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ʇʦʜʘʻʪʴʩʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ 

 

ɼʠʩʝʨʪʘʮʽʷ ʤʽʩʪʠʪʴ ʨʝʟʫʣʴʪʘʪʠ ʚʣʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʜʝʡ, 

ʨʝʟʫʣʴʪʘʪʽʚ ʽ ʪʝʢʩʪʽʚ ʽʥʰʠʭ ʘʚʪʦʨʽʚ ʤʘʶʪʴ ʧʦʩʠʣʘʥʥʷ ʥʘ ʚʽʜʧʦʚʽʜʥʝ ʜʞʝʨʝʣʦ 

 ___________ɸ. ɺ. ʄʠʛʦʚʠʯ                    

 

ʅʘʫʢʦʚʠʡ ʢʝʨʽʚʥʠʢ: ʇʝʪʨʘʢʦʚ ʖʨʽʡ ɺʦʣʦʜʠʤʠʨʦʚʠʯ,  

     ʜʦʢʪʦʨ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʦʨ 

 

ʂʠʾʚ ï 2025 



2 
 

ɸʅʆʊɸʎɯʗ 

ʄʠʛʦʚʠʯ ɸ.ɺ. ʆʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʽ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ 

ʏʇʂ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ.  

 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 131 ï ʇʨʠʢʣʘʜʥʘ ʤʝʭʘʥʽʢʘ. ï ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʂʠʾʚ, 2025. 

 

ɼʠʩʝʨʪʘʮʽʷ ʧʨʠʩʚʷʯʝʥʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ 

ʚʝʨʩʪʘʪʘʭ ʽʟ ʏʇʂ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʽ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʦʙʤʝʞʝʥʴ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʦʧʠʩʫʻ ʚʟʘʻʤʦʜʽʶ ʽʥʩʪʨʫʤʝʥʪʘ ʡ 

ʟʘʛʦʪʦʚʢʠ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʠ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ, ʱʦ ʜʘʶʪʴ ʟʤʦʛʫ 

ʚʠʟʥʘʯʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʫʩʽʭ ʥʝʦʙʭʽʜʥʠʭ ʦʙʤʝʞʝʥʴ ʽ 

ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. 

ʈʦʟʨʦʙʣʝʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʚʪʦʤʘʪʠʟʫʻ ʧʽʜʙʽʨ ʦʧʪʠʤʘʣʴʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʧʽʜʚʠʱʫʶʯʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʟʙʝʨʽʛʘʶʯʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʠʣʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʽʜʭʦʜʫ, ʟʘʙʝʟʧʝʯʠʚʰʠ 

ʩʫʪʪʻʚʝ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ,  ̔ʥʘʚʽʪʴ ʟʘ ʩʢʣʘʜʥʠʭ ʢʦʥʪʫʨʽʚ. 

ɿʤʽʩʪ ʨʦʙʦʪʠ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʯʦʪʠʨʴʦʭ ʨʦʟʜʽʣʽʚ, ʫ ʷʢʠʭ ʚʠʢʣʘʜʝʥʦ ʪʘ 

ʦʙˇʨʫʥʪʦʚʘʥʦ ʦʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ.  

ʋ ʚʩʪʫʧʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʘʛʘʣʴʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʜʦʩʣʽʜʞʝʥʥʷ, 

ʦʙˇʨʫʥʪʦʚʘʥʦ ʡʦʛʦ ʘʢʪʫʘʣʴʥʽʩʪʴ, ʘ ʪʘʢʦʞ ʨʦʟʢʨʠʪʦ ʟʚôʷʟʦʢ ʽʟ ʥʘʫʢʦʚʠʤʠ 

ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ ʽ ʪʝʤʘʤʠ. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʤʝʪʫ ʪʘ ʟʘʚʜʘʥʥʷ ʨʦʙʦʪʠ, 

