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 ʄʦʜʝʨʥʠ ʧʨʦʬʠʣʥʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʧʨʠʥʮʠʧʫ ʪʨʠʘʥʛʫʣʘʮʠʿʝ ʨʘʜʝ ʙʨʟʫ 

ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʩʘ ʜʠʛʠʪʘʣʥʝ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʦʙʠʿʘʿʫ 

ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʫʜʘˀʝʥʦʩʪʠ ʜʦ ʤʝʨʥʦʛ ʦʙʿʝʢʘʪʘ. ʎʠˀ ʜʠʛʠʪʘʣʥʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ʿʝ ʝʩʪʠʤʘʮʠʿʘ 

ʧʦʟʠʮʠʿʝ ʮʝʥʪʨʘ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʯʠʿʠ ʧʨʦʬʠʣ ʠʥʪʝʥʟʠʪʝʪʘ ʧʨʘʪʠ ɻʘʫʩʦʚʫ 

ʨʘʩʧʦʜʝʣʫ ʢʨʠʚʝ. ɻʣʘʚʥʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʩʪʝʤʘ ʩʫ ʣʘʩʝʨ, ʢʘʦ ʧʨʝʜʘʿʥʠʢ ʠʥʬʦʨʤʘʮʠʿʝ, ʩʢʝʥʠʨʘʥʠ 

ʦʙʿʝʢʘʪ ʩʘ ʩʚʦʿʠʤ ʨʝʬʣʝʢʩʠʦʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʠ ʙʨʟʘ ʠʥʜʫʩʪʨʠʿʩʢʘ ʢʘʤʝʨʘ ʢʦʿʘ 

ʧʨʝʜʩʪʘʚˀʘ ʧʨʠʿʝʤʥʠʢ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʫʜʘˀʝʥʦʩʪʠ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʚʝ ʪʨʠ 

ʢʦʤʧʦʥʝʥʪʝ ʫʪʠʯʫ ʥʘ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ. ʇʦʨʝʜ ʦʩʪʘʣʠʭ ʜʝʣʦʚʘ ʩʠʩʪʝʤʘ, ʦʜ ʧʨʝʩʫʜʥʦʛ 

ʟʥʘʯʘʿʘ ʟʘ ʢʚʘʣʠʪʝʪʥʦ ʩʢʝʥʠʨʘˁʝ ʦʙʿʝʢʪʘ ʿʝ ʘʣʛʦʨʠʪʘʤ ʟʘ ʜʝʪʝʢʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʠʩʧʦʜ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ ʢʘʤʝʨʝ.  

 ʊʨʘʜʠʮʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʜʘʿʫ ʣʦʰʝ ʨʝʟʫʣʪʘʪʝ ʢʘʜʘ ʿʝ SNR (Signal to Noise Ratio) 

ʦʜʥʦʩ ʤʘʣʠ ʠʣʠ ʢʘʜʘ ʩʫ ʧʠʢʩʝʣʠ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʨʝʬʣʝʢʩʠʿʠ ʟʘʩʠ˂ʝʥʠ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ 

ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʚʨʭʫ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʠʟʛʫʙˀʝʥʘ ʠ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʦʧʘʜʘ. 

ʇʨʝʪʧʨʦʮʝʩʠʨʘˁʝ ʧʦʜʘʪʘʢʘ ʠʤʘ ʢˀʫʯʥʫ ʫʣʦʛʫ ʫ ʩʤʘˁʝˁʫ ʝʬʝʢʘʪʘ ʰʫʤʘ, ʘʣʠ ʠ ʜʨʫʛʠʭ 

ʥʝʞʝʝˀʥʠʭ ʝʬʝʢʘʪʘ ʠʥʜʫʩʪʨʠʿʩʢʦʛ ʦʢʨʫʞʝˁʘ ʫ ʢʦʿʝʤ ʩʢʝʥʝʨʠ ʨʘʜe. ɿʙʦʛ ʚʝʣʠʢʝ ʢʦʣʠʯʠʥʝ 

ʧʦʜʘʪʘʢʘ ʢʦʿʝ ʜʦʣʘʟʝ ʩʘ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ, ʘʣʛʦʨʠʪʤʠ ʟʘ ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʝ ʤʦʨʘʿʫ ʙʠʪʠ ʙʨʟʠ 

ʠ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʿʝʜʥʦʩʪʘʚʥʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʥʘ ʥʘʤʝʥʩʢʠʤ ʧʣʘʪʬʦʨʤʘʤʘ ʟʘ ʦʙʨʘʜʫ 

ʩʠʛʥʘʣʘ. ʋ ʦʚʦʤ ʨʘʜʫ ʜʘʪ ʿʝ ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʧʦʙʦˀʰʘʚʘ ʪʘʯʥʦʩʪ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʢʦʨʠʩʪʝ˂ʠ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʫ ʩʠʛʥʘʣʘ ʣʠʥʠʿʝ ʩʣʠʢʝ. ʇʨʝʜʣʦʞʝʥʠ ʘʣʛʦʨʠʪʘʤ ʿʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʥʘ ʥʘʤʝʥʩʢʦʿ FPGA (Field Programmable Gate Array) ʧʣʘʪʬʦʨʤʠ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʧʦʪʚʨʹʝʥ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ. ʈʝʟʫʣʪʘʪʠ ʪʝʩʪʠʨʘˁʘ ʧʦʢʘʟʫʿʫ ʜʘ ʩʝ 

ʫʧʦʪʨʝʙʦʤ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʢʘʦ ʘʣʛʦʨʠʪʤʘ ʟʘ ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ 

ʩʘ ʘʣʛʦʨʠʪʤʦʤ ʮʝʥʪʨʘ ʤʘʩʝ, ʩʤʘˁʫʿʝ ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʟʘ ʚʠʰʝ ʦʜ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ ʢʘʤʝʨʝ, 

ʢʘʜʘ ʿʝ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʩʘʪʫʨʠʩʘʥʘ. 
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when pixels that correspond to reflection are saturated. In this case, information about the peak of 

reflection is lost and the quality of reconstruction decreases. Data preprocessing plays a crucial role 
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is saturated. 
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1. ʋʚʦʜ 

 

 

 

 

 

ɱʦʰ ʦʜ ʚʨʝʤʝʥʘ ʧʨʚʠʭ ʮʠʚʠʣʠʟʘʮʠʿʘ, ʧʨʝʧʦʟʥʘʪʘ ʿʝ ʧʦʪʨʝʙʘ ʟʘ ʤʝʨʝˁʝʤ ʠ ʿʝʜʠʥʠʮʘʤʘ 

ʤʝʨʝ. ʇʦʨʝʜ ʪʝʞʠʥʝ, ʿʝʜʥʘ ʦʜ ʦʩʥʦʚʠʭ ʿʝʜʠʥʠʮʘ ʤʝʨʝ ʙʠʣʘ ʿʝ ʜʫʞʠʥʘ. ɲʫʜʠ ʩʫ ʤʝʨʠʣʠ 

ʫʜʘˀʝʥʦʩʪ, ʧʦʚʨʰʠʥʫ ʠ ʟʘʧʨʝʤʠʥʫ, ʘ ʟʘ ʪʦ ʠʤ ʿʝ ʙʠʣʦ ʥʝʦʧʭʦʜʥʦ ʜʘ ʤʝʨʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚʝ 

ʪʘʯʢʝ. ʋ ʧʦʯʝʪʢʫ ʩʝ ʜʫʞʠʥʘ ʜʝʬʠʥʠʩʘʣʘ ʠ ʤʝʨʠʣʘ ʧʨʠʤʠʪʠʚʥʦ, ʧʘ ʩʫ ʪʘʢʦ ʥʘ ʧʨʠʤʝʨ ʩʪʘʨʠ 

ɽʛʠʧ˂ʘʥʠ ʢʦʨʠʩʪʠʣʠ ʢʫʙʠʪ ʟʘ ʿʝʜʠʥʠʮʫ ʜʫʞʠʥʝ, ʢʦʿʠ ʿʝ ʧʨʝʜʩʪʘʚˀʘʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʣʘʢʪʘ ʠ 

ʚʨʭʘ ʩʨʝʜˁʝʛ ʧʨʩʪʘ ʨʫʢʝ ʬʘʨʘʦʥʘ. ʋ ʛʨʦʙʥʠʮʘʤʘ ʚʠʹʝʥʠʿʠʭ ˀʫʜʠ ʢʦʿʠ ʩʫ ʚʝʨʦʚʘʪʥʦ ʙʠʣʠ ʧʨʚʠ 

ʛʨʘʹʝʚʠʥʩʢʠ ʠʥʞʝˁʝʨʠ, ʛʝʦʤʝʪʨʠ ʠʣʠ ʧʨʦʩʪʦ ʚʠʩʦʢʠ ʯʠʥʦʚʥʠʮʠ ʪʦʛ ʚʨʝʤʝʥʘ, ʧʨʦʥʘʹʝʥʠ ʩʫ 

ʝʪʘʣʦʥʠ ʤʝʨʝ ʢʦʿʝ ʩʫ ʦʥʠ ʢʦʨʠʩʪʠʣʠ [1]. ʆʜ ʪʘʜʘ, ʧʘ ʩʚʝ ʜʦ ʜʘʥʘʩ, ʥʝʧʨʝʢʠʜʥʦ ʩʝ ʨʘʜʠ ʥʘ 

ʫʥʘʧʨʝʹʝˁʫ ʜʝʬʠʥʠʮʠʿʝ ʤʝʨʘ ʠ ʤʝʨʥʠʭ ʘʣʘʪʘ ʢʦʿʝ ʢʦʨʠʩʪʠʤʦ ʟʘ ʤʝʨʝˁʝ ʜʫʞʠʥʝ.  

ʇʨʚʘ ʠʥʜʫʩʪʨʠʿʩʢʘ ʨʝʚʦʣʫʮʠʿʘ ʜʦʥʝʣʘ ʿʝ ʤʘʩʦʚʥʫ ʧʨʦʠʟʚʦʜˁʫ ʠ ʯʦʚʝʢ ʿʝ ʧʦ ʧʨʚʠ ʧʫʪ ʫ 

ʠʩʪʦʨʠʿʠ ʙʠʦ ʩʧʦʩʦʙʘʥ ʜʘ ʥʘʧʨʘʚʠ ʚʝʣʠʢʝ ʢʦʣʠʯʠʥʝ ʨʝʧʣʠʢʘ ʢʦʿʝ ʩʫ ʚʝʨʥʝ ʦʨʠʛʠʥʘʣʫ. ʉʘ 

ʨʘʟʚʦʿʝʤ ʤʘʪʝʤʘʪʠʢʝ, ʤʝʭʘʥʠʢʝ ʠ ʧʨʘʢʪʠʯʥʦʛ ʟʥʘˁʘ ʤʝˁʘʣʠ ʩʫ ʩʝ ʠ ʘʣʘʪʠ ʢʦʿʝ ʿʝ ʯʦʚʝʢ 

ʢʦʨʠʩʪʠʦ. ɿʘʿʝʜʥʠʯʢʦ ʠʤ ʿʝ ʙʠʣʦ ʢʦʥʪʘʢʪʥʦ ʤʝʨʝˁʝ, ʠ ʪʦ ʫ ʧʦʯʝʪʢʫ ʿʝʜʥʦʩʪʘʚʥʦ ʠ ʛʨʫʙʦ, 

ʢʦʨʠʩʪʝ˂ʠ ʣʝˁʠʨ, ʪʨʘʢʫ ʠʣʠ ʢʘʥʘʧ, ʘ ʢʘʩʥʠʿʝ ʿʝ ʪʦ ʙʠʣʦ ʢˀʫʥʘʩʪʦ ʤʝʨʠʣʦ ʠ ʤʠʢʨʦʤʝʪʘʨʩʢʠ 

ʟʘʚʨʪʘˁ. ʇʦʯʝʪʢʦʤ XVII  ʚʝʢʘ ʢʦʥʩʪʨʫʠʩʘʥ ʿʝ ʧʨʚʠ ʧʘʥʪʦʛʨʘʬ ʢʦʿʠ ʿʝ ʧʨʝʜʩʪʘʚˀʘʦ ʩʚʦʿʝʚʨʩʥʫ 

ʨʝʚʦʣʫʮʠʿʫ ʠ ʤʦʞʝ ʩʝ ʩʤʘʪʨʘʪʠ ʧʨʝʪʝʯʦʤ ʤʦʜʝʨʥʠʭ ʩʢʝʥʝʨʘ [2]. ʊʘʢʘʚ ʫʨʝʹʘʿ ʿʝ ʤʦʛʘʦ ʧʨʝʮʠʟʥʦ 

ʜʘ ʨʝʧʨʦʜʫʢʫʿʝ ʧʦʢʨʝʪʝ ʚʨʭʘ ʩʦʥʜʝ ʢʦʿʘ ʿʝ ʙʠʣʘ ʩʘ ʿʝʜʥʝ ʩʪʨʘʥʝ ʫ ʜʦʜʠʨʫ ʩʘ ʤʝʨʥʦʤ ʧʦʚʨʰʠʥʦʤ, 

ʘ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʧʨʝʢʦ ʤʝʭʘʥʠʯʢʝ ʚʝʟʝ ʧʘʨʘʣʝʣʦʛʨʘʤʘ ʚʝʟʘʥʘ ʩʘ ʦʣʦʚʢʦʤ ʢʦʿʘ ʿʝ ʦʩʪʘʚˀʘʣʘ 

ʪʨʘʛ ʥʘ ʧʘʧʠʨʫ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʙʠʣʦ ʿʝ ʤʦʛʫ˂ʝ ʨʝʧʨʦʜʫʢʦʚʘʪʠ ʢʦʤʧʣʝʢʩʥʝ ʦʙʣʠʢʝ ʥʘ ʙʨʟ ʠ 

ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ. ɼʦʩʪʘ ʢʘʩʥʠʿʝ, ʩʘ ʨʘʟʚʦʿʝʤ ʝʣʝʢʪʨʦʥʠʢʝ ʠ ʨʘʯʫʥʘʨʩʢʝ ʪʝʭʥʠʢʝ ʫ 

XX ʚʝʢʫ ʜʦʣʘʟʠ ʠ ʜʦ ʨʘʟʚʦʿʘ ʧʦʪʧʫʥʦ ʥʦʚʠʭ ʤʝʪʦʜʘ ʠ ʘʣʘʪʘ ʟʘ ʤʝʨʝˁʝ.  

ʇʦʩʣʝʜˁʘ ʠʥʜʫʩʪʨʠʿʩʢʘ ʨʝʚʦʣʫʮʠʿʘ, ʧʦʟʥʘʪʠʿʘ ʢʘʦ ʠʥʜʫʩʪʨʠʿʘ 4.0 ʜʦʥʝʣʘ ʿʝ  

ʘʫʪʦʤʘʪʠʟʘʮʠʿʫ ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʧʨʦʮʝʩʘ ʧʨʦʠʟʚʦʜˁʝ ʢʨʦʟ ʧʨʘ˂ʝʝˁ, ʢʦʥʪʨʦʣʫ ʠ ʦʧʪʠʤʠʟʘʮʠʿʫ 

ʩʚʠʭ ʨʝʩʫʨʩʘ ʫ ʧʨʦʠʟʚʦʜʥʦʤ ʣʘʥʮʫ. ʀʥʜʫʩʪʨʠʿʘ 4.0 ʜʦʚʝʣʘ ʿʝ ʜʦ ʨʘʟʚʦʿʘ ʠ ʧʨʠʤʝʥʝ ʰʠʨʦʢʝ 

ʣʝʧʝʟʝ ʫʨʝʹʘʿʘ ʟʘ ʤʝʨʝˁʝ ʨʘʩʪʦʿʘˁʘ ʘʣʠ ʠ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʢʦʿʠ ʜʘʿʫ 2D ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ 

ʩʮʝʥʝ, ʢʘʦ ʠ 3D ʩʢʝʥʝʨʘ ʢʦʿʠ ʜʘʿʫ ʧʦʪʧʫʥʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʫ ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʧʦʩʤʘʪʨʘʥʦʛ 

ʦʙʿʝʢʪʘ. ʇʨʦʮʝʩ ʤʝʨʝˁʘ ʩʝ ʥʘʟʠʚʘ ʩʢʝʥʠʨʘˁʝ, ʘ ʨʝʟʫʣʪʘʪ ʩʢʝʥʠʨʘˁʘ ʿʝ ʦʙʣʘʢ ʪʘʯʘʢʘ ʢʦʿʝ 

ʧʨʝʜʩʪʘʚˀʘʿʫ 2D ʠʣʠ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʧʦʚʨʰʠʥʝ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʇʦʪʧʫʥʘ 

ʜʠʛʠʪʘʣʠʟʘʮʠʿʘ ʠʥʜʫʩʪʨʠʿʩʢʦʛ ʩʠʩʪʝʤʘ ʧʦʩʪʠʞʝ ʩʝ ʬʫʟʠʿʦʤ ʧʘʤʝʪʥʠʭ ʩʝʥʟʦʨʘ ʠ ʪʦ ʠʟ ʧʦʪʧʫʥʦ 

ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʘʩʪʠ ʩʝʥʟʦʨʠʢʝ ï ʦʜ ʿʝʜʥʦʩʪʘʚʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʩʝʥʟʦʨʘ ʧʘ ʩʚʝ ʜʦ ʚʨʣʦ 

ʢʦʤʧʣʝʢʩʥʠʭ ʢʘʦ ʰʪʦ ʩʫ MEMS (Micro Electro-Mechanical System), ʩʝʥʟʦʨʠ ʢʘʤʝʨʝ ʠ ʜʨʫʛʠ. 

ʊʘʢʚʠ ʫʤʨʝʞʝʥʠ ʩʝʥʟʦʨʠ ʫ ʠʥʜʫʩʪʨʠʿʠ ʩʝ ʥʘʟʠʚʘʿʫ IIoT (Industrial Internet of Things) ʫʨʝʹʘʿʠʤʘ. 



2 

 

ʄʝʪʦʜʝ ʩʢʝʥʠʨʘˁʘ ʦʙʿʝʢʪʘ (ʛʝʥʝʨʘʣʥʦ ʨʘʩʪʦʿʘˁʘ ʠʣʠ 3D ʧʨʦʩʪʦʨʘ) ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ 

ʢʦʥʪʘʢʪʥʝ ʠ ʙʝʩʢʦʥʪʘʢʪʥʝ. ʇʨʝʛʣʝʜ ʤʝʪʦʜʘ ʩʢʝʥʠʨʘˁʘ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 1. ʂʦʥʪʘʢʪʥʝ ʤʝʪʦʜʝ 

ʩʢʝʥʠʨʘˁʘ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʠʨʝʢʪʘʥ ʢʦʥʪʘʢʪ ʠʟʤʝʹʫ ʤʝʨʥʦʛ ʫʨʝʹʘʿʘ ʠ ʦʙʿʝʢʪʘ ʯʠʿʘ ʩʝ ʧʦʚʨʰʠʥʘ 

ʨʝʢʦʥʩʪʨʫʠʰʝ. ʄʦʜʝʨʘʥ ʢʦʥʪʘʢʪʥʦ ʤʝʨʥʠ ʫʨʝʹʘʿ (Coordinate Measuring Machine - CMM) ʩʝ 

ʥʘʿʯʝʰ˂ʝ ʩʘʩʪʦʿʠ ʦʜ ʢʘʣʠʙʨʠʩʘʥʝ ʬʠʢʩʥʝ ʧʣʘʪʬʦʨʤʝ ʠ ʤʝʭʘʥʠʯʢʝ ʨʫʢʝ ʩʘ ʩʦʥʜʦʤ ʥʘ ˁʝʥʦʤ 

ʢʨʘʿʫ. ʂʨʝʪʘˁʝ ʤʝʭʘʥʠʯʢʝ ʨʫʢʝ ʠ ʚʨʭʘ ʩʦʥʜʝ ʧʨʝʢʦ ʤʝʨʥʝ ʧʦʚʨʰʠʥʝ ʤʦʞʝ ʙʠʪʠ ʢʦʥʪʨʦʣʠʩʘʥʦ 

ʤʘʥʫʝʣʥʦ ʠʣʠ ʨʦʙʦʪʩʢʠ. ʉʘ ʩʚʘʢʠʤ ʢʦʥʪʘʢʪʦʤ ʚʨʭʘ ʩʦʥʜʝ ʩʘ ʤʝʨʥʦʤ ʧʦʚʨʰʠʥʦʤ, ʩʢʝʥʝʨ ʧʘʤʪʠ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʝ (X,Y,Z) ʢʦʦʨʜʠʥʘʪʝ ʚʨʭʘ ʩʦʥʜʝ, ʦʜʥʦʩʥʦ ʨʘʜʠ ʪʨʘʥʩʣʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʚʨʭʘ 

ʩʦʥʜʝ ʫ ʦʙʣʘʢ 3D ʪʘʯʘʢʘ ʢʦʿʝ ˂ʝ ʬʦʨʤʠʨʘʪʠ ʦʙʣʠʢ ʧʦʚʨʰʠʥʝ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʉʚʘʢʘ ʪʘʯʢʘ 

ʠʟ 3D ʦʙʣʘʢʘ ʪʘʯʘʢʘ ʩʝ ʢʘʩʥʠʿʝ ʢʦʨʠʩʪʠ ʜʘ ʙʠ ʩʝ ʠʟʨʘʯʫʥʘʣʘ ʤʨʝʞʘ ʪʘʯʘʢʘ, ʦʜʥʦʩʥʦ ʜʦʙʠʣʘ 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ ʦʙʣʠʢʘ ʧʦʚʨʰʠʥʝ ʦʙʿʝʢʪʘ. ʄʦʜʝʨʥʠ ʢʦʥʪʘʢʪʥʠ ʢʦʦʨʜʠʥʘʪʥʦ ʤʝʨʥʠ ʫʨʝʹʘʿʠ, 

ʠʘʢʦ ʝʬʝʢʪʠʚʥʠ ʠ ʧʨʝʮʠʟʥʠ, ʟʘʭʪʝʚʘʿʫ ʚʝʣʠʢʦ ʚʨʝʤʝ ʩʢʝʥʠʨʘˁʘ ʦʙʿʝʢʪʘ, ʿʝʨ ʟʘ ʩʚʘʢʫ ʪʘʯʢʫ ʫ 3D 

ʧʨʦʩʪʦʨʫ ʥʝʦʧʭʦʜʘʥ ʿʝ ʢʦʥʪʘʢʪ ʩʦʥʜʝ ʩʘ ʧʦʚʨʰʠʥʦʤ, ʟʘʪʠʤ ˁʝʥʦ ʧʦʤʝʨʘˁʝ ʥʘ ʩʣʝʜʝ˂ʫ 

ʧʦʟʠʮʠʿʫ ʠ ʧʦʥʘʚˀʘˁʝ ʧʨʦʮʝʩʘ ʜʦʢ ʩʝ ʥʝ ʧʨʦʹʫ ʩʚʝ ʢʦʥʪʨʦʣʥʝ ʪʘʯʢʝ [3]. ɱʦʰ ʿʝʜʘʥ ʦʜ ʧʨʦʙʣʝʤʘ 

ʩʘ ʢʦʿʠʤ ʩʝ ʦʚʘʢʘʚ ʪʠʧ ʩʢʝʥʝʨʘ ʩʫʦʯʘʚʘ ʩʫ ʦʙʿʝʢʪʠ ʦʜ ʚʨʣʦ ʪʘʥʢʠʭ ʠʣʠ ʤʝʢʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʛʜʝ 

ʩʝ ʫ ʢʦʥʪʘʢʪʫ ʩʘ ʯʚʨʩʪʠʤ ʚʨʭʦʤ ʤʝʨʥʝ ʩʦʥʜʝ ˁʠʭʦʚʘ ʧʦʚʨʰʠʥʘ ʤʝˁʘ ʠʣʠ ʫ ʥʘʿʛʦʨʝʤ ʩʣʫʯʘʿʫ 

ʤʦʞʝ ʜʦ˂ʠ ʜʦ ˁʝʥʦʛ ʦʰʪʝ˂ʝˁʘ (ʥʘ ʧʨʠʤʝʨ ʫ ʩʣʫʯʘʿʫ ʫʤʝʪʥʠʯʢʠʭ ʜʝʣʘ) [4]. ʆʚʘʢʚʠ ʫʨʝʹʘʿʠ ʩʝ 

ʦʙʠʯʥʦ ʢʦʨʠʩʪʝ ʫ ʨʘʥʠʤ ʬʘʟʘʤʘ ʧʨʦʜʫʢʮʠʿʝ ʫ ʤʘʰʠʥʩʢʦ ʿ ʠʥʜʫʩʪʨʠʿʠ ʠ ʪʦ ʩʣʦʞʝʥʠʭ 

ʤʝʭʘʥʠʯʢʠʭ ʮʝʣʠʥʘ, ʢʘʢʦ ʙʠ ʩʝ ʰʪʦ ʨʘʥʠʿʝ ʫʪʚʨʜʠʣʘ ʝʚʝʥʪʫʘʣʥʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʟʘʜʘʪʠʭ 

ʩʧʝʮʠʬʠʢʘʮʠʿʘ [5]. ʉʘ ʨʘʟʚʦʿʝʤ CCD (Charge-Coupled Device) ʢʘʤʝʨʘ ʧʦʯʝʪʢʦʤ ô80-ʠʭ ʛʦʜʠʥʘ 

ʧʨʦʰʣʦʛ ʚʝʢʘ, ʦʚʘʢʚʝ ʩʢʝʥʝʨʝ ʧʦʩʪʝʧʝʥʦ ʧʦʯʠˁʫ ʜʘ ʧʦʪʠʩʢʫʿʫ ʧʨʦʬʠʣʥʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨʠ 

ʙʘʟʠʨʘʥʠ ʥʘ ʧʨʠʥʮʠʧʫ ʪʨʠʘʥʛʫʣʘʮʠʿʝ.  

 

 

ʉʣʠʢʘ 1. ʇʨʝʛʣʝʜ ʤʝʪʦʜʘ ʟʘ ʩʢʝʥʠʨʘˁʝ ʧʨʦʬʠʣʘ, ʨʘʩʪʦʿʘˁʘ ʠ 2D ʠʣʠ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ [6] 

ɹʝʩʢʦʥʪʘʢʪʥʝ ʪʝʭʥʠʢʝ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘʫʿ ʤʝʨʝˁʝ ʙʝʟ ʜʠʨʝʢʪʥʦʛ 

ʢʦʥʪʘʢʪʘ ʤʝʨʥʦʛ ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ ʠ ʤʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ ʥʘ ʨʘʜʠʦʣʦʰʢʝ, ʘʢʫʩʪʠʯʥʝ 

ʠ ʦʧʪʠʯʢʝ ʤʝʪʦʜʝ. ʋ ʨʘʜʠʦʣʦʰʢʝ ʤʝʪʦʜʝ ʩʧʘʜʘʿʫ ʢʦʤʧʿʫʪʝʨʠʟʦʚʘʥʘ ʪʦʤʦʛʨʘʬʠʿʘ ʙʘʟʠʨʘʥʘ ʥʘ X 

ʟʨʘʮʠʤʘ (CT ʩʢʝʥʝʨʠ) ʠ ʢʦʤʧʿʫʪʝʨʠʟʦʚʘʥʘ ʤʘʛʥʝʪʥʘ ʪʦʤʦʛʨʘʬʠʿʘ (ʄʈʀ) ʙʘʟʠʨʘʥʘ ʥʘ ʤʘʛʥʝʪʥʦʿ 

ʨʝʟʦʥʘʥʮʠ. ɸʢʫʩʪʠʯʥʝ ʤʝʪʦʜʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʫʧʦʪʨʝʙʫ ʫʣʪʨʘʟʚʫʢʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʨʘʩʪʦʿʘˁʘ 

ʠʟʤʝʹʫ ʧʨʠʿʝʤʥʠʢʘ ʠ ʪʘʯʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʂʣʘʩʠʯʘʥ ʧʨʠʤʝʨ ʘʢʫʩʪʠʯʥʝ ʤʝʪʦʜʝ ʿʝ ʩʦʥʘʨ ʢʦʿʠ ʩʝ 

ʢʦʨʠʩʪʠ ʟʘ ʤʝʨʝˁʝ ʨʘʩʪʦʿʘˁʘ ʫ ʚʦʜʠ.  
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 ʆʧʪʠʯʢʝ ʤʝʪʦʜʝ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʧʘʩʠʚʥʝ ʠ ʘʢʪʠʚʥʝ. ʇʘʩʠʚʥʝ ʪʝʭʥʠʢʝ ʥʠʩʫ 

ʙʘʟʠʨʘʥʝ ʥʘ ʜʦʜʘʪʥʠʤ ʠʟʚʦʨʠʤʘ ʩʚʝʪʣʦʩʪʠ ʚʝ˂ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʩʚʝʪˀʝˁʘ ʩʮʝʥʝ, ʦʜʥʦʩʥʦ 

ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ ʫʟ ʢʦʥʪʨʦʣʫ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ, ʚʨʰʝ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ 

ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʅʘʿʨʘʩʧʨʦʩʪʨʘˁʝʥʠʿʠ ʧʨʠʤʝʨ ʧʘʩʠʚʥʝ ʤʝʪʦʜʝ ʫ ʧʨʠʨʦʜʠ ʿʝ ʯʫʣʦ ʚʠʜʘ, ʛʜʝ 

ʩʝ ʩʘ ʜʚʘ ʦʢʘ ʥʘ ʦʩʥʦʚʫ ʨʝʬʣʝʢʪʦʚʘʥʝ ʩʚʝʪʣʦʩʪʠ ʬʦʨʤʠʨʘ ʩʣʠʢʘ, ʘ ʫ ʤʦʟʛʫ ʜʦʙʠʿʘ ʠʥʬʦʨʤʘʮʠʿʘ 

ʦ 3D ʧʨʦʩʪʦʨʫ. ʐʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘˁʝʥʘ ʧʘʩʠʚʥʘ ʤʝʪʦʜʘ ʫ ʤʘʰʠʥʩʢʦʿ ʚʠʟʠʿʠ ʿʝ ʩʪʝʨʝʦ ʚʠʟʠʿʘ, 

ʛʜʝ ʩʝ ʩʘ ʜʚʝ ʢʘʤʝʨʝ ʜʦʙʠʿʘ ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ ʧʦʩʤʘʪʨʘʥʝ ʩʮʝʥʝ, ʦʜʥʦʩʥʦ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʜʫʙʠʥʘ 

ʩʮʝʥʝ ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʬʦʨʤʠʨʘ ʦʙʣʘʢ ʪʘʯʘʢʘ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ.  

ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʘʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ʢʦʨʠʩʪʝ ʥʝʢʠ ʜʦʜʘʪʥʠ ʠʟʚʦʨ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ 

ʟʨʘʯʝˁʘ (ʢʘʦ ʰʪʦ ʿʝ ʣʘʩʝʨ ʠʣʠ ʧʨʦʿʝʢʪʦʨ) ʠ ʜʝʪʝʢʪʦʨ ʨʝʬʣʝʢʩʠʿʝ, ʢʘʢʦ ʙʠ ʫʪʚʨʜʠʣʠ ʨʘʩʪʦʿʘˁʝ 

ʜʦ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ. ɸʢʪʠʚʥʝ ʤʝʪʦʜʝ ʩʝ ʜʘˀʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʿʫ, time of flight 

ʠ ʪʨʠʘʥʛʫʣʘʮʠʿʫ.  

ʀʥʪʝʨʬʝʨʦʤʝʪʨʠʿʘ ʢʦʨʠʩʪʠ ʠʥʪʝʨʬʝʨʝʥʮʫ ʪʘʣʘʩʘ, ʫ ʦʚʦʤ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ ʣʘʩʝʨʩʢʝ 

ʩʚʝʪʣʦʩʪʠ, ʢʘʢʦ ʙʠ ʩʝ ʠʟʨʘʯʫʥʘʣʦ ʪʘʯʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚʝ ʪʘʯʢʝ. ʆʚʘ ʦʩʦʙʠʥʘ ʣʘʩʝʨʩʢʝ 

ʩʚʝʪʣʦʩʪʠ ʿʝ ʠʩʢʦʨʠʰ˂ʝʥʘ ʟʘ ʧʨʦʿʝʢʘʪ LIGO (Laser Interferometer Gravitational Wave 

Observatory) ʢʦʿʠ ʿʝ ʠʤʘʦ ʟʘ ʮʠˀ ʜʝʪʝʢʮʠʿʫ ʢʦʩʤʠʯʢʠʭ ʛʨʘʚʠʪʘʮʠʦʥʠʭ ʪʘʣʘʩʘ. ʋ ʜʚʝ ʛʝʦʛʨʘʬʩʢʠ 

ʫʜʘˀʝˁʝ ʦʧʩʝʨʚʘʪʦʨʠʿʝ ʫ ʉʿʝʜʠˁʝʥʠʤ ɸʤʝʨʠʯʢʠʤ ɼʨʞʘʚʘʤʘ 2015. ʛʦʜʠʥʝ ʿʝ ʧʦ ʧʨʚʠ ʧʫʪ ʫ 

ʠʩʪʦʨʠʿʠ ʜʝʪʝʢʪʦʚʘʥ ʛʨʘʚʠʪʘʮʠʦʥʠ ʪʘʣʘʩ ʢʦʿʠ ʿʝ ʧʨʦʰʘʦ ʢʨʦʟ ʥʘʰʫ ʧʣʘʥʝʪʫ ʢʦʨʠʩʪʝ˂ʠ ʦʚʫ 

ʤʝʪʦʜʫ ʤʝʨʝˁʘ [7].  

Time of Flight (ToF) ʩʢʝʥʝʨʠ ʨʘʜʝ ʥʘ ʧʨʠʥʮʠʧʫ ʤʝʨʝˁʘ ʚʨʝʤʝʥʘ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ 

ʣʘʩʝʨʩʢʦʿ ʩʚʝʪʣʦʩʪʠ ʜʘ ʧʨʝʹʝ ʜʚʦʩʪʨʫʢʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʠʟʚʦʨʘ ʠ ʤʝʩʪʘ ʨʝʬʣʝʢʩʠʿʝ (round 

trip). ʊʘʯʥʦʩʪ ʦʚʘʢʚʠʭ ʩʢʝʥʝʨʘ ʟʘʚʠʩʠ ʦʜ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʩʝ ʦʚʦ ʚʨʝʤʝ ʠʟʤʝʨʠ ʰʪʦ ʧʨʝʮʠʟʥʠʿʝ. 

ʇʨʝʜʥʦʩʪ ʦʚʘʢʚʠʭ ʩʢʝʥʝʨʘ ʿʝ ˁʠʭʦʚʘ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʚʨʣʦ ʧʨʝʮʠʟʥʦ ʤʝʨʝ ʨʘʩʪʦʿʘˁʝ ʜʦ ʚʝʦʤʘ 

ʫʜʘˀʝʥʠʭ ʦʙʿʝʢʘʪʘ (ʚʨʣʦ ʯʝʩʪʦ ʠ ʜʦ ʥʝʢʦʣʠʢʦ ʢʠʣʦʤʝʪʘʨʘ). ɿʙʦʛ ʪʝ ʦʩʦʙʠʥʝ ʦʚʠ ʩʢʝʥʝʨʠ ʩʫ 

ʚʨʣʦ ʢʦʨʠʩʥʠ ʟʘ ʤʝʨʝˁʘ ʫ ʛʨʘʹʝʚʠʥʠ, ʟʘ ʧʨʝʮʠʟʥʫ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʟʛʨʘʜʘ ʠʣʠ ʟʘ ʠʟʨʘʜʫ ʚʨʣʦ 

ʧʨʝʮʠʟʥʠʭ ʪʦʧʦʛʨʘʬʩʢʠʭ ʢʘʨʪʠ. ɳʠʭʦʚʘ ʤʘʥʘ ʿʝ ʫʩʣʦʚʥʦ ʤʘʣʘ ʧʨʝʮʠʟʥʦʩʪ, ʢʦʿʘ ʩʝ ʥʘʿʯʝʰ˂ʝ 

ʤʝʨʠ ʫ ʤʠʣʠʤʝʪʨʠʤʘ, ʟʙʦʛ ʚʝʣʠʢʝ ʙʨʟʠʥʝ ʩʚʝʪʣʦʩʪʠ (ʩ). ʅʘ ʩʣʠʮʠ 2ʘ. ʜʘʪ ʿʝ ʧʨʠʤʝʨ Leica Scan 

Station 3D ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ ʩʘ ʪʘʯʢʘʩʪʠʤ ʠʟʚʦʨʦʤ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠ ʨʦʪʠʨʘʿʫ˂ʠʤ 

ʦʛʣʝʜʘʣʠʤʘ, ʢʦʿʠ ʨʘʜʠ ʥʘ ʧʨʠʥʮʠʧʫ time of flight. ɿʘ ʩʚʘʢʫ ʧʦʟʠʮʠʿʫ ʙʨʟʦ ʨʦʪʠʨʘʿʫ˂ʝʛ ʦʛʣʝʜʘʣʘ 

ʧʘʤʪʠ ʩʝ ʫʜʘˀʝʥʦʩʪ ʣʘʩʝʨʩʢʦʛ ʟʨʘʢʘ ʦʜ ʧʦʚʨʰʠʥʝ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʆʚʝ ʩʢʝʥʝʨʝ ʦʜʣʠʢʫʿʝ 

ʜʫʛʦ ʚʨʝʤʝ ʩʢʝʥʠʨʘˁʘ, ʿʝʨ ʦʯʠʛʣʝʜʥʦ ʟʘ ʩʚʘʢʫ ʪʘʯʢʫ ʫ ʧʨʦʩʪʦʨʫ ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʦʩʪʘʚʠʪʠ 

ʦʛʣʝʜʘʣʦ, ʩʘʯʝʢʘʪʠ ʨʝʬʣʝʢʩʠʿʫ ʠ ʦʙʨʘʜʠʪʠ ʧʦʚʨʘʪʥʫ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʫʜʘˀʝʥʦʩʪʠ ʦʙʿʝʢʪʘ.   

 

ʉʣʠʢʘ 2. (ʘ) Leica Scan Station P40 / P30 (ʙ) Wenglor MEL MLWL221 2D/3D Profile Sensor (ʮ) 

Wenglor ShapeDrive MLBS103 3D Sensor (ʜ) Creaform HandySCAN 300 



4 

 

ʇʦʩʣʝʜˁʫ ʛʨʫʧʫ ʦʧʪʠʯʢʠʭ ʘʢʪʠʚʥʠʭ ʩʢʝʥʝʨʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʫʨʝʹʘʿʠ ʙʘʟʠʨʘʥʠ ʥʘ 

ʧʨʠʥʮʠʧʫ ʪʨʠʘʥʛʫʣʘʮʠʿʝ. ɼʠʛʠʪʘʣʥʘ ʢʘʤʝʨʘ, ʠʟʚʦʨ ʩʚʝʪʣʦʩʪʠ ʠ ʧʦʩʤʘʪʨʘʥʠ ʦʙʿʝʢʘʪ ʯʠʥʝ 

ʪʝʤʝʥʘ ʪʨʦʫʛʣʘ ʯʠʿʝ ʿʝ ʧʘʨʘʤʝʪʨʝ ʧʦʪʨʝʙʥʦ ʠʟʨʘʯʫʥʘʪʠ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ ʫʜʘˀʝʥʦʩʪ ʦʙʿʝʢʪʘ 

ʜʦ ʢʘʤʝʨʝ ʩʢʝʥʝʨʘ. ʇʨʚʝ ʠʜʝʿʝ ʦ ʣʘʩʝʨʩʢʠʤ ʩʢʝʥʝʨʠʤʘ ʩʫ ʥʘʩʪʘʣʝ ʫ National Research Council  

ʫ ʂʘʥʘʜʠ ʿʦʰ ʜʘʚʥʝ 1978. ʛʦʜʠʥʝ, ʛʜʝ ʿʝ ʠ ʥʘʧʨʘʚˀʝʥ ʧʨʚʠ ʧʨʦʪʦʪʠʧ ʩʢʝʥʝʨʘ ʙʘʟʠʨʘʥ ʥʘ 

ʧʨʠʥʮʠʧʫ ʪʨʠʘʥʛʫʣʘʮʠʿʝ. 

ʉʢʝʥʝʨʠ ʯʠʿʠ ʿʝ ʨʘʜ ʙʘʟʠʨʘʥ ʥʘ ʪʨʠʘʥʛʫʣʘʮʠʿʠ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʩʢʝʥʝʨʝ ʩʘ 

ʩʪʨʫʢʪʫʠʨʘʥʠʤ ʩʚʝʪʣʦʤ ʠ ʧʨʦʬʠʣʥʝ ʣʘʩʝʨʩʢʝ ʩʢʝʥʝʨʝ. ʉʢʝʥʝʨ ʙʘʟʠʨʘʥ ʥʘ ʩʪʨʫʢʪʫʠʨʘʥʦʤ 

ʩʚʝʪʣʫ ʢʦʨʠʩʪʠ ʜʠʛʠʪʘʣʥʠ ʧʨʦʿʝʢʪʦʨ ʠ LED ʜʠʦʜʫ ʢʘʦ ʘʢʪʠʚʥʠ ʠʟʚʦʨ ʩʚʝʪʣʦʩʪʠ. ʅʘʿʯʝʰ˂ʝ ʩʝ 

ʚʨhʠ ʧʨʦʿʝʢʪʦʚʘˁʝ ʙʠʥʘʨʥʠʭ ʩʣʠʢʘ ʠʣʠ ʩʣʠʢʘ ʢʦʜʦʚʘʥʠʭ ɻʨʝʿʝʚʠʤ ʢʦʜʦʤ ʠ ʪʦ ʫ ʢʦʤʙʠʥʘʮʠʿʠ 

ʩʘ ʩʣʠʢʘʤʘ ʥʘ ʢʦʿʠʤʘ ʩʝ ʠʥʪʝʥʟʠʪʝʪ ʤʝˁʘ ʩʠʥʫʩʥʦʤ ʬʫʥʢʮʠʿʦʤ ʠ ʢʦʿʠ ʩʫ ʤʝʹʫʩʦʙʥʦ ʬʘʟʥʦ 

ʧʦʤʝʨʝʥʠ, ʢʘʢʦ ʙʠ ʩʝ ʧʦʙʦˀʰʘʣʘ ʨʝʟʦʣʫʮʠʿʘ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʠ ʩʤʘˁʠʦ ʫʪʠʮʘʿ ʰʫʤʘ. ʂʘʤʝʨʘ ʠ 

ʧʨʦʿʝʢʪʦʨ ʩʫ ʩʠʥʭʨʦʥʠ, ʘ ʙʨʦʿ ʩʣʠʢʘ ʢʦʿʝ ʿʝ ʥʝʦʧʭʦʜʥʦ ʥʘʧʨʘʚʠʪʠ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʜʦʙʨʘ 3D 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ, ʚʘʨʠʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʪʨʝʙʘ ʠ ʫʩʣʦʚʘ ʨʘʜʘ ʩʢʝʥʝʨʘ. ʄʘʥʘ ʦʚʠʭ ʫʨʝʹʘʿʘ ʿʝ 

ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʦ ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ ʩʣʠʢʘ, ʧʨʠ ʯʝʤʫ ʩʢʝʥʠʨʘʥʠ ʦʙʿʝʢʘʪ ʤʦʨʘ ʦʩʪʘʪʠ 

ʩʪʘʮʠʦʥʘʨʘʥ ʜʦʢ ʩʝ ʘʢʚʠʟʠʮʠʿʘ ʩʣʠʢʘ ʥʝ ʟʘʚʨʰʠ. ʅʘ ʩʣʠʮʠ 2ʮ. ʿʝ ʜʘʪ ʧʨʠʤʝʨ Wenglor ʄLBS 

103 3D ʩʢʝʥʝʨʘ ʩʘ ʩʪʨʫʢʪʫʠʨʘʥʠʤ ʩʚʝʪʣʦʤ. 

ʇʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʩʫ 2D ʩʢʝʥʝʨʠ ʠ ʩʘʩʪʦʿʝ ʩʝ ʦʜ ʜʠʛʠʪʘʣʥʝ ʢʘʤʝʨʝ ʠ ʣʘʩʝʨʩʢʦʛ ʠʟʚʦʨʘ 

ʩʚʝʪʣʦʩʪʠ ʫʧʘʨʝʥʦʛ ʩʘ ʦʧʪʠʯʢʦʤ ʧʨʠʟʤʦʤ ʢʦʿʘ ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ ʩʚʝʪʣʦʩʪʠ ʧʨʝʪʚʘʨʘ ʫ ʣʘʩʝʨʩʢʫ 

ʣʠʥʠʿʫ. ʉʚʘʢʠ ʧʠʢʩʝʣ ʜʠʛʠʪʘʣʥʝ ʢʘʤʝʨʝ ʿʝʜʥʦʟʥʘʯʥʦ ʦʜʛʦʚʘʨʘ ʥʝʢʦʿ ʪʘʯʢʠ ʫ ʧʦʩʤʘʪʨʘʥʦʤ 

ʧʨʦʩʪʦʨʫ, ʦʜʥʦʩʥʦ ʨʘʩʪʦʿʘˁʫ ʜʦ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ. ɸʣʠ, ʧʨʝ ʩʚʝʛʘ ʧʦʪʨʝʙʥʦ ʿʝ ʜʝʪʝʢʪʦʚʘʪʠ 

ʣʘʩʝʨʩʢʫ ʨʝʬʣʝʢʩʠʿʫ ʠ ʦʜʨʝʜʠʪʠ ˁʝʥʫ ʪʘʯʥʫ ʧʦʟʠʮʠʿʫ ʥʘ ʩʣʠʮʠ. ɿʘʪʠʤ, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ 

ʢʘʣʠʙʨʘʮʠʦʥʝ ʧʘʨʘʤʝʪʨʝ ʩʠʩʪʝʤʘ, (ʢʦʿʠ ʫʢˀʫʯʫʿʫ ʠʟʤʝʹʫ ʦʩʪʘʣʦʛ ʜʠʩʪʦʨʟʠʿʝ ʢʦʿʝ ʫʥʦʩʝ ʩʦʯʠʚʘ 

ʢʘʤʝʨʝ, ʧʘʨʘʤʝʪʨʝ ʢʘʤʝʨʝ ʠ ʨʘʟʥʝ ʠʟʚʦʨʝ ʰʫʤʘ), ʢʨʦʟ ʧʨʦʮʝʩ ʣʠʥʝʘʨʠʟʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ 

ʜʝʪʝʢʮʠʿʝ, ʦʜʨʝʹʫʿʝ ʩʝ ʪʘʯʥʘ ʫʜʘˀʝʥʦʩʪ ʦʜ ʢʘʤʝʨʝ ʜʦ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʅʘ ʩʣʠʮʠ 2ʙ. ʜʘʪ ʿʝ 

ʧʨʠʤʝʨ ʧʨʦʬʠʣʥʦʛ 2D/3D ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ Wenglor MLWL221 ʙʘʟʠʨʘʥʦʛ ʥʘ ʧʨʠʥʮʠʧʫ 

ʪʨʠʘʥʛʫʣʘʮʠʿʝ. ʆʚʘʢʚʝ ʪʝʭʥʠʢʝ ʩʢʝʥʠʨʘˁʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʧʦʢʨʝʪʥʠʤ 

ʧʨʦʠʟʚʦʜʥʠʤ ʪʨʘʢʘʤʘ ʠʣʠ ʨʦʪʠʨʘʿʫ˂ʠʤ ʧʣʘʪʬʦʨʤʘʤʘ ʥʘ ʢʦʿʠʤʘ ʩʫ ʠʥʩʪʘʣʠʨʘʥʠ ʝʥʢʦʜʝʨʠ ʢʦʿʠ 

ʧʨʘʪʝ ʧʨʦʤʝʥʫ ʧʦʟʠʮʠʿʝ, ʪʝ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʦʙʠʿʘ ʪʨʝ˂ʘ ʜʠʤʝʥʟʠʿʘ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʦʙʣʘʢʘ 

ʪʘʯʘʢʘ.  

ʈʫʯʥʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨʠ ʠʥʢʦʨʧʦʨʠʨʘʿʫ ʜʦʜʘʪʥʝ ʘʣʛʦʨʠʪʤʝ (ʧʦʨʝʜ ʪʨʠʘʥʛʫʣʘʮʠʿʝ), ʢʘʢʦ 

ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ ʧʦʟʠʮʠʿʘ ʩʢʝʥʝʨʘ ʫ ʠʥʪʝʨʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʧʨʠʣʠʢʦʤ ˁʝʛʦʚʦʛ 

ʧʦʤʝʨʘˁʘ. ʆʚʘ ʧʦʟʠʮʠʿʘ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʦʨʠʩʪʝ˂ʠ ʧʨʝʜʝʬʠʥʠʩʘʥʝ ʨʝʬʝʨʝʥʪʥʝ ʪʘʯʢʝ ʥʘ 

ʦʙʿʝʢʪʫ, ʘʣʠ ʧʦʩʪʦʿʝ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʢʦʿʠʤʘ ʩʝ ʥʘ ʦʩʥʦʚʫ ʩʘʤʦʛ ʦʢʨʫʞʝˁʘ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ 

ʧʨʘʪʠ ʨʝʬʝʨʝʥʪʥʘ ʧʦʟʠʮʠʿʘ ʩʢʝʥʝʨʘ. ʊʘʢʦʹʝ, ʨʝʬʝʨʝʥʪʥʫ ʧʦʟʠʮʠʿʫ ʩʢʝʥʝʨʘ ʿʝ ʤʦʛʫ˂ʝ ʦʜʨʝʜʠʪʠ 

ʢʦʨʠʰ˂ʝˁʝʤ ʠʥʬʨʘʮʨʚʝʥʠʭ ʜʠʦʜʘ ʢʦʿʝ ʩʫ ʫʧʘʨʝʥʝ ʩʘ ʢʘʤʝʨʘʤʘ. ɺʨʣʦ ʯʝʩʪʦ ʩʫ ʥʘ ʢʘʤʝʨʘʤʘ 

ʠʥʩʪʘʣʠʨʘʥʠ ʩʧʝʮʠʿʘʣʥʠ ʬʠʣʪʨʠ ʢʦʿʠ ʧʨʦʧʫʰʪʘʿʫ ʩʘʤʦ ʠʥʬʨʘʮʨʚʝʥʫ ʩʚʝʪʣʦʩʪ ʩʘ ʜʠʦʜʘ, ʢʘʢʦ 

ʙʠ ʧʦʩʘʦ ʧʨʦʮʝʩʦʨʠʤʘ ʟʘ ʦʙʨʘʜʫ ʩʣʠʢʝ (ʠ ʧʦʟʠʮʠʿʝ) ʙʠʦ ʦʣʘʢʰʘʥ. ʅʘ ʩʣʠʮʠ 2ʜ. ʿ ʝ ʜʘʪ ʨʫʯʥʠ 3D 

ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨ Creaform HandySCAN 300. 

ʇʨʦʬʠʣʥʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨʠ, ʢʘʦ ʠ 3D ʩʢʝʥʝʨʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʟʘ ʠʥʩʧʝʢʮʠʿʫ 

ʢʚʘʣʠʪʝʪʘ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʨʘʜʠ ʦ ʧʦʟʠʮʠʿʘʤʘ ʢʦʤʧʣʝʢʩʥʦʛ ʦʙʣʠʢʘ (ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʪʫʨʙʠʥʝ ʟʘ 

ʜʠʟʝʣ ʤʦʪʦʨʝ ʠʣʠ ʧʨʠʣʠʢʦʤ ʠʥʩʧʝʢʮʠʿʝ ʢʚʘʣʠʪʝʪʘ ʤʝʪʘʣʥʠʭ ʚʘʨʦʚʘ ʥʘ ʩʧʦʿʝʚʠʤʘ). ɼʦʤʝʥ 

ʧʨʠʤʝʥʝ 2D-3D ʩʢʝʥʠʨʘˁʘ ʧʦʨʝʜ ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʨʦʠʟʚʦʜˁʝ ʦʙʫʭʚʘʪʘ ʠ ʜʨʫʛʝ ʚʨʣʦ ʨʘʟʣʠʯʠʪʝ 

ʦʙʣʘʩʪʠ, ʧʘ ʪʘʢʦ ʥʘ ʧʨʠʤʝʨ, ʦʩʠʤ ʧʨʦʚʝʨʝ ʢʚʘʣʠʪʝʪʘ ʤʦʛʫ˂ʝ ʠʭ ʿʝ ʢʦʨʠʩʪʠʪʠ ʢʘʢʦ ʙʠ ʩʝ 

ʧʦʿʝʜʠʥʠ ʥʝʜʦʩʪʘʮʠ ʧʨʦʠʟʚʦʜʘ ʦʪʢʣʦʥʠʣʠ (ʥʘ ʧʨʠʤʝʨ ʦʜʣʠʚʢʝ ʦʜ ʤʝʪʘʣʘ ʿʝ ʤʦʛʫ˂ʝ ʜʦʨʘʜʠʪʠ) 

ʧʘ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʩʤʘˁʫʿʝ ʠ ʢʦʣʠʯʠʥʘ ʦʪʧʘʜʘ ʫ ʧʨʦʠʟʚʦʜˁʠ. ʇʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʩʝ ʢʦʨʠʩʪʝ ʠ 

ʟʘ ʥʘʚʦʹʝˁʝ ʝʣʝʢʪʨʦʜʘ ʨʦʙʦʪʘ ʚʘʨʠʦʮʘ ʠ ʪʦ ʩʢʝʥʠʨʘˁʝʤ ʧʦʚʨʰʠʥʝ ʢʦʿʘ ʩʝ ʚʘʨʠ, ʘʣʠ ʠʩʪʦ ʪʘʢʦ 

ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʢʦʥʪʨʦʣʫ ʢʚʘʣʠʪʝʪʘ ʚʘʨʦʚʘ [8]. ɱʝʜʥʘ ʦʜ ʚʨʣʦ ʟʘʥʠʤˀʠʚʠʭ ʧʨʠʤʝʥʘ 

ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʿʝ ʠʥʩʧʝʢʮʠʿʘ ʢʚʘʣʠʪʝʪʘ ʞʝʣʝʟʥʠʯʢʠʭ ʰʠʥʘ [9]. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 
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ʛʝʦʛʨʘʬʩʢʝ ʧʦʟʠʮʠʿʝ ʠ ʢʣʠʤʘʪʩʢʠʭ ʫʩʣʦʚʘ, ʤʦʛʫ˂ʝ ʿʝ ʜʘ ʤʝʪʘʣ ʪʨʧʠ ʥʘʧʦʨ ʟʙʦʛ ʚʝʣʠʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʨʦʤʝʥʘ. ʋʩʣʝʜ ʧʨʝʥʘʧʨʝʛʥʫʪʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʧʫʮʘˁʘ ʰʠʥʘ ʠ 

ʠʩʧʘʜʘˁʘ ʚʦʟʘ ʠʟ ʢʦʣʦʩʝʢʘ. ʄʝʹʫʪʠʤ ʫʧʦʪʨʝʙʦʤ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ, ʧʦʚʨʰʠʥʩʢʝ ʧʫʢʦʪʠʥʝ ʿʝ 

ʤʦʛʫ˂ʝ ʜʝʪʝʢʪʦʚʘʪʠ ʠ ʥʘ ʚʨʝʤʝ ʧʦʧʨʘʚʠʪʠ ʦʰʪʝ˂ʝʥʝ ʜʝʣʦʚʝ ʧʨʫʛʝ. ʊʝʭʥʠʢʝ 3D ʩʢʝʥʠʨʘˁʘ ʚʨʣʦ 

ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʢʘʜʘ ʥʝ ʧʦʩʪʦʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ 3D ʤʦʜʝʣʠ, ʦʜʥʦʩʥʦ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʩʝ ʨʘʜʠ 

ʪʟʚ Ăreverse engineeringñ. ʊʦ ʿʝ ʚʨʣʦ ʯʝʩʪ ʩʣʫʯʘʿ ʫ ʘʫʪʦʤʦʙʠʣʩʢʦʿ ʠʥʜʫʩʪʨʠʿʠ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ 

ʥʘʧʨʘʚʠʪʠ ʜʝʦ ʤʦʪʦʨʘ ʢʦʿʠ ʩʝ ʚʠʰʝ ʥʝ ʧʨʦʠʟʚʦʜʠ. ʅʠʿʝ ʥʝʦʙʠʯʥʦ ʜʘ ʩʝ ʬʠʥʘʣʥʘ ʚʝʨʟʠʿʘ 

ʧʨʦʠʟʚʦʜʘ ʨʘʟʣʠʢʫʿʝ ʦʜ ʧʨʦʿʝʢʪʦʚʘʥʝ, ʪʝ ʿʝ ʧʦʪʨʝʙʥʦ ʘʞʫʨʠʨʘʪʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ 3D ʤʦʜʝʣ. 

ʇʨʦʬʠʣʥʠ 2D ʠʣʠ 3D ʩʢʝʥʝʨʠ ʢʦʨʠʩʪʝ ʠ ʫ ʨʘʟʥʠʤ ʜʨʫʛʠʤ ʦʙʣʘʩʪʠʤʘ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʧʨʠʣʠʢʦʤ 

ʘʢʘʜʝʤʩʢʠʭ ʠʩʧʠʪʠʚʘˁʘ, ʘʨʭʠʪʝʢʪʫʨʝ ʠ ʛʨʘʹʝʚʠʥʘʨʩʪʚʘ, ʘʨʭʝʦʣʦʛʠʿʝ, ʤʝʜʠʮʠʥʝ, 

ʩʪʦʤʘʪʦʣʦʛʠʿʝ, ʠʥʜʫʩʪʨʠʿʝ ʚʠʜʝʦ ʠʛʘʨʘ ʠ ʬʠʣʤʘ, ʢʘʦ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ [10] [11] [12]. ɻʨʘʥʝ 

ʧʨʠʤʝʥʝ 2D ʠ 3D ʩʢʝʥʝʨʘ ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʣʠʮʠ 3 [13].   

 

 

ʉʣʠʢʘ 3. ʇʨʠʤʝʨʠ ʫʧʦʪʨʝʙʝ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ  

ʃʘʩʝʨʩʢʠ ʩʢʝʥʝʨʠ ʩʫ ʪʘʢʦʹʝ ʯʫʚʘʨʠ ʥʘʰʝʛ ʢʫʣʪʫʨʥʦʛ ʠ ʫʤʝʪʥʠʯʢʦʛ ʥʘʩʣʝʹʘ. ɺʝʣʠʢʠ 

ʧʦʞʘʨ ʢʦʿʠ ʩʝ ʜʝʩʠʦ ʘʧʨʠʣʘ 2019. ʛʦʜʠʥʝ ʫ ʇʘʨʠʟʫ, ʩʢʦʨʦ ʜʘ ʿʝ ʫʥʠʰʪʠʦ ʅʦʪʨ ɼʘʤ, ʿʝʜʥʫ ʦʜ 

ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʢʘʪʝʜʨʘʣʘ ʥʘ ʩʚʝʪʫ. ʄʝʹʫʪʠʤ, ʢʘʪʝʜʨʘʣʘ ʿʝ ʜʦʢʫʤʝʥʪʦʚʘʥa ʢʘʢʦ ʩʧʦˀʘ, ʪʘʢʦ ʠ 

ʠʟʥʫʪʨʘ, ʤʠʣʠʤʝʪʘʨʩʢʦʤ ʧʨʝʮʠʟʥʦʰ˂ʫ ʩʘ ʣʘʩʝʨʩʢʠʤ ʩʢʝʥʝʨʠʤʘ. ʀʩʪʦʨʠʯʘʨ ʘʨʭʠʪʝʢʪʫʨʝ 

Andrew Tallon, ʩʢʝʥʠʨʘʦ ʿʝ 2010. ʛʦʜʠʥʝ ʩʘ ʧʨʝʢʦ 50 ʨʘʟʣʠʯʠʪʠʭ ʧʦʟʠʮʠʿʘ ʢʘʪʝʜʨʘʣʫ ʢʦʨʠʩʪʝ˂ʠ 

Leica ScanStation C10 ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨ. ɳʝʛʦʚ ʮʠˀ ʿʝ ʙʠʦ ʠʩʪʨʘʞʠʚʘˁʝ ʘʨʭʠʪʝʢʪʦʥʩʢʠʭ 

ʩʪʨʫʢʪʫʨʘ, ʧʨʦʨʘʯʫʥʘ ʛʨʘʹʝʚʠʥʩʢʠʭ ʠʥʞʝˁʝʨʘ ʢʘʦ ʠ ʧʨʦʫʯʘʚʘˁʝ ʤʝʪʦʜʘ ʢʦʿʝ ʩʫ ʥʝʠʤʘʨʠ 

ʢʦʨʠʩʪʠʣʠ ʧʨʠʣʠʢʦʤ ʛʨʘʜˁʝ ʢʘʪʝʜʨʘʣʝ. ʋ ʧʝʨʠʦʜʫ ʦʜ 5 ʜʘʥʘ ʩʢʝʥʠʨʘˁʘ ʩʘʢʫʧˀʝʥʦ ʿʝ ʜʦʚʦˀʥʦ 

3D ʪʘʯʘʢʘ ʠ ʬʦʪʦʛʨʘʬʠʿʘ ʟʘ ʢʦʤʧʣʝʪʥʫ ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʫʥʫʪʨʘʰˁʦʩʪʠ ʠ ʩʧʦˀʘʰˁʦʩʪʠ. ɼʨʚʝʥʠ 

ʩʚʦʜʦʚʠ ʦʜ ʢʦʿʠʭ ʿʝ ʙʠʦ ʥʘʧʨʘʚˀʝʥ ʢʨʦʚ ʢʘʪʝʜʨʘʣʝ ʩʫ ʩʢʝʥʠʨʘʥʠ ʩʘ ʧʦʩʝʙʥʦʤ ʧʘʞˁʦʤ. ɿʘ ʥʝʢʝ 

ʜʝʣʦʚʝ ʧʦʩʪʦʿʝ ʧʦʜʘʮʠ ʦʜ ʥʝʢʦʣʠʢʦ ʪʘʯʘʢʘ ʧʦ ʢʚʘʜʨʘʪʥʦʤ ʮʝʥʪʠʤʝʪʨʫ [14]. ʋʧʨʘʚʦ ʪʘʿ ʜʝʦ 

ʟʛʨʘʜʝ ʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʫʥʠʰʪʝʥ ʠ ʥʝʩʪʘʦ ʫ ʧʦʞʘʨʫ. ʉʠʛʫʨʥʦ ʿʝ ʜʘ ˂ʝ ʩʘʯʫʚʘʥʠ ʧʦʜʘʮʠ ʧʦʤʦ˂ʠ 
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ʜʘ ʩʝ ʢʘʪʝʜʨʘʣʘ ʦʙʥʦʚʠ ʠ ʚʨʘʪʠ ʫ ʧʨʚʦʙʠʪʥʦ ʩʪʘˁʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ˂ʝ ʦʛʨʦʤʘʥ ʨʘʜ ʠ ʪʨʫʜ ʚʝʰʪʠʭ 

ʤʘʿʩʪʦʨʘ ʙʠʪʠ ʩʘʯʫʚʘʥ.  

ɸʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʩʫ ʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʝ ʿʝʨ ʧʨʫʞʘʿʫ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʫ 

ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ, ʘʣʠ ʪʘʢʦʹʝ ʢʘʦ ʠ ʧʘʩʠʚʥʝ, ʠʤʘʿʫ ʩʚʦʿʘ ʦʛʨʘʥʠʯʝˁʘ ʧʦ ʧʠʪʘˁʫ 

ʪʘʯʥʦʩʪʠ ʠ ʨʦʙʫʩʥʦʩʪʠ ʤʝʨʝˁʘ. ʆʙʝ ʤʝʪʦʜʝ ʠʤʘʿʫ ʧʨʦʙʣʝʤ ʣʘʞʥʠʭ ʨʝʬʣʝʢʩʠʿʘ, ʩʝʥʢʠ ʠ ʤʨʪʚʠʭ 

ʫʛʣʦʚʘ, ʢʦʿʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʨʝʰʘʚʘʿʫ ʫʧʦʪʨʝʙʦʤ ʚʠʰʝ ʩʠʥʭʨʦʥʠʟʦʚʘʥʠʭ ʩʢʝʥʝʨʘ. ɺʨʣʦ ʯʝʩʪʦ ʿʝʜʘʥ 

ʦʜ ʩʢʝʥʝʨʘ ʠʤʘ ʫʣʦʛʫ ʛʣʘʚʥʦʛ (ʤʘʩʪʝʨ) ʩʢʝʥʝʨʘ ʠ ʟʘʜʫʞʝʥ ʿʝ ʟʘ ʜʠʩʪʨʠʙʫʮʠʿʫ 

ʩʠʥʭʨʦʥʠʟʘʮʠʦʥʠʭ ʩʠʛʥʘʣʘ ʦʩʪʘʣʠʤ ʩʢʝʥʝʨʠʤʘ ʫ ʩʠʩʪʝʤʫ. ɱʦʰ ʿʝʜʘʥ ʦʜ ʥʝʜʦʩʪʘʪʘʢʘ ʣʘʩʝʨʩʢʠʭ 

ʩʢʝʥʝʨʘ ʙʘʟʠʨʘʥʠʭ ʥʘ ʪʨʠʘʥʛʫʣʘʮʠʿʠ ʩʫ ʧʦʪʝʰʢʦ˂ʝ ʢʦʿʝ ʠʤʘʿʫ ʩʘ ʪʨʘʥʩʧʘʨʝʥʪʥʠʤ ʠʣʠ ʠʟʨʘʟʠʪʦ 

ʨʝʬʣʝʢʪʠʚʥʠʤ ʧʦʚʨʰʠʥʘʤʘ, ʿʝʨ ʫ ʪʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʣʘʢʦ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʩʘʪʫʨʘʮʠʿʝ ʧʠʢʩʝʣʘ ʥʘ 

ʩʣʠʮʠ ʫʩʣʝʜ ʧʨʝʚʝʣʠʢʦʛ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ ʠʣʠ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʝ ʩʥʘʛʝ ʣʘʩʝʨʘ. ʊʘʜʘ ʩʝ 

ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʪʘʯʥʦʿ ʧʦʟʠʮʠʿʠ ʚʨʭʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʛʫʙʠ, ʘ ʨʝʟʫʣʪʘʪ ʤʝʨʝˁʘ ʿʝ ʧʦʛʨʝʰʘʥ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʣʘʩʝʨʘ, ʢʘʤʝʨʝ, ʩʦʯʠʚʘ ʠ ʧʦʚʨʰʠʥʝ ʢʦʿʘ ʩʝ ʩʢʝʥʠʨʘ ʩʫ ʛʣʘʚʥʠ ʬʘʢʪʦʨʠ ʢʦʿʠ 

ʦʜʨʝʹʫʿʫ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ.  

ʂʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ, ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʫʜʘˀʝʥʦʩʪʠ ʠʟʤʝʹʫ ʢʘʤʝʨʝ ʠ 

ʩʢʝʥʠʨʘʥʝ ʧʦʚʨʰʠʥʝ ʦʙʿʝʢʪʘ ʿʝ ʩʘʯʫʚʘʥʘ ʫ ʜʝʣʫ ʩʚʝʪʣʦʩʪʠ ʢʦʿʘ ʿʝ ʨʝʬʣʝʢʪʦʚʘʥʘ ʥʘʟʘʜ ʢʘ 

ʢʘʤʝʨʠ. ʇʨʦʬʠʣ ʩʥʘʛʝ ʩʚʝʪʣʦʩʪʠ ʣʘʩʝʨʘ ʧʨʘʪʠ ɻʘʫʩʦʚʫ ʢʨʠʚʫ, ʟʘ ʢʦʿʫ ʩʝ ʩʤʘʪʨʘ ʜʘ ˂ʝ ʦʩʪʘʪʠ 

ʥʝʧʨʦʤʝˁʝʥʘ ʧʨʠʣʠʢʦʤ ʧʨʦʧʘʛʘʮʠʿʝ ʢʨʦʟ ʧʨʦʩʪʦʨ, ʧʨʦʮʝʩʘ ʨʝʬʣʝʢʩʠʿʝ ʠ ʧʨʦʣʘʩʢʘ ʢʨʦʟ 

ʦʧʪʠʯʢʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʩʪʝʤʘ. ɹʝʟ ʦʙʟʠʨʘ ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʠ ʠʟʚʦʨʘ 

ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʪʘʯʥʫ ʧʦʟʠʮʠʿʫ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ. 

ʊʦ ʧʦʜʨʘʟʫʤʝʚʘ ʜʠʛʠʪʘʣʥʫ ʦʙʨʘʜʫ ʩʣʠʢe ʥʘ ʨʘʟʥʠʤ ʚʨʩʪʘʤʘ ʥʘʤʝʥʩʢʦʛ ʭʘʨʜʚʝʨʘ. ʄʝʹʫʪʠʤ, 

ʩʚʘʢʘ ʣʠʥʠʿʘ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ ʯʠʿʠ ʧʨʦʬʠʣ 

ʠʥʪʝʥʟʠʪʝʪʘ ʧʨʘʪʠ ɻʘʫʩʦʚʫ ʢʨʠʚʫ, ʢʦʿʘ ʫʩʣʝʜ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ ʰʫʤʘ ʥʘ ʧʨʠʿʝʤʫ (ʜʠʛʠʪʘʣʥʦʿ 

ʢʘʤʝʨʠ) ʪʨʧʠ ʤʘˁʝ ʠʣʠ ʚʝ˂ʝ ʜʠʩʪʦʨʟʠʿʝ. ɿʙʦʛ ʨʘʟʣʠʯʠʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʠʩʪʝʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʚʨʝʤʝ 

ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ, ʩʥʘʛʘ ʣʘʩʝʨʘ, ʠʣʠ ʨʘʟʣʠʯʠʪʠʭ ʨʝʬʣʝʢʩʠʦʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʢʝʥʠʨʘʥʠʭ 

ʧʦʚʨʰʠʥʘ, ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʩʘʪʫʨʘʮʠʿʝ ʧʠʢʩʝʣʘ ʢʘʤʝʨʝ, ʪʝ ʩʝ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʪʘʯʥʦʿ ʧʦʟʠʮʠʿʠ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʝ ʤʦʞʝ ʿʝʜʥʦʟʥʘʯʥʦ ʦʜʨʝʜʠʪʠ. ʋ ʪʘʢʚʠʤ ʩʠʪʫʘʮʠʿʘʤʘ ʢʚʘʣʠʪʝʪ 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʦʧʘʜʘ, ʰʪʦ ʟʘ ʥʝʢʝ ʚʠʰʝ ʩʣʦʿʝʚʝ ʘʧʣʠʢʘʮʠʿʝ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʧʦʛʨʝʰʥʠʭ 

ʦʜʣʫʢʘ ʜʘ ʣʠ ʧʦʩʤʘʪʨʘʥʠ ʦʙʿʝʢʘʪ ʠʩʧʫˁʘʚʘ ʪʨʘʞʝʥʝ ʩʧʝʮʠʬʠʢʘʮʠʿʝ.  

ʇʦʩʝʙʘʥ ʘʢʮʝʥʘʪ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʚʦʤ ʨʘʜʫ ʿʝ ʩʪʘʚˀʝʥ ʥʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʫ ʩʣʫʯʘʿʝʚʠʤʘ 

ʢʘʜʘ ʿʝ ʨʝʬʣʝʢʩʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʩʘʪʫʨʠʩʘʥʘ. ʆʯʝʢʠʚʘʥʘ ʨʝʬʣʝʢʩʠʿʘ ʠʤʘ ʩʠʤʝʪʨʠʯʘʥ ʦʙʣʠʢ 

ʩʠʛʥʘʣʘ ʫ ʧʨʦʩʪʦʨʫ, ʧʘ ʩʝ ʠʜʝʿʘ ʦ ʢʦʨʠʰ˂ʝˁʫ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʢʘʦ ʪʝʭʥʠʢʝ ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʘ 

ʯʠʥʠʣʘ ʢʘʦ ʜʦʙʘʨ ʢʘʥʜʠʜʘʪ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ. ʅʘʢʦʥ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʩʠʤʫʣʘʮʠʦʥʠʭ ʤʦʜʝʣʘ ʫ 

MATLAB -ʫ, ʘʫʪʦʢʦʥʚʦʣʫʮʠʦʥʠ ʬʠʣʪʘʨ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʥʘ ʥʘʤʝʥʩʢʦʿ FPGA (Field 

Programmable Gate Array) ʧʣʘʪʬʦʨʤʠ. ʈʝʘʣʠʟʦʚʘʥʠ ʬʠʣʪʘʨ ʠʤʘ ʿʝʜʥʦʩʪʘʚʥʫ ʩʪʨʫʢʪʫʨʫ, ʪʝ ʿʝ 

ʠʩʢʦʨʠʰ˂ʝʥʦʩʪ ʨʝʩʫʨʩʘ ʤʘʣʘ, ʰʪʦ ʛʘ ʯʠʥʠ ʠʜʝʘʣʥʠʤ ʟʘ ʠʥʪʝʛʨʘʮʠʿʫ ʩʘ ʢʦʤʧʣʝʢʩʥʠʤ 

ʩʠʩʪʝʤʠʤʘ. ʊʘʢʦʹʝ, ʬʠʣʪʘʨ ʧʦʜʨʞʘʚʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʧʘ ʿʝ ʢʘʦ ʪʘʢʘʚ 

ʠʜʝʘʣʘʥ ʟʘ ʫʧʦʪʨʝʙʫ ʫ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ. ʂʨʦʟ ʪʝʩʪʠʨʘˁʝ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʿʝ 

ʧʦʢʘʟʘʥʦ ʜʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʦʥʠ ʬʠʣʪʘʨ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʣʛʦʨʠʪʤʦʤ ʮʝʥʪʨʘ ʤʘʩʝ ʜʘʿʝ ʙʦˀʝ 

ʨʝʟʫʣʪʘʪʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʝʢʝ ʜʨʫʛʝ, ʧʦʩʪʦʿʝ˂ʝ ʤʝʪʦʜʝ. 
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1.1. ʇʨʝʛʣʝʜ ʜʠʩʝʨʪʘʮʠʿʝ  

 

 

ʋ ʥʘʩʪʘʚʢʫ ʜʠʩʝʨʪʘʮʠʿʝ ʧʨʠʢʘʟʘʥ ʿʝ ʦʩʥʦʚʥʠ ʧʨʠʥʮʠʧ ʨʘʜʘ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ 

ʙʘʟʠʨʘʥʠʭ ʥʘ ʪʨʠʘʥʛʫʣʘʮʠʿʠ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘ ʧʦʯʝʪʢʫ ʧʦʩʝʙʘʥ ʬʦʢʫʩ ʩʪʘʚˀʝʥ ʥʘ ˁʝʛʦʚʝ ʛʣʘʚʥʝ 

ʢʦʤʧʦʥʝʥʪʝ:  

Å ʃʘʩʝʨ ʩʘ ʦʧʪʠʢʦʤ ʢʦʿʘ ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ ʩʚʝʪʣʦʩʪʠ ʧʨʝʪʚʘʨʘ ʫ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ. 

Å ʀʥʜʫʩʪʨʠʿʩʢʘ ʢʘʤʝʨʘ ʩʘ ʦʧʪʠʢʦʤ ʢʦʿʘ ʬʦʨʤʠʨʘ ʩʣʠʢʫ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ.  

Å ʈʝʬʣʝʢʩʠʦʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʙʿʝʢʪʘ (ʧʦʚʨʰʠʥʝ) ʢʦʿʠ ʩʝ ʩʢʝʥʠʨʘ. 

ʂʨʦʟ ʦʩʥʦʚʥʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʧʦʿʤʦʚʝ ʢʦʿʠ ʦʙʿʘʰˁʘʚʘʿʫ ʧʨʠʥʮʠʧ ʪʨʠʘʥʛʫʣʘʮʠʿʝ ʧʦʢʘʟʘʥʦ 

ʿʝ ʟʙʦʛ ʯʝʛʘ ʿʝ ʚʘʞʥʘ ʜʝʪʝʢʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʠʩʧʦʜ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ 

ʧʠʢʩʝʣʘ ʢʘʤʝʨʝ.  

ʊʘʢʦʹʝ, ʫ ʨʘʜʫ ʩʫ ʥʘʚʝʜʝʥʠ ʠʟʚʦʨʠ ʠ ʪʠʧʦʚʠ ʰʫʤʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʪʘʯʥʦʩʪ 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ, ʢʘʦ ʠ ʥʝʢʝ ʦʜ ʦʩʥʦʚʥʠʭ ʤʝʪʦʜʘ ʟʘ ʬʠʣʪʨʠʨʘˁʝ ʠ ʧʦʙʦˀʰʘˁʝ ʦʯʝʢʠʚʘʥʦʛ SNR 

(Signal Noise Ratio) ʦʜʥʦʩʘ, ʘ ʩʚʝ ʫ ʮʠˀʫ ʢʘʢʦ ʙʠ ʩʝ ʿʘʩʥʦ ʧʨʠʢʘʟʘʣʠ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʥʘ ʢʦʿʝ 

ʪʨʝʙʘ ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ ʧʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ.  

 ʂʘʦ ʚʝʟʠʚʥʠ ʝʣʝʤʝʥʪ ʩʚʠʭ ʥʘʙʨʦʿʘʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ ʠʟʜʚʘʿʘ ʩʝ 

ʥʘʤʝʥʩʢʠ ʩʠʩʪʝʤ ʥʘ ʢʦʿʝʤ ʩʝ ʨʘʜʠ ʦʙʨʘʜʘ ʩʠʛʥʘʣʘ ʩʘ ʢʘʤʝʨʝ, ʢʦʥʪʨʦʣʘ ʨʘʜʘ ʣʘʩʝʨʩʢʦʛ ʤʦʜʫʣʘ, 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʘ ʩʘ ʦʩʪʘʣʠʤ ʜʝʣʦʚʠʤʘ ʩʠʩʪʝʤʘ ʠ ʜʨʫʛʠʤ ʩʢʝʥʝʨʠʤʘ, ʧʨʦʩʣʝʹʠʚʘˁʝ ʦʙʨʘʹʝʥʠʭ 

ʧʦʜʘʪʘʢʘ ʢʘ ʮʝʥʪʨʘʣʥʦʿ ʢʦʥʪʨʦʣʥʦʿ ʿʝʜʠʥʠʮʠ, ʢʘʦ ʠ ʢʦʥʪʨʦʣʘ ʜʨʫʛʠʭ ʧʝʨʠʬʝʨʥʠʭ ʩʝʥʟʦʨʘ. ʂʘʜʘ 

ʩʫ ʫ ʧʠʪʘˁʫ ʠʥʜʫʩʪʨʠʿʩʢʠ ʥʘʤʝʥʩʢʠ ʩʠʩʪʝʤʠ ʢʦʿʠ ʨʘʜʝ ʫ ʫʣʦʟʠ ʣʘʩʝʨʩʢʠʭ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ 

ʫʛʣʘʚʥʦʤ ʩʝ ʛʦʚʦʨʠ ʦ ʩʠʩʪʝʤʠʤʘ ʟʘ ʦʙʨʘʜʫ ʩʣʠʢʝ ʠʣʠ ʩʠʛʥʘʣʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʿʝʨ ʚʨʝʤʝ 

ʦʜʟʠʚʘ ʮʝʣʦʢʫʧʥʦʛ ʩʠʩʪʝʤʘ ʥʘ ʧʦʙʫʜʫ ʤʦʨʘ ʜʘ ʙʫʜʝ ʧʨʝʜʚʠʜʠʚʦ.  

ʆʙʨʘʜʘ ʩʠʛʥʘʣʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʿʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʟʘʜʘʪʘʢʘ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ. ʋ 

ʨʘʜʫ ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʧʦʩʪʦʿʝ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ ʢʦʿʠ ʠʤʘʿʫ ʟʘ ʮʠˀ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ ʩʢʝʥʝʨʘ. ʅʝʢʠ ʦʜ ʘʣʛʦʨʠʪʘʤʘ ʩʫ ʢʨʘʿˁʝ ʿʝʜʥʦʩʪʘʚʥʠ ʠ ʟʘʭʪʝʚʘʿʫ ʤʘʣʠ ʙʨʦʿ 

ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ, ʜʦʢ ʦʧʝʪ ʥʘ ʜʨʫʛʦʿ ʩʪʨʘʥʠ ʧʦʩʪʦʿʝ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠ ʧʦʢʫʰʘʚʘʿʫ ʜʘ 

ʝʣʠʤʠʥʠʰʫ ʨʘʟʥʝ ʠʟʚʦʨʝ ʰʫʤʘ ʠʣʠ ʝʬʝʢʪʝ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʧʨʠʨʦʜʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, 

ʢʦʤʧʣʝʢʩʥʠʤ ʤʘʪʝʤʘʪʠʯʢʠʤ ʦʧʝʨʘʮʠʿʘʤʘ ʠ ʢʦʤʙʠʥʘʮʠʿʦʤ ʚʠʰʝ ʘʣʛʦʨʠʪʘʤʘ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ 

ʠʤʘ ʢʦʤʧʣʠʢʦʚʘʥʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠʣʠ ʧʨʘʢʪʠʯʥʦ ʥʝʤʦʛʫ˂ʫ, ʢʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʩʠʩʪʝʤʠ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʂʨʦʟ ʧʨʝʛʣʝʜ ʘʣʛʦʨʠʪʘʤʘ ʥʘʧʨʘʚˀʝʥ ʿʝ ʦʜʘʙʠʨ ʦʥʠʭ ʢʦʿʠ ʩʫ ʧʦʛʦʜʥʠ ʟʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʥʘ FPGA ʧʣʘʪʬʦʨʤʘʤʘ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ, ʢʘʦ ʦʜʘʙʨʘʥʦʤ 

ʪʝʭʥʠʢʦʤ ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʘ ʩʠʛʥʘʣʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ.  

ʋ ʥʘʩʪʘʚʢʫ ʨʘʜʘ ʩʫ ʜʘʪʝ ʦʩʦʙʠʥʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ, ʘʣʠ ʠʩʪʦ ʪʘʢʦ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʩʫ 

ʧʨʠʢʘʟʘʥʠ ʦʩʥʦʚʥʠ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʥʘ ʢʦʿʝ ʪʨʝʙʘ ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ ʧʨʠʣʠʢʦʤ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʦʥʦʛ ʬʠʣʪʨʘ, ʢʘʦ ʰʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨ ʜʫʞʠʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ. 

ʆʩʥʦʚʥʘ ʧʦʣʘʟʥʘ ʪʘʯʢʘ ʫ ʨʘʟʚʦʿʫ ʥʦʚʦʛ ʩʠʩʪʝʤʘ ʿʝ ʩʠʤʫʣʘʮʠʿʘ. ʆʥʘ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʥʘ ʚʝʨʘʥ 

ʥʘʯʠʥ ʧʨʝʜʩʪʘʚʠ ʠ ʦʧʠʰʝ ʫʣʘʟʥʝ ʧʘʨʘʤʝʪʨʝ ʩʠʩʪʝʤʘ, ʦʜʥʦʩʥʦ ʧʦʙʫʜʫ, ʢʘʢʦ ʙʠ ʩʝ ʥʘ ʧʨʘʚʠʣʘʥ 

ʥʘʯʠʥ ʤʦʛʣʘ ʦʜʨʘʜʠʪʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʧʨʝʜʣʦʞʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ. ʊʘʢʦʹʝ, ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʿʝ 

ʤʦʛʫ˂ʝ ʧʨʦʥʘ˂ʠ ʦʧʪʠʤʘʣʥʦ ʨʝʰʝˁʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ - ʬʦʨʤʘʪ ʠ ʙʨʦʿ ʙʠʪʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ 

ʠʣʠ ʨʘʟʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʠʣʠ ʢʚʘʥʪʠʟʘʮʠʿʝ ʫ ʩʘʤʦʤ ʘʣʛʦʨʠʪʤʫ. 

ʅʘ ʢʨʘʿʫ ʨʘʜʘ ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʚʝ˂ ʧʦʩʪʦʿʝ˂ʝʛ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ ʩʘ ʛʣʘʚʥʠʤ 

ʢʦʤʧʦʥʝʥʪʘʤʘ, ʧʨʝʜʣʦʛ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʦʚʦʛ ʦʨʠʛʠʥʘʣʥʦʛ ʧʨʝʜʣʦʞʝʥʦʛ ʘʣʛʦʨʠʪʤʘ, ʢʘʦ ʠ 

ʨʝʟʫʣʪʘʪʠ ʪʝʩʪʠʨʘˁʘ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ. ʂʨʦʟ ʪʝʩʪʠʨʘˁʝ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʧʨʝʜʣʦʞʝʥʠ 

ʘʣʛʦʨʠʪʘʤ ʬʠʣʪʨʠʨʘˁʘ ʩʠʛʥʘʣʘ ʨʘʯʫʥʘʨʩʢʠ ʝʬʠʢʘʩʘʥ, ʘ ʜʘ, ʠʩʪʦʚʨʝʤʝʥʦ, ʜʘʿʝ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ 

ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. 
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2.  ʇʨʦʬʠʣʥʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨʠ ʙʘʟʠʨʘʥʠ ʥʘ ʧʨʠʥʮʠʧʫ 

ʪʨʠʘʥʛʫʣʘʮʠʿʝ 

 

 

 

ʇʨʦʬʠʣʥʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨ ʿʝ ʢʦʤʧʣʝʢʩʘʥ ʫʨʝʹʘʿ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʣʘʩʝʨʩʢʦʛ ʤʦʜʫʣʘ, 

ʢʦʿʠ ʿʝ ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʢʘʤʝʨʝ ʟʘʿʝʜʥʦ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʤ ʦʧʪʠʢʦʤ ʠ ʦʧʪʠʯʢʠʤ 

ʬʠʣʪʨʠʤʘ, ʢʘʦ ʠ ʝʣʝʢʪʨʦʥʠʢʝ ʢʦʿʘ ʿʝ ʟʘʜʫʞʝʥʘ ʟʘ ʜʠʛʠʪʘʣʥʫ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ, ʢʦʤʫʥʠʢʘʮʠʿʫ ʠ 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʫ ʩʘ ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ, ʢʘʦ ʠ ʤʥʦʰʪʚʘ ʩʝʥʟʦʨʘ ʢʦʿʠ ʤʝʨʝ ʧʘʨʘʤʝʪʨʝ ʨʘʜʘ ʮʝʣʦʛ 

ʩʢʝʥʝʨʘ. ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʦʩʥʦʚʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʚʘʢʝ ʦʜ ʥʘʚʝʜʝʥʠʭ ʢʦʤʧʦʥʝʥʪʠ 

ʩʠʩʪʝʤʘ. 

 

 

2.1. ʃʘʩʝʨʩʢʠ ʤʦʜʫʣ ʠ ʧʨʦʬʠʣ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ  

 

 

ʃʘʩʝʨʩʢʠ ʠʟʚʦʨ ʜʘʿʝ ʚʠʩʦʢʦ ʢʦʭʝʨʝʥʪʘʥ, ʫʩʤʝʨʝʥ ʩʥʦʧ ʤʦʥʦʭʨʦʤʘʪʩʢʝ ʩʚʝʪʣʦʩʪʠ. 

ʆʩʥʦʚʥʘ ʩʪʨʫʢʪʫʨʘ ʩʚʘʢʦʛ ʣʘʩʝʨʩʢʦʛ ʩʢʣʦʧʘ ʿʝ ʙʘʟʠʨʘʥʘ ʥʘ ʘʢʪʠʚʥʦʤ ʤʝʜʠʿʫʤʫ (ʢʦʿʠ ʤʦʞʝ ʙʠʪʠ 

ʛʘʩ ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢ) ʩʘʜʨʞʘʥʦʤ ʠʟʤʝʹʫ ʨʝʬʣʝʢʪʦʨʘ. ʃʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʥʘʩʪʘʿʝ ʧʨʠʣʠʢʦʤ 

ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʤʝʜʠʿʫʤ ʠ ˁʝʥʝ ʨʝʬʣʝʢʩʠʿʝ ʦʜ ʨʝʬʣʝʢʪʦʨʘ ʢʨʦʟ ʧʨʦʮʝʩ ʢʦʿʠ ʩʝ ʥʘʟʠʚʘ 

ʩʪʠʤʫʣʠʩʘʥʘ ʝʤʠʩʠʿʘ. ʉʚʝʪʣʦʩʪ ʧʨʘʢʪʠʯʥʦ ʦʩʮʠʣʫʿʝ ʠʟʤʝʹʫ ʨʝʬʣʝʢʪʦʨʘ ʠ ʧʨʠʣʠʢʦʤ ʧʨʦʣʘʩʢʘ 

ʢʨʦʟ ʤʝʜʠʿʫʤ ʘʢʫʤʫʣʠʨʘ ʝʥʝʨʛʠʿʫ. ʃʘʩʝʨʩʢʦ ʟʨʘʯʝˁʝ ʥʘʧʫʰʪʘ ʤʝʜʠʿʫʤ ʢʨʦʟ ʧʘʨʮʠʿʘʣʥʦ 

ʨʝʬʣʝʢʩʠʚʥʦ ʦʛʣʝʜʘʣʦ (ʝʤʠʪʫʿʫ˂ʠ ʩʣʦʿ) ʢʦʿʝ ʩʝ ʥʘʣʘʟʠ ʫʥʫʪʘʨ ʣʘʩʝʨʩʢʦʛ ʩʢʣʦʧʘ. ʅʘ ʩʣʠʮʠ 4. ʿʝ 

ʜʘʪ ʧʨʠʢʘʟ ʫʧʨʦʰ˂ʝʥʦʛ ʧʨʠʥʮʠʧʘ ʨʘʜʘ ʠʟʚʦʨʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ.  

ʐʠʨʠʥʘ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ ʿʝ ʙʠʪʘʥ ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʢʘʨʘʢʪʝʨʠʰʝ ʩʚʘʢʠ ʣʘʩʝʨ ʠ ʤʦʞʝ ʩʝ 

ʜʝʬʠʥʠʩʘʪʠ ʥʘ ʥʝʢʦʣʠʢʦ ʥʘʯʠʥʘ, ʘʣʠ ʿʝ ʟʘ ɻʘʫʩʦʚʩʢʝ ʣʘʩʝʨʩʢʝ ʩʥʦʧʦʚʝ ʪʠʧʠʯʥʦ ʠʟʨʘʞʝʥʘ ʧʨʝʢʦ 

ρὩϳ , ʦʜʥʦʩʥʦ ʪʦ ʿʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚʝ ʪʘʯʢʝ ʥʘ ʢʨʠʚʦʿ ʜʠʩʪʨʠʙʫʮʠʿʝ ʯʠʿʠ ʩʫ ʠʥʪʝʥʟʠʪʝʪʠ 

ρὩϳ  πȟρσυ ʚʨʝʜʥʦʩʪʠ ʤʘʢʩʠʤʘʣʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ [15].  

