘʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʩʝʤ ʪʨʝʙʦʚʘʥʠʷʤ ʥʦʨʤʘʪʠʚʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʠ/ʠʣʠ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ (ʧʨʦʝʢʪʥʦʡ) ʜʦʢʫʤʝʥʪʘʮʠʠ  ̔ʟʜʘʪʥʘ ʚʠ-

ʢʦʥʫʚʘʪʠ ʫʩʽ ʟʘʜʘʥʽ ʬʫʥʢʮʽʾ. 

ɽʩʣʠ ʭʦʪʷ ʙʳ ʧʦ ʦʜʥʦʤʫ ʠʟ ʪʨʝʙʦʚʘʥʠʡ ʩʠʩʪʝʤʘ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʦʨʤʘʪʠʚ-

ʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʠ/ʠʣʠ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ (ʧʨʦʝʢʪʥʦʡ) ʜʦʢʫʤʝʥʪʘʮʠʠ, ʦʥʘ ʥʘ-

ʭʦʜʠʪʩʷ ʚ ʥʝʠʩʧʨʘʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʉʠʩʪʝʤʘ ʫ ʥʝʩʧʨʘʚʥʦʤʫ ʩʪʘʥʽ ʥʝʟʜʘʪʥʘ 

ʚʠʢʦʥʫʚʘʪʠ ʭʦʯ ʙʠ ʦʜʥʫ ʽʟ ʟʘʜʘʥʠʭ ʬʫʥʢʮʽʡ. 

ʄʕʄʉ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʥʝʠʩʧʨʘʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʨʠ ʵʪʦʤ ʙʳʪʴ ʨʘʙʦʪʦ-

ʩʧʦʩʦʙʥʦʡ. ʅʘʨʫʰʝʥʠʝ ʠʩʧʨʘʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʨʘʙʦ-

ʪʦʩʧʦʩʦʙʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘʟʳʚʘʝʪʩʷ ʧʦʚʨʝʞʜʝʥʠʝʤ. 

ɽʩʣʠ ʟʥʘʯʝʥʠʷ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʩʧʦʩʦʙʥʦʩʪʴ ʩʠʩʪʝʤʳ ʚʳ-

ʧʦʣʥʷʪʴ ʟʘʜʘʥʥʳʝ ʬʫʥʢʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʨʝʙʦʚʘʥʠʷʤ ʥʦʨʤʘʪʠʚʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʠ/ʠʣʠ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ (ʧʨʦʝʢʪʥʦʡ) ʜʦʢʫʤʝʥʪʘʮʠʠ, ʪʦ ʩʯʠʪʘʝʪ-

ʩʷ, ʯʪʦ ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʨʘʮʝʟʜʘʪʥʠʡ ʩʪʘʥ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʜʘʪʥʽʩʪʶ ʩʠʩʪʝʤʠ ʚʠʢʦʥʫʚʘʪʠ ʫʩʽ ʧʦʪʨʽʙʥʽ ʬʫʥʢʮʽʾ [13]. 

ʉʦʩʪʦʷʥʠʝ ʄʕʄʉ, ʧʨʠ ʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʝ ʭʦʪʷ ʙʳ ʦʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʭʘʨʘʢ-

ʪʝʨʠʟʫʶʱʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʚʳʧʦʣʥʷʪʴ ʟʘʜʘʥʥʳʝ ʬʫʥʢʮʠʠ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʪʨʝʙʦʚʘʥʠʷʤ ʥʦʨʤʘʪʠʚʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʠ/ʠʣʠ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ (ʧʨʦʝʢʪʥʦʡ) 

ʜʦʢʫʤʝʥʪʘʮʠʠ, ʥʘʟʳʚʘʝʪʩʷ ʥʝʨʘʙʦʪʦʩʧʦʩʦʙʥʳʤ. ʅʝʧʨʘʮʝʟʜʘʪʥʠʡ ʩʪʘʥ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʝʟʜʘʪʥʽʩʪʶ ʩʠʩʪʝʤʠ ʚʠʢʦʥʫʚʘʪʠ ʭʦʯ ʙʠ ʦʜʥʫ ʟ ʧʦʪʨʽʙʥʠʭ 

ʬʫʥʢʮʽʡ [13]. 

ɺʽʜʤʦʚʘ ï ʧʦʜʽʷ, ʷʢʘ ʧʦʣʷʛʘʻ ʫ ʚʪʨʘʪʽ ʩʠʩʪʝʤʦʶ ʟʜʘʪʥʦʩʪʽ ʚʠʢʦʥʫʚʘʪʠ 

ʧʦʪʨʽʙʥʫ ʬʫʥʢʮʽʶ, ʪʦʙʪʦ ʫ ʧʦʨʫʰʝʥʥʽ ʧʨʘʮʝʟʜʘʪʥʦʛʦ ʩʪʘʥʫ ʄɽʄʉ [13]. 

ʂʨʠʪʝʨʠʡ ʦʪʢʘʟʘ ï ʧʨʠʟʥʘʢ ʠʣʠ ʩʦʚʦʢʫʧʥʦʩʪʴ ʧʨʠʟʥʘʢʦʚ ʥʝʨʘʙʦʪʦʩʧʦʩʦʙʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʚ ʥʦʨʤʘʪʠʚʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʠ/ʠʣʠ ʢʦʥʩʪ-

ʨʫʢʪʦʨʩʢʦʡ (ʧʨʦʝʢʪʥʦʡ) ʜʦʢʫʤʝʥʪʘʮʠʠ. 

ʂʨʠʪʝʨʠʠ ʦʪʢʘʟʦʚ: 

1) ʧʨʝʢʨʘʱʝʥʠʝ ʚʳʧʦʣʥʝʥʠʷ ʩʠʩʪʝʤʦʡ ʟʘʜʘʥʥʳʭ ʬʫʥʢʮʠʡ (ʦʪʢʘʟ ʬʫʥʢʮʠʦʥʠ-

ʨʦʚʘʥʠʷ); ʩʥʠʞʝʥʠʝ ʢʘʯʝʩʪʚʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʧʦ ʦʜʥʦʤʫ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤ 

ʚʳʭʦʜʥʳʤ ʧʘʨʘʤʝʪʨʘʤ (ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʤʦʱʥʦʩʪʴ, ʪʦʯʥʦʩʪʴ) ʟʘ ʧʨʝʜʝ-

ʣʳ ʜʦʧʫʩʪʠʤʦʛʦ ʫʨʦʚʥʷ (ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʦʪʢʘʟ); 

2) ʠʩʢʘʞʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʚʳʭʦʜʝ ʩʠʩʪʝʤʳ; 

3) ʚʥʝʰʥʠʝ ʧʨʦʷʚʣʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʩʪʫʧʣʝʥʠʝʤ ʠʣʠ ʧʨʝʜʧʦʩʳʣʢʘʤʠ ʥʘ-

ʩʪʫʧʣʝʥʠʷ ʥʝʨʘʙʦʪʦʩʧʦʩʦʙʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʰʫʤ, ʚʠʙʨʘʮʠʠ, ʧʝʨʝʛʨʝʚ). 

ɼʝʬʝʢʪ ï ʢʘʞʜʦʝ ʦʪʜʝʣʴʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʩʠʩʪʝʤʳ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʪʨʝʙʦ-

ʚʘʥʠʷʤ. 

ʇʦʚʨʝʞʜʝʥʠʝ ï ʩʦʙʳʪʠʝ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʥʘʨʫʰʝʥʠʠ ʠʩʧʨʘʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʩʠʩʪʝʤʳ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʛʦ. 
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ʅʘʨʦʙʽʪʦʢ ï ʪʨʠʚʘʣʽʩʪʴ ʯʠ ʦʙʩʷʛ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ [13]. 

ʅʘʨʦʙʽʪʦʢ ʜʦ ʚʽʜʤʦʚʠ ï ʥʘʨʦʙʽʪʦʢ ʩʠʩʪʝʤʠ ʚʽʜ ʧʦʯʘʪʢʫ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʦ ʚʠ-

ʥʠʢʥʝʥʥʷ ʧʝʨʰʦʾ ʚʽʜʤʦʚʠ. 

ʅʘʨʦʙʽʪʦʢ ʤʽʞ ʚʽʜʤʦʚʘʤʠ ï ʥʘʨʦʙʽʪʦʢ ʩʠʩʪʝʤʠ ʚʽʜ ʟʘʚʝʨʰʝʥʥʷ ʚʽʜʥʦʚʣʝʥʥʷ ʾʾ 

ʧʨʘʮʝʟʜʘʪʥʦʛʦ ʩʪʘʥʫ ʧʽʩʣʷ ʚʽʜʤʦʚʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʥʘʩʪʫʧʥʦʾ ʚʽʜʤʦʚʠ. 

ɻʨʘʥʠʯʥʠʡ ʩʪʘʥ ï ʩʪʘʥ ʦʙ'ʻʢʪʘ, ʟʘ ʷʢʠʤ ʡʦʛʦ ʧʦʜʘʣʴʰʘ ʝʢʩʧʣʫʘʪʘʮʽʷ ʥʝʧʨʠ-

ʧʫʩʪʠʤʘ ʯʠ ʥʝʜʦʮʽʣʴʥʘ, ʘʙʦ ʚʽʜʥʦʚʣʝʥʥʷ ʡʦʛʦ ʧʨʘʮʝʟʜʘʪʥʦʛʦ ʩʪʘʥʫ ʥʝʤʦʞʣʠ-

ʚʝ ʯʠ ʥʝʜʦʮʽʣʴʥʝ [13]. 

ʇʨʝʜʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʬʠʟʠʯʝʩʢʦʡ ʥʝʚʦʟʤʦʞʥʦʩʪʴʶ ʜʘʣʴʥʝʡ-

ʰʝʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʠʩʪʝʤʳ, ʥʝʜʦʧʫʩʪʠʤʳʤ ʩʥʠʞʝʥʠʝʤ ʝʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 

ʥʘʨʫʰʝʥʠʝʤ ʪʨʝʙʦʚʘʥʠʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʢʨʠ-

ʪʝʨʠʝʤ ʧʨʝʜʝʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʂʨʠʪʝʨʽʡ ʛʨʘʥʠʯʥʠʡ ʩʪʘʥʫ ï ʦʟʥʘʢʘ ʯʠ ʩʫʢʫʧʥʽʩʪʴ ʦʟʥʘʢ ʛʨʘʥʠʯʥʦʛʦ ʩʪʘʥʫ 

ʩʠʩʪʝʤʠ, ʚʩʪʘʥʦʚʣʝʥʠʭ ʥʦʨʤʘʪʠʚʥʦʶ ʪʘ/ʘʙʦ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʶ (ʧʨʦʝʢʪʥʦʶ) 

ʜʦʢʫʤʝʥʪʘʮʽʻʶ [13]. 