ʚʠʟʥʘʯʝʥʦ ʦʙôʻʢʪ ʽ ʧʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ, ʥʘʚʝʜʝʥʦ ʥʘʫʢʦʚʫ ʥʦʚʠʟʥʫ ʡ ʧʨʘʢʪʠʯʥʫ 

ʟʥʘʯʫʱʽʩʪʴ ʟʜʦʙʫʪʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʢʨʝʤʦ ʚʠʩʚʽʪʣʝʥʦ ʦʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ, ʘ ʪʘʢʦʞ ʧʦʜʘʥʦ ʚʽʜʦʤʦʩʪʽ ʧʨʦ ʘʧʨʦʙʘʮʽʶ, ʧʫʙʣʽʢʘʮʽʾ, ʩʪʨʫʢʪʫʨʫ ʡ 

ʦʙʩʷʛ ʨʦʙʦʪʠ. 

ʋ ʧʝʨʰʦʤʫ ʨʦʟʜʽʣʽ ʥʘʚʝʜʝʥʦ ʨʦʟʛʦʨʥʫʪʠʡ ʘʥʘʣʽʟ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ, ʷʢʠʡ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʩʢʣʘʜʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʦʚʝʨʭʦʥʴ ʫ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ. 
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ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʝʪʦʜʠ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʨʽʟʘʥʥʷ ʟʘ ʘʧʨʽʦʨʥʠʤʠ, 

ʧʦʪʦʯʥʠʤʠ ʪʘ ʘʧʦʩʪʝʨʽʦʨʥʠʤʠ ʜʘʥʠʤʠ. ʈʦʟʛʣʷʥʫʪʦ ʤʝʪʦʜʠ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʽʟʘʥʥʷ, ʪʘʢʽ ʷʢ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), ʩʠʣʘ 

ʨʽʟʘʥʥʷ ʪʘ ʧʦʪʫʞʥʽʩʪʴ ʨʽʟʘʥʥʷ, ʘ ʪʘʢʦʞ ʥʘʚʝʜʝʥʦ ʾʭ ʧʝʨʝʚʘʛʠ ʪʘ ʦʙʤʝʞʝʥʥʷ. 

ɿʜʽʡʩʥʝʥʦ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ CAM-ʩʠʩʪʝʤ ʪʘ ʾʭ ʤʦʜʫʣʽʚ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ 

ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʧʨʦʮʝʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ iMachining, Dynamic 

Motion ʪʘ ʽʥʰʽ. ɺʠʷʚʣʝʥʦ ʾʭʥʽ ʦʙʤʝʞʝʥʥʷ ʫ ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʨʽʟʘʥʥʷ, ʱʦ ʦʙˇʨʫʥʪʦʚʫʻ ʧʦʪʨʝʙʫ ʜʦʩʣʽʜʞʝʥʥʷʭ. 

ʅʘ ʦʩʥʦʚʽ ʦʛʣʷʜʫ ʣʽʪʝʨʘʪʫʨʠ ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʤʝʪʫ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ, 

ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʦʧʪʠʤʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ 

ʏʇʂ. 

ʋ ʜʨʫʛʦʤʫ ʨʦʟʜʽʣʽ ʥʘʚʝʜʝʥʦ ʦʧʠʩ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʘ ʡ ʘʣʛʦʨʠʪʤʠ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʮʠʬʨʦʚʠʭ ʤʘʩʠʚʽʚ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʢʦʥʪʫʨʠ 

ʟʘʛʦʪʦʚʢʠ ʪʘ ʜʝʪʘʣʽ, ʽ ʻ ʥʝʦʙʭʽʜʥʦʶ ʧʝʨʝʜʫʤʦʚʦʶ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

ʉʪʚʦʨʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʷʢʘ 

ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʢʣʶʯʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʟʦʢʨʝʤʘ 

ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʽ ʩʠʣʠ ʨʽʟʘʥʥʷ.  