ʇʘʨʘʤʝʪʨʠ ʧʨʦʿʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʩʫ ʢˀʫʯʥʠ ʟʘ ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʘʣʠ ʠ 

ʢʘʣʠʙʨʘʮʠʿʫ ʧʨʦʬʠʣʥʦʛ ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ. ʀʟʚʦʨʠ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʥʠʩʫ ʠʜʝʘʣʥʦ ʧʨʘʚʠ ʠʣʠ 

ʭʦʤʦʛʝʥʠ, ʧʨʠ ʯʝʤʫ ʩʝ ʦʚʝ ʦʩʦʙʠʥʝ ʤʝˁʘʿʫ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʜʘˀʝʥʦʩʪʠ ʣʘʩʝʨʘ ʜʦ ʤʝʨʥʦʛ 

ʦʙʿʝʢʪʘ. ɱʝʜʘʥ ʦʜ ʢˀʫʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʣʘʩʝʨʩʢʦʛ ʠʟʚʦʨʘ ʿʝ ʫʥʠʬʦʨʤʥʦʩʪ ˁʝʛʦʚʝ ʩʥʘʛʝ, ʦʜʥʦʩʥʦ 

ʬʣʫʢʪʫʘʮʠʿʝ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʤʘʣʠʭ ʚʘʨʠʿʘʮʠʿʘ ʫ ʧʨʦʮʝʩʫ ʧʨʦʠʟʚʦʜˁʝ, ʘʣʠ ʢʦʿʝ ʩʫ ʠ ʜʘˀʝ ʫ 

ʛʨʘʥʠʮʘʤʘ ʪʦʣʝʨʘʥʮʠʿʝ. ʆʚʝ ʬʣʫʢʪʫʘʮʠʿʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʤʘʥʠʬʝʩʪʫʿʫ ʢʘʦ ʚʘʨʠʿʘʮʠʿʝ ʫ 
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ʠʥʪʝʥʟʠʪʝʪʫ, ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʦ ʥʘ ʠʚʠʮʘʤʘ ʩʥʦʧʘ, ʥʝʨʘʚʥʦʤ ʧʨʦʬʠʣʫ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʨʘʩʠʧʘˁʫ 

ʩʚʝʪʣʦʩʪʠ. ɺʝ˂ʠʥʘ ʧʨʦʠʟʚʦʹʘʯʘ ʣʘʩʝʨʩʢʠʭ ʣʠʥʠʿʩʢʠʭ ʧʨʦʬʠʣʘ ʥʘʚʦʜʠ ʫʥʠʬʦʨʤʥʦʩʪ ʣʠʥʠʿʝ ʢʘʦ 

ʚʘʨʠʿʘʮʠʿʫ ʠʥʪʝʥʟʠʪʝʪʘ ʧʨʦʬʠʣʘ ʦʜ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʫ ʜʘʪʦʤ ʨʝʛʠʦʥʫ. ʄʝʹʫʪʠʤ, ʫʧʨʘʚʦ ʠʟʚʘʥ 

ʜʝʬʠʥʠʩʘʥʦʛ ʨʝʛʠʦʥʘ ʩʝ ʿʘʚˀʘʿʫ ʧʨʦʙʣʝʤʠ ʩʘ ʫʥʠʬʦʨʤʥʦʰ˂ʫ ʩʥʘʛʝ. ʊʘʢʦʹʝ, ʘʧʩʦʣʫʪʥʝ 

ʚʘʨʠʿʘʮʠʿʝ ʩʥʘʛʝ ʠ ʜʘˀʝ ʤʦʛʫ ʜʘ ʙʫʜʫ ʧʨʠʩʫʪʥʝ, ʘʣʠ ʩʝ ʦʥʝ ʫʩʨʝʜˁʘʚʘʿʫ ʧʨʝʢʦ ʮʝʣʝ ʜʫʞʠʥʝ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʠ ʤʦʛʫ ʟʥʘʯʘʿʥʦ ʫʪʠʮʘʪʠ ʥʘ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ.  

 

ʉʣʠʢʘ 4. ʇʦʿʝʜʥʦʩʪʘʚˀʝʥ ʧʨʠʥʮʠʧ ʨʘʜʘ ʣʘʩʝʨʩʢʝ ʜʠʦʜʝ 

ɿʙʦʛ ʬʦʢʫʩʠʨʘˁʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʜʦʣʘʟʠ ʜʦ ʚʘʨʠʿʘʮʠʿʘ ʫ ˁʝʥʦʿ ʰʠʨʠʥʠ ʫ ʦʜʥʦʩʫ ʥʘ 

ˁʝʥʫ ʜʫʞʠʥʫ, ʘʣʠ ʠʩʪʦ ʪʘʢʦ ʠ ʜʦ ʧʨʦʤʝʥʝ ʜʦʣʘʟʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʫʜʘˀʝʥʦʩʪʠ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ. ʂʚʘʣʠʪʝʪ ʦʧʪʠʯʢʠʭ ʩʦʯʠʚʘ ʢʦʿʘ ʜʘʿʫ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ ʠʤʘ 

ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ. ʋ ʜʘʥʘʰˁʝ ʚʨʝʤʝ ʚʝ˂ʠʥʘ ʣʠʥʠʿʩʢʠʭ ʧʨʦʿʝʢʪʦʨʘ ʿʝ 

ʙʘʟʠʨʘʥʘ ʥʘ EEL (Edge Emitting Laser) ʠʣʠ FP (FabryïPerot) ʜʠʦʜʥʠʤ ʣʘʩʝʨʠʤʘ. ʉʘʤʘ 

ʢʦʥʩʪʨʫʢʮʠʿʘ ʜʠʦʜʥʦʛ ʣʘʩʝʨʘ ʿʝ ʪʘʢʚʘ ʜʘ ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʥʝʤʘ ʢʨʫʞʘʥ ʦʙʣʠʢ, ʥʝʛʦ ʿʝ 

ʦʥ ʝʣʠʧʩʘʩʪ ʟʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ ˁʠʭʦʚʘ ʝʤʠʪʫʿʫ˂ʘ ʩʪʨʘʥʘ ʤʥʦʛʦ ʚʝ˂ʘ ʫ ʿʝʜʥʦʿ ʦʩʠ ʫ ʦʜʥʦʩʫ ʥʘ 

ʜʨʫʛʫ (ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 4.). ʇʦʩʣʝʜʠʮʘ ʪʘʢʚʦʛ ʜʠʟʘʿʥʘ ʿʝ ʜʘ ˂ʝ ʜʠʦʜʘ ʠʤʘʪʠ ʫ ʿʝʜʥʦʤ ʧʨʘʚʮʫ 

ʚʝ˂ʫ ʚʝʣʠʯʠʥʫ ʠʟʚʦʨʘ ʠ ʤʘˁʫ ʜʠʚʝʨʛʝʥʮʠʿʫ ʬʦʢʫʩʘ (ʢʦʿʘ ʩʝ ʧʦ ʥʦʤʝʥʢʣʘʪʫʨʠ ʥʘʟʠʚʘ ʩʧʦʨʘ ʦʩʘ) 

ʥʝʛʦ ʫ ʚʝʨʪʠʢʘʣʥʦʤ ʩʤʝʨʫ (ʙʨʟʘ ʦʩʘ) [16]. 

ʆʧʪʠʯʢʦ ʩʦʯʠʚʦ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʬʦʢʫʩʠʨʘˁʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʤʦʞʝ ʙʠʪʠ 

ʢʦʥʬʠʛʫʨʠʩʘʥʦ ʪʘʢʦ ʜʘ ʨʘʜʠ ʪʨʘʥʩʣʘʮʠʿʫ ʠʣʠ ʩʧʦʨʝ ʠʣʠ ʙʨʟʝ ʦʩʝ. ɽʬʝʢʪʠ ʜʠʬʨʘʢʮʠʿʝ ʥʘʩʪʘʣʠ 

ʠʟʙʦʨʦʤ ʦʩʝ ʫʪʠʯʫ ʥʘ ʧʦʥʘʰʘˁʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʪʨʠ ʥʘʯʠʥʘ: 

¶ ʄʘˁʘ ʰʠʨʠʥʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʤʝʩʪʫ ʬʦʢʫʩʘ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʪʘʢʦ ʰʪʦ ʩʝ 
ʦʨʠʿ ʝʥʪʘʮʠʿʦʤ ʣʘʩʝʨʘ ʙʨʞʘ ʦʩʘ ʧʦʩʪʘʚˀʘ ʟʘ ʫʞʫ ʜʠʤʝʥʟʠʿʫ ʩʥʦʧʘ, ʜʦʢ ʩʧʦʨʠʿʘ ʦʩʘ 

ʧʦʩʪʘʿʝ ˁʝʥʘ ʜʫʞʠʥʘ. ʆʚʦ ʿʝ ʚʨʣʦ ʚʘʞʥʦ ʿʝʨ ʫʞʘ ʣʠʥʠʿʘ ʜʘʿʝ ʚʝ˂ʫ ʨʝʟʦʣʫʮʠʿʫ ʠ ʫʞʫ 

ʨʘʩʧʦʜʝʣʫ ʛʫʩʪʠʥʝ ʩʥʘʛʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʰʪʦ ʥʘ ʧʨʠʤʝʨ ʟʥʘʯʠ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ 

ʨʘʟʜʚʘʿʘʿʫ ʤʘˁʝ ʚʘʨʠʿʘʮʠʿʝ ʫ ʚʠʩʠʥʠ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ. 

¶ ɼʠʬʨʘʢʮʠʿʘ ʯʠʥʠ ʜʘ ʩʝ ʬʦʢʫʩʠʨʘʥʝ ʫʩʢʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʙʨʞʝ ʰʠʨʝ ʠʟʚʘʥ ʬʦʢʫʩʘ ʫ 
ʦʜʥʦʩʫ ʥʘ ʰʠʨʝ ʣʠʥʠʿʝ. ʊʦ ʟʘʧʨʘʚʦ ʟʥʘʯʠ ʜʘ ʩʘ ʚʝ˂ʦʤ ʨʝʟʦʣʫʮʠʿʦʤ ʜʦʣʘʟʠ ʜʦ 

ʩʤʘˁʝˁʘ ʚʠʜʥʦʛ ʧʦˀʘ ʩʢʝʥʝʨʘ, ʦʜʥʦʩʥʦ ʩʤʘˁʝˁʘ ʨʘʩʪʦʿʘˁʘ ʥʘ ʢʦʿʦʿ ʰʠʨʠʥʘ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʧʦʩʪʘʿʝ ʥʝʧʨʠʭʚʘʪˀʠʚʘ. 

¶ ʋ ʩʣʫʯʘʿʫ ʜʘ ʩʝ ʤʝʨʠ ʨʘʚʥʘ ʧʦʚʨʰʠʥʘ ʢʦʿʘ ʿʝ ʥʦʨʤʘʣʥʘ ʥʘ ʧʨʘʚʘʮ ʰʠʨʝˁʘ ʣʘʩʝʨʩʢʝ 
ʣʠʥʠʿʝ, ʪʘʜʘ ʠʚʠʮʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʤʦʨʘʿʫ ʧʫʪʦʚʘʪʠ ʥʝʟʥʘʪʥʦ ʚʝ˂ʝ ʨʘʩʪʦʿʘˁʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʮʝʥʪʨʘʣʥʠ ʟʨʘʢ ʢʦʿʠ ʠʜʝ ʜʠʨʝʢʪʥʦ ʥʘ ʧʦʚʨʰʠʥʫ. ɸʢʦ ʩʝ ʫʟʤʝ ʫ ʦʙʟʠʨ ʜʘ 

ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʨʘʩʪʦʿʘˁʘ ʜʦʣʘʟʠ ʜʦ ʰʠʨʝˁʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ʪʦ ʟʥʘʯʠ ʜʘ ˂ʝ ʢʨʘʿʝʚʠ 

ʠʤʘʪʠ ʤʘʣʦ ʚʝ˂ʫ ʰʠʨʠʥʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʝʛʦ ʮʝʥʪʨʘʣʥʘ ʨʝʬʣʝʢʩʠʿʘ. ʆʚʘʢʘʚ ʝʬʝʢʘʪ 

ʩʝ ʥʘʟʠʚʘ ʝʬʝʢʘʪ ʢʨʘʚʘʪʝ. 

ʇʨʦʬʠʣ ʧʨʦʿʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʤʥʦʛʦʤʝ ʟʘʚʠʩʠ ʦʜ ʪʠʧʘ ʠʟʘʙʨʘʥʦʛ ʩʦʯʠʚʘ ʢʦʿʝ 

ʚʨ ʠh ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ ʩʥʦʧʘ ɻʘʫʩʦʚʦʛ ʧʨʦʬʠʣʘ ʫ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ. ʅʘ ʩʣʠʮʠ 5ʘ. ʿʝ ʜʘʪ ʧʨʠʤʝʨ 
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ʧʨʦʬʠʣʥʝ ʣʠʥʠʿʝ ʢʦʿʘ ʠʤʘ ʤʘʣʫ ʰʠʨʠʥʫ ʠ ʚʝʣʠʢʫ ʛʫʩʪʠʥʫ ʝʥʝʨʛʠʿʝ ʦʢʦ ʮʝʥʪʨʘʣʥʝ ʪʘʯʢʝ 

ʧʨʦʬʠʣʘ (ʫ ʦʜʥʦʩʫ ʥʘ ʮʝʥʪʘʨ ʬʦʢʫʩʘ), ʤʝʹʫʪʠʤ ʚʨʣʦ ʙʨʟʦ ˁʝʥʘ ʰʠʨʠʥʘ ʧʦʯʠˁʝ ʜʘ ʨʘʩʪʝ, ʘ 

ʝʥʝʨʛʠʿʘ ʣʠʥʠʿʝ ʦʧʘʜʘ. ʅʘ ʜʨʫʛʦʿ ʩʪʨʘʥʠ ʠʤʘʤʦ ʩʦʯʠʚʘ ʢʦʿʘ ʜʘʿʫ ʰʠʨʫ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ ʘʣʠ ʩʘ 

ʚʝ˂ʦʤ ʫʥʠʬʦʨʤʥʦʰ˂ʫ ʫ ʦʜʥʦʩʫ ʥʘ ʮʝʥʪʘʨ ʧʨʦʬʠʣʘ (ʜʘʪʦ ʥʘ ʩʣʠʮʠ 5ʙ.). ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʢʦʥʢʨʝʪʥʦʛ ʩʣʫʯʘʿʘ ʠ ʤʝʨʝˁʘ, ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ˂ʝ ʢʦʨʠʩʪʠʪʠ ʣʘʩʝʨʝ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʪʠʧʦʚʠʤʘ 

ʬʦʢʫʩʠʨʘʿʫ˂ʠʭ ʩʦʯʠʚʘ.  

 

ʉʣʠʢʘ 5. ʈʘʟʣʠʯʠʪʠ ʧʨʦʬʠʣʠ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʩʪʝ ʩʦʯʠʚʘ. (ʘ) ʇʨʠʤʝʨ ʢʘʜʘ ʿʝ 

ʚʝʣʠʢʘ ʛʫʩʪʠʥʘ ʩʥʘʛʝ ʥʘ ʤʝʩʪʫ ʬʦʢʫʩʘ, ʘʣʠ ʩʝ ʰʠʨʠʥʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘʛʣʦ ʧʦʚʝ˂ʘʚʘ. (ʙ) 

ʤʘˁʘ ʛʫʩʪʠʥʘ ʩʥʘʛʝ ʠ ʰʠʨʘ ʣʠʥʠʿʘ, ʘʣʠ ʩʘ ʧʨʦʰʠʨʝʥʦʤ ʜʫʙʠʥʦʤ ʬʦʢʫʩʘ. [17] 

ʉʚʘʢʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʿʝ ʬʦʢʫʩʠʨʘʥʘ ʥʘ ʥʝʢʫ ʧʨʝʜʝʬʠʥʠʩʘʥʫ ʜʘˀʠʥʫ ʦʜ ʠʟʚʦʨʘ 

ʩʚʝʪʣʦʩʪʠ. ʇʨʝʢʦ ʪʝ ʫʜʘˀʝʥʦʩʪʠ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʧʦʯʠˁʝ ʜʘ ʙʫʜʝ ʰʠʨʘ ʠ ʛʫʩʪʠʥʘ ˁʝʥʝ ʩʥʘʛʝ 

ʧʦʯʠˁʝ ʜʘ ʦʧʘʜʘ. ɿʘ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ ʩʘ ʰʠʨʠʥʦʤ B ʚʘʞʠ ʩʣʝʜʝ˂ʘ ʿʝʜʥʘʯʠʥʘ: 

ὄ  
τ‗ὃ

ᶮ“
 (2.1) 

ʛʜʝ ʿʝ ʩʘ ‗ ʦʟʥʘʯʝʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʣʘʩʝʨʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ, ʩʘ ɸ ʿʝ ʜʘʪʦ ʨʘʜʥʦ ʨʘʩʪʦʿʘˁʝ, ʜʦʢ 

ʿʝ ʩʘ ᶮ ʦʟʥʘʯʝʥ ʧʨʝʯʥʠʢ ʜʦʣʘʟʥʦʛ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ [18]. ʀʟ ʿʝʜʥʘʯʠʥʝ ʿʝ ʣʘʢʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ 

ʰʠʨʠʥʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʦʙʨʥʫʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʧʨʝʯʥʠʢʫ ʜʦʣʘʟʥʦʛ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ, ʪʝ ʟʘ 

ʫʩʢʫ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ ʜʦʣʘʟʥʠ ʩʥʦʧ ʤʦʨʘ ʙʠʪʠ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʰʠʨʠ. 

ʇʨʘʚʠʣʥʦʩʪ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʿʝ ʪʘʢʦʹʝ ʙʠʪʘʥ ʬʘʢʪʦʨ ʫ ʦʜʨʝʹʠʚʘˁʫ ʧʝʨʬʦʨʤʘʥʩʠ 

ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. ʀʜʝʘʣʥʦ ʧʨʘʚʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʧʨʘʢʩʠ ʥʝ ʧʦʩʪʦʿʝ, ʚʝ˂ ʩʫ ʦʥʝ ʦʙʠʯʥʦ 

ʙʣʘʛʦ ʟʘʢʨʠʚˀʝʥʝ ʘ ʫ ʨʝʪʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʠʤʘʿʫ ʦʙʣʠʢ ʙʣʘʛʦ ʟʘʢʨʠʚˀʝʥʦʛ ʣʘʪʠʥʠʯʥʦʛ ʩʣʦʚʘ ɮ. 

ɹʣʘʛʘ ʟʘʢʨʠʚˀʝʥʦʩʪ ʥʘʩʪʘʿʝ ʢʘʜʘ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʫʣʘʟʠ ʫ ʧʨʠʟʤʫ ʧʦʜ ʫʛʣʦʤ ʢʦʿʠ ʥʠʿʝ ʠʜʝʘʣʥʦ 

ʧʨʘʚ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʫ ʧʨʠʟʤʝ. ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʧʨʘʚʦʣʠʥʠʿʩʢʝ ʦʩʦʙʠʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʟʘʚʠʩʝ 

ʦʜ ʦʧʪʠʯʢʦʛ ʧʦʨʘʚʥʘˁʘ, ʦʚʘ ʦʩʦʙʠʥʘ ʤʦʞʝ ʜʘ ʚʘʨʠʨʘ ʦʜ ʫʨʝʹʘʿʘ ʜʦ ʫʨʝʹʘʿʘ ʘʣʠ ʠ ʜʘ ʩʝ ʟʘ ʠʩʪʠ 

ʫʨʝʹʘʿ ʤʝˁʘ ʫ ʪʦʢʫ ʚʨʝʤʝʥʘ ʟʙʦʛ ʫʪʠʮʘʿʘ ʬʘʢʪʦʨʘ ʩʨʝʜʠʥʝ [19]. ɿʙʦʛ ʪʦʛʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʦʜʨʘʜʠʪʠ 

ʢʘʣʠʙʨʘʮʠʿʫ ʩʚʘʢʦʛ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʠ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʜʘʪʠ 

ʩʠʩʪʝʤ. 

ʀʟʚʦʨʠ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʜʫʞʠ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ʛʫʙʝ ʫʿʝʜʥʘʯʝʥʫ 

ʨʘʩʧʦʜʝʣʫ ʩʥʘʛʝ ʧʨʝʢʦ ʮʝʣʝ ʩʣʠʢʝ, ʧʘ ˂ʝ ʪʘʢʦ ʧʦʿʝʜʠʥʠ ʜʝʣʦʚʠ ʠʤʘʪʠ ʚʝ˂ʫ ʦʩʚʝʪˀʝʥʦʩʪ ʦʜ 

ʦʩʪʘʣʠʭ, ʜʦʢ ʩʝ ʫ ʝʢʩʪʨʝʤʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʤʦʞʝ ʜʝʩʠʪʠ ʜʘ ʧʦʿʝʜʠʥʠ ʜʝʣʦʚʠ ʫʦʧʰʪʝ ʥʝʤʘʿʫ 

ʣʘʩʝʨʩʢʦ ʩʚʝʪʣʦ. ʊʘʢʚʘ ʬʣʫʢʪʫʘʮʠʿʘ ʨʘʩʧʦʜʝʣʝ ʩʥʘʛʝ ʠʟʚʦʨʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʦʪʝʞʘʚʘ 

ʧʨʘʚʠʣʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʩʠʩʪʝʤʘ. 

ɽʣʝʢʪʨʦʥʩʢʝ ʢʦʤʧʦʥʝʥʪʝ ʦʩʣʦʙʘʹʘʿʫ ʟʥʘʯʘʿʥʫ ʢʦʣʠʯʠʥʫ ʪʦʧʣʦʪʝ ʧʨʠʣʠʢʦʤ ʨʘʜʘ, ʪʝ ʟʙʦʛ 

ʢʦʤʧʘʢʪʥʦʩʪʠ ʢʫ˂ʠʰʪʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʥʠʿʝ ʥʝʫʦʙʠʯʘʿʝʥʦ ʜʘ ʿʝ ʣʘʩʝʨʩʢʘ ʜʠʦʜʘ ʠʟʣʦʞʝʥʘ 
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ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. ʅʘʨʘʚʥʦ, ʠ ʩʘʤʘ ʜʠʦʜʘ ʜʝʦ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʧʨʝʪʚʘʨʘ ʫ ʪʦʧʣʦʪʥʫ 

ʝʥʝʨʛʠʿʫ ʢʦʿʘ ʜʦʧʨʠʥʦʩʠ ʩʢʨʘ˂ʝˁʫ ˁʝʥʦʛ ʞʠʚʦʪʥʦʛ ʚʝʢʘ. ɿʙʦʛ ʪʦʛʘ ʩʫ ʤʦʜʝʨʥʠ ʧʨʦʬʠʣʥʠ 

ʩʢʝʥʝʨʠ ʦʧʨʝʤˀʝʥʠ ʩʘ ʪʝʤʧʝʨʘʪʫʨʥʠʤ ʩʝʥʟʦʨʠʤʘ, ʢʦʿʠ ʥʝʧʨʝʩʪʘʥʦ ʧʨʘʪʝ ʪʝʤʧʝʨʘʪʫʨʫ ʜʠʦʜʝ, 

ʢʘʦ ʠ ʇʝʣʪʠʝʨ ʝʣʝʤʝʥʪʦʤ ʢʦʿʠ ʿʝ ʟʘʜʫʞʝʥ ʟʘ ʦʜʚʦʹʝˁʝ ʪʦʧʣʦʪʝ ʠʟ ʩʠʩʪʝʤʘ. ɿʘʥʠʤˀʠʚʦ ʿʝ 

ʧʦʤʝʥʫʪʠ ʜʘ ʩʝ ʫ ʦʧʪʠʯʢʠʤ ʩʠʩʪʝʤʠʤʘ ʨʝʪʢʦ ʢʦʨʠʩʪʝ ʘʢʪʠʚʥʘ ʭʣʘʹʝˁʘ ʝʣʝʢʪʨʦʥʩʢʠʭ 

ʢʦʤʧʦʥʝʥʪʠ, ʿʝʨ ʟʘʭʪʝʚʘʿʫ ʮʠʨʢʫʣʘʮʠʿʫ ʚʘʟʜʫʭʘ ʢʨʦʟ ʩʠʩʪʝʤ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʮʠʨʢʫʣʘʮʠʿʘ 

ʚʘʟʜʫʭʘ ʥʝʤʠʥʦʚʥʦ ʫʥʦʩʠ ʯʝʩʪʠʮʝ ʧʨʘʰʠʥʝ ʫ ʩʠʩʪʝʤ ʢʦʿʝ ʙʠ ʚʨʝʤʝʥʦʤ ʧʨʝʢʨʠʣʝ ʣʘʩʝʨʩʢʠ 

ʠʟʚʦʨ, ʢʘʤʝʨʫ ʠ ʦʧʪʠʯʢʝ ʬʠʣʪʨʝ [20]. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʧʦʜ ʢʦʿʠʤ ʿʝ ʫʨʘʹʝʥʘ 

ʢʘʣʠʙʨʘʮʠʿʘ ʙʠ ʙʠʣʠ ʧʨʦʤʝˁʝʥʠ. ʆʩʠʤ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʧʨʘʪʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʿʦʤ ʿʝ ʜʠʦʜʘ ʙʠʣʘ 

ʠʟʣʦʞʝʥʘ, ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʫ ʩʠʩʪʝʤʫ ʧʨʘʪʠ ʠ ʧʦʪʨʦʰˁʘ ʩʪʨʫʿʝ ʜʠʦʜʝ ʘʣʠ ʠ ʙʨʦʿ ʨʘʜʥʠʭ ʩʘʪʠ ʢʦʿʠ 

ʤʦʛʫ ʜʘʪʠ ʜʦʜʘʪʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʞʠʚʦʪʥʦʤ ʚʝʢʫ ʜʠʦʜʝ. ʊʘʢʦ ʿʝ ʤʦʛʫ˂ʝ ʧʨʝʜʚʠʜʝʪʠ ʦʯʝʢʠʚʘʥʦ 

ʚʨʝʤʝ ʦʪʢʘʟʘ ʜʠʦʜʝ ʠ ʥʘ ʚʨʝʤʝ ʦʜʨʘʜʠʪʠ ʩʝʨʚʠʩʠʨʘˁʝ (predictive maintenance), ʢʘʢʦ ʙʠ ʩʝ 

ʧʨʝʜʫʧʨʝʜʠʣʠ ʠʟʥʝʥʘʜʥʠ ʦʪʢʘʟʠ ʫ ʩʠʩʪʝʤʠʤʘ ʧʨʦʠʟʚʦʜˁʝ. 

ɹʦʿʘ ʠ ʭʨʘʧʘʚʦʩʪ (ʪʝʢʩʪʫʨʘ) ʩʢʝʥʠʨʘʥʝ ʧʦʚʨʰʠʥʝ ʩʫ ʚʘʞʥʠ ʬʘʢʪʦʨʠ ʠ ʫʪʠʯʫ ʥʘ ʢʚʘʣʠʪʝʪ 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʧʨʝʢʦ ʢʦʣʠʯʠʥʝ ʨʝʬʣʝʢʪʦʚʘʥʝ ʩʚʝʪʣʦʩʪʠ, ʧʘ ʚʝ˂ʠʥʘ ʧʨʦʬʠʣʥʠʭ ʩʝʥʟʦʨʘ 

ʧʦʜʨʞʘʚʘ ʦʧʮʠʿʫ ʢʦʥʪʨʦʣʝ ʠʥʪʝʥʟʠʪʝʪʘ (ʩʥʘʛʝ) ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʧʦʩʪʠʞʝ 

ʧʦʙʦˀʰʘˁʝ ʦʰʪʨʠʥʝ ʠ ʠʥʪʝʥʟʠʪʝʪʘ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ ʢʦʿʠ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʥʘ ʩʢʝʥʠʨʘʥʫ 

ʧʦʚʨʰʠʥʫ [21]. ʄʥʦʛʠ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʦʩʠʤ ʿʝʜʥʦʩʪʘʚʥʝ PWM (Pulse Width Modulation) 

ʢʦʥʪʨʦʣʝ ʨʘʜʘ ʣʘʩʝʨʩʢʝ ʜʠʦʜʝ ʢʦʨʠʩʪʝ ʨʘʟʥʝ ʘʣʛʦʨʠʪʤʝ ʟʘ ʢʦʥʪʨʦʣʫ ʩʥʘʛʝ, ʘʣʠ ʠ ʚʨʝʤʝʥʘ 

ʢʦʣʠʢʦ ʿʝ ʣʘʩʝʨʩʢʠ ʠʟʚʦʨ ʫʢˀʫʯʝʥ ʪʦʢʦʤ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ. ʋʢʦʣʠʢʦ ʿʝ ʩʥʘʛʘ ʠʟʚʦʨʘ 

ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʘ ʟʘ ʩʢʝʥʠʨʘʥʫ ʧʦʚʨʰʠʥʫ, ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ˂ʝ ʙʠʪʠ 

ʟʥʘʯʘʿʥʦ ʩʤʘˁʝʥ, ʘ ʫ ʥʝʢʠʤ ʩʠʪʫʘʮʠʿʘʤʘ ʤʦʛʫ ʩʝ ʜʦʙʠʪʠ ʧʦʪʧʫʥʦ ʧʦʛʨʝʰʥʘ ʤʝʨʝˁʘ ʠʣʠ ʠʭ 

ʫʦʧʰʪʝ ʥʠʿʝ ʤʦʛʫ˂ʝ ʥʘʧʨʘʚʠʪʠ. ʋʢʦʣʠʢʦ ʿʝ ʩʥʘʛʘ ʣʘʩʝʨʘ ʧʨʝʚʝʣʠʢʘ, ʣʘʢʦ ʜʦʣʘʟʠ ʜʦ ʟʘʩʠ˂ʝˁʘ 

ʧʠʢʩʝʣʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫʢʦʣʠʢʦ ʿʝ ʩʥʘʛʘ ʣʘʩʝʨʘ ʥʝʜʦʚʦˀʥʘ, ʢʚʘʣʠʪʝʪ ʩʣʠʢʝ (SNR ʦʜʥʦʩ) ʠ 

ʜʝʪʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʤʘʣʠ, ʪʝ ˂ʝ ʠ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʙʠʪʠ ʜʦʚʝʜʝʥ ʫ 

ʧʠʪʘˁʝ.  

ʃʘʩʝʨʩʢʠ ʠʟʚʦʨʠ ʙʘʟʠʨʘʥʠ ʥʘ ʣʘʩʝʨʩʢʠʤ ʜʠʦʜʘʤʘ ʩʫ ʜʦʩʪʫʧʥʠ ʫ ʪʘʣʘʩʥʠʤ ʜʫʞʠʥʘʤʘ ʦʜ 

375 nm (UV ʙʣʠʩʢʦʤ ʜʝʣʫ ʩʧʝʢʪʨʘ) ʧʘ ʩʚʝ ʜʦ 2300 nm, ʰʪʦ ʦʜʛʦʚʘʨʘ ʠʥʬʨʘʮʨʚʝʥʦʤ ʜʝʣʫ 

ʩʧʝʢʪʨʘ. ʄʝʹʫʪʠʤ, ʟʘ ʚʝ˂ʠʥʫ ʩʠʩʪʝʤʘ ʙʘʟʠʨʘʥʠʤ ʥʘ ʪʨʠʘʥʛʫʣʘʮʠʿʠ, ʩʧʝʢʪʘʨ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ 

ʿʝ ʣʠʤʠʪʠʨʘʥ ʥʘ ʦʙʣʘʩʪ ʩʝʥʟʠʪʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ ʢʘʤʝʨʝ ʠ ʢʨʝ˂ʝ ʩʝ ʫ ʦʙʣʘʩʪʠ ʦʜ 400 ʜʦ 700 nm 

ʫʢˀʫʯʫʿʫ˂ʠ ʤʘˁʠ ʜʝʦ ʙʣʠʩʢʦ ʠʥʬʨʘʮʨʚʝʥʦʛ ʜʝʣʘ ʩʧʝʢʪʨʘ ʜʦ 1000 nm. ʅʘ ʪʨʞʠʰʪʫ ʩʝ ʤʦʛʫ 

ʥʘ˂ʠ ˀʫʙʠʯʘʩʪʝ (375 - 410 nm), ʧʣʘʚʝ (415 - 488 nm), ʟʝʣʝʥʝ (505 - 520 nm), ʮʨʚʝʥʝ (633 ï 690 

nm) ʠ ʠʥʬʨʘʮʨʚʝʥʝ (705 - 1550 nm) ʣʘʩʝʨʩʢʝ ʜʠʦʜʝ [22].  

ʋ ʧʨʘʢʩʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʩʨʝ˂ʫ ʣʘʩʝʨʩʢʠ ʠʟʚʦʨʠ ʩʚʝʪʣʦʩʪʠ ʯʠʿʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʦʜʛʦʚʘʨʘ 

ʮʨʚʝʥʦʿ ʙʦʿʠ. ʋ ʧʦʩʣʝʜˁʝ ʚʨʝʤʝ ʩʝ ʜʦʩʪʘ ʢʦʨʠʩʪʝ ʠ ʠʟʚʦʨʠ ʩʚʝʪʣʦʩʪʠ ʩʘ ʧʣʘʚʦʤ ʙʦʿʦʤ ʢʦʿʠ 

ʠʤʘʿʫ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʩʢʝʥʠʨʘˁʝ ʦʙʿʝʢʘʪʘ ʢʘʦ ʰʪʦ ʩʫ ʥʘ ʧʨʠʤʝʨ ʦʜʣʠʚʮʠ 

ʦʜ ʫʩʠʿʘʥʦʛ ʤʝʪʘʣʘ, ʘʣʠ ʠʩʪʦ ʪʘʢʦ ʠ ʦʨʛʘʥʩʢʠ ʤʘʪʝʨʠʿʘʣʠ. ɲʫʙʠʯʘʩʪʝ ʠʣʠ ʧʣʘʚʝ ʜʠʦʜʝ ʩʝ 

ʢʦʨʠʩʪʝ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʘ ʠʟʨʘʟʠʪʦ ʫʩʢʘ ʣʠʥʠʿʘ (ʦʜʥʦʩʥʦ ʨʝʟʦʣʫʮʠʿʘ ʩʢʝʥʠʨʘˁʘ) 

ʠ ʢʘʜʘ ʜʫʙʠʥʘ ʬʦʢʫʩʘ ʥʠʿʝ ʙʠʪʥʘ.  

ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʤʦʞʝ ʙʠʪʠ ʚʨʣʦ ʦʧʘʩʥʘ ʫʢʦʣʠʢʦ ʩʝ ʥʝ ʧʦʰʪʫʿʫ 

ʙʝʟʙʝʜʥʦʩʥʝ ʧʨʦʮʝʜʫʨʝ. ʃʘʩʝʨʩʢʠ ʠʟʚʦʨʠ ʩʚʝʪʣʦʩʪʠ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʥʘ ʦʩʥʦʚʫ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ ʠ ʩʥʘʛʝ. ʂʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʩʠʛʫʨʥʦʩʪ, ʣʘʩʝʨʠ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ 4 ʢʘʪʝʛʦʨʠʿʝ ʠ 

ʥʝʢʦʣʠʢʦ ʧʦʪʢʘʪʝʛʦʨʠʿʘ,  ʧʨʠ ʯʝʤʫ ʢʣʘʩʘ I ʥʠʿʝ ʦʧʘʩʥʘ ʟʘ ʯʦʚʝʢʘ ʠ ʩʨʝʜʠʥʫ, ʜʦʢ ʢʣʘʩʘ IV ʠʤʘ 

ʜʦʚʦˀʥʦ ʝʥʝʨʛʠʿʝ ʜʘ ʯʘʢ ʠ ʨʝʬʣʝʢʩʠʿʦʤ ʦʜ ʧʦʚʨʰʠʥʝ ʥʘʥʝʩʝ ʧʦʚʨʝʜʫ ʫ ʚʠʜʫ ʦʧʝʢʦʪʠʥʘ ʠʣʠ 

ʪʨʘʿʥʦʛ ʦʰʪʝ˂ʝˁʘ ʚʠʜʘ. ʄʦʜʝʨʥʠ ʩʢʝʥʝʨʠ ʠʤʘʿʫ ʫʛʨʘʹʝʥʝ ʭʘʨʜʚʝʨʩʢʝ ʠ ʩʦʬʪʚʝʨʩʢʝ ʟʘʰʪʠʪʝ 

ʢʘʢʦ ʙʠ ʩʣʫʯʘʿʥʦ ʫʢˀʫʯʝˁʝ ʠʣʠ ʧʦʛʨʝʰʥʦ ʧʦʜʝʰʝʥʠ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʦʥʝʤʦʛʫ˂ʠʣʠ 

ʥʝʢʦʥʪʨʦʣʠʩʘʥ ʨʘʜ ʣʘʩʝʨʩʢʦʛ ʠʟʚʦʨʘ. ɺʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠʤʘ ʩʝ ʧʨʦʚʝʨʘʚʘ ʜʘ 

ʣʠ ʿʝ ʦʙʿʝʢʘʪ ʟʘ ʤʝʨʝˁʝ ʧʨʠʩʫʪʘʥ ʫʥʫʪʘʨ ʨʘʜʥʦʛ ʧʨʦʩʪʦʨʘ ʩʢʝʥʝʨʘ ʠ ʿʝʜʠʥʦ ʫ ʩʣʫʯʘʿʫ ʜʘ ʿʝ ʪʘʿ 

ʫʩʣʦʚ ʠʩʧʫˁʝʥ ʜʦʣʘʟʠ ʜʦ ʘʢʪʠʚʠʨʘˁʘ ʣʘʩʝʨʘ ʠ ʨʘʜʘ ʩʢʝʥʝʨʘ.  
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ʋ ʤʥʦʛʠʤ ʥʘʫʯʠʤ ʨʘʜʦʚʠʤʘ, ʘʣʠ ʠ ʫ ʧʨʘʢʪʠʯʥʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ ʤʦʛʫ ʩʝ ʧʨʦʥʘ˂ʠ 

ʧʨʠʤʝʥʝ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʠʢʘ ʧʨʦʿʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ. ʅʘʨʘʚʥʦ, ʧʦʨʝʜ ʢʣʘʩʠʯʥʦʛ 

ʪʘʯʢʘʩʪʦʛ ʠʟʚʦʨʘ, ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʨʘʟʥʝ ʚʨʩʪʝ ʦʧʪʠʯʢʠʭ ʩʦʯʠʚʘ ʢʦʿʝ ʤʦʜʠʬʠʢʫʿʫ ʪʘʯʢʘʩʪʠ 

ʠʟʚʦʨ ʫ ʣʠʥʠʿʫ, ʧʘʨʘʣʝʣʥʝ ʣʠʥʠʿʝ, ʧʨʝʩʝʢ ʣʠʥʠʿʘ ʠʣʠ ʤʨʝʞʫ ʪʘʯʘʢʘ. ʂʘʢʦ ʙʠ ʩʝ ʧʦʙʦˀʰʘʣʘ 

ʙʨʟʠʥʘ ʩʢʝʥʠʨʘˁʘ ʠ ʩʤʘˁʠʦ ʙʨʦʿ ʩʣʠʢʘ ʥʝʦʧʭʦʜʥʠʭ ʟʘ 3D ʩʢʝʥʠʨʘˁʝ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ  MEMS 

(Micro-Electro Mechanical Systems) ʦʛʣʝʜʘʣʘ ʢʘʢʦ ʙʠ ʩʝ ʠʩʪʦʚʨʝʤʝʥʦ ʧʨʦʿʝʢʪʦʚʘʣʦ ʚʠʰʝ 

ʣʘʩʝʨʩʢʠʭ ʣʠʥʠʿʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʫʢʦʣʠʢʦ ʿʝ ʙʨʦʿ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʣʠʥʠʿʘ N, ʪʘʜʘ ʿʝ ʙʨʦʿ 

ʧʦʪʨʝʙʥʠʭ ʩʣʠʢʘ ʩʤʘˁʝʥ ʩʘ ʬʘʢʪʦʨʦʤ 1/N. ʅʘ ʠʩʪʠ ʥʘʯʠʥ ʠ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʩʢʝʥʠʨʘˁʝ ʿʝ 

ʩʤʘˁʝʥʦ ʩʘ ʬʘʢʪʦʨʦʤ 1/N, ʢʘʜʘ ʩʝ ʧʦʨʝʜʠ ʩʘ ʩʠʩʪʝʤʦʤ ʫ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ ʩʘʤʦ ʿʝʜʥʘ ʣʘʩʝʨʩʢʘ 

ʣʠʥʠʿʘ [23]. ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʪʘʢʚʦʛ ʫʨʝʹʘʿʘ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ Texas Instruments DLPC 350 

(ʢʦʿʠ ʿʝ ʢʦʥʪʨʦʣʝʨ) ʫʧʘʨʝʥ ʩʘ Texas Instruments DLP4500 ʄɽʄS ʦʛʣʝʜʘʣʠʤʘ. 

ɱʝʜʘʥ ʦʜ ʥʘʿʯʝʰ˂ʠʭ ʧʨʦʙʣʝʤʘ ʩʘ ʢʦʿʠʤʘ ʩʝ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʩʫʦʯʘʚʘʿʫ ʿʝ ʩʘʪʫʨʘʮʠʿʘ 

ʧʠʢʩʝʣʘ ʢʦʿʠʤʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʨʝʬʣʝʢʩʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʊʘʜʘ ʩʝ ʛʫʙʠ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʚʨʭʫ 

ɻʘʫʩʦʚʦʛ ʠʤʧʫʣʩʘ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʪʘʯʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. 

ʄʘʪʝʨʠʿʘʣʠ ʢʘʦ ʰʪʦ ʩʫ ʛʣʘʪʢʝ ʤʝʪʘʣʥʝ ʧʦʚʨʰʠʥʝ, ʨʝʬʣʝʢʪʫʿʫ ʩʚʝʪʣʦʩʪ ʩʘ ʩʧʝʢʫʣʘʨ 

ʝʬʝʢʪʦʤ. ʃʘʞʥʝ ʩʧʝʢʫʣʘʨʥʝ ʢʦʤʧʦʥʝʥʪʝ, ʢʦʿʝ ʥʝ ʧʨʠʧʘʜʘʿʫ ʦʙʿʝʢʪʫ, ʚʝ˂ ʜʦʣʘʟʝ ʠʟ ʚʠʰʝʩʪʨʫʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʜʦʤʠʥʠʨʘʿʫ ʠ ʤʦʛʫ ʙʠʪʠ ʪʫʤʘʯʝʥʝ ʧʦʛʨʝʰʥʦ ʢʘʦ ʛʣʘʚʥʝ ʨʝʬʣʝʢʩʠʿʝ. 

ɼʦʜʘʪʥʠ ʧʨʦʙʣʝʤ ʧʨʝʜʩʪʘʚˀʘ ʠ ʯʠˁʝʥʠʮʘ ʜʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʧʘʜʥʦʛ ʫʛʣʘ ʩʚʝʪʣʦʩʪʠ ʟʘʚʠʩʠ 

ʠʥʪʝʥʟʠʪʝʪ ʜʝʪʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ (ʫʧʘʜʥʠ ʫʛʘʦ ʧʨʝʜʩʪʘʚˀʘ ʫʛʘʦ ʠʟʤʝʹʫ 

ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠ ʥʦʨʤʘʣʝ ʥʘ ʤʝʨʥʫ ʧʦʚʨʰʠʥʫ). ʇʘ ʩʝ ʪʘʢʦ ʤʦʞʝ ʜʝʩʠʪʠ ʜʘ ʥʝʢʠ ʜʝʣʦʚʠ 

ʩʮʝʥʝ ʩʘ ʚʝʣʠʢʠʤ ʫʧʘʜʥʠʤ ʫʛʣʦʤ ʠʤʘʿʫ ʤʘˁʠ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʪʘʢ ʩʣʠʢʝ, 

ʧʘ ʩʝ ʤʦʨʘ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʦ ʚʨʝʤʝʥʫ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʚʝʣʠʢʦ ʚʨʝʤʝ 

ʝʢʩʧʦʟʠʮʠʿʝ ʠ ʤʘʣʠ ʫʧʘʜʥʠ ʫʛʣʦʚʠ ʣʘʢʦ ʜʦʚʦʜʝ ʜʦ ʝʬʝʢʪʘ ʟʘʩʠ˂ʝˁʘ, ʰʪʦ ʩʤʘˁʫʿʝ ʪʘʯʥʦʩʪ ʧʨʝ 

ʩʚʝʛʘ ʜʝʪʝʢʮʠʿʝ, ʘ ʦʥʜʘ ʠ ʝʩʪʠʤʘʮʠʿʝ ʪʘʯʥʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ [24]. 

ʇʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʠ ʘʥʘʣʠʟʝ ʮʝʣʦʛ ʩʠʩʪʝʤʘ ʩʤʘʪʨʘ˂ʝ ʩʝ ʜʘ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʥʝ ʛʫʙʠ 

ɻʘʫʩʦʚʩʢʠ ʧʨʦʬʠʣ ʩʥʘʛʝ ʧʨʠʣʠʢʦʤ ʧʨʦʧʘʛʘʮʠʿʝ ʢʨʦʟ ʚʘʟʜʫʭ, ʨʝʬʣʝʢʩʠʿʝ ʠ ʧʨʦʣʘʩʢʘ ʢʨʦʟ 

ʦʧʪʠʯʢʠ ʩʠʩʪʝʤ ʢʘʤʝʨʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. ʄʝʹʫʪʠʤ, ʝʬʝʢʘʪ ʣʘʩʝʨʩʢʝ ʤʨˀʝ ʩʝ ʥʝ ʤʦʞʝ 

ʟʘʥʝʤʘʨʠʪʠ ʠ ˁʝʛʘ ʿʝ ʧʦʪʨʝʙʥʦ ʤʦʜʝʣʦʚʘʪʠ ʫ ʩʠʤʫʣʘʮʠʿʠ ʥʘ ʧʨʘʚʠ ʥʘʯʠʥ ʧʨʝʢʦ ʜʦʜʘʪʥʠʭ 

ʨʝʬʣʝʢʩʠʿʘ ʨʘʟʣʠʯʠʪʝ ʰʠʨʠʥʝ, ʘʤʧʣʠʪʫʜʝ ʠ ʧʦʟʠʮʠʿʝ. 

ʅʘʢʦʥ ʰʪʦ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʥʘʧʫʩʪʠ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨ, ʜʦʣʘʟʠ ʜʦ ʧʦʚʨʰʠʥʝ 

ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ ʠ ʨʝʬʣʝʢʪʦʚʘʥʘ ʩʝ ʚʨʘ˂ʘ ʥʘʟʘʜ ʢʘ ʢʘʤʝʨʠ. ʀʥʬʦʨʤʘʮʠʿʘ ʦ ʫʜʘˀʝʥʦʩʪʠ 

ʠʟʤʝʹʫ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʘʪʘ ʠ ʢʘʤʝʨʝ ʩʝ ʥʘʣʘʟʠ ʫ ʜʝʣʫ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠ ʢʘʦ 

ʪʘʢʚʘ ʟʘ ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚˀʘ ʙʠʪʥʠʿʫ ʠʥʬʦʨʤʘʮʠʿʫ. ʇʨʝ ʩʚʝʛʘ, ʥʝʢʦʣʠʢʦ ʨʝʯʠ ʦ ʪʦʤʝ ʰʪʘ ʩʝ 

ʜʝʰʘʚʘ ʢʘʜʘ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʜʦʹʝ ʜʦ ʧʦʚʨʰʠʥʝ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ.   

 

 

2.2. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦʚʨʰʠʥʝ ʢʦʿʘ ʩʝ ʩʢʝʥʠʨʘ ʠ ʨʝʬʣʝʢʩʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ  

 

 

ʈʘʜʠʦʤʝʪʨʠʿʘ ʿʝ ʥʘʫʢʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʠʟʫʯʘʚʘˁʝʤ ʠʟʨʘʯʝʥʝ ʝʥʝʨʛʠʿʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ 

ʟʨʘʯʝˁʘ ʙʠʣʦ ʢʦʿʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʬʦʪʦʤʝʪʨʠʿʘ ʠʟʫʯʘʚʘ ʠʩʪʠ ʧʨʦʙʣʝʤ, ʩʘʤʦ 

ʫ ʚʠʜˀʠʚʦʤ ʜʝʣʫ ʩʧʝʢʪʨʘ. ʆʩʥʦʚʥʘ ʿʝʜʠʥʠʮʘ ʤʝʨʝ ʫ ʨʘʜʠʦʤʝʪʨʠʿʠ ʿʝ ʚʘʪ (W), ʜʦʢ ʿʝ ʦʩʥʦʚʥʘ 

ʿʝʜʠʥʠʮʘ ʤʝʨʝ ʫ ʬʦʪʦʤʝʪʨʠʿʠ ʣʫʤʝʥ (lm) ʠ ʧʨʝʜʩʪʘʚˀʘ ʩʥʘʛʫ ʠʟʨʘʯʝʥʝ ʩʚʝʪʣʦʩʪʠ. ʈʘʜʠʦʤʝʪʨʠʿʘ 

ʠʤʘ ʚʘʞʥʫ ʫʣʦʛʫ ʫ ʩʠʩʪʝʤʠʤʘ ʘʢʪʠʚʥʦʛ ʩʢʝʥʠʨʘˁʘ ʿʝʨ ʫʯʝʩʪʚʫʿʝ ʫ ʧʨʦʫʯʘʚʘˁʫ ʬʦʨʤʠʨʘˁʘ 

ʩʣʠʢʝ ʢʨʦʟ ʧʦʩʤʘʪʨʘˁʝ ʦʜʥʦʩʘ ʝʥʝʨʛʠʿʝ ʩʚʝʪʣʦʩʪʠ ʢʦʿʝ ʩʝ ʝʤʠʪʫʿʝ ʠʟ ʠʟʚʦʨʘ, ʨʝʬʣʝʢʪʦʚʘʥʝ ʦ 

ʧʦʚʨʰʠʥʫ ʠ ʦʥʦʛ ʜʝʣʘ ʩʚʝʪʣʦʩʪʠ ʢʦʿʠ ʿʝ ʜʝʪʝʢʪʦʚʘʥ ʦʜ ʩʪʨʘʥʝ ʢʘʤʝʨʝ.  
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ʄʦʛʫ ʩʝ ʜʝʬʠʥʠʩʘʪʠ ʠ ʜʚʘ ʦʩʥʦʚʥʘ ʧʦʿʤʘ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʩʚʝʪˀʝʥʦʩʪ ʩʣʠʢʝ, 

ʦʜʥʦʩʥʦ ʩʥʘʛʫ ʩʚʝʪʣʦʩʪʠ ʧʦ ʿʝʜʠʥʠʮʠ ʧʦʚʨʰʠʥʝ ʫ ʩʚʘʢʦʿ ʪʘʯʢʠ ʨ ʫ ʨʘʚʥʠ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ. 

ʊʘʢʦʹʝ, ʤʦʛʫ˂ʝ ʿʝ ʜʝʬʠʥʠʩʘʪʠ ʟʨʘʯʝˁʝ ʩʮʝʥʝ ʧʦ ʿʝʜʠʥʠ ʧʦʚʨʰʠʥʝ ʢʦʿʘ ʿʝ ʠʜʝʘʣʥʦ ʝʤʠʪʦʚʘʥʘ ʠʟ 

ʪʘʯʢʝ P ʥʝʢʝ ʧʦʚʨʰʠʥʝ ʫ ʜʘʪʦʤ ʧʨʘʚʮʫ r. ʅʘ ʩʣʠʮʠ 6. ʜʘʪʘ ʿʝ ʠʣʫʩʪʨʘʮʠʿʘ ʦʩʥʦʚʠʭ 

ʨʘʜʠʦʤʝʪʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ï ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ I  ʢʦʿʠ ʩʝ ʨʝʬʣʝʢʪʫʿʝ ʦ 

ʧʦʚʨʰʠʥʫ ʪʝʩʪ ʦʙʿʝʢʪʘ ʫ ʪʘʯʢʠ P ʠ ʢʨʦʟ ʙʣʝʥʜʫ ʢʘʤʝʨʝ ʧʨʦʣʘʟʠ ʢʨʦʟ ʦʧʪʠʯʢʦ ʩʦʯʠʚʦ ʠ ʙʠʚʘ 

ʜʝʪʝʢʪʦʚʘʥʦ ʩʝʥʟʦʨʦʤ ʢʘʤʝʨʝ. 

 

ʉʣʠʢʘ 6. ʀʣʫʩʪʨʘʮʠʿʘ ʦʩʥʦʚʥʠʭ ʨʘʜʠʦʤʝʪʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʌʫʥʜʘʤʝʥʪʘʣʥʘ ʿʝʜʥʘʯʠʥʘ ʬʦʨʤʠʨʘˁʘ ʩʣʠʢʝ ʟʘ ʘʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ʩʢʝʥʠʨʘˁʘ ʜʘʪʘ ʿʝ 

ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ:  

Ὁ▬ ὒ╟ȟ►
“

τ

Ὠ

Ὢ
ὧέί‌ (2.2) 

ʛʜʝ ʿʝ ʩʘ ɽ ʜʘʪʘ ʠʣʫʤʠʥʘʮʠʿʘ ʫ ʪʘʯʢʠ ʨ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ, ʩʘ L ʿʝ ʦʟʥʘʯʝʥʘ ʨʘʜʠʿʘʥʩʘ ʠʜʝʘʣʥʝ 

ʃʘʤʙʝʨʪʠʘʥ ʧʦʚʨʰʠʥʝ ʫ ʪʘʯʢʠ P ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʥʘ ʧʦʚʨʰʠʥʠ ʪʝʩʪ ʦʙʿʝʢʪʘ, d je ʧʨʝʯʥʠʢ 

ʦʧʪʠʯʢʦʛ ʩʦʯʠʚʘ,  f ʿʝ ʞʠʞʥʘ ʜʘˀʠʥʘ ʩʦʯʠʚʘ, ʜʦʢ ʿʝ ʩʘ ‌ ʜʘʪ ʫʛʘʦ ʠʟʤʝʹʫ ʜʦʣʘʟʥʦʛ ʟʨʘʢʘ ʠ 

ʦʧʪʠʯʢʝ ʦʩʝ ὲ [25]. 

ɱʝʜʥʘʯʠʥʘ ʛʦʚʦʨʠ ʜʘ ʠʣʫʤʠʥʘʮʠʿʘ ʩʣʠʢʝ ʫ ʪʘʯʢʠ P, ʦʧʘʜʘ ʩʘ ʯʝʪʚʨʪʠʤ ʩʪʝʧʝʥʦʤ 

ʢʦʩʠʥʫʩʘ ʫʛʣʘ ʬʦʨʤʠʨʘʥʦʛ ʠʟʤʝʹʫ ʛʣʘʚʥʦʛ ʟʨʘʢʘ ʠ ʦʧʪʠʯʢʝ ʦʩʝ ʩʠʩʪʝʤʘ. ʋ ʩʣʫʯʘʿʫ ʤʘʣʦʛ ʦʪʚʦʨʘ 

ʙʣʝʥʜʝ ʢʘʤʝʨʝ, ʦʚʘʿ ʬʘʢʪʦʨ ʿʝ ʟʘʥʝʤʘʨˀʠʚ ʪʝ ʟʙʦʛ ʪʦʛʘ ʦʩʚʝʪˀʝˁʝ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ 

ʫʥʠʬʦʨʤʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʟʨʘʯʝˁʫ ʩʮʝʥʝ ʧʨʝʢʦ ʮʝʣʝ ʨʘʚʥʠ ʩʝʥʟʦʨʘ. ʌʫʥʜʘʤʝʥʪʘʣʥʘ 

ʿʝʜʥʘʯʠʥʘ ʬʦʨʤʠʨʘˁʘ ʩʣʠʢʝ ʪʘʢʦʹʝ ʫʢˀʫʯʫʿʝ ʧʘʨʘʤʝʪʘʨ  ʢʦʿʠ ʩʝ ʥʘʟʠʚʘ F ʙʨʦʿ ʠ ʛʦʚʦʨʠ ʢʦʣʠʢʦ 

ʩʚʝʪʣʦʩʪʠ ʿʝ ʩʘʢʫʧˀʝʥʦ ʫ ʢʘʤʝʨʠ. ʋʢʦʣʠʢʦ ʿʝ ʙʨʦʿ F ʤʘˁʠ, ʚʝ˂ʠ ʜʝʦ ʩʚʝʪʣʦʩʪʠ ʜʦʣʘʟʠ ʜʦ 

ʩʝʥʟʦʨʘ. 

ʋʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʜʦʣʘʟʥʦʛ ʩʥʦʧʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʧʦʩʣʝ ʢʦʥʪʘʢʪʘ ʩʘ ʩʢʝʥʠʨʘʥʦʤ 

ʧʦʚʨʰʠʥʦʤ ʩʝ ʤʦʞʝ ʧʦʜʝʣʠʪʠ ʥʘ ʪʨʠ ʛʣʘʚʥʝ ʢʦʤʧʦʥʝʥʪʝ: ʘʧʩʦʨʧʮʠʿʫ, ʨʝʬʣʝʢʩʠʿʫ ʠ 

ʪʨʘʥʩʤʠʩʠʿʫ. ʂʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʦʙʿʝʢʪʠ ʪʘʤʥʝ ʙʦʿʝ ʪʘʜʘ ʿʝ ʨʝʬʣʝʢʪʦʚʘʥʘ ʩʚʝʪʣʦʩʪ ʧʨʘʢʪʠʯʥʦ 

ʿʝʜʥʘʢʘ ʥʫʣʠ, ʧʘ ʩʫ ʪʘʢʚʝ ʧʦʚʨʰʠʥʝ ʪʝʰʢʝ ʟʘ ʩʢʝʥʠʨʘˁʝ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʠʧʘ ʩʢʝʥʠʨʘʥʝ 
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ʧʦʚʨʰʠʥʝ, ʧʨʝ ʩʚʝʛʘ ʦʜ ʤʘʪʝʨʠʿʘʣʘ ʠ ʙʦʿʝ, ʥʘ ʦʚʝ ʪʨʠ ʢʦʤʧʦʥʝʥʪʝ ʦʪʧʘʜʘʿʫ ʨʘʟʣʠʯʠʪʠ ʧʨʦʮʝʥʪʠ 

ʫ ʦʜʥʦʩʫ ʥʘ ʫʢʫʧʥʫ ʜʦʣʘʟʥʫ ʩʥʘʛʫ ʩʚʝʪʣʦʩʪʠ [26]. 

ʇʦʟʥʘʚʘˁʝ ʨʝʬʣʝʢʪʠʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦʚʨʰʠʥʝ ʦʙʿʝʢʪʘ ʢʦʿʠ ʩʝ ʤʝʨʠ ʿʝ ʥʝʦʧʭʦʜʥʦ ʟʘ 

ʢʚʘʣʠʪʝʪʥʫ ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ. ɸʢʦ ʧʦʚʨʰʠʥʘ ʦʙʿʝʢʪʘ ʠʤʘ ʦʩʦʙʠʥʝ ʦʛʣʝʜʘʣʘ, ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ 

ʥʝ˂ʝ ʜʦ˂ʠ ʜʦ ʢʘʤʝʨʝ ʠ ʥʠʿʝ ʤʦʛʫ˂ʝ ʥʘʧʨʘʚʠʪʠ ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʦʙʿʝʢʪʘ, ʪʝ ʿʝ ʟʙʦʛ ʪʦʛʘ ʥʝʦʧʭʦʜʥʦ 

ʜʘ ʧʦʚʨʰʠʥʘ ʠʤʘ ʜʝʣʦʤ ʜʠʬʫʟʠʦʥʫ ʨʝʬʣʝʢʩʠʿʫ. ɺʝ˂ʠʥʘ ʧʦʚʨʰʠʥʘ ʧʦʢʘʟʫʿʝ ʢʦʤʙʠʥʦʚʘʥʝ 

ʦʩʦʙʠʥʝ ʦʛʣʝʜʘʣʘ ʠ ʜʠʬʫʟʠʦʥʝ ʨʝʬʣʝʢʩʠʿʝ, ʰʪʦ ʦʣʘʢʰʘʚʘ ʧʨʦʙʣʝʤ ʩʢʝʥʠʨʘˁʘ. ʆʩʠʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʚʨʰʠʥʝ, ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʤʦʛʫ ʦʜʨʝʹʠʚʘʪʠ ʠ ʫʛʘʦ ʧʦʜ ʢʦʿʠʤ ʩʝ 

ʢʘʤʝʨʘ ʠ ʣʘʩʝʨ ʥʘʣʘʟʝ ʫ ʧʨʦʬʠʣʥʦʤ ʩʢʝʥʝʨʫ, ʘʣʠ ʠ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʣʘʩʝʨʩʢʦʛ ʠʟʚʦʨʘ ʩʚʝʪʣʦʩʪʠ. 

ɸʫʪʦʨʠ [27] ʩʫ ʩʝ ʙʘʚʠʣʠ ʠʩʧʠʪʠʚʘˁʝʤ ʢʚʘʣʠʪʝʪʘ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʩʘ 

ʠʟʚʦʨʦʤ ʮʨʚʝʥʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʙʦʿʝ ʩʢʝʥʠʨʘʥʝ ʧʦʚʨʰʠʥʝ, ʫʛʣʘ ʧʦʜ ʢʦʿʠʤ 

ʢʘʤʝʨʘ ʚʠʜʠ ʨʝʬʣʝʢʪʦʚʘʥʫ ʩʚʝʪʣʦʩʪ, ʢʘʦ ʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʫʜʘˀʝʥʦʩʪʠ ʩʢʝʥʝʨʘ ʦʜ ʧʦʩʤʘʪʨʘʥʦʛ 

ʦʙʿʝʢʪʘ. ʅʘʿʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʩʫ ʧʦʩʪʠʛʣʠ ʟʘ ʤʘʣʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʩʢʝʥʝʨʘ ʠ ʧʦʩʤʘʪʨʘʥʦʛ 

ʦʙʿʝʢʪʘ ʠ ʟʘ ʫʛʣʦʚʝ ʠʟʤʝʹʫ ʢʘʤʝʨʝ ʠ ʣʘʩʝʨʘ ʤʘˁʝ ʦʜ 55 ʩʪʝʧʝʥʠ. 

 

ʉʣʠʢʘ 7. ʈʘʟʣʠʯʠʪʠ ʪʠʧʦʚʠ ʨʝʬʣʝʢʩʠʦʥʠʭ ʧʦʚʨʰʠʥʘ. (ʘ) ʀʜʝʘʣʥʘ ʨʝʬʣʝʢʩʠʦʥʘ ʧʦʚʨʰʠʥʘ (ʙ) 

ʃʘʤʙʝʨʪʠʘʥ (ʮ) ʊʨʘʥʩʧʘʨʝʥʪʥʘ ʧʦʚʨʰʠʥʘ 

ʅʘ ʩʣʠʮʠ 7(ʘ). ʿʝ ʧʨʠʢʘʟʘʥʦ ʢʘʢʦ ʩʝ ʩʚʝʪʣʦʩʪ ʧʦʥʘʰʘ ʫ ʦʜʥʦʩʫ ʥʘ ʠʜʝʘʣʥʫ ʨʝʬʣʝʢʩʠʦʥʫ 

ʧʦʚʨʰʠʥʫ. ɿʘʢʦʥ ʨʝʬʣʝʢʩʠʿʝ ʢʘʞʝ ʜʘ ʿʝ ʫʧʘʜʥʠ ʫʛʘʦ ʿʝʜʥʘʢ ʫʛʣʫ ʧʦʜ ʢʦʿʠʤ ʩʝ ʪʘʣʘʩ ʨʝʬʣʝʢʪʫʿʝ. 

ʂʘʜʘ ʩʢʝʥʠʨʘʥʘ ʧʦʚʨʰʠʥʘ ʥʠʿʝ ʛʣʘʪʢʘ, ʦʜʥʦʩʥʦ ˁʝʥʝ ʥʝʨʘʚʥʠʥʝ ʧʦ ʚʝʣʠʯʠʥʠ ʩʫ ʫʧʦʨʝʜʠʚʝ 

ʧʨʝʤʘ ʪʘʣʘʩʥʦʿ ʜʫʞʠʥʠ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʥʘʩʪʘʿʝ ʜʠʬʫʟʥʘ ʨʝʬʣʝʢʩʠʿʘ ʠ ʪʘʜʘ ʩʝ ʪʘʣʘʩʠ 

ʨʝʬʣʝʢʪʠʨʘʿʫ ʫ ʩʚʠʤ ʧʨʘʚʮʠʤʘ. ʆʧʪʠʤʘʣʘʥ ʪʠʧ ʧʦʚʨʰʠʥʝ ʟʘ ʩʢʝʥʠʨʘˁʝ ʿʝ ʃʘʤʙʝʨʪʠʘʥ 

ʧʦʚʨʰʠʥʘ ʩʘ ʚʠʩʢʠʤ ʠʥʜʝʢʩʦʤ ʨʝʬʣʝʢʩʠʿʝ. ʅʘ ʩʣʠʮʠ 7(ʙ). ʿ ʝ ʜʘʪʘ ʠʣʫʩʪʨʘʮʠʿʘ ʢʘʢʦ ʩʝ ʩʚʝʪʣʦʩʪ 

ʧʦʥʘʰʘ ʫ ʢʦʥʪʘʢʪʫ ʩʘ ʃʘʤʙʝʨʪʠʘʥ ʧʦʚʨʰʠʥʘʤʘ. ʊʘʢʚʝ ʧʦʚʨʰʠʥʝ ʠʤʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʜʘ ʙʝʟ 

ʦʙʟʠʨʘ ʥʘ ʫʛʘʦ ʧʦʩʤʘʪʨʘˁʘ, ʨʝʬʣʝʢʩʠʿʘ ʜʦʣʘʟʠ ʩʘ ʠʩʪʠʤ ʠʥʪʝʥʟʠʪʝʪʦʤ ʠ ʫ ʩʚʠʤ ʧʨʘʚʮʠʤʘ ʜʦ 

ʦʢʘ ʧʦʩʤʘʪʨʘʯʘ. ʇʨʠʤʝʨ ʪʘʢʚʠʭ ʧʦʚʨʰʠʥʘ ʩʫ ʧʘʧʠʨ ʠʣʠ ʨʘʚʥʦ ʜʨʚʦ. ʅʘ ʧʨʠʤʝʨ, ʤʘʪʝʨʠʿʘʣ ʧʦʜ 

ʥʘʟʠʚʦʤ ʉʧʝʢʪʨʘʣʦʥ, ʢʦʿʠ ʿʝ ʚʨʩʪʘ ʧʣʘʩʪʠʢʝ ʙʝʣʝ ʙʦʿʝ ʠʤʘ ʥʘʿʚʝ˂ʫ ʧʦʟʥʘʪʫ ʨʝʬʣʝʢʪʘʥʩʫ ʦʜ ʙʠʣʦ 

ʢʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ʬʘʨʙʝ ʠ ʧʨʝʜʩʪʘʚˀʘ ʥʘʿʙʦˀʠ ʧʨʠʤʝʨ ʃʘʤʙʝʨʪʠʘʥ ʧʦʚʨʰʠʥʝ. ʈʝʬʣʝʢʪʘʥʩʘ 
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ʦʚʦʛ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʧʨʝʢʦ 99% ʫ ʨʘʩʧʦʥʫ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ ʦʜ 400 ʜʦ 1500  nm  ʠ 95% ʠʟʤʝʹʫ 

250 ʠ 2500 nm [28]. ɺʨʣʦ ʯʝʩʪʦ ʩʝ ʧʨʠʣʠʢʦʤ ʪʝʩʪʠʨʘˁʘ ʘʣʛʦʨʠʪʘʤʘ ʠʣʠ ʦʩʥʦʚʥʠʭ 

ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʢʦʨʠʩʪʝ ʨʘʚʥʝ ʧʣʦʯʝ ʦʜ ʦʚʘʢʚʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʢʦ ʙʠ ʩʝ 

ʧʦʿʝʜʥʦʩʪʘʚʠʣʦ ʪʝʩʪ ʦʢʨʫʞʝˁʝ. ʅʘ ʩʣʠʮʠ 7(ʮ). ʿ ʝ ʧʨʠʢʘʟʘʥʦ ʢʘʢʦ ʩʝ ʟʨʘʢ ʩʚʝʪʣʦʩʪʠ ʧʦʥʘʰʘ ʢʘʜʘ 

ʩʝ ʨʝʬʣʝʢʪʫʿʝ ʦ ʪʨʘʥʩʧʘʨʝʥʪʥʫ ʧʦʚʨʰʠʥʫ. ʂʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʪʨʘʥʩʧʘʨʝʥʪʥʘ ʧʦʚʨʰʠʥʘ, ʩʚʝʪʣʦʩʪ 

ʩʝ ʨʝʬʣʝʢʪʫʿʝ ʜʝʣʦʤ ʢʘʦ ʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʃʘʤʙʝʨʪʠʘʥ ʧʦʚʨʰʠʥʘ, ʘʣʠ ʪʘʢʦʹʝ ʫʣʘʟʠ ʫ 

ʫʥʫʪʨʘʰˁʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʜʦ ʦʜʨʝʹʝʥʝ ʜʫʙʠʥʝ ʠ ʦʥʜʘ ʩʝ ʦʜʘʪʣʝ ʧʦʥʦʚʦ ʨʝʬʣʝʢʪʫʿʝ. 

ʊʨʘʥʩʧʘʨʝʥʪʥʝ ʧʦʚʨʰʠʥʝ ʩʫ ʯʝʩʪʦ ʩʨʝ˂ʫ ʫ ʥʘʰʝʤ ʩʚʘʢʦʜʥʝʚʥʦʤ ʦʢʨʫʞʝˁʫ - ʦʜʨʝʹʝʥʝ ʚʨʩʪʝ 

ʧʣʘʩʪʠʢʝ, ʪʢʠʚʘ, ʨʘʟʥʝ ʚʨʩʪʝ ʩʠʣʠʢʦʥʘ, ʦʜʨʝʹʝʥʠ ʪʠʧʦʚʠ ʤʠʥʝʨʘʣʘ ʠʣʠ ʢʘʤʝˁʘ ʠʪʜ. [29]. ʐʪʦ 

ʿʝ ʿʘʯʘ ʩʥʘʛʘ ʣʘʩʝʨʘ, ʪʦ ʿʝ ʧʝʥʝʪʨʘʮʠʿʘ ʩʚʝʪʣʦʩʪʠ ʢʨʦʟ ʪʘʢʚʫ ʩʨʝʜʠʥʫ ʚʝ˂ʘ. ʆʥʦ ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ 

ʜʦʜʘʪʘʥ ʧʨʦʙʣʝʤ ʟʘ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨ ʩʫ ʥʝʞʝˀʝʥʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʥʘʩʪʘʿʫ ʥʘ ʦʚʘʢʚʠʤ 

ʧʦʚʨʰʠʥʘʤʘ ʿʝʨ ʠʭ ʢʘʤʝʨʘ ʚʠʜʠ ʢʘʦ ʨʝʬʣʝʢʩʠʿʝ ʥʘʩʪʘʣʝ ʫ ʦʢʦʣʠʥʠ ʛʣʘʚʥʦʛ ʩʥʦʧʘ. ʋʢʦʣʠʢʦ ʩʝ 

ʥʘ ʪʨʘʥʩʧʘʨʝʥʪʥʠʤ ʧʦʚʨʰʠʥʘʤʘ ʩʤʘˁʠ ʥʠʚʦ ʩʥʘʛʝ ʢʦʿʦʤ ʩʝ ʝʤʠʪʫʿʝ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ, ʦʩʪʘʣʠ 

ʠʟʚʦʨʠ ʰʫʤʘ ʧʦʩʪʘʿʫ ʟʥʘʯʘʿʥʠ, ʧʘ ʪʦ ʦʜʤʘʭ ʫʪʠʯʝ ʥʘ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʦʙʿʝʢʪʘ ʢʦʿʠ ʩʝ 

ʩʢʝʥʠʨʘ. 

 

ʉʣʠʢʘ 8. ʇʨʦʙʣʝʤʠ ʢʦʿʠ ʥʘʩʪʘʿʫ ʩʘ ʠʚʠʮʘʤʘ ʩʢʝʥʠʨʘʥʠʭ ʦʙʿʝʢʘʪʘ ʫ ʩʠʩʪʝʤʠʤʘ ʩʘ ʧʨʦʬʠʣʥʠʤ 

ʩʝʥʟʦʨʠʤʘ. (ʘ) ʧʨʦʙʣʝʤ "ʩʝʥʢʝ" (ʙ) ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ (ʮ) ʤʨʪʚʘ ʟʦʥʘ ʩʢʝʥʠʨʘˁʘ (ʦʟʥʘʯʝʥʘ 

ʥʘ ʩʣʠʮʠ ʮʨʥʦʤ ʙʦʿʦʤ) 

ʆʩʠʤ ʪʠʧʘ ʧʦʚʨʰʠʥʝ ʢʦʿʘ ʩʝ ʩʢʝʥʠʨʘ, ʚʨʣʦ ʯʝʩʪʦ ʧʨʦʙʣʝʤ ʧʨʠʣʠʢʦʤ ʩʢʝʥʠʨʘˁʘ ʧʨʘʚʠ 

ʠ ʩʘʤ ʦʙʣʠʢ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʅʘ ʩʣʠʮʠ 8. ʩʫ ʜʘʪʠ ʥʝʢʠ ʦʜ ʢʣʘʩʠʯʥʠʭ ʧʨʦʙʣʝʤʘ ʢʦʿʠ ʩʝ 

ʿʘʚˀʘʿʫ ʫ ʩʠʩʪʝʤʠʤʘ ʩʘ ʧʨʦʬʠʣʥʠʤ ʣʘʩʝʨʩʢʠʤ ʩʢʝʥʝʨʠʤʘ, ʘ ʧʦʩʣʝʜʠʮʘ ʩʫ ʧʨʠʨʦʜʝ ʨʝʬʣʝʢʩʠʿʝ 

ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠʣʠ ʦʙʣʠʢʘ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. ɽʬʝʢʘʪ ʩʝʥʢʝ ʥʘʩʪʘʿʝ ʢʘʜʘ ʨʝʬʣʝʢʩʠʿʘ ʥʝʤʘ 

ʜʠʨʝʢʪʥʫ ʚʠʜˀʠʚʦʩʪ ʩʘ ʢʘʤʝʨʦʤ ʩʝʥʟʦʨʘ (ʙʣʦʢʠʨʘʥʘ ʿʝ ʠʚʠʮʦʤ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ ʠʣʠ ʥʝʢʦʤ 

ʜʨʫʛʦʤ ʧʨʝʧʨʝʢʦʤ), ʪʝ ʿʝ ʥʠʿʝ ʤʦʛʫ˂ʝ ʜʝʪʝʢʪʦʚʘʪʠ ʠ ʠʣʫʩʪʨʦʚʘʥʘ ʿʝ ʥʘ ʩʣʠʮʠ 8ʘ. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ 

ʩʝ ʩʢʝʥʠʨʘʿʫ ʠʟʨʘʟʠʪʦ ʨʝʬʣʝʢʪʠʚʥʝ ʧʦʚʨʰʠʥʝ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʠʥʪʝʨʬʝʨʝʥʮʝ ʫ ʚʠʜʫ ʜʦʜʘʪʥʠʭ 

ʥʝʞʝˀʝʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʢʦʿʝ ʩʫ ʜʝʪʝʢʪʦʚʘʥʝ ʢʘʤʝʨʦʤ, ʘ ʩʘʤʠʤ ʪʠʤ ʢʘʩʥʠʿʝ ʠ ʧʨʦʮʝʩʠʨʘʥʝ ʢʘʦ 

ʩʪʘʥʜʘʨʜʥʝ ʨʝʬʣʝʢʩʠʿʝ. ʌʠʣʪʨʠʨʘˁʝ ʦʚʘʢʚʠʭ ʣʘʞʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʚʝʣʠʢʠ 

ʠʟʘʟʦʚ ʿʝʨ ʠʭ ʿʝ ʪʝʰʢʦ ʨʘʟʣʠʢʦʚʘʪʠ ʦʜ ʧʨʘʚʠʭ. ʇʨʠʤʝʨ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 8ʙ. 

ʇʨʦʙʣʝʤ ʤʨʪʚʝ ʟʦʥʝ ʩʢʝʥʠʨʘˁʘ ʥʘʩʪʘʿʝ ʢʘʜʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʥʝ ʤʦʞʝ ʜʘ ʜʦʧʨʝ ʜʦ ʩʢʝʥʠʨʘʥʝ 

ʧʦʚʨʰʠʥʝ ʫʩʣʝʜ ʧʨʝʧʨʝʢʘ ʫ ʚʠʜʫ ʠʚʠʮʘ ʠʣʠ ʥʝʢʠʭ ʜʨʫʛʠʭ ʦʙʿʝʢʘʪʘ. ʄʨʪʚʘ ʟʦʥʘ ʩʢʝʥʠʨʘˁʘ ʜʘʪʘ 

ʿʝ ʥʘ ʩʣʠʮʠ 8ʮ., ʠ ʦʟʥʘʯʝʥʘ ʿʝ ʪʨʘʥʩʧʘʨʝʥʪʥʦʤ ʮʨʥʦʤ ʙʦʿʦʤ [30]. ʇʨʦʙʣʝʤ ʤʨʪʚʝ ʟʦʥʝ ʩʝ ʫ 

ʧʨʘʢʩʠ ʨʝʰʘʚʘ ʫʧʦʪʨʝʙʦʤ ʚʠʰʝ ʩʠʥʭʨʦʥʠʭ ʩʢʝʥʝʨʘ ʢʦʿʠ ʧʦʿʝʜʠʥʘʯʥʦ ʛʝʥʝʨʠʩʘʥʠ ʦʙʣʘʢ ʪʘʯʘʢʘ 

ʩʦʬʪʚʝʨʩʢʠ ʩʧʘʿʘʿʫ ʫ ʿʝʜʘʥ. 
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ʇʦʿʝʜʠʥʠ ʜʝʣʦʚʠ ʩʣʠʢʝ ʩʘ ʧʠʢʩʝʣʠʤʘ ʫ ʟʘʩʠ˂ʝˁʫ ʤʦʛʫ ʣʘʢʦ ʥʘʩʪʘʪʠ ʫ ʧʨʦʮʝʩʠʤʘ 

ʢʦʥʪʨʦʣʝ ʢʚʘʣʠʪʝʪʘ PCB ʧʣʦʯʘ (Printed Circuit Board) ʧʨʠʣʠʢʦʤ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ 

ʩʚʝʪʣʦʩʪʠ ʦ ʧʦʚʨʰʠʥʝ ʩʢʣʦʥʝ ʢʨʝʠʨʘˁʫ ʝʬʝʢʪʘ ʣʘʩʝʨʩʢʝ ʤʨˀʝ, ʢʘʦ ʰʪʦ ʩʫ ʥʘ ʧʨʠʤʝʨ ʥʦʞʠʮʝ 

ʠʣʠ ʧʠʥʦʚʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʢʦʤʧʦʥʝʥʪʠ (ʤʝʪʘʣʥʝ ʧʦʚʨʰʠʥʝ ʚʠʩʦʢʦʛ ʩʿʘʿʘ) [31]. ʂʘʢʦ ʙʠ ʩʝ 

ʧʦʙʦˀʰʘʣʘ ʪʘʯʥʦʩʪ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʫ ʪʘʢʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ HDR (High 

Dynamic Range) ʩʣʠʢʘ. ʂʦʜ HDR ʩʣʠʢʘ ʜʦʙʠʿʘ ʩʝ ʟʥʘʯʘʿʥʦ ʙʦˀʠ ʦʧʩʝʛ ʠʥʪʝʥʟʠʪʝʪʘ, ʘʣʠ ʠ 

ʜʝʪʘˀʘ ʩʣʠʢʝ ʫ ʦʜʥʦʩʫ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʫ ʜʠʛʠʪʘʣʥʫ ʩʣʠʢʫ. ʂʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ HDR ʩʣʠʢʘ, 

ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʤʝʪʦʜʝ ʢʦʤʙʠʥʦʚʘˁʘ ʚʠʰʝ ʩʣʠʢʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʤʝʥʠʤʘ ʝʢʩʧʦʟʠʮʠʿʝ 

ʢʘʤʝʨʝ. ʊʘʢʘʚ ʧʨʠʩʪʫʧ ʟʘʭʪʝʚʘ ʜʘ ʩʫ ʩʮʝʥʘ ʠ ʢʘʤʝʨʘ ʬʠʢʩʠʨʘʥʠ ʠ ʪʦ ʟʙʦʛ ʧʨʝʢʣʘʧʘˁʘ ʩʣʠʢʘ ʫ 

ʧʨʦʮʝʩʫ ʢʨʝʠʨʘˁʘ ʥʦʚʝ HDR ʩʣʠʢʝ. ɿʙʦʛ ʪʦʛʘ ʘʫʪʦʨʠ [32] ʧʨʝʜʣʘʞʫ ʿʘʢʦ ʟʘʥʠʤˀʠʚ ʧʨʠʩʪʫʧ 

ʢʦʨʠʰ˂ʝˁʘ ʤʠʢʨʦ ʜʠʩʧʣʝʿʘ, ʦʜʥʦʩʥʦ LCOS (Liquid Cristal On Silicon) ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʦ 

ʠʥʪʝʥʟʠʪʝʪ ʜʦʣʘʟʥʦʛ ʟʨʘʢʘ ʩʚʝʪʣʦʩʪʠ ʠ ʤʦʜʠʬʠʢʦʚʘʦ ʫ ʦʯʝʢʠʚʘʥʠ ʜʠʥʘʤʠʯʢʠ ʦʧʩʝʛ ʢʘʤʝʨʝ. 

ʇʨʘʢʪʠʯʥʦ, ʫ ʪʘʢʚʦʤ ʩʠʩʪʝʤʫ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʜʦʣʘʟʠ ʜʦ ʢʘʤʝʨʝ ʧʨʝʢʦ LCOS ʫʨʝʹʘʿʘ, ʢʦʿʠ 

ʤʦʞʝ ʥʘ ʥʠʚʦʫ ʧʠʢʩʝʣʘ ʜʘ ʜʠʥʘʤʠʯʢʠ ʧʦʜʝʰʘʚʘ ʢʦʣʠʯʠʥʫ ʩʚʝʪʣʦʩʪʠ ʢʦʿʘ ʩʪʠʞʝ ʜʦ ʢʘʤʝʨʝ. 

ʂʦʨʠʰ˂ʝˁʝʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ ʤʦʛʫ˂ʝ ʿʝ ʥʘʧʨʘʚʠʪʠ ʩʠʩʪʝʤ ʢʦʿʠ ʩʝ ʜʠʥʘʤʠʯʢʠ 

ʧʦʜʝʰʘʚʘ ʥʘ ʫʩʣʦʚʝ ʩʨʝʜʠʥʝ. 

ʇʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʩʠʩʪʝʤʘ, ʙʝʟ ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ ʤʦʞʝ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʩʝ 

ʢʦʨʠʩʪʠ ʠʜʝʘʣʥʘ ʃʘʤʙʝʨʪʠʘʥ ʧʦʚʨʰʠʥʘ ʚʠʩʦʢʦʛ ʩʪʝʧʝʥʘ ʨʝʬʣʝʢʩʠʿʝ, ʘ ʜʘ ʩʫ ʝʬʝʢʪʠ ʘʧʩʦʨʧʮʠʿʝ 

ʠ ʪʨʘʥʩʤʠʩʠʿʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʟʘʥʝʤʘʨˀʠʚʠ. 

ʆʜ ʦʧʠʩʘʥʠʭ ʬʝʥʦʤʝʥʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʣʘʩʝʨʩʢʫ ʨʝʬʣʝʢʩʠʿʫ ʩʠʛʫʨʥʦ ʩʝ ʢʘʦ ʛʣʘʚʥʠ 

ʬʘʢʪʦʨʠ ʠʟʜʚʘʿʘʿʫ ʚʨʝʤʝ ʝʢʩʧʦʟʠʮʠʿʝ ʠ ʩʥʘʛʘ ʠʟʚʦʨʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʩʢʝʥʠʨʘʥʫ 

ʧʦʚʨʰʠʥʫ. ʊʘʢʦʹʝ ʢʘʦ ʿʝʜʘʥ ʦʜ ʙʠʪʥʠʭ ʬʘʢʪʦʨʘ ʠʟʜʚʘʿʘ ʩʝ ʝʬʝʢʘʪ ʣʘʩʝʨʩʢʝ ʤʨˀʝ ʦ ʢʦʿʝʤ ˂ʝ 

ʙʠʪʠ ʚʠʰʝ ʨʝʯʠ ʫ ʥʘʩʪʘʚʢʫ ʨʘʜʘ. ʅʦʚ ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʫ ʦʚʦʤ ʨʘʜʫ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ 

ʤʦʜʝʣʫʿʝ ʧʦʤʝʥʫʪʝ ʝʬʝʢʪʝ ʠ ʜʘʿʝ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ 

ʩʘʪʫʨʠʩʘʥʘ, ʪʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʦʧʨʠʥʦʩʠ ʙʦˀʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʩʢʝʥʠʨʘˁʘ. 

ʅʘʢʦʥ ʨʝʬʣʝʢʩʠʿʝ ʩʚʝʪʣʦʩʪʠ ʦʜ ʧʦʚʨʰʠʥʝ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ ʣʘʩʝʨʩʢʠ ʩʚʝʪʣʦʩʥʠ ʟʨʘʢ 

ʜʦʣʘʟʠ ʥʘʟʘʜ ʢʘ ʧʨʦʬʠʣʥʦʤ ʩʢʝʥʝʨʫ. ʆʩʠʤ ˁʝʛʦʚʝ ʨʝʬʣʝʢʩʠʿʝ ʢʘ ʧʨʦʬʠʣʥʦʤ ʩʢʝʥʝʨʫ ʜʦʣʘʟʝ ʠ 

ʘʤʙʠʿʝʥʪʘʣʥʦ ʩʚʝʪʣʦ ʘʣʠ ʠ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʠ ʟʘʿʝʜʥʦ ʫʪʠʯʫ ʥʘ ʢʚʘʣʠʪʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ. 

ʇʨʝ ʥʝʛʦ ʰʪʦ ʩʚʝʪʣʦʩʪ ʜʦʧʨʝ ʜʦ ʢʘʤʝʨʝ, ʤʦʨʘ ʜʘ ʧʨʦʹʝ ʢʨʦʟ ʦʧʪʠʯʢʠ ʬʠʣʪʘʨ ʠ ʦʧʪʠʢʫ ʢʘʤʝʨʝ.  

 

 

2.3. ʆʧʪʠʯʢʠ ʩʠʩʪʝʤ ʠ ʜʠʛʠʪʘʣʥʠ ʩʝʥʟʦʨ ʢʘʤʝʨʝ ʢʦʜ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ 

 

2.3.1. ʆʧʪʠʯʢʠ ʩʠʩʪʝʤ 

 

 

ʅʘʢʦʥ ʨʝʬʣʝʢʩʠʿʝ ʦʜ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ, ʨʝʬʣʝʢʪʦʚʘʥʘ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʫ ʩʠʩʪʝʤ ʜʦʣʘʟʠ 

ʧʨʝʢʦ ʦʧʪʠʯʢʠʭ ʬʠʣʪʘʨʘ ʠ ʦʧʪʠʯʢʠʭ ʩʦʯʠʚʘ ʜʦ ʢʘʤʝʨʝ. ʆʧʪʠʯʢʠ ʬʠʣʪʨʠ ʟʘʧʨʘʚʦ ʧʨʦʧʫʰʪʘʿʫ 

ʩʚʝʪʣʦʩʪ ʦʜʨʝʹʝʥʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʠ ʪʘʢʦ ʩʤʘˁʫʿʫ ʥʠʚʦ ʰʫʤʘ ʫ ʩʠʩʪʝʤʫ. ʇʦʩʪʦʿʝ ʨʘʟʥʝ ʚʨʩʪʝ 

ʦʧʪʠʯʢʠʭ ʬʠʣʪʘʨʘ, ʧʘ ʪʘʢʦ ʥʘ ʧʨʠʤʝʨ ʤʦʥʦʭʨʦʤʘʪʩʢʠ ʬʠʣʪʨʠ ʧʨʦʧʫʰʪʘʿʫ ʩʘʤʦ ʫʟʘʢ ʦʧʩʝʛ 

ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ. ɼʠʭʨʦʠʯʥʠ ʬʠʣʪʝʨʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʦʧʫʰʪʘˁʝ ʩʘʤʦ ʦʜʨʝʹʝʥʝ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ ʜʦʢ ʿʝ ʦʩʪʘʪʘʢ ʩʚʝʪʣʦʩʪʠ ʨʝʬʣʝʢʪʦʚʘʥ ʥʘʟʘʜ. 

ʂʣʘʩʠʯʘʥ ʧʨʠʤʝʨ ʧʨʠʤʝʥʝ ʦʧʪʠʯʢʠʭ ʬʠʣʪʘʨʘ ʢʦʜ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʿʝ ʫ ʘʧʣʠʢʘʮʠʿʘʤʘ 

ʨʦʙʦʪʠʟʦʚʘʥʦʛ ʚʘʨʝˁʘ. ʊʘʜʘ ʘʤʙʠʿʝʥʪʘʣʥʦ ʩʚʝʪʣʦ ʠʤʘ ʠʟʨʘʟʠʪʦ ʿʘʢ ʠʥʪʝʥʟʠʪʝʪ, ʘ ʦʩʠʤ 

ʩʚʝʪʣʦʩʪʠ, ʫʩʣʝʜ ʚʠʩʦʢʝ ʪʝʤʧʝʨʘʪʫʨʝ ʿʘʚˀʘʿʫ ʩʝ ʨʘʟʥʝ ʚʨʩʪʝ ʠʩʧʘʨʝˁʘ ʠ ʯʝʩʪʠʮʘ ʢʦʿʝ ʥʘʧʫʰʪʘʿʫ 

ʧʦʚʨʰʠʥʫ ʤʝʪʘʣʘ. ʊʘʢʦʹʝ, ʥʝ ʪʨʝʙʘ ʟʘʙʦʨʘʚʠʪʠ ʜʘ ʯʝʩʪʠʮʝ ʧʨʘʰʠʥʝ ʠʣʠ ʜʠʤʘ ʢʦʿʝ ʥʘʩʪʘʿʫ 
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ʧʨʠʣʠʢʦʤ ʧʨʦʮʝʩʘ ʟʘʚʘʨʠʚʘˁʘ ʤʝʪʘʣʘ ʠʤʘʿʫ ʚʝ˂ʠ ʧʨʝʯʥʠʢ ʦʜ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʚʠʜˀʠʚʝ 

ʩʚʝʪʣʦʩʪʠ. ʅʘ ʦʩʥʦʚʫ ʦʩʦʙʠʥʘ ʜʠʬʨʘʢʮʠʿʝ ʪʘʣʘʩʘ, ʩʚʝʪʣʦʩʪ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʢʦʿʘ ʦʜʛʦʚʘʨʘ 

ʮʨʚʝʥʦʿ ʙʦʿʠ ʣʘʢʦ ʧʨʦʜʠʨʝ ʢʨʦʟ ʜʠʤ. ɿʙʦʛ ʪʦʛʘ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʢʦʿʠ ʠʤʘʿʫ ʧʨʠʤʝʥʫ ʫ 

ʩʠʩʪʝʤʠʤʘ ʟʘʚʘʨʠʚʘˁʘ ʢʦʨʠʩʪʝ ʮʨʚʝʥʠ ʣʘʩʝʨ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 660 nm. ʊʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʦʧʪʠʯʢʠ 

ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʥʘ ʫʣʘʟʫ ʫ ʩʠʩʪʝʤ, ʪʝ ʩʝ ʧʦʪʠʩʢʫʿʫ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ 

ʘʤʙʠʿʝʥʪʘʣʥʦʤ ʩʚʝʪʣʫ, ʢʦʿʝ ʩʝ ʤʦʞʝ ʩʤʘʪʨʘʪʠ ʠʟʚʦʨʦʤ ʰʫʤʘ. ɽʬʝʢʪʠʚʥʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ 

ʬʠʣʪʘʨʘ ʿʝ ʠʟʤʝʹʫ 200 ʠ 1200 nm, ʧʨʠ ʯʝʤʫ ʿʝ ʪʨʘʥʩʤʠʪʘʥʩʘ ʫ ʦʧʩʝʛʫ ʦʜ 650 ʜʦ 670 nm ʦʙʠʯʥʦ 

ʚʝ˂ʘ ʦʜ 85 %, ʜʦʢ ʿʝ ʫ ʦʧʩʝʛʫ ʢʦʿʠ ʩʝ ʙʣʦʢʠʨʘ ʤʘˁʘ ʦʜ 0.01 % [33]. 

ʆʧʪʠʢʘ ʢʘʤʝʨʝ ʿʝ ʝʣʝʤʝʥʪ ʢʦʿʠ ʬʦʢʫʩʠʨʘ ʜʦʣʘʟʝ˂ʫ ʨʝʬʣʝʢʪʦʚʘʥʫ ʣʘʩʝʨʩʢʫ ʩʚʝʪʣʦʩʪ ʥʘ 

ʩʝʥʟʦʨ ʢʘʤʝʨʝ. ʄʦʜʝʨʘʥ ʜʠʟʘʿʥ ʩʦʯʠʚʘ ʚʨʣʦ ʯʝʩʪʦ ʢʦʤʙʠʥʫʿʝ ʚʠʰʝ ʦʜ ʿʝʜʥʦʛ ʩʦʯʠʚʘ ʫ ʦʧʪʠʮʠ 

ʢʘʤʝʨʝ.  