ʂʨʠʪʝʨʠʠ ʧʨʝʜʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ: 

1) ʦʪʢʘʟ ʦʜʥʦʡ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ ʄʕʄʉ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʠʣʠ ʟʘʤʝʥʘ ʢʦʪʦʨʳʭ ʥʘ ʤʝʩʪʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʥʝ ʧʨʝʜʫʩʤʦʪʨʝʥʳ ʵʢʩʧʣʫʘʪʘʮʠ-

ʦʥʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʝʡ; 

2) ʤʝʭʘʥʠʯʝʩʢʠʡ ʠʟʥʦʩ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʜʝʪʘʣʝʡ (ʫʟʣʦʚ) ʠʣʠ ʩʥʠʞʝʥʠʝ ʬʠʟʠ-

ʯʝʩʢʠʭ (ʭʠʤʠʯʝʩʢʠʭ) ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʜʦ ʧʨʝʜʝʣʴʥʦ ʜʦʧʫʩʪʠʤʦʛʦ ʫʨʦʚʥʷ; 

3) ʩʥʠʞʝʥʠʝ ʥʘʨʘʙʦʪʢʠ ʥʘ ʦʪʢʘʟ (ʧʦʚʳʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ) ʥʠʞʝ 

(ʚʳʰʝ) ʜʦʧʫʩʪʠʤʦʛʦ ʫʨʦʚʥʷ; 

4) ʧʦʚʳʰʝʥʠʝ ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʫʨʦʚʥʷ ʪʝʢʫʱʠʭ (ʩʫʤʤʘʨʥʳʭ) ʟʘʪʨʘʪ ʥʘ ʪʝʭ-

ʥʠʯʝʩʢʦʝ ʦʙʩʣʫʞʠʚʘʥʠʝ ʠ ʨʝʤʦʥʪ ʠʣʠ ʜʨʫʛʠʝ ʧʨʠʟʥʘʢʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʵʢʦ-

ʥʦʤʠʯʝʩʢʫʶ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

ʈʝʩʫʨʩ ï ʩʫʤʘʨʥʠʡ ʥʘʨʦʙʽʪʦʢ ʩʠʩʪʝʤʠ ʚʽʜ ʧʦʯʘʪʢʫ ʾʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʯʠ ʧʦ-

ʥʦʚʣʝʥʥʷ ʧʽʩʣʷ ʨʝʤʦʥʪʫ ʜʦ ʧʝʨʝʭʦʜʫ ʚ ʛʨʘʥʠʯʥʠʡ ʩʪʘʥ [13]. 

ʊʝʨʤʽʥ ʩʣʫʞʙʠ ï ʢʘʣʝʥʜʘʨʥʘ ʪʨʠʚʘʣʽʩʪʴ ʝʢʩʧʣʫʘʪʘʮʽʾ ʦʙ'ʻʢʪʘ ʚʽʜ ʧʦʯʘʪʢʫ ʯʠ ʾʾ 

ʧʦʥʦʚʣʝʥʥʷ ʧʽʩʣʷ ʨʝʤʦʥʪʫ ʜʦ ʧʝʨʝʭʦʜʫ ʚ ʛʨʘʥʠʯʥʠʡ ʩʪʘʥ. 

ʈʝʩʫʨʩʥʘ ʚʽʜʤʦʚʘ ï ʚ̔ ʜʤʦʚʘ, ʚʥʘʩʣʽʜʦʢ ʷʢʦʾ ʩʠʩʪʝʤʘ ʜʦʩʷʛʘʻ ʛʨʘʥʠʯʥʦʛʦ ʩʪʘ-

ʥʫ. 

 

1.4. ʉʨʦʢ ʩʣʫʞʙʳ ʄʕʄʉ 

ɼʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʨʦʢʘ ʩʣʫʞʙʳ ʢʦʤʧʦʥʝʥʪʦʚ ʄʕʄʉ ʧʨʠʤʝʥʷʝʪʩʷ ʫʩʢʦ-

ʨʝʥʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ, ʚ ʧʨʦʮʝʩʩʝ ʢʦʪʦʨʦʛʦ ʤʠʢʨʦʠʟʜʝʣʠʝ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʳʩʦ-

ʢʦʤʫ ʫʨʦʚʥʶ ʨʘʙʦʯʠʭ ʥʘʛʨʫʟʦʢ ʠ ʩʠʣʴʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

(ʚʩrʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʥʘʧʨʷʞʝʥʠʝ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦʨʠʪʴ ʧʦʷʚʣʝʥʠʝ ʦʪ-

ʢʘʟʘ. ɸʣʛʦʨʠʪʤ ʫʩʢʦʨʝʥʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ ʄʕʄʉ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 1.3 [4]. 
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2. ʄʆɼɽʃʀ ʅɸɼɽɾʅʆʉʊʀ ʄʕʄʉ 

2.1. ʄʦʜʝʣʠ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ 

ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʬʫʥʢʮʠʷ ʥʘʜʝʞʥʦʩʪʠ, ʢʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʦʪʢʘʟʦʚ, ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ, ʬʫʥʢʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʦʪʢʘʟʦʚ ʠ U-ʢʨʠʚʘʷ ʥʘʜʝʞʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʨʦʢʘ 

ʩʣʫʞʙʳ ʢʦʤʧʦʥʝʥʪʦʚ ʄʕʄʉ. ʇʨʠʚʦʜʷʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʠ ʣʦʛʘʨʠʬʤʠ-

ʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ɺʝʡʙʫʣʣʘ. 

ʇʦʜ ʥʘʜʝʞʥʦʩʪʴʶ ʧʦʥʠʤʘʶʪ ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʠʟʜʝʣʠʝ ʚʳʧʦʣʥʷʝʪ ʦʧʨʝ-

ʜʝʣʝʥʥʳʝ ʩʧʝʮʠʬʠʢʘʮʠʝʡ ʬʫʥʢʮʠʠ ʧʨʠ ʟʘʜʘʥʥʳʭ ʨʝʞʠʤʘʭ ʠ ʫʩʣʦʚʠʷʭ ʵʢʩ-

ʧʣʫʘʪʘʮʠʠ, ʭʨʘʥʝʥʠʷ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʚ ʪʝʯʝʥʠʝ ʥʦʨʤʘʪʠʚʥʦʛʦ ʩʨʦʢʘ 

ʩʣʫʞʙʳ.  

ʄʦʜʝʣʠ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ ʦʩʥʦʚʘʥʳ ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦ ʩʣʫʯʘʡʥʦʤ ʭʘ-

ʨʘʢʪʝʨʝ ʦʪʢʘʟʦʚ ʢʦʤʧʦʥʝʥʪʦʚ ʤʠʢʨʦʩʠʩʪʝʤ ʠ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʦʮʝʥʢʠ ʧʦ-

ʢʘʟʘʪʝʣʝʡ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ ʚ ʧʨʦʮʝʩʩʝ ʪʝʩʪʠʨʦʚʘʥʠʷ [4, 14]. ʆʩʥʦʚʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ ʷʚʣʷʶʪʩʷ [4, 14]: 

1) ɺʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ )t(R  ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʛʦ ʬʫʥʢ-

ʮʠʦʥʠʨʦʚʘʥʠʷ ʄʕʄʉ ʥʘ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ [0, t]. ɺʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ 

ʨʘʙʦʪʳ ʥʘʟʳʚʘʶʪ ʪʘʢʞʝ ʬʫʥʢʮʠʝʡ ʥʘʜʝʞʥʦʩʪʠ [4]. 

2) ɺʝʨʦʷʪʥʦʩʪʴ ʦʪʢʘʟʘ )t(F  ï ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪʢʘʟʘ ʄʕʄʉ ʥʘ 

ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ [0, t]: )t(R1)t(F -=  (ʢʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʦʪʢʘʟʦʚ ï cumulative failure distribution function, CDF). 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʟʘʢʦʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʧʨʝ-

ʨʳʚʥʦʡ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ t ʷʚʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʄʦʜʝʣʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʨʘʙʦʪʢʠ )t(f  ï ʬʫʥʢʮʠʷ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ (probability 

density function, PDF) ʚ ʪʝʯʝʥʠʝ ʠʥʪʝʨʚʘʣʘ ʚʨʝʤʝʥʠ ʦʪ 0 ʜʦ ¤.  

ʌʫʥʢʮʠʠ CDF ʠ PDF ʩʚʷʟʘʥʳ ʦʪʥʦʰʝʥʠʝʤ: 

ñ ¡¡=
t

0

td)t(f)t(F ; )t(F
dt

d
)t(f = . 

3) ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ )t(h ï ʫʩʣʦʚʥʘʷ ʧʣʦʪʥʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʚʨʝʤʝʥʠ 

ʦʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪʢʘʟʘ ʄʕʄʉ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʜʦ ʤʦʤʝʥʪʘ t ʦʪʢʘʟʘ ʥʝ 

ʙʳʣʦ: 

)t(R
dt

)t(dF
)t(R

dt

)t(dR
)t(h =-= . 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ )t(h ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʪʦʛʦ, 

ʯʪʦ ʦʪʢʘʟ ʧʨʦʠʟʦʡʜʝʪ ʚ ʩʣʝʜʫʶʱʝʤ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ, ʢ ʥʘʜʝʞʥʦʩʪʠ 

)t(R  (ʚʝʨʦʷʪʥʦʩʪʠ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʜʦ ʵʪʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ) [4]: 
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)t(R

)t(f

)t(F1

)t(f
)t(h =
-

= ; ))t(R(ln
dt

d

dt

)t(dR

)t(R

1
)t(h -=-= . 

ʀʥʪʝʛʨʘʣ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʫʤʫʣʷʪʠʚʥʫʶ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ: 

ñ -=¡=
t

0

)t(Rlndt)t(h)t(H . 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ )t(h  ʠʟʤʝʨʷʝʪʩʷ ʚ ʝʜʠʥʠʮʘʭ (
1ʚʨʝʤʷ-
). ʇʦʩʢʦʣʴʢʫ ʚ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t=0 ʥʘʜʝʞʥʦʩʪʴ ʠʟʜʝʣʠʠ 1)0(R =  (ʝʱʝ ʥʝ ʙʳʣʦ ʦʪʢʘʟʦʚ), 

ʠʤʝʝʪ ʤʝʩʪʦ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʜʝʞʥʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝ-

ʥʠ ʦʪ 0 ʜʦ t ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ ʚ ʵʪʦʤ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ: 

ñ ¡¡-

=

t

0

td)t(h

e)t(R . 

ɺʘʞʥʳʤ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʥʘʜʝʞʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʥʘʨʘʙʦʪʢʘ ʥʘ 

ʦʪʢʘʟ (mean time to failure, MTTF), ʦʧʨʝʜʝʣʷʶʱʘʷ ʚʨʝʤʷ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ 

ʠʟʜʝʣʠʷ (ʩʨʝʜʥʝʝ ʚʨʝʤʝʥʠ ʜʦ ʧʝʨʚʦʛʦ ʦʪʢʘʟʘ). 

ñ¹=
¤

0

dt)t(tftMTTF . 

ʄʦʜʝʣʠ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ ʤʦʛʫʪ ʦʩʥʦʚʳʚʘʪʴʩʷ ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦ ʜʠʩ-

ʢʨʝʪʥʦʤ ʠʟʤʝʥʝʥʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʜʝʞʥʦʩʪʠ ʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤ ʭʘʨʘʢ-

ʪʝʨʝ ʠʟʤʝʥʝʥʠʷ ʯʠʩʣʘ ʦʪʢʘʟʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʄʕʄʉ. 

2.2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʦʪʢʘʟʦʚ ʚ ʪʝʯʝʥʠʝ ʩʨʦʢʘ ʩʣʫʞʙʳ ʧʨʦʜʫʢʪʘ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘ-

ʯʝʥʠʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʄʕʄʉ. ʂʨʠʚʘʷ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʦʪʢʘʟʦʚ ʦʪ ʚʨʝʤʝʥʠ ʚ ʪʝʯʝʥʠʝ ʩʨʦʢʘ ʩʣʫʞʙʳ ʠʤʝʝʪ ʪʨʠ  ʭʘʨʘʢʪʝʨʥʳʭ 

ʠʥʪʝʨʚʘʣʘ, ʨʠʩ. 2.1: I ð ʧʝʨʠʦʜ ʧʨʠʨʘʙʦʪʢʠ ʠ ʦʪʢʘʟʦʚ ʥʝʢʘʯʝʩʪʚʝʥʥʳʭ ʠʟʜʝ-

ʣʠʡ; II ð ʧʝʨʠʦʜ ʥʦʨʤʘʣʴʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ; III ð ʧʝʨʠʦʜ ʩʪʘʨʝʥʠʷ (ʦʪʢʘʟʳ 

ʚʳʟʚʘʥʳ ʠʟʥʦʩʦʤ ʜʝʪʘʣʝʡ ʠʣʠ ʩʪʘʨʝʥʠʝʤ ʤʘʪʝʨʠʘʣʦʚ).  
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ʈʠʩ. 2.1. ʂʨʠʚʘʷ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ ʦʪ ʚʨʝʤʝʥʠ 

 

ɺ ʧʝʨʠʦʜ ʧʨʠʨʘʙʦʪʢʠ ʧʨʦʷʚʣʷʶʪʩʷ ʜʝʬʝʢʪʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʤʠ ʧʨʠʯʠʥʘʤʠ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ. 