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʘ ʘʚʪʦʤʘʪʠʟʫʻ ʨʦʟʨʘʭʫʥʢʠ ʪʘ 

ʚʽʟʫʘʣʽʟʫʻ ʧʨʦʮʝʩ ʦʙʨʦʙʢʠ ʢʦʥʪʫʨʫ. ʇʨʦʛʨʘʤʘ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʛʥʦʟʫʚʘʪʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʽʟʘʥʥʷ, ʘʥʘʣʽʟʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʽ ʩʪʚʦʨʶʚʘʪʠ 

ʜʘʥʽ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʰʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ. 

ʋ ʪʨʝʪʴʦʤʫ ʨʦʟʜʽʣʽ ʨʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ, 

ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ 

ʏʇʂ ʟʘ ʢʨʠʪʝʨʽʻʤ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). ʅʘʚʝʜʝʥʠʡ ʘʣʛʦʨʠʪʤ 

ʧʝʨʝʜʙʘʯʘʻ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʩʪʚʦʨʠʪʠ ʩʪʘʙʽʣʴʥʽ ʫʤʦʚʠ ʨʽʟʘʥʥʷ. 

ʅʘ ʦʩʥʦʚʽ ʘʣʛʦʨʠʪʤʫ ʩʪʚʦʨʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʘ ʛʝʥʝʨʫʻ ʫʧʨʘʚʣʷʶʯʽ 

ʧʨʦʛʨʘʤʠ G-ʢʦʜʽʚ ʽʟ ʤʦʞʣʠʚʽʩʪʶ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʪʘ ʘʜʘʧʪʘʮʽʾ ʜʦ ʫʤʦʚ ʦʙʨʦʙʢʠ. 
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ʇʨʝʜʩʪʘʚʣʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘ ʨʽʟʥʠʤʠ 

ʩʪʨʘʪʝʛʽʷʤʠ ʫʧʨʘʚʣʽʥʥʷ, ʟʦʢʨʝʤʘ SolidCAM  ̔ ʙʽʣʴʰ ʧʨʦʩʫʥʫʪʠʤ ʤʦʜʫʣʝʤ 

iMachining, ʘ ʪʘʢʦʞ ʫʧʨʘʚʣʽʥʥʷʤ ʧʦʜʘʯʝʶ ʟʘ ʨʦʟʨʦʙʣʝʥʠʤ ʘʣʛʦʨʠʪʤʦʤ.  

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʚʝʨʩʪʘʪʽ ʏʇʂ HAAS TM-0P, 

ʟ̔ ʚʩʪʘʥʦʚʣʝʥʠʤ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʤ ʪʝʥʟʦʤʝʪʨʠʯʥʠʤ ʜʘʪʯʠʢʦʤ, ʟʘʩʚʽʜʯʠʣʠ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʦʚʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

ʇʦʨʽʚʥʷʥʦ ʟ ʧʨʦʛʨʘʤʦʶ ʚʽʜ SolidCAM ʪʘ ʩʠʩʪʝʤʦʶ iMachining, ʨʦʟʨʦʙʣʝʥʘ 

ʩʪʨʘʪʝʛʽʷ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ ʩʪʘʙʽʣʽʟʘʮʽʶ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ (MRR), ʩʫʪʪʻʚʦ ʩʢʦʨʦʯʫʻ ʯʘʩ ʦʧʝʨʘʮʽʾ.  

ʋ ʯʝʪʚʝʨʪʦʤʫ ʨʦʟʜʽʣʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʟʘʜʘʯʫ 

ʦʧʪʠʤʽʟʘʮʽʾ, ʷʢʘ ʧʝʨʝʜʙʘʯʘʻ ʤʽʥʽʤʽʟʘʮʽʶ ʯʘʩʫ ʦʙʨʦʙʢʠ ʧʨʠ ʜʦʪʨʠʤʘʥʥʽ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʘ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʦʙʤʝʞʝʥʴ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʨʦʟʨʦʙʣʝʥʫ 

ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʦʧʠʩʫʻ ʚʟʘʻʤʦʟʚôʷʟʢʠ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʝʞʠʤʫ 

ʨʽʟʘʥʥʷ ʪʘ ʡʦʛʦ ʚʧʣʠʚʦʤ ʥʘ ʨʽʟʥʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ ʪʘ ʧʦʢʘʟʥʠʢʠ ʷʢʦʩʪʽ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ. 