ɿʘʿʝʜʥʦ, ʩʦʯʠʚʘ ʠ ʬʠʣʪʝʨʠ ʫ ʩʠʩʪʝʤʫ ʦʙʣʠʢʫʿʫ ʠ ʤʝˁʘʿʫ ʩʚʝʪʣʦʩʪ ʢʦʿʘ ʜʦʣʘʟʠ ʜʦ ʩʝʥʟʦʨʘ 

ʢʘʤʝʨʝ. 

ɸʤʙʠʿʝʥʪʘʣʥʦ ʩʚʝʪʣʦ ʤʦʞʝ ʩʝ ʬʠʣʪʨʠʨʘʪʠ ʦʧʪʠʯʢʠʤ ʬʠʣʪʨʦʤ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ, ʪʝ ʩʝ 

ʥʝ˂ʝ ʨʘʯʫʥʘʪʠ ʢʘʦ ʜʦʜʘʪʥʠ ʠʟʚʦʨ ʰʫʤʘ ʫ ʘʥʘʣʠʟʠ ʜʝʪʝʢʮʠʿʝ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ.  

ʅʘʢʦʥ ʧʨʦʣʘʩʢʘ ʩʚʝʪʣʦʩʪʠ ʢʨʦʟ ʦʧʪʠʯʢʠ ʬʠʣʪʘʨ ʠ ʦʧʪʠʢʫ ʢʘʤʝʨʝ, ʨʝʬʣʝʢʪʦʚʘʥʘ 

ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʜʦʣʘʟʠ ʜʦ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ ʛʜʝ ʩʝ ʚʨʰʠ ʢʦʥʚʝʨʟʠʿʘ ʬʦʪʦʥʘ ʫ ʝʣʝʢʪʨʦʥʝ ʘ ʦʥʜʘ 

ʩʘ ʘʥʘʣʦʛʥʦ ʜʠʛʠʪʘʣʥʠʤ ʢʦʥʚʝʨʪʦʨʠʤʘ (ADC) ʧʨʝʪʚʘʨʘ ʫ ʜʠʛʠʪʘʣʥʠ ʩʠʛʥʘʣ, ʦʜʥʦʩʥʦ ʧʠʢʩʝʣʝ 

ʠ ʥʘ ʢʨʘʿʫ ʫ ʩʣʠʢʫ ʢʦʿʫ ʚʠʜʠʤʦ.  

 

 

2.3.2. ɼʠʛʠʪʘʣʥʠ ʩʝʥʟʦʨ ʢʘʤʝʨʝ 

 

 

ʂʘʢʦ ʙʠ ʩʘʯʫʚʘʣʠ ʠ ʦʙʨʘʜʠʣʠ ʠʥʬʦʨʤʘʮʠʿʫ ʨʝʬʣʝʢʪʦʚʘʥʝ ʩʚʝʪʣʦʩʪʠ ʦʜ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ, 

ʦʥʘ ʤʦʨʘ ʙʠʪʠ ʧʨʠʤˀʝʥʘ ʥʝʢʦʤ ʚʨʩʪʦʤ ʬʦʪʦʜʝʪʝʢʪʦʨʘ. ɺʝ˂ʠʥʘ ʤʦʜʝʨʥʠʭ ʣʘʩʝʨʩʢʠʭ 

ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʢʦʨʠʩʪʠ CCD (Charge Coupled Device) ʠʣʠ CMOS (Complementary Metal 

Oxide Semiconductor) ʩʝʥʟʦʨʝ. ʅʘʢʦʥ ʧʨʝʜʩʪʘʚˀʘˁʘ, CCD ʩʝʥʟʦʨʠ ʩʫ ʜʦʞʠʚʝʣʠ ʦʛʨʦʤʥʫ 

ʝʢʩʧʘʥʟʠʿʫ, ʘ ʨʘʟʚʦʿ ʜʠʛʠʪʘʣʥʝ ʬʦʪʦʛʨʘʬʠʿʝ ʜʝʬʠʥʠʪʠʚʥʦ ʜʦʩʪʠʞʝ ʩʚʦʿ ʤʘʢʩʠʤʫʤ ʩʘ ʨʘʟʚʦʿʝʤ 

CMOS ʪʝʭʥʦʣʦʛʠʿʝ. CCD ʩʝʥʟʦʨʠ ʠʤʘʿʫ ʚʝ˂ʫ ʦʩʝʪˀʠʚʦʩʪ ʠ ʙʦˀʝ ʬʦʨʤʠʨʘˁʝ ʩʣʠʢʝ ʫ ʫʩʣʦʚʠʤʘ 

ʢʘʜʘ ʿʝ ʠʥʪʝʥʟʠʪʝʪ ʩʚʝʪʣʦʩʪʠ ʤʘʣʠ, ʜʦʢ ʩʫ CMOS ʩʝʥʟʦʨʠ ʟʥʘʯʘʿʥʦ ʿʝʬʪʠʥʠʿʠ. 

ʋ ʘʧʣʠʢʘʮʠʿʘʤʘ ʧʨʦʬʠʣʥʠʭ ʣʘʩʝʨʩʢʠʭ ʩʝʥʟʦʨʘ ʢʦʨʠʩʪʝ ʩʝ ʙʨʟʝ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ ʩʘ 

ʛʣʦʙʘʣʥʠʤ ʰʘʪʝʨʦʤ (global shutter), ʦʜʥʦʩʥʦ ʯʫʚʘˁʝ ʩʚʠʭ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʩʝ ʚʨʰʠ ʫ ʠʩʪʦʤ 

ʚʨʝʤʝʥʩʢʦʤ ʪʨʝʥʫʪʢʫ. ʂʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ, ʤʝʨʥʠ ʦʙʿʝʢʘʪ ʥʘʿʯʝʰ˂ʝ ʥʠʿʝ 

ʩʪʘʮʠʦʥʘʨʘʥ, ʚʝ˂ ʩʝ ʢʨʝ˂ʝ ʥʘ ʧʦʢʨʝʪʥʦʿ ʠʥʜʫʩʪʨʠʿʩʢʦʿ ʪʨʘʮʠ. ʅʝʢʘʜʘ ʩʝ ʜʝʰʘʚʘ ʜʘ ʿʝ ʩʘʤʘ 

ʧʣʘʪʬʦʨʤʘ ʥʘ ʢʦʿʫ ʿʝ ʠʥʩʪʘʣʠʨʘʥ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨ ʧʦʢʨʝʪʥʘ ʪʝ ʩʝ ʪʘʢʦ ʩʢʝʥʠʨʘ ʤʝʨʥʠ ʦʙʿʝʢʘʪ, 

ʘ ʥʝʨʝʪʢʦ ʠ ʤʝʨʥʠ ʦʙʿʝʢʘʪ ʠ ʧʣʘʪʬʦʨʤʘ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ ʩʢʝʥʝʨ ʩʝ ʤʦʛʫ ʢʨʝʪʘʪʠ ʫ ʠʩʪʦʤ 

ʪʨʝʥʫʪʢʫ. ʋʧʨʘʚʦ ʿʝ ʪʦ ʨʘʟʣʦʛ ʟʙʦʛ ʢʦʿʝʛ ʩʝ ʫʤʝʩʪʦ ʧʦʢʨʝʪʥʦʛ (rolling shutter) ʢʦʨʠʩʪʠ ʛʣʦʙʘʣʥʠ 

ʰʘʪʝʨ, ʢʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʘʦ ʜʦʙʨʦ ʧʦʟʥʘʪʠ ʝʬʝʢʘʪ rolling shutter-a ʥʘ ʩʣʠʢʘʤʘ.  

ʅʘ ʩʣʠʮʠ 9. ʿʝ ʜʘʪ ʧʨʠʤʝʨ CMOS ʩʝʥʟʦʨʘ AMS CMV 4000 ʟʘʿʝʜʥʦ ʩʘ Flir Blackfly S 

ʠʥʜʫʩʪʨʠʿʩʢʦʤ ʢʘʤʝʨʦʤ ʫ ʢʦʿʫ ʿʝ ʫʛʨʘʹʝʥ Sony IMX 287 ʩʝʥʟʦʨ. 
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ʉʣʠʢʘ 9. (ʘ) CMOS AMS CMV4000 ʩʝʥʟʦʨ; (ʙ) ʠʥʜʫʩʪʨʠʿʩʢʘ ʢʘʤʝʨʘ Flir  Blackfly S ʫ ʢʦʿʫ ʿʝ 

ʫʛʨʘʹʝʥ Sony IMX 287 CMOS ʩʝʥʟʦʨ 

EMVA (European Machine Vision Association) ʿʝ ʧʦʢʨʝʥʫʣʘ ʠʥʠʮʠʿʘʪʠʚʫ ʢʘʢʦ ʙʠ ʩʝ 

ʫʩʘʛʣʘʩʠʦ ʤʝʪʦʜ ʢʘʢʦ ʩʝ ʤʝʨʝ, ʨʘʯʫʥʘʿʫ ʠ ʧʨʝʟʝʥʪʫʿʫ ʧʘʨʘʤʝʪʨʠ ʢʘʤʝʨʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ 

ʘʧʣʠʢʘʮʠʿʘʤʘ ʤʘʰʠʥʩʢʝ ʚʠʟʠʿʝ [34]. ʆʜʘʙʠʨ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʢʘʤʝʨʝ ʟʘ ʢʦʥʢʨʝʪʥʫ ʘʧʣʠʢʘʮʠʿʫ 

ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʚʝʣʠʢʠ ʠʟʘʟʦʚ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʫʟʤʝ ʫ ʦʙʟʠʨ ʜʘ ʤʥʦʛʠ ʧʨʦʠʟʚʦʹʘʯʠ ʜʘʿʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ʩʝ ʥʝ ʤʦʛʫ ʧʦʨʝʜʠʪʠ ʜʠʨʝʢʪʥʦ ʩʘ ʜʨʫʛʠʤ ʧʨʦʠʟʚʦʹʘʯʠʤʘ. ɱʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ 

ʮʠˀʝʚʘ EMVA ʿʝ ʜʘ ʧʦʿʝʜʥʦʩʪʘʚʠ ʦʜʘʙʠʨ ʢʘʤʝʨʝ ʠ ʩʤʘˁʠ ʪʨʦʰʢʦʚʝ, ʿʝʨ ʩʝ ʠʟʙʝʛʘʚʘ ʩʢʫʧ 

ʧʨʦʮʝʩ ʤʝʨʝˁʘ ʠ ʧʦʨʝʹʝˁʘ ʨʝʟʫʣʪʘʪʘ ʠʟʤʝʹʫ ʨʘʟʣʠʯʠʪʠʭ ʧʨʦʠʟʚʦʹʘʯʘ. ʉʪʘʥʜʘʨʜʥʠ ʧʘʨʘʤʝʪʨʠ 

ʢʘʤʝʨʝ ʩʫ ʦʙʘʚʝʟʥʠ ʜʘ ʩʝ ʥʘʚʝʜʫ ʢʘʦ ʧʦʜʘʪʘʢ ʜʘʪ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ. ʊʦ ʩʫ ʥʘ ʧʨʠʤʝʨ 

ʦʩʝʪˀʠʚʦʩʪ, ʚʨʝʤʝʥʩʢʠ ʧʨʦʤʝʥˀʠʚ ʰʫʤ, ʣʠʥʝʘʨʥʦʩʪ ʦʜʟʠʚʘ, ʙʨʦʿ ʜʝʬʝʢʪʥʠʭ ʧʠʢʩʝʣʘ, ʮʫʨʝˁʝ 

ʪʘʤʥʝ ʩʪʨʫʿʝ ʢʘʤʝʨʝ ʠ ʜʨʫʛʠ. ʄʦʛʫ˂ʝ ʿʝ ʧʨʦʥʘ˂ʠ ʧʦʨʝʹʝˁʝ ʜʚʝ ʢʘʤʝʨʝ ʨʘʟʣʠʯʠʪʠʭ ʧʨʦʠʟʚʦʹʘʯʘ 

ʥʘ ʦʩʥʦʚʫ EMVA ʩʪʘʥʜʘʨʜʘ: 

ʊʘʙʝʣʘ 1. ʇʦʨʝʹʝˁʝ ʜʚʝ CMOS ʢʘʤʝʨʝ ʥʘ ʦʩʥʦʚʫ EMVA 

 Sony 

IMX273 

CMOSiS 

CMV4000 

 ʊʠʧ ʩʝʥʟʦʨʘ CMOS CMOS 

ʊʠʧ ʰʘʪʝʨa  Global Global 

ʈʝʟʦʣʫʮʠʿʘ 1440× 1080 2048 Ĭ 2048 

ɺʝʣʠʯʠʥʘ ʧʠʢʩʝʣʘ [ɛm] 3.45 5.50 

ɺʝʣʠʯʠʥʘ ʩʝʥʟʦʨʘ ["]  1/2.9 1 

Quantum Efficiency [%] 63 62 

Dark Noise [eï] 7 14 

ʂʘʧʘʮʠʪʝʪ ʩʘʪʫʨʘʮʠʿʝ 

[Keï] 
10.5 12.4 

ɼʠʥʘʤʠʯʢʠ ʦʧʩʝʛ [dB] 71 59 

ʄʘʢʩʠʤʘʣʘʥ SNR [dB] 40 41 

 

ɺʝʣʠʯʠʥʘ ʧʠʢʩʝʣʘ ʠʤʘ ʜʠʨʝʢʪʘʥ ʫʪʠʮʘʿ ʥʘ ʘʣʛʦʨʠʪʘʤ ʢʚʘʥʪʠʟʘʮʠʿʝ ʪʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʫʪʠʯʝ 

ʥʘ ʪʘʯʥʦʩʪ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ. ɺʝʣʠʯʠʥʘ ʧʠʢʩʝʣʘ ʠʤʘ ʦʜʨʝʹʝʥʘ ʦʛʨʘʥʠʯʝˁʘ, ʧʘ ʪʘʢʦ ʢʘʜʘ 

ʧʠʢʩʝʣ ʠʤʘ ʤʘˁʫ ʚʝʣʠʯʠʥʫ, ʪʘʯʥʦʩʪ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʩʝ ʧʦʚʝ˂ʘʚʘ, ʘʣʠ ʩʝ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ 

ʩʤʘˁʫʿʝ ʢʚʘʣʠʪʝʪ ʩʣʠʢʝ ʩʘ ʢʘʤʝʨʝ ʟʙʦʛ ʤʘˁʝʛ SNR ʦʜʥʦʩʘ [35]. ʈʝʟʦʣʫʮʠʿʘ ʿʝ ʪʘʢʦʹʝ ʿʝʜʘʥ ʦʜ 

ʙʠʪʥʠʭ ʬʘʢʪʦʨʘ ʧʨʠʣʠʢʦʤ ʠʟʙʦʨʘ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ, ʿʝʨ ʫʪʠʯʝ ʥʘ ʚʠʜʥʦ ʧʦˀʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. 

ʌʠʟʠʯʢʘ ʚʝʣʠʯʠʥʘ ʩʝʥʟʦʨʘ ˂ʝ ʧʨʝ ʩʚʝʛʘ ʟʘʚʠʩʠʪʠ ʦʜ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ ʠ ʨʝʟʦʣʫʮʠʿʝ ʢʘʤʝʨʝ ʠ 

ʠʤʘ ʟʥʘʯʘʿʥʫ ʫʣʦʛʫ ʧʨʠʣʠʢʦʤ ʢʦʥʩʪʨʫʢʮʠʿʝ ʤʝʭʘʥʠʯʢʦ-ʦʧʪʠʯʢʦʛ ʜʝʣʘ ʩʠʩʪʝʤʘ. 
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ʂʚʘʥʪʥʘ ʝʬʠʢʘʩʥʦʩʪ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ ʠʟʤʝʹʫ ʙʨʦʿʘ ʧʨʠʤˀʝʥʠʭ ʬʦʪʦʥʘ 

ʠ ʜʝʣʘ ʬʦʪʦʥʘ ʢʦʥʚʝʨʪʦʚʘʥʠʭ ʫ ʝʣʝʢʪʨʦʥʝ ʠ ʟʘʧʨʘʚʦ ʧʨʝʜʩʪʘʚˀʘ ʩʝʥʟʠʪʠʚʥʦʩʪ ʢʘʤʝʨʝ. ʂʚʘʥʪʥʘ 

ʝʬʠʢʘʩʥʦʩʪ ʦʜ 63 % ʠʟ ʪʘʙʝʣʝ 1, ʟʘ Sony IMX273 ʩʝʥʟʦʨ ʟʘʧʨʘʚʦ ʛʦʚʦʨʠ ʜʘ ʦʜ 100 ʬʦʪʦʥʘ ʢʦʿʠ 

ʜʦʹʫ ʥʘ ʧʦʚʨʰʠʥʫ ʧʠʢʩʝʣʘ ʧʨʦʠʟʚʝʜʝ 63 ʝʣʝʢʪʨʦʥʘ ʢʦʿʝ ʢʘʩʥʠʿʝ ʧʠʢʩʝʣ ʧʨʝʪʚʘʨʘ ʫ ʥʘʧʦʥ. 

ʐʫʤ ʪʘʤʥʝ ʩʪʨʫʿʝ (Dark Noise) ʿʝ ʚʨʩʪʘ ʰʫʤʘ ʢʦʿʠ ʥʘʩʪʘʿʝ ʟʙʦʛ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʬʠʟʠʯʢʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʝʣʝʢʪʨʦʥʘ ʢʦʿʠ ʩʝ ʩʧʦʥʪʘʥʦ ʦʩʣʦʙʘʹʘʿʫ ʠ ʢʨʝ˂ʫ ʫ ʚʠʜʫ ʩʪʨʫʿʝ, ʯʘʢ ʠ ʢʘʜʘ ʥʝʤʘ 

ʜʦʣʘʟʥʠʭ ʬʦʪʦʥʘ ʥʘ ʧʦʚʨʰʠʥʠ ʧʠʢʩʝʣʘ. ʆ ʦʚʦʤ ʰʫʤʫ ˂ʝ ʙʠʪʠ ʚʠʰʝ ʨʝʯʠ ʫ ʥʘʩʪʘʚʢʫ ʨʘʜʘ.  

ʂʘʧʘʮʠʪʝʪ ʩʘʪʫʨʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘ ʢʦʣʠʯʠʥʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʦʿʫ ʧʠʢʩʝʣ ʢʘʤʝʨʝ ʤʦʞʝ ʜʘ 

ʧʨʠʤʠ ʧʨʝ ʩʘʪʫʨʘʮʠʿʝ. ɿʘʚʠʩʠ ʦʜ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ, ʢʘʦ ʠ ʨʘʜʥʠʭ ʥʘʧʦʥʘ ʢʘʤʝʨʝ. ʅʘʨʘʚʥʦ, 

ʙʦˀʝ ʢʘʤʝʨʝ ʠʤʘʿʫ ʚʝ˂ʠ ʢʘʧʘʮʠʪʝʪ ʩʘʪʫʨʘʮʠʿʝ.  

ʄʘʢʩʠʤʘʣʥʠ SNR ʢʘʤʝʨʝ ʿʝ ʫʩʢʦ ʧʦʚʝʟʘʥ ʩʘ ʢʘʧʘʮʠʪʝʪʦʤ ʩʘʪʫʨʘʮʠʿʝ. ʇʨʦʠʟʚʦʹʘʯʠ 

ʢʘʤʝʨʘ ʛʘ ʥʘʿʯʝʰ˂ʝ ʜʘʿʫ ʫ dB, ʠʟʨʘʞʝʥʦʛ ʧʨʝʢʦ ʢʚʘʜʨʘʪʥʦʛ ʢʦʨʝʥʘ ʢʘʧʘʮʠʪʝʪʘ ʩʘʪʫʨʘʮʠʿʝ.  

ɼʠʥʘʤʠʯʢʠ ʦʧʩʝʛ ʩʣʠʢʝ (Ὀ ) ʩʝ ʦʜʥʦʩʠ ʥʘ ʦʜʥʦʩ ʠʟʤʝʹʫ ʥʘʿʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ 

ʧʠʢʩʝʣʘ ʠ ʥʘʿʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ. ʆʙʠʯʥʦ ʩʝ ʠʟʨʘʞʘʚʘ ʫ dB ʠ ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ 

ʤʘʢʩʠʤʘʣʥʦʛ (Ὅ ) ʠ ʤʠʥʠʤʘʣʥʦʛ (Ὅ ) ʠʥʪʝʥʟʠʪʝʪʘ ʥʘ ʩʣʠʮʠ. ɼʠʥʘʤʠʯʢʠ ʦʧʩʝʛ ʩʣʠʢʝ ʜʘʪ ʿʝ 

ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ:  

Ὀ ςπÌÏÇ
Ὅ

Ὅ
 (2.3) 

ʅʘʨʘʚʥʦ, ʫ ʪʘʙʝʣʠ 1. ʜʘʪʠ ʩʫ ʩʘʤʦ ʥʝʢʠ ʦʜ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʢʘʤʝʨʝ.  

ʋ ʥʘʯʝʣʫ 3D ʩʢʝʥʝʨʠ ʠʤʘʿʫ ʜʦʩʪʘ ʩʣʠʯʥʦʩʪʠ ʩʘ ʢʘʤʝʨʘʤʘ ʢʦʿʝ ʧʨʠʢʫʧˀʘʿʫ ʠʥʬʦʨʤʘʮʠʿʫ 

ʦ ʙʦʿʠ ʦʢʨʫʞʝˁʘ ʫ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʝ, ʜʦʢ ʩʢʝʥʝʨʠ ʧʨʠʢʫʧˀʘʿʫ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʜʘˀʠʥʠ ʦʙʿʝʢʘʪʘ. 

ʂʘʦ ʠ ʚʝ˂ʠʥʘ ʢʘʤʝʨʘ, ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʠʤʘʿʫ ʦʛʨʘʥʠʯʝʥʦ ʚʠʜʥʦ ʧʦˀʝ ʠ ʤʦʛʫ ʧʨʠʢʫʧʠʪʠ 

ʠʥʬʦʨʤʘʮʠʿʝ ʩʘʤʦ ʦ ʦʙʿʝʢʪʠʤʘ ʢʦʿʠ ʠʤʘʿʫ ʜʠʨʝʢʪʥʫ ʣʠʥʠʿʫ ʚʠʜˀʠʚʦʩʪʠ ʩʘ ʦʧʪʠʯʢʠʤ ʩʝʥʟʦʨʦʤ. 

ɿʘʥʠʤˀʠʚʦ ʿʝ ʜʘ ʩʝ ʚʝ˂ ʩʘʜʘ ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʧʨʚʠ ʧʨʦʪʦʪʠʧʦʚʠ ʢʘʤʝʨʘ ʢʦʿʝ ʠʤʘʿʫ ʠʥʪʝʛʨʠʩʘʥʝ 

ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ʣʠʜʘʨʘ, ʪʿ. ʦʩʠʤ ʠʥʪʝʥʟʠʪʝʪʘ ʩʮʝʥʝ ʤʦʛʫ ʟʘ ʩʚʘʢʠ ʦʜ ʧʠʢʩʝʣʘ ʜʘʪʠ ʠ ʜʫʙʠʥʫ, 

ʦʜʥʦʩʥʦ ʫʜʘˀʝʥʦʩʪ ʧʠʢʩʝʣʘ ʦʜ ʤʝʩʪʘ ʨʝʬʣʝʢʩʠʿʝ [36].  

ʂʘʢʦ ʙʠ ʩʝ ʥʘ ʧʨʘʚʠ ʥʘʯʠʥ ʦʜʨʝʜʠʣʘ ʜʫʙʠʥʘ ʧʦʩʤʘʪʨʘʥʝ ʩʮʝʥʝ, ʥʝʦʧʭʦʜʥʦ ʿʝ 

ʢʦʤʧʝʥʟʦʚʘʪʠ ʩʚʝ ʜʠʩʪʦʨʟʠʿʝ ʢʦʿʝ ʫ ʩʠʩʪʝʤ ʫʥʦʩʠ ʦʧʪʠʯʢʠ ʜʝʦ ʩʠʩʪʝʤʘ. ʆʚʘʿ ʧʨʦʮʝʩ ʩʝ ʥʘʟʠʚʘ 

ʢʘʣʠʙʨʘʮʠʿʘ ʢʘʤʝʨʝ (ʩʢʝʥʝʨʘ) ʿʝʨ ʩʝ ʦʧʪʠʯʢʠ ʜʝʦ ʩʠʩʪʝʤʘ ʚʨʣʦ ʯʝʩʪʦ ʩʤʘʪʨʘ ʩʘʩʪʘʚʥʠʤ ʜʝʣʦʤ 

ʢʘʤʝʨʝ. 

 

 

2.3.3. ʂʘʣʠʙʨʘʮʠʿʘ ʢʘʤʝʨʝ, ʝʢʩʪʨʠʥʟʠʯʥʠ ʠ ʠʥʪʨʠʥʟʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ 

 

 

ʇʨʠʣʠʢʦʤ ʢʘʣʠʙʨʘʮʠʿʝ ʢʘʤʝʨʝ ʥʘʿʯʝʰ˂ʝ ʩʝ ʧʦʣʘʟʠ ʦʜ ʿʝʜʥʦʩʪʘʚʥʦʛ ʤʦʜʝʣʘ ʠʜʝʘʣʥʝ 

ʢʘʤʝʨʝ (pinhole ʤʦʜʝʣ ʢʘʤʝʨʝ) ʢʦʿʘ ʥʝʤʘ ʩʦʯʠʚʦ ʠ ʥʝ ʨʘʟʤʘʪʨʘ ʧʨʦʙʣʝʤ ʜʠʩʪʦʨʟʠʿʝ ʢʦʿʝ ʩʦʯʠʚʦ 

ʫʥʦʩʠ ʫ ʩʠʩʪʝʤ. ʇʨʝ ʢʘʣʠʙʨʘʮʠʿʝ ʠʟʦʙʣʠʯʝˁʘ ʩʘʤʦʛ ʩʦʯʠʚʘ ʢʘʤʝʨʝ ʥʝʦʧʭʦʜʥʦ ʿʝ ʥʘ˂ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʨʝʣʘʮʠʿʝ ʢʦʿʝ ʧʨʝʩʣʠʢʘʚʘʿʫ ʧʨʦʩʪʦʨ ʢʘʤʝʨʝ ʫ ʧʨʦʩʪʦʨ ʩʣʠʢʝ.  

ʀʟʣʘʟ ʘʣʛʦʨʠʪʤʘ ʢʘʣʠʙʨʘʮʠʿʝ ʢʘʤʝʨʝ ʩʫ ʤʘʪʨʠʮʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʢʦʿʝ ʚʨʰʝ 

ʪʨʘʥʩʣʘʮʠʿʫ, ʨʦʪʘʮʠʿʫ ʠ ʢʦʨʝʢʮʠʿʫ ʿʝʜʥʦʛ ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʫ ʜʨʫʛʠ. ʂʦʥʢʨʝʪʥʦ ʫ ʩʣʫʯʘʿʫ 

ʣʘʩʝʨʩʢʠʭ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʚʨʰʠ ʩʝ ʪʨʘʥʩʣʘʮʠʿʘ ʢʦʦʨʜʠʥʘʪʘ ʤʝʨʥʦʛ ʧʨʦʩʪʦʨʘ ʫ 

ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʨʘʚʥʠ ʩʣʠʢʝ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʦ ʪʘʯʥʦ ʨʘʩʪʦʿʘˁʝ ʢʘʤʝʨʝ ʦʜ ʤʝʨʥʦʛ 
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ʦʙʿʝʢʪʘ. ɸʣʛʦʨʠʪʘʤ ʢʘʣʠʙʨʘʮʠʿʝ ʤʦʜʝʣʘ ʠʜʝʘʣʥʝ ʢʘʤʝʨʝ ʜʘʿʝ ʝʢʩʪʨʠʥʟʠʯʥʝ ʠ ʠʥʪʨʠʥʟʠʯʥʝ 

ʧʘʨʘʤʝʪʨʝ ʩʠʩʪʝʤʘ. ɽʩʢʪʨʠʥʟʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ 3D 

ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʤʝʨʥʦʛ ʧʨʦʩʪʦʨʘ ʫ 3D ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʢʘʤʝʨʝ, ʜʦʢ ʠʥʪʨʠʥʟʠʯʥʠ 

ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ 3D ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʢʘʤʝʨʝ ʫ 2D 

ʩʠʩʪʝʤ ʨʘʚʥʠ ʩʣʠʢʝ (ʧʠʢʩʝʣʘ). ʅʘ ʩʣʠʮʠ 10. ʜʘʪ ʿʝ ʫʧʨʦʰ˂ʝʥ ʧʨʠʢʘʟ ʢʘʣʠʙʨʘʮʠʿʝ ʤʦʜʝʣʘ 

ʠʜʝʘʣʥʝ ʢʘʤʝʨʝ. 

 

ʉʣʠʢʘ 10. Pinhole ʤʦʜʝʣ ʢʘʤʝʨʝ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʢʘʣʠʙʨʘʮʠʿʝ 

ʅʝʢʘ ʩʫ ʩʘ (x,y,z) ʦʟʥʘʯʝʥʝ ʢʦʦʨʜʠʥʘʪʝ ʙʠʣʦ ʢʦʿʝ ʪʘʯʢʝ P ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʤʝʨʥʦʛ 

ʧʨʦʩʪʦʨʘ, ʢʦʿʘ ʿʝ ʚʠʜˀʠʚʘ ʢʘʤʝʨʠ ʠʟ ʬʠʢʩʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʩʠʩʪʝʤʘ (ʥʘ ʩʣʠʮʠ 8. ʦʟʥʘʯʝʥʝ 

ʮʨʚʝʥʦʤ ʪʘʯʢʦʤ) ʠ ʥʝʢʘ ʩʫ ʩʘ (ὼ, ώ, ᾀ) ʦʟʥʘʯʝʥʝ ʢʦʦʨʜʠʥʘʪʝ ʠʩʪʝ ʪʘʯʢʝ ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ 

ʩʠʩʪʝʤʫ ʢʘʤʝʨʝ. ʂʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 10. ʧʦʯʝʪʘʢ ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʢʘʤʝʨʝ ʿʝ 

ʢʦʠʥʮʠʜʝʥʪʘʥ ʩʘ ʦʧʪʠʯʢʠʤ ʮʝʥʪʨʦʤ ʢʘʤʝʨʝ ʠ ᾀ ʦʩʘ ʿʝ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʘ ʦʧʪʠʯʢʠʤ ʦʩʘʤʘ. ʈʘʚʘʥ 

ʩʣʠʢʝ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʧʘʨʘʣʝʣʘ ʩʘ ʦʩʘʤʘ ʢʘʤʝʨʝ ʠ ʥʘʣʘʟʠ ʩʝ ʥʘ  ʨʘʩʪʦʿʘˁʫ f ʦʜ 

ʢʦʦʨʜʠʥʘʪʥʦʛ ʧʦʯʝʪʢʘ, ʛʜʝ ʿʝ ʩʘ f ʜʘʪʘ ʞʠʞʥʘ ʜʘˀʠʥʘ ʩʦʯʠʚʘ. ʈʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʢʦʦʨʜʠʥʘʪʘ 

ʤʝʨʥʦʛ ʧʨʦʩʪʦʨʘ ʠ ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʛʜʝ ʩʝ ʮʝʥʪʘʨ ʢʘʤʝʨʝ ʥʘʣʘʟʠ ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ ʧʦʯʝʪʢʫ, 

ʜʘʪa ʿʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὼ
ώ
ᾀ

╡
ὼ
ώ
ᾀ

╣ (2.4) 

ʛʜʝ ʿʝ ʩʘ R=(ὶȟ) ʦʟʥʘʯʝʥʘ ʤʘʪʨʠʮʘ ʜʠʤʝʥʟʠʿʝ 3x3 ʠ ʧʨʝʜʩʪʘʚˀʘ ʤʘʪʨʠʮʫ ʨʦʪʘʮʠʿʝ (ʦʨʠʿ ʝʥʪʘʮʠʿʝ 

ʢʘʤʝʨʝ) ʜʦʢ ʿʝ ʩʘ ʊ = (ὸ, ὸ, ὸ)  ʧʨʝʜʩʪʘʚˀʝʥ ʚʝʢʪʦʨ ʪʨʘʥʩʣʘʮʠʿʝ ʢʦʿʠ ʜʝʬʠʥʠʰʝ ʧʦʟʠʮʠʿʫ 

ʢʘʤʝʨʝ. ʆʚʘ ʜʚʘ ʧʘʨʘʤʝʪʨʘ ʩʝ ʿʝʜʥʠʤ ʠʤʝʥʦʤ ʥʘʟʠʚʘʿʫ ʝʢʩʪʨʠʥʟʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʢʘʤʝʨʝ.  

ʂʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʨʘʚʥʠ ʩʣʠʢʝ ʿʝ ʜʘʪ ʩʘ ὕ ʜʦʢ ʩʫ ʩʘ ὼ , ώ ʦʟʥʘʯʝʥʝ ʦʩʝ ʦʜʘʙʨʘʥʝ ʪʘʢʦ 

ʜʘ ʙʫʜʫ ʧʘʨʘʣʝʣʥʝ ʩʘ ʦʩʘʤʘ ʢʘʤʝʨʝ ὼ ʠ ώ. ʊʘʜʘ ʩʫ ʢʦʦʨʜʠʥʘʪʝ ʪʘʯʢʝ P ʫ ʨʘʚʥʠ ʩʣʠʢʝ 

ʜʝʬʠʥʠʩʘʥʝ ʩʘ: 

ὼ
Ὢὼ

ᾀ
Ƞ ώ

Ὢώ

ᾀ
 (2.5) 
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ʋʢʦʣʠʢʦ ʩʝ ʧʨʝʪʭʦʜʥʝ ʿʝʜʥʘʯʠʥʝ ʠʩʢʦʤʙʠʥʫʿʫ, ʜʦʙʠʿʘ ʩʝ ʦʜʥʦʩ ʧʦʟʠʮʠʿʝ ʧʠʢʩʝʣʘ, 

ʢʦʦʨʜʠʥʘʪʘ ʩʮʝʥʝ ʠ ʧʘʨʘʤʝʪʘʨʘ ʢʘʣʠʙʨʘʮʠʿʝ ʢʦʿʝ ʪʨʝʙʘ ʦʜʨʝʜʠʪʠ: 

ὼ

Ὢ

ὶȟὼ ὶȟώ ὶȟᾀ ὸ

ὶȟὼ ὶȟώ ὶȟᾀ ὸ
ὼ 

ώ

Ὢ

ὶȟὼ ὶȟώ ὶȟᾀ ὸ

ὶȟὼ ὶȟώ ὶȟᾀ ὸ
ώ 

(2.6) 

ʛʜʝ ʩʫ ʩʘ ὼ ʠ ώ ʜʝʬʠʥʠʩʘʥʝ ʢʦʦʨʜʠʥʘʪʝ ʫ ʥʦʨʤʘʣʠʟʦʚʘʥʦʿ ʨʘʚʥʠ ʩʣʠʢʝ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʥʘ z = 1 

ʠ Ὢ ίὪ ʠ Ὢ ίὪ ʢʦʿʝ ʩʝ ʥʘʟʠʚʘʿʫ ʞʠʞʥʘ ʜʘˀʠʥʘ ʢʦʣʦʥʝ ʠ ʞʠʞʥʘ ʜʘˀʠʥʘ ʚʨʩʪʝ ʩʣʠʢʝ. 

ʅʘ ʦʩʥʦʚʫ ʜʦʚʦˀʥʦʛ ʙʨʦʿʘ ʢʦʦʨʜʠʥʘʪʘ ʤʝʨʥʦʛ ʧʨʦʩʪʦʨʘ ὼȟώȟᾀ  ʯʠʿʘ ʩʝ ʪʘʯʥʘ 

ʧʦʟʠʮʠʿʘ ʟʥʘ ʩʘ ʚʝʣʠʢʦʤ ʧʨʝʮʠʟʥʦʰ˂ʫ, ʧʨʠ ʯʝʤʫ ʿʝ ʢ = 1..N (N ʿʝ ʙʨʦʿ ʢʘʣʠʙʨʘʮʠʦʥʠʭ ʩʣʠʢʘ), 

ʤʦʛʫ˂ʝ ʿʝ ʝʩʪʠʤʠʨʘʪʠ ʝʢʩʪʨʠʥʟʠʯʥʝ ʠ ʠʥʪʨʠʥʟʠʯʥʝ ʧʘʨʘʤʝʪʨʝ ʩʠʩʪʝʤʘ [37]. 

ʂʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʨʝʘʣʥʘ ʢʘʣʠʙʨʘʮʠʿʘ ʢʘʤʝʨʝ ʫ ʦʙʟʠʨ ʿʝ ʥʝʦʧʭʦʜʥʦ ʫʟʝʪʠ ʠ ʨʘʟʥʝ ʚʨʩʪʝ 

ʜʠʩʪʦʨʟʠʿʘ ʢʦʿʝ ʫ ʩʠʩʪʝʤ ʫʥʦʩʝ ʦʧʪʠʯʢʘ ʩʦʯʠʚʘ. ɿʘ ʪʫ ʧʦʪʨʝʙʫ ʩʫ ʨʘʟʚʠʿʝʥʠ ʨʘʟʥʠ ʤʦʜʝʣʠ ʢʦʿʠ 

ʦʧʠʩʫʿʫ ʫʪʠʮʘʿ ʜʠʩʪʦʨʟʠʿʝ ʩʦʯʠʚʘ, ʘ ʥʘʿʧʦʟʥʘʪʠʿʠ ʿʝ Fisheye ʤʦʜʝʣ ʢʘʤʝʨʝ ʟʘ ʰʠʨʦʢʦʫʛʘʦʥʘ 

ʩʦʯʠʚʘ. 

ʉʦʯʠʚʘ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʝ ʫ ʦʧʪʠʯʢʠʤ ʩʠʩʪʝʤʠʤʘ ʥʠʩʫ ʠʜʝʘʣʥʘ ʠ ʫʥʦʩʝ ʜʠʩʪʦʨʟʠʿʫ ʫ 

ʩʚʝʪʣʦʩʥʝ ʟʨʘʢʝ ʢʦʿʠ ʧʫʪʫʿʫ ʦʜ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʅʝʢʝ ʦʜ ʝʬʝʢʘʪʘ ʢʦʿʠ ʩʝ ʥʘ ʩʣʠʮʠ ʤʦʛʫ 

ʚʠʜʝʪʠ ʩʫ ʟʘʤʫ˂ʝˁʝ, ʧʨʦʤʝʥʝ ʙʦʿʝ ʠʣʠ ʨʘʟʥʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʜʠʩʪʦʨʟʠʿʝ ʠ ʿʝʜʥʠʤ ʠʤʝʥʦʤ ʩʝ 

ʥʘʟʠʚʘʿʫ ʦʧʪʠʯʢʝ ʘʙʝʨʘʮʠʿʝ. ɿʘʤʫ˂ʝˁʝ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʤʦʜʝʣʦʚʘʪʠ ʩʘ ʦʜʩʝʮʘˁʝʤ ʚʠʩʦʢʦ 

ʬʨʝʢʚʝʥʪʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʠʟ ʌʫʨʠʿʝʦʚʦʛ ʩʧʝʢʪʨʘ ʩʣʠʢʝ, ʢʦʿʝ ʤʦʞʝ ʙʠʪʠ ʘʧʨʦʢʩʠʤʠʨʘʥʦ 

ʬʠʣʪʨʦʤ ʧʨʦʧʫʩʥʠʢʦʤ ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ɸʙʝʨʘʮʠʿʝ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʩʬʝʨʥʝ, ʢʦʤʘ, 

ʘʩʪʠʛʤʘʪʠʟʘʤ, ʭʨʦʤʘʪʩʢʝ ʠ ʛʝʦʤʝʪʨʠʿʩʢʝ ʜʠʩʪʦʨʟʠʿʝ [38]. ʉʬʝʨʥʝ ʘʙʝʨʘʮʠʿʝ ʥʘʩʪʘʿʫ ʟʙʦʛ ʦʙʣʠʢʘ 

ʩʦʯʠʚʘ, ʦʜʥʦʩʥʦ ʟʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʟʨʘʢ ʢʦʿʠ ʧʨʦʣʘʟʠ ʢʨʦʟ ʩʦʯʠʚʦ ʙʣʠʞʝ ʮʝʥʪʨʫ ʩʝ ʬʦʢʫʩʠʨʘ 

ʜʘˀʝ ʫ ʦʜʥʦʩʫ ʥʘ ʟʨʘʢ ʢʦʿʠ ʧʨʦʣʘʟʠ ʢʨʦʟ ʦʙʦʜ ʩʦʯʠʚʘ. ʂʦʤʘ ʘʙʝʨʘʮʠʿʝ ʥʘʩʪʘʿʫ ʢʘʜʘ ʦʙʿʝʢʘʪ ʥʝ 

ʣʝʞʠ ʥʘ ʦʧʪʠʯʢʦʿ ʦʩʠ, ʧʘ ʩʝ ʧʨʠʣʠʢʦʤ ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʨʘʟʣʠʯʠʪʝ ʜʝʣʦʚʝ ʩʦʯʠʚʘ ʩʚʝʪʣʦʩʪ ʧʨʝʣʘʤʘ 

ʨʘʟʣʠʯʠʪʦ. ʊʦ ʜʦʚʦʜʠ ʜʦ ʝʬʝʢʪʘ ʠʟʜʫʞʠʚʘˁʘ ʩʣʠʢʝ ʢʦʿʝ ʧʦʜʩʝ˂ʘ ʥʘ ʨʝʧ ʢʦʤʝʪʝ (ʟʙʦʛ ʪʦʛʘ ʦʚʘ 

ʘʙʝʨʘʮʠʿʘ ʠ ʥʦʩʠ ʠʤʝ ʢʦʤʘ). ɸʩʪʠʛʤʘʪʠʟʘʤ ʥʘʩʪʘʿʝ ʢʘʜʘ ʦʧʪʠʯʢʠ ʩʠʩʪʝʤ ʠʤʘ ʨʘʟʣʠʯʠʪ ʬʦʢʫʩ ʟʘ 

ʟʨʘʢʝ ʢʦʿʠ ʩʝ ʧʨʦʩʪʠʨʫ ʫ ʜʚʝ ʥʦʨʤʘʣʥʝ ʨʘʚʥʠ ʫ ʦʜʥʦʩʫ ʥʘ ʩʦʯʠʚʦ (ʘʢʦ ʩʝ ʪʘʢʘʚ ʩʠʩʪʝʤ ʢʦʨʠʩʪʠ 

ʢʘʢʦ ʙʠ ʩʝ ʬʦʨʤʠʨʘʣʘ ʩʣʠʢʘ ʢʨʩʪʘ, ʚʝʨʪʠʢʘʣʥʘ ʠ ʭʦʨʠʟʦʥʪʘʣʥʘ ʣʠʥʠʿʘ ˂ʝ ʠʤʘʪʠ ʜʚʝ ʨʘʟʣʠʯʠʪʝ 

ʪʘʯʢʝ ʬʦʢʫʩʘ). ʍʨʦʤʘʪʩʢʝ ʘʙʝʨʘʮʠʿʝ ʥʘʩʪʘʿʫ ʢʘʜʘ ʩʦʯʠʚʦ ʥʝ ʤʦʞʝ ʜʘ ʬʦʢʫʩʠʨʘ ʩʚʝ ʙʦʿʝ 

ʩʚʝʪʣʦʩʪʠ ʫ ʿʝʜʥʫ ʪʘʯʢʫ. ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ ʠʥʜʝʢʩ ʨʝʬʨʘʢʮʠʿʝ ʤʘˁʠ ʢʘʢʦ ʩʝ ʢʨʝ˂ʝʤʦ ʧʨʝʤʘ 

ʮʨʚʝʥʦʤ ʜʝʣʫ ʩʧʝʢʪʨʘ, ʞʠʞʥʘ ʜʘˀʠʥʘ ʩʦʯʠʚʘ ʫ ʚʘʟʜʫʭʫ ˂ʝ ʙʠʪʠ ʚʝ˂ʘ ʟʘ ʮʨʚʝʥʫ ʥʝʛʦ ʟʘ ʧʣʘʚʫ 

ʩʚʝʪʣʦʩʪ. ʋ ʘʧʣʠʢʘʮʠʿʘʤʘ ʧʨʦʬʠʣʥʠʭ ʣʘʩʝʨʩʢʠʭ ʩʢʝʥʝʨʘ, ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʤʦʥʦʭʨʦʤʘʪʩʢʝ 

ʢʘʤʝʨʝ ʪʘʢʦ ʜʘ ʩʝ ʭʨʦʤʘʪʩʢʝ ʘʙʝʨʘʮʠʿʝ ʤʦʛʫ ʟʘʥʝʤʘʨʠʪʠ. ʊʘʢʦʹʝ, ʩʬʝʨʥʝ, ʘʙʝʨʘʮʠʿʝ 

ʘʩʪʠʛʤʘʪʠʟʤʘ ʠ ʢʦʤʘ ʝʬʝʢʪʘ ʩʝ ʤʦʛʫ ʧʨʝʜʫʧʨʝʜʠʪʠ ʫ ʧʨʦʮʝʩʫ ʜʠʟʘʿʥʠʨʘˁʘ ʩʦʯʠʚʘ, ʪʘʢʦ ʜʘ ʩʝ ʠ 

ʦʥʝ ʤʦʛʫ ʠʩʢˀʫʯʠʪʠ ʠʟ ʜʘˀʝʛ ʧʦʩʤʘʪʨʘˁʘ. ɿʘ ʩʠʩʪʝʤʝ ʤʘʰʠʥʩʢʝ ʚʠʟʠʿʝ ʙʘʟʠʨʘʥʝ ʥʘ 

ʜʠʛʠʪʘʣʥʠʤ ʢʘʤʝʨʘʤʘ, ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ ʤʝʨʝˁʝ ʠʤʘʿʫ ʛʝʦʤʝʪʨʠʿʩʢʝ ʘʙʝʨʘʮʠʿʝ [39]. ʆʥʝ ʥʘʩʪʘʿʫ 

ʧʨʠʣʠʢʦʤ ʧʨʦʤʝʥʝ ʫʧʘʜʥʦʛ ʫʛʣʘ ʩʥʦʧʘ ʩʚʝʪʣʦʩʪʠ, ʧʘ ʩʝ ʟʙʦʛ ʧʨʦʤʝʥʝ ʪʘʯʢʝ ʞʠʞʥʝ ʜʘˀʠʥʝ, 

ʠʚʠʮʝ ʦʙʿʝʢʪʘ ʤʦʛʫ ʚʠʜʝʪʠ ʧʦʜ ʚʝ˂ʠʤ ʠʣʠ ʤʘˁʠʤ ʫʚʝ˂ʘˁʝʤ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʠʢʫ ʦʙʿʝʢʪʘ ʢʦʿʘ ʿʝ 

ʬʦʨʤʠʨʘʥʘ ʮʝʥʪʨʘʣʥʠʤ ʜʝʣʦʤ ʩʦʯʠʚʘ (ʪʘʜʘ ʩʝ ʜʦʙʠʿʘ ʧʘʨʘʙʦʣʦʠʜʥʘ ʧʦʚʨʰʠʥʘ ʢʦʿʘ ʩʝ ʥʘʟʠʚʘ 

Petzval ʧʦʚʨʰʠʥʘ). ɻʝʦʤʝʪʨʠʿʩʢʝ ʘʙʝʨʘʮʠʿʝ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʨʘʜʠʿʘʥʝ ʠ ʪʘʥʛʝʥʮʠʿʘʣʥʝ. 

ʈʘʜʠʿʘʣʥʘ ʛʝʦʤʝʪʨʠʿʩʢʘ ʘʙʝʨʘʮʠʿʘ ʤʦʞʝ ʙʠʪʠ ʧʦʟʠʪʠʚʥʘ ʠ ʥʝʛʘʪʠʚʥʘ. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ 

ʧʦʟʠʪʠʚʥʘ ʦʥʜʘ ʩʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʰʠʨʝ ʦʜ ʮʝʥʪʨʘ ʠ ʜʦʣʘʟʠ ʜʦ ʫʚʝ˂ʘˁʘ ʩʣʠʢʝ, ʜʦʢ ʢʘʜʘ ʿʝ 

ʥʝʛʘʪʠʚʥʘ ʦʥʜʘ ʩʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʩʢʫʧˀʘʿʫ ʢʘ ʮʝʥʪʨʫ ʠ ʩʣʠʢʘ ʩʝ ʩʤʘˁʫʿʝ. ʆʙʘ ʧʨʠʤʝʨʘ ʨʘʜʠʿʘʣʥʝ 

ʘʙʝʨʘʮʠʿʝ ʜʘʪʠ ʩʫ ʥʘ ʩʣʠʮʠ 11. 
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ʉʣʠʢʘ 11. ɺʨʩʪʝ ʨʘʜʠʿʘʣʥʠʭ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʘʙʝʨʘʮʠʿʘ. (ʘ) ʥʝʛʘʪʠʚʥʘ ʨʘʜʠʿʘʣʥʘ ʘʙʝʨʘʮʠʿʘ (ʙ) 

ʩʣʠʢʘ ʙʝʟ ʛʝʦʤʝʪʨʠʿʩʢʝ ʘʙʝʨʘʮʠʿʝ (ʮ) ʧʦʟʠʪʠʚʥʘ ʨʘʜʠʿʘʣʥʘ ʘʙʝʨʘʮʠʿʘ 

ɱʝʜʥʘʯʠʥʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʨʘʜʠʿʘʣʥʫ ʜʠʩʪʦʨʟʠʿʫ ʩʫ ʜʘʪʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʠʤʘ:  

ὼ ὼρ Ὧὶ Ὧὶ Ὧὶ  

ώ ώρ Ὧὶ Ὧὶ Ὧὶ  
(2.7) 

ʛʜʝ ʩʫ ʩʘ x,y ʦʟʥʘʯʝʥʝ ʥʝʜʠʩʪʦʨʟʦʚʘʥʝ ʣʦʢʘʮʠʿʝ ʧʠʢʩʝʣʘ ʠ ʠʤʘʿʫ ʚʨʝʜʥʦʩʪʠ ʫ ʥʦʨʤʘʣʠʟʦʚʘʥʦʿ 

ʨʘʚʥʠ ʩʣʠʢʝ. ὯȟὯ ʠ Ὧ ʩʫ ʢʦʝʬʠʮʠʿʝʥʪʠ ʨʘʜʠʿʘʣʥʝ ʜʠʩʪʦʨʟʠʿʝ ʩʦʯʠʚʘ, ʜʦʢ ʿʝ ʚʨʝʜʥʦʩʪ r ʜʘʪʘ 

ʩʘ ὶ ὼ ώ. ɿʘ ʢʘʣʠʙʨʘʮʠʿʫ ʢʘʤʝʨʝ ʩʫ ʥʘʿʯʝʰ˂ʝ ʜʦʚʦˀʥʘ ʩʘʤʦ ʜʚʘ ʢʦʝʬʠʮʠʿʝʥʪʘ ὯȟὯ, 

ʜʦʢ ʫ ʧʦʩʝʙʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ (ʢʘʦ ʰʪʦ ʩʫ ʰʠʨʦʢʦʫʛʘʦʥʘ ʩʦʯʠʚʘ) ʫʢˀʫʯʫʿʫ ʠ ʢʦʝʬʠʮʠʿʝʥʪʝ 

ʚʠʰʝʛ ʨʝʜʘ. 

ʊʘʥʛʝʥʮʠʿʘʣʥʘ ʜʠʩʪʦʨʟʠʿʘ ʥʘʩʪʘʿʝ ʢʘʜʘ ʨʘʚʘʥ ʩʣʠʢʝ ʠ ʨʘʚʘʥ ʩʦʯʠʚʘ ʥʠʩʫ ʧʘʨʘʣʝʣʥʝ. 

ʀʣʫʩʪʨʘʮʠʿʘ ʪʘʥʛʝʥʮʠʿʘʣʥʝ ʜʠʩʪʦʨʟʠʿʝ ʜʘʪʘ ʿʝ ʥʘ ʩʣʠʮʠ 12: 

 

ʉʣʠʢʘ 12. ʀʣʫʩʪʨʘʮʠʿʘ ʫʟʨʦʢʘ ʪʘʥʛʝʥʮʠʿʘʣʥʠʭ ʜʠʩʪʦʨʟʠʿʘ 

ʊʘʥʛʝʥʮʠʿʘʣʥʠ ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ ʩʫ ʠʟʨʘʞʝʥʠ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʢʦʤʧʝʥʟʫʿʫ ʦʚʘʿ 

ʚʠʜ ʜʠʩʪʦʨʟʠʿʝ.  

ὼ ὼ  ςὴὼώὴ ὶ ςὼ  

ώ ώ  ὴ ὶ ςώ ὼώςὴὼώ 
(2.8) 
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ʛʜʝ ʩʫ ʩʘ x,y ʦʟʥʘʯʝʥʝ ʥʝʜʠʩʪʦʨʟʦʚʘʥʝ ʣʦʢʘʮʠʿʝ ʧʠʢʩʝʣʘ, ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʨʘʜʠʿʘʣʥʝ ʜʠʩʪʦʨʟʠʿʝ. 

ʉʘ ὴ ʠ ὴ ʜʘʪʠ ʩʫ ʢʦʝʬʠʮʠʿʝʥʪʠ ʪʘʥʛʝʥʮʠʿʘʣʥʝ ʜʠʩʪʦʨʟʠʿʝ ʩʦʯʠʚʘ, ʘ r ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʥʘ ʠʩʪʠ 

ʥʘʯʠʥ ʢʘʦ ʠ ʟʘ ʨʘʜʠʿʘʣʥʫ ʜʠʩʪʦʨʠʟʠʿʫ [40, 41, 42]. 

ʊʘʯʥʦʩʪ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʟʘʚʠʩʠ ʦʜ ʤʥʦʛʠʭ ʬʘʢʪʦʨʘ, ʥʝ ʩʘʤʦ ʦʜ ʝʢʩʪʨʘʢʮʠʿʝ ʮʝʥʪʨʘ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʂʘʣʠʙʨʘʮʠʿʘ ʢʘʤʝʨʝ ʩʝ ʠʟʜʚʘʿʘ ʢʘʦ ʥʘʿʚʘʞʥʠʿʠ ʬʘʢʪʦʨ, ʘʣʠ ʠ ʚʝʣʠʯʠʥʘ 

ʩʝʥʟʦʨʘ, ʨʝʟʦʣʫʮʠʿʘ ʢʘʤʝʨʝ, ʰʠʨʠʥʘ ʦʪʚʦʨʘ ʙʣʝʥʜʝ, ʢʘʦ ʠ ˁʝʥʦ ʚʠʜʥʦ ʧʦˀʝ ʫʪʠʯʫ ʥʘ ʧʨʦʮʝʥʫ 

ʪʘʯʥʦʩʪʠ ʩʢʝʥʝʨʘ. ɿʘ ʢʘʣʠʙʨʘʮʠʿʫ (ʘʣʠ ʠ ʧʨʦʮʝʥʫ ʪʘʯʥʦʩʪʠ ʘʣʛʦʨʠʪʘʤʘ ʢʦʿʠ ʚʨʰʝ ʦʙʨʘʜʫ ʩʣʠʢʝ 

ʠ ʩʠʛʥʘʣʘ ʥʘ ʩʢʝʥʝʨʫ), ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʤʝʨʥʠ ʦʙʿʝʢʪʠ (ʩʣʠʢʝ) ʩʘ ʢʘʣʠʙʨʠʩʘʥʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ ʚʝʣʠʢʝ ʪʘʯʥʦʩʪʠ ʢʦʿʝ ʩʫ ʚʨʣʦ ʯʝʩʪʦ ʟʘ ʨʝʜ ʚʝʣʠʯʠʥʝ ʚʝ˂ʝ ʥʝʛʦ ʰʪʦ ʿʝ ʢʨʘʿˁʘ 

ʦʯʝʢʠʚʘʥʘ ʪʘʯʥʦʩʪ ʩʠʩʪʝʤʘ.  

ʇʨʠʣʠʢʦʤ ʢʘʣʠʙʨʘʮʠʿʝ ʩʢʝʥʝʨʘ, ʢʘʦ ʪʝʩʪ ʦʙʿʝʢʘʪ ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʢʝʨʘʤʠʯʢʝ 

ʩʬʝʨʝ, ʩʘ ʚʨʣʦ ʧʨʝʮʠʟʥʦ ʠʟʤʝʨʝʥʠʤ ʧʨʝʯʥʠʮʠʤʘ ʠ ʧʦʟʥʘʪʠʤ ʦʜʩʪʫʧʘˁʠʤʘ [43]. ʂʝʨʘʤʠʯʢʝ 

ʩʬʝʨʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʨʦʚʝʨʫ ʪʘʯʥʦʩʪʠ ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ ʩʢʝʥʝʨʘ, ʿʝʨ ʪʦʢʦʤ ʚʨʝʤʝʥʘ ˁʠʭʦʚʘ 

ʧʦʚʨʰʠʥʘ ʥʝ ʢʦʨʦʜʠʨʘ ʠ ʥʝʤʘ ʧʦʪʨʝʙʝ ʜʘ ʩʝ ʪʨʝʪʠʨʘ ʟʘʰʪʠʪʥʠʤ ʩʨʝʜʩʪʚʠʤʘ ʢʦʿʘ ʩʝ ʚʨʣʦ ʪʝʰʢʦ 

ʥʘʥʦʩʝ ʥʘ ʧʦʚʨʰʠʥʫ ʩʘ ʪʘʯʥʦʤ ʜʝʙˀʠʥʦʤ ʩʣʦʿʘ. ʅʘʨʘʚʥʦ, ʟʘ ʩʢʝʥʝʨʝ ʨʘʟʣʠʯʠʪʠʭ ʨʘʜʥʠʭ 

ʨʘʩʪʦʿʘˁʘ ʢʦʨʠʩʪʝ ʩʝ ʢʝʨʘʤʠʯʢʝ ʩʬʝʨʝ ʨʘʟʣʠʯʠʪʠʭ ʧʨʝʯʥʠʢʘ.  

ʂʨʘʿˁʠ ʨʝʟʫʣʪʘʪ ʢʘʣʠʙʨʘʮʠʿʝ ʢʘʤʝʨʝ ʠ ʦʧʪʠʢʝ ʩʫ ʢʘʣʠʙʨʘʮʠʦʥʝ ʤʘʪʨʠʮʝ ʢʦʿʝ 

ʝʣʠʤʠʥʠʰʫ ʥʝʣʠʥʝʘʨʥʘ ʠʟʦʙʣʠʯʝˁʘ ʠ ʦʜʨʝʹʫʿʫ ʢʦʝʬʠʮʠʿʝʥʪʝ ʧʨʝʩʣʠʢʘʚʘˁʘ 3D ʫ 2D ʧʨʦʩʪʦʨ. 

ʇʨʦʮʝʩ ʢʘʣʠʙʨʘʮʠʿʝ ʢʘʤʝʨʝ ʠ ʦʧʪʠʯʢʠʭ ʩʦʯʠʚʘ ʿʝ ʜʦʙʨʦ ʧʦʟʥʘʪ ʠ ʥʠʿʝ ʦʜ ʧʦʩʝʙʥʦʛ ʠʥʪʝʨʝʩʘ ʟʘ 

ʜʘˀʝ ʠʩʪʨʘʞʠʚʘˁʝ ʫ ʨʘʜʫ, ʤʝʹʫʪʠʤ ʪʨʝʙʘ ʠʤʘʪʠ ʫ ʚʠʜʫ ʜʘ ʧʨʦʮʝʩ ʢʘʣʠʙʨʘʮʠʿʝ ʧʦʜʘʪʘʢʘ ʩʘ 

ʩʢʝʥʝʨʘ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʨʘʯʫʥʩʢʠ ʟʘʭʪʝʚʥʝ ʦʧʝʨʘʮʠʿʝ ʢʦʿʝ ʤʦʛʫ ʟʘʫʟʠʤʘʪʠ ʟʥʘʯʘʿʥʫ 

ʢʦʣʠʯʠʥʫ ʨʝʩʫʨʩʘ ʥʘ ʥʘʤʝʥʩʢʦʿ ʧʣʘʪʬʦʨʤʠ. ʋʣʘʟʥʠ ʧʦʜʘʮʠ ʟʘ ʢʘʣʠʙʨʘʮʠʿʫ ʩʫ ʢʦʦʨʜʠʥʘʪʝ 

ʝʩʪʠʤʠʨʘʥʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ɿʙʦʛ ʜʠʥʘʤʠʯʢʦʛ ʦʧʩʝʛʘ ʢʦʝʬʠʮʠʿʝʥʘʪʘ 

ʢʘʣʠʙʨʘʮʠʿʝ, ʤʦʨʘ ʩʝ ʢʦʨʠʩʪʠʪʠ ʘʨʠʪʤʝʪʠʢʘ ʩʘ ʧʦʢʨʝʪʥʦʤ ʪʘʯʢʦʤ. ʋʢʦʣʠʢʦ ʩʝ ʢʦʨʠʩʪʝ FPGA 

ʫʨʝʹʘʿʠ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʩʘ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ, ʦʚʘʢʚʘ ʘʨʠʪʤʝʪʠʢʘ ʟʘʭʪʝʚʘ ʟʥʘʯʘʿʥʦ ʚʝ˂ʫ 

ʢʦʣʠʯʠʥʫ ʨʝʩʫʨʩʘ ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʘʨʠʪʤʝʪʠʢʘ ʩʘ ʬʠʢʩʥʦʤ ʪʘʯʢʦʤ.  

 

 

 

2.4. ʀʟʚʦʨʠ ʠ ʪʠʧʦʚʠ ʰʫʤʘ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʫ ʩʠʩʪʝʤʫ ʧʨʦʬʠʣʥʦʛ ʣʘʩʝʨʩʢʦʛ 
ʩʢʝʥʝʨʘ 

 

 

ɺʠʜˀʠʚʦʩʪ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʦʜ ʧʦʚʨʰʠʥʝ (ʫʢʦʣʠʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ˀʫʜʩʢʠʤ 

ʦʢʦʤ ʠʣʠ ʥʝʢʠʤ ʜʨʫʛʠʤ ʜʝʪʝʢʪʦʨʦʤ) ʟʘʚʠʩʠ ʦʜ ʦʜʥʦʩʘ ʩʠʛʥʘʣ ʰʫʤ (SNR), ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ 

ʦʜʥʦʩ ʩʥʘʛʝ ʣʘʩʝʨʘ ʠ ʩʥʘʛʝ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ. ʅʘʨʘʚʥʦ, ʚʝ˂ʠ SNR ʦʜʥʦʩ ʟʥʘʯʠ ʜʘ ʿʝ ʣʘʢʰʝ 

ʜʝʪʝʢʪʦʚʘʪʠ ʣʘʩʝʨʩʢʫ ʩʚʝʪʣʦʩʪ. ʋ ʘʧʣʠʢʘʮʠʿʘʤʘ ʚʠʟʫʝʣʥʝ ʠʥʩʧʝʢʮʠʿʝ, ʰʪʦ ʿʝ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ 

ʩʚʝʪʣʦʩʪʠ ʙʣʠʞʘ 550 nm, ʪʦ ʿʝ ˁʝʥʘ ʨʝʬʣʝʢʩʠʿʘ ʩʿʘʿʥʠʿʘ. 

ɺʨʝʤʝʥʩʢʠ ʟʘʚʠʩʘʥ ʰʫʤ (temporal noise) ʦʙʿʝʜʠˁʫʿʝ ʩʚʝ ʠʟʚʦʨʝ ʰʫʤʘ ʢʦʿʠ ʠʤʘʿʫ ʫʪʠʮʘʿ 

ʥʘ ʪʨʝʥʫʪʥʫ ʚʨʝʜʥʦʩʪ ʧʠʢʩʝʣʘ (ʨʘʟʣʠʢʫʿʝ ʩʝ ʦʜ ʩʣʠʢʝ ʜʦ ʩʣʠʢʝ). ɺʨʝʤʝʥʩʢʠ ʧʨʦʤʝʥˀʠʚ ʰʫʤ ʩʝ 

ʩʘʩʪʦʿʠ ʦʜ ʰʫʤʘ ʬʦʪʦʥʘ, ʰʫʤʘ ʪʘʤʥʝ ʩʪʨʫʿʝ, ʰʫʤʘ ʦʯʠʪʘʚʘˁʘ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʠ ʰʫʤʘ 

ʢʚʘʥʪʠʟʘʮʠʿʝ. ɺʨʝʤʝʥʩʢʠ ʧʨʦʤʝʥˀʠʚ ʰʫʤ ʿʝ ʜʦʤʠʥʘʥʪʘʥ ʰʫʤ ʢʦʿʠ ʩʝ ʿʘʚˀʘ ʢʦʜ ʢʘʤʝʨʘ. 

ʐʫʤ ʬʦʪʦʥʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʩʘʤʝ ʧʨʠʨʦʜʝ ʩʚʝʪʣʦʩʪʠ ʠ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʯʠˁʝʥʠʮʝ ʜʘ ʬʣʫʢʩ 

ʬʦʪʦʥʘ ʢʦʿʠ ʧʦʛʦʜʠ ʧʠʢʩʝʣ ʥʝʤʘ ʫʥʠʬʦʨʤʥʫ ʨʘʩʧʦʜʝʣʫ. ɱʦʰ ʩʝ ʥʘʟʠʚʘ ʠ ʰʫʤʦʤ ʩʘʯʤʝ. ʆʚʘʿ 

ʰʫʤ ʦʜʨʝʹʫʿʝ ʠ ʤʘʢʩʠʤʘʣʘʥ ʦʜʥʦʩ ʩʠʛʥʘʣ ʰʫʤ ʢʦʿʠ ʢʘʤʝʨʘ ʤʦʞʝ ʜʘ ʧʦʩʪʠʛʥʝ ʠ ʩʣʫʯʘʿʥʝ ʿʝ 

ʧʨʠʨʦʜʝ ʘ ʧʦʩʝʙʥʦ ʿʝ ʧʨʠʤʝʪʘʥ ʫ ʫʩʣʦʚʠʤʘ ʢʘʜʘ ʿʝ ʩʠʛʥʘʣ ʨʝʬʣʝʢʩʠʿʝ ʩʣʘʙ. 
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ʐʫʤ ʪʘʤʥʝ ʩʪʨʫʿʝ ʩʪʚʘʨʘʿʫ ʝʣʝʢʪʨʦʥʠ ʢʦʿʠ ʩʝ ʧʦʿʘʚˀʫʿʫ ʢʨʦʟ ʪʝʨʤʠʯʢʝ ʧʨʦʮʝʩʝ ʫ 

ʧʠʢʩʝʣʫ ʢʘʤʝʨʝ. ɹʨʦʿ ʝʣʝʢʪʨʦʥʘ ʩʝ ʧʦʚʝ˂ʘʚʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʚʨʝʤʝʥʘ ʠʟʣʘʛʘˁʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʊʘʢʦʹʝ ʩʝ ʧʦʚʝ˂ʘʚʘ ʩʘ ʤʘˁʦʤ ʙʨʟʠʥʦʤ ʯʠʪʘˁʘ. ʃʠʥʝʘʨʥʦ ʨʘʩʪʝ ʩʘ ʪʝʤʧʝʨʘʪʫʨʦʤ. ʆʚʘʿ ʰʫʤ ʿʝ 

ʥʝʟʘʚʠʩʘʥ ʦʜ ʥʠʚʦʘ ʜʝʪʝʢʪʦʚʘʥʦʛ ʩʠʛʥʘʣʘ. 

ʐʫʤ ʯʠʪʘˁʘ ʩʝ ʿʘʚˀʘ ʢʘʜʘ ʩʝ ʥʘʝʣʝʢʪʨʠʩʘˁʝ (ʝʣʝʢʪʨʦʥʠ) ʧʨʝʪʚʘʨʘ ʫ ʥʘʧʦʥ (ʟʘ CCD 

ʩʝʥʟʦʨʝ ʪʘʢʦʹʝ ʢʘʜʘ ʩʝ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʧʨʝʥʦʩʠ ʢʨʦʟ ʨʝʛʠʩʪʨʝ ʧʦʤʝʨʘˁʘ ʠʣʠ ʧʠʢʩʝʣʝ). ʆʙʠʯʥʦ 

ʟʙʦʛ ʯʚʨʰ˂ʝ ʧʦʚʝʟʘʥʝ ʧʫʪʘˁʝ ʧʠʢʩʝʣʘ ʠ ɸD ʢʦʥʚʝʨʪʦʨʘ ʫ CMOS ʩʝʥʟʦʨʠʤʘ, ʦʚʘʿ ʠʟʚʦʨ ʰʫʤʘ 

ʿʝ ʟʥʘʪʥʦ ʥʠʞʠ ʫ CMOS ʢʘʤʝʨʘʤʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ CCD. 

ʐʫʤ ʢʚʘʥʪʠʟʘʮʠʿʝ ʿʝ ʧʦʩʣʝʜʠʮʘ ʥʝʩʘʚʨʰʝʥʦʩʪʠ AD ʢʦʥʚʝʨʪʦʨʘ. ʀʟ ʦʚʦʛ ʨʘʟʣʦʛʘ ʠʤʘʤʦ 

ʠ ʩʢʫʧʝ ʠ ʿʝʬʪʠʥʝ ʢʘʤʝʨʝ ʢʦʿʝ ʢʦʨʠʩʪʝ ʠʩʪʠ ʩʝʥʟʦʨ. 

ɸʤʙʠʿʝʥʪʘʣʥʦ ʩʚʝʪʣʦ ʠʣʠ ʘʤʙʠʿʝʥʪʘʣʥʠ ʰʫʤ ʪʘʢʦʹʝ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʥʘ ʢʚʘʣʠʪʝʪ 

ʜʝʪʝʢʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ, ʘ ʩʘʤʠʤ ʪʠʤ, ʢʘʩʥʠʿʝ ʠ ʥʘ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ. ʇʦʩʪʦʿʝ 

ʜʚʘ ʧʨʠʩʪʫʧʘ ʫ ʩʫʟʙʠʿʘˁʫ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʰʫʤʘ ï ʬʠʣʪʨʠʨʘˁʝ ʥʘ ʦʩʥʦʚʫ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʠ 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʘ ʠʟʚʦʨʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʩʘ ʛʣʦʙʘʣʥʠʤ ʦʪʚʦʨʦʤ ʢʘʤʝʨʝ (ʚʨʝʤʝʥʩʢʦ 

ʬʠʣʪʨʠʨʘˁʝ). ʂʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʬʠʣʪʨʠʨʘˁʝ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ ʜʦʚʦˀʥʦ ʿʝ ʜʘ ʩʝ ʢʦʨʠʩʪʠ 

20nm ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ, ʯʠʿʘ ʮʝʥʪʨʘʣʥʘ ʬʨʝʢʚʝʥʮʠʿʘ ʟʘʚʠʩʠ ʦʜ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 

ʫʧʦʪʨʝʙˀʝʥʦʛ ʣʘʩʝʨʘ, ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʦ ʬʣʫʢʩ ʜʦʣʘʟʥʦʛ ʩʚʝʪʣʘ [44]. 

ʋ ʩʪʘʥʜʘʨʜʥʠʤ ʢʘʤʝʨʘʤʘ ʥʘʿʫʪʠʮʘʿʥʠʿʠ ʰʫʤ ʠʤʘ ɻʘʫʩʦʚʫ ʜʠʩʪʨʠʙʫʮʠʿʫ, ʢʦʿʘ ʿʝ 

ʧʦʩʣʝʜʠʮʘ point spread function (PSF). PSF ʦʧʠʩʫʿʝ ʦʜʟʠʚ ʢʘʤʝʨʝ ʥʘ ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ ʩʚʝʪʣʦʩʪʠ, 

ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʩʦʯʠʚʘ ʠ ʜʠʛʠʪʘʣʠʟʘʮʠʿʝ ʩʠʛʥʘʣʘ. ʊʨʠ ʠʟʚʦʨʘ ʰʫʤʘ ʫʪʠʯʫ ʥʘ ʢʚʘʣʠʪʝʪ 

3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ: ʝʣʝʢʪʨʠʯʥʠ ʰʫʤ, ʰʫʤ ʢʚʘʥʪʠʟʘʮʠʿʝ, ʢʘʦ ʠ ʰʫʤ ʣʘʩʝʨʩʢʝ ʤʨˀʝ (speckle 

noise). ʇʦʩʣʝʜˁʠ ʠʟʚʦʨ ʰʫʤʘ ʿʝ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʥ ʩʘ ʧʨʠʨʦʜʦʤ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʜʦʢ ʩʫ 

ʦʩʪʘʣʘ ʜʚʘ ʧʦʚʝʟʘʥʘ ʩʘ ʢʘʤʝʨʦʤ. ɽʣʝʢʪʨʠʯʥʠ ʠ ʢʚʘʥʪʠʟʘʮʠʦʥʠ ʰʫʤ ʩʫ ʚʨʣʦ ʟʥʘʯʘʿʥʠ ʢʘʜʘ ʿʝ 

SNR ʦʜʥʦʩ ʥʠʟʘʢ, ʦʜʥʦʩʥʦ ʢʘʜʘ ʿʝ ʩʥʘʛʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʤʘʣʘ. ʐʫʤ ʣʘʩʝʨʩʢʝ ʤʨʝˀ ʥʘʩʪʘʿʝ ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ ʬʝʥʦʤʝʥʘ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʪʘʣʘʩʘ. ʉʚʝʪʣʦʩʥʠ ʪʘʣʘʩʠ ʠʟʣʘʟʝ ʠʟ ʣʘʩʝʨʘ ʢʦʭʝʨʝʥʪʥʦ, 

ʤʝʹʫʪʠʤ, ʢʘʜʘ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ ʫʜʘʨʠ ʫ ʛʨʫʙʫ ʧʦʚʨʰʠʥʫ, ʦʜʣʘʟʥʠ ʪʘʣʘʩʠ ʧʦʩʪʘʥʫ ʨʘʩʪʫʨʝʥʠ, 

ʘ ʬʘʟʝ ʦʚʠʭ ʨʘʩʪʫʨʝʥʠʭ ʪʘʣʘʩʘ ʤʦʛʫ ʙʠʪʠ ʧʦʨʘʚʥʘʪʝ ʠʣʠ ʥʝ. ʅʘ ʤʝʩʪʠʤʘ ʛʜʝ ʩʝ ʬʘʟʝ ʧʦʜʫʜʘʨʘʿʫ, 

ʪʘʣʘʩʠ ʩʝ ʜʦʜʘʿʫ ʠʣʠ ʠʥʪʝʨʬʝʨʠʨʘʿʫ ʢʦʥʩʪʨʫʢʪʠʚʥʦ, ʩʪʚʘʨʘʿʫ˂ʠ ʩʚʝʪʣʘ ʤʝʩʪʘ. ʅʘ ʜʨʫʛʠʤ 

ʤʝʩʪʠʤʘ, ʩʚʝʪʣʦʩʥʠ ʪʘʣʘʩʠ ʤʦʛʫ ʙʠʪʠ ʫʥʠʰʪʝʥʠ ʠʣʠ ʠʥʪʝʨʬʝʨʠʨʘʪʠ ʜʝʩʪʨʫʢʪʠʚʥʦ, ʩʪʚʘʨʘʿʫ˂ʠ 

ʪʘʤʥʘ ʤʝʩʪʘ. ʆʚʘ ʩʚʝʪʣʘ ʠ ʪʘʤʥʘ ʤʝʩʪʘ ʟʘʿʝʜʥʦ ʩʝ ʥʘʟʠʚʘʿʫ ʣʘʩʝʨʩʢʦʤ ʤʨˀʦʤ. ʐʫʤ ʣʘʩʝʨʩʢʝ 

ʤʨˀʝ ʥʘʩʪʘʿʝ ʟʙʦʛ ʫʧʦʨʝʜʠʚʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʩʚʝʪʣʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʥʝʨʘʚʥʠʥʘʤʘ ʥʘ 

ʧʦʩʤʘʪʨʘʥʦʿ ʧʦʚʨʰʠʥʠ ʦʜ ʢʦʿʝ ʩʝ ʩʚʝʪʣʦʩʪ ʨʝʬʣʝʢʪʫʿʝ. ɺʝ˂ʠʥʘ ʧʦʚʨʰʠʥʘ, ʩʠʥʪʝʪʠʯʢʠʭ ʠʣʠ 

ʧʨʠʨʦʜʥʠʭ, ʿʝ ʠʟʫʟʝʪʥʦ ʛʨʫʙʘ ʥʘ ʩʢʘʣʠ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ. ɽʣʝʢʪʨʠʯʥʠ ʰʫʤ, ʰʫʤ ʢʚʘʥʪʠʟʘʮʠʿʝ, 

ʢʘʦ ʠ ʰʫʤ ʣʘʩʝʨʩʢʝ ʤʨˀʝ, ʩʝ ʟʘʿʝʜʥʦ ʢʦʤʙʠʥʫʿʫ ʠ ʯʠʥʝ ʜʘ ʧʦʩʤʘʪʨʘʯ ʚʠʜʠ ʢʦʥʩʪʨʫʢʪʠʚʥʝ ʠ 

ʜʝʩʪʨʫʢʪʠʚʥʝ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʫʥʫʪʘʨ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ [45, 46]. ʇʨʠʤʝʨ ʩʣʠʢʝ ʩʘ ʣʘʩʝʨʩʢʦʛ 

ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʥʘ ʢʦʿʝʤ ʩʝ ʿʘʩʥʦ ʤʦʞʝ ʚʠʜʝʪʠ ʝʬʝʢʘʪ ʰʫʤʘ ʣʘʩʝʨʩʢʝ ʤʨˀʝ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 

13. 

 

ʉʣʠʢʘ 13. ʐʫʤ ʣʘʩʝʨʩʢʝ ʤʨˀʝ ʥʘ ʩʣʠʮʠ ʩʘ ʢʘʤʝʨʝ ʧʨʦʬʠʣʥʦʛ ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ.  



25 

 

ʍʦʤʦʛʝʥʦʩʪ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʢʦʿʘ ʿʝ ʫʩʤʝʨʝʥʘ ʥʘ ʜʠʬʫʟʠʦʥʫ ʨʝʬʣʝʢʩʠʚʥʫ ʧʦʚʨʰʠʥʫ 

ʦʙʿʝʢʪʘ ʿʝ ʧʦʨʝʤʝ˂ʝʥʘ ʟʙʦʛ ʝʬʝʢʪʘ ʰʫʤʘ ʣʘʩʝʨʩʢʝ ʤʨˀʝ, ʢʦʿʠ ʿʝ ʟʘʧʨʘʚʦ ʝʬʝʢʘʪ ʚʠʰʝʩʪʨʫʢʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʥʘ ʭʨʘʧʘʚʠʤ ʧʦʚʨʰʠʥʘʤʘ. ʀʥʪʝʥʟʠʪʝʪ ʢʦʿʠ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʦʜʛʦʚʘʨʘ ʮʝʥʪʨʫ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʿʝ ʣʘʪʝʨʘʣʥʦ ʨʘʟʤʝʰʪʝʥ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʝ ʩʥʦʧʘ ʥʘ ʩʪʦʭʘʩʪʠʯʢʠ ʥʘʯʠʥ ʠ ʪʘʢʦ 

ʫʪʠʯʝ ʥʘ ʪʘʯʥʦʩʪ ʤʝʨʝˁʘ. ɽʬʝʢʘʪ ʣʘʩʝʨʩʢʝ ʤʨˀʝ ʩʝ ʤʦʞʝ ʠʟʙʝ˂ʠ ʢʦʨʠʰ˂ʝˁʝʤ ʠʟʚʦʨʘ ʩʚʝʪʣʦʩʪʠ 

ʤʘʣʝ ʢʦʭʝʨʝʥʮʠʿʝ, ʢʘʦ ʰʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨ ʩʫʧʝʨ-ʣʫʤʠʥʝʩʮʝʥʪʥʘ ʜʠʦʜʘ. 

 

ʉʣʠʢʘ 14. FPN ʰʫʤ CMOS ʢʘʤʝʨʝ. ʅʘ ʩʣʠʮʠ ʩʝ ʿʘʩʥʦ ʤʦʛʫ ʫʦʯʠʪʠ ʚʝʨʪʠʢʘʣʥʝ ʣʠʥʠʿʝ ʢʦʿʝ 

ʧʨʝʜʩʪʘʚˀʘʿʫ FPN ʰʫʤ. 

ʀʟʚʦʨʠ ʧʨʦʩʪʦʨʥʦʛ ʰʫʤʘ (Spatial noise), ʠʣʠ ʯʝʰ˂ʝ ʬʠʢʩʥʦʛ ʰʫʤʘ FPN (Fixed Pattern 

Noise) ʩʝ ʤʦʛʫ ʦʙʿʘʩʥʠʪʠ ʢʨʦʟ ʧʦʩʪʦʿʘˁʝ ʩʪʨʫʢʪʫʨʘʣʥʠʭ ʥʝʫʥʠʬʦʨʤʥʦʩʪʠ ʧʠʢʩʝʣʘ, ʦʜʥʦʩʥʦ 

ʤʦʛʫ˂ʥʦʩʪʠ ʧʠʢʩʝʣʘ ʜʘ ʘʢʫʤʫʣʠʨʘʿʫ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ ʩʠʛʥʘʣʘ. ʊʘʢʚʝ 

ʚʘʨʠʿʘʮʠʿʝ ʠʤʘʿʫ ʬʠʢʩʥʦ ʧʦʥʘʰʘˁʝ, ʘʣʠ ʩʫ ʥʘʩʫʤʠʯʥʦ ʜʠʩʪʨʠʙʫʠʨʘʥʝ ʠʟʤʝʹʫ ʧʠʢʩʝʣʘ. ʋ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʘʨʭʠʪʝʢʪʫʨʝ ʯʠʧʘ ʜʠʛʠʪʘʣʥʝ ʢʘʤʝʨʝ, ʧʠʢʩʝʣʠ ʩʝ ʦʯʠʪʘʚʘʿʫ ʠʣʠ ʧʦ ʚʨʩʪʘʤʘ ʠʣʠ 

ʧʦ ʢʦʣʦʥʘʤʘ (ʦʜʥʦʩʥʦ ʠʣʠ ʭʦʨʠʟʦʥʪʘʣʥʦ ʠʣʠ ʚʝʨʪʠʢʘʣʥʦ), ʪʘʢʦ ʜʘ ʩʝ ʦʚʘʿ ʰʫʤ ʿʘʚˀʘ ʠʣʠ ʢʘʦ 

ʰʫʤ ʚʨʩʪʝ ʠʣʠ ʰʫʤ ʢʦʣʦʥʝ ʠ ʪʦ ʢʘʦ ʤʘʣʘ ʧʨʦʤʝʥʘ ʫ ʠʥʪʝʥʟʠʪʝʪʫ ʩʣʠʢʝ. ʄʦʜʨʝʥʝ CMOS ʢʘʤʝʨʝ 

ʩʝ ʦʙʠʯʥʦ ʩʘʩʪʦʿʝ ʦʜ ʤʥʦʰʪʚʘ ADC ʢʦʿʠ ʧʦʙʦˀʰʘʚʘʿʫ ʚʨʝʤʝ ʦʯʠʪʘʚʘˁʘ ʩʣʠʢʝ, ʪʝ ʩʚʘʢʘ ʨʘʟʣʠʢʘ 

ʫ ʧʦʿʘʯʘˁʫ ʠ ʙʠʘʩ-ʫ ʢʦʨʠʰ˂ʝʥʠʭ ADC ʦʩʪʘʚˀʘ ʪʨʘʛ ʫ ʚʠʜʫ FPN-ʘ ʥʘ ʧʨʠʤˀʝʥʠʤ ʩʣʠʢʘʤʘ. FPN 

ʰʫʤ ʩʝ ʤʦʞʝ ʧʦʜʝʣʠʪʠ ʥʘ ʜʚʘ ʜʝʣʘ. ʇʨʚʠ ʿʝ FPN ʰʫʤ ʧʠʢʩʝʣʘ, ʘ ʜʨʫʛʠ ʩʝ ʥʘʟʠʚʘ FPN ʰʫʤ 

ʢʦʣʦʥʝ ʢʦʿʠ ʠʤʘ ʜʘʣʝʢʦ ʚʝ˂ʠ ʫʪʠʮʘʿ ʥʝʛʦ ʩʣʫʯʘʿʥʠ ʰʫʤ. ʅʘ ʩʣʠʮʠ 14. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʩʣʠʢʝ 

ʜʦʙʠʿʝʥʝ ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʥʘ ʢʦʿʦʿ ʩʝ ʿʘʩʥʦ ʤʦʞʝ ʫʦʯʠʪʠ FPN ʰʫʤ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʨʘʜʠ 

ʩʝ ʦ FPN h ʫʤʫ ʢʦʣʦʥʝ ʩʣʠʢʝ, ʧʨʠ ʯʝʤʫ ʩʝ ʣʘʢʦ ʤʦʛʫ ʧʨʠʤʝʪʠʪʠ ʚʝʨʪʠʢʘʣʥʝ ʪʘʤʥʝ ʣʠʥʠʿʝ. ʂʘʢʦ 

ʙʠ ʩʝ ʿʘʩʥʦ ʚʠʜʝʣʠ ʝʬʝʢʪʠ FPN h ʫʤʘ, ʩʣʠʢʘ ʿʝ ʜʦʜʘʪʥʦ ʦʙʨʘʹʝʥʘ ʫ MATLAB -ʫ ʛʜʝ ʿʝ ʭʠʩʪʦʛʨʘʤ 

ʩʣʠʢʝ ʧʨʦʤʝˁʝʥ.  

ʂʦʣʠʯʠʥʘ FPN ʰʫʤʘ ʢʦʿʠ ʥʘʩʪʘʿʝ ʥʘ ʢʘʤʝʨʠ ʤʦʞʝ ʩʝ ʫʩʧʝʰʥʦ ʩʤʘˁʠʪʠ ʧʦʙʦˀʰʘˁʝʤ 

ʭʘʨʜʚʝʨʩʢʦʛ ʜʠʟʘʿʥʘ ʢʘʤʝʨʝ, ʤʝʹʫʪʠʤ ʪʘʢʚʘ ʨʝʰʝˁʘ ʩʫ ʧʨʝ ʩʚʝʛʘ ʪʝʰʢʘ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʘ 

ʩʘʤʠʤ ʪʠʤ ʠ ʚʨʣʦ ʩʢʫʧʘ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʨʘʜʠ ʦ ʙʨʟʠʤ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʢʘʤʝʨʘʤʘ. ɸʣʪʝʨʥʘʪʠʚʥʦ, 

FPN h ʫʤ ʩʝ ʤʦʞʝ ʫʩʧʝʰʥʦ ʬʠʣʪʨʠʨʘʪʠ ʫ ʜʠʛʠʪʘʣʥʦʤ ʜʦʤʝʥʫ ʥʘʢʦʥ ʘʢʚʠʟʠʮʠʿʝ ʩʣʠʢʝ. ʀʘʢʦ ʩʝ 

ʩʤʘʪʨʘ ʜʘ ʿʝ FPN h ʫʤ ʬʠʢʩʘʥ, ʦʥ ʿʝ ʿʝʜʠʥʩʪʚʝʥ ʟʘ ʩʚʘʢʫ ʢʘʤʝʨʫ ʠ ʤʝˁʘ ʩʝ ʪʦʢʦʤ ʚʨʝʤʝʥʘ ʫʩʣʝʜ 

ʝʢʩʧʣʦʘʪʘʮʠʿʝ ʠ ʭʘʙʘˁʘ ʩʝʥʟʦʨʘ. ʂʦʨʠʰ˂ʝˁʝʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ ʤʦʛʫ˂ʝ ʿʝ ʩʤʘˁʠʪʠ 

ʝʬʝʢʪʝ FPN ʰʫʤʘ ʢʦʿʠ ʩʝ ʨʘʟʚʠʿʘʿʫ ʪʦʢʦʤ ʚʨʝʤʝʥʘ [47].  
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ɻʝʥʝʨʘʣʥʦ ʧʦʩʪʦʿʝ ʪʨʠ ʪʠʧʘ ʜʠʛʠʪʘʣʥʠʭ ʤʝʪʦʜʘ ʟʘ ʬʠʣʪʨʠʨʘˁʝ ʠ ʩʤʘˁʝˁʝ ʫʪʠʮʘʿʘ FPN 

ʰʫʤʘ ʠ ʪʦ ʩʫ ʤʝʪʦʜʝ ʙʘʟʠʨʘʥʝ ʥʘ ʢʘʣʠʙʨʘʮʠʿʠ, ʩʪʘʪʠʩʪʠʮʠ ʠ ʦʥʝ ʢʦʿʝ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʩʮʝʥʫ 

ʦʢʦʣʠʥʝ. ʆʜ ʥʘʙʨʦʿʘʥʠʭ ʤʝʪʦʜʘ, ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘ ʢʘʣʠʙʨʘʮʠʿʝ ʢʘʤʝʨʝ, ʟʙʦʛ ʩʚʦʿʝ 

ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʘʣʠ ʠ ʚʠʩʦʢʝ ʪʘʯʥʦʩʪʠ ʦʪʢʣʘˁʘˁʘ ʰʫʤʘ ʠ ʿʝʜʥʦʩʪʘʚʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ [48]. 

ʄʝʪʦʜʘ ʢʘʣʠʙʨʘʮʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ ʥʘ ʢʘʤʝʨʠ ʥʘʧʨʘʚʠ ʧʦʪʧʫʥʦ ʪʘʤʥʘ ʩʣʠʢʘ, ʩʘ 

ʤʠʥʠʤʘʣʥʠʤ ʚʨʝʤʝʥʦʤ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ, ʩʘ ʠʩʪʠʤ ʧʦʿʘʯʘˁʝʤ ʠ ʪʝʤʧʝʨʘʪʫʨʦʤ ʩʝʥʟʦʨʘ ʥʘ 

ʢʦʿʦʿ ˂ʝ ʫʨʝʹʘʿ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥ. ʂʘʩʥʠʿʝ ʫ ʪʦʢʫ ʨʘʜʘ ʥʝʦʧʭʦʜʥʦ ʿʝ ʦʚʫ ʩʣʠʢʫ ʦʜʫʟʝʪʠ ʦʜ ʩʣʠʢʝ 

ʢʦʿʘ ʜʦʣʘʟʠ ʩʘ ʩʝʥʟʦʨʘ ʢʘʤʝʨʘ. ʅʘʿʚʘʞʥʠʿʠ ʤʦʤʝʥʘʪ ʫ ʪʦʢʫ ʢʘʣʠʙʨʘʮʠʿʝ ʥʘ FPN h ʫʤ ʿʝ ʜʘ ʩʣʠʢʘ 

ʢʘʤʝʨʝ ʙʫʜʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʪʘʤʥʘ, ʦʜʥʦʩʥʦ ʜʘ ʜʦ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ ʥʝ ʜʦʣʘʟʠ ʘʤʙʠʿʝʥʪʘʣʥʘ 

ʩʚʝʪʣʦʩʪ. 

 

ʉʣʠʢʘ 15. (ʘ) ʇʨʠʤʝʨ ʩʣʠʢʝ ʫ ʧʫʥʦʿ ʨʝʟʦʣʫʮʠʿʠ ʥʘ ʢʦʿʠʤʘ ʩʝ ʚʠʜʠ ʠʟʨʘʞʝʥ ʧʨʦʙʣʝʤ ʣʘʞʥʝ 

ʨʝʬʣʝʢʩʠʿʝ, ʩʘʪʫʨʠʩʘʥʘ ʨʝʬʣʝʢʩʠʿʘ ʠ ʰʫʤ ʣʘʩʝʨʩʢʝ ʤʨˀʝ. (ʙ) ʿʝʜʥʘ ʣʠʥʠʿʘ ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ (ʮ) ʿʝʜʥʘ ʣʠʥʠʿʘ ʩʣʠʢʝ, ʦʢʦʣʠʥʘ ʜʝʪʝʢʪʦʚʘʥʝ ʨʝʬʣʝʢʩʠʿʝ.  