ɺʦ ʚʨʝʤʷ ʥʦʨʤʘʣʴʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚʦʟʥʠʢʘʶʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚʥʝʟʘʧʥʳʝ 

ʦʪʢʘʟʳ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ ʦʩʪʘʝʪʩʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʧʦʩʪʦʷʥʥʦʡ. 

ɺ ʧʝʨʠʦʜ ʩʪʘʨʝʥʠʷ ʧʨʝʚʘʣʠʨʫʶʪ ʧʦʩʪʝʧʝʥʥʳʝ ʦʪʢʘʟʳ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ 

ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ. 

 ɿʘʢʦʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ ʥʘʟʳʚʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ, ʫʩ-

ʪʘʥʘʚʣʠʚʘʶʱʝʝ ʩʚʷʟʴ ʤʝʞʜʫ ʚʦʟʤʦʞʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ 

ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʤ ʚʝʨʦʷʪʥʦʩʪʷʤʠ. 

ɺ ʪʝʦʨʠʠ ʠ ʧʨʘʢʪʠʢʝ ʥʘʜʝʞʥʦʩʪʠ ʯʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʟʘʢʦ-

ʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ: ʥʦʨʤʘʣʴʥʳʡ (ɻʘʫʩʩʘ), ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʳʡ, 

ɺʝʡʙʫʣʣʘ, ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ (ʧʦʢʘʟʘʪʝʣʴʥʳʡ). 

ɼʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʚ ʧʝʨʠʦʜ ʥʦʨʤʘʣʴʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠʟʜʝ-

ʣʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʟʘʢʦʥ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʨʘʙʦʪʢʠ ʥʘ ʦʪʢʘʟ ʩʣʦʞʥʳʭ ʠʟʜʝʣʠʡ, ʢʦʛʜʘ ʧʦʩʪʝʧʝʥʥʳʝ ʦʪ-

ʢʘʟʳ ʝʱʝ ʥʝ ʧʨʦʷʚʠʣʠʩʴ ʠ ʥʘʜʝʞʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʥʝʟʘʧʥʳʤʠ ʦʪʢʘʟʘ-

ʤʠ. ʕʪʠ ʦʪʢʘʟʳ ʚʳʟʳʚʘʶʪʩʷ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʤ ʩʪʝʯʝʥʠʝʤ ʤʥʦʛʠʭ ʦʙʩʪʦʷ-

ʪʝʣʴʩʪʚ ʠ ʧʦʵʪʦʤʫ ʠʤʝʶʪ ʧʦʩʪʦʷʥʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ.  

 

ʕʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ. 

ʕʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʥʘʠʤʝʥʝʝ ʩʣʦʞʥʳʤ ʠʟ ʚʩʝʭ ʤʦʜʝʣʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ )t(h ʧʦʩʪʦʷʥʥʘ ʠ ʨʘʚʥʘ  ɚ. ʌʫʥʢʮʠʷ ʥʘʜʝʞʥʦʩʪʠ 

)t(R , ʢʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (CDF), ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʚʝʨʦʷʪʥʦʩʪʝʡ (PDF) ʧʨʠʚʝʜʝʥʳ ʥʠʞʝ: 

te)t(R l-= ;      (2.1) 

te1)t(F l--= ;     (2.2) 

te)t(f l-l= .    (2.3) 
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ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ (ʥʘʨʘʙʦʪʢʘ ʥʘ ʦʪʢʘʟ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʚʝʣʠʯʠʥʘ, ʦʙʨʘʪʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ ɚ 
l

=1MTTF . 

ʅʘ ʨʠʩ. 2.2ï2.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʢʘʟʦʚ, 

ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʠ ʬʫʥʢʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ. 

 
ʈʠʩ. 2.2. ʂʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʢʘʟʦʚ 

 

 
ʈʠʩ. 2.3. ʌʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ 

 
ʈʠʩ. 2.4. ʌʫʥʢʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ 
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ʈʘʩʧʨʝʜʝʣʝʥʠʝ ɺʝʡʙʫʣʣʘ. 

ʌʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʢʨʠʚʳʭ 

ʥʘʜʝʞʥʦʩʪʠ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ. ʌʫʥʢʮʠʷ ɺʝʡʙʫʣʣʘ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʥʝ-

ʩʢʦʣʴʢʠʤʠ ʩʧʦʩʦʙʘʤʠ [4]. ɺʳʨʘʞʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ ʥʠʞʝ ʦʧʠʩʳ-

ʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʥʘ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʥʠ [0, t]. ɺʳʨʘʞʝʥʠʝ 

ʥʠʞʝ ʚʝʨʦʷʪʥʦʩʪʴ ʚʳʞʠʚʘʥʠʷ R (T) ʤʝʞʜʫ ʥʫʣʝʚʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʠ ʚʨʝ-

ʤʝʥʠ 

b

ö
÷

õ
æ
ç

å

a

g-
-

=

t

e)t(R . 

ɺʠʜ ʢʨʠʚʦʡ ʥʘʜʝʞʥʦʩʪʠ ɺʝʡʙʫʣʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʤʷ ʧʘʨʘʤʝʪʨʘʤʠ: ɓ ï 

ʬʦʨʤʘ, ɔ ï ʧʦʣʦʞʝʥʠʝ, Ŭ ï ʤʘʩʰʪʘʙ. ʌʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ ʤʦ-

ʞʝʪ ʙʳʪʴ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʣʠ ʪʨʝʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʦʛʦ, ʥʘʯʠʥʘʶʪʩʷ ʣʠ ʦʪʢʘʟʳ ʩ ʥʫʣʝʚʦʛʦ ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ. ɽʩʣʠ ʦʪʢʘʟʳ ʥʘʯʠ-

ʥʘʶʪʩʷ ʩ ʥʫʣʝʚʦʛʦ ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ, ʪʦ ʧʘʨʘʤʝʪʨ ʧʦʣʦʞʝʥʠʷ, ʦʧʨʝʜʝʣʷʶʱʠʡ 

ʥʘʯʘʣʴʥʦʝ ʚʨʝʤʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪʢʘʟʘ, ʨʘʚʝʥ ʥʫʣʶ, ʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ 

ʚʳʨʘʞʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ ʩʚʦʜʠʪʩʷ ʢ ʩʣʝʜʫʶʱʝʤʫ: 

)t(h)t(fe)t(R

t

==

b

ö
÷

õ
æ
ç

å

a
-

.    (2.4) 

ɽʩʣʠ ɓ=1, ʪʦ ʚʳʨʘʞʝʥʠʝ (2.4) ʧʨʠʥʠʤʘʝʪ ʚʠʜ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

(2.1) ʧʨʠ 
l

=a 1 . 

ʌʫʥʢʮʠʷ PDF ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩ. 2.5. 

 
ʈʠʩ. 2.5. ʌʫʥʢʮʠʷ PDF ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ  ʚ 

ʝʜʠʥʠʮʘʭ  Ŭ  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ɓ 



35 

 
ʈʠʩ. 2.6. ʌʫʥʢʮʠʷ CDF ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ɓ  

 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

b

ö
÷

õ
æ
ç

å

a
-

-=

t

e1)t(F . 

ʉʦʛʣʘʩʥʦ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ɺʝʡʙʫʣʣʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʦʪʢʘʟʦʚ 
b

ö
÷

õ
æ
ç

å

a
=

t
)t(H . ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ, ʢʦʪʦʨʳʝ ʥʦʩʷʪ 

ʤʛʥʦʚʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 
1

t
)t(h

-b

ö
÷

õ
æ
ç

å

a
ö
÷

õ
æ
ç

å

a

b
= . 

ʂʨʠʚʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩ. 2.7. 

 

 
ʈʠʩ. 2.7. ʂʨʠʚʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ 

ʃʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ. 

ʇʣʦʪʥʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʥʦʨʤʘʣʴʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ t 

ʚʳʨʘʞʘʝʪʩʷ ʬʦʨʤʫʣʦʡ: 
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ö
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÷

õ

æ
æ
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22

2)mt(

e
2

1
)t(f , ʛʜʝ m ʠ sï ʧʘʨʘʤʝʪʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʦʣʦʞʝʥʠʝ 

ʠ ʬʦʨʤʫ ʢʨʠʚʦʡ: m ï ʮʝʥʪʨ ʨʘʩʩʝʠʚʘʥʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ (ʤʘʪʝʤʘʪʠʯʝ-

ʩʢʦʝ ʦʞʠʜʘʥʠʝ), ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʧʦʣʦʞʝʥʠʝ ʢʨʠʚʦʡ ʥʘ ʦʩʠ ʘʙʩʮʠʩʩ, s- ʜʠʩ-

ʧʝʨʩʠʷ, ʦʧʨʝʜʝʣʷʝʪ ʬʦʨʤʫ ʢʨʠʚʦʡ (ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʠʩʧʝʨʩʠʠ ʢʨʠʚʘʷ ʙʫʜʝʪ 

ʩʞʠʤʘʪʴʩʷ ʠʣʠ ʨʘʩʪʷʛʠʚʘʪʴʩʷ ʚʜʦʣʴ ʦʩʠ ʘʙʩʮʠʩʩ). 

ʇʨʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʥʦʨʤʘʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥ-

ʥʳʤ ʷʚʣʷʝʪʩʷ ʣʦʛʘʨʠʬʤ (ln t) ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ t, ʘ ʥʝ ʩʘʤʘ ʵʪʘ ʚʝʣʠʯʠʥʘ. 

ʃʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʦ ʤʥʦʛʦʤ ʙʦʣʝʝ ʪʦʯʥʦ, ʯʝʤ 

ʥʦʨʤʘʣʴʥʦʝ ʦʧʠʩʳʚʘʝʪ ʥʘʨʘʙʦʪʢʫ ʜʦ ʦʪʢʘʟʘ ʪʝʭ ʦʙʲʝʢʪʦʚ, ʫ ʢʦʪʦʨʳʭ ʦʪʢʘʟ 

ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʫʩʪʘʣʦʩʪʠ. 

ʌʫʥʢʮʠʷ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ PDF  ʧʨʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʤ (ɻʘ-

ʫʩʩʦʚʦʤ) ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 2.8 ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 
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2))50Tln()t(ln(

e
2t

1
)t(f , ʛʜʝ 50T  ï ʩʨʝʜʥʷʷ ʥʘʨʘʙʦʪʢʘ ʜʦ ʦʪʢʘʟʘ; s 

ï ʩʨʝʜʥʝʝ ʢʚʘʜʨʘʪʠʯʥʦʝ (ʩʪʘʥʜʘʨʪʥʦʝ) ʦʪʢʣʦʥʝʥʠʝ ʚʨʝʤʝʥʠ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘ-

ʙʦʪʳ, )50Tln( - ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʞʠʜʘʥʠʝ ʣʦʛʘʨʠʬʤʘ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ. 

ʂʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ CDF (ʨʠʩ. 2.9) )t(F : 
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)/tln(
)t(F , ʛʜʝ [ ])2z(Erf1

2

1
)z( +=F . 

 

 
ʈʠʩ. 2.8. ʌʫʥʢʮʠʷ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ 
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ʈʠʩ. 2.9. ʂʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ CDF ʧʨʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ ʧʨʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʨʦʢʘ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʩʤ. ʨʠʩ. 2.10.  