ʅʘʚʝʜʝʥʦ ʩʪʚʦʨʝʥʫ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʘ ʘʚʪʦʤʘʪʠʟʫʻ ʧʨʦʮʝʩ ʚʠʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ.  

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʽʜʪʚʝʨʜʠʣʠ ʘʜʝʢʚʘʪʥʽʩʪʴ 

ʤʘʪʝʤʘʪʠʯʥʦ ʾ ʤʦʜʝʣ ̔ ʩʬʦʨʤʫʣʴʦʚʘʥʦʾ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ. ɼʦʚʝʜʝʥʦ, ʱʦ ʥʦʚʝ 

ʦʧʪʠʤʽʟʦʚʘʥʝ ʫʧʨʘʚʣʽʥʥʷ ʩʫʪʪʻʚʦ ʩʢʦʨʦʪʠʣʦ ʮʠʢʣ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ ʨʽʰʝʥʥʷʤʠ SolidCAM, iMachining ʪʘ ʫʧʨʘʚʣʽʥʥʷʤ ʜʣʷ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ. ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ 

ʧʨʘʢʪʠʯʥʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʽʜʭʦʜʫ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʚʠʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʢʽʥʮʝʚʝ ʬʨʝʟʝʨʫʚʘʥʥʷ, 

ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʚʝʨʩʪʘʪʽʚ ʟ ʏʇʂ, ʫʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ, ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ, 

ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ, ʧʦʜʘʯʘ, ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ, ʧʨʦʮʝʩʠ ʦʙʨʦʙʣʝʥʥʷ ʨʽʟʘʥʥʷʤ, 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʦʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, 

ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ. 
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ABSTRACT 

Myhovych A.V. Optimization of the contour milling machining on CNC 

machines.  

Dissertation for the degree of Doctor of Philosophy in speciality 131 - Applied 

Mechanics - National Technical University of Ukraine óIgor Sikorsky Kyiv 

Polytechnic Instituteô, Kyiv, 2025. 

 

The dissertation is devoted to the optimisation of the contour milling process on 

CNC machines with regard to technological and design constraints. A mathematical 

model describing the interaction of the tool and workpiece, as well as methods for 

controlling the cutting mode, are proposed, which allow determining the optimal 

parameters taking into account all the necessary constraints and stabilising the 

parameters of the cutting process. 

The developed software automates the selection of optimal parameters, 

increasing productivity while maintaining process stability. Experimental studies have 

confirmed the effectiveness of the approach, providing a significant reduction in 

machining time even with complex contours. 

This thesis consists of four chapters, in which the main results of the thesis are 

presented and substantiated.  

 

The introduction presents a general description of the study, substantiates its 

relevance, and reveals the connection with scientific programmes, plans and topics. 

The aim and objectives of the work are formulated, the object and subject of the study 

are defined, the scientific novelty and practical significance of the results obtained are 

presented. The personal contribution of the applicant is highlighted separately, as well 

as information on testing, publications, structure and scope of the work. 

The first chapter provides a detailed analysis of the contour milling process, 

which is used to form complex geometric surfaces in various industries. 

The methods of controlling the cutting process based on a priori, current and a 

posteriori data are analysed. Methods for stabilising cutting characteristics, such as 
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material removal rate (MRR), cutting force and cutting power, are considered, and 

their advantages and limitations are presented. An analysis of modern CAM systems 

and their modules that automate the process of contour milling, such as iMachining, 

Dynamic Motion, and others, is carried out. Their limitations in stabilising and 

optimising the cutting process have been identified, which substantiates the need for 

further research. 

Based on the literature review, the aim and objectives of the study aimed at 

optimising the process of contour milling on CNC machines are formulated. 

The second chapter describes the mathematical apparatus and algorithms for 

creating digital arrays that describe the shaping trajectories, contours of the workpiece 

and part and are a prerequisite for further modelling the contour milling process. 