ʃʘʞʥʝ ʨʝʬʣʝʢʩʠʿʝ ʩʫ ʿʦʰ ʿʝʜʘʥ ʚʝʣʠʢʠ ʧʨʦʙʣʝʤ ʫ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʠ ʠ ʥʘʿʯʝʰ˂ʝ ʩʝ 

ʿʘʚˀʘʿʫ ʫ ʩʢʝʥʠʨʘˁʫ ʩʿʘʿʥʠʭ ʤʝʪʘʣʥʠʭ ʧʦʚʨʰʠʥʘ. ʈʝʬʣʝʢʪʦʚʘʥʘ ʩʚʝʪʣʦʩʪ ʦʜ ʮʠˀʘʥʦʛ ʜʝʣʘ 

ʤʦʞʝ ʦʩʚʝʪʣʠʪʠ ʥʝʢʝ ʜʨʫʛʝ ʜʝʣʦʚʝ ʧʦʚʨʰʠʥʝ. ʆʚʝ ʥʝʞʝˀʝʥʝ ʨʝʬʣʝʢʩʠʿʝ ʤʦʛʫ ʟʘʚʘʨʘʪʠ 

ʘʣʛʦʨʠʪʘʤ ʟʘ ʨʘʯʫʥʘˁʝ ʜʘˀʠʥʝ, ʪʝ ʩʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʜʦʙʠʿʘʿʫ ʧʦʛʨʝʰʥʝ ʚʨʝʜʥʦʩʪʠ. ʅʘ ʩʣʠʮʠ 

15ʘ. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʩʣʠʢʝ ʜʦʙʠʿʝʥʝ ʩʘ ʣʘʩʝʨʩʢʦʛ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʥʘ ʢʦʿʦʿ ʩʝ ʿʘʩʥʦ ʤʦʛʫ ʫʦʯʠʪʠ 

ʚʠʰʝʩʪʨʫʢʠ ʧʨʦʙʣʝʤʠ ʩʘ ʢʦʿʠʤʘ ʩʝ ʘʣʛʦʨʠʪʤʠ ʟʘ ʦʙʨʘʜʫ ʩʣʠʢʝ ʠ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʩʫʩʨʝ˂ʫ. 

ʋ ʛʦʨˁʝʤ ʜʝʣʫ ʩʣʠʢʝ, ʿʘʩʥʦ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʰʫʤ ʣʘʩʝʨʩʢʝ ʤʨˀʝ. ʇʨʘʢʪʠʯʥʦ ʮʝʣʦʤ ʜʫʞʠʥʦʤ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʧʦʩʪʦʿʠ ʧʨʦʙʣʝʤ ʜʦʜʘʪʥʝ ʣʘʞʥʝ ʨʝʬʣʝʢʩʠʿʝ, ʢʘʦ ʠ ʩʘʪʫʨʘʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ. ʎʨʚʝʥʘ ʠʩʧʨʝʢʠʜʘʥʘ ʣʠʥʠʿʘ ʦʟʥʘʯʘʚʘ ʿʝʜʥʫ ʣʠʥʠʿʫ ʩʣʠʢʝ ʢʦʿʘ ʿʝ ʧʨʠʢʘʟʘʥʘ ʢʘʦ 

ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʢʘʤʘ 15ʙ. ʠ 15ʮ. ʅʘ ʩʣʠʮʠ 15ʮ. ʿʝ ʜʘʪ ʧʨʦʬʠʣ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘʿʝʜʥʦ ʩʘ ʣʘʞʥʦʤ ʨʝʬʣʝʢʩʠʿʦʤ ʢʦʿʘ ʿʝ ʦʟʥʘʯʝʥʘ ʮʨʚʝʥʦʤ ʙʦʿʦʤ.   

ʅʘ ʩʣʠʮʠ 16. ʜʘʪ ʿʝ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʨʠʢʘʟ ʩʣʠʢʝ ʛʜʝ ʿʝ ʪʨʝ˂ʘ ʜʠʤʝʥʟʠʿʘ ʩʣʠʢʝ 

ʟʘʧʨʘʚʦ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ. ʃʘʢʦ ʿʝ ʫʦʯˀʠʚʦ ʜʘ ʿʝ ʣʘʞʥʘ ʨʝʬʣʝʢʩʠʿʘ ʟʘʧʨʘʚʦ ʜʦʤʠʥʘʥʪʥʘ ʠ ʜʘ 

ʤʘʩʢʠʨʘ ʜʝʪʝʢʮʠʿʫ ʧʨʘʚʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ.  
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ʉʣʠʢʘ 16. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʨʠʢʘʟ ʧʨʝʪʭʦʜʥʝ ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʩʝ ʚʠʜʠ ʧʨʦʙʣʝʤ ʣʘʞʥʝ 

ʨʝʬʣʝʢʩʠʿʝ. 

ʅʘ ʩʣʠʢʘʤʘ 17. ʠ 18. ʜʘʪʠ ʩʫ ʧʨʠʤʝʨʠ ʣʘʩʝʨʩʢʠʭ ʨʝʬʣʝʢʩʠʿʘ ʢʦʜ ʢʦʿʠʭ ʿʝ SNR ʦʜʥʦʩ 

ʤʘʣʠ, ʧʘ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʜʘ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ ʠʤʘ ʠʥʪʝʥʟʠʪʝʪ ʫʧʦʨʝʜʠʚ ʩʘ ʠʥʪʝʥʟʠʪʝʪʦʤ 

ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ, ʢʘʦ ʠ ʦʩʪʘʣʠʭ ʥʝʞʝˀʝʥʠʭ ʠʟʚʦʨʘ ʰʫʤʘ ʫ ʩʠʩʪʝʤʫ. ʇʦʩʝʙʥʦ ʿʝ ʠʟʨʘʞʝʥʦ 

ʜʘ ʤʘʢʩʠʤʫʤ ʠʥʪʝʥʟʠʪʝʪʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʠʤʘ ʚʝʣʠʢʫ ʬʣʫʢʪʫʘʮʠʿʫ, ʰʪʦ ˂ʝ ʩʠʛʫʨʥʦ 

ʜʦʚʝʩʪʠ ʜʦ ʚʝ˂ʝ ʛʨʝʰʢʝ ʫ ʝʩʪʠʤʘʮʠʿʠ ʧʦʟʠʮʠʿʝ.  

 

 

ʉʣʠʢʘ 17. ʇʨʠʤʝʨ ʩʣʠʢʝ ʫ ʧʫʥʦʿ ʨʝʟʦʣʫʮʠʿʠ ʥʘ ʢʦʿʦʿ ʩʝ ʚʠʜʠ ʤʘʣʠ ʠʥʪʝʥʟʠʪʝʪ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʫʩʣʝʜ ʥʝʜʦʚʦˀʥʝ ʩʥʘʛʝ ʣʘʩʝʨʘ ʠʣʠ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ (SNR ʦʜʥʦʩ) (ʘ) ʩʣʠʢʘ ʩʘ 

ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ, (ʙ) ʿʝʜʥʘ ʣʠʥʠʿʘ ʩʣʠʢʝ ʦʟʥʘʯʝʥʘ ʮʨʚʝʥʦʤ ʣʠʥʠʿʦʤ ʥʘ ʩʣʠʮʠ (ʘ).(ʮ)ʚʨʭ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ.  
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ʉʣʠʢʘ 18. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʨʠʢʘʟ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʘʜʘ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ ʥʠʿʝ 

ʜʦʚʦˀʘʥ 

ʅʘ ʩʣʠʢʘʤʘ 19. ʠ 20. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʦʜ ʃʘʤʙʝʨʪʠʘʥ ʧʦʚʨʰʠʥʝ, ʢʦʿʘ 

ʿʝ ʩʢʦʨʦ ʠʜʝʘʣʥʘ ʠ ʥʘ ʢʦʿʦʿ ʩʝ ʿʘʩʥʦ ʫʦʯʘʚʘ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʠʥʪʝʥʟʠʪʝʪʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ. 

ɱʘʩʥʦ ʿʝ ʫʦʯˀʠʚʦ ʜʘ ʿʝ ʠʥʪʝʥʟʠʪʝʪ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʣʝʢʦ ʚʝ˂ʠ ʦʜ ʠʥʪʝʥʟʠʪʝʪʘ ʩʚʠʭ 

ʦʩʪʘʣʠʭ ʠʟʚʦʨʘ ʰʫʤʘ ʠ ˁʝʥ ʦʙʣʠʢ ʧʦʜʩʝ˂ʘ ʥʘ ɼʠʨʘʢʦʚʫ ʜʝʣʪʘ ʬʫʥʢʮʠʿʫ.  

 

 

ʉʣʠʢʘ 19. ʇʨʠʤʝʨ ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʩʝ ʚʠʜʠ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ ʩʘ ʩʘʯʫʚʘʥʠʤ ɻʘʫʩʦʚʠʤ 

ʧʨʦʬʠʣʦʤ.  
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ʉʣʠʢʘ 20. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʨʠʢʘʟ ʜʝʪʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʢʘʜʘ ʦʥʘ ʠʤʘ ɻʘʫʩʦʚ 

ʧʨʦʬʠʣ 

 

ʉʘ ʩʣʠʢʘ ʿʝ ʠʥʪʫʠʪʠʚʥʦ ʿʘʩʥʦ ʜʘ ʢʘʜʘ ʩʫ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʧʨʘʚʠʣʥʦ ʧʦʜʝʰʝʥʠ 

ʜʝʪʝʢʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʠ ʝʩʪʠʤʘʮʠʿʘ ˁʝʥʝ ʧʦʟʠʮʠʿʝ ʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʝʣʠʢʠ ʧʨʦʙʣʝʤ, 

ʿʝʨ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʿʝ ʦʯʫʚʘʥ ʧʘ ʩʝ ʯʘʢ ʠ ʩʘ ʙʘʟʠʯʥʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʤʦʛʫ ʣʘʢʦ ʜʦʙʠʪʠ ʪʨʘʞʝʥʝ 

ʠʥʬʦʨʤʘʮʠʿʝ. ʅʘʨʘʚʥʦ, ʫ ʧʨʘʢʩʠ ʪʦ ʥʠʿʝ ʩʣʫʯʘʿ, ʚʝ˂ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʜʝʰʘʚʘ ʜʘ ʥʘ ʠʩʪʦʿ ʩʣʠʮʠ 

ʧʦʩʪʦʿʝ ʨʝʛʠʦʥʠ ʦʜ ʦʥʠʭ ʩʘ ʥʝʜʦʚʦˀʥʠʤ ʠʥʪʝʥʟʠʪʝʪʦʤ, ʧʘ ʩʚʝ ʜʦ ʩʘʪʫʨʠʩʘʥʠʭ ʨʝʬʣʝʢʩʠʿʘ. 

ʈʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʠʤʘʿʫ ʤʘʣʠ SNR ʪʘʢʦʹʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʦʙʣʝʤ ʟʘ ʩʝʙʝ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ 

ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ. ʋ ʦʚʦʤ ʨʘʜʫ ʘʢʮʝʥʘʪ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʩʪʘʚˀʝʥ ʥʘ ʜʨʫʛʫ ʩʪʨʘʥʫ, ʦʜʥʦʩʥʦ 

ʥʘ ʨʝʬʣʝʢʩʠʿʝ ʢʦʜ ʢʦʿʠʭ ʿʝ ʚʨʭ ʦʜʩʝʯʝʥ ʠ ʛʜʝ ʿʝ ʫʩʣʝʜ ʚʝʣʠʢʝ ʰʠʨʠʥʝ ʪʝʰʢʦ ʜʘʪʠ ʝʩʪʠʤʘʮʠʿʫ 

ˁʝʥʝ ʧʦʟʠʮʠʿʝ. ʇʨʝʜʣʦʞʝʥʠ ʘʣʛʦʨʠʪʘʤ ʫ ʦʚʦʤ ʨʘʜʫ ʪʨʝʙʘ ʜʘ ʥʘ ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ ʜʦʜʘʪʥʠʤ 

ʬʠʣʪʨʠʨʘˁʝʤ ʩʠʛʥʘʣʘ ʧʦʤʦʛʥʝ ʫ ʝʩʪʠʤʘʮʠʿʠ ʧʦʟʠʮʠʿʝ ʪʘʢʚʠʭ ʨʝʬʣʝʢʩʠʿʘ.  

 

 

 

2.5. ʊʨʠʘʥʛʫʣʘʮʠʿʘ 

 

 ʊʨʠ ʦʩʥʦʚʥʘ ʝʣʝʤʝʥʪʘ ʩʚʘʢʦʛ ʩʠʩʪʝʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʢʦʨʠʩʪʠ ʣʘʩʝʨʩʢʠ ʩʢʝʥʝʨ ʩʫ ʢʘʤʝʨʘ, 

ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠ ʦʙʿʝʢʘʪ ʥʘʜ ʢʦʿʠʤ ʩʝ ʚʨʰʠ ʤʝʨʝˁʝ. ʋʧʨʘʚʦ ʪʝ ʪʨʠ ʢʦʤʧʦʥʝʥʪʝ 

ʬʦʨʤʠʨʘʿʫ ʪʝʤʝʥʘ ʪʨʦʫʛʣʘ ʛʜʝ ʩʫ ʜʚʘ ʪʝʤʝʥʘ ʧʦʟʥʘʪʘ (ʢʘʤʝʨʘ ʠ ʣʘʩʝʨ), ʜʦʢ ʿʝ ʪʨʝ˂ʝ ʪʝʤʝ ʪʨʦʫʛʣʘ 

ʥʝʧʦʟʥʘʪʦ ʠ ʧʨʝʜʩʪʘʚˀʘ ʫʜʘˀʝʥʦʩʪ ʦʙʿʝʢʪʘ ʦʜ ʩʢʝʥʝʨʘ, ʦʜʥʦʩʥʦ ʢʘʤʝʨʝ. ʂʦʨʠʩʪʝ˂ʠ ʩʠʥʫʩʥʠ 

ʟʘʢʦʥ ʦ ʪʨʦʫʛʣʫ, ʢʘʦ ʠ ʦʩʥʦʚʥʝ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʝ ʟʘʢʦʥʝ, ʤʦʛʫ˂ʝ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʥʝʧʦʟʥʘʪʫ 

ʫʜʘˀʝʥʦʩʪ ʦʙʿʝʢʪʘ ʦʜ ʢʘʤʝʨʝ. ʅʘ ʩʣʠʮʠ 21. ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʧʨʦʮʝʩ ʪʨʠʘʥʛʫʣʘʮʠʿʝ ʥʝʧʦʟʥʘʪʝ 

ʪʘʯʢʝ ʫ 3D ʧʨʦʩʪʦʨʫ.  
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ʉʣʠʢʘ 21. ʇʨʦʮʝʩ ʪʨʠʘʥʛʫʣʘʮʠʿʝ ʟʘ ʥʝʧʦʟʥʘʪʫ ʪʘʯʢʫ ʫ 3D ʧʨʦʩʪʦʨʫ. [49] 

 

ʊʝʤʝʥʘ ʪʨʦʫʛʣʘ ʩʫ ʦʟʥʘʯʝʥʘ ʩʘ ɸ, B ʠ C, ʧʨʠ ʯʝʤʫ ɸ ʦʜʛʦʚʘʨʘ ʢʘʤʝʨʠ, B ʦʜʛʦʚʘʨʘ 

ʣʘʩʝʨʩʢʦʤ ʤʦʜʫʣʫ, ʜʦʢ ʿʝ ʩʘ C ʦʟʥʘʯʝʥʘ ʥʝʧʦʟʥʘʪʘ ʪʘʯʢʘ ʫ 3D ʧʨʦʩʪʦʨʫ ʯʠʿʝ ʿʝ ʨʘʩʪʦʿʘˁʝ ʜʦ 

ʢʘʤʝʨʝ ʥʝʦʧʭʦʜʥʦ ʠʟʨʘʯʫʥʘʪʠ. ʆʜʛʦʚʘʨʘʿʫ˂ʝ ʩʪʨʘʥʠʮʝ ʪʨʦʫʛʣʘ ʩʫ ʦʟʥʘʯʝʥʝ ʩʘ d (AB) ʠ 

ʧʨʝʜʩʪʘʚˀʘ ʨʘʩʪʦʿʘˁʝ ʢʘʤʝʨʝ ʠ ʣʘʩʝʨʩʢʦʛ ʤʦʜʫʣʘ, t (AC) ʨʘʩʪʦʿʘˁʝ ʦʜ ʢʘʤʝʨʝ ʜʦ ʩʢʝʥʠʨʘʥʦʛ 

ʦʙʿʝʢʪʘ ʠ ʩʘ p (BC) ʨʘʩʪʦʿʘˁʝ ʦʜ ʣʘʩʝʨʩʢʦʛ ʤʦʜʫʣʘ ʜʦ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʎʨʚʝʥʦʤ ʙʦʿʦʤ ʩʫ 

ʦʟʥʘʯʝʥʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʫʛʣʦʚʠ: ‌ ʦʟʥʘʯʘʚʘ ʚʠʜʥʦ ʧʦˀʝ ʢʘʤʝʨʝ (Field of View - FOV), — ʿʝ ʫʛʘʦ 
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ʠʟʤʝʹʫ ʩʥʦʧʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʠ ʚʝʨʪʠʢʘʣʝ ʫ ʦʜʥʦʩʫ ʥʘ ʨʘʚʘʥ ʢʘʤʝʨʘ ï ʣʘʩʝʨ. ʉʘ ‰ ʿʝ ʦʟʥʘʯʝʥ 

ʫʛʘʦ ʠʟʤʝʹʫ ʨʝʬʣʝʢʪʦʚʘʥʦʛ ʩʥʦʧʘ ʢʦʿʠ ʫʣʘʟʠ ʫ ʢʘʤʝʨʫ ʠ ʚʝʨʪʠʢʘʣʝ ʫ ʦʜʥʦʩʫ ʥʘ ʨʘʚʘʥ ʢʘʤʝʨʘ-

ʣʘʩʝʨ. ʉʘ ʢ ʿ ʝ ʦʟʥʘʯʝʥ ʫʛʘʦ ʠʟʤʝʹʫ ʜʦʣʘʟʥʦʛ ʠ ʦʜʣʘʟʥʦʛ ʩʥʦʧʘ (ʨʝʬʣʝʢʪʦʚʘʥʦʛ) ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. 

ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʝ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʧʦʩʤʘʪʨʘ ʢʘʦ ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ, ʙʝʩʢʦʥʘʯʥʦ ʫʩʢʝ ʰʠʨʠʥʝ 

ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ. ʉʘ Ὠ‰ ʿʝ ʦʟʥʘʯʝʥ ʫʛʘʦ ʜʝʪʝʢʮʠʿʝ. ʆʜ ʦʩʪʘʣʠʭ ʙʠʪʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʘ 
ʪʨʠʘʥʛʫʣʘʮʠʿʫ ʪʫ ʩʝ ʥʘʣʘʟʝ Ὢ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʞʠʞʥʫ ʜʘˀʠʥʫ ʩʦʯʠʚʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʠ ʫ 

ʩʠʩʪʝʤʫ. ʉʘ h ʠ w ʩʫ ʦʟʥʘʯʝʥʠ ʰʠʨʠʥʘ ʠ ʜʫʞʠʥʘ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ. ʆʚʘ ʜʚʘ ʧʘʨʘʤʝʪʨʘ ʟʘʧʨʘʚʦ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʨʝʟʦʣʫʮʠʿʫ ʢʘʤʝʨʝ. ʉʘ 2r ʿʝ ʦʟʥʘʯʝʥʘ ʜʠʿʘʛʦʥʘʣʘ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ, ʜʦʢ ʿʝ ʩʘ s 

ʦʟʥʘʯʝʥʦ ʨʘʩʪʦʿʘˁʝ ʨʝʬʣʝʢʪʦʚʘʥʦʛ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ ʦʜ ʮʝʥʪʨʘ ʩʝʥʟʦʨʘ. ʇʦʟʥʘʪʠ ʧʘʨʘʤʝʪʨʠ 

ʩʠʩʪʝʤʘ ʩʫ ʫʛʘʦ ʛʣʝʜʘˁʘ ʢʘʤʝʨʝ (‌, ʨʝʟʦʣʫʮʠʿʘ ʢʘʤʝʨʝ (ʭ ʠ w), ʢʘʦ ʠ ʫʛʘʦ ʧʦʜ ʢʦʿʠʤʘ ʩʝ ʥʘʣʘʟʠ 

ʢʘʤʝʨʘ ʠ ʣʘʩʝʨʩʢʠ ʤʦʜʫʣ (‰ ʠ —), ʢʘʦ ʠ ˁʠʭʦʚʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ (d) [50]. ʊʘʜʘ ʩʝ ʟʘ ʞʠʞʥʫ 

ʜʘˀʠʥʫ ʢʘʤʝʨʝ ʤʦʛʫ ʠʟʚʝʩʪʠ ʩʣʝʜʝ˂ʝ ʿʝʜʥʘʯʠʥʝ: 

ÔÁÎ
‌

ς

ὶ

Ὢ
 

ςὶ  ύ Ὤ 

(2.9) 

ʆʜʘʢʣʝ ʩʣʝʜʠ ʜʘ ʿʝ:  

Ὢ
Ѝύ Ὤ

ςÔÁÎ
‌
ς

 (2.10) 

ʊʨʠʘʥʛʫʣʘʮʠʿʘ ʿʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʩʠʥʫʩʥʦʿ ʪʝʦʨʝʤʠ ʪʨʦʫʛʣʘ, ʢʦʿʘ ʢʘʞʝ ʜʘ ʟʘ ʩʚʘʢʠ ʪʨʦʫʛʘʦ 

ʩʘ ʩʪʨʘʥʠʮʘʤʘ a, b, c ʠ ʫʛʣʦʚʠʤʘ ‌, ‍ ʠ ‎ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʥʘʩʧʨʘʤ ʪʠʭ ʩʪʨʘʥʠʮʘ, ʚʘʞʠ ʩʣʝʜʝ˂ʘ 
ʿʝʜʥʘʢʦʩʪ: 

ὥ

ίὭὲ‌

ὦ

ίὭὲ‍

ὧ

ίὭὲ‎
ςὙ (2.11) 

ʛʜʝ ʿʝ R ʧʦʣʫʧʨʝʯʥʠʢ ʦʧʠʩʘʥʦʛ ʢʨʫʛʘ ʦʢʦ ʜʘʪʦʛ ʪʨʦʫʛʣʘ. ʂʘʜʘ ʫ ʿʝʜʥʘʯʠʥʫ 2.11 ʫʙʘʮʠʤʦ 

ʧʘʨʘʤʝʪʨʝ ʧʦʩʤʘʪʨʘʥʦʛ ʩʠʩʪʝʤʘ, ʦʥʘ ʧʦʩʪʘʿʝ:  

Ὠ

ίὭὲὯ

ὴ

ίὭὲ
“
ς ‰ Ὠ‰

ὸ

ίὭὲ
“
ς —

ςὙ 

Ὧ “
“

ς
‰ Ὠ‰

“

ς
— ‰  — Ὠ‰ 

(2.12) 

ʆʜʘʢʣʝ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʥʝʧʦʟʥʘʪʦ ʨʘʩʪʦʿʘˁʝ ʦʙʿʝʢʪʘ ʦʜ ʢʘʤʝʨʝ ʜʘʪʦ ʩʘ: 

ὸ Ὠ
ίὭὲ

“
ς —

ίὭὲ‰  — Ὠ‰
 (2.13) 

ʋ ʦʚʦʿ ʿʝʜʥʘʯʠʥʠ ʿʝʜʠʥʘ ʧʨʦʤʝʥˀʠʚʘ ʢʦʿʘ ʿʝ ʥʝʧʦʟʥʘʪʘ ʿʝ ʫʛʘʦ Ὠ‰ ʢʦʿʠ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʥʘ 
ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ:  

ὸὥὲὨ‰  
ί

Ὢ
Ƞ Ὠ‰ ὥὶὧὸὥὲ

ί

Ὢ
 (2.14) 
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ʆʜʥʦʩʥʦ: 

Ὠ‰ ὥὶὧὸὥὲ
Ѝό ὺ

Ὢ
ὥὶὧὸὥὲς

Ѝό ὺ

Ѝύ Ὤ
ÔÁÎ

‌

ς
 (2.15) 

ʋʢʦʣʠʢʦ Ὠ‰ ʧʨʝʜʩʪʘʚʠʤʦ ʩʘ ʜʚʘ ʫʛʣʘ Ὠ‰  ʠ Ὠ‰  (ʦʜʥʦʩʥʦ ʫʢʦʣʠʢʦ ʧʦʩʤʘʪʨʘʤʦ ʠʩʪʝ ʫʛʣʦʚʝ ʩʘ 

ʩʪʨʘʥʝ ʢʘʤʝʨʝ, Ὠ‰  ʠ Ὠ‰), ʪʘʜʘ ʿʝ:  

Ὠ‰ ὥὶὧὸὥὲ
ό

ὶ
ὸὥὲ

‌

ς
 

Ὠ‰ ὥὶὧὸὥὲ
ὺ

ὶ
ὸὥὲ

‌

ς
 

(2.16) 

ʆʜʥʦʩʥʦ ʟʘʤʝʥʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʠʟʨʘʟʘ ʟʘ Ὢ ʜʦʙʠʿʘʤʦ ʜʘ ʿʝ 

Ὠ‰ ὥὶὧὸὥὲ
ό

Ὢ
 

Ὠ‰ ὥὶὧὸὥὲ
ὺ

Ὢ
 

(2.17) 

ʅʘ ʦʩʥʦʚʫ ʩʠʤʝʪʨʠʿʝ ʫʛʣʦʚʘ ʠʤʘʤʦ: 

Ὠ‰ Ὠ‰ ὥὶὧὸὥὲ
ὢ

ὤ
ὥὶὧὸὥὲ

ό

Ὢ
 ὢ ὤ

ό

Ὢ
 

Ὠ‰ Ὠ‰ ὥὶὧὸὥὲ
ὣ

ὤ
ὥὶὧὸὥὲ

ὺ

Ὢ
 ὣ ὤ

ὺ

Ὢ
 

(2.18) 

ʅʘ ʢʨʘʿʫ ʠʤʘʤʦ ʜʘ ʿʝ: 

ὤ ὸὧέίὨ‰ Ὠ
ὧέίὨ‰ίὭὲ

“
ς —

ίὭὲ‰  — Ὠ‰
ὤ  Ὠ

ὧέίὨ‰ὧέί—

ίὭὲ‰  — Ὠ‰
 (2.19) 

 

ʅʘ ʦʩʥʦʚʫ ʧʨʝʪʭʦʜʥʝ ʿʝʜʥʘʯʠʥʝ ʤʦʛʫ˂ʝ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʚʨʝʜʥʦʩʪ ʫʜʘˀʝʥʦʩʪʠ ʢʘʤʝʨʝ ʦʜ 

ʦʙʿʝʢʪʘ, ʦʜʥʦʩʥʦ Z ʢʦʦʨʜʠʥʘʪʫ [49]. ʅʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʘ ʤʦʛʫ˂ʝ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʠ ʦʩʪʘʣʝ ʜʚʝ 

ʦʩʝ (X ʠ Y). ʀʟ ʿʝʜʥʘʯʠʥʝ ʿʝ ʣʘʢʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʪʘʯʥʦʩʪ ʤʝʨʝˁʘ Z ʢʦʦʨʜʠʥʘʪʝ ʜʠʨʝʢʪʥʦ ʚʝʟʘʥʘ 

ʟʘ ʪʘʯʥʦʩʪ ʦʜʨʝʹʠʚʘˁʘ ʜʦʣʘʟʥʦʛ ʫʛʣʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʦʜʥʦʩʥʦ u ʠ v ʢʦʦʨʜʠʥʘʪʘ ʫ ʨʘʚʥʠ 

ʢʘʤʝʨʝ. ɸʢʦ ʩʝ ʫʟʤʝ ʫ ʦʙʟʠʨ ʜʘ ʿʝ ʩʝʥʟʦʨ ʢʘʤʝʨʝ ʩʘʯʠˁʝʥ ʦʜ ʤʘʪʨʠʮʝ ʧʠʢʩʝʣʘ ʢʦʿʠ ʠʤʘʿʫ 

ʦʜʨʝʹʝʥʫ ʚʝʣʠʯʠʥʫ ʠ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ˁʠʭ, ʣʘʢʦ ʩʝ ʤʦʞʝ ʜʦʠ˂ ʜʦ ʟʘʢˀʫʯʢʘ ʜʘ ʧʨʦʩʪʦ ʫʟʠʤʘˁʝ 

ʿʝʜʥʦʛ ʧʠʢʩʝʣʘ ʢʘʦ ʮʝʥʪʨʘʣʥʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʠʿʝ ʜʦʚʦˀʥʦ ʠ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ 

ʝʩʪʠʤʠʨʘʪʠ ʮʝʥʪʘʨ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʫ ʙʦˀʦʿ ʨʝʟʦʣʫʮʠʿʠ, ʦʜʥʦʩʥʦ ʫ ʨʝʟʦʣʫʮʠʿʠ ʢʦʿʘ ʿʝ ʤʘˁʘ 

ʦʜ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ (sub-pixel resolution).  
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ʉʣʠʢʘ 22. ʀʣʫʩʪʨʘʮʠʿʘ ʛʨʝʰʢʝ ʪʨʠʘʥʛʫʣʘʮʠʿʝ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ 

ʅʘ ʩʣʠʮʠ 22. ʿʝ ʧʨʠʢʘʟʘʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʘ ʬʦʨʤʫʣʘʮʠʿʘ ʪʨʠʘʥʛʫʣʘʮʠʿʝ ʢʦʜ ʧʨʦʬʠʣʥʠʭ 

ʩʢʝʥʝʨʘ, ʛʜʝ ʝʿ ʧʨʦʿʝʢʪʦʚʘʥʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʤʦʜʝʣʦʚʘʥʘ ʢʘʦ ʨʘʚʘʥ, ʘ ʩʚʘʢʠ ʦʩʚʝʪˀʝʥʠ ʧʠʢʩʝʣ 

ʥʘ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ ʜʝʬʠʥʠʩʘʥ ʢʘʦ ʟʨʘʢ, ʦʜʥʦʩʥʦ ʧʨʘʚʘ. ʋ ʧʨʝʩʝʢʫ ʧʨʘʚʝ ʠ 

ʨʘʚʥʠ ʥʘʣʘʟʠ ʩʝ ʧʦʩʤʘʪʨʘʥʘ ʪʘʯʢʘ ʫ 3D ʧʨʦʩʪʦʨʫ. ʄʝʹʫʪʠʤ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʣʘʩʝʨʘ, ʘʣʠ 

ʠ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʢʝʥʠʨʘʥʝ ʧʦʚʨʰʠʥʝ, ʥʝ ʤʦʞʝ ʩʝ ʿʝʜʥʦʟʥʘʯʥʦ ʫʪʚʨʜʠʪʠ ʢʦʿʘ ʪʘʯʢʘ ʠʟ 3D 

ʧʨʦʩʪʦʨʘ ʦʜʛʦʚʘʨʘ ʜʝʪʝʢʪʦʚʘʥʦʿ ʨʝʬʣʝʢʩʠʿʠ, ʿʝʨ ʰʠʨʠʥʘ ʠ ʠʥʪʝʥʟʠʪʝʪ ʧʨʦʬʠʣʘ ʚʘʨʠʨʘʿʫ ʦʜ 

ʣʠʥʠʿʝ ʜʦ ʣʠʥʠʿʝ. ʆʚʦ ʿʝ ʧʦʩʝʙʥʦ ʫʦʯˀʠʚʦ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʿʝ ʚʨʭ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʟʘʩʠ˂ʝʥ, ʧʘ ʫʤʝʩʪʦ ʦʯʝʢʠʚʘʥʝ ɻʘʫʩʦʚʝ ʢʨʠʚʝ, ʠʤʘʤʦ ʨʘʚʘʥ ʚʨʭ ʨʝʬʣʝʢʩʠʿʝ [51].  

 

 

ʉʣʠʢʘ 23. ʄʠʥʠʤʘʣʥʦ ʠ ʤʘʢʩʠʤʘʣʥʦ ʨʘʜʥʦ ʨʘʩʪʦʿʘˁʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ 
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ɱʝʜʘʥ ʦʜ ʙʠʪʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʚʘʢʦʛ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʿʝ ʦʧʩʝʛ ˁʝʛʦʚʝ ʨʘʜʥʝ ʜʘˀʠʥʝ. 

ʅʘ ʩʣʠʮʠ 23. ʜʘʪʘ ʿʝ ʠʣʫʩʪʨʘʮʠʿʘ ʤʠʥʠʤʘʣʥʦʛ ʠ ʤʘʢʩʠʤʘʣʥʦʛ ʨʘʜʥʦʛ ʨʘʩʪʦʿʘˁʘ ʧʨʦʬʠʣʥʦʛ 

ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ, ʛʜʝ ʩʝ ʩʘ Ὠὃ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʤʠʥʠʤʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʦʜ ʦʙʿʝʢʪʘ ʜʦ ʢʘʤʝʨʝ 
ʢʦʿʝ ʤʦʞʝ ʙʠʪʠ ʜʝʪʝʢʪʦʚʘʥʦ ʠ ʜʘʪʦ ʿʝ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

Ὠὃ
Ὠ

ÔÁÎ‌ ÔÁÎ‍
 (2.20) 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʦʩʪʦʿʠ ʤʘʢʩʠʤʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʦʙʿʝʢʪʘ ʠ ʢʘʤʝʨʝ - Ὠὄ ʢʦʿʝ ʤʦʞʝ 
ʜʘ ʙʫʜʝ ʜʝʪʝʢʪʦʚʘʥʦ ʠ ʨʘʯʫʥʘ ʩʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ [52]: 

Ὠὄ
Ὠ

ÔÁÎ‍ ÔÁÎ‌
 (2.21) 

ɿʘ ʠʥʢʨʝʤʝʥʪʘʣʥʫ ʧʨʦʤʝʥʫ ʤʝʨʥʦʛ ʨʘʩʪʦʿʘˁʘ ɝὤ, ʧʦʩʪʦʿʠ ʠʥʢʨʝʤʝʥʪʘʣʥʦ ʤʘʣʘ ʧʨʦʤʝʥʘ 
ʫʛʣʘ ɝ‰. ʆʥʦ ʰʪʦ ʿʝ ʟʘʥʠʤˀʠʚʦ ʿʝ ʜʘ ʩʝ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʤʦʛʫ ʟʘʧʨʘʚʦ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ 
ʩʢʝʥʝʨʠ ʫʛʣʘ, ʿʝʨ ʩʚʘʢʘ ʧʨʦʤʝʥʘ ʩʢʝʥʠʨʘʥʝ ʪʘʯʢʝ ʜʦʚʦʜʠ ʜʦ ʧʨʦʤʝʥʝ ʫʛʣʘ ʧʦʜ ʢʦʿʠʤ ʣʘʩʝʨʩʢʠ 

ʨʝʬʣʝʢʪʦʚʘʥʠ ʟʨʘʢ ʜʦʣʘʟʠ ʜʦ ʢʘʤʝʨʝ, ʦʜʥʦʩʥʦ ɝ‰ ‰ ‰. ʀʟ ʧʨʘʢʪʠʯʥʠʭ ʨʘʟʣʦʛʘ, ʛʨʝʰʢʘ 
ʝʩʪʠʤʘʮʠʿʝ ʜʦʣʘʟʠ ʠʟ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʘ ὖ ʠ ὖ ʧʨʝʢʦ „. ɻʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ Z 

ʢʦʦʨʜʠʥʘʪʝ ʜʘʪʘ ʿʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

„
ὤ

ὪὨ
„ (2.22) 

ʛʜʝ ʿʝ ʩʘ Ὢ ʜʘʪʘ ʝʬʝʢʪʠʚʥʘ ʧʦʟʠʮʠʿʘ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ, d ʿʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʢʘʤʝʨʝ ʠ ʠʟʚʦʨʘ 

ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, „ ʿʝ ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʜʦʢ ʿʝ ʩʘ ὤ ʜʘʪʦ 

ʨʘʩʪʦʿʘˁʝ ʜʦ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ.  

ʀʟ ʧʨʝʪʭʦʜʥʝ ʿʝʜʥʘʯʠʥʝ ʤʦʞʝ ʩʝ ʜʦ˂ʠ ʜʦ ʟʘʢˀʫʯʢʘ ʜʘ ʿʝ ʛʨʝʰʢʘ ʤʝʨʝˁʘ ʨʘʩʪʦʿʘˁʘ 

ʠʥʚʝʨʟʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʨʘʩʪʦʿʘˁʫ ʠʟʤʝʹʫ ʢʘʤʝʨʝ ʠ ʣʘʩʝʨʘ, ʢʘʦ ʠ ʝʬʝʢʪʠʚʥʦʿ ʧʦʟʠʮʠʿʠ f, ʘʣʠ 

ʠʩʪʦ ʪʘʢʦ ʜʠʨʝʢʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʢʚʘʜʨʘʪʫ ʤʝʨʥʦʛ ʨʘʩʪʦʿʘˁʘ. ʇʘʨʘʤʝʪʨʠ ʧʨʦʬʠʣʥʦʛ 

ʩʢʝʥʝʨʘ f ʠ d ʩʫ ʫʛʣʘʚʥʦʤ ʣʠʤʠʪʠʨʘʥʠ ʤʝʭʘʥʠʢʦʤ ʩʠʩʪʝʤʘ. ʉʘ ʚʝ˂ʠʤ ʨʘʩʪʦʿʘˁʝʤ d, ʩʪʘʙʠʣʥʦʩʪ 

ʮʝʣʦʛ ʩʠʩʪʝʤʘ ʦʧʘʜʘ, ʘ ʪʘʢʦʹʝ ʧʨʦʙʣʝʤ ʩʝʥʢʠ ʧʦʯʠˁʝ ʚʠʰʝ ʜʘ ʙʫʜʝ ʠʟʨʘʞʝʥ. ʄʥʦʛʠ 

ʧʨʦʠʟʚʦʹʘʯʠ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʩʢʝʥʝʨʘ ʫ ʧʦʥʫʜʠ, ʛʜʝ ʩʝ ʫ ʟʘʚʠʩʥʦʩʪʠ 

ʦʜ ʨʘʜʥʦʛ ʨʘʩʪʦʿʘˁʘ ʤʝˁʘ ˁʠʭʦʚ ʤʝʭʘʥʠʯʢʠ ʜʠʟʘʿʥ. ʋʥʫʪʘʨ ʩʢʝʥʝʨʘ ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʥʘʣʘʟʝ 

ʠʜʝʥʪʠʯʥʝ ʢʦʤʧʦʥʝʥʪʝ, ʜʦʢ ʩʝ ʩʘʤʦ ʨʘʟʣʠʢʫʿʝ ʤʝʭʘʥʠʯʢʠ ʜʠʟʘʿʥ ʩʢʝʥʝʨʘ.  

ʇʘʨʘʤʝʪʘʨ „ ʟʘʚʠʩʠ ʦʜ ʠʟʘʙʨʘʥʦʛ ʪʠʧʘ ʣʘʩʝʨʘ, ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ 

ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʢʘʦ ʠ ʧʦʩʪʠʛʥʫʪʦʛ SNR ʦʜʥʦʩʘ. ɽʬʝʢʘʪ ʰʫʤʘ ʣʘʩʝʨʩʢʝ 

ʤʨˀʝ ʥʘ ʛʨʝʰʢʫ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ ʜʘʪ ʩʣʝʜʝ˂ʦʤ 

ʿʝʜʥʘʯʠʥʦʤ: 

„
ρ

Ѝς“
‗Ὢ (2.23) 

ʛʜʝ ʿʝ ʩʘ Ὢ ʜʘʪ f ʙʨʦʿ ʢʦʨʠʰ˂ʝʥʝ ʦʧʪʠʢʝ ʩʢʝʥʝʨʘ, ʘ ʩʘ ‗ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʣʘʩʝʨʘ. ʂʦʣʠʯʠʥʘ 

ʧʨʠʢʫʧˀʝʥʦʛ ʩʚʝʪʣʘ ʫ ʧʠʢʩʝʣʫ ʦʧʘʜʘ ʩʘ ʢʚʘʜʨʘʪʦʤ ʨʘʩʪʦʿʘˁʘ ʠ ʜʦʧʨʠʥʦʩʠ ʜʘ ʤʘʢʩʠʤʘʣʥʘ 

ʨʘʜʥʘ ʫʜʘˀʝʥʦʩʪ ʜʦ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ ʥʝ ʧʨʝʣʘʟʠ ʚʠʰʝ ʦʜ 10m, ʯʘʢ ʠ ʢʘʜʘ ʨʘʟʜʘˀʠʥʘ ʠʟʤʝʹʫ 

ʢʘʤʝʨʝ ʠ ʣʘʩʝʨʘ ʠʟʥʦʩʠ 1m [53].  

 ʅʘ ʦʩʥʦʚʫ ʅʠʢʚʠʩʪʦʚʝ ʪʝʦʨʝʤʝ ʦ ʦʜʘʙʠʨʘˁʫ ʩʠʛʥʘʣʘ, ʜʦʙʨʦ ʿʝ ʧʦʟʥʘʪʦ ʜʘ ʬʨʝʢʚʝʥʮʠʿʘ 

ʦʜʘʙʠʨʘˁʘ ʤʦʨʘ ʙʠʪʠ ʥʘʿʤʘˁʝ ʜʚʦʩʪʨʫʢʦ ʚʝ˂ʘ ʦʜ ʥʘʿʚʝ˂ʝ ʬʨʝʢʚʝʥʮʠʿʝ ʫ ʩʧʝʢʪʨʫ ʩʠʛʥʘʣʘ, ʢʘʢʦ 
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ʙʠ ʩʝ ʩʘʯʫʚʘʣʘ ʠʥʬʦʤʨʘʮʠʿʫ ʢʦʿʫ ʦʥ ʥʦʩʠ ʫ ʩʝʙʠ. ʋʢʦʣʠʢʦ ʩʝ ʪʘ ʪʝʦʨʝʤʘ ʧʨʠʤʝʥʠ ʥʘ ʣʠʥʠʿʫ 

ʩʣʠʢʝ, ʜʦʣʘʟʠ ʩʝ ʜʦ ʟʘʢˀʫʯʢʘ ʜʘ ʧʝʨʠʦʜ ʦʜʘʙʠʨʘˁʘ ʥʝ ʤʦʞʝ ʙʠʪʠ ʚʝ˂ʠ ʦʜ ʿʝʜʥʝ ʧʦʣʦʚʠʥʝ 

ʬʠʟʠʢʝ ʚʝʣʠʯʠʥʝ ʥʘʿʤʘˁʝʛ ʦʙʿʝʢʪʘ ʥʘ ʩʣʠʮʠ. ɼʠʛʠʪʘʣʥʝ ʢʘʤʝʨʝ ʥʘʿʯʝʰ˂ʝ ʠʤʘʿʫ ʦʨʛʘʥʠʟʦʚʘʥʝ 

ʧʠʢʩʝʣʝ, ʢʘʦ ʬʦʪʦʩʝʥʟʠʪʠʚʥʝ ˂ʝʣʠʿʝ, ʫ ʦʙʣʠʢʫ ʢʚʘʜʨʘʪʘ ʩʘ ʨʘʩʪʦʿʘˁʝʤ Ὠ ʠʟʤʝʹʫ ˁʠʭ. ɹʝʟ 

ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ ʤʦʞʝ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʿʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʧʠʢʩʝʣʘ ʫ ʩʚʠʤ ʧʨʘʚʮʠʤʘ 

ʠʩʪʦ ʠ ʿʝʜʥʘʢʦ Ὠ. ʊʘʜʘ ʿʝ ʥʘʿʚʝ˂ʘ ʧʨʦʩʪʦʨʥʘ ʬʨʝʢʚʝʥʮʠʿʘ ʫ ʩʠʩʪʝʤʫ Ὢ ʜʘʪʘ ʩʘ: 

Ὢ
ρ

ςὨ
 (2.24) 

ʈʘʩʪʦʿʘˁʝ Ὠ ʨʘʟʣʠʯʠʪʦ ʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʩʪʝ ʢʘʤʝʨʘ ʠ ʜʘʪʦ ʿʝ ʫ ʩʧʝʮʠʬʠʢʘʮʠʿʘʤʘ 

ʢʘʤʝʨʝ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ. ʅʘ ʦʩʥʦʚʫ ʪʝʦʨʠʿʝ ʜʠʬʨʘʢʮʠʿʝ, ʧʨʦʮʝʩ ʥʘʩʪʘʥʢʘ ʩʣʠʢʝ ʩʝ ʤʦʞʝ 

ʠʟʨʘʟʠʪʠ ʧʨʝʢʦ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʧʨʦʩʪʦʨʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʚʠʟʫʝʣʥʦʛ ʩʠʛʥʘʣʘ. ʋ 

ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ, ʘʢʦ ʿʝ ʩʘ a ʜʘʪʘ ʚʝʣʠʯʠʥʘ ʦʪʚʦʨʘ ʙʣʝʥʜʝ ʦʧʪʠʢʝ ʢʘʤʝʨʝ, ʪʘʜʘ ʧʨʦʩʪʦʨʥʝ 

ʬʨʝʢʚʝʥʮʠʿʝ ʚʝ˂ʝ ʦʜ Ὢ ʜʘʪʝ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ 2.25 ʥʝ˂ʝ ʫʯʝʩʪʚʦʚʘʪʠ ʫ ʧʨʦʩʪʦʨʥʦʿ 

ʬʨʝʢʚʝʥʮʠʿʠ ʩʣʠʢʝ. ɱʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʨʘʟʣʦʛʘ ʟʘʰʪʦ ʿʝ ʧʨʦʩʪʦʨʥʠ aliasing ʟʘʥʝʤʘʨʝʥ ʿʝ 

ʯʠˁʝʥʠʮʘ ʜʘ ʿʝ ʘʤʧʣʠʪʫʜʘ ʚʠʩʦʢʦ ʬʨʝʢʚʝʥʪʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʥʘ ʩʪʘʥʜʘʨʜʥʠʤ ʩʣʠʢʘʤʘ ʚʝʦʤʘ 

ʤʘʣʘ [54] 

Ὢ
ὥ

‗Ὢ
 (2.25) 

ʅʘ ʩʣʠʮʠ 24a. ʜʘʪ ʿʝ ʧʨʦʬʠʣ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘʿʝʜʥʦ ʩʘ ʰʫʤʦʤ ʢʦʿʠ ʜʦʣʘʟʠ ʜʦ 

ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ. ʅʘʨʘʚʥʦ, ʧʨʝʪʧʦʩʪʘʚʢʘ ʿʝ ʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʢʦʥʪʠʥʫʘʣʘʥ ʩʠʛʥʘʣ ʩʘ ʛʣʘʚʥʦʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ʫ ʚʠʜʫ ɻʘʫʩʦʚʝ ʨʝʬʣʝʢʩʠʿʝ.  ʅʘ ʩʣʠʮʠ 24ʙ. ʜʘʪ ʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʩʧʝʢʪʘʨ 

ʧʨʦʩʪʦʨʥʦʛ ʩʠʛʥʘʣʘ ʨʝʬʣʝʢʩʠʿʝ (FFT) ʢʦʿʠ ʪʘʢʦʹʝ ʠʤʘ ʦʙʣʠʢ ɻʘʫʩʦʚʝ ʢʨʠʚʝ (ʌʫʨʠʿʝʦʚʘ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʿʝ ʪʘʢʦʹʝ ɻʘʫʩʦʚʘ ʬʫʥʢʮʠʿʘ). ʉʣʠʢʘ 24ʮ, ʧʨʝʜʩʪʘʚˀʘ 

ʧʦʚʦʨʢʫ ʧʨʦʩʪʦʨʥʠʭ ɼʠʨʘʢʦʚʠʭ ʬʫʥʢʮʠʿʘ (ʦʜʥʦʩʥʦ ʧʠʢʩʝʣʘ) ʢʦʿʠʤʘ ʩʝ ʘʥʘʣʦʛʥʠ ʩʠʛʥʘʣ 

ʧʨʝʪʚʘʨʘ ʫ ʜʠʛʠʪʘʣʥʠ. ʉʣʠʯʥʦ ʢʘʦ ʠ ʢʦʜ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ, ʌʫʨʠʿʝʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʧʦʚʦʨʢʝ 

ɼʠʨʘʢʦʚʠʭ ʜʝʣʪʘ ʬʫʥʢʮʠʿʘ ʿʝ ʪʘʢʦʹʝ ʧʦʚʦʨʢʘ ɼʠʨʘʢʦʚʠʭ ʜʝʣʪʘ ʬʫʥʢʮʠʿʘ ʠ ʜʘʪʘ ʿʝ ʥʘ ʩʣʠʮʠ 24ʜ. 

ʅʘ ʩʣʠʮʠ 24ʝ, ʜʘʪ ʿʝ ʢʚʘʥʪʠʟʦʚʘʥ ʩʠʛʥʘʣ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʘ ʩʣʠʢʝ 24ʘ, ʢʘʦ ʧʨʦʠʟʚʦʜ f(s)s(s). 

ʅʘ ʩʣʠʮʠ 24ʬ. ʜʘʪ ʿʝ ʩʧʝʢʪʘʨ ʜʠʩʢʨʝʪʥʦʛ ʩʠʛʥʘʣʘ ʩʘ ʩʣʠʢʝ 24ʝ. ʢʦʿʠ ʩʝ ʤʦʞʝ ʜʦʙʠʪʠ 

ʢʦʥʚʦʣʫʮʠʿʦʤ ʩʧʝʢʪʨʘ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠ ʌʫʨʠʿʝʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʧʦʚʦʨʢʝ ɼʠʨʝʢʦʚʠʭ ʜʝʣʪʘ 

ʬʫʥʢʮʠʿʘ  Ὃί ὊίἆὛί.  

ʅʘ ʦʩʥʦʚʫ ʩʣʠʢʝ 24ʬ. ʦʯʠʛʣʝʜʥʦ ʿʝ ʜʘ ˂ʝ F(0) = G(0) ʙʠʪʠ ʟʘʜʦʚʦˀʝʥʦ ʫʢʦʣʠʢʦ ʩʝ 

ʨʝʧʣʠʢʝ f(s) ʥʝ ʧʨʝʢʣʘʧʘʿʫ ʫ ʩʧʝʢʪʨʫ. ʊʦ ˂ʝ ʙʠʪʠ ʟʘʜʦʚʦˀʝʥʦ ʫʢʦʣʠʢʦ ʿʝ ʬʨʝʢʚʝʥʮʠʿʘ ʦʜʩʝʮʘˁʘ  

Ὢ ʤʘˁʘ ʦʜ , ʦʜʥʦʩʥʦ ʬʨʝʢʚʝʥʮʠʿʝ ʦʜʘʙʠʨʘˁʘ. ʊʨʝʙʘ ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ ʜʘ ʫʢʦʣʠʢʦ ʬʫʥʢʮʠʿʝ 

ʢʦʿʝ ʦʧʠʩʫʿʫ ʢʦʥʪʠʥʫʘʣʥʠ ʠ ʦʜʘʙʠʨʘʥʠ ʧʨʦʬʠʣ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ  ʪʨʝʙʘ ʜʘ ʙʫʜʫ 

ʿʝʜʥʘʢʝ, ʬʨʝʢʚʝʥʮʠʿʘ ʦʜʩʝʮʘˁʘ F(s) ʿʝ ʿʝʜʥʘʢʘ ʬʨʝʢʚʝʥʮʠʿʠ ʦʜʘʙʠʨʘˁʘ, ʢʘʢʦ ʙʠ ʙʠʣʦ ʤʦʛʫ˂ʝ 

ʨʝʢʦʥʩʪʨʫʠʩʘʪʠ f(s) ʠʟ ʚʨʝʜʥʦʩʪʠ ʦʜʙʠʨʘʢʘ [55]. 
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ʉʣʠʢʘ 24. ʆʜʘʙʠʨʘˁʝ ʫ ʧʨʦʩʪʦʨʥʦʤ ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ: (ʘ) ʇʨʦʬʠʣ ʠʥʪʝʥʟʠʪʝʪʘ f(s), 

(ʙ) ʌʫʨʠʿʝʚʦʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ F(s) ʧʨʦʬʠʣʘ ʠʥʪʝʥʟʠʪʝʪʘ. (ʮ) ʌʫʥʢʮʠʿʘ ʦʜʙʘʠʨʘˁʘ s(s). (ʜ) 

ʌʫʨʠʿʝʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ S(s) ʬʫʥʢʮʠʿʝ ʦʜʘʙʠʨʘˁʘ. (ʝ) ɼʠʩʢʨʝʪʥʝ ʚʨʝʜʥʦʩʪ ʧʨʦʬʠʣʘ g(s). 

(ʬ) ʌʫʨʠʿʝʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ g(s), G(s)=F(s)ṧS(s). 
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3. ʅʘʤʝʥʩʢʠ ʩʠʩʪʝʤʠ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ 

 

 

 

ʆʙʨʘʜʘ ʩʠʛʥʘʣʘ ʠ ʩʣʠʢʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʿʝ ʟʘʭʪʝʚʘʥ ʭʘʨʜʚʝʨʩʢʠ ʠ ʩʦʬʪʚʝʨʩʢʠ 

ʟʘʜʘʪʘʢ. ʉʘ ʦʛʨʦʤʥʦʤ ʢʦʣʠʯʠʥʦʤ ʧʦʜʘʪʘʢʘ, ʧʦʩʝʙʥʦ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʦʙʨʘʜʘ ʩʣʠʢʝ, 

ʧʝʨʬʦʨʤʘʥʩʝ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʩʠʩʪʝʤʘ ʜʦʣʘʟʝ ʜʦ ʧʫʥʦʛ ʠʟʨʘʞʘʿʘ. ɻʝʥʝʨʘʣʥʦ, ʜʘ ʙʠ ʩʝ ʨʝʢʣʦ ʜʘ 

ʩʠʩʪʝʤ ʨʘʜʠ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʪʘʯʥʦʩʪ ʦʧʝʨʘʮʠʿʝ ʥʝ ʟʘʚʠʩʠ ʩʘʤʦ ʦʜ ˁʝʥʝ 

ʣʦʛʠʯʢʝ ʠʩʧʨʘʚʥʦʩʪʠ, ʥʝʛʦ ʠ ʦʜ ʚʨʝʤʝʥʘ ʟʘ ʢʦʿʝ ʿʝ ʠʥʬʦʨʤʘʮʠʿʘ ʜʦʙʠʿʝʥʘ ʢʘʦ ʠʟʣʘʟ ʩʠʩʪʝʤʘ. 

ʊʘʢʦʹʝ, ʥʝʤʦʛʫ˂ʥʦʩʪ ʩʠʩʪʝʤʘ ʜʘ ʦʜʛʦʚʦʨʠ ʫ ʟʘʜʘʪʦʤ ʚʨʝʤʝʥʫ ʩʝ ʩʤʘʪʨʘ ʧʦʜʿʝʜʥʘʢʦ ʣʦʰʠʤ ʢʘʦ 

ʠ ʣʦʰ ʨʝʟʫʣʪʘʪ (ʪʘʯʥʦʩʪ) ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ [56]. 

 

ʉʣʠʢʘ 25. ʌʫʥʢʮʠʿʘ ʚʨʝʜʥʦʩʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʩʠʩʪʝʤʘ ʢʦʿʠ ʨʘʜʝ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ 

 ʉʠʩʪʝʤʠ ʢʦʿʠ ʨʘʜʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ï RTOS (Real Time Operating System) ʤʦʛʫ ʩʝ 

ʧʦʜʝʣʠʪʠ ʥʘ ʦʩʥʦʚʫ ʘʧʣʠʢʘʮʠʿʝ ʛʜʝ ʩʝ ʢʦʨʠʩʪʝ ʠ ʧʦʩʣʝʜʠʮʘ ʫʢʦʣʠʢʦ ʩʠʩʪʝʤ ʥʠʿʝ ʦʜʨʝʘʛʦʚʘʦ ʥʘ 
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ʚʨʝʤʝ. ʊʘʢʦ ʩʝ ʧʦʜ ʩʪʚʘʨʥʠʤ ʩʠʩʪʝʤʦʤ ʢʦʿʠ ʨʘʜʠ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʩʘ ʬʠʢʩʥʠʤ (ʪʝʰʢʠʤ) 

ʢʨʘʿˁʠʤ ʨʦʢʦʤ (hard RTOS) ʩʤʘʪʨʘ ʜʘ ʧʨʦʧʫʰʪʘˁʝ ʢʨʘʿˁʝʛ ʨʦʢʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʧʨʝʜʩʪʘʚˀʘ 

ʢʦʤʧʣʝʪʘʥ ʦʪʢʘʟ ʩʠʩʪʝʤʘ. ʋ ʜʨʫʛʫ ʢʘʪʝʛʦʨʠʿʫ ʩʠʩʪʝʤʘ ʩʧʘʜʘʿʫ ʩʪʨʦʛʠ ʩʠʩʪʝʤʠ ʫ ʨʝʘʣʥʦʤ 

ʚʨʝʤʝʥʫ ʩʘ ʯʚʨʩʪʠʤ (firm RTOS) ʟʘʜʘʮʠʤʘ, ʛʜʝ ʿʝ ʥʘʢʦʥ ʧʨʦʧʫʰʪʝʥʦʛ ʨʦʢʘ ʟʘ ʦʙʨʘʜʫ 

ʠʥʬʦʨʤʘʮʠʿʝ, ˁʝʥʘ ʚʨʝʜʥʦʩʪ ʦʧʘʣʘ, ʘʣʠ ʪʦ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʦʪʢʘʟ ʩʠʩʪʝʤʘ, ʢʦʿʠ ʤʦʞʝ ʥʘʩʪʘʚʠʪʠ 

ʥʦʨʤʘʣʘʥ ʨʘʜ ʫʩʣʝʜ ʤʘˁʝʛ ʙʨʦʿ ʦʚʘʢʚʠʭ ʩʣʫʯʘʿʝʚʘ. ʅʘ ʢʨʘʿʫ ʧʦʩʪʦʿʝ ʤʝʢʠ (soft ROTS) ʩʠʩʪʝʤʠ 

ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʢʦʿʠ ʥʘʢʦʥ ʧʨʦʧʫʰʪʝʥʦʛ ʨʦʢʘ ʟʘ ʦʙʨʘʜʫ ʥʘʩʪʘʚˀʘʿʫ ʩʘ ʥʦʨʤʘʣʥʠʤ ʨʘʜʦʤ, ʘ 

ʚʨʝʜʥʦʩʪ ʦʙʨʘʹʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦʧʘʜʘ ʩʘ ʧʨʦʪʝʢʣʠʤ ʚʨʝʤʝʥʦʤ, ʦʜʥʦʩʥʦ ʜʦʣʘʟʠ ʜʦ ʜʝʛʨʘʜʘʮʠʿʝ 

ʢʚʘʣʠʪʝʪʘ ʩʝʨʚʠʩʘ (Quality of Service ï QoS). ʅʘ ʩʣʠʮʠ 25. ʜʘʪʘ ʿʝ ʠʣʫʩʪʨʘʮʠʿʘ ʨʘʟʣʠʯʠʪʠʭ 

ʪʠʧʦʚʘ ʥʘʤʝʥʩʢʠʭ ʩʠʩʪʝʤʘ ʢʦʿʠ ʨʘʜʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʢʨʦʟ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʚʨʝʜʥʦʩʪʠ 

ʠʥʬʦʨʤʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʤʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ (ʨʝaʢʮʠʿʝ ʩʠʩʪʝʤʘ). 

ʂʘʦ ʧʨʠʤʝʨ ʩʪʚʘʨʥʠʭ ʩʠʩʪʝʤʘ ʢʦʿʠ ʨʘʜʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʯʝʩʪʦ ʩʝ ʥʘʚʦʜʠ ʧʨʠʤʝʨ 

ʥʠʰʘʥʩʢʦʛ ʨʘʜʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʢʦʿʠ ʤʦʨʘ ʜʘ ʦʜʨʝʘʛʫʿʝ ʫ ʜʘʪʦʤ ʪʨʝʥʫʪʢʫ ʥʘ ʟʘʜʘʪʝ ʧʘʨʘʤʝʪʨʝ 

ʩʠʩʪʝʤʘ. ʉʚʘʢʦ ʥʝʧʨʝʜʚʠʹʝʥʦ ʢʘʰˁʝˁʝ ʨʝʘʢʮʠʿʝ ʩʠʩʪʝʤʘ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʢʘʪʘʩʪʨʦʬʘʣʥʠʭ 

ʧʦʩʣʝʜʠʮʘ, ʪʝ ʩʝ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʪʘʢʚʠʭ ʩʠʩʪʝʤʘ ʧʦʩʝʙʥʘ ʧʘʞˁʘ ʧʦʩʚʝ˂ʫʿʝ ʠʟʙʝʛʘʚʘˁʫ 

ʪʘʢʚʠʭ ʩʠʪʫʘʮʠʿʘ. ʂʘʦ ʧʨʠʤʝʨ ʩʪʨʦʛʠʭ ʩʠʩʪʝʤʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʩʝ ʥʘʚʦʜʠ ʧʨʠʤʝʨ 

ʢʦʥʬʝʨʝʥʮʠʿʩʢʦʛ ʧʦʟʠʚʘ ʛʜʝ ʧʨʦʧʫʰʪʝʥʠ ʧʘʢʝʪʠ ʩʣʠʢʝ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʜʝʛʨʘʜʘʮʠʿʝ ʢʚʘʣʠʪʝʪʘ, 

ʘʣʠ ʥʝ ʠ ʧʦʪʧʫʥʦʛ ʦʪʢʘʟʘ ʩʠʩʪʝʤʘ. ʀʟʛʫʙˀʝʥʠ ʧʘʢʝʪʠ ʥʘʢʦʥ ʧʨʦʧʫʰʪʝʥʦʛ ʚʨʝʤʝʥʘ ʥʝʤʘʿʫ 

ʚʨʝʜʥʦʩʪ, ʿʝʨ ʩʫ ʩʪʠʛʣʠ ʥʘʢʦʥ ʥʦʚʠʭ ʠ ʤʦʛʫ ʙʠʪʠ ʟʘʥʝʤʘʨʝʥʠ. ʇʨʠʤʝʨ ʤʝʢʦʛ ʩʠʩʪʝʤʘ ʫ ʨʝʘʣʥʦʤ 

ʚʨʝʤʝʥʫ ʧʨʝʜʩʪʘʚˀʘ ʚʠʜʝʦ ʠʛʨʘ, ʧʘ ʪʘʢʦ ʥʘ ʧʨʠʤʝʨ ʢʦʤʘʥʜʝ ʢʦʿʝ ʢʦʨʠʩʥʠʢ ʰʘˀʝ ʩʪʠʞʫ ʩʘ 

ʥʝʢʠʤ ʢʘʰˁʝˁʝʤ ʢʦʿʝ ʟʘʚʠʩʠ ʦʜ ʜʨʫʛʠʭ ʦʧʝʨʘʮʠʿʘ ʢʦʿʝ ʩʠʩʪʝʤ ʫ ʪʦʤ ʪʨʝʥʫʪʢʫ ʦʙʘʚˀʘ. 

 ʋ ʩʠʩʪʝʤʠʤʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʩʫ ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʝ ʘʨʠʪʤʝʪʠʯʢʝ ʦʧʝʨʘʮʠʿʝ ʤʥʦʞʝˁʘ ʠ 

ʩʘʙʠʨʘˁʘ (ʦʜʫʟʠʤʘˁʘ). ʆʚʝ ʠʥʩʪʨʫʢʮʠʿʝ ʤʦʛʫ ʙʠʪʠ ʿʝʜʥʦʩʪʘʚʥʦ ʠʤʧʣʝʤʝʥʪʠʨʘʥʝ ʥʘ 

ʤʠʢʨʦʧʨʦʮʝʩʦʨʠʤʘ, ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʠʤʘ, DSP (Digital Signal Processing) ʧʨʦʮʝʩʦʨʠʤʘ, FPGA 

ʠʣʠ ASIC (Application-Specific Integrated Circuit) ʧʣʘʪʬʦʨʤʘʤʘ. ʆʜʘʙʠʨ ʦʜʨʝʹʝʥʦʛ ʭʘʨʜʚʝʨʘ 

ʟʘʚʠʩʠ ʦʜ ʘʧʣʠʢʘʮʠʿʝ, ʘʣʠ ʠ ʙʫ˅ʝʪʘ, ʘ ʥʘʿʯʝʰ˂ʝ ʿʝ ʫ ʧʠʪʘˁʫ ʢʦʤʙʠʥʘʮʠʿʘ ʦʙʘ ʧʘʨʘʤʝʪʨʘ. ʋ 

ʥʘʨʝʜʥʦʿ ʪʘʙʝʣʠ ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʦʜʥʦʩʘ ʬʣʝʢʩʠʙʠʣʥʦʩʪʠ ʨʘʟʚʦʿʘ, ʜʫʞʠʥʝ ʪʨʘʿʘˁʘ ʨʘʟʚʦʿʘ, 

ʧʦʪʨʦʰˁʝ, ʧʝʨʬʦʨʤʘʥʩʠ, ʮʝʥʝ ʨʘʟʚʦʿʘ, ʢʘʦ ʠ ʮʝʥʝ ʧʨʦʠʟʚʦʜˁʝ ʩʠʩʪʝʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʢʦʨʠʩʪʝ 

ʥʝʢʝ ʦʜ DSP ʦʧʮʠʿʘ [57]. 

ʊʘʙʝʣʘ 2. ʆʜʥʦʩ ʬʣʝʢʩʠʙʠʣʥʦʩʪʠ, ʪʨʘʿʘˁʘ ʨʘʟʚʦʿʘ, ʧʦʪʨʦʰˁʝ, ʧʝʨʬʦʨʤʘʥʩʠ ʢʘʦ ʠ ʮʝʥʝ 

ʨʘʟʚʦʿʘ ʠ ʧʨʦʜʫʢʮʠʿʝ ʨʘʟʣʠʯʠʪʠʭ ʦʧʮʠʿʘ ʟʘ DSP ʭʘʨʜʚʝʨʩʢʝ ʧʣʘʪʬʦʨʤʝ 

 
ASIC FPGA 

ʄʠʢʨʦʢʦʥʪʨʦʣʝʨ, 

ʄʠʢʨʦʧʨʦʮʝʩʦʨ 
DSP ʧʨʦʮʝʩʦʨ 

ʌʣʝʢʩʠʙʠʣʥʦʩʪ ʅʝ ʧʦʩʪʦʿʠ ʆʛʨʘʥʠʯʝʥʘ ɺʝʣʠʢʘ ɺʝʣʠʢʘ 

ʊʨʘʿʘˁʝ ʨʘʟʚʦʿʘ ɼʫʛʦ ʉʨʝʜˁʝ ʂʨʘʪʢʦ ʂʨʘʪʢʦ 

ʇʦʪʨʦʰˁʘ ʄʘʣʘ 
ʄʘʣʘ ʢʘ 

ʩʨʝʜˁʦʿ 

ʉʨʝʜˁʘ ʢʘ 

ʚʝʣʠʢʦʿ 
ʄʘʣʘ ʢʘ ʩʨʝʜˁʦʿ 

ʇʝʨʬʦʨʤʘʥʩʝ ɺʠʩʦʢʝ ɺʠʩʦʢʝ ʄʘʣʝ ʢʘ ʩʨʝʜˁʠʤ 
ʉʨʝʜˁʝ ʢʘ 

ʚʝʣʠʢʠʤ 

ʎʝʥʘ ʨʘʟʚʦʿʘ ɺʠʩʦʢʝ ʉʨʝʜˁʝ ʄʘʣʘ ʄʘʣʘ 

ʎʝʥʘ ʧʨʦʜʫʢʮʠʿʝ ʄʘʣʘ 
ʄʘʣʘ ʢʘ 

ʚʝʣʠʢʦʿ 

ʉʨʝʜˁʘ ʢʘ 

ʚʝʣʠʢʦʿ 
ʄʘʣʘ ʢʘ ʩʨʝʜˁʦʿ 

 

ASIC ʯʠʧʦʚʠ ʩʫ ʦʙʠʯʥʦ ʜʠʟʘʿʥʠʨʘʥʠ ʟʘ ʩʧʝʮʠʬʠʯʥʝ ʥʘʤʝʥʝ ʠ ʪʦ ʦʙʠʯʥʦ ʟʘ ʘʧʣʠʢʘʮʠʿʝ 

ʢʦʿʝ ʟʘʭʪʝʚʘʿʫ ʿʘʢʦ ʚʝʣʠʢʠ ʙʨʦʿ ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ. ʋ ʧʠʪʘˁʫ ʩʫ ʜʦʙʨʦ ʧʦʟʥʘʪʠ ʘʣʛʦʨʠʪʤʠ 

ʯʠʿʠ ʿʝ ʨʘʟʚʦʿ ʟʘʚʨʰʝʥ ʘ ʠʩʪʦʚʨʝʤʝʥʦ ʧʨʝʧʦʟʥʘʪʘ ʢʦʤʝʨʮʠʿʘʣʥʘ ʠʩʧʣʘʪʠʚʦʩʪ ʜʘ ʩʝ ʪʘʢʚʠ ʫʨʝʹʘʿʠ 

ʧʨʦʠʟʚʦʜʝ ʫ ʚʝʣʠʢʠʤ (ʤʠʣʠʦʥʩʢʠʤ) ʩʝʨʠʿʘʤʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʘʜʘ ʿʝ ʙʨʟʠʥʘ ʠʟʚʨʰʘʚʘˁʘ 
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ʦʧʝʨʘʮʠʿʘ ʥʘʿʙʠʪʥʠʿʠ ʬʘʢʪʦʨ, ʢʘʦ ʰʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨ ʨʫʜʘʨʝˁʝ ʢʨʠʧʪʦ ʚʘʣʫʪʘ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʮʝʥʫ 

ʨʘʟʚʦʿʘ ASIC ʯʠʧʦʚʘ, ʦʥʠ ʩʝ ʢʦʨʠʩʪʝ ʟʙʦʛ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʝ ʧʨʫʞʘʿʫ. ɳʠʭʦʚʫ ʥʘʤʝʥʫ ʥʠʿʝ 

ʤʦʛʫ˂ʝ ʤʝˁʘʪʠ ʠʣʠ ʨʘʜʠʪʠ ʥʘʜʦʛʨʘʜˁʫ ʧʦʩʪʦʿʝ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ. ʆʜʣʠʢʫʿʫ ʩʝ ʚʠʩʦʢʠʤ 

ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʠ ʤʘʣʦʤ ʧʦʪʨʦʰˁʦʤ ʿʝʨ ʩʫ ʦʧʪʠʤʘʣʥʠ ʟʘ ʜʘʪʫ ʘʧʣʠʢʘʮʠʿʫ, ʿʝʬʪʠʥʠ ʫ 

ʧʨʦʠʟʚʦʜˁʠ, ʤʝʹʫʪʠʤ ʚʨʝʤʝ ʠ ʮʝʥʘ ʨʘʟʚʦʿʘ ʩʫ ʚʝʣʠʢʠ. 

FPGA ʫʨʝʹʘʿʠ ʩʫ ʟʙʦʛ ʩʚʦʿʠʭ ʜʦʙʨʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʬʣʝʢʩʠʙʠʣʥʦʩʪʠ, ʤʘʣʝ ʧʦʪʨʦʰˁʝ ʠ 

ʜʦʩʪʘ ʢʨʘ˂ʝʛ ʚʨʝʤʝʥʘ ʨʘʟʚʦʿʘ ʫ ʦʜʥʦʩʫ ʥʘ ASIC ʧʦʩʪʘʣʠ ʚʝʦʤʘ ʟʘʥʠʤˀʠʚ ʠʟʙʦʨ ʟʘ ʰʠʨʦʢ 

ʩʧʝʢʪʘʨ DSP ʘʧʣʠʢʘʮʠʿʘ. ʆʜʣʠʢʫʿʫ ʩʝ ʠʟʨʘʟʠʪʦ ʚʝʣʠʢʠʤ ʩʪʝʧʝʥʦʤ ʧʘʨʘʣʝʣʠʟʤʘ ʫ ʘʨʭʠʪʝʢʪʫʨʠ 

DSP ʘʣʛʦʨʠʪʘʤʘ. ʋ ʘʧʣʠʢʘʮʠʿʘʤʘ ʜʠʛʠʪʘʣʥʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʿʝ ʧʨʘʢʪʠʯʥʦ 

ʥʝʦʛʨʘʥʠʯʝʥʘ. ʇʘ ʪʘʢʦ ʥʘ ʧʨʠʤʝʨ ʤʦʛʫ˂ʝ ʠʭ ʿʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʨʦʤʝʥʫ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜʘʙʠʨʘˁʘ 

ʩʠʛʥʘʣʘ ʢʘʜʘ ʦʜʥʦʩ ʫʣʘʟʥʝ ʠ ʠʟʣʘʟʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʦʜʘʙʠʨʘˁʘ ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ ʜʚʘ ʚʝʣʠʢʘ ʮʝʣʘ 

ʙʨʦʿʘ (ʥʘ ʧʨʠʤʝʨ 160/147, ʦʜʥʦʩʥʦ 44.1 ʥʘ 48 KHz). ɿʘ ʦʚʘʢʚʝ ʧʦʪʨʝʙʝ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ 

ʧʦʣʠʥʦʤʩʢʝ ʢʫʙʥʝ Farrow ʩʪʨʫʢʪʫʨʝ, ʢʦʿʝ ʩʫ ʥʘʰʣʝ ʧʨʠʤʝʥʫ ʫ Qɸʄ, DVB-ʊ, ʘʣʠ ʠʩʪʦ ʪʘʢʦ ʠ 

ʫ ʧʦʪʠʩʢʠʚʘˁʫ ʝʭʦ ʝʬʝʢʪʘ ʫ ʜʠʛʠʪʘʣʥʠʤ ʤʦʜʝʤʠʤʘ, ʝʢʚʠʣʘʿʟʝʨʠʤʘ ʟʘ WiʄɸX ʠ GSM 

ʢʦʤʫʥʠʢʘʮʠʦʥʝ ʩʠʩʪʝʤʝ [58, 59]. ʊʘʢʦʹʝ, FPGA ʘʨʭʠʪʝʢʪʫʨʘ ʿʝ ʦʧʪʠʤʘʣʥʘ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

FIR ʠ IIR (Infinite Impulse Response) ʬʠʣʪʘʨʘ ʟʘ ʥʘʿʨʘʟʣʠʯʠʪʠʿʝ ʧʦʪʨʝʙʝ ʬʠʣʪʨʠʨʘˁʘ ʩʠʛʥʘʣʘ, 

ʢʘʦ ʰʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨ ʩʪʨʫʢʪʫʨʘ FIR ʬʠʣʪʘʨʘ ʟʘ ʚʠʰʝʩʪʝʧʝʥʫ ʜʝʮʠʤʘʮʠʿʫ ʩʠʛʥʘʣʘ [60]. 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʜʝʦ ʣʦʛʠʢʝ ʤʦʞʝ ʙʠʪʠ ʠʩʢʦʨʠʰ˂ʝʥ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʦʩʝʙʥʠʭ ʚʨʩʪʘ 

ʠʥʪʝʨʬʝʿʩʘ ʠʟʤʝʹʫ ʯʠʧʦʚʘ ʠʣʠ ʨʘʟʣʠʯʠʪʠʭ ʧʝʨʠʬʝʨʥʠʭ ʫʨʝʹʘʿʘ, ʪʝ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʢʘʦ 

Ăglue logicò ʨʝʰʝˁʘ. ɱʝʜʘʥ ʦʜ ʢʣʘʩʠʯʥʠʭ ʧʨʠʤʝʨʘ ʪʘʢʚʝ ʧʨʠʤʝʥʝ ʿʝ ʫʧʦʪʨʝʙʘ  FPGA ʣʦʛʠʢʝ 

ʢʘʢʦ ʙʠ ʩʝ ʧʨʠʤʠʣʘ ʩʣʠʢʘ ʩʘ ʙʨʟʝ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ. 

ɼʘ FPGA ʘʨʭʠʪʝʢʪʫʨʝ ʠʤʘʿʫ ʩʚʝʪʣʫ ʙʫʜʫ˂ʥʦʩʪ ʛʦʚʦʨʠ ʠ ʯʠˁʝʥʠʮʘ ʜʘ ʩʫ ʜʚʘ ʥʘʿʚʝ˂ʘ 

ʧʨʦʠʟʚʦʹʘʯʘ ʧʨʦʮʝʩʦʨʩʢʠʭ ʯʠʧʦʚʘ ʥʘ ʩʚʝʪʫ, Intel ʠ AMD ʥʝʜʘʚʥʦ ʢʫʧʠʣʠ ʚʝ˂ʠʥʩʢʝ ʘʢʮʠʿʝ 

ʬʠʨʤʠ Xilinx ʠ Altera ʢʦʝʿ ʩʫ ʙʠʣʠ ʜʚʘ ʚʦʜʝ˂ʘ ʧʨʦʠʟʚʦʹʘʯʘ FPGA ʯʠʧʦʚʘ. ʇʦʩʝʙʥʦ ʧʦʧʫʣʘʨʥʝ 

ʩʝʨʠʿʝ ʩʫ SoC (System on Chip), ʠ ʪʦ Zynq ʩʝʨʠʿʘ ʢʦʜ AMD Xilinx  ʠ Intel Aria, ʢʦʿʝ ʠʥʪʝʛʨʠʰʫ 

ʭʘʨʜʚʝʨʩʢʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʧʨʦʮʝʩʦʨ ʠ FPGA ʣʦʛʠʢʫ ʫ ʿʝʜʘʥ ʯʠʧ. ʆʩʠʤ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ 

ʘʨʭʠʪʝʢʪʫʨʝ ʫ ʥʘʤʝʥʩʢʠʤ ʩʠʩʪʝʤʠʤʘ, ʫʩʣʝʜ ʦʩʪʚʘʨʝʥʝ ʠʥʪʝʛʨʘʮʠʿʝ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ ʩʠʩʪʝʤʘ, 

ʠʜʝʿʘ ʦ ʨʝʢʦʥʬʠʛʫʨʘʙʠʣʥʦʤ ʭʘʨʜʚʝʨʫ ʿʝ ʦʜʫʚʝʢ ʧʨʠʚʣʘʯʠʣʘ ʠʥʞʝˁʝʨʝ. ʋʧʦʪʨʝʙʦʤ ʭʘʨʜʚʝʨʘ 

ʢʦʿʠ ʣʘʢʦ ʤʝˁʘ ʩʚʦʿʫ ʥʘʤʝʥʫ, ʤʦʛʫ˂ʝ ʿʝ ʜʦʙʠʪʠ ʤʘʢʩʠʤʘʣʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʤʠʥʠʤʘʣʥʦ 

ʢʘʰˁʝˁʝ ʦʙʨʘʜʝ ʧʦʜʘʪʘʢʘ, ʪʝ ʩʫ FPGA ʯʠʧʦʚʠ ʚʠʹʝʥʠ ʢʘʦ ʘʢʮʝʣʝʨʘʪʦʨʠ ʧʨʦʮʝʩʦʨʘ. ʆʩʠʤ ʟʘ 

ʢʣʘʩʠʯʥʝ ʦʧʝʨʘʮʠʿʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ʜʝʢʦʜʦʚʘˁʘ ʧʦʜʘʪʘʢʘ ʠʣʠ ʿʝʜʥʦʩʪʘʚʥʦ ʘʢʮʝʣʝʨʘʮʠʿʝ 

ʦʧʝʨʘʮʠʿʘ, FPGA ʥʘʣʘʟʝ ʚʝʣʠʢʫ ʧʨʠʤʝʥʫ ʫ AI (Artificial Intelligence) ʘʧʣʠʢʘʮʠʿʘʤʘ.  

ʅʘʨʘʚʥʦ, ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʥʝ ʪʨʝʙʘ ʟʘʙʦʨʘʚʠʪʠ ʩʚʝ ʤʦ˂ʥʠʿʝ DSP ʯʠʧʦʚʝ ʢʘʦ ʰʪʦ ʩʫ 

ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʠ (DSC ï Digital Signal Controller) ʠ ʤʠʢʨʦʧʨʦʮʝʩʦʨʠ [61]. 

ʆʜʘʙʠʨ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʭʘʨʜʚʝʨʘ ʢʦʿʠ ʧʦʢʨʝ˂ʝ ʥʘʤʝʥʩʢʠ ʩʠʩʪʝʤ ʿʝ ʚʨʣʦ ʙʠʪʘʥ, ʤʝʹʫʪʠʤ 

ʥʠʢʘʢʦ ʩʝ ʥʝ ʩʤʝ ʟʘʙʦʨʘʚʠʪʠ ʩʦʬʪʚʝʨʩʢʠ ʜʝʦ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʝ ʠʟʚʨʰʘʚʘ ʥʘ ʜʘʪʦʤ ʭʘʨʜʚʝʨʫ. ʇʘ 

ʿʝ ʪʘʢʦ ʫʦʙʠʯʘʿʝʥʦ ʜʘ ʩʝ ʥʘ ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʠʤʘ ʧʦʢʨʝ˂ʫ ʪʘʢʦʟʚʘʥʝ Ăbare metalò ʘʧʣʠʢʘʮʠʿʝ ʙʝʟ 

ʦʧʝʨʘʪʠʚʥʠʭ ʩʠʩʪʝʤʘ, ʢʦʿʝ ʩʝ ʢʦʤʧʘʿʣʝʨʠʤʘ ʦʜʤʘʭ ʧʨʝʚʦʜʝ ʫ ʘʩʝʤʙʣʝʨʩʢʠ (ʤʘʰʠʥʩʢʠ) ʿʝʟʠʢ. 

ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʘʧʣʠʢʘʮʠʿʘ ʦʧʪʠʤʠʟʫʿʝ ʢʘʢʦ ʙʠ ʩʝ ʠʟʚʫʢʘʦ ʤʘʢʩʠʤʫʤ ʠʟ ʜʦʩʪʫʧʥʠʭ ʨʘʯʫʥʘʨʩʢʠʭ 

ʦʧʝʨʘʮʠʿʘ ʭʘʨʜʚʝʨʘ ʥʘ ʢʦʿʦʿ ʿʝ ʦʥʘ ʧʦʢʨʝʥʫʪʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫ ʥʘʤʝʥʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʢʦʿʠ 

ʢʦʨʠʩʪʝ ʤʠʢʨʦʧʨʦʮʝʩʦʨʝ ʠʣʠ ʿʝʜʥʦʩʪʘʚʥʦ ʧʨʦʮʝʩʦʨʝ, ʦʙʠʯʥʦ ʩʝ ʢʦʨʠʩʪʝ RTOS ʠʣʠ Embedded 

Linux ʦʧʝʨʘʪʠʚʥʠ ʩʠʩʪʝʤʠ. ʆʚʘʢʚʠ ʩʠʩʪʝʤʠ ʟʘʭʪʝʚʘʿʫ ʚʝ˂ʫ ʢʦʣʠʯʠʥʫ ʨʝʩʫʨʩʘ, ʘʣʠ ʩʘ ʜʨʫʛʝ 

ʩʪʨʘʥʝ ʜʦʙʨʦʤ ʘʨʭʠʪʝʢʪʫʨʦʤ ʩʠʩʪʝʤʘ ʫ ʤʥʦʛʦʤʝ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʫ ʨʘʟʚʦʿ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ. 

ɿʙʦʛ ʩʚʦʿʝ ʧʦʧʫʣʘʨʥʦʩʪʠ ʠ ʩʦʬʪʚʝʨʘ ʦʪʚʦʨʝʥʦʛ ʢʦʜʘ (Open Source Software), ʢʦʿʠ ʩʝ ʤʦʞʝ 

ʙʝʩʧʣʘʪʥʦ ʢʦʨʠʩʪʠʪʠ, ʦʚʘʢʚʠ ʩʠʩʪʝʤʠ ʩʝ ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʫ ʛʦʪʦʚʦ ʩʚʘʢʦʤ ʥʘʤʝʥʩʢʦʤ ʫʨʝʹʘʿʫ. 
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ʊʘʙʝʣʘ 3. ʊʠʧ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ ʠ ʤʠʥʠʤʘʣʥʠ ʟʘʭʪʝʚʠ ʟʘ Embedded Linux ʠ RTOS 

ʦʧʝʨʘʪʠʚʥʝ ʩʠʩʪʝʤʝ [62] 

ʆʧʝʨʘʪʠʚʥʠ 

ʩʠʩʪʝʤ 

ʊʠʧ 

ʥʘʤʝʥʩʢʦʛ 

ʩʠʩʪʝʤʘ 

ʄʠʥʠʤʘʣʥʠ 

ROM 

ʄʠʥʠʤʘʣʥʠ 

RAM 

ɼʫʞʠʥʘ 

ʧʨʦʮʝʩʦʨʩʢʝ 

ʨʝʯʠ 

ɼʨʘʿʚʝʨʠ 

RTOS Hard < 10 Kb 1 Kb 8 bit ʅʝ 

Embedded 

Linux 
Soft > 2 MB > 4 MB 32 bit ɼʘ 

ʈʘʟʣʠʢʘ ʠʟʤʝʹʫ RTOS ʠ Embedded Linux ʦʧʝʨʘʪʠʚʥʠʭ ʩʠʩʪʝʤʘ ʿʝ ʧʨʝ ʩʚʝʛʘ ʫ ʪʠʧʫ 

ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ, ʛʜʝ RTOS ʩʠʩʪʝʤʠ ʩʧʘʜʘʿʫ ʫ ʢʘʪʝʛʦʨʠʿʫ ʩʠʩʪʝʤʘ ʩʘ ʬʠʢʩʥʠʤ ʢʨʘʿˁʠʤ 

ʨʦʢʦʤ, ʜʦʢ Embedded Linux ʧʨʠʧʘʜʘʿʫ ʛʨʫʧʠ ʤʝʢʠʭ ʩʠʩʪʝʤʘ. ʆʩʠʤ ʧʦ ʪʠʧʫ, ʦʚʘ ʜʚʘ ʦʧʝʨʘʪʠʚʥʘ 

ʩʠʩʪʝʤʘ ʩʝ ʨʘʟʣʠʢʫʿʫ ʠ ʧʦ ʤʠʥʠʤʘʣʥʦʿ ʢʦʣʠʯʠʥʠ ʥʝʦʧʭʦʜʥʠʭ ʨʝʩʫʨʩʘ ʢʦʿʠ ʩʫ ʧʦʪʨʝʙʥʠ ʜʘ ʙʠ 

ʩʝ ʫʩʧʝʰʥʦ ʧʦʢʨʝʥʫʣʠ ʥʘ ʥʘʤʝʥʩʢʦʿ ʧʣʘʪʬʦʨʤʠ ʠ ʜʘʪʠ ʩʫ ʫ ʪʘʙʝʣʠ 3. ʆʥʦ ʰʪʦ ʿʝ ʪʘʢʦʹʝ ʙʠʪʥʦ 

ʠʩʪʘ˂ʠ ʿʝ ʜʘ  Embedded Linux ʢʘʦ ʦʧʝʨʘʪʠʚʥʠ ʩʠʩʪʝʤ ʠʤʘ ʜʘʣʝʢʦ ʚʝ˂ʠ ʙʨʦʿ ʢʦʨʠʩʥʠʢʘ, ʘʣʠ ʠ 

ʠʥʞʝˁʝʨʘ ʢʦʿʠ ʘʢʪʠʚʥʦ ʨʘʜʝ ʥʘ ʧʦʜʨʰʮʠ, ʦʜʨʞʘʚʘˁʫ ʠ ʨʘʟʚʦʿʫ ʟʘ ʥʦʚʝ ʯʠʧʦʚʝ ʢʦʿʠ ʥʝʧʨʝʩʪʘʥʦ 

ʩʪʠʞʫ ʥʘ ʪʨʞʠʰʪʝ. ɸʨʭʠʪʝʢʪʫʨʘ ʦʚʘʢʚʠʭ ʩʠʩʪʝʤʘ ʿʝ ʚʨʣʦ ʢʦʤʧʣʝʢʩʥʘ ʠ ʧʨʝʜʩʪʘʚˀʘ ʟʘʩʝʙʥʫ 

ʦʙʣʘʩʪ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʘʧʣʠʢʘʮʠʿʝ ʠ ʧʨʠʤʝʥʝ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ ʟʘʚʠʩʠ ʠ ʢʦʿʠ ʩʝ ʪʠʧ 

ʦʧʝʨʘʪʠʚʥʦʛ ʩʠʩʪʝʤʘ ʢʦʨʠʩʪʠ.  

ʅʦʚʝ ʛʝʥʝʨʘʮʠʿʝ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʢʦʿʝ ʢʦʨʠʩʪʝ SoC ʨʝʰʝˁʘ ʤʦʛʫ ʠʩʪʦʚʨʝʤʝʥʦ 

ʢʦʤʙʠʥʦʚʘʪʠ ʥʘ ʿʝʜʥʦʤ ʯʠʧʫ RTOS ʠ Embedded Linux ʦʧʝʨʘʪʠʚʥʝ ʩʠʩʪʝʤe, ʦʜʥʦʩʥʦ ʤʦʛʫ ʙʠʪʠ 

ʘʩʠʤʝʪʨʠʯʥʠ ʤʫʣʪʠ-ʧʨʦʮʝʩʦʨʩʢʠ AMP (Asymmetric Multi-Processing) ʩʠʩʪʝʤʠ. ʆʚʘʢʚʠ ʩʠʩʪʝʤʠ 

ʫ ʧʦʪʧʫʥʦʩʪʠ ʢʦʨʠʩʪʝ ʨʝʩʫʨʩʝ ʭʝʪʝʨʦʛʝʥʠʭ ʘʨʭʠʪʝʢʪʫʨʘ, ʦʜʥʦʩʥʦ ʧʘʨʘʣʝʣʠʟʘʤ ʤʫʣʪʠ-

ʧʨʦʮʝʩʦʨʩʢʠʭ ʩʠʩʪʝʤʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʫʥʫʪʘʨ ʿʝʜʥʦʛ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ ʧʨʦʮʝʩʠ ʤʦʛʫ 

ʧʦʜʝʣʠʪʠ ʥʘ ʧʨʦʮʝʩʝ ʩʘ ʬʠʢʩʥʠʤ ʢʨʘʿˁʠʤ ʨʦʢʦʤ ʠ ʦʩʪʘʪʘʢ ʩʠʩʪʝʤʘ ʥʘ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ ʢʣʘʩʠʯʘʥ 

ʦʧʝʨʘʪʠʚʥʠ ʩʠʩʪʝʤ. ʋʧʦʪʨʝʙʘ OpenAMP framework-ʘ (Open Asymmetric Multi-Processing) 

ʧʨʫʞʘ ʤʦʛʫ˂ʥʦʩʪ ʨʘʟʚʦʿʘ ʩʦʬʪʚʝʨʩʢʠʭ ʘʧʣʠʢʘʮʠʿʘ ʢʦʿʝ ʢʦʨʠʩʪʝ ʧʨʝʜʥʦʩʪʠ AMP ʩʠʩʪʝʤʘ.  

ʅʘ ʩʣʠʮʠ 26. ʜʘʪʘ ʿʝ ʠʣʫʩʪʨʘʮʠʿʘ ʩʠʩʪʝʤʘ ʣʘʩʝʨʩʢʠʭ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʟʘʿʝʜʥʦ ʩʘ ʩʚʠʤ 

ʛʣʘʚʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ.  

ʉʘ ʩʪʘʥʦʚʠʰʪʘ ʭʘʨʜʚʝʨʩʢʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ, ʛʣʘʚʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʩʠʩʪʝʤʘ ʩʫ ʢʘʤʝʨʘ, SoC, ʢʦʿʠ ʠʜʝ ʟʘʿʝʜʥʦ ʩʘ DDR ʤʝʤʦʨʠʿʦʤ, ʜʦʜʘʪʥʠ ʧʝʨʠʬʝʨʘʣʥʠ ʩʝʥʟʦʨʠ ʠ 

ʥʘʨʘʚʥʦ ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ.  