)t(R

)t(f

)t(F1

)t(f
)t(h =
-

=  

 

 
Fig. 2.10. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ ʧʨʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠ ʥʦʨʤʘʣʴʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

 



38 

3. ʉʊʈʋʂʊʋʈʅʓɽ ʉʍɽʄʓ ʅɸɼɽɾʅʆʉʊʀ 

ʄʕʄʉ 

3.1. ɸʥʘʣʠʟ ʤʦʜʝʣʠ ʥʘʜʝʞʥʦʩʪʠ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʥʘʜʝʞʥʦʩʪʠ ʫʩʪʨʦʡʩʪʚʘ ʥʝʦʙʭʦ-

ʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʘʥʘʣʠʟ ʤʦʜʝʣʠ ʥʘʜʝʞʥʦʩʪʠ SRM (System Reliability Model), 

ʢʦʪʦʨʘʷ ʛʨʘʬʠʯʝʩʢʠ ʦʧʠʩʳʚʘʝʪ ʩʠʩʪʝʤʫ ʚ ʚʠʜʝ ʙʣʦʢ-ʩʭʝʤʳ ʥʘʜʝʞʥʦʩʪʠ 

(Reliability Block Diagram, RBD), ʜʝʨʝʚʘ ʦʪʢʘʟʦʚ (Fault Tree), ʜʝʨʝʚʘ ʩʦʙʳʪʠʡ 

(Event Tree). ɸʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʫʟʢʠʝ ʤʝʩʪʘ ʧʨʦʝʢʪʠʨʫʝʤʦʡ ʩʠʩ-

ʪʝʤʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʪʝʨʝ ʙʝʟʦʪʢʘʟʥʦʩʪʠ, ʜʦʣʛʦʚʝʯʥʦʩʪʠ, ʨʝ-

ʤʦʥʪʦʧʨʠʛʦʜʥʦʩʪʠ ʠ ʩʦʭʨʘʥʷʝʤʦʩʪʠ. ʄʦʜʝʣʴ SRM ʦʧʠʩʳʚʘʝʪ ʩʪʨʫʢʪʫʨʫ ʫʩʪ-

ʨʦʡʩʪʚʘ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʚʟʘʠʤʦʩʚʷʟʝʡ ʤʝʞ-

ʜʫ ʥʠʤʠ, ʚʢʣʶʯʘʷ ʘʧʧʘʨʘʪʥʳʝ ʠ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʫʩʪʨʦʡʩʪʚʘ, ʘ 

ʪʘʢʞʝ ʧʨʠʦʙʨʝʪʝʥʥʳʝ ʛʦʪʦʚʳʝ ʩʪʘʥʜʘʨʪʥʳʝ ʵʣʝʤʝʥʪʳ.  

ɹʣʦʢ-ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ RBD ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʨʘʬʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝ-

ʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝʤʳ ʠ ʠʭ ʚʟʘʠʤʦʩʚʷʟʝʡ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʝ ʥʘ ʫʩʧʝʭ 

ʧʨʦʭʦʞʜʝʥʠʷ ʩʠʛʥʘʣʘ ʦʪ ʚʭʦʜʥʳʭ ʧʦʨʪʦʚ ʢ ʚʳʭʦʜʥʳʤ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝʤʳ. RBD ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʠ ʥʘʜʝʞʥʦʩʪʠ: ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ (ʤʛʥʦʚʝʥʥʫʶ ʯʘʩʪʦʪʫ ʦʪʢʘ-

ʟʦʚ), ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʥʘʨʘʙʦʪʢʠ ʥʘ ʦʪʢʘʟ (MTBF), ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʨʝʤʦʥʪʘ 

(MTTR). 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʠ ʚʩʝ ʚʠʜʳ ʦʪʢʘʟʦʚ.  

ʇʦʩʪʨʦʝʥʠʝ RDB ʩʭʝʤ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʩʠʩʪʝʤ ʩ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʬʫʥʢʮʠʡ, ʘ ʪʘʢʞʝ ʩʠʩʪʝʤ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʚʭʦʜʠʪ ʚʩʪʨʦ-

ʝʥʥʘʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ ʩʝʨʚʠʩʥʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʙʦʪʦ-

ʩʧʦʩʦʙʥʦʩʪʠ. 

ʀʩʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ RBD-ʩʭʝʤʳ ʷʚʣʷʶʪʩʷ:  

ī ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʥʘʨʘʙʦʪʢʠ ʥʘ ʦʪʢʘʟ (MTBF) ʜʣʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝ-

ʤʳ, 

ī ʚʨʝʤʝʥʘ ʮʠʢʣʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʠʩʪʝʤʳ ʧʦʩʣʝ ʦʪʢʘʟʘ, 

ī ʚʝʨʦʷʪʥʦʩʪʴ ʫʩʧʝʰʥʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʠʩʪʝʤʳ ʧʦʩʣʝ ʦʪʢʘʟʘ, 

ī ʠʥʪʝʨʚʘʣʳ ʤʝʞʜʫ ʧʣʘʥʦʚʦ-ʧʨʝʜʫʧʨʝʜʠʪʝʣʴʥʳʤʠ ʤʝʨʦʧʨʠʷʪʠʷʤʠ ʧʦ ʪʝʭ-

ʥʠʯʝʩʢʦʤʫ ʦʙʩʣʫʞʠʚʘʥʠʶ ʩʠʩʪʝʤʳ. 

ʈʘʟʣʠʯʘʶʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ, ʧʘʨʘʣʣʝʣʴʥʦʝ ʠ ʩʤʝʰʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʵʣʝ-

ʤʝʥʪʦʚ ʚ ʩʪʨʫʢʪʫʨʥʦʡ ʩʭʝʤʝ ʥʘʜʝʞʥʦʩʪʠ. 

3.1.1. ʉʠʩʪʝʤʘ ʧʘʨʘʣʣʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʩʦʝʜʠʥʝʥʠʠ 

ʦʪʢʘʟ ʭʦʪʷ ʙʳ ʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩʪʨʫʢʪʫʨʥʦʡ ʩʭʝʤʳ ʧʨʠʚʦʜʠʪ ʢ ʦʪʢʘʟʫ ʚʩʝʡ 

ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ (ʨʠʩ. 3.1) [4, 15].  
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ʈʠʩ. 3.1. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ 

ʵʣʝʤʝʥʪʦʚ 

ɽʩʣʠ ʩʯʠʪʘʪʴ ʦʪʢʘʟʳ ʵʣʝʤʝʥʪʦʚ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʥʝʟʘʚʠʩʠʤʳʤʠ, ʪʦ ʚʝʨʦʷʪ-

ʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [4]: 

Ô=³³³=
=

n

1i
in21s )t(r)t(r...)t(r)t(r)t(R , ʛʜʝ )t(ri  ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ 

ʨʘʙʦʪʳ i -ʛʦ ʵʣʝʤʝʥʪʘ; )t(Rs ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ. 

ɺʝʨʦʷʪʥʦʩʪʴ ʦʪʢʘʟʘ ʩʠʩʪʝʤʳ ʥʘ ʠʥʪʝʨʚʘʣʝ [0,1] ʨʘʚʥʘ 

])t(f1[1)t(R1)t(F
n

1i
iss Ô --=-=

=

. 

ɽʩʣʠ ʥʘʜʝʞʥʦʩʪʴ ʦʪʜʝʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʠʩʪʝʤʳ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʥʘʜʝʞʥʦʩʪʠ 

ʦʩʪʘʣʴʥʳʭ ʝʝ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʶ, ʪʦ ʥʘʜʝʞʥʦʩʪʴ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

}thexp{...}thexp{}thexp{)t(R n21s -³³-³-= , ʛʜʝ n21 h,...h,h ï ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʠ ʦʪʢʘʟʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʝʨʚʦʛʦ, ʚʪʦʨʦʛʦ ʠ n-ʛʦ ʵʣʝʤʝʥʪʦʚ. 

ɼʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʪʦʢʘ ʦʪʢʘʟʦʚ ʩ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʪʦʢ 

ʦʪʢʘʟʦʚ ʩʠʩʪʝʤʳ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: n21s h...hhh +++= . ʪ. ʝ. ʀʥ-

ʪʝʥʩʠʚʥʦʩʪʴ ʦʪʢʘʟʦʚ ʩʠʩʪʝʤʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ ʥʝʟʘʚʠʩʠʤʳʭ 

ʵʣʝʤʝʥʪʦʚ ʨʘʚʥʘ ʩʫʤʤʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʪʢʘʟʦʚ ʵʣʝʤʝʥʪʦʚ. 

ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ ʬʦʨʤʫʣ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʟʘʜʘʥʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʙʝʟʦʪʢʘʟʥʦʡ 

ʨʘʙʦʪʳ ʵʣʝʤʝʥʪʦʚ ʫʚʝʣʠʯʝʥʠʝ ʠʭ ʯʠʩʣʘ ʨʝʟʢʦ ʩʥʠʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟ-

ʥʦʡ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

 

3.1.2. ʉʠʩʪʝʤʘ ʧʘʨʘʣʣʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʘʨʘʣʣʝʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʵʣʝ-

ʤʝʥʪʦʚ ʚ ʩʪʨʫʢʪʫʨʥʦʡ ʩʭʝʤʝ ʥʘʜʝʞʥʦʩʪʠ ʥʘʟʳʚʘʝʪʩʷ ʪʘʢʦʝ ʩʦʝʜʠʥʝʥʠʝ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʩʠʩʪʝʤʘ ʦʪʢʘʟʳʚʘʝʪ ʪʦʣʴʢʦ ʧʨʠ ʦʪʢʘʟʝ ʚʩʝʭ n ʝʝ ʵʣʝʤʝʥʪʦʚ [4, 15] 

(ʨʠʩ. 3.2). 

 
ʈʠʩ. 3.2. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ 

ʵʣʝʤʝʥʪʦʚ 
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ɺʝʨʦʷʪʥʦʩʪʴ ʦʪʢʘʟʘ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

Ô Ô -==³³³=
= =

n

1t

n

1i
iin21s ))t(r1()t(f)t(f...)t(f)t(f)t(F . 

ɺʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ: 

Ô --=-=
=

n

1i
iss ))t(r1(1)t(F1)t(R . 

ʉ ʫʯʝʪʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʢʘʟʦʚ, ʧʨʠ l=ih , ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʠ 

ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʧʨʠʤʝʪ ʚʠʜ: 

Ô --=
=

l-
n

1i

t
s )exp1(1)t(P . 

ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ ʬʦʨʤʫʣ ʚʠʜʥʦ, ʯʪʦ ʧʘʨʘʣʣʝʣʴʥʦʝ ʚʢʣʶʯʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʷʚ-

ʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʩʨʝʜʩʪʚʦʤ ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤʳ. ɼʘʞʝ ʧʨʠ 

ʚʝʩʴʤʘ ʥʝʥʘʜʝʞʥʳʭ ʵʣʝʤʝʥʪʘʭ ʤʦʞʥʦ, ʥʘʨʘʱʠʚʘʷ ʯʠʩʣʦ ʧʘʨʘʣʣʝʣʴʥʳʭ ʵʣʝ-

ʤʝʥʪʦʚ, ʧʦʣʫʯʠʪʴ ʙʣʠʟʢʫʶ ʢ ʝʜʠʥʠʮʝ ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʩʠʩ-

ʪʝʤʳ. 

 

3.1.3. ʉʠʩʪʝʤʘ ʧʘʨʘʣʣʝʣʴʥʦ-ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

ɺ ʩʣʦʞʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʩʪʨʫʢʪʫʨʥʳʝ ʩʭʝʤʳ ʥʘʜʝʞʥʦʩʪʠ ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʠ ʧʘʨʘʣʣʝʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.3. 