The paper presents the developed mathematical model of the contour milling 

process, which allows modelling key cutting characteristics, in particular, material 

removal rate (MRR) and cutting forces.  

An application program that automates calculations and visualises the contour 

milling process is proposed. The programme makes it possible to predict cutting 

characteristics, analyse the effectiveness of different modes and generate data for 

further stabilisation of the cutting process in terms of material removal rate (MRR) and 

optimisation of the machining process. 

In the third chapter, we develop a cutting mode control algorithm that ensures 

the stabilisation of the contour milling process on CNC machines according to the 

material removal rate (MRR) criterion. The algorithm provides for feed control, which 

makes it possible to create stable cutting conditions. Based on the algorithm, an 

application program has been created that generates G-code control programs with the 

ability to discretise and adapt to machining conditions. 

The article presents the modelling of the contour milling process using various 

control strategies, including SolidCAM and the more advanced iMachining module, 

which also controls the feed according to the developed algorithm.  

The results of experimental studies on a HAAS TM-0P CNC machine with a 

multi-component strain gauge have shown the effectiveness of the new approach to 
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controlling the contour milling process. Compared to the SolidCAM program and the 

iMachining system, the developed feed control strategy, focused on stabilising the 

material removal rate (MRR), significantly reduces the operation time.  

Chapter 4 presents the results of optimising the contour milling process on 

CNC machines. The optimisation problem is formulated, which involves minimising 

the machining time while observing technological and design constraints. The 

developed mathematical model describing the relationships between the components 

of the cutting mode and its impact on various parameters of the machining process and 

the quality of the surface is presented. 

The developed application program that automates the process of selecting the 

optimal cutting mode is presented.  

The results of experimental studies have confirmed the adequacy of the 

mathematical model of the formulated optimisation problem. It is proved that the new 

optimised control has significantly reduced the cycle of the contour milling process 

compared to SolidCAM, iMachining and material removal rate (MRR) control 

solutions. The possibility of practical implementation of the developed approach for 

prediction and selection of optimal cutting modes is demonstrated. 

Keywords: contour milling, end milling, CNC machine programming, CNC 

program, mathematical model, cutting modes, feed rate, cutting speed, machining 

processes, cutting process simulation, optimization of cutting parameters, surface 

roughness. 
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ʉʇʀʉʆʂ ʇʋɹʃɯʂɸʎɯʁ ɿɸ ʊɽʄʆʖ ɼʀʉɽʈʊɸʎɯɰ 

ʅʘʫʢʦʚʽ ʧʨʘʮʽ, ʚ ʷʢʠʭ ʦʧʫʙʣʽʢʦʚʘʥʽ ʦʩʥʦʚʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ 

1. Petrakov, Y.V. and Myhovych ɸ.V. 2020. IMachining technology 

analysis for contour milling. Mechanics and Advanced Technologies. 2(89) (Sep. 

2020). DOI:https://doi.org/10.20535/2521-1943.2020.89.202065. 

2. ʄʠʛʦʚʠʯ ɸ. ɺ., ʇʝʪʨʘʢʦʚ ʖ. ɺ. (2024). ʄʦʜʝʣʶʚʘʥʥʷ ʢʦʥʪʫʨʥʦʛʦ 2.5-

D ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʯʠʩʣʦʚʠʤ ʧʨʦʛʨʘʤʥʠʤ ʢʝʨʫʚʘʥʥʷʤ. ɺʽʩʥʠʢ 

ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ çʍʇɯè. ʉʝʨʽʷ: ʊʝʭʥʦʣʦʛʽʾ ʚ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. (1 (19). 60ï69. ʆʧʫʙʣʽʢʦʚʘʥʦ: 27.12.2024 DOI: 

https://doi.org/10.20998/2079-004X.2024.1(9).08. 