ʅʝ ʪʨʝʙʘ ʟʘʙʦʨʘʚʠʪʠ ʜʘ ʩʫ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨʠ ʟʘʧʨʘʚʦ 2D ʩʢʝʥʝʨʠ ʠ ʜʘ ʩʝ ʧʨʠʣʠʢʦʤ 

ʧʨʠʤʝʥʘ ʫ ʢʦʿʠʤʘ ʩʝ ʟʘʭʪʝʚʘ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ ʦʙʿʝʢʪʘ, ʤʦʨʘ ʢʦʨʠʩʪʠ ʥʝʢʦʣʠʢʦ ʩʢʝʥʝʨʘ ʢʦʿʠ 

ʨʘʜʝ ʩʠʥʭʨʦʥʦ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʧʦʢʨʝʪʥʦʤ ʪʨʘʢʦʤ ʦʧʨʝʤˀʝʥʦʤ ʩʘ ʝʥʢʦʜʝʨʦʤ, ʢʘʢʦ ʙʠ ʩʝ 

ʜʦʙʠʣʘ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʧʦʤʝʨʘʿʫ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. 
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ʉʣʠʢʘ 26. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʪʠʧʠʯʥʦʛ ʠʥʜʫʩʪʨʠʿʩʢʦʛ ʩʠʩʪʝʤʘ ʢʦʿʠ ʢʦʨʠʩʪʠ ʣʘʩʝʨʩʢʝ ʩʢʝʥʝʨʝ 
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4. ʇʨʝʛʣʝʜ ʧʦʩʪʦʿʝ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʣʘʩʝʨʩʢʝ 
ʨʝʬʣʝʢʩʠʿʝ 

 

 

  

 

ɸʣʛʦʨʠʪʤʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ 

ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʝ, ʦʜʥʦʩʥʦ ʦʥʝ ʢʦʿʠ ʩʝ ʙʘʚʝ ʿʝʜʥʦʤ ʣʠʥʠʿʦʤ ʩʣʠʢʝ ʠ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʮʝʥʪʨʫ 

ʨʝʬʣʝʢʩʠʿʝ ʜʦʙʠʿʘʿʫ ʥʝʟʘʚʠʩʥʦ ʦʜ ʦʩʪʘʣʠʭ ʣʠʥʠʿʘ ʩʣʠʢʝ ʠ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʛʜʝ ʩʝ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʪʘʯʥʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʦʙʟʠʨ ʫʟʠʤʘʿʫ ʠ ʩʫʩʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʫ ʦʜʥʦʩʥʫ 

ʥʘ ʧʦʩʤʘʪʨʘʥʫ. ʉʚʘʢʠ ʦʜ ʧʨʠʩʪʫʧʘ ʠʤʘ ʩʚʦʿʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ ʦ ʢʦʿʠʤʘ ˂ʝ ʙʠʪʠ ʚʠʰʝ ʨʝʯʠ ʫ 

ʥʘʩʪʘʚʢʫ. 

 

 

4.1.  ɱʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ  

  

 

ʉʚʘʢʘ ʦʜ ʣʠʥʠʿʘ ʩʣʠʢʝ ʤʦʞʝ ʩʝ ʧʦʩʤʘʪʨʘʪʠ ʠ ʧʨʦʮʝʩʠʨʘʪʠ ʢʘʦ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ 

ʩʠʛʥʘʣ ʦʛʨʘʥʠʯʝʥʦʛ ʢʨʘʪʢʦʛ ʪʨʘʿʘˁʘ, ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʦʜʙʠʨʘʢʘ ʿʝʜʥʘʢʠʭ ʚʨʝʜʥʦʩʪʠʤʘ ʧʠʢʩʝʣʘ. 

ɻʣʘʚʥʠ ʮʠˀ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʿʝ ʜʘ ʥʘ 

ʦʩʥʦʚʫ ʧʠʢʩʝʣʘ ʧʦʩʤʘʪʨʘʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʜʘʿʫ ʰʪʦ ʪʘʯʥʠʿʫ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʨʝʬʣʝʢʩʠʿʝ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʀʩʪʦʨʠʿʩʢʠ ʛʣʝʜʘʥʦ ʦʚʠ ʘʣʛʦʨʠʪʤʠ ʩʫ ʧʨʚʠ ʨʘʟʚʠʿʝʥʠ, ʿʝʨ ʥʠʩʫ ʧʨʝʪʝʨʘʥʦ 

ʟʘʭʪʝʚʥʠ ʧʦ ʧʠʪʘˁʫ ʢʦʣʠʯʠʥʝ ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪʠ. ʄʥʦʛʠ ʦʜ ˁʠʭ ʩʝ ʠ ʜʘʥʘʩ 

ʢʦʨʠʩʪʝ, ʿʝʨ ʜʘʿʫ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ ʫ ʧʨʘʢʩʠ. ɺʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʤʙʠʥʫʿʫ ʩʘ ʨʘʟʥʠʤ ʤʝʪʦʜʘʤʘ 

ʬʠʣʪʨʠʨʘˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʣʠ ʝʬʝʢʪʠ ʰʫʤʘ ʠʣʠ ʘʣʛʦʨʠʪʤʠʤʘ ʠʥʪʝʨʧʦʣʘʮʠʿʝ.  

ɱʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʫʛʨʫʙʦ ʩʝ 

ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʦʥʝ ʢʦʿʠ ʪʦ ʦʜʨʝʹʫʿʫ ʥʘ ʥʠʚʦʫ ʧʠʢʩʝʣʘ ʠ ʦʥʝ ʢʦʿʠ ʠʜʫ ʠʩʧʦʜ ʚʝʣʠʯʠʥʝ 

ʧʠʢʩʝʣʘ, ʦʜʥʦʩʥʦ sub-pixel ʘʣʛʦʨʠʪʤʝ. ʅʘʿʿʝʜʥʦʩʪʘʚʥʠʿʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʮʝʥʪʨʘ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʥʠʚʦʫ ʧʠʢʩʝʣʘ ʿʝ ʦʜʨʝʹʠʚʘˁʝ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʫ ʟʦʥʠ 
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ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʅʘʨʘʚʥʦ, ʦʚʘʢʘʚ ʘʣʛʦʨʠʪʘʤ ʿʝ ʝʢʩʪʨʝʤʥʦ ʧʦʜʣʦʞʘʥ ʫʪʠʮʘʿʠʤʘ 

ʰʫʤʘ ʠ ʥʝ ʜʘʿʝ ʜʦʚʦˀʥʫ ʧʨʝʮʠʟʥʦʩʪ ʘ ʠ ˁʝʛʦʚʘ ʧʨʘʢʪʠʯʥʘ ʫʧʦʪʨʝʙʘ ʿʝ ʚʨʣʦ ʣʠʤʠʪʠʨʘʥʘ ʠ ʫ 

ʥʘʿʚʝ˂ʝʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ ʨʘʜʠ ʩʝ ʦ ʫʨʝʹʘʿʠʤʘ ʤʘʣʝ ʧʨʝʮʠʟʥʦʩʪʠ. 

ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʜʨʝʜʠʪʠ ʧʦʟʠʮʠʿʫ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʜʚʘ ʧʠʢʩʝʣʘ ʩʚʠ 

ʘʣʛʦʨʠʪʤʠ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʤʝʪʦʜʘʤʘ ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʩʠʛʥʘʣʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʥʘʩʪʦʿʠ ʦʜʨʝʜʠʪʠ 

ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ ʚʨʭʘ ʦʯʝʢʠʚʘʥʦʛ ʧʨʦʬʠʣʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. 

ʆʩʠʤ ʯʠˁʝʥʠʮʝ ʜʘ ʘʣʛʦʨʠʪʤʠ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʧʦʣʘʟʝ ʦʜ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʧʨʦʬʠʣ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʧʨʘʪʠ ɻʘʫʩʦʚʫ ʢʨʠʚʫ, ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʘ ʿʝ ʧʨʘʚʘʮ ʧʨʝʪʨʘʛʝ ʥʦʨʤʘʣʘʥ ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʘʮ ʧʨʦʩʪʠʨʘˁʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʅʘ ʩʣʠʮʠ 27ʘ. ʠ 27ʙ. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʩʣʠʢʝ 

ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ ʚʝʨʪʠʢʘʣʥʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʠ ʧʨʠʢʘʟʘʥ ʿʝ ˁʝʥ ʧʨʦʬʠʣ 

ʥʘ ʢʦʿʝʤ ʩʝ ʿʘʩʥʦ ʫʦʯʘʚʘ ʠʤʧʫʣʩ ʫ ʠʥʪʝʥʟʠʪʝʪʫ ʧʠʢʩʝʣʘ, ʢʘʜʘ ʿʝ ʧʨʘʚʘʮ ʧʨʝʪʨʘʛʝ ʭʦʨʠʟʦʥʪʘʣʘʥ. 

ʄʝʹʫʪʠʤ, ʫʢʦʣʠʢʦ ʦʨʪʦʛʦʥʘʣʥʦʩʪ ʧʨʘʚʮʘ ʧʨʝʪʨʘʛʝ ʠ ʧʨʘʚʮʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʠʿʝ ʠʩʧʫˁʝʥ, 

ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 27ʮ. ʠ 27ʜ., ʜʦʣʘʟʠ ʜʦ ʧʦʪʧʫʥʦ ʧʦʛʨʝʰʥʦʛ ʪʫʤʘʯʝˁʘ ʧʦʜʘʪʘʢʘ 

ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ, ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʩʝ ʧʦʚʝ˂ʘʚʘ, ʿʝʨ ʧʨʦʬʠʣ ʨʝʬʣʝʢʩʠʿʝ 

ʛʫʙʠ ʦʯʝʢʠʚʘʥʠ ɻʘʫʩʦʚ ʧʨʦʬʠʣ. 

ɱʝʜʥʘ ʦʜ ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʤʝʪʦʜʘ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʿʝ ɻʘʫʩʦʚʘ ʤʝʪʦʜʘ ʠʥʪʝʨʧʦʣʘʮʠʿʝ 

ʟʙʦʛ ʦʯʝʢʠʚʘʥʦʛ ʧʨʦʬʠʣʘ ʨʝʬʣʝʢʩʠʿʝ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ 

ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʠ ʣʠʥʝʘʨʥʘ ʠ ʧʘʨʘʙʦʣʠʯʥʘ ʝʩʪʠʤʘʮʠʿʘ. ʄʝʪʦʜʘ ʢʦʿʘ ʿʝ ʧʦʢʘʟʘʣʘ ʥʘʿʚʝ˂ʫ 

ʧʨʠʤʝʥʫ ʫ ʧʨʘʢʩʠ ʿʝ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʟʙʦʛ ʜʦʙʨʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʧʨʠʤʝʥʝ. 

ʊʫ ʩʝ ʥʘʣʘʟʝ ʠ Blais ʠ Rioux (ɹʈ) ʝʩʪʠʤʘʪʦʨ, FIR ʬʠʣʪʘʨ ʠʣʠ ʥʝʢʝ ʦʜ ʙʦˀʠʭ ʤʝʪʦʜʘ 

ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʧʠʢʩʝʣʘ (ʧʦʚʝ˂ʘˁʘ ʨʝʟʦʣʫʮʠʿʝ ʩʣʠʢʝ). ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʥʘʚʝʜʝʥʠʭ 

ʤʝʪʦʜʘ, ʢʘʦ ʠ ˁʠʭʦʚʦ ʧʦʨʝʹʝˁʝ ʥʘ ʦʩʥʦʚʫ ʧʨʠʤʝʨʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʜʦʙʠʿʝʥʝ ʩʘ ʢʘʤʝʨʝ 

ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ.  

 

ʉʣʠʢʘ 27. ʇʨʘʚʘʮ ʧʨʝʪʨʘʛʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʟʘ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʘʣʛʦʨʠʪʤʝ. (ʘ) ʧʨʠʤʝʨ 

ʩʣʠʢʝ ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. (ʙ) ʇʨʦʬʠʣ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ (ʮ) ʧʨʠʤʝʨ ʩʣʠʢʝ (ʜ) ʠʟʛʣʝʜ 

ʧʨʦʬʠʣʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 
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4.1.1. ɻʘʫʩʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

 

 

 ɼʦʙʨʦ ʧʦʟʥʘʪʘ ɻʘʫʩʦʚʘ ʬʫʥʢʮʠʿʘ ʿʝ ʜʘʪʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

Ὢὼ ὃὩ
  

 

 (4.1) 

ʛʜʝ ʿʝ ʩʘ ɸ ʜʘʪʘ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʘʤʧʣʠʪʫʜʝ ʢʦʿʫ Ὢὼ ʤʦʞʝ ʠʤʘʪʠ, ‘ ʿʝ ʧʦʟʠʮʠʿʘ 

ʤʘʢʩʠʤʫʤʘ ɻʘʫʩʦʚʝ ʢʨʠʚʝ, ʜʦʢ ʿʝ ʩʘ „ ʦʟʥʘʯʝʥʘ ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ʢʦʿʘ ʟʘʧʨʘʚʦ ʢʦʥʪʨʦʣʠʰʝ 

ʰʠʨʠʥʫ ʢʨʠʚʝ ʥʘ ὼ ʦʩʠ. ʂʘʜʘ ʩʝ ʧʘʨʘʤʝʪʨʠ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʧʨʝʥʝʩʫ ʥʘ ʧʨʦʙʣʝʤ ʣʘʩʝʨʩʢʝ 
ʨʝʬʣʝʢʩʠʿʝ, ʿʘʩʥʦ ʿʝ ʜʘ ʘʤʧʣʠʪʫʜʘ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʦʜʛʦʚʘʨʘ ʤʘʢʩʠʤʘʣʥʦʤ ʠʥʪʝʥʟʠʪʝʪʫ 

ʨʝʬʣʝʢʩʠʿʝ (ʧʠʢʩʝʣʘ), ‘ ʿʝ ʝʩʪʠʤʠʨʘʥʠ ʮʝʥʪʘʨ ʨʝʬʣʝʢʩʠʿʝ, ʜʦʢ ʿʝ ʩʘ „ ʦʟʥʘʯʝʥʘ ʰʠʨʠʥʘ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʅʘ ʦʩʥʦʚʫ ʧʠʢʩʝʣʘ ʢʦʿʠ ʦʧʠʩʫʿʫ ʣʘʩʝʨʩʢʫ ʨʝʬʣʝʢʩʠʿʫ ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʝʜʠʪʠ 

ʝʩʪʠʤʠʨʘʥʫ ʧʦʟʠʮʠʿʫ ʮʝʥʪʨʘ, ʘ ʟʘ ʪʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʠʥʪʝʨʧʦʣʠʨʘʪʠ ʢʨʠʚʫ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʢʨʦʟ 

ʜʘʪʠ ʩʝʪ ʪʘʯʘʢʘ. ʇʦʩʪʦʿʝ ʨʘʟʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ɻʘʫʩʦʚʝ ʢʨʠʚʝ, ʘʣʠ ʿʝʜʘʥ ʦʜ 

ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʠʭ ʿʝ ʂʘʨʫʘʥʘ ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʢʦʨʠʩʪʠ ʯʠˁʝʥʠʮʫ ʜʘ ʿʝ ʪʨʘʞʝʥʘ ʬʫʥʢʮʠʿʘ 

ʦʧʠʩʘʥʘ ʢʘʦ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʘ ʢʚʘʜʨʘʪʥʘ ʿʝʜʥʘʯʠʥʘ ʠ ʢʦʿʫ ʿʝ ʤʦʛʫ˂ʝ ʧʨʝʪʚʦʨʠʪʠ ʫ ʣʠʥʝʘʨʥʫ 

ʿʝʜʥʘʯʠʥʫ ʢʦʨʠʩʪʝ˂ʠ ʧʨʠʨʦʜʘʥ ʣʦʛʘʨʠʪʘʤ [63, 64]. ʊʘʜʘ, ʢʦʨʠʩʪʝ˂ʠ ʘʣʛʦʨʠʪʘʤ ʥʘʿʤʘˁʠʭ 

ʢʚʘʜʨʘʪʘ (least square method), ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʝʜʠʪʠ ʧʘʨʘʤʝʪʨʝ ʢʨʠʚʝ. ʋʢʦʣʠʢʦ ʩʝ ʥʘ ʦʙʝ ʩʪʨʘʥʝ 

ʿʝʜʥʘʯʠʥʝ ʧʨʠʤʝʥʠ ʣʦʛʘʨʠʪʘʤ, ʿʝʜʥʘʯʠʥʘ ʧʦʩʪʘʿʝ:  

ὰὲὪ ὰὲὃ  
‘

ς„

ς‘ὼ

ς„
 
ὼ

ς„
ὥ ὦὼὧὼ (4.2) 

ʧʨʠ ʯʝʤʫ ʿʝ: 

ὥ ὰὲὃ  ; ὦ ; ὧ   (4.3) 

ʋʢʦʣʠʢʦ ʩʘ Ὢ ʦʟʥʘʯʠʤʦ ʝʩʪʠʤʠʨʘʥʫ ɻʘʫʩʦʚʫ ʢʨʠʚʫ, ʪʘʜʘ ʿʝ ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʀ, ʜʘʪʘ 
ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ʀ ὰὲὪ ὰὲὪ ὰὲὪ ὥ ὦὨ ὧὨ  (4.4) 

ʅʘ ʦʩʥʦʚʫ ʤʝʪʦʜʝ ʤʠʥʠʤʘʣʥʠʭ ʢʚʘʜʨʘʪʘ, ʧʨʚʠʤ ʠʟʚʦʜʦʤ ʢʚʘʜʨʘʪʥʝ ʛʨʝʰʢʝ ʧʦ ʘ, b ʠ c, ʢʘʦ ʠ 

ʧʦʩʪʘʚˀʘˁʝʤ ʨʝʟʫʣʪʘʪʘ ʠʟʚʦʜʘ ʥʘ ʥʫʣʫ ʜʦʙʠʿʘ ʩʝ ʩʣʝʜʝ˂ʠ ʩʠʩʪʝʤ ʣʠʥʝʘʨʥʠʭ ʿʝʜʥʘʯʠʥʘ: 
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ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ὲ Ὠ Ὠ

Ὠ Ὠ Ὠ

Ὠ Ὠ Ὠ
Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

ὥ
ὦ
ὧ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ÌÎὪ

ὨÌÎὪ

ὨÌÎὪ
Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

 (4.5) 

ʅʘ ʦʩʥʦʚʫ ʜʘʪʝ ʿʝʜʥʘʯʠʥʝ ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʝʜʠʪʠ ʥʝʧʦʟʥʘʪʝ ʘ, b ʠ c, ʘ ʦʜʘʪʣʝ ʧʘʨʘʤʝʪʨʝ ɻʘʫʩʦʚʝ 

ʬʫʥʢʮʠʿʝ (ὃȟ‘ȟ„).  

ɸʣʛʦʨʠʪʘʤ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʧʠʢʩʝʣ 

ʥʘʿʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ ʦʜʛʦʚʘʨʘ ʦʢʦʣʠʥʠ ʤʘʢʩʠʤʫʤʘ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ. ʋʢʦʣʠʢʦ ʩʝ ʢʘʦ ʧʨʠʤʝʨ 

ʘʣʛʦʨʠʪʤʘ ʫʟʤʝ ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʠ ʩʣʫʯʘʿ ʩʘ ʩʘʤʦ ʪʨʠ ʩʫʩʝʜʥʘ ʧʠʢʩʝʣʘ ʥʘʿʚʝ˂ʘ ʧʦ ʠʥʪʝʥʟʠʪʝʪʫ 

(ʿʝʜʘʥ ʩʘ ʣʝʚʝ ʠ ʿʝʜʘʥ ʩʘ ʜʝʩʥʝ ʩʪʨʘʥʝ ʧʠʢʩʝʣʘ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ) ʤʦʛʫ˂ʝ ʿʝ ʨʝʰʠʪʠ ʩʠʩʪʝʤ 

ʿʝʜʥʘʯʠʥʘ ʜʘʪ ʩʘ 4.5. ʊʨʝʙʘ ʠʤʘʪʠ ʥʘ ʫʤʫ ʜʘ ʩʚʘʢʠ ʦʜ ʧʠʢʩʝʣʘ ʢʘʤʝʨʝ ʠʤʘ ʩʚʦʿʝ ʚʠʜʥʦ ʧʦˀʝ, 

ʢʘʦ ʠ ʦʜʨʝʹʝʥʠ ʧʨʦʩʪʦʨ ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʧʠʢʩʝʣʘ, ʪhʦ ˂ʝ ʫʪʠʮʘʪʠ ʥʘ ʪʦ ʜʘ ʩʪʚʘʨʥʠ ʧʨʦʬʠʣ 

ʨʝʬʣʝʢʩʠʿʝ ʥʠʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ɻʘʫʩʦʚ, ʤʝʹʫʪʠʤ ʩʚʠ ʪʠ ʝʬʝʢʪʠ ʩʝ ʤʦʛʫ ʤʦʜʝʣʠʨʘʪʠ ɻʘʫʩʦʚʦʤ 

ʨʘʩʧʦʜʝʣʦʤ ʠ ʟʘ ʜʘˀʝ ʨʘʟʤʘʪʨʘˁʝ ʥʝ˂ʝ ʙʠʪʠ ʫʟʝʪʠ ʫ ʦʙʟʠʨ.  

ʋʢʦʣʠʢʦ ʩʘ f(x+1), f(x) ʠ f(x+1) ʦʟʥʘʯʠʤʦ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ ʥʘ ʥʘʿʚʝ˂ʠʤ ʚʨʝʜʥʦʩʪʠʤʘ, 

ʪʘʜʘ ʩʝ ʝʩʪʠʤʠʨʘʥʘ (‏ ʣʦʢʘʮʠʿʘ ʨʝʬʣʝʢʪʦʚʘʥʦʛ ʮʝʥʪʨʘ ʥʘ ʩʣʠʮʠ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʩʘ ʩʣʝʜʝ˂ʦʤ 

ʿʝʜʥʘʯʠʥʦʤ: 

‏
ρ

ς

ὰὲὪὼ ρ ὰὲὪὼ ρ

ὰὲὪὼ ρ ςὰὲὪὼ ὰὲὪὼ ρ
 (4.6) 

ʛʜʝ ʿʝ ʩʘ x ʦʟʥʘʯʝʥ ʨʝʜʥʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʫʥʫʪʘʨ ʣʠʥʠʿʝ l ʩʣʠʢʝ ʩʘ ʠʥʪʝʥʟʠʪʝʪʦʤ f(x). 
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ʅʘ ʩʣʠʮʠ 28. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʟʘ ʥʝʢʫ ʣʠʥʠʿʫ 

ʩʣʠʢʝ (ʥʘ ʩʣʠʮʠ ʿʝ ʣʘʩʝʨʩʢa ʨʝʬʣʝʢʩʠʿʘ ʦʟʥʘʯʝʥʘ ʩʘ ʧʣʘʚʦʤ ʙʦʿʦʤ). ɿʝʣʝʥʦʤ ʠʩʧʨʝʢʠʜʘʥʦʤ 

ʣʠʥʠʿʦʤ ʜʘʪʘ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘʥʘ ɻʘʫʩʦʚʘ ʬʫʥʢʮʠʿʘ ʥʘ ʦʩʥʦʚʫ ʪʨʠ ʪʘʯʢʝ ʥʘʿʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ 

(ʪʘʢʦʹʝ ʦʟʥʘʯʝʥʝ ʥʘ ʩʣʠʮʠ), ʜʦʢ ʿʝ ʩʘ ʮʨʚʝʥʦʤ ʣʠʥʠʿʦʤ ʦʟʥʘʯʝʥʘ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʮʝʥʪʨʘ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. 

ɺʝʣʠʢʠ ʙʨʦʿ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʠʟ ʦʙʣʘʩʪʠ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʝ 

ʬʦʢʫʩʠʨʘ ʥʘ ʯʠˁʝʥʠʮʫ ʜʘ ʿʝ ʦʯʝʢʠʚʘʥʠ ʧʨʦʬʠʣ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʧʨʠʿʝʤʫ ʢʨʠʚʘ ʢʦʿʘ ʧʨʘʪʠ 

ɻʘʫʩʦʚʫ ʬʫʥʢʮʠʿʫ. ʋ ʧʦʢʫʰʘʿʫ ʜʘ ʩʝ ʜʦʙʠʿʝ ʰʪʦ ʪʘʯʥʠʿʘ ʝʩʪʠʤʘʮʠʿʘ, ʙʨʦʿʥʠ ʘʫʪʦʨʠ [65] [66] 

ʫʟʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʧʘʨʘʤʝʪʨʝ ʩʠʩʪʝʤʘ ʠʣʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. 

ɸʢʦ ʩʝ ʧʦʹʝ ʦʜ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʩʝ ʨʝʬʣʝʢʩʠʿʘ ʩʘʩʪʦʿʠ ʦʜ ʿʝʜʥʝ ʛʣʘʚʥʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ 

ʢʦʿʫ ʩʫ ʩʫʧʝʨʧʦʥʠʨʘʥʝ ʤʥʦʛʦʙʨʦʿʥʝ ʨʝʬʣʝʢʩʠʿʝ ʦʜ ʩʝʢʫʥʜʘʨʥʦʛ ʟʥʘʯʘʿʘ ʘ ʥʘʩʪʘʣʝ ʫʩʣʝʜ ʨʘʟʥʠʭ 

ʬʠʟʠʯʢʠʭ ʝʬʝʢʘʪʘ, ʪʘʜʘ ʩʝ ʟʘ ɻʘʫʩʦʚ ʩʠʛʥʘʣ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʩʪʝʧʝʥ ʩʢʘʣʘʙʠʣʥʦʩʪʠ ʢʦʿʠ ʿʝ 

ʜʘʪ ʩʘ ᾀ ς„  ʢʘʦ ʠ ʮʝʥʪʘʨ ʝʥʝʨʛʠʿʝ ʩʠʛʥʘʣʘ ʢʦʿʠ ʿʝ ʜʘʪ ʩʘ ό ό ί, ʛʜʝ ʿʝ ʩʘ ό ʜʘʪʘ 

ʠʥʠʮʠʿʘʣʥʘ ʚʨʝʜʥʦʩʪ ʮʝʥʪʨʘ, ʜʦʢ ί ʧʨʝʜʩʪʘʚˀʘ ʧʦʤʝʨʘʿ. ʊʘʜʘ ʿʝ ʤʦʛʫ˂ʝ ʜʝʬʠʥʠʩʘʪʠ ʩʠʛʥʘʣ 

Ὣ ὼ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʩʫʧʝʨʧʦʟʠʮʠʿʫ m ɻʘʫʩʦʚʠʭ ʩʠʛʥʘʣʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʩʪʝʧʝʥʠʤʘ 

ʩʢʘʣʘʙʠʣʥʦʩʪʠ ʠ ʮʝʥʪʨʠʤʘ ʝʥʝʨʛʠʿʝ. ɼʦʜʘʪʥʦ ʩʘ • ʜʝʬʠʥʠʩʘʥ ʪʝʞʠʥʩʢʠ ʬʘʢʪʦʨ ʟʘ ʩʚʘʢʠ ʦʜ 

ʩʠʛʥʘʣʘ: 

Ὣ ὼ •
ρ

Ѝ“ᾀ
Ὡ  (4.7) 

 ʅʘ ʦʩʥʦʚʫ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʢʨʦʩʢʦʨʝʣʘʮʠʿʝ ʿʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ, ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ 

ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ, ʩʘ ʨʘʟʣʠʯʠʪʠʤ Ὣ ὼ ʤʦʞʝ ʩʝ ʧʦʫʟʜʘʥʦ ʦʜʨʝʜʠʪʠ ʧʦʟʠʮʠʿʘ ʮʝʥʪʨʘ 

ʨʝʬʣʝʢʩʠʿʝ. ʇʨʝ ʩʚʝʛʘ ʧʦʪʨʝʙʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʠʥʠʮʠʿʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʮʝʥʪʨʘ ʝʥʝʨʛʠʿʝ ό ʠ 

ʩʪʝʧʝʥʘ ʩʢʘʣʘʙʠʣʥʦʩʪʠ ᾀ. ɿʘ ʪʝ ʧʦʪʨʝʙʝ ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʿʝʜʥʦʩʪʘʚʘʥ ʧʨʘʛ ʜʝʪʝʢʮʠʿʝ, ʿʝʨ 
ʿʝ ʦʯʝʢʠʚʘʥʘ ʨʝʬʣʝʢʩʠʿʘ ʟʥʘʯʘʿʥʦ ʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ ʥʝʛʦ ʠʥʪʝʥʟʠʪʝʪ ʧʦʟʘʜʠʥʝ ʩʣʠʢʝ. ʂʘʜʘ ʩʫ 

ʦʜʨʝʹʝʥʝ ʠʥʠʮʠʿʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʮʝʥʪʨʘ ʝʥʝʨʛʠʿʝ ʠ ʩʪʝʧʝʥʘ ʩʢʘʣʘʙʠʣʥʦʩʪʠ ʜʝʬʠʥʠʰʝ ʩʝ 

ʩʝʢʚʝʥʮʘ ɻʘʫʩʦʚʠʭ ʩʠʛʥʘʣʘ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

̄́̔̒ ̗̒̆̋̃̆̎́ ̒̉̄̎́̌́

ừ
Ừ

ứ
Ὣ ȟ ὸȟὫ ȟ ὸȟὫ ȟ ὸȟȣὫ ȟ ὸ

ᾀ
ρ

ς
ᾀȟὭɴ ρȟά

ό ό ίȟὭɴ ςȟά  

 (4.8) 

ʉʣʠʯʥʦʩʪʠ ʠʟʤʝʹʫ ʩʚʘʢʦʛ ɻʘʫʩʦʚʦʛ ʩʠʛʥʘʣʘ ʠ ʜʦʙʠʿʝʥʝ ʨʝʬʣʝʢʩʠʿʝ ʤʦʛʫ ʩʝ ʦʟʥʘʯʠʪʠ ʩʘ 

ὶȟὶȟȣȟὶ  ʠ ʜʝʬʠʥʠʩʘʥʝ ʩʫ ʩʘ: 

ὶ † ὧέὺộά ὸȟὫ ȟ ὸỚ ά †Ὣ ȟ ὸ † (4.9) 

ʅʘ ʦʩʥʦʚʫ ʠʟʨʘʯʫʥʘʪʝ ʢʦʨʝʣʘʮʠʿʝ, ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʘʜʠʪʠ ʧʦʤʝʨʘʿ ί ʪʘʢʦ ʜʘ ʿʝ ʩʪʝʧʝʥ ʢʦʨʝʣʘʮʠʿʝ 

ʠʟʤʝʹʫ ʚʝʰʪʘʯʢʠ ʛʝʥʝʨʠʩʘʥʦʛ ʩʠʛʥʘʣʘ ʨʝʬʣʝʢʩʠʿʝ ʠ ʜʝʪʝʢʪʦʚʘʥʝ ʨʝʬʣʝʢʩʠʿʝ ʤʘʢʩʠʤʘʣʘʥ.  

ɱʝʜʘʥ ʦʜ ʟʘʥʠʤˀʠʚʠʭ ʧʨʠʩʪʫʧʘ ʿʝ ʫʧʦʪʨʝʙʘ ɻʘʫʩʦʚʦʛ ʠʥʪʝʨʧʦʣʘʪʦʨʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ 

ʚʨʭ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʘʪʫʨʠʩʘʥ. ʊʘʜʘ ʩʝ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ (4.6) ʧʨʚʦ ʜʘʿʝ ʝʩʪʠʤʘʮʠʿʘ  

ʠʥʪʝʥʟʠʪʝʪʘ ʚʨʭʘ ɻʘʫʩʦʚʝ ʢʨʠʚʝ ʥʘ ʦʩʥʦʚʫ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʜʘʪʘ ʩʘ 

ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 
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‏
ὔ ρ

ς
Ὧ
ρ

ς

ὰὲὍ ὰὲὍ

ὰὲὍ ςὰὲὍ ὰὲὍ
 (4.10) 

ʛʜʝ ʿʝ ʩʘ Ὅ̋ Ὢὼ Ὧ ρ ʜʘʪʘ ʚʨʝʜʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʢ ʧʠʢʩʝʣʘ ʫʜʘˀʝʥ 

ʦʜ ʩʘʪʫʨʠʩʘʥʠʭ ʧʠʢʩʝʣʘ, ʘ ʩʘ ὔ  ʦʟʥʘʯʝʥ ʙʨʦʿ ʫʟʘʩʪʦʧʥʠʭ ʩʘʪʫʨʠʩʘʥʠʭ ʧʠʢʩʝʣʘ, ʜʦʢ ʿʝ ʩʘ ʢ 

ʦʟʥʘʯʝʥ ʨʝʜʥʠ ʙʨʦʿ ʩʫʩʝʜʥʠʭ ʧʠʢʩʝʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʥʝ ʢʦʿʠ ʩʫ ʩʘʪʫʨʠʩʘʥʠ. ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ 

ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʿʝʜʥʘʢʘ ʟʘ ʙʠʣʦ ʢʦʿʠ ʧʘʨ ʧʠʢʩʝʣʘ (ʿ,ʢ) ʫ ʦʜʥʦʩʫ ʥʘ ʩʘʪʫʨʠʩʘʥʝ ʧʠʢʩʝʣʝ, 

ʦʜʥʦʩʥʦ ʜʘ ʚʘʞʠ ‏ ‏̪  ʋʢʦʣʠʢʦ ʩʘ ́̋ ʠ ̪́ ʦʟʥʘʯʠʤʦ ʨʘʩʪʦʿʘˁʘ ʮʝʥʪʨʘ ɻʘʫʩʦʚʝ ʢʨʠʚʝ ʫ .‏

ʦʜʥʦʩʫ ʥʘ ʧʠʢʩʝʣʝ ʢ ʠ ʿ: 

́̋
ὔ ρ

ς
ὯȠ ́

ὔ ρ

ς
Ὦ (4.11) 

ʊʘʜʘ ʿʝ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʚʨʭʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʪʘ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

‏
ρ

ς

́ ÌÎὍ ÌÎὍ ́ÌÎὍ ÌÎὍ

ÌÎὍ ÌÎὍ ÌÎὍ ÌÎὍ
 (4.12) 

 

 

4.1.2. ʎʝʥʪʘʨ ʤʘʩʝ 

 

 

ɸʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ (ʎʄ) ʪʘʢʦʹʝ ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʨʘʩʧʦʜʝʣʘ ʠʥʪʝʥʟʠʪʝʪʘ ʧʨʠʤˀʝʥʝ 

ʨʝʬʣʝʢʩʠʿʝ ʟʘʜʦʚʦˀʘʚʘ ɻʘʫʩʦʚʫ ʜʠʩʪʨʠʙʫʮʠʿʫ. ʃʦʢʘʮʠʿʘ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʤʦʞʝ ʙʠʪʠ 

ʦʜʨʝʹʝʥʘ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʦʩʪʘʚʥʦʛ, ʜʦʙʨʦ ʧʦʟʥʘʪʦʛ ʘʣʛʦʨʠʪʤʘ ʛʜʝ ʩʝ ʠʥʪʝʥʟʠʪʝʪʠ ʧʠʢʩʝʣʘ 

ʢʦʨʠʩʪʝ ʢʘʦ ʪʝʞʠʥʩʢʠ ʢʦʝʬʠʮʠʿʝʥʪʠ (ʬʘʢʪʦʨʠ) ʟʘʿʝʜʥʦ ʩʘ ˁʠʭʦʚʠʤ ʧʦʟʠʮʠʿʘʤʘ (ʨʝʜʥʠʤ 

ʙʨʦʿʝʚʠʤʘ). ʋʢʦʣʠʢʦ ʩʫ ʠʥʪʝʥʟʠʪʝʪ ʠ ʨʝʜʥʠ ʙʨʦʿʝʚʠ ʧʠʢʩʝʣʘ ʦʟʥʘʯʝʥʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʫ 

ʧʨʝʪʭʦʜʥʦʤ ʧʨʠʤʝʨʫ, ʪʘʜʘ ʿʝ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʪʘ ʩʘ ʩʣʝʜʝ˂ʦʤ 

ʿʝʜʥʘʯʠʥʦʤ: 

‏
Ὢὼ ρ Ὢὼ ρ

Ὢὼ ρ Ὢὼ Ὢὼ ρ
 (4.13) 

ʇʨʠʤʝʨ ʿʝ ʜʘʪ ʩʘʤʦ ʟʘ ʪʨʠ ʧʠʢʩʝʣʘ, ʘʣʠ ʩʝ ʥʘʨʘʚʥʦ ʤʦʞʝ ʧʨʦʰʠʨʠʪʠ ʥʘ ʚʝ˂ʠ ʙʨʦʿ 

ʧʠʢʩʝʣʘ ʠʟ ʠʩʪʝ ʣʠʥʠʿʝ, ʜʦʢ ʥʘʧʨʝʜʥʠʿʠ ʘʣʛʦʨʠʪʤʠ ʚʨʣʦ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʠ ʧʠʢʩʝʣʝ ʠʟ ʩʫʩʝʜʥʠʭ 

ʣʠʥʠʿʘ ʩʣʠʢʝ. ʋ ʧʨʝʪʭʦʜʥʦʤ ʧʨʠʤʝʨʫ ʮʝʥʪʨʘʣʥʠ ʧʠʢʩʝʣ ʟʘ ʚʨʝʜʥʦʩʪ ʨʝʜʥʦʛ ʙʨʦʿʘ ʠʤʘ 0, ʪʝ 

ʧʠʢʩʝʣʠ ʣʝʚʦ ʠ ʜʝʩʥʦ ʦʜ ˁʝʛʘ ʠʤʘʿʫ ʥʝʛʘʪʠʚʥʝ ʠ ʧʦʟʠʪʠʚʥʝ ʮʝʣʦʙʨʦʿʥʝ ʚʨʝʜʥʦʩʪʠ. ɱʝʜʥʘʯʠʥʘ 

4.14 ʦʧʠʩʫʿʝ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʚʝ˂ʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʠ ʜʘʪʘ 

ʿʝ ʩʘ: 

‏
В ὭὪὼ Ὥ

В Ὢὼ Ὥ
 (4.14) 

ʛʜʝ ʿʝ ʩʘ ʄ ʦʟʥʘʯʝʥ ʙʨʦʿ ʧʠʢʩʝʣʘ ʢʦʿʠ ʫʣʘʟʝ ʫ ʘʣʛʦʨʠʪʘʤ. 

ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʨʝʬʣʝʢʩʠʿʠ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ 

ʠʤʘ ʚʝ˂ʠ ʠʥʪʝʥʟʠʪʝʪ ʦʜ ʦʩʪʘʪʢʘ ʣʠʥʠʿʝ ʩʣʠʢʝ, ʘʫʪʦʨʠ [67] [68] ʧʨʝʜʣʘʞʫ ʜʘ ʩʝ ʫʤʝʩʪʦ ʢʣʘʩʠʯʥʦʛ 
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ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ, ʢʦʨʠʩʪʝ ʢʚʘʜʨʠʨʘʥʝ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ ʧʨʠʣʠʢʦʤ ʧʨʦʨʘʯʫʥʘ ʪʘʯʥʝ 

ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʧʘ ʪʘʢʦ ʿʝʜʥʘʯʠʥʘ 4.14 ʧʦʩʪʘʿʝ:  

‏
В ὭὪὼ Ὥ

В Ὢὼ Ὥ
  (4.15) 

 ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʘʫʪʦʨʠ [69] ʧʨʝʜʣʘʞʫ ʫʧʦʪʨʝʙʫ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ ʩʘ ʪʝʞʠʥʩʢʠʤ 

ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ɻʘʫʩʦʚʦʿ ʢʨʠʚʠ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʝ ʿʝʜʥʘʯʠʥʝ: 

‏
В ὭὪὼ ὭὩ

В Ὢὼ ὭὩ

 (4.16) 

ʛʜʝ ʿʝ ʩʘ ὼ ʦʟʥʘʯʝʥ ʨʝʜʥʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʥʘʿʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ, ʢʦʿʠ ʧʦʪʝʥʮʠʿʘʣʥʦ ʦʜʛʦʚʘʨʘ 

ʧʦʟʠʮʠʿʠ ʤʘʢʩʠʤʫʤʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʩʤʘˁʫʿʝ ʢʦʤʧʣʝʢʩʥʦʩʪ ʨʘʯʫʥʘˁʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ɻʘʫʩʦʚʝ ʢʨʠʚʝ.  

 

ʉʣʠʢʘ 29. ʇʨʠʤʝʨ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʧʨʠʤʝʥʦʤ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ 

ʤʘʩʝ 

ʅʘ ʩʣʠʮʠ 29. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ ʟʘʿʝʜʥʦ ʩʘ ʝʩʪʠʤʠʨʘʥʦʤ ʧʦʟʠʮʠʿʦʤ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʢʘʦ ʠ ʪʘʯʢʘʤʘ ʢʦʿʝ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʢʘʦ ʫʣʘʟ ʘʣʛʦʨʠʪʤʘ. ʋ ʜʘʪʦʤ ʧʨʠʤʝʨʫ 

ʢʦʨʠʰ˂ʝʥʦ ʿʝ 5 ʪʘʯʘʢʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ. ɿʘ ʚʨʝʜʥʦʩʪ ʘʤʧʣʠʪʫʜʝ ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʮʝʥʪʨʫ 

ʨʝʬʣʝʢʩʠʿʝ ʫʟʝʪʘ ʿʝ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ ʩʚʠʭ ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʧʨʠʣʠʢʦʤ 

ʨʘʯʫʥʘˁʘ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ ʠ ʥʘ ʩʣʠʮʠ 29. ʜʘʪʘ ʿʝ ʮʨʚʝʥʦʤ ʙʦʿʦʤ.  

ɸʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʥʝʢʠʤ ʦʜ ʘʣʛʦʨʠʪʘʤʘ 

ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʨʘʛʘ ʥʘ ʦʩʥʦʚʫ ʢʦʿʝʛ ʧʠʢʩʝʣʠ ʫʣʘʟʝ ʫ ʧʨʦʨʘʯʫʥ ʘʣʛʦʨʠʪʤʘ [70]. ɿʙʦʛ ʩʘʤʝ 

ʧʨʠʨʦʜʝ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʢʦʥʩʪʘʥʪʘʥ ʧʨʘʛ ʢʦʿʠ ʩʝ ʝʤʧʠʨʠʿʩʢʠ ʦʜʨʝʹʫʿʝ ʤʦʞʝ 

ʜʘʪʠ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ. ʄʝʹʫʪʠʤ, ʢʘʜʘ ʿʝ SNR ʦʜʥʦʩ ʫ ʩʠʩʪʝʤʫ ʤʘʣʠ, 

ʤʥʦʛʝ ʨʝʬʣʝʢʩʠʿʝ ˂ʝ ʙʠʪʠ ʦʜʙʘʯʝʥʝ, ʪʝ ʩʝ ʟʙʦʛ ʪʦʛʘ ʢʦʨʠʩʪʝ ʥʝʢʠ ʦʜ ʘʣʛʦʨʠʪʘʤʘ ʢʦʿʠ ʧʦʩʪʘʚˀʘʿʫ 

ʪʘʿ ʧʨʘʛ ʜʠʥʘʤʠʯʢʠ (ʘʜʘʧʪʠʚʥʦ) ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʦʢʨʫʞʝˁʘ. ʅʘ ʦʩʥʦʚʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ, 68.27% ʝʥʝʨʛʠʿʝ ʩʠʛʥʘʣʘ ʿʝ ʢʦʥʮʝʥʪʨʠʩʘʥʦ ʫ ʨʘʩʧʦʥʫ ʦʜ 

‘ ʎȟ‘ ʎ, 95.45% ʝʥʝʨʛʠʿʝ ʩʠʛʥʘʣʘ ʩʝ ʥʘʣʘʟʠ ʫ ʨʘʩʧʦʥʫ ‘ ςʎȟ‘ ςʎ, ʜʦʢ ʫ ʨʘʩʧʦʥʫ ʦʜ 

‘ σʎȟ‘ σʎ ʿʝ ʢʦʥʮʝʥʪʨʠʩʘʥʦ 99.74% ʝʥʝʨʛʠʿʝ, ʦʜʥʦʩʥʦ ʩʢʦʨʦ ʮʝʣʦʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʫ 
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ʩʣʫʯʘʿʫ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʿʝ ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʫ ʪʦʤ ʜʝʣʫ ɻʘʫʩʦʚʝ ʢʨʠʚʝ. ʅʘ ʦʩʥʦʚʫ ʦʚʠʭ 

ʧʦʜʘʪʘʢʘ ʤʦʞʝ ʩʝ ʦʜʨʘʜʠʪʠ ʢʦʣʠʢʦ ʿʝ ʧʠʢʩʝʣʘ ʥʝʦʧʭʦʜʥʦ ʟʘ ʨʘʯʫʥʘˁʝ ʮʝʥʪʨʘ ʤʘʩʝ [71]. ʉʘ 

ʜʨʫʛʝ ʩʪʨʘʥʝ, ʛʦʨˁʘ ʠ ʜʦˁʘ ʛʨʘʥʠʮʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʢʦʿʠ ʧʠʢʩʝʣʠ ʫʣʘʟʝ ʫ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ 

ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʜʦʙʨʦ ʧʦʟʥʘʪʦʛ Sobel ʬʠʣʪʨʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʠʚʠʮʘ ʥʘ ʩʣʠʢʘʤʘ [72]. Sobel ʬʠʣʪʘʨ ʿʝ ʟʘʧʨʘʚʦ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʜʠʩʢʨʝʪʥʠ ʜʠʬʝʨʝʥʮʠʿʘʪʦʨ, 

ʪʝ ˂ʝ ʟʙʦʛ ʿʘʩʥʦʛ ʢʦʥʪʨʘʩʪʘ (ʥʘʨʘʚʥʦ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ SNR ʦʜʥʦʩ ʜʦʚʦˀʘʥ) ʣʘʢʦ ʜʘʪʠ 

ʠʚʠʮʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ. 

ɸʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʩʝ ʯʝʩʪʦ ʧʦʤʠˁʝ ʢʘʦ ʜʦʙʘʨ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʚʨʝʤʝʥʘ 

ʧʨʦʮʝʩʠʨʘˁʘ, ʧʦʪʨʝʙʥʠʭ ʨʝʩʫʨʩʘ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ, ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ 

ʧʨʝʮʠʟʥʦʩʪʠ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ [73]. ʎʝʥʪʘʨ ʤʘʩʝ ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ ʚʨʣʦ ʨʦʙʫʩʪʘʥ ʘʣʛʦʨʠʪʘʤ ʟʘ 

ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʇʨʝ ʩʚʝʛʘ ʪʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ˁʝʛʦʚʫ ʤʘʣʫ ʢʦʤʧʣʝʢʩʥʦʩʪ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʢʦʿʘ ʟʘʭʪʝʚʘ ʤʘʣʠ ʙʨʦʿ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʠʭ ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ 

(ʤʥʦʞʝˁʝ ʠ ʩʘʙʠʨʘˁʝ) ʩʘ ʿʝʜʥʦʤ ʦʧʝʨʘʮʠʿʦʤ ʜʝˀʝˁʘ ʥʘ ʢʨʘʿʫ. ɿʙʦʛ ʪʦʛʘ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʤʦʞʝ 

ʩʨʝʩʪʠ ʫ ʿʝʬʪʠʥʠʤ ʭʘʨʜʚʝʨʩʢʠ ʧʣʘʪʬʦʨʤʘʤʘ [74] [75].  

 

 

4.1.3. ʃʠʥʝʘʨʥʘ ʠʥʪʝʨʧʦʣʘʮʠʿʘ 

 

ʆʚʘʿ ʘʣʛʦʨʠʪʘʤ ʧʨʝʪʧʦʩʪʘʚˀʘ ʿʝʜʥʦʩʪʘʚʥʫ, ʣʠʥʝʘʨʥʫ ʨʝʣʘʮʠʿʫ ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʧʠʢʩʝʣʘ 

ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʇʨʠʥʮʠʧ ʨʘʜʘ ʘʣʛʦʨʠʪʤʘ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 30. ʂʘʦ ʫʣʘʟʥʠ ʧʘʨʘʤʝʪʨʠ 

ʘʣʛʦʨʠʪʤʘ ʫʟʠʤʘʿʫ ʩʝ ʪʨʠ ʧʠʢʩʝʣʘ (ʣʝʚʠ ʠ ʜʝʩʥʠ ʧʠʢʩʝʣ ʫ ʦʜʥʦʩʫ ʥʘ ʧʠʢʩʝʣ ʥʘʿʚʝ˂ʝʛ 

ʠʥʪʝʥʟʠʪʝʪʘ ʫʢˀʫʯʫʿʫ˂ʠ ʠ ˁʝʛʘ). ʋ ʩʣʫʯʘʿʫ ʜʘ ʿʝ f(x-1) > f(x+1), ʦʜʥʦʩʥʦ ʜʘ ʿʝ ʣʝʚʠ ʧʠʢʩʝʣ ʚʝ˂ʠ 

ʧʦ ʠʥʪʝʥʟʠʪʝʪʫ, ʪʘʜʘ ʩʝ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʦʜʨʝʹʫʿʝ ʢʘʦ ʧʦʣʦʚʠʥʘ ʜʫʞʠ 

ʜʝʬʠʥʠʩʘʥʝ ʩʘ ʪʘʯʢʦʤ ʣʝʚʦʛ ʧʠʢʩʝʣʘ ʠ ʪʘʯʢʝ ʧʨʝʩʝʢʘ ʧʨʘʚʝ ʜʝʬʠʥʠʩʘʥʝ ʪʘʯʢʘʤʘ ʧʠʢʩʝʣʘ 

ʥʘʿʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ˁʝʛʦʚʦʛ ʩʫʩʝʜʥʦʛ ʧʠʢʩʝʣʘ ʩʘ ʜʝʩʥʝ ʩʪʨʘʥʝ ʠ ʭʦʨʠʟʦʥʪʘʣʥʝ ʧʨʘʚʝ 

ʜʝʬʠʥʠʩʘʥʝ ʣʝʚʠʤ ʧʠʢʩʝʣʦʤ (ʥʘ ʩʣʠʮʠ ʿʝ ʜʘʪʘ ʟʝʣʝʥʦʤ ʠʩʧʨʝʢʠʜʘʥʦʤ ʣʠʥʠʿʦʤ).  

‏
ρ

ς

Ὢὼ ρ Ὢὼ ρ

Ὢὼ Ὢὼ ρ
 (4.17) 

ʋ ʩʣʫʯʘʿʫ ʜʘ ʿʝ ʧʠʢʩʝʣ ʩʘ ʜʝʩʥʝ ʩʪʨʘʥʝ ʧʠʢʩʝʣʘ ʥʘʿʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ ʚʝ˂ʠ ʥʝʛʦ ʧʠʢʩʝʣ 

ʩʘ ʣʝʚʝ ʩʪʨʘʥʝ, ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ ʿʝ ʜʘʪʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

‏
ρ

ς

Ὢὼ ρ Ὢὼ ρ

Ὢὼ Ὢὼ ρ
 (4.18) 
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ʉʣʠʢʘ 30. ʇʨʠʤʝʨ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʧʨʠʤʝʥʦʤ ʣʠʥʝʘʨʥʝ 

ʠʥʪʝʨʧʦʣʘʮʠʿʝ 

ʀʤʧʣʝʤʝʥʪʘʮʠʿʘ ʣʠʥʝʘʨʥʝ ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʿʝ ʿʝʜʥʦʩʪʘʚʘʥ ʘʣʛʦʨʠʪʘʤ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʠ 

ʥʠʿʝ ʨʘʯʫʥʩʢʠ ʟʘʭʪʝʚʘʥʘ. ɺʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʩʫ ʮʝʣʦʙʨʦʿʥʠ ʙʨʦʿʝʚʠ ʩʘ ʦʛʨʘʥʠʯʝʥʠʤ ʦʧʩʝʛʦʤ ʠ 

ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʠʧʘ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʫ ʧʨʦʬʠʣʥʦʤ ʩʢʝʥʝʨʫ ʥʘʿʯʝʰ˂ʝ ʩʝ 

ʢʦʨʠʩʪʠ ʠʟʤʝʹʫ 8 ʠ 12 ʙʠʪʘ. ɿʙʦʛ ʪʝ ʯʠˁʝʥʠʮʝ ʿʝ ʤʦʛʫ˂ʝ ʠʟʙʝ˂ʠ ʨʘʯʫʥʩʢʠ ʟʘʭʪʝʚʥʫ ʦʧʝʨʘʮʠʿʫ 

ʜʝˀʝʥʘ ʜʚʘ ʙʨʦʿʘ ʠ ʫʤʝʩʪʦ ˁʝ ʢʦʨʠʩʪʠʪʠ LUT ʫ ʢʦʿʫ ʩʫ ʩʤʝʰʪʝʥʝ ʨʝʮʠʧʨʦʯʥʝ ʜʚʦʩʪʨʫʢʝ 

ʚʨʝʜʥʦʩʪʠ ʩʚʠʭ ʤʦʛʫ˂ʠʭ ʨʘʟʣʠʢʘ ʧʠʢʩʝʣʘ (ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʜʝʣʠʦʮʠʤʘ ʠʟ ʿʝʜʥʘʯʠʥʘ 

4.17 ʠ 4.18).  

ʀ ʧʦʨʝʜ ʿʝʜʥʦʩʪʘʚʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʣʠʥʝʘʨʥʘ ʠʥʪʝʨʧʦʣʘʮʠʿʘ ʢʘʦ ʘʣʛʦʨʠʪʘʤ ʜʘʿʝ 

ʥʝʦʜʨʝʹʝʥ ʨʝʟʫʣʪʘʪ ʢʘʜʘ ʿʝ ʩʫ ʜʚʘ ʩʫʩʝʜʥʘ ʧʠʢʩʝʣʘ ʿʝʜʥʘʢʘ, ʿʝʨ ʿʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʜʝʣʠʣʘʮ ʿʝʜʥʘʢ 

ʥʫʣʠ. ʊʦ ʯʠʥʠ ʦʚʘʿ ʘʣʛʦʨʠʪʘʤ ʠʥʬʝʨʠʦʨʥʠʤ ʫ ʦʜʥʦʩʫ ʥʘ ʥʝʢʝ ʜʨʫʛʝ, ʜʦʙʨʦ ʧʦʟʥʘʪʝ ʘʣʛʦʨʠʪʤʝ, 

ʢʦʿʠ ʜʘʿʫ ʝʩʪʠʤʘʮʠʿʫ ʫ ʪʦʤ ʩʣʫʯʘʿʫ. 

 

4.1.4. ɽʩʪʠʤʘʪʦʨ ʧʘʨʘʙʦʣe 

 

ʋʢʦʣʠʢʦ ʙʠʩʤʦ ʧʨʝʜʩʪʘʚʠʣʠ ʠʥʪʝʥʟʠʪʝʪ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʧʨʝʢʦ ʊʝʿʣʦʨʦʚʝ 

ʩʝʨʠʿʝ, ʧʨʝʪʧʦʩʪʘʚˀʘʿʫ˂ʠ ʜʘ ʿʝ ʦʥʘ ʢʦʥʪʠʥʫʘʣʥʘ ʬʫʥʢʮʠʿʘ, ʪʘʜʘ ʙʠ ʮʝʥʪʘʨ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʤʝʩʪʫ 

f(x + ‏) ʙʠʦ ʧʨʝʜʩʪʘʚˀʝʥ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

Ὢ ὼ ‏ π  Ὢ ὼ Ὢὼ‏  ὕ‏  (4.19) 

ʋʢʦʣʠʢʦ ʟʘʥʝʤʘʨʠʤʦ ʯʠʥʠʦʮʝ ʚʠʰʝʛ ʨʝʜʘ ʫ ʊʝʿʣʦʨʦʚʦʤ ʨʘʟʚʦʿʫ, ʪʘʜʘ ʩʝ ‏ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʥʘ 
ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

‏
Ὢ ὼ

Ὢ ὼ
 (4.20) 

ʋʢʦʣʠʢʦ ʩʝ ʢʦʨʠʩʪʠ ʜʠʩʢʨʝʪʥʘ ʚʝʨʟʠʿʘ, ʪʘʜʘ ʿʝʜʥʘʯʠʥʘ (4.20) ʧʦʩʪʘʿʝ:  
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‏
ρ

ς

ὪØ ρ Ὢὼ ρ

Ὢὼ ρ ςὪὼ Ὢὼ ρ
 (4.21) 

ɼʨʫʛʘʯʠʿʠ ʧʨʠʩʪʫʧ ʦʚʦʤ ʘʣʛʦʨʠʪʤʫ ʿʝ ʝʩʪʠʤʘʮʠʿʘ ʧʘʨʘʙʦʣʝ ʥʘ ʦʩʥʦʚʫ ʪʨʠ ʩʫʩʝʜʥʘ ʧʠʢʩʝʣʘ ʩʘ 

ʧʦʟʠʮʠʿʘʤʘ f(x-1), f(x) ʠ Ὢ(x+1). 

ʊʘʢʦʹʝ, ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʚʠʰʝ ʪʘʯʘʢʘ ʢʘʢʦ ʙʠ ʝʩʪʠʤʘʮʠʿʘ ʧʘʨʘʙʦʣʝ ʙʠʣʘ ʰʪʦ 

ʧʨʠʙʣʠʞʥʠʿʘ. ʂʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʘʦ ʧʨʦʙʣʝʤ ʟʘʩʠ˂ʝʥʠʭ ʧʠʢʩʝʣʘ, ʫʤʝʩʪʦ ʮʝʥʪʨʘʣʥʠʭ ʪʘʯʘʢʘ 

ʨʝʬʣʝʢʩʠʿʝ, ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʧʠʢʩʝʣʝ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʩʘ ʣʝʚʝ ʠ ʜʝʩʥʝ ʩʪʨʘʥʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ 

ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʙʦʣʝ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʝʩʪʠʤʘʮʠʿʘ ʧʘʨʘʙʦʣʝ ʩʝ ʨʘʜʠ ʤʝʪʦʜʦʤ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ. 

ʋʢʦʣʠʢʦ ʩʝ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʙʦʣʝ ʫʟʠʤʘ n ʪʘʯʘʢʘ ὼȟώ, ʧʨʠ ʯʝʤʫ ʿʝ ὲ σ, ʪʘʜʘ ʩʫ ʧʘʨʘʤʝʪʨʠ 
ʧʘʨʘʙʦʣʝ ώ ὥ ὦὼὧὼ ʜʘʪʠ ʩʘ ʩʣʝʜʝ˂ʠʤ ʩʠʩʪʝʤʦʤ ʿʝʜʥʘʯʠʥʘ [76]: 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ὲ ὼ ὼ

ὼ ὼ ὼ

ὼ ὼ ὼ
Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

ὥ
ὦ
ὧ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ώ

ὼώ

ὼώ
Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

 (4.22) 

ʈʝʰʘʚʘˁʝʤ ʜʘʪʦʛ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ, ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʪʘ ʿʝ ʢʘʦ: 

ὼ
ὦ

ςὧ
 (4.23) 

 

ʉʣʠʢʘ 31. ʇʨʠʤʝʨ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʧʨʠʤʝʥʦʤ ʧʘʨʘʙʦʣʠʯʥʝ 

ʠʥʪʝʨʧʦʣʘʮʠʿʝ 

ʅʘ ʩʣʠʮʠ 31. ʜʘʪ ʿʝ ʧʨʠʢʘʟ ʘʣʛʦʨʠʪʤʘ ʢʦʿʠ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʢʦʨʠʩʪʠ ʧʘʨʘʙʦʣʠʯʥʠ ʠʥʪʝʨʧʦʣʘʪʦʨ. ʇʘʨʘʙʦʣʘ ʩʝ ʤʝʪʦʜʦʤ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ ʠʥʪʝʨʧʦʣʠʨʘ 

ʢʨʦʟ ʪʨʠ ʪʘʯʢʝ ʠ ʜʘʪʘ ʿʝ ʥʘ ʩʣʠʮʠ ʮʨʚʝʥʦʤ ʠʩʧʨʝʢʠʜʘʥʦʤ ʣʠʥʠʿʦʤ. ɽʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʪʘ ʿʝ ʩʘ ʧʫʥʦʤ ʣʠʥʠʿʦʤ ʮʨʚʝʥʝ ʙʦʿʝ. ʀʟ ʧʨʘʢʪʠʯʥʦʛ ʠʩʢʫʩʪʚʘ, ʢʘʜʘ ʩʝ 



52 

 

ʨʘʜʠ ʠʥʩʧʝʢʮʠʿʘ ʞʝʣʝʟʥʠʯʢʠʭ ʰʠʥʘ, ʘʣʛʦʨʠʪʘʤ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʟʘʩʥʦʚʘʥ ʥʘ ʠʥʪʝʨʧʦʣʘʪʦʨʫ ʧʘʨʘʙʦʣʝ ʿʝ ʜʘʦ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ. ɿʙʦʛ ʧʨʠʨʦʜʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, 

ʢʘʦ ʠ ʩʢʝʥʠʨʘʥʝ ʤʝʪʘʣʥʝ ʧʦʚʨʰʠʥʝ ʚʨʭ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʯʝʩʪʦ ʠʣʠ ʩʘʪʫʨʠʩʘʥ ʠʣʠ ʟʙʦʛ 

ʜʦʜʘʪʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʟʥʘʯʘʿʥʦ ʠʟʤʝˁʝʥ, ʧʘ ʩʝ ʫʤʝʩʪʦ ʧʠʢʩʝʣʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʚʨʭʫ ʨʝʬʣʝʢʩʠʿʝ 

ʫʟʠʤʘʿʫ ʧʠʢʩʝʣʠ ʩʘ ʣʝʚʝ ʠ ʜʝʩʥʝ ʩʪʨʘʥʝ ʢʨʠʚʝ. ʋ ʩʫʧʨʦʪʥʦʤ ʦʚʘʿ ʘʣʛʦʨʠʪʘʤ ʠʤʘ ʧʨʦʙʣʝʤ 

ʜʝˀʝˁʘ ʩʘ ʥʫʣʦʤ, ʿʝʨ ʠʟʦʩʪʘʿʝ ʦʯʝʢʠʚʘʥʠ ʧʨʦʬʠʣ ʧʘʨʘʙʦʣʝ (ʚʨʭ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʨʘʚʥʘ ʣʠʥʠʿʘ). 

 

4.1.5. Blais ʠ Rioux (ɹʈ) ʧʦʣʠʥʦʤ 

 

ɸʣʛʦʨʠʪʘʤ ʿʝ ʙʘʟʠʨʘʥ ʥʘ ʜʠʬʝʨʝʥʮʠʿʘʮʠʿʠ ʩʠʛʥʘʣʘ ʠ ʝʣʠʤʠʥʘʮʠʿʠ ˁʝʛʦʚʠʭ ʚʠʩʦʢʦ 

ʬʨʝʢʚʝʥʪʥʠʭ ʢʦʤʧʦʥʝʥʪʠ (ʰʫʤʘ ʧʨʝ ʩʚʝʛʘ) ʫʧʦʪʨʝʙʦʤ ʿʝʜʥʦʩʪʘʚʥʠʭ ʬʠʣʪʘʨʩʢʠʭ ʩʪʨʫʢʪʫʨʘ. 

ʇʦʣʠʥʦʤʠ Blais ʠ Rioux (ɹʈ) ʜʨʫʛʦʛ (ɹʈ2), ʯʝʪʚʨʪʦʛ (ɹʈ4) ʠ ʦʩʤʦʛ ʨʝʜʘ (ɹʈ8) ʜʘʪʠ ʩʫ ʩʘ 

ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ: 

Ὣ ὼ Ὢὼ ρ Ὢὼ ρ 

Ὣ ὼ Ὢὼ ς Ὢὼ ρ Ὢὼ ρ Ὢὼ ς 

Ὣ ὼ Ὢὼ τ Ὢὼ σ Ὢὼ ς Ὢὼ ρ Ὢὼ ρ Ὢὼ ς
Ὢὼ σ Ὢὼ τ 

(4.24) 

ʆʚʘʢʚʠ ʬʠʣʪʨʠ ʩʝ ʧʦʥʘʰʘʿʫ ʢʘʦ ʥʫʤʝʨʠʯʢʠ ʜʠʬʝʨʝʥʮʠʿʘʪʦʨʠ [77]. ʊʘʯʢʘ ʧʨʦʤʝʥʝ ʟʥʘʢʘ 

ʢʨʠʚʝ ʠʟʨʘʯʫʥʘʪʝ ʥʘ ʦʩʥʦʚʫ ʥʝʢʦʛ ʦʜ ɹʈ ʧʦʣʠʥʦʤʘ ʜʘʿʝ ʝʩʪʠʤʠʨʘʥʫ ʧʦʟʠʮʠʿʫ ʮʝʥʪʨʘ 

ʨʝʬʣʝʢʩʠʿʝ. ʂʦʥʘʯʥʘ ʿʝʜʥʘʯʠʥʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʧʦʟʠʮʠʿʝ ʢʦʨʠʩʪʝ˂ʠ 

ɹʈ ʧʦʣʠʥʦʤ ʜʘʪʘ ʿʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

‏

ừ
Ử
Ừ

Ử
ứ Ὣὼ

Ὣὼ Ὣὼ ρ
ȟ        Ὢὼ ρ Ὢὼ ρ

Ὣὼ

Ὣὼ ρ Ὣὼ
ȟ         Ὢὼ ρ Ὢὼ ρ

 (4.25) 

ʋ ʨʘʜʦʚʠʤʘ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʬʠʣʪʘʨ ʯʝʪʚʨʪʦʛ ʨʝʜʘ ʠʤʘ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʦʜ ʬʠʣʪʨʘ 

ʦʩʤʦʛ ʨʝʜʘ [78].  
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ʉʣʠʢʘ 32. ʇʨʠʤʝʨ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʧʨʠʤʝʥʦʤ ɹʈ4 ʜʝʪʝʢʪʦʨʘ 

ʣʠʥʝʘʨʥʝ ʠʥʪʝʨʧʦʣʘʮʠʿʝ 

ʅʘ ʩʣʠʮʠ 32. ʜʘʪ ʿʝ ʧʨʠʢʘʟ ʘʣʛʦʨʠʪʤʘ ʫ ʢʦʿʝʤ ʩʝ ʢʦʨʠʩʪʝ ɹʈ4 (Ὣ ὼ) ʧʦʣʠʥʦʤʠ ʟʘ 

ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʇʨʚʦ ʩʝ ʠʟʨʘʯʫʥʘ ʚʨʝʜʥʦʩʪ ʧʦʣʠʥʦʤʘ Ὣ ὼ. ʊʘʯʢʘ 
ʧʨʦʤʝʥʝ ʟʥʘʢʘ ʢʨʠʚʝ Ὣὼ ʩʝ ʫʟʠʤʘ ʢʘʦ ʝʩʪʠʤʠʨʘʥʘ ʚʨʝʜʥʦʩʪ ʣʘʩʝʨʩʢʝ ʧʦʟʠʮʠʿʝ. ʅʘ ʩʣʠʮʠ ʿʝ ʩʘ 

ʟʝʣʝʥʦʤ ʠʩʧʨʝʢʠʜʘʥʦʤ ʣʠʥʠʿʦʤ ʜʘʪʘ ʚʨʝʜʥʦʩʪ Ὣὼ, ʜʦʢ ʿʝ ʩʘ ʮʨʚʝʥʦʤ ʙʦʿʦʤ ʜʘʪʘ ʝʩʪʠʤʠʨʘʥʘ 
ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ɿʘ ʚʨʝʜʥʦʩʪ ʘʤʧʣʠʪʫʜʝ ʝʩʪʠʤʠʨʘʥʝ ʧʦʟʠʮʠʿʝ ʫʟʝʪʘ ʿʝ ʩʨʝʜˁʘ 

ʚʨʝʜʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ 3 ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ ʦʢʦʣʠʥʠ ʪʘʯʢʝ ʧʨʦʤʝʥʝ ʟʥʘʢʘ ʬʫʥʢʮʠʿʝ ὫὼȢ 

 

4.2. ɸʥʘʣʠʟʘ ʤʘʢʩʠʤʘʣʥʝ ʛʨʝʰʢʝ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʠ ˁʠʭʦʚʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 

 

ʋʢʦʣʠʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʿʝ ʨʝʬʣʝʢʩʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʠʜʝʘʣʥʘ ʢʦʥʪʠʥʫʘʣʥʘ 

ʬʫʥʢʮʠʿʘ ɻʘʫʩʦʚʦʛ ʧʨʦʬʠʣʘ ʠ ʜʘ ʿʝ ʪʘʯʥʘ ʧʦʟʠʮʠʿʘ ʨʝʬʣʝʢʩʠʿʝ ʙʣʠʟʫ ʧʦʩʤʘʪʨʘʥʦʛ ʮʝʥʪʨʘʣʥʦʛ 

ʧʠʢʩʝʣʘ, ʤʦʛʫ˂ʝ ʿʝ ʫʪʚʨʜʠʪʠ ʚʝʟʫ ʠʟʤʝʹʫ ʝʩʪʠʤʠʨʘʥʝ ʧʦʟʠʮʠʿʝ ʠ ʪʘʯʥʝ ʧʦʟʠʮʠʿʝ ʨʝʬʣʝʢʩʠʿʝ. 

ɸʢʦ ʿʝ ʨʝʬʣʝʢʩʠʿʘ ʦʧʠʩʘʥʘ ʿʝʜʥʘʯʠʥʦʤ (4.1), ʪʘʜʘ ʿʝ ‏ ʧʨʘʚʘ ʧʦʟʠʮʠʿʘ ʨʝʬʣʝʢʩʠʿʝ ʠ ʥʘʣʘʟʠ ʩʝ ʫ 

ʠʥʪʝʨʚʘʣʫ ‏ , ʜʦʢ ʿʝ f ʦʜʘʙʠʨʘʥʘ ʚʨʝʜʥʦʩʪ ʫ x = é-2,-1, 0, 1, 2 ,é ʠ ʟʘʧʨʘʚʦ ʧʨʝʜʩʪʘʚˀʘ 

ʚʨʝʜʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ ʧʠʢʩʝʣʘ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʮʝʥʪʨʘʣʥʦʤ ʧʠʢʩʝʣʫ ʥʘʿʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ 

ʜʦʜʝˀʫʿʝ ʨʝʜʥʠ ʙʨʦʿ 0, ʦʜʥʦʩʥʦ ʦʥ ʧʦʩʪʘʿʝ ʮʝʥʪʨʘʣʥʠ ʧʠʢʩʝʣ. ʄʥʦʛʠ ʘʣʛʦʨʠʪʤʠ ʫʟʠʤʘʿʫ ʦʚʘʢʘʚ 

ʧʨʠʩʪʫʧ, ʿʝʨ ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʩʤʘˁʫʿʝ ʙʨʦʿ ʥʝʦʧʭʦʜʥʠʭ ʦʧʝʨʘʮʠʿʘ (ʤʥʦʞʝˁʝ ʠ 

ʩʘʙʠʨʘˁʝ).  

ʅʘ ʩʣʠʮʠ 33. ʜʘʪʘ ʿʝ ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ 

ʘʣʛʦʨʠʪʤʝ ʮʝʥʪʨʘ ʤʘʩʝ (3, 5 ʠ 7 ʧʠʢʩʝʣʘ ʫʟʝʪʠʭ ʟʘ ʘʣʛʦʨʠʪʘʤ), ʧʘʨʘʙʦʣʠʯʥʦʛ ʠ ʣʠʥʝʘʨʥʦʛ 

ʝʩʪʠʤʘʪʦʨʘ, ʢʘʦ ʠ ɹʈ 4 ʠ 8 ʜʠʬʝʨʝʥʮʠʿʘʪʦʨʘ. ʋ ʧʨʦʨʘʯʫʥʠʤʘ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨ 

ʰʠʨʠʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ‏ ʿʝ ʿʝʜʥʘʢ 1. ʋ ʨʘʟʤʘʪʨʘˁʝ ʥʠʿʝ ʫʟʝʪ ɻʘʫʩʦʚ ʝʩʪʠʤʘʪʦʨ (ˁʝʛʦʚʘ 
ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʠʟʥʦʩʠ 0), ʿʝʨ ʿʝ ʨʝʬʣʝʢʩʠʿʘ ʤʦʜʝʣʦʚʘʥʘ ʩʘ ʠʜʝʘʣʥʦʤ ɻʘʫʩʦʚʦʤ ʢʨʠʚʦʤ [79, 

80]. ʉʘ ʩʣʠʢʝ 33. ʣʘʢʦ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʙʨʦʿʘ ʪʘʯʘʢʘ ʢʦʿʝ ʩʫ ʫʟʝʪʝ ʟʘ 

ʝʩʪʠʤʘʮʠʿʫ, ʛʨʝʰʢʘ ʦʧʘʜʘ, ʪʝ ʪʘʢʦ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʩʘ 7 ʪʘʯʘʢʘ ʠʤʘ ʥʘʿʤʘˁʫ ʚʨʝʜʥʦʩʪ 

ʛʨʝʰʢʝ. ʅʘʨʘʚʥʦ, ʥʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʧʦʚʝ˂ʘʚʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʘʣʛʦʨʠʪʤʘ.  
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ʉʣʠʢʘ 33. ɻʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʘʣʛʦʨʠʪʤʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʮʠʿʝ 

ʨʝʬʣʝʢʩʠʿʝ (ʎʄ 3, ʎʄ 5, ʎʄ 7, ʧʘʨʘʙʦʣʠʯʥʠ ʠ  ʣʠʥʝʘʨʥʠ ʝʩʪʠʤʘʪʦʨ, Blais ʠ Rioux 

ʝʩʪʠʤʘʪʦʨ 4, Blais ʠ Rioux ʝʩʪʠʤʘʪʦʨ 8 ʠ ɻʘʫʩʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ) 

ʇʨʝʪʭʦʜʥʘ ʘʥʘʣʠʟʘ ʥʠʿʝ ʫʟʠʤʘʣʘ ʫ ʦʙʟʠʨ ʰʫʤ, ʢʦʿʠ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʥʘ ʛʨʝʰʢʫ ʝʩʪʠʤʘʮʠʿʝ 

ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʋʪʠʮʘʿ ʰʫʤʘ ʩʝ ʤʦʞʝ ʩʠʤʫʣʠʨʘʪʠ ʢʘʦ ʩʣʫʯʘʿʥʘ ʚʨʝʜʥʦʩʪ ʫ 

ʠʥʪʝʨʚʘʣʫ ʦʜ 0 ʜʦ 1, ʩʘ ʫʥʠʬʦʨʤʥʦʤ ʨʘʩʧʦʜʝʣʦʤ ʢʦʿʘ ʿʝ ʜʦʜʘʪʘ ʥʘ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʩʠʤʫʣʠʨʘʥʝ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʊʘʜʘ ʿʝʜʥʘʯʠʥʘ ʧʦʩʪʘʿʝ: 

Ὢὼȟ‏ȟ„ȟ‍ Ὡ  ὲὼ (4.26) 

ʛʜʝ ʿʝ ʩʘ ‏ ʦʟʥʘʯʝʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʠ ʠʤʘ ʚʨʝʜʥʦʩʪʠ ʫ ʠʥʪʝʨʚʘʣʫ ‏ , x 

ʩʫ ʧʦʟʠʮʠʿʝ (ʨʝʜʥʠ ʙʨʦʿʝʚʠ) ʧʠʢʩʝʣʘ,  n(x) ʿʝ AWGN (Additive White Gaussian Noise) ʰʫʤ, ʜʦʢ 

ʿʝ ʩʘ „ ʦʟʥʘʯʝʥ ʧʘʨʘʤʝʪʘʨ ʰʠʨʠʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʋʢʦʣʠʢʦ ʫʟʤʝʤʦ ʜʘ ʿʝ ʰʠʨʠʥʘ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ „ ʫ ʠʥʪʝʨʚʘʣʫ πȢψ ‏ ρȢψ, ʦʥʜʘ ʿʝ RMS (Root Mean Square) ʛʨʝʰʢʘ ʜʘʪʘ ʩʘ: 

В‏ ‏  ʠ ʟʘ ʥʘʚʝʜʝʥʝ ʘʣʛʦʨʠʪʤʝ ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʩʣʠʢʘʤʘ 34. ʠ 35. ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʚʨʝʜʥʦʩʪʠ SNR (50dB ʠ 30dB). 
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ʉʣʠʢʘ 34. RMS ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʟʘ = 50dB (ʎʄ 3, ʎʄ 5, ʎʄ 7, ʧʘʨʘʙʦʣʠʯʥʠ ʠ 

ʣʠʥʝʘʨʥʠ ʝʩʪʠʤʘʪʦʨ, Blais ʠ Rioux ʝʩʪʠʤʘʪʦʨ 4, Blais ʠ Rioux ʝʩʪʠʤʘʪʦʨ 8 ʠ ɻʘʫʩʦʚʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ) 

 

ʉʣʠʢʘ 35. RMS ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʟʘ SNR = 30 dB (ʎʄ 3, ʎʄ 5, ʎʄ 7, 

ʧʘʨʘʙʦʣʠʯʥʠ ʠ ʣʠʥʝʘʨʥʠ ʝʩʪʠʤʘʪʦʨ, ɹʈ 4, ɹʈ 8 ʠ ɻʘʫʩʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ) 

ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʎʄ3 ʘʣʛʦʨʠʪʘʤ ʧʦʢʘʟʫʿʝ ʣʦʰʝ ʧʝʨʬʦʨʤʘʥʩʝ. ʋʢʦʣʠʢʦ ʩʝ ʧʦʩʤʘʪʨʘ 

ʧʘʨʘʙʦʣʠʯʥʠ ʝʩʪʠʤʘʪʦʨ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʰʫʤʘ ʤʘʣʘ, ʦʥ ʠʤʘ ʥʘʿʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ, 

ʤʝʹʫʪʠʤ ʢʘʜʘ ʥʠʚʦ ʰʫʤʘ ʧʦʯʠˁʝ ʜʘ ʨʘʩʪʝ, ʜʦʣʘʟʠ ʜʦ ʟʥʘʯʘʿʥʝ ʜʠʩʪʦʨʟʠʿʝ ʧʘʨʘʙʦʣʝ ʘ ʩʘʤʠʤ ʪʠʤ 
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ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ʜʘ ʥʘ ʧʨʘʚʠʣʘʥ ʥʘʯʠʥ ʝʩʪʠʤʠʨʘ ʮʝʥʪʘʨ ʨʝʬʣʝʢʩʠʿʝ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ 

ʥʠʚʦʘ ʰʫʤʘ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠ ʫʟʠʤʘʿʫ ʚʝ˂ʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʫ ʨʘʟʤʘʪʨʘˁʝ ʜʘʿʫ ʟʥʘʯʘʿʥʦ ʙʦˀʝ 

ʨʝʟʫʣʪʘʪʝ. ʇʘ ʪʘʢʦ ʎʄ7 ʠ ɹʈ4 ʜʘʿʫ ʥʘʿʤʘˁʫ RMS ʛʨʝʰʢʫ ʟʘ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʥʠʚʦʘ ʰʫʤʘ, ʧʨʠ 

ʯʝʤʫ ʿʝ ʎʄ7 ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʥʘʿʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ. ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʩʚʝ ʧʦʩʤʘʪʨʘʥʝ 

ʩʣʫʯʘʿʝʚʝ, ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʣʝ ʘʣʛʦʨʠʪʤʝ ʜʘʿʝ 

ʥʘʿʙʦˀʝ ʨʝʟʫʣʪʘʪʝ [81] [82].  

ʇʦʩʝʙʥʦ ʿʝ ʟʘʥʠʤˀʠʚʦ ʧʦʩʤʘʪʨʘʪʠ ʰʪʘ ʩʝ ʜʝʰʘʚʘ ʩʘ ʥʘʚʝʜʝʥʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʫ ʩʣʫʯʘʿʫ 

ʢʘʜʘ ʜʦʹʝ ʜʦ ʟʘʩʠ˂ʝˁʘ ʧʠʢʩʝʣʘ ʢʦʿʠ ʦʧʠʩʫʿʫ ʣʘʩʝʨʩʢʫ ʨʝʬʣʝʢʩʠʿʫ. ʋʢʦʣʠʢʦ ʧʦʚʨʰʠʥʘ ʧʦʢʘʟʫʿʝ 

ʪʨʘʥʩʣʫʮʠʜʥʝ ʦʩʦʙʠʥʝ, ʦʜʥʦʩʥʦ ʠʤʘ ʚʠʩʦʢ ʠʥʜʝʢʩ ʨʝʬʣʝʢʩʠʿʝ, ʠʣʠ ʘʢʦ ʿʝ ʩʥʘʛʘ ʣʘʩʝʨʘ 

ʧʨʝʚʝʣʠʢʘ ʠ ʫʧʘʨʝʥʘ ʟʘʿʝʜʥʦ ʩʘ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʚʨʝʤʝʥʦʤ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ, ʚʨʣʦ ʣʘʢʦ 

ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʟʘʩʠ˂ʝˁʘ ʧʠʢʩʝʣʘ. ʊʘʜʘ ʿʝ ʚʨʭ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʘʪʫʨʠʩʘʥ, ʦʜʥʦʩʥʦ ʦʜʩʝʯʝʥ 

ʠ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʮʝʥʪʨʫ ʿʝ ʥʝʧʦʚʨʘʪʥʦ ʠʟʛʫʙˀʝʥʘ. ʋ ʪʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ɻʘʫʩʦʚ, ʃʠʥʝʘʨʥʠ, 

ʇʘʨʘʙʦʣʠʯʥʠ ʠ ɹʈ ʝʩʪʠʤʘʪʦʨ ʠʤʘʿʫ ʧʨʦʙʣʝʤ ʜʝˀʝˁʘ ʩʘ ʥʫʣʦʤ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʨʝʟʫʣʪʘʪ 

ʘʣʛʦʨʠʪʤʘ ʥʝʜʝʬʠʥʠʩʘʥ. ɸʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʧʨʘʢʪʠʯʥʦ ʧʦʩʪʘʿʝ ʬʠʣʪʘʨ ʟʘ ʫʩʨʝʜˁʘʚʘˁʝ, 

ʿʝʨ ʩʫ ʩʚʠ ʧʠʢʩʝʣʠ ʠʩʪʝ ʚʨʝʜʥʦʩʪʠ ʠ ʫ ʿʝʜʥʘʯʠʥʠ ʩʝ ʧʦʪʠʨʫ, ʜʦʢ ʿʝ ʨʝʟʦʣʫʮʠʿʘ ʝʩʪʠʤʠʨʘʥʝ 

ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʝ ʚʝ˂ʘ ʦʜ ʧʦʣʦʚʠʥʝ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ.  

ʉʣʠʢʘ 36. ʜʘʿʝ ʟʘʥʠʤˀʠʚ ʫʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ʨʘʟʣʠʯʠʪʠʭ ʘʣʛʦʨʠʪʤʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ 

ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ ʠʩʪʝ ʫʣʘʟʥʝ ʧʦʜʘʪʢʝ ʫ ʩʚʘʢʠ ʦʜ ʘʣʛʦʨʠʪʘʤʘ (ʫ ʘʣʛʦʨʠʪʤʠʤʘ ʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʠʩʪʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʠʤ ʧʨʠʤʝʨʠʤʘ). ʆʯʝʢʠʚʘʥʦ, ʘʣʛʦʨʠʪʤʠ ʜʘʿʫ 

ʨʘʟʣʠʯʠʪʝ ʨʝʟʫʣʪʘʪʝ. 

 

ʉʣʠʢʘ 36. ʈʘʟʣʠʢʝ ʫ ʝʩʪʠʤʠʨʘʥʠʤ ʧʦʟʠʮʠʿʘʤʘ ʚʨʭʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʘʣʛʦʨʠʪʤʝ. 

ʇʨʦʫʯʘʚʘˁʝ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʘʣʛʦʨʠʪʘʤʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʜʦʥʝʩʝ ʦʜʣʫʢʘ ʢʦʿʠ ʪʠʧ 

ʧʣʘʪʬʦʨʤʝ ʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. ʇʘ ʪʘʢʦ ʥʘ ʧʨʠʤʝʨ ʘʧʣʠʢʘʮʠʿʘ ʢʦʿʘ ʟʘʭʪʝʚʘ 

ʚʝʣʠʢʠ ʙʨʦʿ ʿʝʜʥʦʩʪʘʚʥʠʭ ʦʧʝʨʘʮʠʿʘ ʤʦʞʝ ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʥʘ ʧʣʘʪʬʦʨʤʘʤʘ ʩʘ ʧʘʨʘʣʝʣʥʠʤ 

ʘʨʭʠʪʝʢʪʫʨʘʤʘ ʢʘʦ ʰʪʦ ʩʫ FPGA ʠʣʠ GPU (Graphical Processing Unit). ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʘʣʛʦʨʠʪʤʠ ʠ ʘʧʣʠʢʘʮʠʿʝ ʢʦʿʝ ʟʘʭʪʝʚʘʿʫ ʤʘˁʠ ʙʨʦʿ ʢʦʤʧʣʝʢʩʥʠʭ ʦʧʝʨʘʮʠʿʘ ʿʝ ʙʦˀʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʥʘ CPU (Central Processing Unit). ʋ ʜʘʥʘʰˁʝ ʚʨʝʤʝ ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ 

ʧʨʦʮʝʩʦʨʠ, ʟʘʿʝʜʥʦ ʩʘ ʘʢʮʝʣʝʨʘʪʦʨʠʤʘ ʫ ʚʠʜʫ FPGA ʠʣʠ GPU, ʜʦʢ ˂ʝ ʥʦʚʝ ʛʝʥʝʨʘʮʠʿʝ 

ʘʣʛʦʨʠʪʘʤʘ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ʟʘʭʪʝʚʘʪʠ ʠ ʯʠʧʦʚʝ ʧʦʩʝʙʥʝ ʥʘʤʝʥʝ ʟʘ ʚʝʰʪʘʯʢʫ ʠʥʪʝʣʠʛʝʥʮʠʿʫ. 

ʂʦʤʧʣʝʢʩʥʦʩʪ ʘʣʛʦʨʠʪʤʘ ʤʦʞʝ ʩʝ ʧʨʦʫʯʘʚʘʪʠ ʢʨʦʟ ʙʨʦʿ ʦʧʝʨʘʮʠʿʘ, ˁʠʭʦʚ ʪʠʧ ʠ ʝʩʪʠʤʠʨʘʥʫ 

ʢʦʣʠʯʠʥʫ ʧʦʪʨʝʙʥʝ ʤʝʤʦʨʠʿʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ.  
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ʋ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘʤʘ ʥʘʤʝʥʩʢʠʭ ʩʠʩʪʝʤʘ ʦʧʝʨʘʮʠʿʝ ʨʘʯʫʥʘˁʘ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʥʘ 

ʪʨʠ ʢʣʘʩʝ. ʇʨʚʘ ʢʣʘʩʘ ʩʘʜʨʞʠ ʦʩʥʦʚʥʝ ʦʧʝʨʘʮʠʿʝ ʢʘʦ ʩʘʙʠʨʘˁʝ, ʦʜʫʟʠʤʘˁʝ, ʤʥʦʞʝˁʝ ʠ 

ʧʦʨʝʹʝˁʝ. ɼʨʫʛʘ ʢʣʘʩʘ ʦʧʝʨʘʮʠʿʘ ʩʘʜʨʞʠ ʦʧʝʨʘʪʦʨʝ ʢʦʿʠ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʿʝʜʥʦʩʪʘʚʥʠʤ 

ʘʣʛʦʨʠʪʤʠʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʜʝˀʝˁʝ ʠ ʢʚʘʜʨʘʪʥʠ ʢʦʨʝʥ. ʇʦʩʣʝʜˁʘ, ʪʨʝ˂ʘ ʢʣʘʩʘ ʦʧʝʨʘʮʠʿʘ, ʩʘʜʨʞʠ 

ʦʧʝʨʘʪʦʨʝ ʢʦʿʠ ʩʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʩʣʦʞʝʥʠʤ ʘʣʛʦʨʠʪʤʠʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨ ʣʦʛʘʨʠʪʘʤ, 

ʝʢʩʧʦʥʝʥʪ ʠ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʝ ʬʫʥʢʮʠʿʝ. ɸʣʛʦʨʠʪʤʠ ʢʦʿʠ ʩʫ ʥʘʚʝʜʝʥʠ, ʤʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ ʠ ʥʘ 

ʦʩʥʦʚʫ ʦʚʠʭ ʛʨʫʧʘ ʦʧʝʨʘʪʦʨʘ. ʇʘ ʪʘʢʦ ʘʣʛʦʨʠʪʘʤ ʫ ʢʦʿʝʤ ʩʝ ʿʝʜʥʦʩʪʘʚʥʦ ʧʨʝʪʨʘʞʫʿʝ 

ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ (ʄɸX), ʟʘʭʪʝʚʘ ʦʧʝʨʘʪʦʨʝ ʧʨʚʝ ʛʨʫʧʝ. ɸʣʛʦʨʠʪʤʠ ʢʘʦ ʰʪʦ ʩʫ ʣʠʥʝʘʨʥʠ 

ʝʩʪʠʤʘʪʦʨ (ʃʅ), ʧʘʨʘʙʦʣʠʯʥʠ ʝʩʪʠʤʘʪʦʨ (ʇʌ), ʮʝʥʪʘʨ ʤʘʩʝ ʠ ɹʈ(4 ʠʣʠ 8) ʟʘʭʪʝʚʘʿʫ ʦʧʝʨʘʪʦʨʝ 

ʠʟ ʜʨʫʛʝ ʛʨʫʧʝ, ʜʦʢ ɻʘʫʩʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ (ɻɸ) ʟʘʭʪʝʚʘ ʦʧʝʨʘʪʦʨʝ ʠʟ ʩʚʝ ʪʨʠ ʛʨʫʧʝ [83]. ʋ 

ʪʘʙʝʣʠ ʩʫ ʜʘʪʠ ʘʣʛʦʨʠʪʤʠ, ʢʘʦ ʠ ʛʨʫʧʝ ʦʧʝʨʘʪʦʨʘ ʢʦʿʠ ʩʫ ʧʦʪʨʝʙʥʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

ʘʣʛʦʨʠʪʘʤʘ.  

 

ʊʘʙʝʣʘ 4. ʇʨʝʛʣʝʜ ʘʣʛʦʨʠʪʘʤʘ ʠ ʢʣʘʩʘ ʦʧʝʨʘʮʠʿʘ ʥʝʦʧʭʦʜʥʠʭ ʟʘ ˁʠʭʦʚʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ, ʢʘʦ 

ʠ ʢʦʤʧʣʝʢʩʥʦʩʪ ʘʣʛʦʨʠʪʤʘ ʙʘʟʠʨʘʥʘ ʥʘ ʙʨʦʿʫ ʧʦʪʨʝʙʥʠʭ ʧʠʢʩʝʣʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ. 