 

 
ʈʠʩ. 3.3. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ ʩʦ ʩʤʝʰʘʥʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ 

ʵʣʝʤʝʥʪʦʚ 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ ʨʘʩʯʝʪʘ ʥʘʜʝʞʥʦʩʪʠ ʩʪʨʫʢʪʫʨʥʫʶ ʩʭʝʤʫ ʨʘʟʙʠʚʘʶʪ ʥʘ ʦʪ-

ʜʝʣʴʥʳʝ ʫʯʘʩʪʢʠ, ʥʘ ʢʦʪʦʨʳʭ ʵʣʝʤʝʥʪʳ ʩʠʩʪʝʤʳ ʩʦʝʜʠʥʝʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʠʣʠ ʧʘʨʘʣʣʝʣʴʥʦ. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʧʦʩʣʝʜʦ-

ʚʘʪʝʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʦʢʘʟʘʥʥʫʶ ʥʘ ʨʠʩ. 3.4, ʛʜʝ SR1, SR2, SR3, SR4 ï ʚʝ-

ʨʦʷʪʥʦʩʪʠ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʝʨʚʦʛʦ, ʚʪʦʨʦʛʦ, ʪʨʝʪʴʝʛʦ ʠ 

ʯʝʪʚʝʨʪʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ. 

 

 

ʈʠʩ. 3.4. ʇʨʝʦʙʨʘʟʦʚʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦ ʩʤʝʰʘʥʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ  
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ʊʦʛʜʘ ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʩʦ ʩʤʝʰʘʥʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ 

ʵʣʝʤʝʥʪʦʚ ʙʫʜʝʪ ʨʘʚʥʘ: 

4SR3SR2SR1SR)t(Rs ³³³= . 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʜʣʷ ʩʠʩʪʝʤʳ ʩ k ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʫʯʘʩʪʢʘʤʠ ʚʳʨʘʞʝʥʠʝ 

ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʠ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ: 

Ô=
=

k

1j
js )t(SR)t(R , 

ʛʜʝ )t(SRj ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ j-ʛʦ ʫʯʘʩʪʢʘ. 

3.1.4. ʉʠʩʪʝʤʘ ʩ ʤʘʞʦʨʠʪʘʨʥʳʤ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ 

ʅʘ ʨʠʩ. 3.5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ ʩ ʤʘʞʦʨʠʪʘʨʥʳʤ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ. ʀʟʙʳʪʦʯʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʟʘʧʫʩʢʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʝʨʝ-

ʢʣʶʯʘʪʝʣʷ ʚ ʩʣʫʯʘʝ ʦʪʢʘʟʘ ʦʩʥʦʚʥʦʛʦ ʵʣʝʤʝʥʪʘ.  

 

 
 

ʈʠʩ. 3.5. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʥʘʜʝʞʥʦʩʪʠ ʩ ʤʘʞʦʨʠʪʘʨʥʳʤ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ 

3.2. ɸʥʘʣʠʟ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ.  

ɸʥʘʣʠʟ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ (ʦʪʢʘʟʦʚ) FTA ï ʵʪʦ ʜʝʜʫʢʪʠʚʥʳʡ (ʧʨʠʯʠʥʘ-

ʩʣʝʜʩʪʚʠʝ), ʥʠʩʭʦʜʷʱʠʡ ʤʝʪʦʜ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʥʘ ʘʥʘʣʠʟ ʧʦʩʣʝʜʩʪʚʠʡ ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʷ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʠ ʩʦʙʳʪʠʡ ʚ ʩʣʦʞʥʦʡ ʩʠʩʪʝʤʝ [16, 17]. ʅʝʞʝʣʘ-

ʪʝʣʴʥʦʝ ʧʦʩʣʝʜʩʪʚʠʝ ʬʦʨʤʠʨʫʝʪ ʢʦʨʥʝʚʫʶ ʚʝʨʰʠʥʫ (ʛʣʘʚʥʦʝ ʠʣʠ ʢʦʥʝʯʥʦʝ 

ʩʦʙʳʪʠʝ) ʜʝʨʝʚʘ ʣʦʛʠʢʠ. ʇʨʠʯʠʥʥʳʝ ʬʘʢʪʦʨʳ (ʇʌ) ʦʧʨʝʜʝʣʷʶʪ ʜʝʜʫʢʪʠʚ-

ʥʳʤ ʦʙʨʘʟʦʤ, ʦʨʛʘʥʠʟʫʶʪ ʣʦʛʠʯʝʩʢʠ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʛʣʷʜʥʦ ʩ ʧʦʤʦʱʴʶ 

ʜʨʝʚʦʚʠʜʥʦʡ ʩʭʝʤʳ, ʢʦʪʦʨʘʷ ʦʪʦʙʨʘʞʘʝʪ ʣʦʛʠʯʝʩʢʫʶ ʩʚʷʟʴ ʇʌ ʩ ʢʦʥʝʯʥʳʤ 

ʩʦʙʳʪʠʝʤ.  

ʇʨʠʯʠʥʥʳʤʠ ʬʘʢʪʦʨʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʩʦʙʳʪʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʪʢʘʟʘʤʠ ʦʙʦʨʫ-

ʜʦʚʘʥʠʷ ʠʣʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʦʰʠʙʢʘʤʠ ʧʝʨʩʦʥʘʣʘ, ʧʨʠʚʦʜʷʱʠ-

ʤʠ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ ʩʦʙʳʪʠʷ. 

ɼʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʠʪʴ ʵʣʝʤʝʥʪʳ ʩʠʩʪʝʤʳ ʠ ʩʦʙʳʪʠʷ, ʢʦ-

ʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʜʘʥʥʦʤʫ ʢʦʥʢʨʝʪʥʦʤʫ ʦʪʢʘʟʫ (ʨʠʩ. 3.6). 
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ʈʠʩ. 3.6. ʋʩʣʦʚʥʘʷ ʩʭʝʤʘ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ ʦʪʢʘʟʦʚ 

 

ɼʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʠʩ-

ʪʝʤʳ ï ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʨʠʯʠʥ ʠ ʧʫʪʝʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪʢʘ-

ʟʘ (ʚʝʨʰʠʥʥʦʛʦ ʩʦʙʳʪʠʷ), ʠʣʠ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ï ʚʳʯʠʩʣʝʥʠʷ ʚʝʨʦʷʪʥʦ-

ʩʪʠ ʚʝʨʰʠʥʥʦʛʦ ʩʦʙʳʪʠʷ, ʧʨʠ ʥʘʣʠʯʠʠ ʠʥʬʦʨʤʘʮʠʠ ʦ ʚʝʨʦʷʪʥʦʩʪʷʭ ʩʦʙʳʪʠʡ-

ʬʘʢʪʦʨʦʚ. 

ʅʝʜʦʩʪʘʪʢʠ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ [18]: 

ī ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʜʣʷ ʩʣʦʞʥʳʭ ʩʠʩʪʝʤ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝ-

ʤʝʥʪʦʚ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ, ʧʦʩʢʦʣʴʢʫ ʫʚʝʣʠʯʝ-

ʥʠʝ ʛʣʫʙʠʥʳ ʘʥʘʣʠʟʘ ʧʨʠʚʦʜʠʪ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʯʠʩʣʘ ʧʨʠ-

ʯʠʥʥʳʭ ʬʘʢʪʦʨʦʚ; 

ī ʜʝʨʝʚʦ ʦʪʢʘʟʦʚ ʠʩʧʦʣʴʟʫʝʪ ʪʦʣʴʢʦ ʜʚʘ ʩʦʩʪʦʷʥʠʷ: ʨʘʙʦʯʝʝ ʠ ʥʝʨʘʙʦʯʝʝ; 

ī ʜʝʨʝʚʦ ʦʪʢʘʟʦʚ ʩʣʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʜʣʷ ʩʠʩʪʝʤ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʠ ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʜʣʷ ʘʥʘʣʠʟʘ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʦʪʢʘʟʦʚ; 

ī ʜʝʨʝʚʦ ʦʪʢʘʟʦʚ ʦʧʠʩʳʚʘʝʪ ʩʠʩʪʝʤʫ ʚ ʦʧʨʝʜʝʣʝʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ (ʚ 

ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʨʝʞʠʤʝ), ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʠʪʴ ʘʥʘʣʠʟ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦʩʪʝʡ ʩʦʙʳʪʠʡ. 

ɼʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʚʳʷʚʠʪʴ ʚʦʟʤʦʞ-

ʥʳʝ ʧʨʠʯʠʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪʢʘʟʘ ʠ ʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʦʧʨʝʜʝʣʠʪʴ 

ʚʝʨʦʷʪʥʦʩʪʴ ʢʦʥʝʯʥʦʛʦ ʩʦʙʳʪʠʷ ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʦ ʚʝʨʦʷʪʥʦʩʪʷʭ ʧʨʠ-

ʯʠʥʥʳʭ ʩʦʙʳʪʠʡ.  

ɸʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ [19]: 

1. ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʥʝʯʥʦʛʦ ʩʦʙʳʪʠʷ.  

2. ʆʧʨʝʜʝʣʝʥʠʝ ʚʦʟʤʦʞʥʳʭ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʭ ʧʨʠʯʠʥ ʠʣʠ ʪʠʧʦʚ ʦʪʢʘʟʘ, 

ʧʨʠʚʦʜʷʱʠʭ ʢ ʢʦʥʝʯʥʦʤʫ ʩʦʙʳʪʠʶ. 

3. ɸʥʘʣʠʟ ʢʘʞʜʦʡ ʧʨʠʯʠʥʳ (ʠʣʠ ʪʠʧʘ ʦʪʢʘʟʘ) ʧ.2 ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʯʠʥ-

ʥʳʭ ʬʘʢʪʦʨʦʚ, ʠʭ ʚʳʟʳʚʘʶʱʠʭ. 

4. ʇʦʵʪʘʧʥʦʝ ʚʳʷʚʣʝʥʠʝ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʧʦʩʣʝ-

ʜʦʚʘʪʝʣʴʥʦ ʜʦ ʙʦʣʝʝ ʥʠʟʢʠʭ ʫʨʦʚʥʝʡ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʜʘʣʴʥʝʡʰʠʡ ʘʥʘʣʠʟ ʥʝ 

ʩʪʘʥʝʪ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʳʤ (ʥʘʧʨʠʤʝʨ, ʜʦ ʫʨʦʚʥʷ ʦʪʢʘʟʘ ʦʪʜʝʣʴʥʦʛʦ ʢʦʤʧʦ-

ʥʝʥʪʘ). ʇʨʠʯʠʥʥʳʝ ʬʘʢʪʦʨʳ ʥʘ ʩʘʤʦʤ ʥʠʟʢʦʤ ʫʨʦʚʥʝ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʩʠʩʪʝ-

ʤʳ ʥʘʟʳʚʘʶʪ ʙʘʟʦʚʳʤʠ ʩʦʙʳʪʠʷʤʠ. 

5. ʈʘʩʯʝʪ ʚʝʨʦʷʪʥʦʩʪʠ ʢʦʥʝʯʥʦʛʦ ʩʦʙʳʪʠʷ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʙʘʟʦʚʳʭ ʩʦʙʳʪʠʡ, ʠ ʚʩʝ ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ 
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ʢʘʞʜʦʛʦ ʣʦʛʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤʠ ʠ ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ 

ʥʘʩʪʫʧʣʝʥʠʷ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʩʦʙʳʪʠʷ. 

6. ʆʧʨʝʜʝʣʝʥʠʝ ʢʨʘʪʯʘʡʰʠʭ ʧʫʪʝʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʩʦʙʳʪʠʷ ʠ ʠʭ 

ʚʣʠʷʥʠʷ ʥʘ ʢʦʥʝʯʥʦʝ ʩʦʙʳʪʠʝ. 