3. Petrakov Y. V., Myhovych A. V. (2025). Stabilization of contour milling 

on CNC machines. Journal of Engineering Sciences (Ukraine), Vol. 12(1), pp. A1ï

A11. https://doi.org/10.21272/jes.2025.12(1).a1 

4.  Petrakov Y. V., Ohrimenko O. A., Sikailo M. O., Myhovych A. V. 

(2023). Cutting forces simulation for end milling. Journal of Engineering Sciences 

(Ukraine), Vol. 10(2), pp. A27ïA33. DOI: 10.21272/jes.2023.10(2).a4 

5.  Petrakov, Y., Korenkov, V., Myhovych, A. (2022). Technology for 

programming contour milling ona CNC machine. Eastern-European Journal of 

Enterprise Technologies, 2 (1 (116)), 55ï61. doi: https://doi.org/10.15587/1729-

4061.2022.255389 

6.  ʉʇʆʉɯɹ ʉʊɸɹɯʃɯɿɸʎɯɰ ʆɹʈʆɹʃɽʅʅʗ ʅɸ ɺɽʈʉʊɸʊɯ ɿ 

ʏʀʉʃʆɺʀʄ ʇʈʆɻʈɸʄʅʀʄ ʂɽʈʋɺɸʅʅʗʄ : ʧʘʪ. 157269 ʋʢʨʘʾʥʘ : G05B 

13/00. ˉ u 2023 06220 ; ʟʘʷʚʣ. 20.12.2023 ; ʦʧʫʙʣ. 25.09.2024, ɹʶʣ. ˉ 39. 4 ʩ. 

Available from:  https://sis.nipo.gov.ua/uk/search/detail/1819464/ 

 

https://doi.org/10.20998/2079-004X.2024.1(9).08
https://doi.org/10.21272/jes.2025.12(1).a1
https://doi.org/10.15587/1729-4061.2022.255389
https://doi.org/10.15587/1729-4061.2022.255389
https://sis.nipo.gov.ua/uk/search/detail/1819464/
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7. Petrakov, Yuriy & Myhovych, Artur. (2023). Milling with Feed Control 

on a Computer Numerical Control Machine-tools. International Scientific and 

Technical conference The Progressive Technics Technology and Engineering 

Education. 168-170. DOI:10.20535/2409-7160.2023.XXIII.279699 

8. ʇʝʪʨʘʢʦʚ, ʖ. ɺ., ʄʠʛʦʚʠʯ, ɸ. ɺ., ʆʭʨʽʤʝʥʢʦ, ʆ. ɸ., & ʉʽʢʘʡʣʦ, ʄ. ʆ. 

(2023). ʄʦʜʝʣʶʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʨʠ ʢʽʥʮʝʚʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ. ʇʨʦʮʝʩʠ 

ʤʝʭʘʥʽʯʥʦʾ ʍɯɯ ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʨʦʮʝʩʠ 

ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʚʝʨʩʪʘʪʠ ʪʘ ʽʥʩʪʨʫʤʝʥʪè, 50ï52. 
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ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʂʦʥʪʫʨʥʝ ʬʨʝʟʫʚʘʥʥʷ ʻ ʦʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ 

ʫʥʽʚʝʨʩʘʣʴʥʠʭ ʽ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ ʦʧʝʨʘʮʽʡ ʚ ʦʙʨʦʙʣʝʥʥʽ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ 

ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʪʘʢʠʭ ʛʘʣʫʟʷʭ, ʷʢ ʘʝʨʦʢʦʩʤʽʯʥʘ, ʘʚʪʦʤʦʙʽʣʝʙʫʜʽʚʥʘ, ʘ 

ʪʘʢʦʞ ʫ ʩʬʝʨʽ ʰʚʠʜʢʦʛʦ ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʰʪʘʤʧʽʚ. ɿʘʚʜʷʢʠ 

ʤʦʞʣʠʚʦʩʪʽ ʦʙʨʦʙʢʠ ʩʢʣʘʜʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʬʦʨʤ, ʮʝʡ ʧʨʦʮʝʩ ʩʪʘʚ ʥʝʟʘʤʽʥʥʠʤ 

ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʽʟ ʧʽʜʚʠʱʝʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ 

ʦʙʨʦʙʣʝʥʠʭ ʧʦʚʝʨʭʦʥʴ. 