ɸʣʛʦʨʠʪʘʤ MAX  ʃʅ ʇʌ ʎʄ ɹʈ ɻɸ 

ʂʣʘʩʘ ʦʧʝʨʘʮʠʿʝ 1 1,2 1,2 1,2 1,2 1,2,3 

ʂʦʤʧʣʝʢʩʥʦʩʪ 
ʃʠʥʝʘʨʥʘ 

N 

ʃʠʥʝʘʨʥʘ 

N, L 

ʃʠʥʝʘʨʥʘ 

N, L 

ʃʠʥʝʘʨʥʘ 

N, L 
N × L N × L 

 

ɹʨʦʿ ʦʧʝʨʘʮʠʿʘ ʟʘ ʩʚʘʢʠ ʘʣʛʦʨʠʪʘʤ ʩʝ ʪʘʢʦʹʝ ʤʦʞʝ ʝʩʪʠʤʠʨʘʪʠ, ʪʝ ʩʝ ʥʘ ʦʩʥʦʚʫ ʪʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʤʦʞʝ ʛʦʚʦʨʠʪʠ ʦ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ. ʋʢʦʣʠʢʦ ʩʝ ʩʘ N ʦʟʥʘʯʠ ʙʨʦʿ ʣʠʥʠʿʘ 

ʥʘ ʩʣʠʮʠ, ʘ ʩʘ L ʙʨʦʿ ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ, ʪʘʜʘ ʿʝ ʢʦʤʧʣʝʢʩʥʦʩʪ 

ʘʣʛʦʨʠʪʤʘ ʥʘ ʦʩʥʦʚʫ ʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʘʪʘ ʪʘʢʦʹʝ ʫ ʪʘʙʝʣʠ 4. ɿʘ ʘʣʛʦʨʠʪʤʝ ʫ ʢʦʿʠʤʘ ʩʝ ʪʨʘʛʘ ʟʘ 

ʤʘʢʩʠʤʫʤʦʤ, ʣʠʥʝʘʨʥʦʤ ʠʣʠ ʧʘʨʘʙʦʣʠʯʥʦʤ ʝʩʪʠʤʘʮʠʿʦʤ ʠ ʥʘ ʢʨʘʿʫ ʮʝʥʪʨʦʤ ʤʘʩʝ 

ʢʦʤʧʣʝʢʩʥʦʩʪ ʿʝ ʣʠʥʝʘʨʥʘ ʩʘ N ʠ L. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʛʦʚʦʨʠ ʦ ɹʈ ʠ ɻɸ ʢʦʤʧʣʝʢʩʥʦʩʪ ʥʠʿʝ 

ʣʠʥʝʘʨʥʘ ʚʝ˂ ʨʘʩʪʝ ʩʘ ʧʨʦʠʟʚʦʜʦʤ N × L. 

 

 

4.3. FIR ʬʠʣʪʘʨ  

 

ʀʟ ʫʛʣʘ ʛʣʝʜʘˁʘ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ, ʩʚʘʢʘ ʣʠʥʠʿʘ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ 

ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ ʢʦʿʠ ʧʨʘʪʠ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʠ ʥʘ ʢʦʿʠ ʩʫ ʩʫʧʝʨʧʦʥʠʨʘʥʝ ʜʦʜʘʪʥʝ 

ʨʝʬʣʝʢʩʠʿʝ ʢʘʦ ʠ ʦʩʪʘʣʠ ʠʟʚʦʨʠ ʰʫʤʘ. ʃʠʥʠʿʫ ʩʣʠʢʝ ʿʝ ʤʦʛʫ˂ʝ ʬʠʣʪʨʠʨʘʪʠ ʬʠʣʪʨʦʤ 

ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʤ ʬʨʝʢʚʝʥʮʠʿʦʤ ʦʜʩʝʮʘˁʘ, ʩʣʘʙˀʝˁʝʤ ʠ 

ʪʨʘʥʟʠʮʠʦʥʠʤ ʦʧʩʝʛʦʤ. ʇʘʨʘʤʝʪʨʠ ʬʠʣʪʨʘ ʩʝ ʤʦʛʫ ʦʜʨʝʜʠʪʠ ʥʘ ʨʘʟʥʝ ʥʘʯʠʥʝ, ʘʣʠ ʩʚʘʢʘʢʦ ʜʘ 

˂ʝ ʦʜʘʙʠʨ ʘʣʛʦʨʠʪʤʘ ʟʘ ʨʘʯʫʥʘˁʝ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʟʘʚʠʩʠʪʠ ʦʜ ʦʜʘʙʨʘʥʝ ʧʣʘʪʬʦʨʤʝ ʟʘ ʦʙʨʘʜʫ 

ʩʠʛʥʘʣʘ ʠ ʨʘʩʧʦʣʦʞʠʚʠʭ ʨʝʩʫʨʩʘ ʢʦʿʠ ʩʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ. ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʝ 

ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʜʦʙʨʦ ʧʦʟʥʘʪʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ FIR (Finite Impulse Response) ʬʠʣʪʘʨʘ, 

ʢʘʦ ʠ ʧʦʟʥʘʪʝ ʘʨʭʠʪʝʢʪʫʨʝ ʟʘ ʦʧʪʠʤʘʣʥʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ [84] [85].  

ʂʘʦ ʪhʦ ʿʝ ʜʦʙʨʦ ʧʦʟʥʘʪʦ, FIR ʬʠʣʪʨʠʨʘˁʝ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʢʦʥʚʦʣʫʮʠʿʝ ʩʠʛʥʘʣʘ x(n) ʠ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʬʠʣʪʨʘ h(n), [86] ʠ ʜʘʪʦ ʿʝ ʿʝʜʥʘʯʠʥʦʤ 4.27. ʇʨʚʠ ʠʟʚʦʜ ʢʦʥʚʦʣʫʮʠʿʝ ʩʠʛʥʘʣʘ 

x(n) ʠ h(n) ʿʝ ʿʝʜʥʘʢ ʢʦʥʚʦʣʫʮʠʿʠ x(n) ʠ ʧʨʚʦʛ ʠʟʚʦʜʘ h(n), ʜʘʪʦ ʿʝʜʥʘʯʠʥʦʤ 4.28. ʅʘʢʦʥ ʰʪʦ ʿʝ 

ʠʟʨʘʯʫʥʘʪʘ ʢʦʥʚʦʣʫʮʠʿʘ ʩʠʛʥʘʣʘ x(n) ʠ ʧʨʚʦʛ ʠʟʚʦʜʘ h(n), ʥʘ ʤʝʩʪʫ ʧʨʦʤʝʥʝ ʟʥʘʢʘ, ʫʟʠʤʘʿʫ ʩʝ 

ʧʨʚʘ ʪʘʯʢʘ ʬʠʣʪʨʠʨʘʥʦʛ ʩʠʛʥʘʣʘ ʠʟʥʘʜ x ʦʩʝ ʚʝ˂ʘ ʦʜ ʥʫʣʝ (ὼ) ʠ ʧʨʚʘ x ʪʘʯʢʘ ʤʘˁʘ ʦʜ ʥʫʣʝ (ὼ) 
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ʠ ʢʨʦʟ ˁʠʭ ʩʝ ʢʦʥʩʪʨʫʠʰʝ ʧʨʘʚʘ [87]. ʇʨʝʩʝʢ x ʦʩʝ ʠ ʧʨʘʚʝ ʜʝʬʠʥʠʩʘʥʝ ʪʘʯʢʘʤʘ ὼ ʠ ὼ 

ʧʨʝʜʩʪʘʚˀʘ ʮʝʥʪʘʨ ʜʝʪʝʢʪʦʚʘʥʝ ʨʝʬʣʝʢʩʠʿʝ. 

ώὲ  ὼὯϽὬὲ Ὧḯὼὲ Ὤzὲ (4.27) 

ɿʘ ʝʩʪʠʤʘʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʝ ʢʦʨʠʩʪʠ ʧʨʚʠ ʠʟʚʦʜ ʠʥʪʝʥʟʠʪʝʪʘ ʧʠʢʩʝʣʘ 

ʫ ʧʦʩʤʘʪʨʘʥʦʿ ʣʠʥʠʿʠ ʩʣʠʢʝ ʠ ʪʦ ʥʘ ʤʝʩʪʫ ʧʨʦʤʝʥʝ ʟʥʘʢʘ ʠʟʚʦʜʘ. ʇʨʚʠ ʠʟʚʦʜ ʬʠʣʪʨʠʨʘʥʝ ʣʠʥʠʿʝ 

ʩʣʠʢʝ ʜy/ʜn ʤʦʞʝ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʝ ʿʝʜʥʘʯʠʥʝ (ʥʘ ʦʩʥʦʚʫ ʦʩʦʙʠʥʝ ʢʦʥʚʦʣʫʮʠʿʝ):  

Ὠώὲ

Ὠὲ

Ὠὼὲ Ὤzὲ

Ὠὲ

ὨВ ὼὯẗὬὲ Ὧ

Ὠὲ

ὨὼὯẗὬὲ Ὧ

Ὠὲ

ὨὼὯ

Ὠὲ
ẗὬὲ Ὧ

ὼὯẗ
ὨὬὲ Ὧ

Ὠὲ
ὼὯ

ὨὬὲ Ὧ

Ὠὲ
ὼὲᶻ

ὨὬὲ Ὧ

Ὠὲ
 

(4.28) 

ʆʜʥʦʩʥʦ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʩʘ ʩʫʙ-ʧʠʢʩʝʣ ʨʝʟʦʣʫʮʠʿʦʤ ʜʘʪʘ ʿʝ 

ʩʘ: 

ὢ ὼ
ώẗὼ ὼ

ώ ώ
 (4.29) 

ʇʨʝʪʭʦʜʥʘ ʿʝʜʥʘʯʠʥʘ ʧʨʝʜʩʪʘʚˀʘ ʝʩʪʠʤʠʨʘʥʫ ʧʦʟʠʮʠʿʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ 

FIR ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ [88]. ɿʘʥʠʤˀʠʚʦ ʿʝ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʥʝʢʠ ʘʫʪʦʨʠ 

ʢʦʨʠʩʪʝ FIR ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʥʠʩʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʿʝ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ 

ʩʘʪʫʨʠʩʘʥʘ [89].  

ʌʠʣʪʨʠʨʘˁʝ 2D ɻʘʫʩʦʚʠʤ ʬʠʣʪʨʠʤʘ ʿʝ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘˁʝʥʘ ʤʝʪʦʜʘ ʫ ʦʙʨʘʜʠ ʩʣʠʢʝ. 

ɻʝʥʝʨʘʣʥʦ, ʪʘʢʦʹʝ ʩʝ ʨʘʜʠ ʦ ʬʠʣʪʨʫ ʧʨʦʧʫʩʥʠʢʫ ʥʠʩʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ. ʆʩʠʤ ɻʘʫʩʦʚʦʛ ʬʠʣʪʨʘ, 

ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʠ ʬʠʣʪʨʠʨʘˁʝ ʩʘ ˁʝʛʦʚʠʤ ʜʝʨʠʚʘʪʠʤʘ ʧʨʚʦʛ ʠ ʜʨʫʛʦʛ ʨʝʜʘ [90]. ʇʘ ʩʝ 

ʪʘʢʦ ʤʦʛʫ ʢʦʤʙʠʥʦʚʘʪʠ ɻʘʫʩʦʚʠ ʜʝʨʠʚʘʪʠ ʧʨʚʦʛ ʨʝʜʘ, ʥʘ ʥʝʣʠʥʝʘʨʘʥ ʥʘʯʠʥ ʩʘ ʦʩʪʘʪʢʦʤ 

ʩʠʩʪʝʤʘ, ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʘʜʠʣʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ [91].  

ʌʠʣʪʨʠʨʘˁʝ FIR ʬʠʣʪʨʦʤ ʜʘʿʝ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ, ʧʦʩʝʙʥʦ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʿʝ SNR ʦʜʥʦʩ 

ʚʝʦʤʘ ʤʘʣʠ, ʤʝʹʫʪʠʤ, ʙʠʘʩ ʟʘʚʠʩʪʘʥ ʦʜ ʠʥʪʝʥʟʠʪʝʪʘ ʩʚʝʪʣʦʩʪʠ ʫ ʧʨʦʮʝʥʠ ʧʦʟʠʮʠʿʝ ʨʝʬʣʝʢʩʠʿʝ 

ʧʦʿʘʚˀʫʿʝ ʩʝ ʘʢʦ ʩʝ ʩʢʝʥʠʨʘʿʫ ʧʨʦʚʠʜʥʝ (ʪʨʘʥʩʧʘʨʝʥʪʥʝ) ʧʦʚʨʰʠʥʝ [92].  

 

 

 

4.4. ʇʦʚʝ˂ʘˁʝ ʨʝʟʦʣʫʮʠʿʝ ʩʣʠʢʝ (ʠʥʪʝʨʧʦʣʘʮʠʿʘ ʩʣʠʢʝ) 

 

ʋ ʨʘʜʫ [93] ʘʫʪʦʨʠ ʜʘʿʫ ʟʘʥʠʤˀʠʚʫ ʠʜʝʿʫ ʜʘ ʩʝ ʪʘʯʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ 

ʧʦʙʦˀʰʘ ʢʦʨʠʩʪʝ˂ʠ ʥʝʢʫ ʦʜ ʤʝʪʦʜʘ ʧʦʚʝ˂ʘˁʘ ʨʝʟʦʣʫʮʠʿʝ ʧʠʢʩʝʣʘ ʩʣʠʢʝ. ʅʘʢʦʥ ʰʪʦ ʿʝ 
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ʨʝʟʦʣʫʮʠʿʘ ʩʣʠʢʝ ʧʦʚʝ˂ʘʥʘ, ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʚʝ˂ʦʤ 

ʦʜ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ. ʇʦʩʪʦʿʝ ʨʘʟʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʧʦʚʝ˂ʘˁʝ ʨʝʟʦʣʫʮʠʿʝ ʩʣʠʢʝ, ʘ ʥʝʢʠ ʦʜ ˁʠʭ 

ʩʫ: Nearest Neighbor, ʙʠʣʠʥʝʘʨʥʘ, ʙʠʢʫʙʥʘ Spline ʠʥʪʝʨʧʦʣʘʮʠʿʘ, ʛʝʥʝʨʘʣʠʟʦʚʘʥʘ ʙʠʢʫʙʥʘ 

ʠʥʪʝʨʧʦʣʘʮʠʿʘ ʠ ʜʨʫʛʝ. ʊʘʢʦʹʝ, ʥʝʢʠ ʦʜ ʜʦʙʨʦ ʧʦʟʥʘʪʠʭ ʘʣʘʪʘ ʢʘʦ ʰʪʦ ʿʝ OpenCV ʦʚʘʢʚʝ 

ʬʫʥʢʮʠʿʝ ʠʤʘʿʫ ʚʝ˂ ʠʤʧʣʝʤʝʥʪʠʨʘʥʝ, ʪʝ ʿʝ ˁʠʭʦʚʘ ʫʧʦʪʨʝʙʘ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʘ [94]. 

ʄʝʹʫʪʠʤ, ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʧʦʚʝ˂ʘʚʘ ʨʝʟʦʣʫʮʠʿʘ ʩʣʠʢʝ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʙʨʦʿ ʧʦʜʘʪʘʢʘ ʢʦʿʝ 

ʪʨʝʙʘ ʦʙʨʘʜʠʪʠ. ʅʘ ʧʨʠʤʝʨ, ʿʝʜʥʦʩʪʘʚʥʠʤ ʧʦʚʝ˂ʘˁʝʤ ʨʝʟʦʣʫʮʠʿʝ ʦʜ 2 ʧʫʪʘ, ʢʦʣʠʯʠʥʘ ʧʦʜʘʪʘʢʘ 

ʩʝ ʧʦʚʝ˂ʘ ʯʝʪʠʨʠ ʧʫʪʘ, ʜʦʢ ʿʝ ʨʝʟʦʣʫʮʠʿʘ ʩʢʝʥʝʨʘ ʧʦʚʝ˂ʘʥʘ ʟʘ ʧʦʣʦʚʠʥʫ ʧʠʢʩʝʣʘ. ʂʘʦ ʰʪʦ ʠ 

ʩʘʤʠ ʘʫʪʦʨʠ ʥʘʧʦʤʠˁʫ, ʦʚʘʢʘʚ ʤʝʪʦʜ ʥʠʿʝ ʧʨʘʢʪʠʯʘʥ ʟʘ ʧʨʠʤʝʥʫ ʫʢʦʣʠʢʦ ʩʝ ʧʨʚʦ ʥʝ ʢʦʨʠʩʪʠ 

ʥʝʢʠ ʦʜ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʟʦʥʝ ʠʥʪʝʨʝʩʘ ʩʣʠʢʝ ʠʣʠ ROI  (Region of Interest) ʢʦʿʠ ʟʘʧʨʘʚʦ 

ʜʘʿʝ ʛʨʫʙʫ ʝʩʪʠʤʘʮʠʿʫ ʛʜʝ ʩʝ ʥʘʣʘʟʠ ʨʝʬʣʝʢʩʠʿʘ, ʧʘ ʪʝʢ ʦʥʜʘ ʢʦʨʠʩʪʠʪʠ ʥʝʢʫ ʦʜ ʤʝʪʦʜʘ 

ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʠʣʠ ʬʠʣʪʨʠʨʘˁʘ ʩʣʠʢʝ. ʆʚʘʢʚʠ ʘʣʛʦʨʠʪʤʠ ʩʫ ʙʨʟʠ, ʿʝʨ ʿʝ ʥʝʦʧʭʦʜʥʦ ʰʪʦ ʧʨʝ 

ʧʨʦʥʘ˂ʠ ʦʢʚʠʨʥʦ ʛʜʝ ʩʝ ʥʘʣʘʟʠ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ, ʢʘʢʦ ʙʠ ʦʩʪʘʪʘʢ ʧʨʦʮʝʩʠʨʘˁʘ ʤʦʛʘʦ 

ʧʦʯʝʪʠ. ʅʝʢʠ ʦʜ ʿʝʜʥʦʩʪʘʚʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ROI ʩʫ ʧʨʝʪʨʘʛʘ ʟʘ ʣʘʩʝʨʩʢʦʤ 

ʣʠʥʠʿʦʤ, ʘʣʛʦʨʠʪʘʤ ʘʢʫʤʫʣʠʨʘˁʘ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʘʣʛʦʨʠʪʘʤ ʧʨʝʜʠʢʮʠʿʝ ʠ ʝʩʪʠʤʘʮʠʿʝ.  

ɸʣʛʦʨʠʪʘʤ ʧʨʝʪʨʘʛʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʧʨʚʦ ʦʜʨʝʹʫʿʝ ʠʥʪʝʥʟʠʪʝʪ ʧʦʟʘʜʠʥʝ ʩʣʠʢʝ ʪʘʢʦ ʰʪʦ 

ʩʝ ʠʟʨʘʯʫʥʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʧʠʢʩʝʣʘ ʧʦ ʩʚʠʤ ʣʠʥʠʿʘʤʘ ʩʣʠʢʝ. ʀʥʪʝʥʟʠʪʝʪ ʨʝʬʣʝʢʪʦʚʘʥʝ 

ʩʚʝʪʣʦʩʪʠ ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʨʝʬʣʝʢʩʠʿʠ ʿʝ ʚʝ˂ʘ ʦʜ ʠʥʪʝʥʟʠʪʝʪʘ ʧʦʟʘʜʠʥʝ, ʧʘ ʩʝ ʿʝʜʥʦʩʪʘʚʥʦʤ 

ʫʧʦʪʨʝʙʦʤ ʧʨʘʛʘ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʧʦʟʠʮʠʿʘ ROI. ʉʚʠ ʧʠʢʩʝʣʠ ʢʦʿʠ ʠʤʘʿʫ ʠʥʪʝʥʟʠʪʝʪ ʚʝ˂ʠ ʦʜ 

ʧʨʘʛʘ ʩʝ ʦʟʥʘʯʝ ʠ ʢʘʦ ʛʨʘʥʠʮʝ ROI ʩʝ ʫʟʠʤʘʿʫ ʤʠʥʠʤʘʣʥʘ ʠ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʢʦʦʨʜʠʥʘʪʝ 

ʫ ʦʙʘ ʧʨʘʚʮʘ (x ʠ y). ɼʦʜʘʪʥʦ, ʢʘʢʦ ʙʠ ʩʝ ʫʙʨʟʘʦ ʧʨʦʮʝʩ ʧʨʝʪʨʘʛʝ ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʝʹʝʥʠ ʙʨʦʿ 

ʧʠʢʩʝʣʘ ʧʨʝʩʢʦʯʠʪʠ ʧʨʠʣʠʢʦʤ ʧʨʝʪʨʘʛʝ ʫ ʭʦʨʠʟʦʥʪʘʣʥʦʤ ʠ ʫ ʚʝʨʪʠʢʘʣʥʦʤ ʧʨʘʚʮʫ. 

 

 

 

4.5.  ɼʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ 
ʣʠʥʠʿʝ 

 

 

ʂʘʢʦ ʙʠ ʩʝ ʫʥʘʧʨʝʜʠʣʠ ʘʣʛʦʨʠʪʤʠ ʜʝʪʝʢʮʠʿʝ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʫ ʨʘʟʤʘʪʨʘˁʝ 

ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʫʟʠʤʘ ʠ ʦʢʨʫʞʝˁʝ ʧʦʩʤʘʪʨʘʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ 

ʧʦʚʝ˂ʘʚʘ ʢʦʣʠʯʠʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʨʝʬʣʝʢʪʦʚʘʥʦʿ ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʪʘʯʥʦʩʪ 

ʦʜʨʝʹʠʚʘˁʘ ˁʝʥʝ ʮʝʥʪʨʘʣʥʝ ʧʦʟʠʮʠʿʝ. ʊʘʢʦ ʥʘ ʧʨʠʤʝʨ, ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʥʝ 

ʫʟʠʤʘʿʫ ʫ ʨʘʟʤʘʪʨʘˁʝ ʥʘʛʠʙ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʘʮ ʧʨʝʪʨʘʛʝ ʘʣʛʦʨʠʪʤʘ, ʚʝ˂ 

ʧʨʝʪʧʦʩʪʘʚˀʘʿʫ ʜʘ ʿʝ ʦʥ ʫʚʝʢ ʥʦʨʤʘʣʘʥ. ʅʘʨʘʚʥʦ, ʫ ʧʨʘʢʩʠ ʩʫ ʚʨʣʦ ʯʝʩʪʠ ʧʨʠʤʝʨʠ ʢʘʜʘ ʪʦ ʥʠʿʝ 

ʩʣʫʯʘʿ, ʪʝ ʟʙʦʛ ʪʦʛʘ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠ ʪʦ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʠʤʘʿʫ ʧʨʝʜʥʦʩʪ ʫ 

ʦʜʥʦʩʫ ʥʘʙʨʦʿʘʥʝ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʘʣʛʦʨʠʪʤʝ. ʄʝʹʫʪʠʤ, ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 

ʪʘʢʚʠʭ ʘʣʛʦʨʠʪʘʤʘ ʿʝ ʜʘʣʝʢʦ ʢʦʤʧʣʝʢʩʥʠʿʘ ʠ ʟʘʭʪʝʚʘ ʤʥʦʛʦ ʚʠʰʝ ʨʘʯʫʥʘʨʩʢʠʭ ʨʝʩʫʨʩʘ. 

ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʥʝʢʠʭ ʦʜ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ 

ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʢʦʜ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʢʦʿʠ ʩʝ 

ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʫ ʣʠʪʝʨʘʪʫʨʠ. ɱʝʜʥʘ ʦʜ ʯʝʩʪʦ ʢʦʨʠʰ˂ʝʥʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ 

ʜʝʪʝʢʮʠʿʘ ʣʠʥʠʿʘ ʥʘ ʩʣʠʮʠ ʿʝ ʢʣʘʩʠʯʥʘ Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ. ʊʘʢʦʹʝ, ʫ ʥʘʩʪʘʚʢʫ ˂ʝ ʙʠʪʠ ʚʠʰʝ 

ʨʝʯʠ ʦ ʧʦʙʦˀʰʘʥʦʤ ʘʣʛʦʨʠʪʤʫ ʮʝʥʪʨʘ ʤʘʩʝ, ʢʦʿʠ ʟʘʧʨʘʚʦ ʫ ʦʙʟʠʨ ʫʟʠʤʘ ʦʨʠʿ ʝʥʪʘʮʠʿʫ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ ʢʘʢʦ ʙʠ ʧʦʙʦˀʰʘʦ ʝʩʪʠʤʘʮʠʿʫ ʮʝʥʪʨʘ. ɱʝʜʘʥ ʦʜ ʯʝʩʪʦ ʢʦʨʠʰ˂ʝʥʠʭ 

ʘʣʛʦʨʠʪʤʘ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʿʝ Steger ʘʣʛʦʨʠʪʘʤ. ʅʘ ʢʨʘʿʫ 

ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʫʧʦʪʨʝʙʝ ʪʘʣʘʩʥʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ (wavelet) ʫ ʦʙʨʘʜʠ ʩʣʠʢʝ ʩʘ ʧʨʦʬʠʣʥʠʭ 
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ʩʢʝʥʝʨʘ. ʊʘʣʘʩʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʜʘʿʫ ʟʘʥʠʤˀʠʚ ʥʘʫʯʥʠ ʧʨʠʩʪʫʧ ʨʝʰʘʚʘˁʫ ʧʨʦʙʣʝʤʘ 

ʜʝʪʝʢʮʠʿʝ, ʘʣʠ, ʙʘʨʝʤ ʟʘ ʩʘʜʘ, ˁʠʭʦʚʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʜʘʣʝʢʦ ʧʨʝʚʘʟʠʣʘʟʠ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ. 

ʈʘʟʚʦʿ ʩʚʝ ʙʨʞʠʭ ʠ ʤʦ˂ʥʠʿʠʭ ʧʣʘʪʬʦʨʤʠ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʧʨʘʪʠ ʠ ʨʘʟʚʦʿ ʩʝʥʟʦʨʘ ʢʘʤʝʨʝ, ʢʦʿʠ 

ʠʤʘʿʫ ʩʚʝ ʚʝ˂ʫ ʨʝʟʦʣʫʮʠʿʫ ʘʣʠ ʠ ʙʨʦʿ ʩʣʠʢʘ ʫ ʩʝʢʫʥʜʠ, ʰʪʦ ʥʘ ʥʝʢʠ ʥʘʯʠʥ ʦʧʝʪ ʬʘʚʦʨʠʟʫʿʝ 

ʫʧʦʪʨʝʙʫ ʿʝʜʥʦʩʪʘʚʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʦ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʚʝ˂ʠ ʙʨʦʿ ʪʘʯʘʢʘ ʧʦ ʿʝʜʥʦʤ 

ʧʨʦʣʘʟʫ ʩʢʝʥʝʨʘ. ʅʘʨʘʚʥʦ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʠʤʝʥʝ, ʩʘ ʩʘʚʨʝʤʝʥʠʤ ʧʣʘʪʬʦʨʤʘʤʘ ʤʦʛʫ˂ʝ ʿʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʟʘʠʩʪʘ ʢʦʤʧʣʝʢʩʥʝ ʘʣʛʦʨʠʪʤʝ ʥʘ ʫʰʪʨʙ ʨʝʟʦʣʫʮʠʿʝ ʠʣʠ ʙʨʦʿʘ ʪʘʯʘʢʘ 

ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʧʦ ʩʝʢʫʥʜʠ.  

 

 

4.5.1. Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʫ ʧʨʠʤʝʥʠ ʝʩʪʠʤʘʮʠʿʝ ʣʘʩʝʨʩʢʝ ʧʦʟʠʮʠʿʝ 

 

 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʤʝʪʦʜʘ ʢʦʿʝ ʩʫ ʙʘʟʠʨʘʥʝ ʥʘ ʧʨʦʮʝʩʠʨʘˁʫ ʧʠʢʩʝʣʘ ʫ ʦʢʦʣʠʥʠ ʜʝʪʝʢʪʦʚʘʥʝ 

ʨʝʬʣʝʢʩʠʿʝ, ʧʦʩʪʦʿʝ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʠ ʩʚʝ ʨʝʣʘʮʠʿʝ ʠʟʤʝʹʫ ʜʝʪʝʢʪʦʚʘʥʠʭ ʠʚʠʮʘ 

ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʅʝʢʝ ʦʜ ʦʚʠʭ ʤʝʪʦʜʘ ʠʤʘʿʫ ʘ priori  ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʦʯʝʢʠʚʘʥʦʤ ʦʙʣʠʢʫ 

ʨʝʬʣʝʢʩʠʿʝ, ʿʝʨ ʿʝ ʚʨʣʦ ʯʝʩʪʦ ʦʙʣʠʢ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʛʦʚʦʨʠ 

ʦ ʧʨʠʤʝʥʠ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʫ ʠʥʩʧʝʢʮʠʿʠ ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʨʦʠʟʚʦʜˁʝ ʠʣʠ ʢʦʥʪʨʦʣʝ ʢʚʘʣʠʪʝʪʘ 

ʚʘʨʦʚʘ. ʄʝʹʫ ʪʘʢʚʠʤ ʤʝʪʦʜʘʤʘ ʿʝʜʥʘ ʦʜ ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʿʝ Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ, ʢʦʿʘ ʩʝ ʦʙʠʯʥʦ 

ʢʦʨʠʩʪʠ ʢʘʢʦ ʙʠ ʩʝ ʜʝʪʝʢʪʦʚʘʣʝ ʧʨʘʚʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ, ʘʣʠ ʠʩʪʦ ʪʘʢʦ ʫʟ ʜʦʜʘʪʥʝ ʤʦʜʠʬʠʢʘʮʠʿʝ 

ʤʦʞʝ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥʘ ʢʘʢʦ ʙʠ ʩʝ ʜʝʪʝʢʪʦʚʘʣʠ ʦʜʨʝʹʝʥʠ ʧʨʝʜʝʬʠʥʠʩʘʥʠ ʦʙʣʠʮʠ [95]. ʋ 

ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪ ʢʨʘʪʘʢ ʦʧʠʩ ʘʣʛʦʨʠʪʤʘ ʢʦʿʠ ʜʝʪʝʢʪʫʿʝ ʧʨʘʚʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʥʘ ʦʩʥʦʚʫ Hough 

ʘʣʛʦʨʠʪʤʘ.  

ɸʣʛʦʨʠʪʘʤ ʧʦʣʘʟʠ ʦʜ ʯʠˁʝʥʠʮʝ ʜʘ ʩʝ ʢʨʦʟ ʩʚʘʢʠ ʧʠʢʩʝʣ ʥʘ ʩʣʠʮʠ ʤʦʞʝ ʧʦʚʫ˂ʠ 

ʙʝʩʢʦʥʘʯʥʦ ʤʥʦʛʦ ʧʨʘʚʠʭ ʣʠʥʠʿʘ. ʉʚʘʢʘ ʦʜ ʪʠʭ ʣʠʥʠʿʘ ʤʦʞʝ ʙʠʪʠ ʪʘʯʥʦ ʦʧʠʩʘʥʘ ʿʝʜʥʘʯʠʥʦʤ 

ʧʨʘʚʝ ʜʘʪʦʤ ʩʘ: 

ὣ άὢ ὦ (4.30) 

ʛʜʝ ʩʫ ʩʘ X ʠ Y ʦʟʥʘʯʝʥʝ ʢʦʦʨʜʠʥʘʪʝ ʧʦʩʤʘʪʨʘʥʦʛ ʧʠʢʩʝʣʘ, ʜʦʢ ʿʝ ʩʘ m ʦʟʥʘʯʝʥ ʥʘʛʠʙ ʧʨʘʚʝ, ʘ 

ʪʘʯʢʘ ʧʨʝʩʝʢʘ Y ʦʩʝ ʠ ʧʨʘʚʝ ʜʘʪʘ ʿʝ ʩʘ ʚʨʝʜʥʦʰ˂ʫ b. ʋʢʦʣʠʢʦ ʦʚʫ ʿʝʜʥʘʯʠʥʫ ʧʦʩʤʘʪʨʘʤʦ 

ʜʨʫʛʘʯʠʿʝ, ʦʜʥʦʩʥʦ ʫʢʦʣʠʢʦ ʩʫ X ʠ Y ʢʦʥʩʪʘʥʪʝ ʘ m ʠ b ʢʦʦʨʜʠʥʘʪʝ ʥʦʚʦʛ ʧʨʦʩʪʦʨʘ, ʪʘʜʘ ʩʝ 

ʿʝʜʥʘʯʠʥʘ 4.30 ʤʦʞʝ ʨʝʦʨʛʘʥʠʟʦʚʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

ὦ άὢ ὣ (4.31) 

ʅʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ 4.31 ʩʚʘʢʘ ʪʘʯʢʘ (ʧʠʢʩʝʣ) ʫ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʧʨʦʩʪʦʨʫ ʩʣʠʢʝ 

(X, Y) ʤʦʞʝ ʩʝ ʿʝʜʥʦʟʥʘʯʥʦ ʧʨʝʜʩʪʘʚʠʪʠ ʬʘʤʠʣʠʿʦʤ ʧʨʘʚʠʭ ʫ (m, b) ʧʨʦʩʪʦʨʫ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ 

Hough ʧʨʦʩʪʦʨ. ʊʘʯʢʝ ʫ Hough ʧʨʦʩʪʦʨʫ ʢʦʿʝ ʩʝ ʩʝʢʫ, ʦʜʛʦʚʘʨʘʿʫ ʢʦʣʠʥʝʘʨʥʠʤ ʪʘʯʢʘʤʘ ʫ 

ʧʨʦʩʪʦʨʫ ʩʣʠʢʝ (X, Y). ʆʚʦ ʚʘʞʠ ʟʘ ʙʠʣʦ ʢʦʿʝ ʜʚʝ ʪʘʯʢʝ (ʿʝʨ ʿʝ ʩʚʘʢʠ ʧʘʨ ʪʘʯʘʢʘ ʢʦʣʠʥʝʘʨʘʥ), 

ʤʝʹʫʪʠʤ ʩʚʝ ʣʠʥʠʿʝ ʢʦʿʝ ʩʝ ʩʝʢʫ ʫ ʠʩʪʦʿ ʪʘʯʢʠ (m, b) ʧʨʦʩʪʦʨa ˂ʝ ʦʜʛʦʚʘʨʘʪʠ ʢʦʣʠʥʝʘʨʥʠʤ 

ʪʘʯʢʘʤʘ ʫ (X, Y) ʧʨʦʩʪʦʨʫ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʘʢʦ ʩʝ N ʧʨʘʚʠʭ ʫ Hough ʧʨʦʩʪʦʨʫ, ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ 

N ʪʘʯʘʢʘ ʫ ʧʨʦʩʪʦʨʫ ʩʣʠʢʝ, ʩʝʯʝ ʫ ʿʝʜʥʦʿ ʪʘʯʢʠ, ʦʥʜʘ ʪʠʭ N ʪʘʯʘʢʘ ʣʝʞʠ ʥʘ ʠʩʪʦʿ ʧʨʘʚʦʿ ʫ 

ʧʨʦʩʪʦʨʫ ʩʣʠʢʝ. ʇʘʨʘʤʝʪʨʠ ʪʝ ʣʠʥʠʿʝ ʦʜʛʦʚʘʨʘʿʫ (m, b) ʢʦʦʨʜʠʥʘʪʘʤʘ ʪʘʯʢʝ ʧʨʝʩʝʢʘ, ʰʪʦ 

ʟʘʧʨʘʚʦ ʯʠʥʠ ʜʝʬʠʥʠʮʠʿʫ Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ.  

ʄʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʿʝ ʦʚʘʿ ʘʣʛʦʨʠʪʘʤ ʩʣʠʯʘʥ ʭʠʩʪʦʛʨʘʤʫ ʩʣʠʢʝ, ʫʟ ʨʘʟʣʠʢʫ ʜʘ ʩʝ ʦʚʜʝ ʨʘʜʠ 

ʦ ʭʠʩʪʦʛʨʘʤʫ ʪʘʯʘʢʘ ʧʨʝʩʝʢʘ, ʫʤʝʩʪʦ ʠʥʪʝʥʟʠʪʝʪʘ ʧʠʢʩʝʣʘ. ʇʦʪʨʝʙʥʦ ʿʝ ʦʜʨʘʜʠʪʠ ʩʪʝʧʝʥ 

ʢʚʘʥʪʠʟʘʮʠʿʝ (m, b) ʢʦʦʨʜʠʥʘʪʘ ʧʨʝ ʥʝʛʦ ʰʪʦ ʩʝ ʧʦʯʥʝ ʩʘ ʧʨʦʨʘʯʫʥʦʤ ʘʣʛʦʨʠʪʤʘ. ɿʘ ʩʚʘʢʠ 
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ʧʠʢʩʝʣ ʫ ʦʨʠʛʠʥʘʣʥʦʿ ʩʣʠʮʠ ʨʘʯʫʥʘʿʫ ʩʝ ʧʘʨʘʤʝʪʨʠ ʧʨʘʚʝ ʫ Hough ʧʨʦʩʪʦʨʫ ʠ ʫʚʝ˂ʘʚʘ ʩʝ 

ʚʨʝʜʥʦʩʪ ʙʨʦʿʘʯʘ ʪʘʯʘʢʘ ʧʨʝʩʝʢʘ ʢʦʿʝ ʧʨʠʧʘʜʘʿʫ ʪʦʿ ʣʠʥʠʿʠ. ʅʘʢʦʥ ʰʪʦ ʿʝ ʟʘ ʩʚʘʢʠ ʦʜ ʧʠʢʩʝʣʘ 

ʠʟʨʘʯʫʥʘʪʘ ʣʠʥʠʘʿ ʟʘ Hough ʧʨʦʩʪʦʨ, ʪʘʯʢʝ ʩʘ ʥʘʿʚʝ˂ʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʦʜʛʦʚʘʨʘʿʫ ʧʠʢʩʝʣʠʤʘ 

ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʥʘ ʠʩʪʦʿ ʣʠʥʠʿʠ ʥʘ ʦʨʠʛʠʥʘʣʥʦʿ ʩʣʠʮʠ. ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʿʝʜʥʘʯʠʥʘ 4.31. ʥʝ ʤʦʞʝ 

ʜʘ ʧʨʝʜʩʪʘʚʠ ʚʝʨʪʠʢʘʣʥʫ ʣʠʥʠʿʫ, ʫʚʦʜʠ ʩʝ ʿʝʜʥʘʯʠʥʘ ʢʘʦ ʧʦʙʦˀʰʘˁʝ ʘʣʛʦʨʠʪʤʘ: 

ὶ ὼὧέί‫ ώίὭὲ‫  (4.32) 

ʛʜʝ ʿʝ ʩʘ r ʦʟʥʘʯʝʥʦ ʨʘʩʪʦʿʘˁʝ ʦʜ ʢʦʦʨʜʠʥʘʪʥʦʛ ʮʝʥʪʨʘ ʜʦ ʣʠʥʠʿʝ, ʘ ʩʘ ʫʛʘʦ ʠʟʤʝʹʫ ʢʨʠʚʝ ʢʦʿʘ ‫ 

ʧʨʦʣʘʟʠ ʢʨʦʟ ʢʦʦʨʜʠʥʘʪʥʠ ʧʦʯʝʪʘʢ ʠ ʥʦʨʤʘʣʥʘ ʿʝ ʥʘ ʧʦʩʤʘʪʨʘʥʫ ʢʨʠʚʫ ʠ x ʦʩʝ [96]. 

Hough ʘʣʛʦʨʠʪʘʤ ʿʝ ʪʘʢʦʹʝ ʦʧʠʩʘʥ ʩʣʝʜʝ˂ʠʤ ʢʦʨʘʮʠʤʘ: 

¶ ʉʚʝ ʪʘʯʢʝ Hough ʧʨʦʩʪʦʨʘ ʥʘ ʧʦʯʝʪʢʫ ʘʣʛʦʨʠʪʤʘ ʩʝ ʧʦʩʪʘʚʝ ʥʘ ʚʨʝʜʥʦʩʪ 0. 

¶ ɿʘ ʩʚʘʢʫ ʦʜ ʪʘʯʘʢʘ ʫ ʧʨʦʩʪʦʨʫ ʩʣʠʢʝ (i, )ʿ ʫʚʝ˂ʘ ʩʝ ʩʚʘʢʘ ʪʘʯʢʘ Hough ʧʨʦʩʪʦʨʘ ʢʦʿʘ 

ʦʜʛʦʚʘʨʘ ʩʚʠʤ ʤʦʛʫ˂ʠʤ ʧʨʘʚʘʤʘ ʢʦʿʝ ʧʨʦʣʘʟʝ ʢʨʦʟ ˁʫ, ʘ ʜʝʬʠʥʠʩʘʥʘ ʿʝ ʩʘ ʿʝʜʥʘʯʠʥʦʤ 

4.32. ʋ ʢʦʥʢʨʝʪʥʦʤ  ʩʣʫʯʘʿʫ, ʚʨʝʜʥʦʩʪʠ i ʠ ʿ ʩʫ ʧʦʟʥʘʪʝ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ 

ʠʟʨʘʯʫʥʘʪʠ ʚʨʝʜʥʦʩʪʠ r, ʟʘ ʩʚʘʢʫ ʤʦʛʫ˂ʫ ʚʨʝʜʥʦʩʪ .‫ 

¶ ʅʘ ʢʨʘʿʫ ʿʝ ʥʝʦʧʭʦʜʥʦ ʧʨʝʪʨʘʞʠʪʠ Hough ʧʨʦʩʪʦʨ ʠ ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ ʩʚʝ ʪʘʯʢʝ (r,‫  

ʢʦʿʝ ʩʫ ʚʝ˂ʝ ʦʜ ʩʫʩʝʜʥʠʭ ˂ʝʣʠʿʘ ʠ ʧʨʝʣʘʟʝ ʫʥʘʧʨʝʜ ʟʘʜʘʪʠ ʧʨʘʛ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʜʘ ʪʝ ʪʘʯʢʝ 

ʧʨʠʧʘʜʘʿʫ ʠʩʪʦʿ ʣʠʥʠʿʠ.  

Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʠ ʢʘʜʘ ʿʝ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪʦ ʜʘ ˂ʝ ʨʝʬʣʝʢʩʠʿʘ 

ʠʤʘʪʠ ʦʙʣʠʢ ʧʨʘʚʝ ʣʠʥʠʿʝ, ʢʘʦ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʩʝ ʨʘʜʠ ʦ ʧʨʘ˂ʝˁʫ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʜ 

ʩʢʝʥʝʨʘ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʢʚʘʣʠʪʝʪʘ ʚʘʨʝˁʘ. 

ʋ ʧʨʘʢʩʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʦʚʘʿ ʘʣʛʦʨʠʪʘʤ ʢʦʨʠʩʪʠ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʥʝʢʠʤ ʦʜ ʜʦʙʨʦ 

ʧʦʟʥʘʪʠʭ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠʚʠʮʘ ʩʣʠʢʝ. ʅʘ ʩʣʠʮʠ 37ʘ. ʜʘʪ ʿʝ ʧʨʠʢʘʟ ʦʨʠʛʠʥʘʣʥʝ ʩʣʠʢʝ 

ʫʭʚʘ˂ʝʥʝ ʢʘʤʝʨʦʤ ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ. ʅʘ ʩʣʠʮʠ 37ʙ. ʜʘʪ ʿʝ ʨʝʟʫʣʪʘʪ Canny ʬʠʣʪʨʘ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʠʚʠʮʘ ʦʨʠʛʠʥʘʣʥʝ ʩʣʠʢʝ, ʜʦʢ ʿʝ ʥʘ ʩʣʠʮʠ 37ʮ. ʜʘʪ ʧʨʠʢʘʟ Hough ʘʣʛʦʨʠʪʤʘ ʟʘ ʠʩʪʫ ʩʣʠʢʫ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʫ MATLAB -ʫ. ʂʨʘʿˁʠ ʨʝʟʫʣʪʘʪ ʘʣʛʦʨʠʪʤʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 37ʜ, ʛʜʝ ʩʫ ʩʘ 

ʞʫʪʠʤ ʟʥʘʢʦʤ x ʦʟʥʘʯʝʥʠ ʜʝʪʝʢʪʦʚʘʥʠ ʧʦʯʝʮʠ ʣʠʥʠʿʝ, ʩʘ ʟʝʣʝʥʦʤ ʙʦʿʦʤ ʿʝ ʜʘʪʘ ʜʝʪʝʢʪʦʚʘʥʘ 

ʣʠʥʠʿʘ ʥʘ ʩʣʠʮʠ ʜʦʢ ʩʫ ʩʘ ʮʨʚʝʥʠʤ ʟʥʘʢʦʤ x ʦʟʥʘʯʝʥʠ ʢʨʘʿʝʚʠ ʜʝʪʝʢʪʦʚʘʥʠʭ ʣʠʥʠʿʘ.  

ʇʨʦʙʣʝʤ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʦʚʘʢʚʦʛ ʘʣʛʦʨʠʪʤʘ ʿʝ ʚʝʣʠʢʠ ʙʨʦʿ ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ, ʢʘʦ ʠ 

ʯʠˁʝʥʠʮʘ ʜʘ ʛʘ ʿʝ ʪʝʰʢʦ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʢʘʦ ʧʨʦʮʝʩʠʨʘˁʝ ʩʠʛʥʘʣʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. 

ʉʠʛʫʨʥʦ ʿʝ ʜʘ ʙʠ ʫ ʧʨʘʢʩʠ ʙʠʣʦ ʥʝʦʧʭʦʜʥʦ ʢʦʨʠʩʪʠʪʠ ʥʝʢʠ ʦʜ ʬʠʣʪʘʨʘ ʟʘ ʫʩʨʝʜˁʘʚʘˁʝ ʰʫʤʘ 

ʧʦʨʝʜ ʥʝʢʠʭ ʦʜ ʩʪʘʥʜʘʨʜʥʠʭ ʬʠʣʪʘʨʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠʚʠʯʥʠʭ ʧʠʢʩʝʣʘ. ʌʠʥʘʣʥʠ ʨʝʟʫʣʪʘʪ 

ʜʝʪʝʢʮʠʿʝ ʿʝ ʤʦʛʫ˂ʝ ʨʘʯʫʥʘʪʠ ʪʝʢ ʢʘʜʘ ʩʫ ʩʚʠ ʧʠʢʩʝʣʠ ʩʣʠʢʝ ʠʣʠ ROI ʠʟʨʘʯʫʥʘʪʠ, ʰʪʦ 

ʠʤʧʣʠʮʠʨʘ ʜʘ ʙʠ ʤʝʹʫ-ʨʝʟʫʣʪʘʪʠ ʧʨʦʨʘʯʫʥʘ ʤʦʨʘʣʠ ʙʠʪʠ ʩʤʝʰʪʝʥʠ ʫ ʤʝʤʦʨʠʿʫ 

(ʥʘʿʚʝʨʦʚʘʪʥʠʿʝ DDR ʤʝʤʦʨʠʿʫ) ʪʝ ʙʠ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ˁʝʥʘ ʙʨʟʠʥʘ ʙʠʣʘ ʫʩʢʦ ʛʨʣʦ ʩʠʩʪʝʤʘ. ʉʘ 

ʜʨʫʛʝ ʩʪʨʘʥʝ ʩʚʘʢʘ ʧʦʪʨʝʙʘ ʜʘ ʩʝ ʧʦʜʘʮʠ ʩʥʠʤʘʿʫ ʫ ʤʝʤʦʨʠʿʫ ʢʘʢʦ ʙʠ ʩʝ ʜʦʥʝʣʘ ʢʦʥʘʯʥʘ ʦʜʣʫʢʘ 

ʦ ʧʦʟʠʮʠʿʠ ʨʝʬʣʝʢʩʠʿʝ ʜʦʚʦʜʝ ʜʦ ʢʘʰˁʝˁʘ ʧʦʜʘʪʘʢʘ. ʀʜʝʘʣʘʥ ʧʨʠʩʪʫʧ ʦʙʨʘʜʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʦʜʤʘʭ ʥʘʢʦʥ ʧʨʠʿʝʤʘ ʜʝʣʘ ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʩʝ ʨʝʬʣʝʢʩʠʿʘ ʥʘʣʘʟʠ ʤʦʞʝ 

ʩʝ ʜʦʥʝʪʠ ʦʜʣʫʢʘ ʦ ʧʦʟʠʮʠʿʠ. 
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ʉʣʠʢʘ 37. (ʘ) ʆʨʠʛʠʥʘʣʥʘ ʩʣʠʢʘ ʩʘ ʢʘʤʝʨʝ ʣʘʩʝʨʩʢʦʛ ʩʢʝʥʝʨʘ. (ʙ) Canny ʬʠʣʪʝʨ ʦʨʠʛʠʥʘʣʥʝ 

ʩʣʠʢʝ (ʮ) Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʩʣʠʢʝ. (ʜ) ʈʝʟʫʣʪʘʪ ʜʝʪʝʢʮʠʿʝ ʣʠʥʠʿʘ ʦʨʠʛʠʥʘʣʥʝ ʩʣʠʢʝ.  

ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʤʦʞʝ ʧʨʦʥʘ˂ʠ ʜʘ Hough ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʥʠʿʝ ʜʦʚʦˀʥʘ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʠʚʠʮʝ ʫ ʧʨʘʢʩʠ. ʆʚʘʿ ʤʝʪʦʜ ʤʦʞʝ ʜʘʪʠ ʤʥʦʛʦ ʣʘʞʥʠʭ ʣʠʥʠʿʘ ʢʘʜʘ ʩʝ ʜʝʪʝʢʪʫʿʝ ʩʘʤʦ ʿʝʜʥʘ ʠʚʠʮʘ 

ʥʘ ʩʣʠʮʠ [97]. 

 

4.5.2. ɼʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ 

 

ʋ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʨʝʬʣʝʢʩʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʠʿʝ ʥʦʨʤʘʣʥʘ ʥʘ ʧʨʘʚʘʮ ʧʨʝʪʨʘʛʝ ʠʣʠ 

ʢʘʜʘ ʩʢʝʥʠʨʘʥʠ ʦʙʿʝʢʘʪ ʠʤʘ ʦʰʪʨʝ ʠʚʠʮʝ ʠʟʚʝʩʥʦ ʿʝ ʜʘ ˂ʝ ʜʦ˂ʠ ʜʦ ʛʨʝʰʢʝ ʫ ʝʩʪʠʤʘʮʠʿʠ 

ʧʦʟʠʮʠʿʝ, ʿʝʨ ʠʟʦʩʪʘʿʝ ʦʯʝʢʠʚʘʥʠ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʨʝʬʣʝʢʩʠʿʝ. ɿʘʥʠʤˀʠʚʦ je ʧʦʩʤʘʪʨʘʪʠ ʢʘʢʦ ʩʝ 

ʧʦʥʘʰʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʢʘʜʘ ʩʝ ʫ ʦʙʟʠʨ ʫʟʠʤʘʿʫ ʥʝ ʩʘʤʦ ʧʠʢʩʝʣʠ ʠʟ ʿʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ, 

ʚʝ˂ ʢʘʜʘ ʩʝ ʧʦʩʤʘʪʨʘʿʫ ʠ ʦʢʦʣʥʠ ʧʠʢʩʝʣʠ ʟʘʿʝʜʥʦ ʩʘ ʝʩʪʠʤʠʨʘʥʠʤ ʥʦʨʤʘʣʥʠʤ ʠ ʪʘʥʛʝʥʮʠʿʘʣʥʠʤ 
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ʚʝʢʪʦʨʠʤʘ ʩʚʘʢʦʛ ʧʠʢʩʝʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʘʮ ʨʝʬʣʝʢʩʠʿʝ. ʂʦʥʮʝʧʪ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ 

ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 38.  

 

ʉʣʠʢʘ 38. ʇʘʨʘʤʝʪʨʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ 

ʧʨʠʤʝˁʝʥʦʛ ʟʘ ʜʝʪʝʢʮʠʿʫ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ʇʨʠʣʘʛʦʹʝʥʦ ʠʟ ʨʘʜʘ [98] 

ʅʘ ʩʣʠʮʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʪʘʯʢʘʤʘ ʧʠʢʩʝʣʠ ʢʦʿʠ ʩʫ ʚʝ˂ʠ ʦʜ ʧʨʝʜʝʬʠʥʠʩʘʥʦʛ ʧʨʘʛʘ ʊ0. Cp ʿʝ 

ʮʝʥʪʨʘʣʥʘ ʢʦʦʨʜʠʥʘʪʘ ʢʦʣʦʥʝ ʿ  ʩʣʠʢʝ. n  ʿʠ t  ʿʩʫ ʥʦʨʤʘʣʥʠ ʠ ʪʘʥʛʝʥʮʠʦʥʘʣʥʠ ʚʝʢʪʦʨʠ ʪʘʯʢʝ Cp ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʫ Fp ʢʦʿʘ ʧʨʦʣʘʟʠ ʢʨʦʟ Cp (ʜʘʪʘ ʥʘ ʩʣʠʮʠ 38. ʮʨʚʝʥʦʤ ʙʦʿʦʤ) ʠ ʢʦʿʘ ʿʝ 

ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʘ ʚʝʢʪʦʨʦʤ t  ʿʠ ʜʘʪʘ ʿʝ ʩʘ ʘx + by + c = 0. ʅʦʚʝ ʢʦʦʨʜʠʥʘʪʝ Cp, ʦʟʥʘʯʝʥʝ ʩʘ ὅ ʩʫ 

ʠʟʨʘʯʫʥʘʪʝ ʥʘ ʦʩʥʦʚʫ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫʥʫʪʘʨ ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʜʫʞʠʥʝ 

ʩʪʨʘʥʠʮʝ w  ʿʠ l  ʿʯʠʿʘ ʩʫ ʪʝʤʝʥʘ Dʿ,1, Dʿ,2, Dʿ,3 ʠ Dʿ,4. ɸʫʪʦʨʠ ʧʨʝʜʣʘʞʫ ʜʘ ʩʝ ʩʣʠʢʘ ʠʟʜʝʣʠ ʥʘ 

ʩʝʢʮʠʿʝ ʫ ʢʦʿʠʤʘ ʩʝ ʥʘ ʦʩʥʦʚʫ ʘʣʛʦʨʠʪʤʘ ʧʦʢʨʝʪʥʦʛ ʧʨʦʟʦʨʘ ʤʠʥʠʤʘʣʥʦʛ ʢʚʘʜʨʘʪʥʦʛ ʨʘʩʪʦʿʘˁʘ 

ʦʜʨʝʜʠ ʚʨʝʜʥʦʩʪ ʥʦʨʤʘʣʥʦʛ ʠ ʪʘʥʛʝʥʮʠʿʘʣʥʦʛ ʚʝʢʪʦʨʘ, ʦʜʥʦʩʥʦ a, b ʠ c ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ 

ʜʝʬʠʥʠʰʫ Fp ʠ ʜʘ ʩʝ ʟʘ ʩʚʝ ʪʘʯʢʝ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʫʥʫʪʘʨ ʧʨʘʚʦʫʛʘʦʥʠʢʘ ʦʜʨʝʜʠ ʨʘʩʪʦʿʘˁʝ dʢ, 

ʜʘʪʦ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ:  

Ὠ ίὭὫὲẗ
ȿὥẗὮ ὦẗὭ ὧȿ

Ѝὥ ὦ
 (4.33) 

ɸʢʦ ʿʝ ʧʠʢʩʝʣ ʠʟʥʘʜ Fp ʧʨʘʚʝ, ʦʥʜʘ ʿʝ ʟʥʘʢ ʧʦʟʠʪʠʚʘʥ ʫ ʿʝʜʥʘʯʠʥʠ, ʫ ʩʫʧʨʦʪʥʦʤ ʟʥʘʢ ʿʝ 

ʥʝʛʘʪʠʚʘʥ. ɱʝʜʥʘʯʠʥʘ ʢʦʿʦʤ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʥʦʚʘ ʤʦʜʠʬʠʢʦʚʘʥʘ ʫʜʘˀʝʥʦʩʪ ʫ ʥʦʨʤʘʣʥʦʤ 

ʩʤʝʨʫ (dp) ʿʝ ʜʘʪʘ ʩʘ: 

Ὠ
В ὨϽὍὭȟὮ

В ὍὭȟὮ
 (4.34) 

ʛʜʝ ʿʝ ʩʘ In ʦʟʥʘʯʝʥ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ, ʘ ʂ ʿʝ ʙʨʦʿ ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ ʧʦʩʤʘʪʨʘʥʦʤ 

ʧʨʘʚʦʫʛʘʦʥʦʤ ʧʨʦʟʦʨʫ ʧʠʢʩʝʣʘ.  
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ʅʦʚʘ ʚʨʝʜʥʦʩʪ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ὅ (ʥʘ ʩʣʠʮʠ 38, ʜʘʪʘ ʿʝ ʟʝʣʝʥʦʤ ʙʦʿʦʤ) ʤʦʞʝ ʩʝ 

ʠʟʨʘʯʫʥʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ:  

ὅ ὼȟώ  
ὼ ὼ ὨϽίὭὲ—

ώ ώ ὨϽὧέί—
 (4.35) 

ʛʜʝ ʿʝ ʩʘ — ʦʟʥʘʯʝʥ ʫʛʘʦ ʠʟʤʝʹʫ t  ʿ(Fp ʧʨʘʚʝ) ʠ X ʦʩʝ, ʘ xpô ʠ ypô ʩʫ ʥʦʚʝ ʢʦʦʨʜʠʥʘʪʝ ʪʘʯʢʝ Cp. 

ʇʨʝʜʣʦʞʝʥʠ ʘʣʛʦʨʠʪʘʤ ʘʫʪʦʨʠ ʩʫ ʧʦʢʨʝʥʫʣʠ ʥʘ PC ʨʘʯʫʥʘʨʫ ʥʘ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ Intel i5-

3470 ʧʨʦʮʝʩʦʨ ʙʨʟʠʥʝ 3.2GHz, ʫʧʘʨʝʥ ʩʘ 4GB RAM ʤʝʤʦʨʠʿʝ. ɸʣʘʪ ʢʦʿʠ ʩʫ ʘʫʪʦʨʠ ʢʦʨʠʩʪʠʣʠ 

ʟʘ ʦʙʨʘʜʫ ʩʣʠʢʝ ʿʝ MATLAB R2012b. ʈʝʟʦʣʫʮʠʿʘ ʧʦʩʤʘʪʨʘʥʝ ʪʝʩʪ ʩʣʠʢʝ ʿʝ 500 × 250 ʧʠʢʩʝʣʘ. 

ɿʘ ʩʚʘʢʫ ʩʣʠʢʫ, ʧʨʦʛʨʘʤ ʟʘ ʝʩʪʠʤʠʨʘʝˁ ʧʦʟʠʮʠʿʝ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʧʦʢʨʝʥʫʪ 10 ʧʫʪʘ ʠ 

ʩʨʝʜˁʝ ʚʨʝʤʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʤʝʪʦʜʝ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʪʘʙʝʣʠ 5. [98]: 

ʊʘʙʝʣʘ 5. ʋʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ʚʨʝʤʝʥʘ ʠʟʚʨʰʘʚʘˁʘ Steger, ʮʝʥʪʘʨ ʤʘʩʝ ʠ ʘʣʛʦʨʠʪʤʘ 

ʧʦʙʦˀʰʘʥʦʛ ʮʝʥʪʨʘ ʤʘʩʝ ʟʘ ʩʣʠʢʫ ʨʝʟʦʣʫʮʠʿʝ 500 × 250 ʧʠʢʩʝʣʘ, ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʦʙʣʠʮʠʤʘ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ 

ʊʝʩʪ ʩʣʠʢʘ 
ɺʨʝʤʝ ʠʟʚʨʰʝˁʘ ʘʣʛʦʨʠʪʤʘ [ms] 

Steger ʎʝʥʪʘʨ ʤʘʩʝ ʋʥʘʧʨʝʹʝʥʠ ʮʝʥʪʘʨ ʤʘʩʝ 

ʉʣʠʢʘ 1 2806 6 91 

ʉʣʠʢʘ 2 2811 6 89 

ʉʣʠʢʘ 3 2802 5 95 

ʉʣʠʢʘ 4 2819 6 96 

ʀʟ ʪʘʙʝʣʝ 5. ʤʦʛʫ˂ʝ ʿʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʥʘʿʙʨʞʝ ʠʟʚʨʰʘʚʘ, ʜʦʢ 

ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ Steger ʘʣʛʦʨʠʪʘʤ ʟʙʦʛ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʪʨʝʙʘ ʥʘʿʚʠʰʝ ʚʨʝʤʝʥʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ 

ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ.  

ʂʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʦʜʨʝʹʠʚʘˁʝ ʧʨʝʜʝʬʠʥʠʩʘʥʦʛ ʧʨʘʛʘ ʊ0 ʥʘ ʦʩʥʦʚʫ ʢʦʿʝʛ ʿʝ ʨʘʹʝʥʘ 

ʜʝʪʝʢʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʟʘʜʠʥʫ ʩʣʠʢʝ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʆʪʩʫ ʘʣʛʦʨʠʪʘʤ. ʆʚʘ 

ʤʝʪʦʜʘ ʩʝ ʜʦʩʪʘ ʢʦʨʠʩʪʠ ʫ ʤʘʰʠʥʩʢʦʿ ʚʠʟʠʿʠ ʟʘ ʩʝʛʤʝʥʪʠʨʘˁʘ ʩʣʠʢʝ. ɸʣʛʦʨʠʪʘʤ ʦʜʨʝʹʫʿʝ ʧʨʘʛ 

ʢʦʿʠ ʤʠʥʠʤʠʟʫʿʝ ʫʥʫʪʘʨ ʢʣʘʩʥʫ ʚʘʨʠʿʘʥʩʫ ‏, ʜʝʬʠʥʠʩʘʥʫ ʢʘʦ ʩʫʤʫ ʚʘʨʠʿʘʥʩʠ ʜʚʝ ʢʣʘʩʝ (ʫ 
ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ ʩʝ ʨʘʜʠ ʦ ʧʠʢʩʝʣʠʤʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʦʢʨʫʞʝˁʫ ʩʮʝʥʝ ʠ ʣʘʩʝʨʩʢʦʿ 

ʨʝʬʣʝʢʩʠʿʠ): 

‏ ὸ ‫ ὸ‏ ὸ ‫ ὸ‏ ὸ (4.36) 

ʛʜʝ ʩʫ ʩʘ ‫  ʠ ‫  ʜʘʪʝ ʚʝʨʦʚʘʪʥʦ˂ʝ ʜʚʝ ʢʣʘʩʝ ʨʘʟʜʚʦʿʝʥʝ ʩʘ ʧʨʘʛʦʤ t. ʉʘ ‏ ʠ ‏ ʩʫ ʜʘʪʝ 

ʚʘʨʠʿʘʥʩʝ ʦʚʝ ʜʚʝ ʢʣʘʩʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʜʦʙʠʿʘ ʚʨʝʜʥʦʩʪ ʧʨʘʛʘ ʊ0 ʠ ʩʣʠʢʘ ʜʝʣʠ ʥʘ ʧʠʢʩʝʣʝ ʢʦʿʠ 

ʧʨʠʧʘʜʘʿʫ ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ ʠ ʧʠʩʢʝʣʝ ʧʦʟʘʜʠʥʝ. ʋ ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ MATLAB, ʬʫʥʢʮʠʿʘ 

graythresh(n) ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʥʘ ʦʩʥʦʚʫ ʆʪʩʫ ʘʣʛʦʨʠʪʤʘ ʠ ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʫ 

ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʬʫʥʢʮʠʿʘʤʘ ʢʦʿʝ ʨʘʜʝ ʙʠʥʘʨʠʟʘʮʠʿʫ ʩʣʠʢʝ [99]. ʆʩʠʤ ʦʜʨʝʹʠʚʘˁʘ ʧʨʘʛʘ  

ʿʝʜʥʦʩʪʘʚʥʝ ʙʠʥʘʨʠʟʘʮʠʿʝ ʩʣʠʢʝ, ʦʚʘʿ ʘʣʛʦʨʠʪʘʤ ʩʝ ʤʦʞʝ ʧʨʦʰʠʨʠʪʠ ʥʘ n-ʜʠʤʝʥʟʠʦʥʘʣʥʫ 

ʩʝʛʤʝʥʪʘʮʠʿʫ, ʦʜʥʦʩʥʦ ʩʣʠʢʘ ʩʝ ʤʦʞʝ ʧʦʜʝʣʠʪʠ ʥʘ ʚʝ˂ʠ ʙʨʦʿ ʩʝʛʤʝʥʘʪʘ ʫʧʦʪʨʝʙʦʤ ʚʠʰʝ 

ʠʟʨʘʯʫʥʘʪʠʭ ʧʨʘʛʦʚʘ ʧʦʜʝʣʝ.  

ɸʫʪʦʨʠ [100] ʢʦʨʠʩʪʝ ʜʦʜʘʪʥʦ ʬʠʣʪʨʠʨʘˁʝ ʩʣʠʢʝ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʤ ʬʠʣʪʨʦʤ 

ʧʨʦʧʫʩʥʠʢʘ ʥʠʩʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʚʝʣʠʯʠʥʝ 3 × 3, ʢʘʢʦ ʙʠ ʩʤʘˁʠʣʠ ʝʬʝʢʪʝ ʰʫʤʘ. ʌʠʣʪʘʨ ʿʝ 

ʦʧʠʩʘʥ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 
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ὍὭȟὮ  Ὧ ὪὭȟὮ Ὧ ὪὭȟὮ ρ ὪὭȟὮ ρ
 Ὧ ὪὭȟὮ ς ὪὭȟὮ ς  ȠὮ ὅ Ὧȟȣȟὅ Ὧ 

(4.37) 

ʋʧʦʪʨʝʙʘ ʆʪʩʫ ʘʣʛʦʨʠʪʤʘ ʠʤʘ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ ʦʙʨʘʜʠ ʩʣʠʢʝ, ʘʣʠ ʟʘ ˁʝʛʦʚʦ ʨʘʯʫʥʘˁʝ 

ʿʝ ʧʦʪʨʝʙʥʦ ʢʦʨʠʩʪʠʪʠ ʚʝʣʠʢʠ ʙʨʦʿ ʧʠʢʩʝʣʘ (ʧʦʪʨʝʙʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʭʠʩʪʦʛʨʘʤ ʩʣʠʢʝ), ʰʪʦ ʫ 

ʥʝʢʠʤ ʦʜ ʘʧʣʠʢʘʮʠʿʘ ʢʦʿʝ ʨʘʜʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʧʨʦʙʣʝʤ.  

ɼʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʤʦʞʝ ʙʠʪʠ ʟʘʥʠʤˀʠʚ ʟʘ ʧʨʘʢʪʠʯʥʫ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʫʢʦʣʠʢʦ ʩʝ ʧʦʿʝʜʥʦʩʪʘʚʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʠʢʩʝʣʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ 

ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ, ʦʜʥʦʩʥʦ ʘʢʦ ʩʝ ʠʟʙʘʮʠ ʜʝʪʝʢʮʠʿʘ ʫʧʦʪʨʝʙʦʤ ʆʪʩʫ ʘʣʛʦʨʠʪʤʘ. ɼʘ ʙʠ ʩʝ 

ʦʜʨʝʜʠʦ ʧʨʘʛ ʥʘ ʦʩʥʦʚʫ ʢʦʿʝʛ ʩʝ ʦʜʨʝʹʫʿʝ ʢʦʿʠ ʧʠʢʩʝʣʠ ʧʨʠʧʘʜʘʿʫ ʨʝʬʣʝʢʩʠʿʠ, ʘ ʢʦʿʠ ʩʫ ʩʘʤʦ 

ʧʦʟʘʜʠʥʩʢʠ ʰʫʤ ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʩʝ ʦʜʨʘʜʠ ʘʥʘʣʠʟʘ ʮʝʣʝ ʩʣʠʢʝ, ʠʟʨʘʯʫʥʘʿʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠ 

ʧʘʨʘʤʝʪʨʠ, ʘ ʦʥʜʘ ʥʘ ʢʨʘʿʫ ʧʦʥʦʚʦ ʧʨʦʯʠʪʘʿʫ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʠʟ ʤʝʤʦʨʠʿʝ ʠ ʠʟʨʘʯʫʥʘʿʫ 

ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʘ. ʄʝʹʫʪʠʤ, ʠ ʧʦʨʝʜ ʪʦʛʘ, ʫ ʿʝʜʥʘʯʠʥʘʤʘ ʢʦʿʝ ʦʧʠʩʫʿʫ ʘʣʛʦʨʠʪʘʤ ʩʝ ʢʦʨʠʩʪʝ 

ʦʧʝʨʘʮʠʿʝ ʜʝˀʝˁʘ, ʢʦʨʝʥʦʚʘˁʘ, ʢʘʦ ʠ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʝ ʬʫʥʢʮʠʿʝ ʪʝ ʙʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 

ʦʚʘʢʚʦʛ ʘʣʛʦʨʠʪʤʘ ʩʠʛʫʨʥʦ ʙʠʣʘ ʨʘʯʫʥʩʢʠ ʟʘʭʪʝʚʥʘ. ʊʘʢʦʹʝ, ʧʦʰʪʦ ʩʝ ʨʘʜʠ ʦ 

ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʘʣʛʦʨʠʪʤʫ, ʥʝʢʠ ʚʠʜ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʩʘ ʧʦʤʝʨʘʯʢʠʤ ʧʨʦʟʦʨʠʤʘ ʿʝ 

ʥʝʦʧʭʦʜʘʥ, ʰʪʦ ʦʧʝʪ ʟʥʘʯʠ ʚʝ˂ʫ ʢʦʣʠʯʠʥʫ ʥʝʦʧʭʦʜʥʝ ʤʝʤʦʨʠʿʝ.  

 

 

4.5.3. Steger ʘʣʛʦʨʠʪʘʤ  

 

 

ɼʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʠ 

ʟʘʩʣʫʞʫʿʝ ʧʦʩʝʙʥʫ ʧʘʞˁʫ ʿʝ ʩʠʛʫʨʥʦ Steger ʘʣʛʦʨʠʪʘʤ. ɸʣʛʦʨʠʪʘʤ ʿʝ ʦʨʠʛʠʥʘʣʥʦ ʨʘʟʚʠʿʝʥ ʟʘ 

ʘʥʘʣʠʟʫ ʤʝʜʠʮʠʥʩʢʠʭ ʠ ʘʝʨʦ ʩʥʠʤʘʢʘ, ʘʣʠ ʿʝ ʠʩʪʦ ʪʘʢʦ ʿʝʜʘʥ ʦʜ ʚʨʣʦ ʯʝʩʪʦ ʢʦʨʠʰ˂ʝʥʠʭ ʤʝʪʦʜʘ 

ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʘʥʘʣʠʟʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ʧʨʝ ʩʚʝʛʘ ʟʘʭʚʘˀʫʿʫ˂ʠ ʩʚʦʿʦʿ ʨʦʙʫʩʥʦʩʪʠ ʠ 

ʪʘʯʥʦʩʪʠ [101] [102] [103] [104] [105] [106] [107]. ʀʜʝʿʘ ʦʚʦʛ ʘʣʛʦʨʠʪʤʘ ʿʝ ʙʠʣʘ ʜʘ ʩʝ ʥʘ 

ʤʝʜʠʮʠʥʩʢʠʤ ʩʣʠʢʘʤʘ ʜʝʪʝʢʪʫʿʫ ʢʨʚʥʠ ʩʫʜʦʚʠ. ʊʘʢʦʹʝ, ʠʩʪʠ ʘʣʛʦʨʠʪʘʤ ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ 

ʜʝʪʝʢʮʠʿʫ ʧʫʪʝʚʘ ʥʘ ʘʝʨʦ (ʠʣʠ ʩʘʪʝʣʠʪʩʢʠʤ) ʩʥʠʤʮʠʤʘ.   

ʂʘʜʘ ʩʝ ʨʘʜʠ ʦ ʧʨʦʬʠʣʥʠʤ ʣʘʩʝʨʩʢʠʤ ʩʢʝʥʝʨʠʤʘ, ʘʣʛʦʨʠʪʘʤ ʧʦʣʘʟʠ ʦʜ ʯʠˁʝʥʠʮʝ ʜʘ 

ʩʚʘʢʘ ʣʠʥʠʿʘ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʥʘ ʩʣʠʮʠ ʠʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʧʨʦʬʠʣ, ʪʘʢʦ ʜʘ Steger ʤʝʪʦʜ ʧʦʣʘʟʠ 

ʦʜ ʜʝʬʠʥʠʮʠʿʝ ɻʘʫʩʦʚʦʛ ʦʙʣʠʢʘ ʣʠʥʠʿʝ ʢʘʦ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʩʠʛʥʘʣʘ. ʂʘʢʦ ʙʠ ʩʝ 

ʜʝʪʝʢʪʦʚʘʣʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ, ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʥʘ ʩʣʠʮʠ ʥʝʤʘ ʰʫʤʘ, ʜʦʚʦˀʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʧʨʚʠ 

ʠʟʚʦʜ ʠ ʤʝʩʪʦ ʛʜʝ ʿʝ ʧʨʚʠ ʠʟʚʦʜ ʿʝʜʥʘʢ ʥʫʣʠ. ɸʣʛʦʨʠʪʘʤ ʫʚʦʜʠ ʧʦʿʘʤ ʛʣʘʚʥʠʭ ʣʠʥʠʿʘ ʥʘ ʩʣʠʮʠ, 

ʢʦʿʝ ʩʝ ʤʦʛʫ ʜʦʜʘʪʥʦ ʨʘʟʣʠʢʦʚʘʪʠ ʦʜ ʦʥʠʭ ʢʦʿʝ ʩʫ ʜʝʪʝʢʪʦʚʘʥʝ ʧʨʚʠʤ ʠʟʚʦʜʦʤ, ʪʘʢʦ hʪʦ ʩʝ 

ʜʦʜʘʪʥʦ ʧʦʩʤʘʪʨʘ ʜʨʫʛʠ ʠʟʚʦʜ ʠ ˁʝʛʦʚʘ ʚʨʝʜʥʦʩʪ ʫ ʠʩʪʦʿ ʪʘʯʢʠ. ʉʚʝʪʣʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ ʢʦʿʝ 

ʩʝ ʥʘʣʘʟʝ ʥʘ ʪʘʤʥʦʿ ʧʦʟʘʜʠʥʠ ˂ʝ ʠʤʘʪʠ ʜʨʫʛʠ ʠʟʚʦʜ ʟʥʘʯʘʿʥʦ ʤʘˁʠ ʦʜ ʥʫʣʝ, ʜʦʢ ʝ˂ ʪʘʤʥʝ ʣʠʥʠʿʝ 

ʥʘ ʩʚʝʪʣʦʿ ʧʦʟʘʜʠʥʠ ʠʤʘʪʠ ʚʨʝʜʥʦʩʪ ʜʨʫʛʦʛ ʠʟʚʦʜʘ ʤʥʦʛʦ ʚʝ˂ʫ ʦʜ ʥʫʣʝ.  

ʉʣʠʢʝ ʜʦʙʠʿʝʥʝ ʩʘ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ ˂ʝ ʩʘʜʨʞʘʪʠ ʠ ʟʥʘʯʘʿʥʫ ʢʦʣʠʯʠʥʫ ʰʫʤʘ, ʪʝ 

ʧʨʝʜʣʦʞʝʥʠ ʤʝʪʦʜ ʩʠʛʫʨʥʦ ʥʠʿʝ ʜʦʚʦˀʘʥ ʧʘ ʿʝ ʩʣʠʢʫ ʧʦʪʨʝʙʥʦ ʬʠʣʪʨʠʨʘʪʠ ʢʦʥʚʦʣʫʮʠʿʦʤ 

ʠʟʚʦʜʘ ɻʘʫʩʦʚʦʛ ʬʠʣʪʨʘ (Ὣ ὼ . ʊʦʢʦʤ ʝʢʩʪʨʘʢʮʠʿʝ ʮʝʥʪʨʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ʩʚʠ ʧʠʢʩʝʣʠ ʩʣʠʢʝ 

ʩʝ ʢʦʥʚʦʣʫʠʨʘʿʫ ʩʘ ɻʘʫʩʦʚʠʤ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʤ ʬʠʣʪʨʠʤʘ ʢʦʿʠ ʨʘʯʫʥʘʿʫ ʧʨʚʠ ʠ ʜʨʫʛʠ ʠʟʚʦʜ 

ʩʣʠʢʝ ʫ ʭʦʨʠʟʦʥʪʘʣʥʦʤ ʠ ʚʝʨʪʠʢʘʣʥʦʤ ʧʨʘʚʮʫ. ʇʨʚʠ ʠʟʚʦʜ ɻʘʫʩʦʚʦʛ ʬʠʣʪʨʘ, ʫ ʦʜʥʦʩʫ ʥʘ ὼ, 
Ὃ ὼȟώ ʠ ʜʨʫʛʠ ʠʟʚʦʜ ʫ ʦʜʥʦʩʫ ʥʘ ώȟ Ὃ ὼȟώ ʩʫ ʜʘʪʠ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ [108]:  
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Ὃ ὼȟώ
ρ

ς“„
ὼὩ

 
 (4.38) 

Ὃ ὼȟώ
ρ

ς“„
ώὩ

 
 (4.39) 

ʂʘʜʘ ʩʝ ʨʘʜʠ ʘʥʘʣʠʟʘ ʣʠʥʠʿʘ ʥʘ ʩʣʠʢʘʤʘ ʢʦʨʠʩʪʝ˂ʠ Steger ʤʝʪʦʜ, ʧʨʘʚʘʮ ʜʝʪʝʢʪʦʚʘʥʝ 

ʣʠʥʠʿʝ ʟʘ ʩʚʘʢʠ ʧʠʢʩʝʣ ʩʣʠʢʝ ʤʦʞʝ ʩʝ ʣʦʢʘʣʥʦ ʠʟʨʘʯʫʥʘʪʠ ʢʦʨʠʩʪʝ˂ʠ Hessian ʤʘʪʨʠʮʫ, ʢʦʿʘ ʿʝ 

ʜʝʬʠʥʠʩʘʥʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

Ὄὼȟώ   

ụ
Ụ
Ụ
Ụ
ợ
‬Ὣὼȟώ

‬ὼ

‬Ὣὼȟώ

‬ὼ‬ώ

‬Ὣὼȟώ

‬ώ‬ὼ

‬Ὣὼȟώ

‬ώ Ứ
ủ
ủ
ủ
Ủ

ἆὪὼȟώ
ὶ ὶ
ὶ ὶ  (4.40) 

ʛʜʝ ʿʝ ʩʘ ἆ ʦʟʥʘʯʝʥʘ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʢʦʥʚʦʣʫʮʠʿʘ. ʀʟ ʿʝʜʥʘʯʠʥʝ 4.40 ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ 

ʿʝ Hessian ʤʘʪʨʠʮʘ ʟʘʧʨʘʚʦ ʧʨʘʚʦʫʛʘʦʥʘ ʤʘʪʨʠʮʘ ʜʨʫʛʦʛ ʠʟʚʦʜʘ ʩʢʘʣʘʨʥʠʭ ʬʫʥʢʮʠʿʘ ʩʘ ʚʠʰʝ 

ʧʨʦʤʝʥˀʠʚʠʭ ʠ ʜʝʬʠʥʠʰʝ ʣʦʢʘʣʥʝ ʤʠʥʠʤʫʤʝ ʠ ʤʘʢʩʠʤʫʤʝ ʜʘʪʝ ʬʫʥʢʮʠʿʝ.   

ʋʢʦʣʠʢʦ ʿʝ ʨʝʟʦʣʫʮʠʿʘ ʩʣʠʢʝ ʜʘʪʘ ʩʘ ʄ × N ʠ ʩʘ ‫ὼȟώ ʬʠʣʪaʨ ʜʠʤʝʥʟʠʿʘ m × n, ʪʘʜʘ ʿʝ 

ʢʦʥʚʦʣʫʮʠʿʘ ʩʣʠʢʝ Ὢὼȟώ ʠ ʬʠʣʪʨʘ :‫ὼȟώ ʜʘʪʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ 

ὶ Ὢὼȟώ  Ὢὼ ίȟώ ὸ ‫ ίȟὸ  (4.41) 

ʛʜʝ ʿʝ ́ ȟὦ . ʉʘ ‫ὼȟώ ʿ ʝ ʟʘʧʨʘʚʦ ʦʟʥʘʯʝʥ ʥʝʢʠ ʦʜ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ɻʘʫʩʦʚʠʭ 

ʬʠʣʪʘʨʘ ʧʨʚʦʛ ʠʣʠ ʜʨʫʛʦʛ ʠʟʚʦʜʘ (ὋȟὋȟὋ ȟὋ ȟὋ ). 

Hessian ʤʘʪʨʠʮʘ ʩʝ ʨʘʯʫʥʘ ʢʦʥʚʦʣʫʮʠʿʦʤ ʧʠʢʩʝʣʘ ʩʣʠʢʝ ʩʘ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʤ 

ɻʘʫʩʦʚʠʤ ʧʘʨʮʠʿʘʣʥʠʤ ʠʟʚʦʜʠʤʘ ʢʦʿʠ ʩʫ ʜʝʬʠʥʠʩʘʥʠ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ [109]: 

Ὃ ὼȟώ
‬Ὣὼȟώ

‬ὼ

ρ

ς“„
ρ
ὼ

„
Ὡ
 

 (4.42) 

Ὃ ὼȟώ
‬Ὣὼȟώ

‬ώ

ρ

ς“„
ρ
ώ

„
Ὡ
 

 (4.43) 

Ὃ ὼȟώ
‬Ὣὼȟώ

‬ὼ‬ώ

ὼώ

ς“„
Ὡ  (4.44) 

ʋ ʧʨʝʪʭʦʜʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʩʘ „ ʿʝ ʜʘʪʘ ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ. 

ʅʦʨʤʘʣʘʥ ʧʨʘʚʘʮ ʩʚʘʢʦʛ ʧʠʢʩʝʣʘ, ʦʟʥʘʯʝʥ ʩʘ ὲȟ ὲ  ʦʜʨʝʹʫʿʝ ʩʝ ʥʘ ʦʩʥʦʚʫ ʩʦʧʩʪʚʝʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʠ ʩʦʧʩʪʚʝʥʠʭ ʚʝʢʪʦʨʘ Hessian ʤʘʪʨʠʮʝ. ʉʦʧʩʪʚʝʥʝ ʚʨʝʜʥʦʩʪʠ Hessian ʤʘʪʨʠʮʝ ʩʫ 

ʜʘʪʝ ʩʘ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ: 

‗
ὶ ὶ

ς

ὶ ὶ τὶ

ς
 

(4.45) 
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‗
ὶ ὶ

ς

ὶ ὶ τὶ

ς
 

‗ ÍÁØȿ‗ȿȟȿ‗ȿ 

ʉʦʧʩʪʚʝʥʠ ʚʝʢʪʦʨʠ Hessian ʤʘʪʨʠʮʝ ʩʫ ʜʘʪʠ ʩʘ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ:  

ὲ
ὶ

ὶ ὶ ‗
 

ὲ
‗ ὶ

ὶ ὶ ‗
 

(4.46) 

ʋ ʥʘʩʪʘʚʢʫ ʘʣʛʦʨʠʪʤʘ ʩʝ ʨʘʯʫʥʘ ʊʝʿʣʦʨʦʚ ʨʘʟʚʦʿ ʜʨʫʛʦʛ ʨʝʜʘ ʫ ʧʨʘʚʮʫ ὲȟ ὲ , ʧʘ ʿʝ 

ʢʦʥʘʯʥʘ ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʜʘʪʘ ʩʘ ʢʦʦʨʜʠʥʘʪʘʤʘ ὴȟὴ  ʩʣʝʜʝ˂ʠʤ 

ʿʝʜʥʘʢʦʩʪʠʤʘ: 

ὴȟὴ ὸὲ ὼȟὸὲ ώ (4.47) 

ɸʢʦ ʩʘ Ὢὸὲ ὼȟὸὲ ώ ʦʟʥʘʯʠʤʦ ʠʥʪʝʨʧʦʣʠʨʘʥʫ ʚʨʝʜʥʦʩʪ ʩʣʠʢʝ ʢʦʿʦʿ ʦʜʛʦʚʘʨʘ ʚʨʭ 

ʨʝʬʣʝʢʩʠʿʝ: 

Ὢὸὲ ὼȟὸὲ ώ Ὢὼȟώ ὸὲȟὸὲ
ὶ
ὶ

ρ

ς
ὸὲȟὸὲ

ὶ ὶ
ὶ ὶ

ὸὲ
ὸὲ  (4.48) 

ʠ ʫʢʦʣʠʢʦ ʧʫʩʪʠʤʦ ʜʘ ʧʨʚʠ ʠʟʚʦʜ ʜʘʪʝ ʬʫʥʢʮʠʿʝ ʙʫʜʝ ʿʝʜʥʘʢ ʥʫʣʠ ʧʦ t: 

‬Ὢὸὲ ὼȟὸὲ ώ

‬ὸ
π (4.49) 

ɼʦʙʠʿʘʤʦ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʝʩʪʠʤʠʨʘʥʝ ʧʦʟʠʮʠʿʝ ʚʨʭʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʨʠʩʪʝ˂ʠ Steger 

ʘʣʛʦʨʠʪʘʤ ʜʘʪʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὸ
ὲὶ ὲὶ

ὲὶ ςὲὲὶ ὲὶ
 (4.50) 

ʇʨʠ ʯʝʤʫ ʤʦʨʘ ʙʠʪʠ ʠʩʧʫˁʝʥ ʩʣʝʜʝ˂ʠ ʫʩʣʦʚ:  

ὸὲȟὸὲ ᶰ
ρ

ς
ȟ
ρ

ς

ρ

ς
ȟ
ρ

ς
 (4.51) 

ʂʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʚʨʝʜʥʦʩʪ ʝʩʪʠʤʠʨʘʥʝ ʧʦʟʠʮʠʿʝ, ʩʣʠʢʘ ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʩʝ ʤʦʨʘ 

ʬʠʣʪʨʠʨʘʪʠ ʩʘ 5 ʨʘʟʣʠʯʠʪʠʭ ʬʠʣʪʘʨʘ (ὶȟὶȟὶȟὶȟὶ ), ʘ ʪʨʝʙʘ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʠ ʜʘ ʿʝ ʟʘ 

ʬʠʥʘʣʥʠ ʨʝʟʫʣʪʘʪ ʨʘʯʫʥʘˁʘ ʧʦʪʨʝʙʥʘ ʦʧʝʨʘʮʠʿʘ ʜʝˀʝˁʘ. ʆʚʦ ʥʘʨʘʚʥʦ ʟʘʭʪʝʚʘ ʚʝʣʠʢʫ 

ʢʦʣʠʯʠʥʫ ʨʘʯʫʥʘʨʩʢʠʭ ʦʧʝʨʘʮʠʿʘ, ʢʘʦ ʠ ʚʝʣʠʢʦ ʚʨʝʤʝ ʦʙʨʘʜʝ ʩʣʠʢʝ. 

 ɿʘʥʠʤˀʠʚʦ ʿʝ ʧʦʩʤʘʪʨʘʪʠ ʠʩʢʦʨʠʰ˂ʝʥʦʩʪ FPGA ʣʦʛʠʯʢʠʭ ʨʝʩʫʨʩʘ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʘʣʛʦʨʠʪʤʝ ʢʦʿʠ ʩʝ ʙʘʚʝ ʜʝʪʝʢʮʠʿʦʤ ʠʚʠʮʘ ʥʘ ʩʣʠʮʠ. ʋ ʪʘʙʝʣʠ 6. ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʢʦʨʠʰ˂ʝʥʠʭ 

ʨʝʩʫʨʩʘ ʟʘ Sobel, Canny, ʦʨʠʛʠʥʘʣʘʥ Steger ʠ ʦʧʪʠʤʘʣʥʠ Steger ʟʘ FPGA ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. 

ʂʦʤʧʣʝʢʩʥʦʩʪ Steger ʘʣʛʦʨʠʪʤʘ ʿʝ ʜʘʣʝʢʦ ʚʝ˂ʘ ʦʜ Sobel ʠ Canny ʘʣʛʦʨʠʪʤʘ, ʪʝ ʿʝ ʟʙʦʛ ʪʦʛʘ 

ʧʦʪʨʝʙʥʦ ʚʠʰʝ ʨʝʩʫʨʩʘ ʟʘ ˁʝʛʦʚʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. ɺʨʝʤʝ ʦʙʨʘʜʝ ʩʣʠʢʝ, ʩʘ ʨʘʟʣʠʯʠʪʠʤ 
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ʨʝʟʦʣʫʮʠʿʘʤʘ, ʥʘ FPGA ʧʣʘʪʬʦʨʤʠ ʿʝ ʜʘʪʦ ʫ ʪʘʙʝʣʠ 7. ʈʝʟʫʣʪʘʪʠ ʠʟ ʪʘʙʝʣʘ 6 ʠ 7 ʩʫ ʧʨʝʫʟʝʪʠ ʠʟ 

[110]. ʊʘʢʦʹʝ, ʘʫʪʦʨʠ ʠʩʪʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʜʘʣʠ ʩʫ ʠ ʧʦʨʝʹʝˁʝ ʚʨʝʤʝʥʘ ʠʟʚʨʰʘʚʘˁʘ Steger 

ʘʣʛʦʨʠʪʤʘ ʥʘ PC ʨʘʯʫʥʘʨʫ ʠ FPGA ʧʣʘʪʬʦʨʤʠ (Virtex 5 LX330) ʟʘ ʩʣʠʢʫ ʨʝʟʦʣʫʮʠʿʝ 512 × 512 

ʧʠʢʩʝʣʘ. ʅʘ PC ʨʘʯʫʥʘʨʫ ʩʘ Intel Pentium Dual-core ɽ5400 ʧʨʦʮʝʩʦʨʫ, ʢʦʿʠ ʨʘʜʠ ʥʘ 2.7 GHz, 

ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ 609.1 ms ʟʘ ʦʙʨʘʜʫ ʩʣʠʢʝ. ʀʩʪʠ ʘʣʛʦʨʠʪʘʤ ʥʘ ʥʘʤʝʥʩʢʦʿ FPGA  ʧʣʘʪʬʦʨʤʠ, 

ʩʘ ʨʘʜʥʠʤ ʪʘʢʪʦʤ ʦʜ 100MHz, ʠʟʚʨʰʘʚʘʦ ʩʝ ʟʘ 2.62 ms, h ʪʦ ʿʝ ʧʦʙʦˀʰʘˁʝ ʦʜ 232 ʧʫʪʘ. ʊʨʝʙʘ 

ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʩʝ ʫ ʦʚʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʥʠʿʝ ʦʜʨʝʹʠʚʘʣʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʚʝ˂ 

ʩʘʤʦ ʠʚʠʮʝ ʢʦʿʝ ʦʜʨʝʹʫʿʫ ʧʦʯʝʪʘʢ ʠ ʢʨʘʿ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʣʠʮʠ. 

 

ʊʘʙʝʣʘ 6. ʀʩʢʦʨʠʰ˂ʝʥʦʩʪ FPGA ʨʝʩʫʨʩʘ ʠ ʚʨʝʤʝ ʠʟʚʨʰʘʚʘˁʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʘʣʛʦʨʠʪʤʝ 

ʜʝʪʝʢʮʠʿʝ ʣʠʥʠʿʝ 

FPGA ʨʝʩʫʨʩʠ Sobel Canny 
ʆʨʠʛʠʥʘʣʥʠ 

Steger 

ʆʧʪʠʤʘʣʥʠ 

Steger 

Slice registers 339 40640 14996 12276 

Slice LUTs 1927 82496 13684 12964 

DSP48Es 0 224 114 73 

ʄʝʤʦʨʠʿʘ (ʢb) 1303 16184 180 180 

 

ʊʘʙʝʣʘ 7. ɺʨʝʤʝ ʦʙʨʘʜʝ ʩʣʠʢʝ Steger ʤʝʪʦʜʦʤ ʟʘ ʨʘʟʣʠʯʠʪʝ ʨʝʟʦʣʫʮʠʿʝ ʥʘ FPGA ʧʣʘʪʬʦʨʤʠ 

Xilinx Virtex 5 LX330 

ʈʝʟʦʣʫʮʠʿʘ 
ɺʨʝʤʝ ʦʙʨʘʜʝ ʩʣʠʢʝ [us] 

ʐʠʨʠʥʘ = 128 512 1024 2048 

ɺʠʩʠʥʘ = 128 164 655 1320 2620 

512 655 2620 5240 10490 

1024 1310 5240 10490 20970 

2048 2620 10490 20970 41940 

 

ʂʘʢʦ ʙʠ ʧʦʩʪʠʛʣʠ ʦʙʨʘʜʫ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʥʝʢʠ ʘʫʪʦʨʠ ʧʨʝʜʣʘʞʫ ʜʘ ʩʝ Steger ʤʝʪʦʜ 

ʢʦʨʠʩʪʠ ʪʘʢʦ ʰʪʦ ʩʝ ʧʨʚʦ ʧʨʦʥʘʹʝ ʧʨʚʘ ʪʘʯʢʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʘ ʦʥʜʘ ʩʝ ʦʩʪʘʪʘʢ ʪʘʯʘʢʘ 

ʘʥʘʣʠʟʠʨʘ ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʣʦʢʘʣʥʝ ʦʨʠʿ ʝʥʪʘʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ [111]. ʆʩʠʤ ʪʦʛʘ, GPU ʠʣʠ 

FPGA ʧʣʘʪʬʦʨʤʝ ʪʘʢʦʹʝ ʤʦʛʫ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥʝ ʫ ʮʠˀʫ ʩʤʘˁʝˁʘ ʦʧʪʝʨʝ˂ʝˁʘ ʧʨʦʮʝʩʦʨʘ, ʢʘʦ ʠ 

ʚʨʝʤʝʥʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ, ʿʝʨ ʩʫ ʧʦʛʦʜʥʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ  

ʢʦʥʚʦʣʫʮʠʿʘ. ʅʘ ʦʩʥʦʚʫ ʦʧʠʩʘ Steger ʘʣʛʦʨʠʪʤʘ, ʣʘʢʦ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʧʨʦʮʝʩ ʢʦʿʠʤ ʩʝ 

ʜʦʙʠʿʘʿʫ ʧʦʟʠʮʠʿʝ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʘʥ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʚʨʝʤʝ 

ʦʙʨʘʜʝ ʧʦʜʘʪʘʢʘ ʥʠʿʝ ʤʘʣʦ. ʋ Steger ʘʣʛʦʨʠʪʤʫ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʝʪ ʧʫʪʘ ʦʜʨʘʜʠʪʠ 2D 

ʢʦʥʚʦʣʫʮʠʿʝ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʢʝʨʥʝʣʠʤʘ. ʆʚʘʿ ʘʣʛʦʨʠʪʘʤ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʣʝ ʠʤʘ ʚʝʣʠʢʫ 

ʧʨʝʮʠʟʥʦʩʪ ʠ ʩʦʣʠʜʥʫ ʨʦʙʫʩʥʦʩʪ, ʤʝʹʫʪʠʤ ʚʝʣʠʢʠ ʥʝʜʦʩʪʘʪʘʢ ʘʣʛʦʨʠʪʤʘ ʿʝ ʢʦʤʧʣʝʢʩʥʦʩʪ ʠ 

ʫʧʠʪʥʦ ʿʝ ʜʘ ʣʠ ʙʝʟ ʜʦʜʘʪʥʠʭ ʤʦʜʠʬʠʢʘʮʠʿʘ ʠʣʠ ʦʧʪʠʤʠʟʘʮʠʿʘ ʦʚʘʢʘʚ ʘʣʛʦʨʠʪʘʤ ʤʦʞʝ ʜʘ ʩʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘ ʜʘ ʨʘʜʠ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ [112] [113].  