 

ɼʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʣʦʛʠʯʝʩʢʠʭ ʩʠʤ-

ʚʦʣʦʚ (ʚʝʥʪʠʣʝʡ) ʠ ʩʠʤʚʦʣʦʚ ʩʦʙʳʪʠʡ, ʩʦʝʜʠʥʝʥʥʳʭ ʣʠʥʠʷʤʠ. ʃʦʛʠʯʝʩʢʠʝ 

ʩʠʤʚʦʣʳ ʩʚʷʟʳʚʘʶʪ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʩʦʙʳʪʠʷ ʠ ʫʩʣʦʚʠʷ ʚ ʩʭʝʤʝ ʜʝʨʝʚʘ 

ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ. ɼʠʘʛʨʘʤʤʘ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʚʩʝʛʜʘ ʠʟʦʙʨʘʞʘʝʪʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʩʚʝʨʭʫ ʚʥʠʟ; ʦʙʲʝʢʪʳ ʥʘ ʥʠʞʥʝʤ ʫʨʦʚʥʝ ʷʚʣʷʶʪʩʷ ʙʘʟʦʚʳʤʠ 

ʙʣʦʢʘʤʠ ʩʦʙʳʪʠʡ. ʂʣʘʩʩʠʯʝʩʢʠʝ ʚʝʥʪʠʣʠ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʥʝ ʠʤʝʶʪ 

ʩʚʦʡʩʪʚ (ʦʥʠ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʥʝʠʩʧʨʘʚʥʳʤʠ). 

ʆʙʦʟʥʘʯʝʥʠʷ ʣʦʛʠʯʝʩʢʠʭ ʩʠʤʚʦʣʦʚ ʧʨʠʚʝʜʝʥʳ ʥʠʞʝ [16]. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ 

ʤʦʞʝʪ ʠʤʝʪʴ ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʚʭʦʜʦʚ ʠ ʪʦʣʴʢʦ ʦʜʠʥ ʚʳʭʦʜ, ʠʣʠ ʚʳʭʦʜʥʦʝ 

ʩʦʙʳʪʠʝ.  

ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʀè (AND, ʩʭʝʤʘ ʩʦʚʧʘʜʝʥʠʷ) ʦʧʨʝʜʝʣʷʝʪ ʥʘʩʪʫʧʣʝʥʠʝ 

ʚr ʭʦʜʥʦʛʦ ʩʦʙʳʪʠ̫ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʚʩʝ ʚʭʦʜʥʳʝ ʩʦʙʳʪʠʷ ʧʦʷʚʣʷʶʪʩʷ ʦʜ-

ʥʦʚʨʝʤʝʥʥʦ (ʨʠʩ. 3.7). ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤʳ, ʵʪʦ ʦʟʥʘʯʘʝʪ: 

ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʨʦʠʟʦʰʝʣ ʦʪʢʘʟ ʩʠʩʪʝʤʳ (ʚʳʭʦʜ) ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʜʦʣʞʥʳ 

ʦʪʢʘʟʘʪʴ (ʚʭʦʜ). ʕʢʚʠʚʘʣʝʥʪʥʦʡ RBD ʩʭʝʤʦʡ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʘʷ ʧʘʨʘʣʣʝʣʴʥʘʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ. 

 

ʈʠʩ. 3.7. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʀè 

ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʦʛʠʯʝʩʢʦʛʦ ʚʝʥʪʠʣʷ çʀè ʚ ʜʝʨʝʚʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ʩʠʩʪʝʤʳ ʧʨʠ ʥʘʣʠʯʠʠ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʦʚ A, ɺ ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD ʩʭʝʤʘ 

ʧʨʠʚʝʜʝʥ rʥʘ ʨʠʩ. 3.8. ɼʣʷ ʦʪʢʘʟʘ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʦʪʢʘʟʘʣʠ ʦʙʘ 

ʢʦʤʧʦʥʝʥʪʘ.  

       

ʈʠʩ. 3.8. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʀè ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD ʩʭʝʤʘ 

ʋʨʘʚʥʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ ʜʣʷ ʣʶʙʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʠʩʪʝʤʳ (ʨʠʩ. 3.8) ʠʤʝʝʪ 

ʚʠʜ: 

BABAsystem RRRRR Ö-+= . 

ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ "ʀʃʀ" (OR, ʩʭʝʤʘ ʦʙʲʝʜʠʥʝʥʠʷ) ʦʧʨʝʜʝʣʷʝʪ ʥʘʩʪʫʧʣʝ-

ʥʠʝ ʚʳʭʦʜʥʦʛʦ ʩʦʙʳʪʠʷ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʠʤʝʝʪ ʤʝʩʪʦ ʣʶʙʦʝ ʠʟ ʚʭʦʜʥʳʭ 
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ʩʦʙʳʪʠʡ (ʨʠʩ. 3.9). ʅʘ ʨʠʩ. 3.10 ʧʦʢʘʟʘʥ ʬʨʘʛʤʝʥʪ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʚ 

ʢʦʪʦʨʦʤ ʚʳʭʦʜʥʦʝ ʩʦʙʳʪʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʠʤʝʝʪ ʤʝʩʪʦ ʩʦ-

ʙʳʪʠʝ ɸ ʠʣʠ B. ɼʚʘ ʫʢʘʟʘʥʥʳʭ ʩʦʙʳʪʠʷ ʩʚʷʟʘʥʳ ʣʦʛʠʯʝʩʢʠʤ ʵʣʝʤʝʥʪʦʤ 

ʀʃʀ. ɽʩʣʠ ʚʳʭʦʜʥʦʝ ʩʦʙʳʪʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʙʦʡ (ʦʪʢʘʟ) ʩʠʩʪʝʤʳ, ʘ 

ʜʚʘ ʚʭʦʜʥʳʭ ʩʦʙʳʪʠʷ ï ʦʪʢʘʟʳ ʝʝ ʢʦʤʧʦʥʝʥʪʦʚ, ʪʦ ʜʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʦʪʢʘʟ ʵʣʝʤʝʥʪʦʚ ɸ ʠʣʠ ɺ ʧʨʠʚʦʜʠʪ ʢ ʦʪʢʘʟʫ ʩʠʩʪʝʤʳ. 

 
ʈʠʩ. 3.9. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʀʃʀè 

 

 
ʈʠʩ. 3.10. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʀʃʀè ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD-ʩʭʝʤʘ 

ʕʢʚʠʚʘʣʝʥʪʥʘʷ RBD-ʩʭʝʤʘ ʜʣʷ ʧʨʠʚʝʜʝʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʠʤʝʝʪ ʚʠʜ ʧʦʩʣʝʜʦ-

ʚʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 3.10).  

ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʦʛʠʯʝʩʢʦʛʦ ʚʝʥʪʠʣʷ çʀʃʀè ʚ ʜʝʨʝʚʝ ʥʝʠʩʧʨʘʚʥʦ-

ʩʪʝʡ ʩʠʩʪʝʤʳ ʧʨʠ ʥʘʣʠʯʠʠ ʪʨʝʭ ʢʦʤʧʦʥʝʥʪʦʚ A, ɺ, ʉ ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD 

ʩʭʝʤʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3.11. 

 

 

ʈʠʩ. 3.11. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʀʃʀè ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD-ʩʭʝʤʘ ʜʣʷ 

ʩʠʩʪʝʤʳ ʩ ʪʨʝʤʷ ʢʦʤʧʦʥʝʥʪʘʤʠ 

ʋʨʘʚʥʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ ʜʣʷ ʣʶʙʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʠʩʪʝʤʳ (ʨʠʩ. 3.11) ʠʤʝʝʪ 

ʚʠʜ: 

CBAsystem RRRR ÖÖ=  

ʇʨʠʯʠʥʥʳʝ ʩʚʷʟʠ, ʚʳʨʘʞʝʥʥʳʝ ʣʦʛʠʯʝʩʢʠʤʠ ʩʠʤʚʦʣʘʤʠ ʀ, ʀʃʀ, ʷʚʣʷʶʪʩʷ 

ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʤʠ, ʪʘʢ ʢʘʢ ʧʦʷʚʣʝʥʠʝ ʚʳʭʦʜʥʦʛʦ ʩʦʙʳʪʠʷ ʧʦʣʥʦʩʪʴʶ ʦʧ-

ʨʝʜʝʣʷʝʪʩʷ ʚʭʦʜʥʳʤʠ ʩʦʙʳʪʠʷʤʠ. 
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ʄʘʞʦʨʠʪʘʨʥʳʡ ʵʣʝʤʝʥʪ çʀʃʀè (Voting OR Gate) ʦʧʨʝʜʝʣʷʝʪ ʥʘʩʪʫʧʣʝʥʠʝ 

ʚʳʭʦʜʥʦʛʦ ʩʦʙʳʪʠʷ, ʝʩʣʠ ʧʨʦʠʩʭʦʜʷʪ k ʠʣʠ ʙʦʣʝʝ ʚʳʭʦʜʥʳʭ ʩʦʙʳʪʠʡ (ʨʠʩ. 

3.12). ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤʳ, ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʝʩʣʠ ʢʘʢʠʝ-

ʣʠʙʦ k ʠʟ n ʢʦʤʧʦʥʝʥʪʦʚ ʚʳʡʜʫʪ ʠʟ ʩʪʨʦʷ (ʚʭʦʜ), ʪʦ ʧʨʦʠʟʦʡʜʝʪ ʦʪʢʘʟ ʩʠʩʪʝ-

ʤʳ (ʚʳʭʦʜ).  

 

ʈʠʩ. 3.12. ʄʘʞʦʨʠʪʘʨʥʳʡ ʵʣʝʤʝʥʪ çʀʃʀè 

ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʦʛʠʯʝʩʢʦʛʦ ʚʝʥʪʠʣʷ çʤʘʞʦʨʠʪʘʨʥʳʡ ʵʣʝʤʝʥʪ ʀʃʀè 

ʚ ʜʝʨʝʚʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʩʠʩʪʝʤʳ ʧʨʠ ʥʘʣʠʯʠʠ ʯʝʪʳʨʝʭ ʢʦʤʧʦʥʝʥʪʦʚ A, ɺ, 

ʉ, D ʠ ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD ʩʭʝʤʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3.13. ʕʢʚʠʚʘʣʝʥʪʥʘʷ 

RBD ʩʭʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʟʣʦʚʫʶ ʚʝʨʰʠʥʫ ʠ ʧʦʜʦʙʥʘ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʝ k-ʠʟ-n, ʥʦ ʠʤʝʝʪ ʦʜʥʦ ʦʪʣʠʯʠʝ: ʚ ʩʠʩʪʝʤʝ 2-ʠʟ-4 ʧʨʦʠʟʦʡʜʝʪ ʦʪʢʘʟ, 

ʝʩʣʠ ʚʳʡʜʫʪ ʠʟ ʩʪʨʦʷ ʣʶʙʳʝ 2 ʢʦʤʧʦʥʝʥʪʘ; ʩʦʛʣʘʩʥʦ RBD ʩʭʝʤʝ ʩʠʩʪʝʤʘ 3-

ʠʟ-4 ʙʫʜʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʠʩʧʨʘʚʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʝʩʣʠ ʠʩʧʨʘʚʥʳ ʣʶʙʳʝ 3-ʠʟ-4 

ʢʦʤʧʦʥʝʥʪʦʚ, ʠ ʚʳʡʜʝʪ ʠʟ ʩʪʨʦʷ, ʝʩʣʠ ʦʪʢʘʞʫʪ ʙʦʣʝʝ ʦʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. 

        

ʈʠʩ. 3.13. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ çʤʘʞʦʨʠʪʘʨʥʳʡ ʵʣʝʤʝʥʪ ʀʃʀè ʠ 

ʵʢʚʠʚʘʣʝʥʪʥʘʷ RBD-ʩʭʝʤʘ 

 

ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʜʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʦʧʨʝʜʝʣʷʝʪ k-ʠʟ-n ʦʪʢʘʟʦʚ, ʥʝʦʙ-

ʭʦʜʠʤʳʭ ʜʣʷ ʦʪʢʘʟʘ ʩʠʩʪʝʤʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ RBD-ʩʭʝʤʘ ʦʧʨʝʜʝʣʷʝʪ k-ʠʟ-n 

ʫʩʧʝʭʦʚ ʜʣʷ ʫʩʧʝʭʘ ʩʠʩʪʝʤʳ. 

ʇʨʠʤʝʨ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʠ RBD-ʩʭʝʤʳ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʪʨʝʤʷ ʢʦʤʧʦ-

ʥʝʥʪʘʤʠ A, B ʠ C ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 3.14. ʆʪʢʘʟ ʩʠʩʪʝʤʳ ʧʨʦʠʟʦʡʜʝʪ, ʝʩʣʠ 

ʣʶʙʳʝ ʜʚʘ ʢʦʤʧʦʥʝʥʪʘ ʚʳʡʜʫʪ ʠʟ ʩʪʨʦʷ. 
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ʈʠʩ. 3.14. ʃʦʛʠʯʝʩʢʠʡ ʩʠʤʚʦʣ ʠ RBD-ʩʭʝʤʘ ʜʣʷ ʩʠʩʪʝʤʳ 2-ʠʟ-3 

ʋʨʘʚʥʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ ʜʣʷ ʣʶʙʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʠʩʪʝʤʳ (ʨʠʩ. 3.14) ʠʤʝʝʪ 

ʚʠʜ (ʧʨʠ ʜʦʧʫʱʝʥʠʠ, ʯʪʦ ʤʘʞʦʨʠʪʘʨʥʳʡ ʵʣʝʤʝʥʪ çʀʃʀè ʥʝ ʤʦʞʝʪ ʚʳʡʪʠ ʠʟ 

ʩʪʨʦʷ): 

CBCABACBAsystem RRRRRRRRR2R Ö+Ö+Ö+ÖÖÖ-= . 

ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ (ʝʩʣʠ ʚʦʟʤʦʞʝʥ ʦʪʢʘʟ ʤʘʞʦʨʠʪʘʨʥʦʛʦ ʵʣʝʤʝʥʪʘ çʀʃʀè): 

ʫʨʘʚʥʝʥʠʝ ʠʟʤʝʥʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

)RRRRRRRRR2(RR CBCABACBAVORsystem Ö+Ö+Ö+ÖÖÖ-= , 

ʛʜʝ VORR ï ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘʙʦʪʳ ʤʘʞʦʨʠʪʘʨʥʦʛʦ ʵʣʝʤʝʥʪʘ 

çʀʃʀè. 

ɺ ʜʝʨʝʚʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʤʘʞʦʨʠʪʘʨʥʳʡ ʵʣʝʤʝʥʪ çʀʃʀè ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, 

ʯʪʦ ʝʩʣʠ ʣʶʙʳʝ ʜʚʘ ʢʦʤʧʦʥʝʥʪʘ ʚʳʡʜʫʪ ʠʟ ʩʪʨʦʷ, ʪʦ ʧʨʦʠʟʦʡʜʝʪ ʦʪʢʘʟ ʩʠʩʪʝ-

ʤʳ; ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʫʟʝʣ ʚ RBD-ʩʭʝʤʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ, ʝʩʣʠ ʧʦ ʢʨʘʡʥʝʡ 

ʤʝʨʝ, ʜʚʘ ʢʦʤʧʦʥʝʥʪʘ ʠʩʧʨʘʚʥʳ, ʪʦ ʩʠʩʪʝʤʘ ʙʫʜʝʪ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʠʩʧʨʘʚ-

ʥʦ. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʠ RBD-ʩʭʝʤ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʣʦʛʠʯʝʩʢʠʭ ʚʝʥʪʠʣʝʡ (ʨʠʩ. 

3.15). 

                        

ʈʠʩ. 3.14. ʌʨʘʛʤʝʥʪ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʠ RBD-ʩʭʝʤʳ ʩ ʢʦʤʙʠʥʘʮʠʝʡ 

ʣʦʛʠʯʝʩʢʠʭ ʚʝʥʪʠʣʝʡ 
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ʂʨʦʤʝ ʦʩʥʦʚʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʚʝʥʪʠʣʝʡ, ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ, ʧʨʠ ʧʦʩʪʨʦʝ-

ʥʠʠ ʜʝʨʝʚʴʝʚ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩ ʠʟʙʳʪʦʯʥʦ-

ʩʪʴʶ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʞʝ ʩʣʝʜʫʶʱʠʝ ʵʣʝʤʝʥʪʳ: ʧʨʠʥʫʜʠʪʝʣʴʥʘʷ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦʩʪʴ (Sequence Enforcing), çʀè ʩ ʧʨʠʦʨʠʪʝʪʦʤ (Priority AND).  

ʕʣʝʤʝʥʪ çʧʨʠʥʫʜʠʪʝʣʴʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴè ʠʟʦʙʨʘʞʘʝʪʩʷ ʨʘʟʣʠʯʥʳʤʠ 

ʩʠʤʚʦʣʘʤʠ, ʥʘʧʨʠʤʝʨ, ʩʠʤʚʦʣʦʤ çʀè, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ ʧʦʷʚʣʝʥʠʝ ʢʘʞʜʦ-

ʛʦ ʩʦʙʳʪʠ ̫ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʥʘ ʩʦʙʳ-

ʪʠʷ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʮʝʣʷʭ ʦʙʝʩʧʝʯʠʪʴ ʠʭ ʧʦʷʚʣʝʥʠʝ ʚ ʦʧʨʝʜʝ-

ʣʝʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ; ʚʳʭʦʜʥʦʝ ʩʦʙʳʪʠʝ ʧʨʦʠʩʭʦʜʠʪ, ʝʩʣʠ ʚʩʝ ʚʭʦʜ-

ʥʳʝ ʩʦʙʳʪʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʟʘʜʘʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ʉʫʱʥʦʩʪʴ ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʤʦʛʦ ʣʦʛʠʯʝʩʢʦʛʦ ʚʝʥʪʠʣʷ ʠʜʝʥʪʠʯʥʘ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ ʭʦʣʦʜʥʳʤ 

ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ, ʢʦʛʜʘ k ʨʝʟʝʨʚʥʳʭ ʤʦʜʫʣʝʡ ʥʘʭʦʜʷʪʩʷ ʚ ʨʝʞʠʤʝ ʦʞʠʜʘʥʠʷ 

ʠ ʜʦ ʩʚʦʝʛʦ ʚʢʣʶʯʝʥʠʷ ʚ ʨʘʙʦʪʫ ʥʝ ʤʦʛʫʪ ʦʪʢʘʟʳʚʘʪʴ.  

ɿʘʧʨʝʱʘʶʱʠʡ ʣʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ (Inhibit Gate) ʦʧʨʝʜʝʣʷʝʪ ʩʠʪʫʘʮʠʶ, ʢʦʛʜʘ 

ʧʨʦʠʩʭʦʜʠʪ ʚʳʭʦʜʥʦʝ ʩʦʙʳʪʠʝ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʧʨʦʠʩʭʦʜʷʪ ʚʩʝ ʚʭʦʜʥʳʝ 

ʩʦʙʳʪʠʷ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʩʣʦʚʥʦʝ ʩʦʙʳʪʠʝ. Inhibit Gate ï ʪɻʦ ʣʦʛʠʯʝʩʢʠʡ 

ʵʣʝʤʝʥʪ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʩʦʙʳʪʠʝʤ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʟʘʧʨʝʱʘʶʱʠʡ 

ʣʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ ʥʝ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʥʠʢʘʢʠʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʦʟʤʦʞʥʦ-

ʩʪʝʡ ʚ ʦʙʣʘʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʠʪʫʘʮʠʠ, ʢʦ-

ʛʜʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʩʦʙʳʪʠʝ ʪʘʢʞʝ ʜʦʣʞʥʦ ʧʨʦʠʟʦʡʪʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʩʠʪʫʘʮʠʶ, ʢʦʛʜʘ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʩʦʙr-

ʪʠʡ ɸ ʠ ɺ, ʘ ʪʘʢʞʝ ʪʨʝʪʴʝʛʦ (ʫʩʣʦʚʥʦʛʦ) ʩʦʙʳʪʠ ̫ʉ ʧʨʦʠʩʭʦʜʠʪ ʩʙʦʡ ʩʠʩʪʝ-

ʤʳ. ʄʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʜʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʦʛʠʯʝʩʢʦʛʦ 

ʵʣʝʤʝʥʪʘ çʀè (ʨʠʩ. 3.15, ʘ) ʠʣʠ ʟʘʧʨʝʱʘʶʱʝʛʦ ʣʦʛʠʯʝʩʢʦʛʦ ʚʝʥʪʠʣʷ Inh (ʨʠʩ. 

3.15, ʙ), ʠʟʦʙʨʘʞʘʝʤʦʛʦ ʚ ʚʠʜʝ ʰʝʩʪʠʫʛʦʣʴʥʠʢʘ. ʇʨʠ ʵʪʦʤ ʫʩʣʦʚʥʦʝ ʩʦʙʳʪʠʝ 

ʠʟʦʙʨʘʞʘʝʪʩʷ ʩʧʨʘʚʘ ʦʪ ʚʝʥʪʠʣʷ Inh ʠ ʩʦʝʜʠʥʷʝʪʩʷ ʩ ʥʠʤ ʥʘʧʨʘʚʣʝʥʥʦʡ ʜʫ-

ʛʦʡ.  

         

ʘ)    ʙ) 

ʈʠʩ. 3.15. ɼʝʨʝʚʦ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ: ʘ) ʵʣʝʤʝʥʪʘ çʀè; ʙ) 

ʟʘʧʨʝʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ  

 

ʃʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ çʀè ʩ ʧʨʠʦʨʠʪʝʪʦʤ ʦʧʨʝʜʝʣʷʝʪ ʥʘʩʪʫʧʣʝʥʠʝ ʚʳʭʦʜʥʦʛʦ 

ʩʦʙʳʪʠʷ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʚʩʝ ʚʭʦʜʥʳʝ ʩʦʙʳʪʠʷ ʧʨʦʠʩʭʦʜʷʪ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ (ʨʠʩ. 3.16). ʕʣʝʤʝʥʪ çʀè ʩ ʧʨʠʦʨʠʪʝʪʦʤ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

Sequence Enforcing ʪʝʤ, ʯʪʦ ʜʣʷ ʩʦʙʳʪʠʡ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʧʨʦʠʟʦʡʪʠ, ʟʘʜʘ-

ʝʪʩʷ ʧʨʠʦʨʠʪʝʪ (ʥʘʧʨʠʤʝʨ, ʩʦʙʳʪʠʝ ɸ ʜʦʣʞʥʦ ʧʨʦʠʟʦʡʪʠ ʨʘʥʴʰʝ, ʯʝʤ ʩʦʙʳ-

ʪʠʝ ɺ). 
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ʈʠʩ. 3.16. ʃʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ çʀè ʩ ʧʨʠʦʨʠʪʝʪʦʤ 

 

ʇʝʨʝʭʦʜʥʦʡ ʚʝʥʪʠʣʴ ʚʭʦʜ/ʚʳʭʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʧʝʨʝʭʦʜʘ ʦʪ 

ʦʜʥʦʛʦ ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ ʢ ʜʨʫʛʦʤʫ ʠʣʠ ʧʨʦʜʦʣʞʝʥʠʷ ʦʜʥʦʛʦ ʜʝʨʝʚʘ ʥʘ 

ʜʨʫʛʦʤ ʣʠʩʪʝ (ʨʠʩ. 3.17).  