ʅʘ ʦʩʥʦʚʫ Steger ʧʨʦʨʘʯʫʥʘ, ʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʰʠʨʠʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʠ ʦʧʪʠʤʘʣʥʦʛ ‫ 

„ ʧʘʨʘʤʝʪʨʘ ɻʘʫʩʦʚʦʛ ʧʨʦʬʠʣʘ ʿʝ ʜʘʪʘ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ [114]: 

„  
‫

Ѝσ
 (4.52) 
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ʋ Steger ʤʝʪʦʜʠ „ je ʘʥʘʣʠʟʠʨʘʥʦ ʢʨʦʟ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʣʠʥʠʿʝ ʥʘ ʢʦʿʠʤʘ ʩʝ ʥʘʣʘʟʝ 

ʨʝʬʣʝʢʩʠʿʝ. ɼʨʫʛʠ ʠʟʚʦʜ ʥʝ ʫʟʠʤʘ ʩʚʦʿʫ ʤʘʢʩʠʤʘʣʥʫ ʥʝʛʘʪʠʚʥʫ ʚʨʝʜʥʦʩʪ ʟʘ ʤʘʣʝ ʚʨʝʜʥʦʩʪʠ „ 

ʠ ʚʝʦʤʘ ʿʝ ʙʣʠʟʫ ʥʫʣʠ ʟʘ  „ πȢς‫ȟ ʠ ʧʦʩʪʦʿʝ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʤʠʥʠʤʫʤʘ ʫ ʠʥʪʝʨʚʘʣʫ ‫‫ . 

ʊʘʢʦ ʜʘ ʫʩʣʦʚ 4.52 ʪʨʝʙʘ ʜʘ ʦʩʠʛʫʨʘ ʜʘ ʜʨʫʛʠ ʠʟʚʦʜ ʜʦʙʠʿʝ ʩʚʦʿʫ ʤʘʢʩʠʤʘʣʥʫ ʥʝʛʘʪʠʚʥʫ 

ʚʨʝʜʥʦʩʪ. ʃʠʥʠʿʝ ʢʦʿʝ ʠʤʘʿʫ ʧʨʘʚʦʫʛʘʦʥʠ ʧʨʦʬʠʣ ʤʦʛʫ ʩʝ ʜʝʪʝʢʪʦʚʘʪʠ ʩʘ ʦʜʘʙʠʨʦʤ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʚʨʝʜʥʦʩʪʠ „ ʫʟ ʦʛʨʘʥʠʯʝˁʝ „
Ѝ
. ʄʝʹʫʪʠʤ, ʦʚʦ ʦʛʨʘʥʠʯʝˁʝ ʦʪʝʞʘʚʘ ʠʟʙʦʨ ʢʘʜʘ 

ʩʫ ʧʠʪʘˁʫ ʢʦʤʧʣʝʢʩʥʠ ʧʨʦʬʠʣʠ ʣʘʩʝʨʩʢʠʭ ʣʠʥʠʿʘ ʢʦʿʠ ʠʤʘʿʫ ʧʨʦʤʝʥˀʠʚʫ ʰʠʨʠʥʫ ʠ ʪʘʣʘʩʥʠ 

ʦʙʣʠʢ. ʈʝʟʫʣʪʘʪ ʪʦʛʘ ʿʝ ʜʘ ʜʨʫʛʠ ʠʟʚʦʜ ʥʝ ʫʟʠʤʘ ʩʚʦʿʫ ʤʘʢʩʠʤʘʣʥʫ ʥʝʛʘʪʠʚʥʫ ʚʨʝʜʥʦʩʪ ʟʘ ʩʚʝ 

ʮʝʥʪʨʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʌʠʢʩʘʥ ʧʨʘʛ ʜʝʪʝʢʮʠʿʝ ʜʨʫʛʦʛ ʠʟʚʦʜʘ ˂ʝ ʜʦʚʝʩʪʠ ʜʦ ʛʫʙʠʪʢʘ 

ʜʝʪʝʢʮʠʿʝ ʠ ʝʩʪʠʤʘʮʠʿʝ ʮʝʥʪʨʘʣʥʠʭ ʪʘʯʘʢʘ ʨʝʬʣʝʢʩʠʿʝ. ɿʙʦʛ ʪʦʛʘ ʩʝ ʤʦʞʝ ʜʝʩʠʪʠ ʜʘ ʥʝʢʝ ʤʝʪʦʜʝ 

ʢʦʿʝ ʩʫ ʙʘʟʠʨʘʥʝ ʥʘ Steger ʘʣʛʦʨʠʪʤʫ ʥʝ˂ʝ ʜʘʪʠ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʰʠʨʠʥʝ ʧʨʠʤˀʝʥʝ 

ʨʝʬʣʝʢʩʠʿʝ [115]. 

Hessian ʤʘʪʨʠʮʘ ʜʘʿʝ ʜʦʙʘʨ ʠ ʪʘʯʘʥ ʨʝʟʫʣʪʘʪ ʢʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʦʜʨʝʹʠʚʘˁʝ ʜʠʨʝʢʮʠʿʝ, ʘʣʠ 

ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʠʤʘ ʿʘʢʦ ʤʘʣʫ ʝʬʠʢʘʩʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʥʠʿʝ ʿʝʜʥʦʩʪʘʚʥʘ ʟʘ ʘʧʣʠʢʘʮʠʿʝ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʅʝʢʠ ʦʜ ʘʫʪʦʨʘ ʧʨʝʜʣʘʞʫ ʜʘ ʩʝ ʢʦʨʠʩʪʠ Hessian ʤʘʪʨʠʮʘ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ 

ʘʣʛʦʨʠʪʤʦʤ ʮʝʥʪʨʘ ʤʘʩʝ [116]. 

 

 

4.6. ɼʝʪʝʢʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫʧʦʪʨʝʙʦʤ ʢʦʥʪʠʥʫʘʣʥʝ ʪʘʣʘʩʥʝ 
ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 

 

 

ʊʘʣʘʩʥʠ ʦʙʣʠʢ ʬʫʥʢʮʠʿʝ (wavelet) ʿʝ ʜʝʬʠʥʠʩʘʥ ʢʘʦ ʬʫʥʢʮʠʿʘ ‪ὸ ʫ ὒ Ὑ, ʪʘʢʦ ʜʘ 
‪ὸ ʟʘʜʦʚʦˀʘʚʘ ʩʣʝʜʝ˂ʫ ʿʝʜʥʘʢʦʩʪ: 

‪ὸὨὸπ (4.53) 

ʂʦʥʪʠʥʫʘʣʥʘ ʪʘʣʘʩʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʟʘ ʬʫʥʢʮʠʿʫ Ὢὸ, ʜʝʬʠʥʠʩʘʥʘ ʫ ʪʘʯʢʠ ὸȟί, 

ʜʘʪʘ ʿʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὡ Ὢȟ‪ ὸȟί ộὪȟ‪ ȟỚ
ρ

Ѝί
Ὢὸ‪

ὸ ὸ

ί
Ὠὸ (4.54) 

ʛʜʝ ʿʝ ʩʘ ‪ ȟὸ ʜʘʪʘ ‪ὸ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʿʝ ʧʦʤʝʨʝʥʘ ʟʘ ὸ ʠ ʩʢʘʣʠʨʘʥʘ ʩʘ s: 

‪ ȟὸ
ρ

Ѝί
‪
ὸ ὸ

ί
 (4.55) 

ʈʝʟʫʣʪʘʪʠ ʢʦʥʪʠʥʫʘʣʥʝ ʪʘʣʘʩʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʜʘʿʫ ʰʘʙʣʦʥ ʜʠʩʪʨʠʙʫʮʠʿʝ ʣʘʩʝʨʩʢʠʭ 

ʨʝʬʣʝʢʩʠʿʘ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʿʝ ʤʦʛʫ˂ʝ ʦʜʨʝʜʠʪʠ ˁʠʭʦʚʫ ʣʦʢʘʮʠʿʫ ʠ ʩʥʘʛʫ. ʆʚʦ ʿʝ ʤʦʛʫ˂ʝ ʥʘ 

ʦʩʥʦʚʫ ʩʣʠʯʥʦʩʪʠ ʩʝʛʤʝʥʘʪʘ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ (ʣʠʥʠʿʝ ʩʣʠʢʝ) ʫ ʢʦʿʠʤʘ ʩʝ ʥʘʣʘʟʠ ʨʝʬʣʝʢʩʠʿʘ ʠ 

ʩʢʘʣʠʨʘʥʦʛ ʦʙʣʠʢʘ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ. ʇʨʦʤʝʥʦʤ ʧʘʨʘʤʝʪʨʘ s ʫ ‪ ȟ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʰʠʨʠʥʘʤʘ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʘʥʘʣʠʟʫ ʧʨʠʤˀʝʥʦʛ ʩʠʛʥʘʣʘ ʩʘ ʢʘʤʝʨʝ ʩʢʝʥʝʨʘ. 

ʆʯʠʛʣʝʜʥʦ ʜʘ ˂ʝ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ s ʟʘʚʠʩʠʪʠ ʦʜ ʦʙʣʠʢʘ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ 
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ʣʠʥʠʿʝ. ɿʙʦʛ ʦʯʝʢʠʚʘʥʦʛ ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫ ʚʠʜʫ ɻʘʫʩʦʚʝ ʢʨʠʚʝ, 

Ricker ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʩʝ ʥʘʤʝ˂ʝ ʢʘʦ ʣʦʛʠʯʘʥ ʠʟʙʦʨ ʟʘ ʪʘʣʘʩʥʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ. Ricker 

ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʿʝ ʟʘʧʨʘʚʦ ʥʝʛʘʪʠʚʘʥ ʥʦʨʤʘʣʠʟʦʚʘʥ ʜʨʫʛʠ ʠʟʚʦʜ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʠ ʜʘʪʘ ʿʝ 

ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

‪ὸ
ς

Ѝσ„“

ρ
ὸ

„
Ὡ  (4.56) 

ʛʜʝ ʿʝ ʩʘ „ ʜʘʪʘ ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ. 

ɱʝʜʘʥ ʦʜ ʥʘʿʟʥʘʯʘʿʥʠʿʠʭ ʬʘʢʪʦʨʘ ʢʦʜ ʪʘʣʘʩʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʿʝ ʧʨʘʚʠʣʥʦ ʦʜʨʝʹʠʚʘˁʝ 

ʨʘʩʧʦʥʘ ʟʘ ʚʨʝʜʥʦʩʪ s ʧʘʨʘʤʝʪʨʘ. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʨʘʜʠ ʘʥʘʣʠʟʘ ʣʠʥʠʿʝ ʩʣʠʢʝ, ʜʦʤʠʥʘʥʪʘʥ 

ʧʘʨʘʤʝʪʘʨ ˂ʝ ʙʠʪʠ ʰʠʨʠʥʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʂʘʦ ʰʪʦ ʿʝ ʧʦʟʥʘʪʦ ʦʜ ʨʘʥʠʿʝ, ʩʚʘʢʠ ʧʨʦʬʠʣʥʠ 

ʩʢʝʥʝʨ ʠʤʘ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪʦ ʨʘʜʥʦ ʨʘʩʪʦʿʘˁʝ, ʢʦʿʝ ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʢʘʦ ʤʠʥʠʤʘʣʥʦ ʠ ʤʘʢʩʠʤʘʣʥʦ 

ʤʦʛʫ˂ʝ ʨʘʩʪʦʿʘˁʝ ʢʘʤʝʨʝ ʠ ʧʦʩʤʘʪʨʘʥʦʛ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ ὶ ȟὶ . ʋʢʦʣʠʢʦ ʩʘ Ŭ ʦʟʥʘʯʠʤʦ 

ʫʛʘʦ ʠʟʤʝʹʫ ʢʘʤʝʨʝ ʠ ʨʘʚʥʠ ʣʘʩʝʨʘ, ʞʠʞʥʫ ʜʘˀʠʥʫ ʩʦʯʠʚʘ ʩʘ Ὢ ʫ x ʧʨʘʚʮʫ ʨʝʬʝʨʝʥʪʥʠʭ 

ʩʠʩʪʝʤʘ ʠ ʩʘ ʜ ʰʠʨʠʥʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʪʘʜʘ ʩʝ ʧʘʨʘʤʝʪʨʠ s ʪʘʣʘʩʥʠʭ ʬʫʥʢʮʠʿʘ ʤʦʛʫ ʠʟʨʘʟʠʪʠ 

ʧʨʝʢʦ ʩʣʝʜʝ˂ʠʭ ʿʝʜʥʘʢʦʩʪʠ [117]: 

ί
Ὢ

ὶ
ὨÓÉÎɻ 

ί
Ὢ

ὶ
ὨÓÉÎɻ 

(4.57) 

ʅʘ ʩʣʠʮʠ 39ʘ. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʿʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʩʘ ʨʝʬʣʝʢʪʦʚʘʥʦʤ 

ʣʘʩʝʨʩʢʦʤ ʣʠʥʠʿʦʤ, ʟʘʿʝʜʥʦ ʩʘ Ricker ʪʘʣʘʩʥʠʤ ʦʙʣʠʢʦʤ ʫ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ, ʢʦʿʘ ʿʝ ʜʘʪʘ ʥʘ 

ʩʣʠʮʠ 39ʙ. ʅʘ ʩʣʠʮʠ 39ʮ. ʜʘʪ ʿʝ ʧʨʠʢʘʟ ʢʦʥʪʠʥʫʘʣʥʝ ʪʘʣʘʩʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʩʠʛʥʘʣʘ ʣʠʥʠʿʝ 

ʩʣʠʢʝ ʟʘ 64 ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʢʘʣʘ ʬʘʢʪʦʨʘ. ɿʘ ʦʚʫ ʩʣʠʢʫ ʢʦʨʠʰ˂ʝʥʘ ʿʝ MATLAB ʬʫʥʢʮʠʿʘ 

cwt(n) ʠʟ wavelet transform toolbox-ʘ [118].  

 

ʉʣʠʢʘ 39. ʇʨʠʤʝʨ ʧʨʠʤʝʥʝ ʪʘʣʘʩʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʫ ʜʝʪʝʢʮʠʿʠ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. (ʘ) ʧʨʠʤʝʨ 

ʣʠʥʠʿʝ ʩʣʠʢʝ ʩʘ ʣʘʩʝʨʩʢʦʤ ʨʝʬʣʝʢʩʠʿʦʤ ʩʘ ʢʘʤʝʨʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. (ʙ) ʪʘʣʘʩʥʠ ʦʙʣʠʢ 



71 

 

Ricker ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ (ʮ) ʧʨʠʤʝʨ ʢʦʥʪʠʥʫʘʣʥʝ ʪʘʣʘʩʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʩ ʧʘʨʘʤʝʪʨʘ (1:64). 

ʂʘʦ ʧʨʠʨʦʜʥʘ ʥʘʜʦʛʨʘʜˁʘ ʘʣʛʦʨʠʪʤʘ ʫ ʢʦʿʝʤ ʩʝ ʢʦʨʠʩʪʠ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʘ Ricker 

ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʪʘʣʘʩʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ, ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʧʨʝʜʩʪʘʚʘ ʠʩʪʝ 

ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʠ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʪʘʣʘʩʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʠ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ. ʆʚʘʢʘʚ ʧʨʠʩʪʫʧ ʧʦʩʝʙʥʦ ʿʝ ʧʦʛʦʜʘʥ ʟʘ ʘʥʘʣʠʟʫ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʘ ʥʘʩʪʘʿʝ ʫʧʦʪʨʝʙʦʤ ʙʠʢʦʥʚʝʢʩʥʠʭ ʩʦʯʠʚʘ ʟʘ ʬʦʨʤʠʨʘˁʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ [119]. 

ɼʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ Ricker ʬʫʥʢʮʠʿʘ, ʪʘʢʦʹʝ ʧʦʟʥʘʪʘ ʠ ʢʘʦ Marr ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʠʣʠ 

ʿʝʜʥʦʩʪʘʚʥʦ ʤʝʢʩʠʯʢʠ ʰʝʰʠʨ ʟʙʦʛ ʩʚʦʛ ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʜʘʪʘ ʿʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

‪ὼȟώ
ρ

“„
ρ
ρ

ς

ὼ ώ

„
Ὡ
 

 (4.58) 

 Ricker ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʠ ˁʝʥʘ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʚʝʨʟʠʿʘ ʩʫ ʥʘʰʣʝ ʧʨʠʤʝʥʫ ʫ 

ʜʝʢʦʤʧʦʟʠʮʠʿʠ ʠ ʧʨʝʧʦʟʥʘʚʘˁʫ ʩʠʛʥʘʣʘ, ʢʘʦ ʠ ʢʦʤʧʨʝʩʠʿʠ ʩʣʠʢʝ, ʤʝʹʫʪʠʤ ˁʝʥʘ ʧʨʠʤʝʥʘ ʫ 

ʦʙʣʘʩʪʠ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ʩʘ ʩʣʠʢʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʿʝ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ʠʩʢˀʫʯʠʚʦ ʪʝʦʨʠʿʩʢʝ 

ʧʨʠʨʦʜʝ ʟʙʦʛ ʩʚʦʿʝ ʢʦʤʧʣʝʢʩʥʦʩʪʠ.   

 

 

4.7. ʄʦʤʝʥʪ ʬʫʥʢʮʠʿʝ 

 

 

ʄʦʤʝʥʘʪ ʬʫʥʢʮʠʿʝ ʫ ʤʘʪʝʤʘʪʠʮʠ ʜʝʬʠʥʠʰʝ ʦʜʨʝʹʝʥʝ ʢʚʘʥʪʠʪʘʪʠʚʥʝ ʤʝʨʝ ʫ ʟʘʚʠʩʥʦʩʪʠ 

ʦʜ ʦʙʣʠʢʘ ʛʨʘʬʠʢʘ ʬʫʥʢʮʠʿʝ. ʋ ʩʣʫʯʘʿʫ ʜʘ ʬʫʥʢʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʨʘʩʧʦʜʝʣʫ ʝʥʝʨʛʠʿʝ, ʪʘʜʘ ʿʝ 

ʥʫʣʪʠ ʤʦʤʝʥʘʪ ʬʫʥʢʮʠʿʝ ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ, ʥʦʨʤʘʣʠʟʦʚʘʥ ʧʨʚʠ ʤʦʤʝʥʘʪ (ʩʘ ʥʫʣʪʠʤ ʤʦʤʝʥʪʦʤ) 

ʧʨʝʜʩʪʘʚˀʘ ʮʝʥʪʘʨ ʤʘʩʝ, ʠʪʜ. 

ʄʦʤʝʥʘʪ ʢʦʥʪʠʥʫʘʣʥʝ ʬʫʥʢʮʠʿʝ f(x), ʨʝʜʘ p ʿʝ ʜʘʪ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὓ ὼὪὼὨὼȟὴ πȟρȟςȟσȣ (4.59) 

ʋʧʦʪʨʝʙʦʤ ʤʦʤʝʥʪʘ ʬʫʥʢʮʠʿʝ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ. ɼʦʚʦˀʥʦ ʿʝ ʢʦʨʠʩʪʠʪʠ ʧʨʚʘ ʯʝʪʠʨʠ ʤʦʤʝʥʪʘ ʬʫʥʢʮʠʿʝ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ 

ʝʩʪʠʤʘʮʠʿʘ ʧʦʟʠʮʠʿʝ [120].  

ʃʝʞʘʥʜʨʦʚ ʤʦʤʝʥʘʪ ʩʝ ʢʦʨʠʩʪʠ ʫ ʤʥʦʛʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ ʦʙʨʘʜʝ ʩʣʠʢʝ, ʧʨʝ ʩʚʝʛʘ ʫ 

ʧʨʝʧʦʟʥʘʚʘˁʫ ʦʙʣʠʢʘ, ʧʨʝʧʦʟʥʘʚʘˁʫ ʣʠʮʘ, ʘʣʠ ʠ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. 

ʊʘʢʦʹʝ ʜʦʙʨʦ ʿʝ ʧʦʟʥʘʪʦ ʜʘ ʟʙʦʛ ʚʝʣʠʢʝ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʨʘʯʫʥʘˁʘ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʝ 

ʤʦʤʝʥʪʠ ʚʠʰʝʛ ʨʝʜʘ, ʫʧʦʪʨʝʙʘ ʃʝʞʘʥʜʨʦʚʦʛ ʤʦʤʝʥʪʘ ʿʝ ʣʠʤʠʪʠʨʘʥʘ ʫ ʧʨʘʢʪʠʯʥʠʤ 

ʘʧʣʠʢʘʮʠʿʘʤʘ [121].   

ʃʝʞʘʥʜʨʦʚ ʤʦʤʝʥʘʪ n-ʪʦʛ ʨʝʜʘ, ʢʦʥʪʠʥʫʘʣʥʝ ʬʫʥʢʮʠʿʝ f(x), ʜʘʪ ʿʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

ὒ
ςὲ ρ

ς
ὖ ὼὪὼὨὼ (4.60) 
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ʛʜʝ ʿʝ ʩʘ ὖ ὼ ʜʘʪ ʃʝʞʘʥʜʨʦʚ ʧʦʣʠʥʦʤ n-ʪʦʛ ʨʝʜʘ ʠ ʜʝʬʠʥʠʩʘʥ ʿʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὖ ὼ
ρ

ςὲȦ

Ὠ

Ὠὼ
ὼ ρ ȟ ὲ πȟρȟςȟȣ (4.61) 

ʉʘ ʧʦʨʘʩʪʦʤ ʩʪʝʧʝʥʘ ʃʝʞʘʥʜʨʦʚʦʛ ʧʦʣʠʥʦʤʘ, ʨʘʩʪʝ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪ ʨʘʯʫʥʘˁʘ, ʪʝ ʩʝ 

ʚʨʣʦ ʯʝʩʪʦ ʟʘ ʨʘʯʫʥʘˁʝ ʥʘʚʝʜʝʥʦʛ ʧʦʣʠʥʦʤʘ ʢʦʨʠʩʪʠ ˁʝʛʦʚʘ ʨʝʢʫʨʟʠʚʥʘ ʬʦʨʤʫʣʘ ʜʘʪʘ ʩʘ: 

ὖ ὼ
ςὲ ρ

ὲ ρ
ὼὖ ὼ

ὲ

ὲ ρ
ὖ ὼ (4.62) 

ʋʢʦʣʠʢʦ ʩʝ ʫʤʝʩʪʦ ʦʯʝʢʠʚʘʥʦʛ ɻʘʫʩʦʚʦʛ ʧʨʦʬʠʣʘ ʟʘ ʣʘʩʝʨʩʢʫ ʨʝʬʣʝʢʩʠʿʫ ʫʟʤʝ ʜʘ ʿʝ ʦʥʘ 

ʫʥʠʬʦʨʤʥʝ ʨʘʩʧʦʜʝʣʝ ʩʥʘʛʝ, ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ boxcar ʬʫʥʢʮʠʿʘ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʜʝʪʝʢʪʦʚʘʥʝ 

ʨʝʬʣʝʢʩʠʿʝ. ʇʨʠʤʝʨ ʦʚʝ ʬʫʥʢʮʠʿʝ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 40. ʂʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ 

ʨʝʬʣʝʢʩʠʿʝ, ʜʦʚʦˀʥʦ ʿʝ ʢʦʨʠʩʪʠ ʧʨʚʘ ʪʨʠ ʃʝʞʘʥʜʨʦʚʘ ʤʦʤʝʥʪʘ [122].  

  

 

ʉʣʠʢʘ 40. ʇʨʦʬʠʣ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʤʦʤʝʥʪ ʬʫʥʢʮʠʿʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ 

ʧʦʟʠʮʠʿʝ. 

ʈʘʯʫʥʘˁʝ ʃʝʞʘʥʜʨʦʚʠʭ ʧʦʣʠʥʦʤʘ ʿʝ ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʥʘ ʦʧʝʨʘʮʠʿʘ ʠ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ 

ʜʘ ʥʝʤʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʫ ʧʨʦʬʠʣʥʠʤ ʩʢʝʥʝʨʠʤʘ ʢʦʿʠ ʩʚʦʿʫ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʠ ʩʣʠʢʝ 

ʙʘʟʠʨʘʿʫ ʥʘ ʘʣʛʦʨʠʪʤʠʤʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. 

 

 

4.8. ʂʦʤʙʠʥʘʮʠʿʘ ʚʠʰʝ ʘʣʛʦʨʠʪʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

 

 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʤʦʞʝ ʧʨʦʥʘ˂ʠ ʜʘ ʤʥʦʛʠ ʦʜ ʘʫʪʦʨʘ ʧʨʝʜʣʘʞʫ ʫʧʦʪʨʝʙʫ ʠ ʢʦʤʙʠʥʘʮʠʿʫ 

ʚʠʰʝ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ [123]. ʂʦʤʙʠʥʘʮʠʿʘ ʚʠʰʝ ʘʣʛʦʨʠʪʘʤʘ 

ʥʝʤʠʥʦʚʥʦ ʧʦʚʝ˂ʘʚʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʢʦʣʠʯʠʥʫ ʥʝʦʧʭʦʜʥʠʭ ʨʘʯʫʥʩʢʠʭ 

ʦʧʝʨʘʮʠʿʘ ʟʘ ˁʠʭʦʚʦ ʠʟʚʨʰʘʚʘˁʝ. ɺʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʿʝʜʥʦʩʪʘʚʥʠ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠ ʧʨʚʦ ʨʘʜʝ 

ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʝ ʩʣʠʢʝ, ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʦ ʫʪʠʮʘʿ ʰʫʤʘ, ʘ ʟʘʪʠʤ, ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʨʘʜʠ 

ʦʜʨʝʹʠʚʘˁʝ ʦʥʦʛ ʜʝʣʘ ʩʣʠʢʝ ʛʜʝ ʩʝ ʥʘʣʘʟʠ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ï ROI, ʜʦʢ ʩʝ ʥʘ ʢʨʘʿʫ ʢʦʨʠʩʪʝ ʥʝʢʠ 

ʦʜ ʥʘʧʨʝʜʥʠʭ ʘʣʛʦʨʠʪʤʘ ʢʦʿʠ ʜʘʿʫ ʢʦʥʘʯʥʫ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ. 

ʇʨʠʣʠʢʦʤ ʜʝʪʝʢʮʠʿʝ ʝʢʩʪʝʨʥʠʭ ʠʟʚʦʨʘ ʩʚʝʪʣʦʩʪʠ, ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʪʝʭʥʠʢʝ ʢʦʿʝ 

ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʠʥʪʝʥʟʠʪʝʪ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʦʩʚʝʪˀʝˁʘ ʢʘʦ ʠʟʚʦʨ ʜʦʜʘʪʦʛ ʰʫʤʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ 

ʫ ʦʜʨʝʹʝʥʦʿ ʤʝʨʠ ʤʦʛʫ˂ʝ ʝʣʠʤʠʥʠʩʘʪʠ ʰʫʤ ʥʘ ʩʣʠʮʠ ʢʦʿʠ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ 

ʠ ʧʦʙʦˀʰʘʪʠ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ. ʅʘʯʠʥ ʥʘ ʢʦʿʠ ˂ʝ ʩʚʝʪʣʦʩʪ ʙʠʪʠ 
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ʨʝʬʣʝʢʪʦʚʘʥʘ ʦʜ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ ʩʝ ʥʝ ʤʦʞʝ ʧʨʝʜʚʠʜʝʪʠ, ʿʝʨ ʟʘʚʠʩʠ ʦʜ ˁʝʛʦʚʦʛ ʦʙʣʠʢʘ, 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʦʟʠʮʠʿʝ, ʘʣʠ ʠ ʫʛʣʘ ʧʦʜ ʢʦʿʠʤ ʩʚʝʪʣʦʩʥʠ ʟʨʘʢ ʥʘ ˁʝʛʘ ʧʘʜʘ. ʄʝʹʫʪʠʤ, ʤʦʛʫ˂ʝ ʿʝ 

ʠʟʘʙʨʘʪʠ ʪʠʧ ʧʦʟʘʜʠʥʝ ʢʦʿʘ ˂ʝ ʜʘʪʠ ʦʧʪʠʤʘʣʥʫ ʨʝʬʣʝʢʩʠʿʫ, ʰʪʦ ˂ʝ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ 

ʫʯʠʥʠʪʠ ʿʝʜʥʦʩʪʘʚʥʠʿʦʤ. ʊʘʢʦʹʝ, ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʧʦʟʘʜʠʥʠ ʿʝ ʩʪʘʮʠʦʥʘʨʥʘ (ʢʘʢʦ 

ʧʨʦʩʪʦʨʥʦ, ʪʘʢʦ ʠ ʚʨʝʤʝʥʩʢʠ), ʪʝ ʩʝ ʦʚʝ ʦʩʦʙʠʥʝ ʤʦʛʫ ʠʩʢʦʨʠʩʪʠʪʠ ʟʘ ʫʥʘʧʨʝʹʝˁʝ ʜʝʪʝʢʮʠʿʝ 

ʦʥʦʛ ʜʝʣʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʥʘ ʧʦʩʤʘʪʨʘʥʦʤ ʦʙʿʝʢʪʫ. ɱʝʜʘʥ ʦʜ ʿʝʜʥʦʩʪʘʚʥʠʿʠʭ 

ʘʣʛʦʨʠʪʤʘ ʟʘ ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʝ ʩʣʠʢʝ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʿ ʝ ʤʝʪʦʜ ʨʘʟʣʠʢʝ ʩʝʥʢʝ (Shadow Difference 

Method) ʛʜʝ ʩʝ ʩʣʠʢʘ ʥʘ ʢʦʿʦʿ ʧʦʩʪʦʿʠ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʦʜʫʟʠʤʘ ʦʜ ʩʣʠʢʝ ʛʜʝ ʦʥʘ ʥʠʿʝ ʧʨʠʩʫʪʥʘ 

[124] [125]. ʊʘʢʦ ʿʝ ʧʦʩʪʠʛʥʫʪʦ ʜʘ ʿʝ ʨʘʟʣʠʢʘ ʠʥʪʝʥʟʠʪʝʪʘ ʩʣʠʢʝ ʧʨʦʫʟʨʦʢʦʚʘʥʘ ʿʝʜʠʥʦ 

ʨʝʬʣʝʢʪʦʚʘʥʦʤ ʣʘʩʝʨʩʢʦʤ ʩʚʝʪʣʦʰ˂ʫ (ʟʘʿʝʜʥʦ ʩʘ ʨʝʬʣʝʢʩʠʿʘʤʘ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʰʫʤʘ 

ʣʘʩʝʨʩʢʝ ʤʨˀʝ) ʠ ʥʝ ʟʘʚʠʩʠ ʦʜ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ ʤʝʨʥʝ ʩʮʝʥʝ. ʂʘʩʥʠʿʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠ 

ʘʣʛʦʨʠʪʤʠ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʝ ʦʜʨʝʹʫʿʫ ROI ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ ʨʝʬʣʝʢʩʠʿʘ, ʘ ʟʘʪʠʤ ʩʝ ʥʘ 

ʧʨʠʤʝʨ, ʘʣʛʦʨʠʪʤʦʤ ʮʝʥʪʨʘ ʤʘʩʝ ʦʜʨʝʹʫʿʝ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ.  

ʂʘʢʦ ʙʠ ʩʝ ʧʦʙʦˀʰʘʣʘ ʚʠʜˀʠʚʦʩʪ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʤʦʞʝ ʩʝ ʧʨʚʦ ʦʜʨʘʜʠʪʠ ˁʝʥʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʟʘʜʠʥʫ, ʘʣʠ ʙʝʟ ʤʝʨʥʦʛ ʦʙʿʝʢʪʘ [95]. ʉʚʘʢʘ ʣʠʥʠʘʿ ʩʣʠʢʝ ʩʝ 

ʧʦʩʤʘʪʨʘ ʢʘʦ ʥʝʟʘʚʠʩʘʥ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ, ʛʜʝ ʩʝ ʟʘ ʩʚʝ ʧʠʢʩʝʣʝ ʚʝ˂ʝ ʦʜ ʥʠʚʦʘ ʰʫʤʘ 

(ʢʦʿʠ ʟʘʚʠʩʠ ʦʜ ʦʩʚʝʪˀʝʥʦʩʪʠ ʩʣʠʢʝ) ʨʘʯʫʥʘ ʮʝʥʪʘʨ ʤʘʩʝ ʠ ʪʘʢʦ ʜʦʙʠʿʘ ʩʝʪ ʪʘʯʘʢʘ ʢʦʿʠ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʮʝʥʪʘʨ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ ʩʚʘʢʫ ʣʠʥʠʿʫ. ʅʘ ʢʨʘʿʫ ʦʚʦʛ ʜʝʣʘ ʘʣʛʦʨʠʪʤʘ, ʨʘʜʠ 

ʩʝ ʠʥʪʝʨʧʦʣʘʮʠʿʘ ʢʨʠʚʝ ʤʝʪʦʜʦʤ ʥʘʿʤʘˁʝʛ ʢʚʘʜʨʘʪʥʦʛ ʨʘʩʪʦʿʘˁʘ. ʊʠʧ ʢʨʠʚʝ ʠʣʠ ʧʦʣʠʥʦʤʘ ʢʦʿʠ 

ʩʝ ʢʦʨʠʩʪʠ ʟʘʚʠʩʠ ʦʜ ʦʙʣʠʢʘ ʧʦʟʘʜʠʥʝ, ʘʣʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʧʘʨʘʙʦʣʘ y(x) = A x2 + 

B x + C. ʂʦʝʬʠʮʠʿʝʥʪʠ ɸ, B ʠ C ʦʧʠʩʫʿʫ ʛʜʝ ʩʝ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʥʘʣʘʟʠ ʥʘ ʩʣʠʮʠ ʧʦʟʘʜʠʥʝ. 

ɸʣʛʦʨʠʪʘʤ ʦʥʜʘ ʧʦʢʫʰʘʚʘ ʜʘ ʦʜʨʝʜʠ ʛʜʝ ʩʝ ʥʘʣʘʟʠ ʛʨʘʥʠʮʘ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʘ ʧʨʠʧʘʜʘ ʧʦʟʘʜʠʥʠ 

ʠʣʠ ʧʦʩʤʘʪʨʘʥʦʤ ʦʙʿʝʢʪʫ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʜʝʬʠʥʠʰʝ ROI ʩʣʠʢʝ ʠ ʩʤʘˁʫʿʝ ʙʨʦʿ ʥʝʦʧʭʦʜʥʠʭ 

ʦʧʝʨʘʮʠʿʘ ʟʘ ʨʘʯʫʥʘˁʝ. ʉʘ ʧʨʦʙʣʝʤʦʤ ʰʫʤʘ ʠʣʠ ʩʘʪʫʨʘʮʠʿʝ ʧʠʢʩʝʣʘ, ʘʫʪʦʨʠ ʩʝ ʙʦʨʝ ʪʘʢʦ ʪhʦ 

ʪʝ ʨʝʬʣʝʢʩʠʿʝ ʦʜʙʘʮʫʿ ʫ ʠ ʧʦʧʫˁʘʚʘʿʫ ʠʥʪʝʨʧʦʣʠʨʘʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ. ʂʦʨʠʩʪʝ ʣʠʥʝʘʨʥʫ, 

ʢʚʘʜʨʘʪʥʫ ʠ Akima Spline ʠʥʪʝʨʧʦʣʘʮʠʿʫ (ʜʘʿʝ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʢʘʜʘ ʩʝ ʜʨʫʛʠ 

ʠʟʚʦʜ ʢʨʠʚʝ ʙʨʟʦ ʤʝˁʘ) ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ñSplit and Mergeò ʘʣʛʦʨʠʪʤʦʤ. ʋʢʦʣʠʢʦ ʩʝ ʢʦʨʠʩʪʠ 

ʣʠʥʝʘʨʥʘ ʠʥʪʝʨʧʦʣʘʮʠʿʘ, ʪʘʜʘ ʩʝ ʢʦʨʠʩʪʝ ʩʘʤʦ ʧʨʚʘ ʠ ʧʦʩʣʝʜˁʘ ʪʘʯʢʘ ʠʟ ʩʝʛʤʝʥʪʘ (ʢʨʘʿˁʝ 

ʪʘʯʢʝ). ɿʘ ʧʘʨʘʙʦʣʠʯʥʫ ʠʥʪʝʨʧʦʣʘʮʠʿʫ ʢʦʨʠʩʪʝ ʩʝ ʢʨʘʿˁʝ ʪʘʯʢʝ ʠ ʪʘʯʢʘ ʠʟʤʝʹʫ ˁʠʭ, ʜʦʢ ʩʝ ʟʘ 

Akima Spline ʠʥʪʝʨʧʦʣʘʮʠʿʫ ʢʦʨʠʩʪʠ 5 ʪʘʯʘʢʘ- 2 ʢʨʘʿˁʝ ʠ 3 ʪʘʯʢʝ ʩʘ ʝʢʚʠʜʠʩʪʘʥʪʥʠʤ 

ʨʘʩʪʦʿʘˁʠʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ˁʠʭ. 

Ὢὼ ὥ ὼ ὼ ὥ ὼ ὼ ὥ ὼ  ὼ ὥȟὼ ὼ ὼ ρ (4.63) 

ʋʢʦʣʠʢʦ ʿʝ ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʚʝ˂ʘ ʦʜ ʫʥʘʧʨʝʜ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ, ʪʘʿ ʜʝʦ ʢʨʠʚʝ ʩʝ ʥʘ 

ʪʦʤ ʜʝʣʫ ʜʝʣʠ ʫ ʜʚʘ ʥʦʚʘ ʩʝʛʤʝʥʪʘ ʠ ʠʥʪʝʨʧʦʣʘʮʠʿʘ ʧʦʥʘʚˀʘ. ɸʣʛʦʨʠʪʘʤ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥ 

ʢʦʨʠʩʪʝ˂ʠ C++. 

ʇʨʦʮʝʩ ʦʜʣʫʯʠʚʘˁʘ ʦ ʰʠʨʠʥʠ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʿʝ ʚʨʣʦ ʙʠʪʘʥ ʠ ʠʤʘ ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ 

ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʛʨʘʚʠʪʘʮʠʿʝ. ʃʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʥʘʿʯʝʰ˂ʝ ʠʤʘ ʦʜ ʩʘʤʦ ʥʝʢʦʣʠʢʦ ʧʠʢʩʝʣʘ ʧʘ ʩʚʝ 

ʜʦ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʧʠʢʩʝʣʘ.  

 ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʩʫ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʘʣʛʦʨʠʪʤʠ ʧʦʜʣʦʞʥʠ ʫʪʠʮʘʿʠʤʘ ʰʫʤʘ, 

ʘʫʪʦʨʠ [126] ʧʨʝʜʣʘʞʫ ʫʧʦʪʨʝʙʫ ʩʘʤʦʧʦʜʝʰʘʚʘʿʫ˂ʝ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʢʦʥʚʦʣʫʮʠʿʝ ʫ 

ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʮʝʥʪʨʦʤ ʤʘʩʝ (Self-Adaptive Convolution-Mass - SACM). ʇʨʝʜʣʦʞʝʥʠ 

ʘʣʛʦʨʠʪʘʤ ʢʦʨʠʩʪʠ ʛʝʦʤʝʪʨʠʿʩʢʝ ʦʩʦʙʠʥʝ ʠ ʢʦʨʝʣʘʮʠʿʫ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʘʢʦ ʙʠ ʜʘʦ ʪʘʯʥʫ 

ʝʩʪʠʤʘʮʠʿʫ ˁʝʥʝ ʧʦʟʠʮʠʿʝ. SACM ʘʣʛʦʨʠʪʘʤ ʿʝ ʢʦʤʧʣʝʢʩʘʥ ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʩʝ ʙʘʟʠʨʘ ʥʘ 

ʩʘʤʦʧʦʜʝʩʠʚʦʿ ʢʦʥʚʦʣʫʮʠʿʠ, ʦʜʨʝʹʠʚʘˁʫ ʧʨʘʛʘ ʩʝʛʤʝʥʪʠʨʘˁʘ ʩʣʠʢʝ ʠ ʥʘ ʢʨʘʿʫ ʨʘʯʫʥʘˁʘ  

ʮʝʥʪʨʘ ʤʘʩʝ ʪʘʯʘʢʘ ʥʘ ʦʩʥʦʚʫ ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʫ ʧʨʝʪʭʦʜʥʠ ʘʣʛʦʨʠʪʤʠ ʧʨʦʛʣʘʩʠʣʠ ʣʘʩʝʨʩʢʦʤ 

ʨʝʬʣʝʢʩʠʿʦʤ. ʇʘʨʘʤʝʪʨʠ ʩʘʤʦʧʦʜʝʰʘʚʘʿʫ˂ʝ ʢʦʥʚʦʣʫʮʠʿʝ (ˁʝʥʘ ʚʝʣʠʯʠʥʘ, ʢʘʦ ʠ ʢʦʝʬʠʮʠʿʝʥʪʠ) 
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ʩʝ ʦʜʨʝʹʫʿʫ ʥʘ ʦʩʥʦʚʫ ʛʝʦʤʝʪʨʠʿʝ ʜʝʪʝʢʪʦʚʘʥʝ ʨʝʬʣʝʢʩʠʿʝ. ʊʘʢʦʹʝ ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʦ ʫʪʠʮʘʿ 

ʰʫʤʘ, ʧʨʝʜʣʘʞʝ ʩʝ ʫʧʦʪʨʝʙʘ ʤʝʜʠʘʿʥʩʢʦʛ ʬʠʣʪʨʘ ʢʘʦ ʤʝʪʦʜʘ ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʘ ʩʣʠʢʝ.  

   

 

 

4.9. ʇʨʠʤʝʥʘ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ ʫ ʜʝʪʝʢʮʠʿʠ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ 
ʣʠʥʠʿʝ 

 

 

ʀʜʝʿʘ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ ʿʝ ʦʜʘʚʥʦ ʧʨʠʩʫʪʥʘ ʠ ʜʦʙʨʦ ʧʦʟʥʘʪʘ ʥʘʫʯʥʦʿ ʟʘʿʝʜʥʠʮʠ, 

ʤʝʹʫʪʠʤ ʪʝʢ ʩʘ ʨʘʟʚʦʿʝʤ ʚʝʦʤʘ ʤʦ˂ʥʠʭ GPU ʫ ʥʝʢʦʣʠʢʦ ʧʨʝʪʭʦʜʥʠʭ ʛʦʜʠʥʘ, ʢʦʿʝ ʿʝ ʢʦʨʠʩʥʠʢ 

ʤʦʛʘʦ ʜʘ ʧʨʦʛʨʘʤʠʨʘ, ʜʦʣʘʟʠ ʜʦ ʧʨʘʚʝ ʝʢʩʧʘʥʟʠʿʝ ʘʣʛʦʨʠʪʤʘ ʠʟ ʦʙʣʘʩʪʠ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ ʢʦʿʝ 

ʩʫ ʟʘʧʨʘʚʦ ʩʘʤʦ ʿʝʜʥʘ ʦʜ ʦʙʣʘʩʪʠ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ. ʆʩʥʦʚʥʫ ʛʨʘʜʠʚʥʫ ʿʝʜʠʥʠʮʫ ʥʝʫʨʘʣʥʝ 

ʤʨʝʞʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʯʚʦʨʦʚʠ (ʥʝʫʨʦʥʠ ʠʣʠ nodes) ʢʦʿʠ ʩʝ ʦʨʛʘʥʠʟʫʿʫ ʫ ʩʣʦʿʝʚʝ. ʉʚʘʢʘ ʤʨʝʞʘ ʩʝ 

ʩʘʩʪʦʿʠ ʦʜ ʿʝʜʥʦʛ ʫʣʘʟʥʦʛ ʯʚʦʨʘ, ʿʝʜʥʦʛ ʠʣʠ ʥʝʢʦʣʠʢʦ ʩʢʨʠʚʝʥʠʭ ʩʣʦʿʝʚʘ ʠ ʠʟʣʘʟʥʦʛ ʩʣʦʿʘ. 

ʉʚʘʢʠ ʯʚʦʨ ʤʨʝʞʝ ʿʝ ʧʦʚʝʟʘʥ ʩʘ ʦʩʪʘʣʠʤ ʯʚʦʨʦʚʠʤʘ ʤʨʝʞʝ ʠ ʜʦʜʝˀʝʥ ʤʫ ʿʝ ʪʝʞʠʥʩʢʠ ʬʘʢʪʦʨ 

ʠ ʧʨʘʛ ʘʢʪʠʚʘʮʠʿʝ. ʋʢʦʣʠʢʦ ʿʝ ʠʟʣʘʟ ʙʠʣʦ ʢʦʛ ʧʦʿʝʜʠʥʘʯʥʦʛ ʯʚʦʨʘ ʤʨʝʞʝ ʠʟʥʘʜ ʜʝʬʠʥʠʩʘʥʦʛ 

ʧʨʘʛʘ, ʪʘʿ ʯʚʦʨ ʿʝ ʘʢʪʠʚʠʨʘʥ ʠ ʧʨʦʩʣʝʹʫʿʝ ʠʥʬʦʨʤʘʮʠʿʫ ʜʘˀʝ ʢʘ ʦʩʪʘʣʠʤ ʯʚʦʨʦʚʠʤʘ ʫ ʩʣʝʜʝ˂ʠʤ 

ʩʣʦʿʝʚʠʤʘ. 

ʅʘʿʯʝʰ˂ʠ ʧʨʠʤʝʨ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʦʙʨʘʜʠ ʩʣʠʢʝ ʩʫ ʢʦʥʚʦʣʫʮʠʦʥʝ 

ʥʝʫʨʘʣʥʝ ʤʨʝʞʝ ʠʣʠ ʩʢʨʘ˂ʝʥʦ CNN (Convolutional Neural Network). ʂʣʘʩʠʯʘʥ ʧʨʠʤʝʨ CNN 

ʤʨʝʞʝ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 41. ʠ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʢʦʥʚʦʣʫʮʠʦʥʦʛ ʩʣʦʿʘ ʢʦʿʠ ʧʨʘʪʠ pooling ʩʣʦʿ, ʧʨʠ ʯʝʤʫ 

ʜʫʙʠʥʘ ʤʨʝʞʝ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʘ ʩʣʦʿʝʚʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ, ʜʦʢ ʩʝ ʥʘ ʠʟʣʘʟʫ ʤʨʝʞʝ ʥʘʣʘʟʠ ʤʨʝʞʘ ʟʘ 

ʢʣʘʩʠʬʠʢʘʮʠʿʫ (Fully connected ï FC). ʆʚʝ ʤʨʝʞʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʟʘ ʘʥʘʣʠʟʫ 

ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ ʧʦʜʘʪʘʢʘ (ʢʘʦ ʰʪʦ ʩʫ ʩʣʠʢʝ), ʘʣʠ ʠʩʪʦ ʪʘʢʦ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʠ ʟʘ 

ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʢʘʦ ʠ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʧʦʜʘʪʢʝ. ɻʣʘʚʥʠ ʜʝʦ ʢʦʥʚʦʣʫʮʠʦʥʠʭ ʥʝʫʨʘʣʥʠʭ 

ʤʨʝʞʘ ʿʝ ʢʦʥʚʦʣʫʮʠʦʥʠ ʩʣʦʿ, ʧʦ ʢʦʿʝʤ ʩʫ ʦʚʝ ʤʨʝʞʝ ʠ ʜʦʙʠʣʝ ʠʤʝ, ʠ ʢʘʦ ʰʪʦ ʩʘʤʦ ʠʤʝ ʢʘʞʝ 

ʦʙʘʚˀʘ ʦʧʝʨʘʮʠʿʫ ñʢʦʥʚʦʣʫʮʠʿʝò [127]. ʆʚʜʝ ʩʝ ʧʦʜ ʢʦʥʚʦʣʫʮʠʿʦʤ ʩʤʘʪʨʘ ʣʠʥʝʘʨʥʘ ʦʧʝʨʘʮʠʿʘ 

ʤʥʦʞʝˁʘ ʩʝʪʘ ʪʝʞʠʥʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʫʣʘʟʥʠʤ ʧʦʜʘʮʠʤʘ. ʊʘʿ ʩʝʪ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʩʝ ʥʘʟʠʚʘ ʬʠʣʪʝʨ ʠʣʠ ʢʝʨʥʝʣ. ʆʚʜʝ ʿʝ ʟʘʥʠʤˀʠʚʦ ʧʨʠʤʝʪʠʪʠ ʜʘ ʩʝ ʫ ʦʙʨʘʜʠ ʩʠʛʥʘʣʘ 

ʢʘʜʘ ʩʝ ʚʨʰʠ ʬʠʣʪʨʠʨʘˁʝ ʨʘʜʠ ʧʨʝʪʭʦʜʥʦ ʦʙʨʪʘˁʝ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʬʠʣʪʨʘ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʘʜʠʣʘ 

ʢʦʥʚʦʣʫʮʠʿʘ, ʰʪʦ ʦʚʜʝ ʥʠʿʝ ʩʣʫʯʘʿ. ʀʟ ʫʛʣʘ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ, ʦʧʝʨʘʮʠʿʘ ʢʦʥʚʦʣʫʮʠʿʝ ʫ ʦʙʣʘʩʪʠ 

ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ ʟʘʧʨʘʚʦ ʦʜʛʦʚʘʨʘ ʢʨʦʩʢʦʨʝʣʘʮʠʿʠ ʩʠʛʥʘʣʘ ʠʟ ʪʝʦʨʠʿʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ. 

ʈʝʟʫʣʪʘʪ ʦʧʝʨʘʮʠʿʝ ʢʦʥʚʦʣʫʮʠʿʝ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠ ʤʘʪʨʠʮʝ ʜʠʤʝʥʟʠʿʝ N × N ʿʝ ʿʝʜʘʥ ʙʨʦʿ, ʪʝ 

ʩʝ ʦʚʘ ʦʧʝʨʘʮʠʿʘ ʯʝʩʪʦ ʥʘʟʠʚʘ ʠ ʩʢʘʣʘʨʥʠ ʧʨʦʠʟʚʦʜ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʫ ʫʣʘʟʥʠ ʧʦʜʘʮʠ 

ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠ, ʬʠʥʘʣʥʠ ʨʝʟʫʣʪʘʪ ʦʧʝʨʘʮʠʿʝ ʿʝʜʥʦʛ ʢʦʥʚʦʣʫʮʠʦʥʦʛ ʩʣʦʿʘ ʿʝ 

ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʤʘʪʨʠʮʘ ʢʦʿʘ ʩʝ ʥʘʟʠʚʘ ĂFeature mapñ. ʈʝʟʫʣʪʘʪ ʨʘʜʘ ʿʝʜʥʦʛ ʢʦʥʚʦʣʫʮʠʦʥʦʛ 

ʩʣʦʿʘ ʥʝʫʨʘʣʥʝ ʤʨʝʞʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʜʦʜʘʪʥʦ ʬʠʣʪʨʠʨʘ ʩʘ ReLU (Rectified Linear Unit), ʢʦʿʘ 

ʧʨʝʜʩʪʘʚˀʘ ʣʠʥʝʘʨʥʫ ʘʢʪʠʚʘʮʠʦʥʫ ʬʫʥʢʮʠʿʫ ʠ ʢʦʿʘ ˂ʝ ʜʠʨʝʢʪʥʦ ʜʘʪʠ ʫʣʘʟ ʘʢʦ ʿʝ ˁʝʥ ʘʨʛʫʤʝʥʪ 

ʧʦʟʠʪʠʚʘʥ, ʜʦʢ ʫ ʩʫʧʨʦʪʥʦʤ ʩʣʫʯʘʿʫ ʜʘʿʝ ʥʫʣʫ ʢʘʦ ʨʝʟʫʣʪʘʪ. 
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ʉʣʠʢʘ 41. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʢʦʥʚʦʣʫʮʠʦʥʝ ʥʝʫʨʘʣʥʝ ʤʨʝʞʝ ʩʘ ʚʠʰʝ ʢʦʥʚʦʣʫʮʠʦʥʠʭ ʩʣʦʿʝʚʘ 

ʈʘʟʚʦʿ ʜʠʛʠʪʘʣʥʠʭ ʩʝʥʟʦʨʘ ʢʦʿʠ ʩʫ ʫ ʩʪʘˁʫ ʜʘ ʤʝʨʝ ʧʘʨʘʤʝʪʨʝ ʩʨʝʜʠʥʝ ʫ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʝ 

ʠ ʭʘʨʜʚʝʨʘ ʢʦʿʠ ʤʦʞʝ ʪʝ ʧʦʜʘʪʢʝ ʜʘ ʦʙʨʘʜʠ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʜʦʚʝʣʠ ʩʫ ʜʦ ʝʢʩʧʘʥʟʠʿʝ 

ʘʫʪʦʥʦʤʥʠʭ ʚʦʟʠʣʘ, ʜʨʦʥʦʚʘ ʠ ʨʦʙʦʪʘ. ɱʝʜʘʥ ʦʜ ʢˀʫʯʥʠʭ ʩʝʥʟʦʨʘ ʫ ʘʧʣʠʢʘʮʠʿʘʤʘ ʫʧʨʘʚˀʘˁʘ 

ʘʫʪʦʥʦʤʥʠʭ ʚʦʟʠʣʘ ʿʝ ʜʠʛʠʪʘʣʥʘ ʢʘʤʝʨʘ. ɿʙʦʛ ʣʦʝh ʚʠʜˀʠʚʦʩʪʠ ʠʣʠ ʩʣʘʙʦʛ ʦʩʚʝʪˀʝˁʘ 

ʦʢʨʫʞʝˁʘ ʫ ʢʦʿʝʤ ʩʝ ʚʦʟʠʣʦ ʥʘʣʘʟʠ, ʚʨʣʦ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʬʫʟʠʿʘ ʩʝʥʟʦʨʘ ʛʜʝ ʧʨʝʜˁʘʯʠ 

ʫʧʦʪʨʝʙʘ LiDAR ʩʠʩʪʝʤʘ. ʄʝʹʫʪʠʤ, ʪʘʢʚʠ ʩʠʩʪʝʤʠ ʩʫ ʩʢʫʧʠ, ʧʘ ʩʝ ʟʘ ʦʨʠʿ ʝʥʪʘʮʠʿʫ ʫ ʧʨʦʩʪʦʨʫ 

ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʠ ʧʨʦʬʠʣʥʠ ʠʣʠ ʩʢʝʥʝʨʠ ʩʘ ʩʪʨʫʢʪʫʠʨʘʥʠʤ ʩʚʝʪʣʦʤ, ʢʘʦ ʿʝʬʪʠʥʠʿʘ ʨʝʰʝˁʘ 

[128] [129].  

ʋ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʥʘʚʠʛʘʮʠʿʫ ʘʫʪʦʥʦʤʥʦʛ 

ʚʦʟʠʣʘ ʥʠʿʝ ʧʦʟʥʘʪʦ ʦʜ ʢʘʢʚʠʭ ʧʦʚʨʰʠʥʘ ˂ʝ ʩʝ ʨʝʬʣʝʢʪʦʚʘʪʠ ʣʘʩʝʨʩʢʘ ʩʚʝʪʣʦʩʪ. ʅʘ ʧʨʠʤʝʨ, 

ʫʢʦʣʠʢʦ ʿʝ ʧʦʜʣʦʛʘ ʧʦ ʢʦʿʦʿ ʩʝ ʚʦʟʠʣʦ ʢʨʝ˂ʝ ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʫʛʣʘʯʘʥʦʛ ʤʝʨʤʝʨʘ, ʩʪʘʢʣʘ ʠʣʠ ʫ 

ʛʝʥʝʨʘʣʥʦʤ ʩʣʫʯʘʿʫ ʥʝʢʝ ʚʨʩʪʝ ʧʦʜʣʦʛʝ ʩʘ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʨʝʬʣʝʢʩʠʿʝ, ʢʘʤʝʨʘ ʧʨʦʬʠʣʥʦʛ 

ʩʢʝʥʝʨʘ ˂ʝ ʫʭʚʘʪʠʪʠ ʚʝʣʠʢʠ ʙʨʦʿ ʜʦʜʘʪʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʥʘʩʪʘʣʠʭ ʫʩʣʝʜ ʝʬʝʢʪʘ ʦʛʣʝʜʘʣʘ, ʢʦʿʝ ʩʫ 

ʧʦ ʩʚʦʿʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʚʨʣʦ ʩʣʠʯʥʝ ʛʣʘʚʥʦʿ ʨʝʬʣʝʢʩʠʿʠ. ʂʘʦ ʪʘʢʚʝ, ʧʨʝʜʩʪʘʚˀʘʿʫ ʣʘʞʥʝ 

ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʜʘʿʫ ʧʦʛʨʝʰʥʫ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʫʜʘˀʝʥʦʩʪʠ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ [130]. 

ʋʧʦʪʨʝʙʦʤ ʢʦʥʚʦʣʫʮʠʦʥʠʭ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ ʤʦʛʫ ʩʝ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʧʠʢʩʝʣʠ ʥʘ ʩʣʠʮʠ ʫ 

ʦʜʨʝʹʝʥʝ ʢʘʪʝʛʦʨʠʿʝ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʯʝʢʠʚʘʥʝ ʘʧʣʠʢʘʮʠʿʝ, ʤʦʞʝ ʩʝ ʥʘʧʨʘʚʠʪʠ ʚʠʰʝ 

ʢʘʪʝʛʦʨʠʿʘ ʧʠʢʩʝʣʘ. ʅʘ ʧʨʠʤʝʨ, ʤʦʞʝ ʩʝ ʥʘʧʨʘʚʠʪʠ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʧʠʢʩʝʣʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ 

ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ, ʧʠʢʩʝʣʠ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʧʦʟʘʜʠʥʠ ʩʣʠʢʝ, ʧʠʢʩʝʣʠ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʣʘʞʥʠʤ 

ʨʝʬʣʝʢʩʠʿʘʤʘ ʠ ʜʨʫʛʝ. ɿʘ ʪʨʝʥʠʨʘˁʝ ʢʦʥʚʦʣʫʮʠʦʥʠʭ ʤʨʝʞʘ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʩʣʠʢʝ ʥʘ ʢʦʿʠʤʘ 

ʩʫ ʦʟʥʘʯʝʥʠ ʧʠʢʩʝʣʠ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ, ʜʦʜʘʪʥʠʤ ʨʝʬʣʝʢʩʠʿʘʤʘ, ʧʦʟʘʜʠʥʠ, 

ʘʤʙʠʿʝʥʪʘʣʥʦʤ ʩʚʝʪʣʫ ʠʣʠ ʟʘʤʫ˂ʝʥʦʤ ʜʝʣʫ ʩʣʠʢʝ. ʀʟʣʘʟ ʢʦʥʚʦʣʫʮʠʦʥʝ ʤʨʝʞʝ ʿʝ RGB ʩʣʠʢʘ 

ʛʜʝ ʩʫ ʧʨʝʧʦʟʥʘʪʠ ʦʙʿʝʢʪʠ ʦʟʥʘʯʝʥʠ ʨʘʟʣʠʯʠʪʠʤ ʙʦʿʘʤʘ. ʋ ʩʫʰʪʠʥʠ ʦʚʘʢʚʘ ʧʨʠʤʝʥʘ 

ʢʦʥʚʦʣʫʮʠʦʥʠʭ ʤʨʝʞʝ ʤʦʞʝ ʩʝ ʩʤʘʪʨʘʪʠ ʘʣʛʦʨʠʪʤʦʤ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ROI ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʩʝ 

ʥʘʣʘʟʠ ʨʝʬʣʝʢʩʠʿʘ, ʜʦʢ ʩʝ ʢʘʩʥʠʿʝ ʫʧʦʪʨʝʙʦʤ ʥʝʢʝ ʦʜ ʢʣʘʩʠʯʥʠʭ ʤʝʪʦʜʘ ʨʘʯʫʥʘ ʢʦʥʘʯʥʘ 

ʧʦʟʠʮʠʿʘ.    

ʅʝʢʠ ʦʜ ʢʣʘʩʠʯʥʠʭ ʧʨʠʤʝʨʘ ʤʨʝʞʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʢʣʘʩʠʬʠʢʘʮʠʿʫ ʩʣʠʢʝ ʩʫ 

AlexNet, VGGNet ʠ ResNet. ʅʘ ʧʨʠʤʝʨ, ʫʧʦʪʨʝʙʘ Sketch-a-Net ʪʠʧʘ ʤʨʝʞʝ ʤʦʞʝ ʙʠʪʠ 

ʟʘʥʠʤˀʠʚʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ, ʿʝʨ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʠʥʠʿʘ ʨʫʢʦʧʠʩʘ 

ʠʣʠ ʩʠʤʙʦʣʘ. ɻʣʘʚʥʠ ʨʘʟʣʦʛ ʟʘ ʪʘʢʦ ʥʝʰʪʦ ʿʝ ʯʠˁʝʥʠʮʘ ʜʘ ʩʫ ʜʘʥʘʰˁʝ ʤʨʝʞʝ ʫʛʣʘʚʥʦʤ 

ʜʠʟʘʿʥʠʨʘʥʝ ʟʘ ʧʨʠʨʦʜʥʝ ʩʣʠʢʝ ʩʘ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʜʝʪʘˀʘ, ʜʦʢ ʩʫ ʨʫʢʦʧʠʩʠ ʿʝʜʥʦʩʪʘʚʥʠ ʠ 

ʧʦʧʨʠʣʠʯʥʦ ʘʧʩʪʨʘʢʪʥʠ, ʙʝʟ ʤʥʦʛʦ ʚʠʟʫʝʣʥʠʭ ʜʝʪʘˀʘ ʠ ʚʨʣʦ ʯʝʩʪʦ ʩʘʯʠˁʝʥʠ ʩʘʤʦ ʦʜ ʮʨʥʦ 

ʙʝʣʠʭ ʣʠʥʠʿʘ. ʅʘ ʩʣʠʯʘʥ ʥʘʯʠʥ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʠ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ï ʙʝʣʘ ʪʘʥʢʘ ʣʠʥʠʿʘ ʥʘ 

ʮʨʥʦʿ ʧʦʟʘʜʠʥʠ, ʘʧʩʪʨʘʢʪʥʠʭ ʣʠʥʠʿʘ ʠ ʙʝʟ ʧʨʝʚʠʰʝ ʜʝʪʘˀʘ [131].  
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ʅʘʢʦʥ h ʪʦ ʩʫ ʧʠʢʩʝʣʠ ʩʣʠʢʝ ʢʣʘʩʠʬʠʢʦʚʘʥʠ ʫ ʨʘʟʣʠʯʠʪʝ ʢʘʪʝʛʦʨʠʿʝ, ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ 

ʥʝʢʠ ʦʜ ʜʦʙʨʦ ʧʦʟʥʘʪʠʭ ʘʣʛʦʨʠʪʘʤʘ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ Steger ʘʣʛʦʨʠʪʘʤ [132] ʫ ʢʦʤʙʠʥʘʮʠʿʠ  ʩʘ 

ʘʣʛʦʨʠʪʤʦʤ ʮʝʥʪʨʘ ʤʘʩʝ, ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʝʩʪʠʤʘʮʠʿʠ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ɸʫʪʦʨʠ ʧʨʝʜʣʘʞʫ ʜʘ ʩʝ ʧʠʢʩʝʣʠ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ ʜʘˀʝ 

ʜʦʜʘʪʥʦ ʧʨʦʮʝʩʠʨʘʿʫ, ʢʘʢʦ ʙʠ ʩʝ ʥʘʧʨʘʚʠʣʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʧʨʘʚʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʠ ʨʘʟʣʠʯʠʪʠʭ 

ʦʙʣʠʢʘ ʰʫʤʘ ʠ ʧʦʟʘʜʠʥʩʢʦʛ ʦʩʚʝʪˀʝˁʘ, ʪʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʦʜʘʪʥʦ ʠʟʜʚʦʿʠʣʠ ʧʠʢʩʝʣʠ ʦʜ 

ʠʥʪʝʨʝʩʘ. Kʘʜʘ ʩʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʠʢʩʝʣʠ ʩʣʠʢʝ ʧʨʝʧʦʟʥʘʪʠ ʠ ʦʟʥʘʯʝʥʠ ʜʘ ʧʨʠʧʘʜʘʿʫ ʣʘʩʝʨʩʢʦʿ 

ʨʝʬʣʝʢʩʠʿʠ, ʜʦʚʦˀʥʦ ʿʝ ʫʧʦʪʨʝʙʦʤ ʿʝʜʥʩʦʪʘʚʥʠʭ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ʤʝʪʦʜʘ, ʢʘʦ ʰʪʦ ʿʝ ʮʝʥʪʘʨ 

ʤʘʩʝ, ʜʘ ʩʝ ʝʩʪʠʤʠʨʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ [133] [134].  

ʅʝʢʠ ʦʜ CNN ʘʣʛʦʨʠʪʘʤʘ ʢʦʨʠʩʪʝ ʨʝʟʫʣʪʘʪʝ ʜʝʪʝʢʮʠʿʝ ʧʨʦʬʠʣʘ ʩʢʝʥʠʨʘʥʦʛ ʦʙʿʝʢʪʘ, 

ʢʘʢʦ ʙʠ ʥʘʧʨʘʚʠʣʠ ʧʨʝʜʠʢʮʠʿʫ ʢʚʘʣʠʪʝʪʘ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʪʘʣʥʠʭ ʚʘʨʦʚʘ (ʤʘʜʘ ʦʚʦ ʥʝ ʤʦʨʘ 

ʙʠʪʠ ʦʛʨʘʥʠʯʝʥʦ ʥʘ ʤʝʪʘʣʥʝ ʚʘʨʦʚʝ) [135]. ʆʩʠʤ ʟʘ ʢʦʥʪʨʦʣʫ ʢʚʘʣʠʪʝʪʘ ʚʘʨʦʚʘ, CNN ʩʝ ʤʦʛʫ 

ʢʦʨʠʩʪʠ ʠ ʫ ʘʧʣʠʢʘʮʠʿʘʤʘ ʟʘ ʥʘʚʦʹʝˁʝ ʨʦʙʦʪʘ ʚʘʨʠʦʮʘ. ʊʘʢʦʹʝ, ʫ ʜʦʩʪʫʧʥʦʿ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʤʦʞʝ 

ʧʨʦʥʘ˂ʠ ʜʘ ʩʝ ʨʝʟʫʣʪʘʪʠ ʩʢʝʥʠʨʘˁʘ ʩʘ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ ʢʦʨʠʩʪʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ 

ʥʝʫʨʘʣʥʠʤ ʤʨʝʞʘʤʘ ʟʘ ʨʘʥʦ ʦʪʢʨʠʚʘˁʝ ʧʨʦʙʣʝʤʘ ʫ ʞʝʣʝʟʥʠʯʢʦʿ ʠʥʬʨʘʩʪʨʫʢʪʫʨʠ (ʧʨʝ ʩʚʝʛʘ ʥʘ 

ʢʚʘʣʠʪʝʪ ʩʧʦʿʝʚʘ ʞʝʣʝʟʥʠʯʢʠʭ ʰʠʥʘ) [136]. 

ʇʨʠʣʠʢʦʤ ʜʘʚʘˁʘ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʫʚʝʢ ʿʝ ʜʦʙʨʦ ʟʥʘʪʠ ʩʘ ʢʦʣʠʢʦʤ ʛʨʝʰʢʦʤ ʿʝ ʦʥʘ 

ʝʩʪʠʤʠʨʘʥʘ. ʅʝʫʨʘʣʥʝ ʤʨʝʞʝ ʩʝ ʤʦʛʫ ʠʩʪʨʝʥʠʨʘʪʠ ʜʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʘʣʛʦʨʠʪʤʝ, ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʝ 

ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʨʝʬʣʝʢʩʠʿʠ, ʜʘʿʫ ʝʩʪʠʤʘʮʠʿʫ ʛʨʝʰʢʝ ʧʦʟʠʮʠʿʝ [137].  

 ʅʝʫʨʘʣʥʝ ʤʨʝʞʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʘʜʘʧʪʠʚʥʦ ʧʦʜʝʰʘʚʘˁʝ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ 

ʢʘʤʝʨʝ ʢʘʢʦ ʙʠ ʩʝ ʢʦʥʪʨʦʣʠʩʘʣʘ ʰʠʨʠʥʘ ʜʝʪʝʢʪʦʚʘʥʝ ʨʝʬʣʝʢʩʠʿʝ. ʋʢʦʣʠʢʦ ʙʠ ʩʝ ʢʦʨʠʩʪʠʦ ʥʝʢʠ 

ʦʜ ʢʣʘʩʠʯʥʠʭ ʤʝʪʦʜʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʰʠʨʠʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ɻʘʫʩʦʚ ʤʝʪʦʜ 

ʠʥʪʝʨʧʦʣʘʮʠʿʝ, ʚʨʝʤʝ ʝʩʪʠʤʘʮʠʿʝ ʙʠ ʙʠʣʦ ʚʝʣʠʢʦ ʠ ʥʝʧʦʜʦʙʥʦ ʟʘ ʫʧʦʪʨʝʙʫ ʫ ʘʧʣʠʢʘʮʠʿʘʤʘ ʢʦʿʝ 

ʩʝ ʠʟʚʨʰʘʚʘʿʫ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ Back Propagation Neural Network (BPNN) 

ʤʦʛʫ ʟʥʘʯʘʿʥʦ ʩʤʘˁʠʪʠ ʚʨʝʤʝ ʨʘʯʫʥʘˁʘ ʦʧʪʠʤʘʣʥʝ ʝʢʩʧʦʟʠʮʠʿʝ ʠ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʫ 

ʩʠʩʪʝʤʠʤʘ ʩʘ ʦʙʨʘʜʦʤ ʩʠʛʥʘʣʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ [138]. ɺʝʨʦʚʘʪʥʦ ʿʝ ʤʦʛʫ˂ʝ ʩʣʠʯʥʫ ʤʨʝʞʫ 

ʢʦʨʠʩʪʠʪʠ ʟʘ ʘʫʪʦʤʘʪʩʢʫ ʢʦʥʪʨʦʣʫ ʩʥʘʛʝ ʣʘʩʝʨʘ ʥʘ ʧʨʦʬʠʣʥʠʤ ʩʢʝʥʝʨʠʤʘ. 

 ʅʘ ʦʩʥʦʚʫ ʜʦʩʪʫʧʥʝ ʣʠʪʝʨʘʪʫʨʝ ʿʘʩʥʦ ʩʝ ʠʟʜʚʘʿʘʿʫ ʜʚʘ ʧʨʠʩʪʫʧʘ ʫ ʢʦʨʠʰ˂ʝˁʫ CNN. 

ʇʨʚʠ ʿʝ ʫʧʦʪʨʝʙʘ ʢʦʥʚʦʣʫʮʠʦʥʠʭ ʤʨʝʞʘ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʘʜʠʣʘ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʧʠʢʩʝʣʘ ʢʦʿʠ 

ʧʨʠʧʘʜʘʿʫ ʣʘʩʝʨʩʢʦʿ ʣʠʥʠʿʠ, ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʩʤʘˁʠʦ ʙʨʦʿ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ˂ʝ ʥʝʢʠ ʢʦʤʧʣʝʢʩʥʠʿʠ 

ʘʣʛʦʨʠʪʘʤ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʨʠʩʪʠʪʠ. ʄʝʹʫʪʠʤ, ʪʘʢʘʚ ʧʨʠʩʪʫʧ 

ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʜʘ ʩʝ ʢʦʤʧʣʝʢʩʘʥ ʠ ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʘʥ ʘʣʛʦʨʠʪʘʤ ʢʦʨʠʩʪʠ ʢʘʦ ʧʨʝʜ 

ʘʣʛʦʨʠʪʘʤ ʟʘ ʪʘʢʦʹʝ ʢʦʤʧʣʝʢʩʘʥ ʘʣʛʦʨʠʪʘʤ, ʢʘʢʦ ʙʠ ʩʝ ʩʘʤʦ ʦʜʨʝʜʠʣʘ ʧʦʟʠʮʠʿʘ ʨʝʬʣʝʢʩʠʿʝ. 

ɼʘʣʝʢʦ ʚʝ˂ʠ ʙʨʦʿ ʨʘʜʦʚʘ, ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʜʨʫʛʦʤ ʧʨʠʩʪʫʧʫ ʢʦʨʠʰ˂ʝˁʘ CNN, ʩʝ ʤʦʞʝ ʥʘ˂ʠ ʥʘ 

ʪʝʤʫ ʫʧʦʪʨʝʙʝ ʨʝʟʫʣʪʘʪʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʢʘo ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʟʘ ʘʣʛʦʨʠʪʤʝ ʤʘʰʠʥʩʢʦʛ 

ʫʯʝˁʘ. ʋʛʣʘʚʥʦʤ ʩʝ ʪʫ ʨʘʜʠ ʦ ʢʦʥʪʨʦʣʠ ʢʚʘʣʠʪʝʪʘ ʚʘʨʦʚʘ ʠʣʠ ʥʘʚʦʹʝˁʫ ʨʦʙʦʪʘ ʟʘ ʤʘʰʠʥʩʢʦ 

ʚʘʨʝˁʝ. 

 ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʠ ʜʘ ʿʝ ʚʝ˂ʠʥʘ ʧʨʝʜʣʦʞʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʢʦʨʠʩʪʝ ʥʝʢʠ ʦʜ 

ʤʝʪʦʜʘ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ ʠʤʧʣʝʤʝʥʪʠʨʘʥʦ ʥʘ GPU ʧʣʘʪʬʦʨʤʘʤʘ, ʢʦʿʝ ʥʠʩʫ ʧʦʛʦʜʥʝ ʟʘ 

ʠʥʪʝʛʨʘʮʠʿʫ ʫʥʫʪʘʨ ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ. ɿʙʦʛ ʘʨʭʠʪʝʢʪʫʨʝ ʥʘ ʢʦʿʦʿ ʩʫ ʙʘʟʠʨʘʥʝ GPU ʧʣʘʪʬʦʨʤʝ 

ʩʫ ʜʘʣʝʢʦ ʘʪʨʘʢʪʠʚʥʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ FPGA ʯʠʧʦʚʝ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘʿʯʝʰ˂ʝ ʥʘ˂ʠ ʫʥʫʪʘʨ 

ʧʨʦʬʠʣʥʠʭ ʩʢʝʥʝʨʘ. ʅʝ ʪʨʝʙʘ ʟʘʙʦʨʘʚʠʪʠ ʜʘ ʩʫ ʩʚʝ ʧʦʧʫʣʘʨʥʠʿʝ TinyML (Tiny Machine 

Learning) ʥʝʫʨʘʣʥʝ ʤʨʝʞʝ ʢʦʿʝ ʥʝ ʟʘʭʪʝʚʘʿʫ ʤʦ˂ʥʝ ʧʣʘʪʬʦʨʤʝ ʠ ʢʦʿʝ ʤʦʛʫ ʨʘʜʠʪʠ ʥʘ 

ʤʠʢʨʦʧʨʦʮʝʩʦʨʠʤʘ ʠʣʠ ʯʘʢ ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʠʤʘ [139].  

 ʋʧʦʪʨʝʙʘ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ ʟʘ ʢʣʘʩʠʬʠʢʘʮʠʿʫ ʧʠʢʩʝʣʘ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ʜʘ ʥʝʤʘ ʚʝʣʠʢʫ 

ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ. ɸʣʛʦʨʠʪʤʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ ʩʫ ʿʝʜʥʦʩʪʘʚʥʠ, 

ʫʛʣʘʚʥʦʤ ʠ ʟʙʦʛ ʩʘʤʝ ʧʨʠʨʦʜʝ ʬʦʨʤʠʨʘˁʘ ʩʣʠʢʝ ʥʘ ʧʨʦʬʠʣʥʦʤ ʩʢʝʥʝʨʫ ï ʤʘʣʦ ʚʨʝʤʝ 
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ʝʢʩʧʦʟʠʮʠʿʝ ʩʘ ʣʘʩʝʨʩʢʦʤ ʣʠʥʠʿʦʤ ʚʠʩʦʢʦʛ ʠʥʪʝʥʟʠʪʝʪʘ, ʰʪʦ ʿʝ ʯʠʥʠ ʿʝʜʥʦʩʪʘʚʥʦʤ ʟʘ 

ʧʨʝʧʦʟʥʘʚʘˁʝ.  

ʄʝʹʫʪʠʤ, ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʦʤʧʣʝʢʩʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʧʨʝʧʦʟʥʘʚʘˁʝ ʨʘʟʥʠʭ ʚʨʩʪʘ 

ʥʝʜʦʩʪʘʪʘʢʘ ʫ ʠʥʜʫʩʪʨʠʿʩʢʦʿ ʧʨʦʠʟʚʦʜˁʠ ʠʣʠ ʥʘʚʦʹʝˁʘ ʨʦʙʦʪʘ, ʙʘʟʠʨʘʥʠ ʥʘ ʨʝʟʫʣʪʘʪʠʤʘ ʨʘʜʘ 

ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ, ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ʠʤʘʿʫ ʦʛʨʦʤʘʥ ʧʦʪʝʥʮʠʿʘʣ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ CNN.  

 

 

4.10.  ʀʟʚʦʜˀʠʚʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠʜʝʿʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʥʘ ʧʨʦʬʠʣʥʠʤ 
ʩʢʝʥʝʨʠʤʘ  

 

 

ʋ ʧʨʝʪʭʦʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʜʘʪ ʿʝ ʜʝʪʘˀʘʥ ʧʨʝʛʣʝʜ ʜʦʩʪʫʧʥʠʭ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʫ ʢʦʿʠʤʘ 

ʩʝ ʜʠʩʢʫʪʫʿʝ ʦ ʧʨʦʙʣʝʤʫ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʜʝʪʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʅʝʢʠ ʦʜ ˁʠʭ 

ʙʘʚʝ ʩʝ ʪʝʦʨʠʿʩʢʠʤ ʧʨʠʩʪʫʧʦʤ ʨʝʰʘʚʘˁʘ ʧʨʦʙʣʝʤʘ ʛʜʝ ʿʝ ʧʨʝ ʩʚʝʛʘ ʧʦʩʪʘʚˀʝʥʦ ʤʝʨʥʦ 

ʦʢʨʫʞʝˁʝ ʠ ʩʘʯʫʚʘʥʠ ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʤʦʛʫ˂ʝ ʧʨʦʙʘʪʠ ʰʠʨʦʢ ʩʧʝʢʪʘʨ 

ʘʣʛʦʨʠʪʘʤʘ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʘʩʪʠ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ʠ ʪʝʦʨʠʿʝ ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʢʨʠʚʠʭ. ʆʚʘʢʘʚ 

ʧʨʠʩʪʫʧ ʠʤʘ ʦʛʨʘʥʠʯʝʥʫ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʿʝʨ ʩʫ ʨʝʪʢʝ ʩʠʪʫʘʮʠʿʝ ʫ ʢʦʿʠʤʘ ʩʝ ʨʘʜʠ ʥʘʢʥʘʜʥʘ 

ʦʙʨʘʜʘ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ. ʊʘʢʦʹʝ, ʥʝʨʝʪʢʦ ʫ ʪʘʢʚʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʩʝ ʢʦʨʠʩʪʝ ʚʨʣʦ ʩʣʦʞʝʥʝ 

ʤʘʪʝʤʘʪʠʯʢʝ ʢʦʥʩʪʨʫʢʮʠʿʝ, ʢʘʦ ʠ ʚʝʣʠʢʘ ʢʦʣʠʯʠʥʘ ʤʝʤʦʨʠʿʝ ʫ ʢʦʿʫ ʩʝ ʩʤʝʰʪʘʿʫ ʤʝʹʫʨʝʟʫʣʪʘʪʠ 

ʘʣʛʦʨʠʪʤʘ (ʧʨʝʜʬʠʣʪʨʠʨʘˁʝ ʩʣʠʢʝ, ʬʠʣʪʨʠʨʘˁʝ ɻʘʫʩʦʚʠʤʘ ʜʝʨʠʚʘʪʠʤʘ, ʦʜʨʝʹʠʚʘˁʝ ʧʨʘʛʘ 

ʜʝʪʝʢʮʠʿʝ ʠ ʩʣʠʯʥʦ).  

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʧʨʘʢʪʠʯʥʘ ʧʨʠʤʝʥʘ ʘʣʛʦʨʠʪʘʤʘ ʠ ˁʠʭʦʚʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʟʘ ʨʘʜ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʟʘʭʪʝʚʘʿʫ ʧʘʞˀʠʚʦ ʧʣʘʥʠʨʘˁʝ ʠ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʜʦʩʪʫʧʥʠʭ ʨʝʩʫʨʩʘ ʟʘ 

ʦʙʨʘʜʫ ʩʣʠʢʝ, ʦʜʥʦʩʥʦ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ʠ ʮʝʥʝ ʭʘʨʜʚʝʨʘ. ʂʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʧʦʜʘʮʠ ʩʘ 

ʙʨʟʝ ʠʥʜʫʩʪʨʠʿʩʢʝ ʢʘʤʝʨʝ, ʫʧʦʪʨʝʙʘ ʩʢʫʧʠʭ ʠ ʤʦ˂ʥʠʭ FPGA ʠʣʠ DSP ʧʨʦʮʝʩʦʨʘ ʟʘ ˁʠʭʦʚʫ 

ʦʙʨʘʜʫ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ʥʠʿʝ ʦʧʮʠʿʘ ʿʝʨ ʪʦ ʟʥʘʯʘʿʥʦ ʧʦʜʠʞʝ ʮʝʥʫ ʛʦʪʦʚʦʛ ʫʨʝʹʘʿʘ. ʇʨʠʤʝʪʥʦ ʿʝ 

ʜʘ ʫ ʨʘʜʦʚʠʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʦʧʠʩʫʿʝ ʥʝʢʘ ʚʨʩʪʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʫʛʣʘʚʥʦʤ ʢʦʨʠʩʪʝ ʫʩʣʦʚʥʦ 

ʨʝʯʝʥʦ ʿʝʜʥʦʩʪʘʚʥʠ ʘʣʛʦʨʠʪʤʠ ʢʘʦ ʰʪʦ ʿʝ ʝʩʪʠʤʘʪʦʨ ʧʘʨʘʙʦʣʝ ʠʣʠ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʘʨ ʤʘʩʝ ʛʜʝ 

ʩʝ ʤʘʣʠʤ ʧʦʙʦˀʰʘˁʝʤ ʫ ʩʘʤʦʤ ʘʣʛʦʨʠʪʤʫ ʧʦʢʫʰʘʚʘ ʠʟʚʫ˂ʠ ʤʘʢʩʠʤʫʤ ʠʥʬʦʨʤʘʮʠʿʝ. ʊʦ ʿʝ 

ʥʘʨʘʚʥʦ ʠ ʣʦʛʠʯʥʦ ʿʝʨ ʘʣʛʦʨʠʪʤʠ ʢʦʿʠ ʩʝ ʠʟʚʨʰʘʚʘʿʫ ʥʘ ʥʘʤʝʥʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʧʨʦʬʠʣʥʠʭ 

ʩʢʝʥʝʨʘ ʨʘʜʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʩʘ ʤʠʥʠʤʘʣʥʠʤ ʚʨʝʤʝʥʦʤ ʧʨʦʮʝʩʠʨʘˁʘ ʧʦʜʘʪʘʢʘ. 

ɼʦʙʘʨ ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʨʘʜʠ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʩʘ ʢʘʤʝʨʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʜʘʿʝ ʜʦʙʨʝ 

ʨʝʟʫʣʪʘʪʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ, ʦʜʥʦʩʥʦ ʩʘ ʨʝʣʘʪʠʚʥʦ ʤʘʣʠʤ ʧʦʜʝʰʘʚʘˁʠʤʘ ʤʦʛʫ˂ʝ ʿʝ 

ʠʩʪʠ ʧʨʦʬʠʣʥʠ ʩʢʝʥʝʨ ʢʦʨʠʩʪʠʪʠ ʫ ʚʝʦʤʘ ʨʘʟʣʠʯʠʪʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ. ʅʘ ʧʨʠʤʝʨ, ʤʦʛʫ˂ʝ ʿʝ ʠʩʪʠ 

ʩʢʝʥʝʨ ʢʦʨʠʩʪʠʪʠ ʢʘʜʘ ʩʝ ʚʨʰʠ ʢʦʥʪʨʦʣʘ ʢʚʘʣʠʪʝʪʘ ʚʘʨʝˁʘ ʤʝʪʘʣʥʠʭ ʜʝʣʦʚʘ ʠʣʠ ʫ ʠʥʜʫʩʪʨʠʿʠ 

ʤʝʩʘ ʟʘ ʢʦʥʪʨʦʣʫ ʨʘʜʘ ʤʘʰʠʥʝ ʟʘ ʩʝʯʝˁʝ. 

 ʋʧʦʪʨʝʙʘ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ ʩʝ ʯʠʥʠ ʢʘʦ ʚʝʦʤʘ ʜʦʙʘʨ ʢʘʥʜʠʜʘʪ ʧʨʝ ʩʚʝʛʘ ʟʙʦʛ 

ʢʦʤʧʨʦʤʠʩʘ ʠʟʤʝʹʫ ʪʘʯʥʦʩʪʠ ʝʩʪʠʤʘʮʠʿʝ, ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ʠ ˁʝʛʦʚʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ. 

ʄʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʧʨʝʜʩʪʘʚˀʘ ʿʝʟʛʨʦ ʠʣʠ ʮʝʥʪʨʘʣʥʠ ʜʝʦ ʦʙʨʘʜʝ 

ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ɻʣʘʚʥʘ ʤʦʪʠʚʘʮʠʿʘ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʧʦʙʦˀʰʘˁʝ 

ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʢʦʜ ʩʘʪʫʨʠʩʘʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʰʪʦ ʟʥʘʯʠ ʜʘ ʙʠ ʬʦʢʫʩ ʠʩʪʨʘʞʠʚʘˁʘ ʙʠʣʘ 

ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ ʬʠʣʪʨʠʨʘˁʝ ʩʠʛʥʘʣʘ ʢʦʿʘ ʩʘ ʤʘʣʦʤ ʢʦʣʠʯʠʥʦʤ ʨʝʩʫʨʩʘ ʥʘ ʥʝʢʠ ʥʘʯʠʥ 

ʧʦʙʦˀʰʘʚʘ ʨʘʜ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ, ʦʜʥʦʩʥʦ ʜʘʿʝ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ  ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ. 
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5.  ʇʨʠʤʝʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʫ ʝʩʪʠʤʘʮʠʿʠ ʧʦʟʠʮʠʿʝ ʨʝʬʣʝʢʩʠʿʝ 

ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ 

 

 

 

 

ʇʨʦʬʠʣʥʠ ʩʢʝʥʝʨ ʜʦʙʠʿʘ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʩʚʦʤ ʦʢʨʫʞʝˁʫ ʥʘ ʦʩʥʦʚʫ ʧʨʠʤˀʝʥʝ ʣʘʩʝʨʩʢʝ 

ʩʚʝʪʣʦʩʪʠ, ʩʣʠʯʥʦ ʨʘʜʘʨʩʢʦʤ ʩʠʩʪʝʤʫ ʢʦʿʠ ʪʘʢʦʹʝ ʨʘʜʠ ʧʦ ʧʨʠʥʮʠʧʫ ʘʢʪʠʚʥʦʛ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ ʟʨʘʯʝˁʘ ʠ ʧʨʠʿʝʤʘ ʨʝʬʣʝʢʩʠʿʝ ʧʦʩʣʘʪʦʛ ʩʠʛʥʘʣʘ ʦʜ ʧʦʩʤʘʪʨʘʥʦʛ ʦʙʿʝʢʪʘ. ʋ 

ʨʘʜʘʨʩʢʦ ʿʪʝʭʥʠʮʠ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʥʘ ʫʣʘʟʫ ʜʝʪʝʢʪʦʨʘ ʧʨʠʤˀʝʥʦʛ ʩʠʛʥʘʣʘ ʥʘʣʘʟʝ ʧʨʠʣʘʛʦʹʝʥʠ 

ʬʠʣʪʨʠ, ʿʝʨ ʿʝ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪʦ ʢʦʿʠ ʪʘʣʘʩʥʠ ʦʙʣʠʢ ʩʠʛʥʘʣʘ ʿʝ ʧʦʩʣʘʪ ʠ ʯʠʿʘ ʩʝ ʨʝʬʣʝʢʩʠʿʘ 

ʦʯʝʢʫʿʝ. ʂʘʦ ʰʪʦ ʿʝ ʧʦʢʘʟʘʥʦ ʫ ʧʨʝʪʭʦʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʤʥʦʛʝ ʠʜʝʿʝ ʟʘ ʦʙʨʘʜʫ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʩʝ ʫʧʨʘʚʦ ʟʘʩʥʠʚʘʿʫ ʥʘ ʠʜʝʿʠ ʫʧʦʪʨʝʙʝ ɻʘʫʩʦʚʝ ʢʨʠʚʝ ʢʘʦ ʥʝʢʝ ʚʨʩʪʝ ʧʨʠʣʘʛʦʹʝʥʦʛ 

ʬʠʣʪʨʘ (ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʠʣʠ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʬʠʣʪʨʘ) ʢʦʿʠ ʧʦʜʠʞʝ ʚʨʝʜʥʦʩʪ SNR-a 

ʥʘ ʫʣʘʩʢʫ ʫ ʩʠʩʪʝʤ.  

ʆʯʝʢʠʚʘʥʦ, ʫʩʣʝʜ ʨʘʟʥʠʭ ʝʬʝʢʘʪʘ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʧʨʠʣʠʢʦʤ ʨʝʬʣʝʢʩʠʿʝ ʩʚʝʪʣʦʩʪʠ ʦ 

ʤʝʨʥʫ ʧʦʚʨʰʠʥʫ, ʨʘʟʥʠʭ ʠʟʚʦʨʘ ʰʫʤʘ, ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʩʚʝʪʣʘ ʠʣʠ ʧʨʦʩʪʦ ʥʝʧʨʠʣʘʛʦʹʝʥʝ ʩʥʘʛʝ 

ʣʘʩʝʨʘ ʠ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ, ʨʝʬʣʝʢʩʠʿʘ ʤʝˁʘ ʦʯʝʢʠʚʘʥʠ ʦʙʣʠʢ ʠ ʪʦ ʧʨʝ ʩʚʝʛʘ ʰʠʨʠʥʫ 

ʠ ʚʨʭ ʢʦʿʠ ʧʦʩʪʘʿʝ ʨʘʚʘʥ. ʂʘʜʘ ʩʫ ʧʠʢʩʝʣʠ ʩʣʠʢʝ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʨʝʬʣʝʢʩʠʿʠ ʩʘʪʫʨʠʩʘʥʠ, 

ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʦʙʣʠʢʫ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʥʝʧʦʚʨʘʪʥʦ ʠʟʛʫʙˀʝʥʘ, ʧʘ ʿʝ ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ ʢʨʠʚʝ ʢʦʿʘ 

ʦʜʛʦʚʘʨʘ ʨʝʬʣʝʢʩʠʿʠ ʿʝʜʠʥʦ ʤʦʛʫ˂ʘ ʧʨʝʢʦ ʧʠʢʩʝʣʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʣʝʚʦʿ ʠ ʜʝʩʥʦʿ ʩʪʨʘʥʠ 

ʨʝʬʣʝʢʩʠʿʝ (ʩʘʪʫʨʠʩʘʥʠ ʧʠʢʩʝʣʠ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʠʛʥʦʨʠʰʫ). ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʩʝ ʧʨʦʙʣʝʤ 

ʦʜʨʝʹʠʚʘˁʘ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʧʦʩʤʘʪʨʘ ʠʟ ʧʝʨʩʧʝʢʪʠʚʝ ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʢʨʠʚʝ. ʄʝʹʫʪʠʤ, ʪʘʜʘ 

ʩʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʫʟʠʤʘʿʫ ʧʠʢʩʝʣʠ ʢʦʿʠ ʥʝ ʥʦʩʝ ʛʣʘʚʥʠ ʜʝʦ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʝʥʝʨʛʠʿʠ 

ʨʝʬʣʝʢʩʠʿʝ, ʿʝʨ ʿʝ ʦʥʘ ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʫ ʩʘʪʫʨʠʩʘʥʠʤ ʧʠʢʩʝʣʠʤʘ. 

ɼʦʙʨʦ ʿʝ ʧʦʟʥʘʪʦ ʜʘ ʘʫʪʦʢʦʨʝʣʘʮʠʿʘ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʘʥʘʣʠʟʫ ʦʩʦʙʠʥʘ ʩʠʛʥʘʣʘ, ʧʨʝ 

ʩʚʝʛʘ ʟʘ ʧʨʦʥʘʣʘʞʝˁʝ ʧʦʥʘʚˀʘʿʫ˂ʠʭ ʧʘʪʝʨʥʘ, ʘʣʠ ʠ ʟʘ ʨʘʯʫʥʘˁʝ ʩʥʘʛʝ ʩʠʛʥʘʣʘ ʧʨʝʢʦ ɺʠʥʝʨ-

ʍʠʥʯʠʥʦʚʝ ʪʝʦʨʝʤʝ. ɸʫʪʦʢʦʨʝʣʘʮʠʿʘ ʜʘʿʝ ʨʘʩʧʦʜʝʣʫ ʩʥʘʛʝ ʫʥʫʪʘʨ ʩʠʛʥʘʣʘ. ʆʚʘ ʦʩʦʙʠʥʘ ʿʝ ʯʠʥʠ 

ʜʦʙʨʦʤ ʧʦʣʘʟʥʦʤ ʪʝʭʥʠʢʦʤ ʟʘ ʦʙʨʘʜʫ ʩʘʪʫʨʠʩʘʥʠʭ ʣʘʩʝʨʩʢʠʭ ʨʝʬʣʝʢʩʠʿʘ, ʿʝʨ ʙʠ ʫʧʨʘʚʦ 

ʦʜʨʝʹʠʚʘˁʝ ʩʠʤʝʪʨʠʿʝ ʫ ʨʘʩʧʦʜʝʣʠ ʝʥʝʨʛʠʿʝ ʨʝʬʣʝʢʩʠʿʝ ʜʘʣʦ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʚʨʭʘ.  

ɿʘ ʜʝʪʝʨʤʠʥʠʩʪʠʯʢʠ ʠ ʩʪʦʭʘʩʪʠʯʢʠ ʩʠʛʥʘʣ ʦʛʨʘʥʠʯʝʥʝ ʩʥʘʛʝ x(t), ʘʫʪʦʢʦʨʝʣʘʮʠʿʘ 

ʧʦʢʘʟʫʿʝ ʩʪʝʧʝʥ ʧʦʢʣʘʧʘˁʘ ʩʠʛʥʘʣʘ ʩʘ ʩʘʤʠʤ ʩʦʙʦʤ ʠ ʜʝʬʠʥʠʰʝ ʩʝ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

Ὑ † ὼὸὼ†  ὸὨὸ (5.1) 

ʧʨʠ ʯʝʤʫ ʩʠʛʥʘʣ x(t) ʿʝʜʠʥʦ ʧʦʩʪʦʿʠ ʫ ʜʝʬʠʥʠʩʘʥʦʤ ʠʥʪʝʨʚʘʣʫ ʦʜ ὸ ʜʦ ὸ. ɸʫʪʦʢʦʨʝʣʘʮʠʿʘ 

Ὑ † ʿʝ ʫʚʝʢ ʨʝʘʣʥʘ ʧʘʨʥʘ ʬʫʥʢʮʠʿʘ ʩʘ ʤʘʢʩʠʤʫʤʦʤ ʥʘ † π. ɿʘ ʜʠʩʢʨʝʪʘʥ ʩʠʛʥʘʣ ὼὲ 

ʿʝʜʥʘʯʠʥʘ (5.1) ʧʦʩʪʘʿʝ: 
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ὶ Ὧ  
ρ

ὔ
ὼὲὼὯ ὲ (5.2) 

ʛʜʝ ʿʝ ʩʘ ὶ Ὧ ʜʘʪʘ ʚʨʝʜʥʦʩʪ ʜʠʩʢʨʝʪʥʝ ʘʫʪʦʢʦʨʝʣʘʮʠʿʝ ʩʠʛʥʘʣʘ ὼὲ, ʧʨʠ ʯʝʤʫ ʿʝ ὔ ʫʢʫʧʘʥ 

ʙʨʦʿ ʦʜʙʠʨʘʢʘ ʩʠʛʥʘʣʘ, ʘ ʢ ʫʟʠʤʘ ʚʨʝʜʥʦʩʪʠ ʦʜ Њ Ὧ Њ. 

ʋʢʦʣʠʢʦ ʘʥʘʣʠʟʠʨʘʤʦ ʨʝʘʣʥʠ, ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ ʦʛʨʘʥʠʯʝʥʝ ʩʥʘʛʝ ὼὲ, ʥʘ 

ʦʩʥʦʚʫ ʧʘʨʥʦ-ʥʝʧʘʨʥʝ ʜʝʢʦʤʧʦʟʠʮʠʿʝ ʩʠʛʥʘʣʘ, ὼὲ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ ʩʫʤʘ ʧʘʨʥʝ 

ʩʝʢʚʝʥʮʝ ὼ ὲ ʪʘʢʚʝ ʜʘ ʿʝ ὼ ὲ ὼ ὲ ʠ ʥʝʧʘʨʥʝ ʩʝʢʚʝʥʮʝ ὼ ὲ ʪʘʢʚʝ ʜʘ ʿʝ ὼ ὲ

  ὼ ὲ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

ὼ ὲ  ; ὼ ὲ  (5.3) 

ʧʨʠ ʯʝʤʫ ʿʝ ὼὲ  ὼ ὲ  ὼ ὲ. ʆʯʠʛʣʝʜʥʦ ʿʝ ʜʘ ʩʫ ʧʘʨʥʘ ʠ ʥʝʧʘʨʥʘ ʩʝʢʚʝʥʮʘ ʦʨʪʦʛʦʥʘʣʥʝ 

ʫ ʩʤʠʩʣʫ ʜʘ ʿʝ ˁʠʭʦʚ ʩʢʘʣʘʨʥʠ ʧʨʦʠʟʚʦʜ ʜʝʬʠʥʠʩʘʥ ʩʘ ὼ ὲȟὼ ὲ В ὼ ὲὼᶻὲ ʿ ʝʜʥʘʢ 

0. ʊʦ ʪʘʢʦʹʝ ʟʥʘʯʠ ʜʘ ʿʝ ʩʫʤʘ ʝʥʝʨʛʠʿʘ ὼ ὲ ʠ ὼ ὲ, ʦʟʥʘʯʝʥʠʭ ʩʘ Ὁ ʠ Ὁ ʿʝʜʥʘʢʘ ʝʥʝʨʛʠʿʠ Ὁ 

ʩʠʛʥʘʣʘ ὼὲ. ʅʘ ʚʨʣʦ ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʦʣʠʢʦ ʿʝ ʩʠʤʝʪʨʠʿʝ ʠʣʠ ʘʥʪʠ 
ʩʠʤʝʪʨʠʿʝ ʦʢʦ ʪʘʯʢʝ  ὲ  π. ʅʘʢʦʥ ʜʝʢʦʤʧʦʟʠʮʠʿʝ ʩʠʛʥʘʣʘ ʥʘ ʧʘʨʘʥ ʠ ʥʝʧʘʨʘʥ ʜʝʦ, ʫʢʦʣʠʢʦ ʿʝ 
ʩʠʛʥʘʣ ʧʨʝʪʝʞʥʦ ʧʘʨʘʥ (ʠʩʪʦ ʚʘʞʠ ʫʢʦʣʠʢʦ ʿʝ ʩʠʛʥʘʣ ʧʨʝʪʝʞʥʦ ʥʝʧʘʨʘʥ), ʪʘʜʘ ˂ʝ ʝʥʝʨʛʠʿʘ 

ʧʘʨʥʦʛ ʩʠʛʥʘʣʘ ʙʠʪʠ ʚʝ˂ʘ ʦʜ ʧʦʣʦʚʠʥʝ ʫʢʫʧʥʝ ʝʥʝʨʛʠʿʝ ʩʠʛʥʘʣʘ, ʪʘʢʦ ʜʘ ʿʝ ʧʦʨʝʹʝˁʝ ʝʥʝʨʛʠʿʘ 

ʦʚʠʭ ʥʠʟʦʚʘ ʜʦʚʦˀʥʦ ʢʘʢʦ ʙʠ ʩʝ ʫʪʚʨʜʠʣʘ ʩʠʤʝʪʨʠʿʘ ʩʠʛʥʘʣʘ x[n] ʫ ʪʘʯʢʠ 0. ʄʦʛʫ˂ʝ ʿʝ 

ʛʝʥʝʨʘʣʠʟʦʚʘʪʠ ʿʝʜʥʘʯʠʥʫ 5.2 ʥʘ ʪʘʢʘʚ ʥʘʯʠʥ ʜʘ ʩʝ ʦʙʫʭʚʘʪʝ ʠ ʩʠʤʝʪʨʠʿʝ ʯʠʿʠ ʮʝʥʪʘʨ ʥʠʿʝ ʫ 

ʪʘʯʢʠ 0. ʂʘʢʦ ʙʠʩʤʦ ʪʦ ʦʜʨʘʜʠʣʠ, ʧʦʪʨʝʙʥʦ ʿʝ ʦʙʨʥʫʪʠ ʥʠʟ ʦʢʦ ʪʘʯʢʝ n = m ʪʝ ʿʝʜʥʘʯʠʥʘ 5.3 

ʧʦʩʪʘʿʝ: 

ὼ ὲȠά  ; ὼ ὲȠά  (5.4) 

ʛʜʝ ʿʝ ʩʘ ὼὲ  ὼ ὲȠά  ὼ ὲȠά. ʉʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʧʨʦʮʝʥʠʪʠ ʪʨʝʥʫʪʘʢ ʫ ʢʦʤʝ ʿʝ ʩʝʢʚʝʥʮʘ 

ʤʘʢʩʠʤʘʣʥʘ ʠʣʠ ʧʘʨʥʘ ʠʣʠ ʥʝʧʘʨʥʘ. ʋʟʝʚʰʠ ʫ ʦʙʟʠʨ ʜʘ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʠʤʘ ʦʙʣʠʢ ʩʠʤʝʪʨʠʯʥʝ ʧʘʨʥʝ ʬʫʥʢʮʠʿʝ, ʫ ʧʨʦʫʯʘʚʘˁʝ ˂ʝ ʙʠʪʠ ʫʟʝʪʘ ʝʥʝʨʛʠʿʘ ʧʘʨʥʝ ʩʝʢʚʝʥʮʝ 

ʢʘʦ ʬʫʥʢʮʠʿʘ ʩʠʤʝʪʨʠʿʝ ʦʢʦ ʮʝʥʪʨʘ m. ʊʘʜʘ ʩʝ ʝʥʝʨʛʠʿʘ ʧʘʨʥʝ ʩʝʢʚʝʥʮʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʥʘ 

ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

Ὁ ά  ȿὼ ὲȠάȿ
ὼὲ ὼςά ὲ

ς

 
ρ

τ
ȿὼὲȿ ȿὼςά ὲȿ ςὼὲὼςά ὲ

ρ

ς
Ὁ
ρ

ς
ὼὲὼςά ὲ

ρ

ς
Ὁ ὼz ὼ ςά  

(5.5) 

ʛʜʝ ʿʝ ʩʘ ὼz ὼ ʦʟʥʘʯʝʥʘ ʢʦʥʚʦʣʫʮʠʿʘ ʜʠʩʢʨʝʪʥʝ ʩʝʢʚʝʥʮʝ x[n] ʩʘʤʝ ʩʘ ʩʦʙʦʤ, ʦʜʥʦʩʥʦ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʩʠʛʥʘʣʘ. ʊʘʜʘ ʿʝ ʦʧʪʠʤʘʣʥʘ ʪʘʯʢʘ ʧʘʨʥʝ ʩʠʤʝʪʨʠʿʝ ʜʘʪʘ ʩʘ: 

ςὲ ὥὶὫÍÁØὼz ὼ ά  (5.6) 
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ʆʜʥʦʩʥʦ ʪʘʯʢʘ ʩʠʤʝʪʨʠʿʝ ʿʝ ʦʜʨʝʹʝʥʘ ʥʘ ʦʩʥʦʚʫ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ 

ʩʠʛʥʘʣʘ x[n]. 

ʇʨʦʥʘʣʘʞʝˁʝ ὲ ʫ ʿʝʜʥʘʯʠʥʠ ʜʘʿʝ ʦʧʪʠʤʘʣʥʦ ʤʝʩʪʦ ʩʠʤʝʪʨʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʝʥʝʨʛʠʿʫ 

ʩʠʛʥʘʣʘ, ʤʝʹʫʪʠʤ ʪʦ ʥʝ ʛʘʨʘʥʪʫʿʝ ʜʘ ʩʠʛʥʘʣ ὼὲ ʠʩʧʦˀʘʚʘ ʙʠʣʦ ʢʘʢʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʩʠʤʝʪʨʠʿʝ ʩʠʛʥʘʣʘ ʦʢʦ ʥʝʢʝ ʪʘʯʢʝ [140, 141].  

ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʩʠʛʥʘʣʘ ʿʝ ʜʘʪʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ˍ ὸ ὼὸὼ†  ὸὨὸ (5.7) 

 ʉʚʘʢʘ ʦʜ ʣʠʥʠʿʘ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʥʝʟʘʚʠʩʘʥ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ 

x[n], n = 1, 2, é L, ʛʜʝ ʿʝ ʚʨʝʜʥʦʩʪ x[n] ʟʘʧʨʘʚʦ ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ. ɸʫʪʦʢʦʥʚʦʣʫʮʠʿʘ 

ʣʠʤʠʪʠʨʘʥʘ ʥʘ ʧʨʦʟʦʨ ʜʫʞʠʥʝ N = 2ʄ + 1 ʧʠʢʩʝʣʘ ʿʝ ʜʘʪʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

ὃὭ  ὼὭ ὲὼὭ ὲȟὓ Ὥ ὒ ὓ (5.8) 

ʛʜʝ ʿʝ ʩʘ ʄ ʦʟʥʘʯʝʥʘ ʜʫʞʠʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ, i ʿʝ ʨʝʜʥʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʜʦʢ ʿʝ L ʜʫʞʠʥʘ ʣʠʥʠʿʝ 

ʩʣʠʢʝ. 

ʅʘʢʦʥ ʰʪʦ ʿʝ ʬʠʣʪʨʠʨʘˁʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ ʛʦʪʦʚʦ ʟʘ ʣʠʥʠʿʫ ʩʣʠʢʝ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ 

ʠʟʘʙʨʘʥʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʥʝʦʧʭʦʜʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʢʦʿʠ ʧʠʢʩʝʣʠ (ʦʜʥʦʩʥʦ 

ʚʨʝʜʥʦʩʪʠ ˁʠʭʦʚʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ) ʫʣʘʟʝ ʫ ʘʣʛʦʨʠʪʘʤ. ɿʙʦʛ ʧʨʠʨʦʜʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ 

ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʿʝʜʥʦʩʪʘʚʘʥ ʧʨʘʛ ʬʠʢʩʥʝ ʚʨʝʜʥʦʩʪʠ ʢʦʿʠ ʿʝ ʦʜʨʝʹʝʥ ʝʤʧʠʨʠʿʩʢʠ ʥʘ ʦʩʥʦʚʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘ. ʄʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʥʝʢʠ ʦʜ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʘʜʘʧʪʠʚʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʨʘʛʘ ʟʘ 

ʧʠʢʩʝʣʝ ʢʦʿʠ ˂ʝ ʫ˂ʠ ʫ ʜʘˀʠ ʧʨʦʨʘʯʫʥ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ. ɺʨʝʜʥʦʩʪ ʧʨʘʛʘ ʿʝ 

ʨʘʯʫʥʘʪʘ ʢʘʦ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ɸ[i] ʠʟ ʧʨʝʪʭʦʜʥʝ ʿʝʜʥʘʯʠʥʝ, ʩʢʘʣʠʨʘʥʘ ʩʘ ʚʨʝʜʥʦʰ˂ʫ ʠʟ 

ʠʥʪʝʨʚʘʣʘ [0.7, 0.8]. ɹʨʦʿ ʧʠʢʩʝʣʘ ʢʦʨʠʰ˂ʝʥʠʭ ʫ ʧʨʦʨʘʯʫʥʫ ʿʝ ʦʙʨʥʫʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ 

ʚʨʝʜʥʦʩʪʠ ʩʢʘʣʘ ʬʘʢʪʦʨʘ. ʊʘʢʦʹʝ, ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʥʝʢʠ ʦʜ ʜʦʙʨʦ ʧʦʟʥʘʪʠʭ ʘʜʘʧʪʠʚʥʠʭ 

ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠʤʧʫʣʩʘ (ʨʝʬʣʝʢʩʠʿʝ) ʢʘʦ ʰʪʦ ʿʝ CFAR (Constant False Alarm Rate) 

ʢʦʿʠ ʢʦʥʪʠʥʫʘʣʥʦ ʧʨʘʪʠ ʥʠʚʦ ʰʫʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʤʘʪʨʘʥʠ ʧʨʦʟʦʨ ʩʠʛʥʘʣʘ ʩʘ ˁʝʛʦʚʝ ʣʝʚʝ ʠ 

ʜʝʩʥʝ ʩʪʨʘʥʝ. ʆʩʠʤ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ CFAR ʘʣʛʦʨʠʪʤʘ, ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ˁʝʛʦʚʫ 

ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʫ ʚʘʨʠʿʘʥʪʫ ʢʦʿʘ ʩʝ ʚʨʣʦ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʫ ʦʙʨʘʜʠ ʩʣʠʢʝ. 

ɿʙʦʛ ʜʦʙʨʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʿʝʜʥʦʩʪʘʚʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠʟʘʙʨʘʥ ʿʝ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ 

ʤʘʩʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ. ɽʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ l, ʦʟʥʘʯʝʥʘ ʩʘ 

ὅὋὰ, ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὅὋὰ
В Ὧ ὃὯᶰ

В ὃὯᶰ
 (5.9) 

ʛʜʝ ʿʝ ʩʘ ɸ[k]  ʦʟʥʘʯʝʥʘ ʠʟʨʘʯʫʥʘʪʘ ʚʨʝʜʥʦʩʪ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʟʘ ʣʠʥʠʿʫ l, ʢ ʿʝ ʨʝʜʥʠ ʙʨʦʿ 

ʧʠʢʩʝʣʘ ʬʠʣʪʨʠʨʘʥʝ ʣʠʥʠʿʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ ʩʘ ʚʨʝʜʥʦʰ˂ʫ ʚʝ˂ʦʤ ʦʜ ʠʟʨʘʯʫʥʘʪʦʛ ʧʨʘʛʘ, ʜʦʢ 

ʿʝ ʩʘ ὡ ʜʘʪ ʩʢʫʧ ʩʚʠʭ ʨʝʜʥʠʭ ʙʨʦʿʝʚʘ ʧʠʢʩʝʣʘ ʢʦʿʠ ʟʘʜʦʚʦˀʘʚʘʿʫ ʫʩʣʦʚ ʜʘ ʩʫ ʚʝ˂ʠ ʦʜ ʧʨʘʛʘ 

ʜʝʪʝʢʮʠʿʝ  [142]. 

ʅʘ ʩʣʠʮʠ 42ʘ. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʜʝʣʘ ʩʣʠʢʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ ʩʘ ʣʘʩʝʨʩʢʦʤ ʨʝʬʣʝʢʩʠʿʦʤ, 

ʥʘ ʢʦʿʦʤ ʿʝ ʮʨʚʝʥʦʤ ʙʦʿʦʤ ʦʟʥʘʯʝʥ ʠʟʨʘʯʫʥʘʪʠ ʮʝʥʪʘʨ ʨʝʬʣʝʢʩʠʿʝ ʫʧʦʪʨʝʙʦʤ 

ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ. ɿʙʦʛ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ 

ʢʘʤʝʨʝ, ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʨʭ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʟʘʩʠ˂ʝʥ. ʅʘ ʩʣʠʮʠ 

42ʙ. ʿʝ ʧʨʠʢʘʟʘʥʘ ʚʨʝʜʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ ʧʠʢʩʝʣʘ ʿʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ, ʦʜʥʦʩʥʦ ʧʨʦʬʠʣ 
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ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ʟʘʿʝʜʥʦ ʩʘ ʦʟʥʘʯʝʥʠʤ ʧʠʢʩʝʣʠʤʘ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʟʘ 

ʨʘʯʫʥʘˁʝ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ. ʃʘʢʦ ʿʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʩʫ ʟʘ ʧʨʦʨʘʯʫʥ ʫʟʝʪʠ ʩʘʤʦ ʟʘʩʠ˂ʝʥʠ 

ʧʠʢʩʝʣʠ ʩʣʠʢʝ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʤʘʢʩʠʤʘʣʥʘ ʨʝʟʦʣʫʮʠʿʘ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʥʝ ʚʝ˂ʘ ʦʜ ʧʦʣʦʚʠʥʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʧʠʢʩʝʣʘ. 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʘ ʩʣʠʮʠ 42ʮ. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʠʩʪʝ ʩʣʠʢʝ ʢʦʿʘ ʿʝ ʬʠʣʪʨʠʨʘʥʘ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ ʜʦʢ ʿʝ ʥʘ ʩʣʠʮʠ 42ʜ. ʜʘʪʘ ʠʩʪʘ ʣʠʥʠʿʘ ʩʣʠʢʝ, ʩʘʤʦ ʬʠʣʪʨʠʨʘʥʘ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ. ʈʘʟʣʠʢʫ ʫ ʧʨʦʬʠʣʫ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʣʘʢʦ ʧʨʠʤʝʪʠʪʠ. ʇʨʦʬʠʣ ʧʦʥʦʚʦ 

ʠʤʘ ʦʙʣʠʢ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ɻʘʫʩʦʚʦʤ ʧʨʦʬʠʣʫ, ʘ ʦʥʦ ʰʪʦ ʿʝ ʥʘʿʙʠʪʥʠʿʝ, ʚʨʝʜʥʦʩʪʠ ʚʠʰʝ ʥʝʤʘʿʫ 

ʩʘʪʫʨʠʩʘʥʝ ʚʨʝʜʥʦʩʪʠ, ʧʘ ʠ ʠʟʣʘʟ ʘʣʛʦʨʠʪʤʘ ʮʝʥʪʨʘ ʤʘʩʝ ʚʠʰʝ ʥʝʤʘ ʨʝʟʦʣʫʮʠʿʫ ʦʜ ʧʦʣʦʚʠʥʝ 

ʧʠʢʩʝʣʘ. ʅʘ ʩʣʠʮʠ ʩʫ ʦʟʥʘʯʝʥʝ ʧʣʘʚʠʤ ʢʚʘʜʨʘʪʠʤʘ ʚʨʝʜʥʦʩʪʠ ʠʟʨʘʯʫʥʘʪʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ 

ʧʠʢʩʝʣʘ ʢʦʿʠ ʩʝ ʫʟʠʤʘʿʫ ʢʘʦ ʫʣʘʟ ʟʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ. 

 

 

ʉʣʠʢʘ 42. (ʘ) ʅʝʬʠʣʪʨʠʨʘʥʘ ʩʣʠʢʘ ʩʘ ʢʘʤʝʨʝ ʟʘʿʝʜʥʦ ʩʘ ʜʝʪʝʢʪʦʚʘʥʠʤ ʮʝʥʪʨʦʤ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʦʟʥʘʯʝʥʠʤ ʮʨʚʝʥʦʤ ʙʦʿʦʤ; (ʙ) ʣʠʥʠʿʘ ʩʣʠʢʝ ʩʘ ʦʟʥʘʯʝʥʠʤ ʪʘʯʢʘʤʘ ʢʦʿʝ ʩʫ 

ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ (ʮ) ʠʩʪʘ ʩʣʠʢʘ ʬʠʣʪʨʠʨʘʥʘ ʩʘ ʘʫʪʢʦʥʚʦʣʫʮʠʦʥʠʤ 

ʬʠʣʪʨʦʤ ʜʫʞʠʥʝ N = 11; (ʜ) ʣʠʥʠʿʘ ʬʠʣʪʨʠʨʘʥʝ ʩʣʠʢʝ, ʩʘ ʦʟʥʘʯʝʥʠʤ ʪʘʯʢʘʤʘ ʢʦʿʝ ʩʫ 

ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ 

ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʠʟʘʙʨʘʥʝ ʰʠʨʠʥʝ ʧʨʦʟʦʨʘ ʟʘ ʨʘʯʫʥʘˁʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʤʦʛʫ ʩʝ 

ʦʯʝʢʠʚʘʪʠ ʨʘʟʣʠʯʠʪʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ. ʊʘʢʦʹʝ, ʨʘʟʣʠʯʠʪʝ ʰʠʨʠʥʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʠʤʘ˂ʝ 

ʟʥʘʯʘʿʘʥ ʫʪʠʮʘʿ ʥʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʢʨʦʟ ʥʝʦʧʭʦʜʘʥ ʙʨʦʿ ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ 

ʟʘ ˁʝʥʦ ʨʘʯʫʥʘˁʝ, ʢʘʦ ʠ ʙʨʦʿ ʙʠʪʘ ʧʦ ʦʜʙʠʨʢʫ ʩʠʛʥʘʣʘ, ʦʜʥʦʩʥʦ ʧʠʢʩʝʣʘ. ʋ ʥʘʩʪʘʚʢʫ ˂ʝ ʙʠʪʠ 

ʧʦʩʚʝ˂ʝʥʘ ʧʘʞˁʘ ʩʠʤʫʣʘʮʠʿʠ ʩʠʩʪʝʤʘ ʩʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʦʤ ʢʘʦ ʘʣʛʦʨʠʪʤʦʤ ʟʘ 

ʧʨʝʪʧʨʦʮʝʩʠʨʘˁʝ ʧʠʢʩʝʣʘ ʧʨʠʣʠʢʦʤ ʜʝʪʝʢʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʥʘ ʩʣʠʮʠ. ʉʠʤʫʣʘʮʠʿʘ 

ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʦʜʛʦʚʦʨʠ ʥʘ ʧʠʪʘˁʝ ʢʦʣʠʢʘ ʿʝ ʦʧʪʠʤʘʣʥʘ ʰʠʨʠʥʘ ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ, ʘʣʠ 

ʠʩʪʦ ʪʘʢʦ ʠ ʢʦʣʠʢʘ ʿʝ ʦʧʪʠʤʘʣʥʘ ʜʫʞʠʥʘ ʨʝʯʠ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ.    
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6.  ʉʠʤʫʣʘʮʠʿʝ 

 

 

 

ʇʘʧʠʨ ʠ MATLAB ʪʨʧʝ ʩʚʝ ï ʿʝ ʙʠʣʘ ʿʝʜʥʘ ʦʜ ʰʘʣʘ ʢʦʿʝ ʤʠ ʿʝ ʤʝʥʪʦʨʢʘ ʫʧʫʪʠʣʘ ʢʘʜʘ 

ʩʤʦ ʧʦʯʠˁʘʣʠ ʜʘ ʨʘʜʠʤʦ ʥʘ ʠʩʪʨʘʞʠʚʘˁʫ ʢʘʢʦ ʜʘ ʫʥʘʧʨʝʜʠʤʦ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʠ ʢʦʿʦʤ ʤʝʪʦʜʦʤ ʜʘ ʧʨʦʙʣʝʤ ñʥʘʧʘʜʥʝʤʦò.  

 

ʉʠʛʫʨʥʦ ʿʝ ʜʘ ˂ʫ ʢʨʦʟ ʢʘʨʠʿʝʨʫ ʤʥʦʛʦ ʧʫʪʘ ʦʚʫ ʨʝʯʝʥʠʮʫ ʧʦʥʦʚʠʪʠ, ʿʝʨ ʙʝʟ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʩʠʤʫʣʘʮʠʿʝ ʠ ʧʦʪʚʨʜʝ ʘʣʛʦʨʠʪʤʘ ʫ ʥʝʢʦʤ ʩʠʤʫʣʘʪʦʨʫ ʥʝ ʤʦʞʝʤʦ ʛʦʚʦʨʠʪʠ ʦ ʦʟʙʠˀʥʦʤ ʨʘʟʚʦʿʫ 

ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ. ɼʦʙʨʘ ʩʠʤʫʣʘʮʠʿʘ ʥʝ ʟʥʘʯʠ ʩʘʤʦ ʧʦʪʚʨʜʫ ʜʘ ʥʝʢʘ ʠʜʝʿʘ ʨʘʜʠ ʠ 

ʜʘ ʩʝ ʩʘ ˁʦʤ ʤʦʞʝ ʠ˂ʠ ʜʘˀʝ ʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ, ʚʝ˂ ʧʨʝʜʩʪʘʚˀʘ ʠ ʨʝʬʝʨʝʥʪʥʠ ʤʦʜʝʣ ʥʘ ʢʦʿʠ 

ʠʩʪʨʘʞʠʚʘʯ ʠʣʠ ʠʥʞʝˁʝʨ ʤʦʞʝ ʫʚʝʢ ʜʘ ʩʝ ʚʨʘʪʠ ʠ ʜʘ ʧʨʦʚʝʨʠ ʨʝʟʫʣʪʘʪ ʢʦʿʠ ʿʝ ʜʦʙʠʦ. ʆʚʦ ʿʝ 

ʧʦʩʝʙʥʦ ʚʘʞʥʦ ʢʘʜʘ ʩʝ ʨʘʜʠ ʥʘ ʨʘʟʚʦʿʫ ʜʠʛʠʪʘʣʥʦʛ ʜʠʟʘʿʥʘ ʥʘ ʥʘʤʝʥʩʢʦʤ ʩʠʩʪʝʤʫ ʢʘʦ ʰʪʦ ʿʝ 

FPGA, ʿʝʨ ʿʝ ʨʝʟʫʣʪʘʪʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʝʦʧʭʦʜʥʦ ʧʨʦʚʝʨʠʪʠ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʥʘʯʠʥ, ʠ ʪʦ ʥʘ 

ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ ʥʠʚʦʘ. ʇʨʝ ʩʚʝʛʘ ʥʘ ʬʫʥʢʮʠʦʥʘʣʥʦʤ ʥʠʚʦʫ, ʢʦʿʠ ʩʝ ʥʘʟʠʚʘ ʩʠʥʪʝʟʘ FPGA 

ʜʠʟʘʿʥʘ, ʛʜʝ ʩʝ ʧʨʦʚʝʨʘʚʘ ʜʘ ʣʠ ʥʘʧʠʩʘʥʠ ʢʦʜ ʨʘʜʠ ʠ ʟʘʜʦʚʦˀʘʚʘ ʩʚʝ ʦʯʝʢʠʚʘʥʝ 

ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ. ʅʘʢʦʥ ʪʦʛʘ ʤʦʛʫ˂ʝ ʿʝ ʨʘʜʠʪʠ ʩʠʤʫʣʘʮʠʿʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʦʛ ʢʦʜʘ ʛʜʝ ʩʝ ʫ 

ʦʙʟʠʨ ʫʟʠʤʘʿʫ ʨʘʟʣʠʯʠʪʠ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʨʘʜʥʘ ʬʨʝʢʚʝʥʮʠʿʘ ʩʠʩʪʝʤʘ, ʬʠʟʠʯʢʘ 

ʧʦʟʠʮʠʿʘ ʝʣʝʤʝʥʘʪʘ ʯʠʧʘ, ˁʠʭʦʚʦ ʙʨʦʿʥʦ ʩʪʘˁʝ ʠ ʤʥʦʛʠ ʜʨʫʛʠ. ʊʝʢ ʢʘʜʘ ʩʚʝ ʩʠʤʫʣʘʮʠʿʝ 

ʧʦʪʚʨʜʝ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪ ʠʤʧʣʝʤʝʥʪʠʨʘʥʦʛ ʘʣʛʦʨʠʪʤʘ, ʤʦʛʫ˂ʝ ʿʝ ʧʦʯʝʪʠ ʨʘʜ ʥʘ ʪʝʩʪʠʨʘˁʫ 

ʩʠʩʪʝʤʘ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ.    

ɹʝʟ ʦʙʟʠʨʘ ʢʦʿʠ ʘʣʘʪ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʜʠʛʠʪʘʣʥʦʛ ʜʠʟʘʿʥʘ, ʠ ʥʘ ʢʦʤ ʥʠʚʦʫ (ʜʘ 

ʣʠ ʿʝ ʪʦ ʧʦʩʣʝ ʩʠʥʪʝʟʝ ʠʣʠ ʧʦʩʣʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ) ʥʝʦʧʭʦʜʥʦ ʿʝ ʨʝʟʫʣʪʘʪ ʩʠʤʫʣʘʮʠʿʝ ʫʧʦʨʝʜʠʪʠ 

ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʟʘ ʟʘʜʘʪʠ ʫʣʘʟ. ʂʘʜʘ ʩʝ ʨʘʜʠ ʩʘ ʚʝʣʠʢʦʤ ʢʦʣʠʯʠʥʦʤ ʧʦʜʘʪʘʢʘ (ʢʘʦ 

ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʩʘ ʦʙʨʘʜʦʤ ʩʣʠʢʝ), ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʦʜʘʪʢʝ ʙʨʟʦ ʠ ʿʝʜʥʦʩʪʘʚʥʦ ʦʙʨʘʜʠʪʠ ʠ ʚʨʣʦ 

ʯʝʩʪʦ ʧʨʠʢʘʟʘʪʠ ʫʧʦʨʝʜʥʦ ʨʝʟʫʣʪʘʪʝ ʩʠʤʫʣʘʮʠʿʝ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʢʘʢʦ ʙʠ ʩʝ ʥʘ ʿʝʜʥʦʩʪʘʚʘʥ 

ʥʘʯʠʥ ʦʪʢʨʠʣʝ ʝʚʝʥʪʫʘʣʥʝ ʨʘʟʣʠʢʝ ʢʦʿʝ ʫʢʘʟʫʿʫ ʥʘ ʧʨʦʙʣʝʤ ʫ ʜʠʟʘʿʥʫ.  

ʉʠʩʪʝʤ ʫ ʨʘʟʚʦʿʫ ʿʝ ʧʦʜʣʦʞʘʥ ʯʝʩʪʠʤ ʧʨʦʤʝʥʘʤʘ. ʉʘʤʦ ʥʝʢʠ ʦʜ ʧʨʠʤʝʨʘ ʩʫ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʦʚʠʭ ʘʣʛʦʨʠʪʘʤʘ, ʜʝʣʦʚʘ ʘʣʛʦʨʠʪʤʘ ʠʣʠ ʿʝʜʥʦʩʪʘʚʥʘ ʧʦʙʦˀʰʘˁʘ ʚʝ˂ 

ʧʦʩʪʦʿʝ˂ʠʭ ʨʝʰʝˁʘ. ʋ ʙʨʦʿʥʠʤ ʩʠʪʫʘʮʠʿʘʤʘ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʩʝ ʨʘʟʤʘʪʨʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 

ʘʣʛʦʨʠʪʘʤʘ ʛʜʝ ʩʝ ʫ ʦʙʟʠʨ ʫʟʠʤʘ ʙʨʦʿ ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ, ʙʨʟʠʥʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ, 
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ʧʨʝʣʘʟʘʢ ʩʘ ʿʝʜʥʦʛ ʥʘ ʜʨʫʛʠ ʪʠʧ ʧʦʜʘʪʘʢʘ (double precision float point ʢʦʥʚʝʨʟʠʿʘ ʫ single 

precision float point) ʠʣʠ ʧʨʝʣʘʟʘʢ ʩʘ ʘʨʠʪʤʝʪʠʢʝ ʩʘ ʧʦʢʨʝʪʥʦʤ ʪʘʯʢʦʤ ʥʘ ʘʨʠʪʤʝʪʠʢʫ ʩʘ 

ʬʠʢʩʥʦʤ ʪʘʯʢʦʤ (fixed point). 

ʂʘʜʘ ʛʦʚʦʨʠʤʦ ʦ ʨʘʟʚʦʿʫ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʜʠʛʠʪʘʣʥʫ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ, ʧʨʠʣʠʢʦʤ 

ʩʠʤʫʣʘʮʠʿʝ ʩʠʩʪʝʤʘ ʪʨʝʙʘ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʦ ʘʨʭʠʪʝʢʪʫʨʠ ʥʘʤʝʥʩʢʝ ʧʣʘʪʬʦʨʤʝ ʟʙʦʛ 

ʿʝʜʥʦʩʪʘʚʥʠʿʝ  ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʘʣʛʦʨʠʪʤʘ. ʉʠʤʫʣʘʮʠʿʫ ʿʝ ʧʦʪʨʝʙʥʦ ʦʨʛʘʥʠʟʦʚʘʪʠ ʫ ʣʦʛʠʯʢʝ 

ʮʝʣʠʥʝ ʢʦʿʝ ˂ʝ ʢʘʩʥʠʿʝ ʙʠʪʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥʝ ʢʘʦ ʧʦʿʝʜʠʥʘʯʥʠ ʤʦʜʫʣʠ ʠʣʠ ʟʘʩʝʙʥʝ ʮʝʣʠʥʝ 

ʩʠʩʪʝʤʘ. ʃʦʰʝ ʦʨʛʘʥʠʟʦʚʘʥʘ ʩʠʤʫʣʘʮʠʿʘ ʚʨʣʦ ʚʝʨʦʚʘʪʥʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʠ ʣʦʰʫ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ.  

ɼʠʿʘʛʨʘʤ ʪʦʢʘ ʨʘʟʚʦʿʘ ʥʦʚʦʛ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʿʝ ʜʘʪ ʥʘ ʩʣʠʮʠ 43. ʉʚʘʢʘ 

ʩʠʤʫʣʘʮʠʿʘ ʧʦʯʠˁʝ ʩʘ ʧʨʠʧʨʝʤʦʤ ʜʦʙʨʠʭ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ (ʧʘʨʘʤʝʪʘʨʘ) ʩʠʩʪʝʤʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ 

ʩʝ ʧʦʢʫʰʘʚʘ ʩʠʤʫʣʠʨʘʪʠ ʨʘʜ ʩʠʩʪʝʤʘ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ. ʇʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʫʣʘʟʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʫʟʝʪʠ ʛʣʘʚʥʝ ʧʘʨʘʤʝʪʨʝ ʩʠʩʪʝʤʘ ʢʦʿʠ ʠʤʘʿʫ ʥʘʿʚʝ˂ʠ ʫʪʠʮʘʿ ʥʘ ˁʝʛʦʚ 

ʨʘʜ, ʜʦʢ ʩʝ ʤʘˁʝ ʙʠʪʥʠ ʧʘʨʘʤʝʪʨʠ ʤʦʛʫ ʢʘʩʥʠʿʝ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʠʣʠ ʿʝʜʥʦʩʪʘʚʥʦ ʟʘʥʝʤʘʨʠʪʠ, 

ʫʢʦʣʠʢʦ ʥʠʩʫ ʦʜ ʧʨʝʩʫʜʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʨʘʜ ʩʠʩʪʝʤʘ ʫ ʮʝʣʦʩʪʠ. ɿʘ ʩʠʤʫʣʘʮʠʿʫ ʘʣʛʦʨʠʪʤʘ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ, ʢʘʦ ʜʝʣʘ ʧʨʦʮʝʩʠʨʘˁʘ ʩʠʛʥʘʣʘ ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ, ʥʘʿʙʠʪʥʠʿʠ ʫʣʘʟʥʠ 

ʧʘʨʘʤʝʪʘʨ ʿʝ ʣʘʩʝʨʩʢʘ ʨʝʬʣʝʢʩʠʿʘ, ʢʘʦ ʠ ʧʨʦʙʣʝʤ ʢʦʿʠ ˂ʝ ˁʝʛʦʚʘ ʧʨʠʤʝʥʘ ʨʝʰʠʪʠ. ʂʦʥʢʨʝʪʥʦ 

ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʨʘʜʠ ʩʝ ʦ ʨʝʬʣʝʢʩʠʿʘʤʘ ʯʠʿʠ ʿʝ ʚʨʭ ʦʜʩʝʯʝʥ ʫʩʣʝʜ ʩʘʪʫʨʘʮʠʿʝ ʧʠʢʩʝʣʘ. ɼʝʦ ʢʦʿʠ 

ʦʜʛʦʚʘʨʘ ʨʘʟʚʦʿʫ ʥʦʚʦʛ ʘʣʛʦʨʠʪʤʘ ʫ ʜʠʿʘʛʨʘʤʫ ʪʦʢʘ ʨʘʟʚʦʿʘ ʿʝ ʫʩʢʦ ʧʦʚʝʟʘʥ ʩʘ ʩʠʤʫʣʘʮʠʿʦʤ. ʋ 

ˁʝʤʫ ʩʝ ʧʨʦʙʘʿʫ ʨʘʟʣʠʯʠʪʠ ʧʨʠʩʪʫʧʠ ʠ ʚʨʰʠ ʩʝ ʘʥʘʣʠʟʘ ʜʦʙʠʿʝʥʠʭ ʧʦʜʘʪʘʢʘ. ʋʢʦʣʠʢʦ 

ʨʝʟʫʣʪʘʪʠ ʥʠʩʫ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʚʨʘʪʠʪʠ ʩʝ ʫ ʩʠʤʫʣʘʮʠʿʫ ʢʘʢʦ ʙʠ ʩʝ ʦʪʢʨʠʣʠ 

ʫʟʨʦʮʠ ʟʙʦʛ ʢʦʿʠʭ ʧʨʝʜʣʦʞʝʥʠ ʘʣʛʦʨʠʪʘʤ ʥʝ ʜʘʿʝ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫʢʦʣʠʢʦ 

ʘʣʛʦʨʠʪʘʤ ʧʦʢʘʟʫʿʝ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ, ʧʨʝʣʘʟʠ ʩʝ ʫ ʬʘʟʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʘʣʛʦʨʠʪʤʘ, ʫ ʢʦʿʦʿ ʩʝ 

ʨʘʜʠ ʦʜʘʙʠʨ ʧʣʘʪʬʦʨʤʝ ʠ ʘʣʘʪʘ ʟʘ ˁʝʛʦʚʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. ʋ ʦʚʦʿ ʬʘʟʠ ʩʝ ʨʘʜe ʜʦʜʘʪʥʝ 

ʩʠʤʫʣʘʮʠʿʝ ʩʠʩʪʝʤʘ ʢʦʿʝ ʧʦʪʚʨʹʫʿʫ ʜa ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʘʣʛʦʨʠʪʘʤ ʠʤʘ ʠʩʪʝ ʧʝʨʬʦʨʤʘʥʩʝ ʢʘʦ 

ʠ ʦʥʘʿ ʠʟ ʩʠʤʫʣʘʮʠʿʝ. ʋʢʦʣʠʢʦ ʿʝ ʘʣʛʦʨʠʪʘʤ ʟʘʭʪʝʚʘʥ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʨʘʜʝ ʩʝ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʩʠʩʪʝʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʥʝʢʠ ʜʝʣʦʚʠ ʘʣʛʦʨʠʪʤʘ ʤʦʛʫ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʢʨʦʟ ʘʧʨʦʢʩʠʤʘʮʠʿʝ. 

 

ʉʣʠʢʘ 43. ɼʠʿʘʛʨʘʤ ʪʦʢʘ ʨʘʟʚʦʿʘ ʘʣʛʦʨʠʪʤʘ, ˁʝʛʦʚʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʪʝʩʪʠʨʘˁʘ ʫ 

ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ 

ʇʦʩʝʙʥʘ ʧʘʞˁʘ ʧʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʩʝ ʤʦʨʘ ʦʙʨʘʪʠʪʠ ʥʘ ʪʠʧ ʧʦʜʘʪʘʢʘ ʩʘ ʢʦʿʠʤʘ ʩʝ 

ʨʘʜʠ. MATLAB  ʧʦʜʨʘʟʫʤʝʚʘʥʠ ʪʠʧ ʧʦʜʘʪʘʢʘ ʿʝ ʧʨʝʜʩʪʘʚʘ ʙʨʦʿʝʚʘ ʩʘ ʧʦʢʨʝʪʥʦʤ ʪʘʯʢʦʤ 

ʜʚʦʩʪʨʫʢʝ ʧʨʝʮʠʟʥʦʩʪʠ ʜʫʞʠʥʝ 64 ʙʠʪʘ ʧʦ ʧʦʜʘʪʢʫ. 
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6.1. ʉʠʤʫʣʘʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʠ ʝʩʪʠʤʘʮʠʿʝ ˁʝʥʝ ʧʦʟʠʮʠʿʝ    

 

ʊʝʩʪ ʧʦʩʪʘʚʢʘ ʢʦʨʠʩʪʠ ʦʧʪʠʯʢʠ ʤʦʜʫʣ ʩʘ ʮʠʣʠʥʜʨʠʯʥʠʤ ʩʦʯʠʚʠʤʘ ʢʘʢʦ ʙʠ 

ʪʨʘʥʩʬʦʨʤʠʩʘʣʠ ʣʘʩʝʨʩʢʠ ʟʨʘʢ ʫ ʣʘʩʝʨʩʢʫ ʣʠʥʠʿʫ. ʆʨʠʛʠʥʘʣʘʥ ʣʘʩʝʨʩʢʠ ʟʨʘʢ ʠʤʘ ɻʘʫʩʦʚ 

ʧʨʦʬʠʣ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ˂ʝ ʩʝ ʩʤʘʪʨʘʪʠ ʜʘ ʦʥ ʦʩʪʘʿʝ ʥʝʧʨʦʤʝˁʝʥ ʧʨʠʣʠʢʦʤ 

ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʦʧʪʠʯʢʦ ʩʦʯʠʚʦ. ʂʘʜʘ ʿʝ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʧʨʦʿʝʢʪʦʚʘʥʘ ʥʘ ʧʦʚʨʰʠʥʫ, ʥʘ ʛʣʘʚʥʫ 

ʨʝʬʣʝʢʩʠʿʫ ʩʝ ʩʫʧʝʨʧʦʥʠʨʘ ʘʤʙʠʿʝʥʪʘʣʥʦ ʩʚʝʪʣʦ, ʢʘʦ ʠ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ 

ʦʜ ʧʦʩʤʘʪʨʘʥʝ ʧʦʚʨʰʠʥʝ. ʇʠʢʩʝʣʠ ʢʘʤʝʨʝ ʧʨʠʢʫʧˀʘʿʫ ʩʫʤʫ ʩʚʠʭ ʩʚʝʪʣʦʩʥʠʭ ʟʨʘʢʘ ʢʦʿʝ ʩʦʯʠʚʦ 

ʢʘʤʝʨʝ ʧʨʠʤʘ. ɸʤʙʠʿʝʥʪʘʣʥʦ ʩʚʝʪʣʦ ʩʝ ʤʦʞʝ ʿʝʜʥʦʩʪʘʚʥʦ ʩʘ ʩʣʠʢʝ ʝʣʠʤʠʥʠʩʘʪʠ ʦʜʫʟʠʤʘˁʝʤ 

ʩʣʠʢʝ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʦʜ ʩʣʠʢʝ ʥʘ ʢʦʿʦʿ ʩʝ ʣʠʥʠʿʘ ʥʘʣʘʟʠ, ʪʝ ˁʝʛʦʚ ʫʪʠʮʘʿ ʥʝ˂ʝ 

ʙʠʪʠ ʘʥʘʣʠʟʠʨʘʥ ʫ ʩʠʤʫʣʘʮʠʿʠ. ɿʙʦʛ ʥʝʨʘʚʥʠʥʘ, ʭʨʘʧʘʚʦʩʪʠ ʠ ʪʨʘʥʩʧʘʨʝʥʪʥʦʩʪʠ ʧʦʚʨʰʠʥʝ ʢʦʿʘ 

ʩʝ ʤʝʨʠ, ʠʟʚʝʩʥʦ ʿʝ ʜʘ ˂ʝ ʥʘ ʛʣʘʚʥʫ ʨʝʬʣʝʢʩʠʿʫ ʙʠʪʠ ʩʫʧʝʨʧʦʥʠʨʘʥʝ ʜʦʜʘʪʥʝ ʥʝʞʝˀʝʥʝ 

ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʤʦʜʝʣʦʚʘʪʠ ʢʘʦ ɻʘʫʩʦʚʠ ʧʨʦʬʠʣʠ ʨʘʟʣʠʯʠʪʠʭ ʘʤʧʣʠʪʫʜʘ, ʰʠʨʠʥʘ ʠ 

ʧʦʟʠʮʠʿʘ ʫ ʦʜʥʦʩʫ ʥʘ ʛʣʘʚʥʫ ʨʝʬʣʝʢʩʠʿʫ.   

ɻʣʘʚʥʠ ʧʘʨʘʤʝʪʨʠ ʩʠʤʫʣʘʮʠʿʝ ʩʝ ʤʦʛʫ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, 

ʦʜʥʦʩʥʦ ʣʘʩʝʨʩʢʠ ʤʦʜʫʣ ʫʥʫʪʘʨ ʩʢʝʥʝʨʘ, ʦʙʿʝʢʘʪ ʥʘʜ ʢʦʿʠʤ ʩʝ ʚʨʰʝ ʤʝʨʝˁʘ ʟʘʿʝʜʥʦ ʩʘ 

ʨʝʬʣʝʢʩʠʦʥʠʤ ʦʩʦʙʠʥʘʤʘ ʧʦʚʨʰʠʥʝ ʠ ʩʝʥʟʦʨ ʢʘʤʝʨʝ ʫʧʘʨʝʥ ʩʘ ʦʧʪʠʢʦʤ ʠ ʦʧʪʠʯʢʠʤ 

ʬʠʣʪʝʨʠʤʘ.  

ʀʜʝʘʣʘʥ ʦʙʣʠʢ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʩʝ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʢʘʦ ʩʠʤʝʪʨʠʯʥʘ 

ʧʨʘʚʦʫʛʘʦʥʘ ʬʫʥʢʮʠʿʘ ʰʠʨʠʥʝ 2w ʠ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʭ (ʜʘʪʘ ʩʘ 6.1). ʅʘʨʘʚʥʦ ʫ ʧʨʘʢʩʠ 

ʦʚʘʢʘʚ ʠʜʝʘʣʘʥ ʩʣʫʯʘʿ ʥʠʿʝ ʤʦʛʫ˂, ʪʘʢʦ ʜʘ ʩʝ ʧʦʣʘʟʠ ʦʜ ʜʝʬʠʥʠʮʠʿʝ ʥʝʩʠʤʝʪʨʠʯʥʝ ʧʨʘʚʦʫʛʘʦʥʝ 

ʬʫʥʢʮʠʿʝ ʰʠʨʠʥʝ 2w (ʜʘʪʘ ʩʘ 6.2), ʜʘ ʙʠ ʩʝ ʘʥʘʣʠʟʘ ʢʘʩʥʠʿʝ ʧʨʦʰʠʨʠʣʘ ʥʘ ʥʝʩʠʤʝʪʨʠʯʥʫ 

ʧʘʨʘʙʦʣʠʯʥʫ ʠ ʥʝʩʠʤʝʪʨʠʯʥʫ ɻʘʫʩʦʚʫ ʬʫʥʢʮʠʿʫ ʜʝʬʠʥʠʩʘʥʫ ʩʘ 6.3:  

Ὢὼ
πȟ Њȟύ
ρȟ ύȟύ
ὥȟ ύȟЊ

 (6.1) 

Ὢὼ

ừ
Ử
Ừ

Ử
ứ

πȟ Њȟύ

ρ
ὼ

ύ
ȟ ύȟπ

ρ ρ Ὢ
ὼ

ύ
ȟπȟύ

Ὢ ȟ ύȟЊ

 (6.2) 

Ὢὼ
Ὡ ȟ Њȟπ

Ὢ ρ Ὢ Ὡ ȟπȟЊ

 (6.3) 

ʛʜʝ ʿʝ ʩʘ w ʦʟʥʘʯʝʥʘ ʰʠʨʠʥʘ ʣʠʥʠʿʝ, ʦʜʥʦʩʥʦ ʧʨʦʬʠʣʘ, ʘ π Ὢ ρ ʦʜʨʝʫ́ʿʝ ʘʩʠʤʝʪʨʠʿʫ 

ʧʨʦʬʠʣʘ. Ὢ ʧʨʝʜʩʪʘʚˀʘ ʣʠʥʠʿʫ ʤʦʜʝʣʦʚʘʥʫ ʩʘ ʧʨʘʚʦʫʛʘʦʥʦʤ ʬʫʥʢʮʠʿʦʤ, Ὢ ʧʨʝʜʩʪʘʚˀʘ ʣʠʥʠʿʫ 

ʤʦʜʝʣʦʚʘʥʫ ʩʘ ʧʘʨʘʙʦʣʦʤ, ʜʦʢ ʿʝ ʩʘ Ὢ ʜʘʪʘ ʣʠʥʠʿʘ ʤʦʜʝʣʦʚʘʥʘ ʩʘ ɻʘʫʩʦʚʦʤ ʢʨʠʚʦʤ. ʅʘ ʩʣʠʮʠ 

44. ʜʘʪʘ ʿʝ ʧʨʝʜʩʪʘʚʘ ʛʝʥʝʨʠʩʘʥʠʭ ʩʣʠʢʘ ʢʘʢʦ ʙʠ ʩʝ ʿʘʩʥʦ ʫʦʯʠʣʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʦʚʘ ʪʨʠ ʩʣʫʯʘʿʘ. 

ɿʘ ʩʚʝ ʪʨʠ ʩʣʠʢʝ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʠʩʪʘ ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ w. 
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ʉʣʠʢʘ 44. (ʘ) ʉʣʠʢʘ ʤʦʜʝʣʦʚʘʥʘ ʩʘ ʣʠʥʠʿʘʤʘ ʜʝʬʠʥʠʩʘʥʠʤ ʧʨʘʚʦʫʛʘʦʥʦʤ ʬʫʥʢʮʠʿʦʤ, (ʙ) 

ʉʣʠʢʘ ʤʦʜʝʣʦʚʘʥʘ ʣʠʥʠʿʘʤʘ ʜʝʬʠʥʠʩʘʥʠʤ ʧʘʨʘʙʦʣʠʯʥʦʤ ʬʫʥʢʮʠʿʦʤ, (ʮ) ʉʣʠʢʘ ʤʦʜʝʣʦʚʘʥʘ 

ʣʠʥʠʿʘʤʘ ʜʝʬʠʥʠʩʘʥʠʤ ɻʘʫʩʦʚʦʤ ʬʫʥʢʮʠʿʦʤ. ʋ ʩʚʘ ʪʨʠ ʩʣʫʯʘʿʘ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʠʩʪʘ ʰʠʨʠʥʘ 

ʣʠʥʠʿʝ w. 

ɿʙʦʛ ʥʝʿʝʜʥʘʢʝ ʜʠʩʪʨʠʙʫʮʠʿʝ ʠʣʫʤʠʥʘʮʠʿʝ ʫ ʧʨʘʢʪʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ, ɻʘʫʩʦʚʘ ʢʨʠʚʘ 

ʤʦʞʝ ʠʤʘʪʠ ʘʩʠʤʝʪʨʠʯʥʫ ʨʘʩʧʦʜʝʣʫ [143]. ʂʘʜʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʥʠʿʝ ʧʨʦʿʝʢʪʦʚʘʥʘ ʚʝʨʪʠʢʘʣʥʦ 

ʥʘ ʧʦʩʤʘʪʨʘʥʠ ʦʙʿʝʢʘʪ, ʘ ʧʨʘʚʘʮ ʧʦʩʤʘʪʨʘˁʘ ʢʘʤʝʨʝ ʿʝ ʥʦʨʤʘʣʘʥ ʥʘ ʧʦʚʨʰʠʥʫ ʦʩʚʝʪˀʝʥʫ 

ʣʘʩʝʨʦʤ, ʨʝʬʣʝʢʪʦʚʘʥʠ ʧʨʦʬʠʣ ˂ʝ ʠʤʘʪʠ ʘʩʠʤʝʪʨʠʯʥʫ ɻʘʫʩʦʚʫ ʨʘʩʧʦʜʝʣʫ [144]. ʆʩʠʤ 

ʘʩʠʤʝʪʨʠʿʝ ʧʨʦʬʠʣ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʤʦʞʝ ʠʤʘʪʠ ʠ ʩʘʪʫʨʠʩʘʥʠ ɻʘʫʩʦʚ ʧʨʦʬʠʣ, 

ʢʦʿʠ ʩʝ ʤʦʞʝ ʤʦʜʝʣʦʚʘʪʠ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ:  

 

Ὢὼ

ừ
Ử
Ừ

Ử
ứ Ὡ ȟ ὼ ὼ

Ὕȟ ὼ ὼ ὼ

Ὢ ρ Ὢ Ὡ ȟ ὼ ὼ

 (6.4) 

ʛʜʝ ʩʫ Ὢ  ʠ w ʜʝʬʠʥʠʩʘʥʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ, ʜʦʢ ʧʘʨʘʤʝʪʘʨ ʊ 

ʧʨʝʜʩʪʘʚˀʘ ʪʨʝʥʫʪʘʢ ʟʘʩʠ˂ʝˁʘ ʜʝʬʠʥʠʩʘʥ ʿʝ ʩʘ:  

ρ Ὕ Ὢ π (6.5) 

ʈʝʬʣʝʢʩʠʦʥʘ ʧʦʚʨʰʠʥʘ ʩʘ ʩʚʦʿʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʫʪʠʯʝ ʥʘ ʦʙʣʠʢ ʧʨʦʬʠʣʘ ʢʦʿʠ 

ʜʝʪʝʢʪʫʿʝ ʩʝʥʟʦʨ ʢʘʤʝʨʝ. ʉʝʥʟʦʨ ʢʘʤʝʨʝ ʠʤʘ ʩʚʦʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʰʫʤʘ ʢʦʿʠ ʩʝ ʛʝʥʝʨʘʣʥʦ 

ʤʦʞʝ ʧʦʜʝʣʠʪʠ ʥʘ ʩʣʫʯʘʿʘʥ ʰʫʤ ʠ FPN ʰʫʤ. ʇʦʩʪʦʿʝ ʜʚʘ ʪʠʧʘ ʩʣʫʯʘʿʥʦʛ ʰʫʤʘ, ʛʜʝ ʧʨʚʠ 

ʦʙʫʭʚʘʪʘ ʩʣʫʯʘʿʘʥ ʰʫʤ ʢʘʦ ʪhʦ ʿʝ ʝʣʝʢʪʨʠʯʥʠ ʰʫʤ ʠʣʠ ʰʫʤ ʢʚʘʥʪʠʟʘʮʠʿʝ, ʜʦʢ ʿʝ ʜʨʫʛʠ ʠʟʚʦʨ 

ʩʣʫʯʘʿʥʦʛ ʫhʤʘ ʩʘʤ ʠʟʚʦʨ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ, ʦʜʥʦʩʥʦ ʰʫʤ ʣʘʩʝʨʩʢʝ ʤʨˀʝ. ʉʣʫʯʘʿʥʠ ʰʫʤ 

ʤʦʞʝ ʩʝ ʦʧʠʩʘʪʠ ʢʘʦ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʪʦʭʘʩʪʠʯʢʠ ʧʨʦʮʝʩ ʫ ʤʫʣʪʠ-ʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʧʦˀʫ 

ʠ ʥʘʿʯʝʰ˂ʝ ʩʝ ʪʨʝʪʠʨʘ ʢʘʦ ɻʘʫʩʦʚ ʙʝʣʠ ʰʫʤ ʩʘ ʩʨʝʜˁʦʤ ʚʨʝʜʥʦʰ˂ʫ 0. ʊʘʢʦʹʝ, ʩʚʠ ʜʦʜʘʪʥʠ 

ʠʟʚʦʨʠ ʰʫʤʘ ʤʦʛʫ ʩʝ ʤʦʜʝʣʦʚʘʪʠ ʢʘʦ ʘʜʠʪʠʚʥʠ ʙʝʣʠ ɻʘʫʩʦʚ ʰʫʤ (AWGN). ɽʬʝʢʪʠ FPN ʰʫʤʘ 

ʤʦʛʫ ʩʝ ʿʝʜʥʦʩʪʘʚʥʦ ʝʣʠʤʠʥʠʩʘʪʠ ʢʦʨʠʩʪʝ˂ʠ FPN ʬʠʣʪʨʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʝ ʧʨʝʢʦ LUT(Look Up 

Table) ʪʘʙʝʣʝ, ʿʝʨ ʿʝ ʪʘʿ ʰʫʤ ʢʦʥʩʪʘʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʚʘʢʫ ʣʠʥʠʿʫ ʩʣʠʢʝ, ʪʝ ʩʝ ˁʝʛʦʚʘ ʚʨʝʜʥʦʩʪ 

ʣʘʢʦ ʤʦʞʝ ʦʜʫʟʝʪʠ ʦʜ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ ʠʟ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʣʠʥʠʿʝ. 

ʈʝʬʣʝʢʪʦʚʘʥʘ ʣʘʩʝʨʩʢʘ ʣʠʥʠʿʘ ʩʝ ʤʦʞʝ ʤʦʜʝʣʦʚʘʪʠ ʢʘʦ ɻʘʫʩʦʚ ʧʨʦʬʠʣ ʛʜʝ ʿʝ ʩʪʘʥʜʘʨʜʥʘ 

ʜʝʚʠʿʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʦʧʠʩʫʿʝ ʰʠʨʠʥʫ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʩʘʤʦʿ ʩʣʠʮʠ. ʇʦʨʝʜ ʛʣʘʚʥʝ 

ʨʝʬʣʝʢʩʠʿʝ ʧʦʩʪʦʿʝ ʠ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʩʝ ʪʘʢʦʹʝ ʤʦʛʫ ʤʦʜʝʣʦʚʘʪʠ ʧʨʝʢʦ ɻʘʫʩʦʚʠʭ 
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ʧʨʦʬʠʣʘ, ʨʘʟʣʠʯʠʪʠʭ ʰʠʨʠʥʘ, ʦʜʥʦʩʥʦ ʩʪʘʥʜʘʨʜʥʠʭ ʜʝʚʠʿʘʮʠʿʘ, ʘʤʧʣʠʪʫʜʘ ʠ ʧʦʟʠʮʠʿʘ. 

ʉʠʤʫʣʠʨʘʥʘ ʨʝʬʣʝʢʩʠʿʘ ʿʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʿʝ ʜʘʪʘ ʩʘ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ: 

ὙὭ  ὥὩ ὥὩ ὲὭ (6.6) 

ʛʜʝ ʿʝ ʩʘ ὙὭ ʜʘʪʘ ʚʨʝʜʥʦʩʪ ʩʠʤʫʣʠʨʘʥʝ ʨʝʬʣʝʢʪʦʚʘʥʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ, ὥ  ʿʝ ʘʤʧʣʠʪʫʜʘ, „  ʿʝ 

ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ, ὧ  ʿʝ ʮʝʥʪʨʘʣʥʘ ʧʦʟʠʮʠʿʘ ʛʣʘʚʥʝ ʨʝʬʣʝʢʩʠʿʝ, ʜʦʢ ʩʫ ʩʘ ὥ, „ ʠ ὧ ʜʘʪʠ 

ʠʩʪʠ ʧʘʨʘʤʝʪʨʠ ʩʘʤʦ ʜʝʬʠʥʠʩʘʥʠ ʟʘ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʩʤʘʪʨʘʪʠ ʰʫʤʦʤ. ʂ ʿʝ 

ʫʢʫʧʘʥ ʙʨʦʿ ʩʠʤʫʣʠʨʘʥʠʭ ʜʦʜʘʪʥʠʭ ʨʝʬʣʝʢʩʠʿʘ, ʜʦʢ ʿʝ ʩʘ i ʦʟʥʘʯʝʥ ʨʝʜʥʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʫʥʫʪʘʨ 

ʣʠʥʠʿʝ ʩʣʠʢʝ, ʘ n[i]  ʿʝ AWGN.  

ʀʥʪʝʥʟʠʪʝʪ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ ʠʤʘ ʚʝʦʤʘ ʫʟʘʢ ʜʠʿʘʛʨʘʤ ʨʘʩʧʦʜʝʣʝ ʩʥʘʛʝ, ʦʜʥʦʩʥʦ ʩʥʘʛʘ 

ʿʝ ʬʦʢʫʩʠʨʘʥʘ ʥʘ ʤʘʣʫ ʧʦʚʨʰʠʥʫ ʩʘ ʚʝʣʠʢʠʤ ʠʥʪʝʥʟʠʪʝʪʦʤ ʰʪʦ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʨʘʟʣʠʯʠʪʠʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʨʝʬʣʝʢʩʠʦʥʝ ʧʦʚʨʰʠʥʝ ʠ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʚʨʝʤʝʥʦʤ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ 

ʩʠʛʫʨʥʦ ʜʦʚʦʜʝ ʜʦ ʩʣʠʢʘ ʥʘ ʢʦʿʠʤʘ ʿʝ ʚʨʭ ɻʘʫʩʦʚʦʛ ʧʨʦʬʠʣʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʩʘʪʫʨʠʩʘʥ. 

 ʋʢʦʣʠʢʦ ʩʝ ʧʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʩʠʩʪʝʤʘ ʫʟʤʫ ʫ ʦʙʟʠʨ ʠ ʝʬʝʢʪʠ ʩʘʪʫʨʘʮʠʿʝ ʠ 

ʘʩʠʤʝʪʨʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ, ʪʘʜʘ ʿʝ ʿʝʜʥʘʯʠʥʘ ʢʦʿʘ ʿʝ ʦʧʠʩʫʿʝ ʜʘʪʘ ʩʘ: 

Ὑ Ὥ

ὙὭȟ Ὥɴ πȟίȠ

Ὓȟ Ὥɴ ίȟίȠ 

Ὢ ρ Ὢ ὙὭȟ Ὥɴ ίȟὍȠ

 (6.7) 

ʛʜʝ ʿʝ ʩʘ Ὓ ʜʘʪʘ ʚʨʝʜʥʦʩʪ ʩʘʪʫʨʘʮʠʿʝ (ʢʦʿʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʜʠʥʘʤʠʯʢʠʤ ʦʧʩʝʛʦʤ ʢʘʤʝʨʝ), ʜʦʢ ʩʫ 
ʩʘ ί ʠ ί ʜʘʪʠ ʨʝʜʥʠ ʙʨʦʿʝʚʠ ʧʠʢʩʝʣʘ ʢʦʿʠ ʦʟʥʘʯʘʚʘʿʫ ʧʦʯʝʪʘʢ ʠ ʢʨʘʿ ʩʘʪʫʨʘʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ, ʘ ʩʘ Ὢ  ʬʘʢʪʦʨ ʘʩʠʤʝʪʨʠʿʝ. ʉʘ Ὑ Ὥ ʜʘʪʘ ʿʝ ʢʦʥʘʯʥʘ ʚʨʝʜʥʦʩʪ ʩʠʤʫʣʠʨʘʥʝ 

ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ.  

  

 

ʉʣʠʢʘ 45. (ʘ) ʇʨʠʤʝʨ ʩʣʠʢʝ ʜʦʙʠʿʝʥʝ ʩʠʤʫʣʘʮʠʿʦʤ, ʧʨʠ ʯʝʤʫ ʿʝ ʮʨʚʝʥʦʤ ʙʦʿʦʤ ʦʟʥʘʯʝʥʘ ʿʝʜʥʘ 

ʣʠʥʠʿʘ ʩʣʠʢʝ ʜʘʪʘ ʥʘ ʩʣʠʮʠ ʧʦʨʝʜ; (ʙ) ʧʨʠʢʘʟ ʿʝʜʥʝ ʣʠʥʠʿʝ ʩʣʠʢʝ ʜʦʙʠʿʝʥʝ ʩʠʤʫʣʘʮʠʿʦʤ 

ʫʧʦʨʝʜʦ ʩʘ ʣʠʥʠʿʦʤ ʩʣʠʢʝ ʜʦʙʠʿʝʥʝ ʩʘ ʢʘʤʝʨʝ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ.   
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ʅʘ ʩʣʠʮʠ 45. ʜʘʪ ʿʝ ʧʨʠʤʝʨ ʩʠʤʫʣʠʨʘʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʫʧʦʨʝʜʦ ʩʘ ʿʝʜʥʦʤ ʣʠʥʠʿʦʤ 

ʩʣʠʢʝ ʩʘ ʧʨʦʬʠʣʥʦʛ ʩʢʝʥʝʨʘ. ʅʘ ʩʣʠʮʠ 45ʙ. ʿʝ ʜʘʪ ʫʚʝ˂ʘʥ ʧʨʠʢʘʟ ʚʨʭʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ 

ʦʙʘ ʩʣʫʯʘʿʘ ʥʘ ʢʦʿʠʤʘ ʩʝ ʚʠʜʠ ʩʘʪʫʨʠʩʘʥ ʚʨʭ. ʊʘʢʦʹʝ, ʥʘ ʜʝʩʥʦʿ ʩʪʨʘʥʠ ʨʝʬʣʝʢʩʠʿʝ ʤʦʞʝ ʩʝ ʿʘʩʥʦ 

ʚʠʜʝʪʠ ʫʪʠʮʘʿ ʬʘʢʪʦʨʘ ʘʩʠʤʝʪʨʠʿʝ ʥʘ ʦʯʝʢʠʚʘʥʠ ɻʘʫʩʦʚ ʧʨʦʬʠʣ. 

 

ʉʣʠʢʘ 46. ʀʤʧʫʣʩʥʠ ʦʜʟʠʚ ɻʘʫʩʦʚʦʛ ʧʨʠʣʘʛʦʹʝʥʦʛ ʬʠʣʪʨʘ ʜʫʞʠʥʝ N=11 ʦʜʙʠʨʘʢʘ  

ʇʨʠʤʝʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʫ ʜʝʪʝʢʮʠʿʠ ʮʝʥʪʨʘ ʨʝʬʣʝʢʩʠʿʝ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʪʝʩʪʠʨʘʥʘ ʿʝ 

ʢʦʨʠʰ˂ʝˁʝʤ Monte Carlo ʩʠʤʫʣʘʮʠʿʝ. ʉʠʤʫʣʘʮʠʿʘ ʿʝ ʨʘʹʝʥʘ ʫ MATLAB ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ. 

ʇʨʚʠ ʢʦʨʘʢ ʿʝ ʛʝʥʝʨʠʩʘˁʝ ʩʠʤʫʣʠʨʘʥʝ ʩʣʠʢʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ 6.7 ʥʘ 

ʦʩʥʦʚʫ ʟʘʜʘʪʦʛ ʩʝʪʘ ʧʘʨʘʤʝʪʘʨʘ. ʉʚʘʢʠ ʩʝʪ ʩʣʠʢʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 10.000 ʩʣʠʢʘ ʩʘ ʩʣʫʯʘʿʥʦ 

ʛʝʥʝʨʠʩʘʥʠʤ ʣʠʥʠʿʘʤʘ, ʛʜʝ ʩʫ ʧʘʨʘʤʝʪʨʠ ʨʝʬʣʝʢʩʠʿʝ ï ʰʠʨʠʥʘ, ʘʤʧʣʠʪʫʜʘ ʠ ʧʦʟʠʮʠʿʘ ʬʠʢʩʥʠ 

ʟʘ ʟʘʜʘʪʠ ʩʝʪ. ɿʘ ʜʫʞʠʥʫ ʣʘʩʝʨʩʢʝ ʣʠʥʠʿʝ ʫʟʝʪʦ ʿʝ ʜʘ ʿʝ ʿʝʜʥʘʢʘ 100 ʧʠʢʩʝʣʘ, ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʦ 

ʙʨʦʿ ʧʦʜʘʪʘʢʘ ʠ ʟʥʘʯʘʿʥʦ ʫʰʪʝʜʝʣʦ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʩʠʤʫʣʘʮʠʿʫ. ʉʚʘʢʘ ʣʠʥʠʿʘ ʩʣʠʢʝ ʿʝ 

ʧʨʦʮʝʩʠʨʘʥʘ ʢʘʦ ʥʝʟʘʚʠʩʘʥ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʛʥʘʣ. ʋ ʩʠʤʫʣʘʮʠʿʠ ʟʘ ʩʚʘʢʫ ʩʣʠʢʫ ʿʝ ʜʦʜʘʪʘ 

ʠʩʪʘ ʩʥʘʛʘ AWGN ʰʫʤʘ ʢʦʨʠʩʪʝ˂ʠ MATLAB ʬʫʥʢʮʠʿʫ AWGN. ʆʚʘ MATLAB ʬʫʥʢʮʠʿʘ ʧʨʚʦ 

ʠʟʨʘʯʫʥʘ ʩʥʘʛʫ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʧʘ ʥʘ ʦʩʥʦʚʫ ʧʨʦʨʘʯʫʥʘ ʜʦʜʘʿʝ ʟʘʭʪʝʚʘʥʫ ʩʥʘʛʫ AWGN ʥʘ 

ʩʠʛʥʘʣ ʠʟʨʘʞʝʥ ʫ dBW. ʂʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʤʝˁʘʥʘ ʦʜ ʤʠʥʠʤʘʣʥʝ ʜʦ 

ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ (ʜʘʪʝ ʫ ʪʘʙʝʣʠ 8.), ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʿʝ ʩʥʘʛʘ ʠʟʚʦʨʘ ʣʘʩʝʨʩʢʝ ʩʚʝʪʣʦʩʪʠ 

ʢʦʥʩʪʘʥʪʘ, ʢʘʦ ʠ ʜʘ ʿʝ ʚʨʝʤʝ ʟʘ ʢʦʿʝ ʿʝ ʣʘʩʝʨ ʫʢˀʫʯʝʥ ʿʝʜʥʘʢʦ ʚʨʝʤʝʥʫ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ. ʅʘ 

ʪʘʿ ʥʘʯʠʥ ʿʝ ʩʠʤʫʣʠʨʘʥʦ ʟʘʩʠ˂ʝˁʝ ʧʠʢʩʝʣʘ ʫʩʣʝʜ ʧʨʝʚʝʣʠʢʦʛ ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ. 

ʎʝʥʪʘʨ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʧʦʩʪʘʚˀʝʥ ʥʘ ʩʣʫʯʘʿʥʦ ʠʟʘʙʨʘʥʫ ʚʨʝʜʥʦʩʪ ʫ ʦʢʦʣʠʥʠ 

ʩʨʝʜʠʥʝ ʩʠʤʫʣʠʨʘʥʝ ʣʠʥʠʿʝ ʠ ʜʘʪ ʿʝ ʫ ʪʘʙʝʣʠ 8. ʄʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʜʦʜʘʪʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʢʦʿʝ ʩʝ 

ʥʘʣʘʟʝ ʫ ʦʢʦʣʠʥʠ ʛʣʘʚʥʝ ʨʝʬʣʝʢʩʠʿʝ ʿʝ 4. ʇʨʠ ʯʝʤʫ ʿʝ ʤʘʢʩʠʤʘʣʥʘ ʘʤʧʣʠʪʫʜʘ ʧʦʩʪʘʚˀʝʥʘ ʜʘ 

ʙʫʜʝ ʥʘ ʧʦʣʦʚʠʥʠ ʜʠʥʘʤʠʯʢʦʛ ʦʧʩʝʛʘ ʢʘʤʝʨʝ. ɼʦʢ ʿʝ ʧʦʟʠʮʠʿʘ ʥʝʞʝˁʝʥʝ ʨʝʬʣʝʢʩʠʿʝ 

ʧʦʩʪʘʚˀʝʥʘ ʜʘ ʙʫʜʝ ʫ ʦʢʦʣʠʥʠ 4 ʧʠʢʩʝʣʘ ʩʘ ʣʝʚʝ ʠʣʠ 4 ʧʠʢʩʝʣʘ ʩʘ ʜʝʩʥʝ ʩʪʨʘʥʝ ʛʣʘʚʥʝ 

ʨʝʬʣʝʢʩʠʿʝ. ʂʘʢʦ ʙʠ ʩʝ ʦʜʘʙʨʘʣʘ ʦʧʪʠʤʘʣʥʘ ʜʫʞʠʥʘ ʨʝʯʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʦʥʦʛ ʬʠʣʪʨʘ, ʙʨʦʿ ʙʠʪʘ ʢʚʘʥʪʠʟʘʮʠʿʝ ʿʝ ʤʝˁʘʥ ʫ ʨʘʩʧʦʥʫ ʦʜ 6 ʜʦ ʤʘʢʩʠʤʘʣʥʦ 9 

ʦʜʩʝʯʝʥʠʭ ʙʠʪʘ ʦʜ ʫʢʫʧʥʦ 10 ʙʠʪʘ (ʩʘ ʢʦʣʠʢʦ ʿʝ ʠ ʧʨʝʜʩʪʘʚˀʝʥʘ ʚʨʝʜʥʦʩʪ ʧʠʢʩʝʣʘ ʢʘʤʝʨʝ). 

ʐʠʨʠʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʦʥʦʛ ʬʠʣʪʨʘ ʿʝ ʪʘʢʦʹʝ ʤʝˁʘʥʘ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʢʘʢʦ ʙʠ ʩʝ ʦʜʘʙʨʘʣʘ 

ʦʧʪʠʤʘʣʥʘ ʜʫʞʠʥʘ ʧʨʦʟʦʨʘ ʟʘ ʬʠʣʪʨʠʨʘˁʝ. ɼʫʞʠʥʘ ɻʘʫʩʦʚʦʛ ʧʨʠʣʘʛʦʹʝʥʦʛ ʬʠʣʪʨʘ ʿʝ ʦʜʘʙʨʘʥʘ 

ʜʘ ʦʜʛʦʚʘʨʘ ʧʦʣʦʚʠʥʠ ʩʠʤʫʣʠʨʘʥʦʛ ʦʧʩʝʛʘ ʰʠʨʠʥʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ. ʀʤʧʫʣʩʥʠ ʦʜʟʠʚ 

ɻʘʫʩʦʚʦʛ ʧʨʠʣʘʛʦʹʝʥʦʛ ʬʠʣʪʨʘ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 46. 

ʇʘʨʘʤʝʪʨʠ ʩʠʤʫʣʘʮʠʿʝ ʢʦʿʠ ʩʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʠ ʨʘʩʧʦʥ ʫ ʢʦʿʝʤ ʩʫ ʦʥʠ ʤʝˁʘʥʠ, ʜʘʪʠ ʩʫ ʫ 

ʪʘʙʝʣʠ 8. 
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ʊʘʙʝʣʘ 8. ʇʘʨʘʤʝʪʨʠ ʩʠʤʫʣʘʮʠʿʝ 

ʇʘʨʘʤʝʪʘʨ ʩʠʤʫʣʘʮʠʿʝ Min ʂʦʨʘʢ ʄʘx ɱʝʜʠʥʠʮʘ 

ɻʣʘʚʥʘ ʨʝʬʣʝʢʩʠʿʘ 

ʐʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ („ ) 3 1 20 ʇʠʢʩʝʣ 

ɸʤʧʣʠʪʫʜʘ ʨʝʬʣʝʢʩʠʿʝ (ὥ ) 1023 ʀʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ 

ʇʦʟʠʮʠʿʘ ʮʝʥʪʨʘ ʛʣʘʚʥʝ ʨʝʬʣʝʢʩʠʿʝ (ὧ  49.123 ʈʝʜʥʠ ʙʨʦʿ ʧʠʢʩʝʣʘ 

ɼʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ 

ɹʨʦʿ ʜʦʜʘʪʥʠʭ ʨʝʬʣʝʢʩʠʿʘ  0 1 4  

ʐʠʨʠʥʘ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ („  1 1 3 ʇʠʢʩʝʣ 

ɸʤʧʣʠʪʫʜʘ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ὥ  50 1 500 ʀʥʪʝʥʟʠʪʝʪ ʧʠʢʩʝʣʘ 

ʇʦʤʝʨʘʿ ʜʦʜʘʪʥʝ ʨʝʬʣʝʢʩʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʛʣʘʚʥʫ ʨʝʬʣʝʢʩʠʿʫ (ὧ) 
-4 1 4 ʇʠʢʩʝʣ 

ʆʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʩʠʤʫʣʘʮʠʿʝ 

ɹʨʦʿ ʢʚʘʥʪʠʟʦʚʘʥʠʭ (ʦʜʩʝʯʝʥʠʭ) ʙʠʪʘ 6 1 9 ʙʠʪ 

ɺʨʝʜʥʦʩʪ ʧʨʘʛʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ(th) 0.7  0.9 

% ʤʘʢʩʠʤʘʣʥʝ 

ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ 

ʧʠʢʩʝʣʘ 

SNR (ὲὭ  3 3 20 dBW 

ʐʠʨʠʥʘ ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ (N) 3 1 11 ʇʠʢʩʝʣ 

ʌʘʢʪʦʨ ʘʩʠʤʝʪʨʠʿʝ (Ὢ ) 0.1 % 

 

ɻʣʘʚʥʠ ʠʟʣʘʟ ʩʠʤʫʣʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘ ʝʩʪʠʤʠʨʘʥʘ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ 

ʠʟʨʘʯʫʥʘʪʘ ʢʦʨʠʩʪʝ˂ʠ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʢʘʦ 

ʤʝʪʦʜʘ ʧʨʝʜʬʠʣʪʨʠʨʘˁʘ, ɻʘʫʩʦʚ ʧʨʠʣʘʛʦʹʝʥʠ ʬʠʣʪʘʨ ʠ ʢʘʜʘ ʥʠʿʝ ʢʦʨʠʰ˂ʝʥʦ ʬʠʣʪʨʠʨʘˁʝ 

ʧʠʢʩʝʣʘ.  

ʇʨʝʮʠʟʥʦʩʪ ʘʣʛʦʨʠʪʤʘ ʩʝ ʦʙʠʯʥʦ ʧʨʦʮʝˁʫʿʝ ʥʘ ʦʩʥʦʚʫ ʩʪʘʥʜʘʨʜʥʝ ʜʝʚʠʿʘʮʠʿʝ ʛʨʝʰʢʝ 

ʠʣʠ ʚʘʨʠʿʘʥʩʝ ʛʨʝʰʢʝ ʘʣʛʦʨʠʪʤʘ ʠ ʫ ʥʘʰʝʤ ʩʣʫʯʘʿʫ ʦʚʘ ʚʨʝʜʥʦʩʪ ˂ʝ ʩʝ ʤʝˁʘʪʠ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʚʨʝʤʝʥʘ ʝʢʩʧʦʟʠʮʠʿʝ ʢʘʤʝʨʝ, ʦʜʥʦʩʥʦ ʰʠʨʠʥʝ ʨʝʬʣʝʢʩʠʿʝ.  

ʅʘ ʩʣʠʮʠ 47. ʜʘʪʘ ʿʝ ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʘʣʛʦʨʠʪʤʝ ʧʨʝʜʬʠʣʪʨʠʨʘˁʘ ʩʠʛʥʘʣʘ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʣʛʦʨʠʪʤʦʤ 

ʮʝʥʪʨʘ ʤʘʩʝ. ʇʦʩʤʘʪʨʘʥʠ ʩʫ ʩʣʫʯʘʿʝʚʠ ʢʘʜʘ ʥʝʤʘ ʬʠʣʪʨʠʨʘˁʘ ʠ ʦʯʝʢʠʚʘʥʦ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʿʝ ʥʘʿʚʝ˂ʘ. ɿʘʪʠʤ, ʧʦʩʤʘʪʨʘʥʠ ʩʫ ʩʣʫʯʘʿʝʚʠ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ɻʘʫʩʦʚ 

ʧʨʠʣʘʛʦʹʝʥʠ ʬʠʣʪʘʨ ʠ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʩʘ ʧʫʥʦʤ ʜʫʞʠʥʦʤ ʨʝʯʠ, ʢʘʦ ʠ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʩʘ 

ʢʚʘʥʪʠʟʘʮʠʿʦʤ ʚʨʝʜʥʦʩʪʠ ʧʠʢʩʝʣʘ. ʐʠʨʠʥʘ ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʿʝ ʠʟʘʙʨʘʥʘ ʜʘ ʙʫʜʝ 11 

ʧʠʢʩʝʣʘ. ʂʘʜʘ ʿʝ ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ ʤʘʣʘ, ʩʚʝʛʘ ʥʝʢʦʣʠʢʦ ʧʠʢʩʝʣʘ, ɻʘʫʩʦʚ ʬʠʣʪʘʨ ʧʦʢʘʟʫʿʝ 

ʥʝʰʪʦ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʫ ʦʜʥʦʩʥʫ ʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʫ. ʄʝʹʫʪʠʤ, ʢʘʢʦ ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ 

ʧʦʯʠˁʝ ʜʘ ʨʘʩʪʝ, ʪʘʢʦ ˁʝʛʦʚʝ ʧʝʨʬʦʨʤʘʥʩʝ ʦʧʘʜʘʿʫ, ʜʦʢ ʛʨʝʰʢʘ ʝʩʪʠʤʘʮʠʿʝ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʧʦʯʠˁʝ ʜʘ ʦʧʘʜʘ. ʂʨʦʟ ʩʠʤʫʣʘʮʠʿʫ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʿʝ ʨʘʟʣʠʢʘ ʫ ʚʘʨʠʿʘʥʩʠ 

ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʤʘʣʘ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʝ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʘ ʩʘ ʠ ʙʝʟ ʢʚʘʥʪʠʟʘʮʠʿʝ ʧʨʠʣʠʢʦʤ 

ˁʝʥʦʛ ʨʘʯʫʥʘˁʘ.  
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ʉʣʠʢʘ 47. ʉʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʘʣʛʦʨʠʪʤʝ ʬʠʣʪʨʠʨʘˁʘ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʣʛʦʨʠʪʤʦʤ ʮʝʥʪʨʘ ʤʘʩʝ, ʢʘʜʘ ʿʝ 

ʰʠʨʠʥʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʦʥʦʛ ʬʠʣʪʨʘ 9, ʘ SNR = 9 dB 

ɱʝʜʘʥ ʦʜ ʥʘʿʙʠʪʥʠʿʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʠʤʫʣʘʮʠʿʝ ʿʝ ʰʠʨʠʥʘ ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ. ʅʘ 

ʩʣʠʮʠ 48. ʜʘʪʘ ʿʝ ʚʘʨʠʿʘʥʩʘ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʰʠʨʠʥʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʝʣʠʯʠʥʝ ʧʨʦʟʦʨʘ. ʀʥʪʫʠʪʠʚʥʦ ʿʝ ʿʘʩʥʦ ʜʘ ʩʝ ʙʦˀʠ ʨʝʟʫʣʪʘʪʠ 

ʦʯʝʢʫʿʫ ʢʘʜʘ ʰʠʨʠʥʘ ʧʦʩʤʘʪʨʘʥʦʛ ʧʨʦʟʦʨʘ ʨʘʩʪʝ, ʿʝʨ ʿʝ ʚʝ˂ʠ ʙʨʦʿ ʧʠʢʩʝʣʘ ʟʘʭʚʘ˂ʝʥ 

ʬʠʣʪʨʠʨʘˁʝʤ. ʊʘʢʦ ʿʝ ʨʘʟʣʠʢʘ ʫ ʚʘʨʠʿʘʥʩʠ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʨʘʢʪʠʯʥʦ ʿʝʜʥʘʢʘ ʟʘ ʩʚʝ ʰʠʨʠʥʝ 

ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʢʘʜʘ ʨʝʬʣʝʢʩʠʿʘ ʠʤʘ ʤʘʣʫ ʰʠʨʠʥʫ. ʄʝʹʫʪʠʤ, ʢʘʢʦ ʰʠʨʠʥʘ ʨʝʬʣʝʢʩʠʿʝ ʨʘʩʪʝ, 

ʪʘʢʦ ʩʝ ʚʨʣʦ ʣʘʢʦ ʫʦʯʘʚʘ ʜʘ ʟʘ ʚʝ˂ʝ ʰʠʨʠʥʝ ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ ʜʘʿʝ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ.  

ʅʘ ʩʣʠʮʠ 49. ʜʘʪʘ ʿʝ ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ 

ʨʝʬʣʝʢʩʠʿʝ ʟʘ ʘʣʛʦʨʠʪʘʤ ʮʝʥʪʨʘ ʤʘʩʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʫʪʦʢʦʚʦʣʫʮʠʿʦʤ ʢʘʦ ʧʨʝʜʬʠʣʪʨʦʤ ʟʘ 

ʧʦʜʘʪʢʝ ʩʘ ʢʘʤʝʨʝ. ʆʯʝʢʠʚʘʥʦ ʢʘʢʦ ʨʘʩʪʝ ʙʨʦʿ ʦʜʩʝʯʝʥʠʭ ʙʠʪʘ ʪʘʢʦ ʦʧʘʜʘʿʫ ʧʝʨʬʦʨʤʘʥʩʝ 

ʩʠʩʪʝʤʘ, ʧʘ ʩʝ ʪʘʢʦ ʣʘʢʦ ʤʦʛʫ ʫʦʯʠʪʠ ʨʘʟʣʠʢʝ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ 4 ʥʘʿʚʠʰʘ ʙʠʪʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʩʘʤʦ ʥʘʿʚʠʰʠ ʙʠʪ. 
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ʉʣʠʢʘ 48. ʉʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʣʘʩʝʨʩʢʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʰʠʨʠʥʝ ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ, ʢʘʜʘ ʿʝ SNR = 9 dB 

 

ʉʣʠʢʘ 49. ʉʪʘʥʜʘʨʜʥʘ ʜʝʚ. ʛʨʝʰʢʝ ʝʩʪʠʤʘʮʠʿʝ ʧʦʟʠʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪ ʙʨʦʿ ʙʠʪʘ ʢʚʘʥʪʠʟʘʮʠʿʝ 

ʨʘʯʫʥʘˁʘ ʘʫʪʢʦʥʚʦʣʫʮʠʿʝ  ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʰʠʨʠʥʝ ʨʝʬʣʝʢʩʠʿʝ ʟʘ SNR = 9 dB ʠ ʰʠʨʠʥʫ 

ʧʨʦʟʦʨʘ ʘʫʪʦʢʦʥʚʦʣʫʮʠʿʝ N=9. 








































































