 

ʈʠʩ. 3.17. ʇʝʨʝʭʦʜʥʦʡ ʚʝʥʪʠʣʴ 

ʃʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ XOR ʦʧʨʝʜʝʣʷʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚʳʭʦʜʥʦʛʦ ʩʦʙʳʪʠʷ ʚ 

ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʦʜʥʦ ʚʭʦʜʥʦʝ ʩʦʙʳʪʠʝ (ʨʠʩ. 3.18). ʇʨʠ 

ʥʘʩʪʫʧʣʝʥʠʠ ʙʦʣʝʝ ʦʜʥʦʛʦ ʚʭʦʜʥʦʛʦ ʩʦʙʳʪʠʷ ʚʳʭʦʜʥʦʝ ʩʦʙʳʪʠʝ ʥʝ ʥʘʩʪʫʧʘ-

ʝʪ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʠ ʦʜʥʦ ʚʭʦʜʥʦʝ ʩʦʙʳʪʠʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʚʳʭʦʜʥʦʝ ʩʦʙʳ-

ʪʠʝ ʪʘʢʞʝ ʥʝ ʥʘʩʪʫʧʘʝʪ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤʳ ʵʪʦ ʦʟʥʘʯʘʝʪ, 

ʯʪʦ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʘʷ ʩʠʩʪʝʤʘ ʙʫʜʝʪ ʠʩʧʨʘʚʥʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ, ʜʘʞʝ ʝʩʣʠ 

ʧʨʦʠʟʦʡʜʝʪ ʦʪʢʘʟ ʦʙʦʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɽʩʣʠ ʦʜʥʦʚʨʝʤʝʥʥʳʡ ʦʪʢʘʟ ʦʙʦʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʥʝʜʦʩʪʠʞʠʤʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʚ ʜʝʨʝʚʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ ʀʃʀ.  

 

 

ʈʠʩ. 3.18. ʃʦʛʠʯʝʩʢʠʡ ʚʝʥʪʠʣʴ XOR 

 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʜʝʨʝʚʴʷ ʦʪʢʘʟʦʚ ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʣʠʯʥʳʝ ʬʦʨʤʳ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʩʦʙʳʪʠʡ (ʨʠʩ. 3.19): ʙʘʟʦʚʦʝ (basic event), ʥʝʨʘʟʚʠʪʦʝ (undeveloped event), 

ʚʥʝʰʥʝʝ (house event) ʠ ʫʩʣʦʚʥʦʝ (conditional event). ɹʘʟʦʚʦʝ ʩʦʙʳʪʠʝ (ʦʪʢʘʟ) 

ʠʜʝʥʪʠʯʥʦ RBD ʙʣʦʢʫ ʠ ʠʟʦʙʨʘʞʘʝʪʩʷ ʦʢʨʫʞʥʦʩʪʴʶ (ʨʠʩ. 3.19, ʘ). ʅʝʨʘʟʚʠ-

ʪʦʝ ʩʦʙʳʪʠʝ ʠʜʝʥʪʠʯʥʦ ʙʘʟʦʚʦʤʫ, ʥʦ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʚʠʪʦ ʚ ʦʪʜʝʣʴʥʦʝ ʜʝʨʝʚʦ 

ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ (ʨʠʩ. 3.19, ʙ). ɺʥʝʰʥʝʝ ʩʦʙʳʪʠʝ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʠʣʠ ʥʝ 

ʧʨʦʠʟʦʡʪʠ ʠ ʠʤʝʝʪ ʬʠʢʩʠʨʦʚʘʥʥʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪ 0 ʜʦ 1 

(ʨʠʩ. 3.19, ʚ). ʀʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʫʪʝʡ ʚʢʣʶʯʝʥʠʷ/ʚʳʢʣʶʯʝʥʠʷ 

ʠʣʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ/ʥʝʬʫʥʢʮʠʦʥʘʣʴʥʳʭ. ɺʥʝʰʥʠʝ ʩʦʙʳʪʠʷ failed house 

(ʦʪʢʘʟ) ʠ working house (ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ) ʤʦʛʫʪ ʠʤʝʪʴ ʚʝʨʦʷʪʥʦʩʪ ɹ0 ʠʣʠ 

1. ʋʩʣʦʚʥʦʝ ʩʦʙʳʪʠʝ ʠʟʦʙʨʘʞʘʝʪʩʷ ʵʣʣʠʧʩʦʤ ʠ ʟʘʜʘʝʪ ʫʩʣʦʚʠʝ, ʢʦʪʦʨʦʝ ʤʦ-

ʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʦ ʢ ʣʶʙʳʤ ʣʦʛʠʯʝʩʢʠʤ ʚʝʥʪʠʣʷʤ (ʨʠʩ. 3.19, ʛ).  
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ʘ) ʙʘʟʦʚʦʝ 

ʩʦʙʳʪʠʝ 

 
ʙ) ʥʝʨʘʟʚʠʪʦʝ 

ʩʦʙʳʪʠʝ 

 
 

ʚ) ʚʥʝʰʥʝʝ 

ʩʦʙʳʪʠʝ 

 
 

ʛ) ʫʩʣʦʚʥʦʝ 

ʩʦʙʳʪʠʝ 

ʈʠʩ. 3.19. ɺʠʜʳ ʩʦʙʳʪʠʡ 

 

3.3. ɸʥʘʣʠʟ ʜʝʨʝʚʘ ʩʦʙʳʪʠʡ. 

ɸʥʘʣʠʟ ʜʝʨʝʚʘ ʩʦʙʳʪʠʡ (Event Tree Analysis, ETA) ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʪʨʦʝʥʠʠ 

ʚʟʘʠʤʦʠʩʢʣʶʯʘʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʩʦʙʳʪʠʡ, ʠʩʭʦʜʷʱʠʭ ʠʟ ʦʩʥʦʚʥʦ-

ʛʦ ʩʦʙʳʪʠʷ (ʘʚʘʨʠʡʥʦʡ ʩʠʪʫʘʮʠʠ), ʚ ʮʝʣʷʭ ʦʧʨʝʜʝʣʝʥʠʷ ʚʘʨʠʘʥʪʦʚ (ʩʮʝʥʘʨʠ-

ʝʚ) ʨʘʟʚʠʪʠʷ ʝʛʦ ʧʦʩʣʝʜʩʪʚʠʡ [20]. ʏʘʩʪʦʪʘ ʢʘʞʜʦʛʦ ʩʮʝʥʘʨʠʷ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ 

ʧʫʪʝʤ ʫʤʥʦʞʝʥʠʷ ʯʘʩʪʦʪʳ ʦʩʥʦʚʥʦʛʦ ʩʦʙʳʪʠʷ ʥʘ ʫʩʣʦʚʥʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʢʦ-

ʥʝʯʥʦʛʦ ʩʦʙʳʪʠʷ. 

ʄʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ ʩʦʙʳʪʠʡ ï ʵʪʦ ʛʨʘʬʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʩʣʝʞʝʥʠʷ ʟʘ 

ʥʘʙʦʨʦʤ ʦʙʩʪʦʷʪʝʣʴʩʪʚ (ʦʪʢʘʟ ʩʠʩʪʝʤʳ ʠ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠ ̫ʥʘ ʥʝʝ), ʚʝ-

ʜʫʱʠʭ ʢ ʥʝʙʣʘʛʦʧʨʠʷʪʥʦʤʫ ʠʩʭʦʜʫ (ʨʠʩ. 3.20). ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ 

ʜʝʨʝʚʘ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ, ʮʝʣʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ 

ʩʦʙʳʪʠʡ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʧʦʩʣʝʜʩʪʚʠʡ ʥʘʩʪʫʧʣʝʥʠʷ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ 

ʩʦʙʳʪʠʷ.  

ɺ ʢʘʞʜʦʡ ʪʝʭʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʝʩʪʴ ʩʧʦʩʦʙʳ, ʫʩʪʨʦʡʩʪʚʘ, ʧʨʠʩʧʦʩʦʙʣʝʥʠʷ, 

ʧʨʝʜʦʭʨʘʥʷʶʱʠʝ ʩʠʩʪʝʤʫ ʦʪ ʘʚʘʨʠʡ ʠ ʢʘʪʘʩʪʨʦʬ, ʢʦʪʦʨʳʝ ʥʘʟʳʚʘʶʪʩʷ ʵʣʝ-

ʤʝʥʪʘʤʠ ʟʘʱʠʪʳ. ʕʣʝʤʝʥʪʳ ʟʘʱʠʪʳ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʩʨʘʙʦʪʘʪʴ ʠʣʠ ʥʝ ʩʨʘʙʦ-

ʪʘʪʴ. ɺʩʝ ʩʦʙʳʪʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʦʠʟʦʡʪʠ ʧʦʩʣʝ ʧʨʦʠʟʦʰʝʜʰʝʛʦ ʦʩʥʦʚʥʦ-

ʛʦ ʩʦʙʳʪʠʷ, ʩʦʝʜʠʥʷʶʪʩʷ ʧʨʠʯʠʥʥʦ-ʩʣʝʜʩʪʚʝʥʥʳʤʠ ʩʚʷʟʷʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʩʨʘʙʘʪʳʚʘʥʠʷ ʠʣʠ ʦʪʢʘʟʘ ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʳ ʩʠʩʪʝʤʳ. ʂʘʢ ʧʨʘʚʠʣʦ, ʩʪʚʦʣ 

ʜʝʨʝʚʘ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʣʝʚʦʡ ʯʘʩʪʠ ʩʭʝʤʳ. ʉʪʚʦʣʦʤ ʜʝʨʝʚʘ ʷʚʣʷʝʪʩʷ ʥʝʙʣʘ-

ʛʦʧʨʠʷʪʥʦʝ ʩʦʙʳʪʠʝ (ʠʥʮʠʜʝʥʪ), ʠʟ ʩʪʚʦʣʘ ʨʘʩʭʦʜʷʪʩʷ ʚʝʪʚʠ ï ʚʦʟʤʦʞʥʳʝ 

ʧʫʪʠ ʨʘʟʚʠʪʠʷ ʧʦʩʣʝʜʩʪʚʠʡ ʠʥʮʠʜʝʥʪʘ. ɺʝʨʭʥʠʝ ʚʝʪʚʠ ʜʝʨʝʚʘ ʦʪʨʘʞʘʶʪ ʨʘʟ-

ʚʠʪʠʝ ʩʦʙʳʪʠʡ ʧʨʠ ʩʨʘʙʘʪʳʚʘʥʠʠ ʵʣʝʤʝʥʪʘ ʟʘʱʠʪʳ ʠ ʥʘʟʳʚʘʶʪʩʷ ʚʝʪʚʷʤʠ 

ʩʨʘʙʘʪʳʚʘʥʠʷ. ʅʠʞʥʠʝ ʚʝʪʚʠ ʥʘʟʳʚʘʶʪʩʷ ʚʝʪʚʷʤʠ ʦʪʢʘʟʦʚ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʵʣʝʤʝʥʪʳ ʟʘʱʠʪʳ ʤʦʛʫʪ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɺʥʝ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʩʨʘʙʦʪʘʣ ʣʠ ʢʘʢʦʡ-ʣʠʙʦ ʵʣʝʤʝʥʪ ʟʘʱʠʪʳ ʩʠʩʪʝʤʳ, ʜʨʫʛʦʡ 

ʤʦʞʝʪ ʪʘʢʞʝ ʩʨʘʙʦʪʘʪʴ ʣʠʙʦ ʦʪʢʘʟʘʪʴ. 

ʄʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ ʩʦʙʳʪʠʡ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʠʪʴ ʢʘʯʝʩʪʚʝʥʥʳʡ ʠ ʢʦ-

ʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʩʮʝʥʘʨʠʝʚ ʨʘʟʚʠʪʠʷ ʩʦʙʳʪʠʡ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ 

ʚʝʨʦʷʪʥʦʩʪʝʡ ʜʣʷ ʥʝʟʘʚʠʩʠʤʳʭ ʩʦʙʳʪʠʡ ʚʝʨʦʷʪʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʢʘʞʜʦʡ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʮʝʧʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʦʠʟʚʝʜʝʥʠʝʤ ʚʝʨʦʷʪʥʦʩʪʝʡ ʢʘʞʜʦʛʦ ʠʟ 

ʩʦʙʳʪʠʡ ʮʝʧʠ. ʅʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ ʩʦʙʳʪʠʡ ʷʚʣʷʝʪʩʷ 

ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʦʪʢʘʟʘʭ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʊʦʯʥʦʩʪʴ ʵʪʠʭ ʜʘʥʥʳʭ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʣʠʷʝʪ ʥʘ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʬʠʥʘʣʴʥʳʭ ʚʝʨʦʷʪʥʦʩʪʝʡ. 
































































































































































































