ʇʨʦʪʝ, ʢʦʥʪʫʨʥʝ ʬʨʝʟʫʚʘʥʥʷ ʤʘʻ ʩʫʪʪʻʚʫ ʦʩʦʙʣʠʚʽʩʪʴ: ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʽʩʪʴ. 

ɿʦʢʨʝʤʘ, ʢʦʣʠ ʬʨʝʟʘ ʧʝʨʝʭʦʜʠʪʴ ʚʽʜ ʦʙʨʦʙʢʠ ʧʨʷʤʦʾ ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ ʜʦ ʦʙʨʦʙʢʠ 

ʫʚʽʛʥʫʪʦʾ ʯʠ ʦʧʫʢʣʦʾ ʜʫʛʠ, ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʦʤʽʪʥʽ ʚʽʜʭʠʣʝʥʥʷ ʫ ʟʥʘʯʝʥʥʷʭ 

ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ï ʥʘʩʘʤʧʝʨʝʜ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR), ʩʠʣʠ ʪʘ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ. ʎʝ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʧʦʛʽʨʰʝʥʥʷ 

ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ, ʟʥʠʞʝʥʥʷ ʪʦʯʥʦʩʪʽ ʪʘ ʟʤʝʥʰʠʪʠ ʩʪʽʡʢʽʩʪʴ ʨʽʟʘʣʴʥʦʛʦ 

ʽʥʩʪʨʫʤʝʥʪʘ. 

ɺʠʨʦʙʥʠʯʘ ʧʨʘʢʪʠʢʘ ʩʚʽʜʯʠʪʴ, ʱʦ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʥʝʛʘʪʠʚʥʠʭ ʥʘʩʣʽʜʢʽʚ 

(ʧʨʠʧʘʣʽʚ, ʧʦʣʦʤʦʢ ʽʥʩʪʨʫʤʝʥʪʘ, ʚʽʙʨʘʮʽʡ) ʪʝʭʥʦʣʦʛʠ ʥʝʨʽʜʢʦ ʟʤʫʰʝʥʽ ʧʽʜʙʠʨʘʪʠ 

ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ, ʟʦʩʝʨʝʜʞʫʶʯʠʩʴ ʥʘ çʥʘʡʩʢʣʘʜʥʽʰʠʭè ʜʽʣʷʥʢʘʭ ʢʦʥʪʫʨʫ. ʆʜʥʘʢ 

ʪʘʢʠʡ ʢʦʥʩʝʨʚʘʪʠʚʥʠʡ ʚʠʙʽʨ ʟʘʛʘʣʦʤ ʟʙʽʣʴʰʫʻ ʯʘʩ ʦʙʨʦʙʢʠ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʟʤʝʥʰʫʻ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʫʩʴʦʛʦ ʮʠʢʣʫ ʬʨʝʟʝʨʥʦʾ ʦʧʝʨʘʮʽʾ. ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ ʜʝʜʘʣʽ ʯʘʩʪʽʰʝ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʢʘʟʥʠʢʘʤʠ ʝʢʦʥʦʤʽʾ 

ʨʝʩʫʨʩʽʚ ʽ ʯʘʩʫ, ʧʦʩʪʘʻ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʧʨʦʙʣʝʤʘ ʨʦʟʨʦʙʣʝʥʥʷ ʧʽʜʭʦʜʽʚ ʜʦ 

ʦʧʪʠʤʽʟʘʮʽʾ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʘ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʦʙʤʝʞʝʥʴ. 

ʆʪʞʝ, ʦʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʘʢʪʫʘʣʴʥʦʶ ʟʘʜʘʯʝʶ. ɺʠʨʽʰʝʥʥʷ ʮʽʻʾ ʟʘʜʘʯʽ ʜʘʩʪʴ 

ʟʤʦʛʫ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʽʚ, ʟʥʠʟʠʪʠ ʩʦʙʽʚʘʨʪʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ, 

ʟʘʙʝʟʧʝʯʠʪʠ ʥʝʦʙʭʽʜʥʫ ʪʦʯʥʽʩʪʴ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ ʟ ʥʘʷʚʥʠʤʠ ʥʘ 

ʚʠʨʦʙʥʠʮʪʚʽ ʨʝʩʫʨʩʘʤʠ (ʚʝʨʩʪʘʪʘʤʠ, ʽʥʩʪʨʫʤʝʥʪʘʤʠ), ʱʦ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ 

ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʛʘʣʫʟʝʡ ʽ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ ʧʽʜʧʨʠʻʤʩʪʚ. 
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ɿʚô̫ ʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. 

ɼʠʩʝʨʪʘʮʽʷ ʚʠʢʦʥʫʚʘʣʘʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʣʘʥʫ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ, 

ʧʨʦʚʝʜʝʥʠʭ ʥʘ ʢʘʬʝʜʨʽ ʪʝʭʥʦʣʦʛʽʾ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʅʘʚʯʘʣʴʥʦ-ʥʘʫʢʦʚʦʛʦ 

ʤʝʭʘʥʽʢʦ-ʤʘʰʠʥʦʙʫʜʽʚʥʦʛʦ ʽʥʩʪʠʪʫʪʫ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè. 

ʄʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ. ʈʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʠʢʠ ʽ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ 

ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ 

ʏʇʂ, ʱʦ ʜʘʩʪʴ ʟʤʦʛʫ ʟʙʽʣʴʰʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʬʨʝʟʝʨʥʦʾ ʦʧʝʨʘʮʽʾ ʪʘ 

ʟʘʙʝʟʧʝʯʠʪʴ ʜʦʪʨʠʤʘʥʥʷ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʚʠʤʦʛ ʜʦ ʚʠʨʦʙʫ.  

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʪʘʢʽ ʟʘʜʘʯʽ: 

1. ʈʦʟʨʦʙʠʪʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʱʦ ʜʘʩʪʴ ʤʦʞʣʠʚʽʩʪʴ ʤʦʜʝʣʶʚʘʪʠ 

ʧʨʦʮʝʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʪʘ ʚʠʟʥʘʯʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ï h ʚʠʜʢʩ̔ʪɹ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR); 

2. ʈʦʟʨʦʙʠʪʠ ʩʧʦʩʽʙ ʩʪʘʙʽʣʽʟʘʮʽʾ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) 

ʜʣʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ; 

3. ʉʬʦʨʤʫʣʶʚʘʪʠ ʟʘʜʘʯʫ ʦʧʪʠʤʽʟʘʮʽʾ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 

ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʥʝʦʙʭʽʜʥʠʭ ʦʙʤʝʞʝʥʴ; 

4. ʈʦʟʨʦʙʠʪʠ ʘʣʛʦʨʠʪʤʠ ʪʘ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ; 

5. ʇʨʦʚʝʩʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʘʧʨʦʙʘʮʽʶ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʧʨʦʮʝʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʽ ʟ ʏʇʂ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʦʧʝʨʘʮʽʾ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ ʪʘ ʷʢʽʩʪʴ ʦʪʨʠʤʘʥʦʾ ʧʦʚʝʨʭʥʽ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ, ɦ ʦ ʟʘʩʪʦʩʦʚʘʥʽ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʧʦʩʪʘʚʣʝʥʠʭ ʟʘʜʘʯ: 

ʄʝʪʦʜʦʣʦʛʽʯʥʦʶ ʦʩʥʦʚʦʶ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʻ ʧʦʻʜʥʘʥʥʷ ʪʝʦʨʝʪʠʯʥʠʭ 

ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʽʜʭʦʜʽʚ. 

ʊʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʟʘʛʘʣʴʥʠʭ ʧʨʠʥʮʠʧʘʭ ʪʝʭʥʦʣʦʛʽʾ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʪʝʦʨʽʾ ʨʽʟʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʨʽʟʘʣʴʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ. 

ʆʧʪʠʤʽʟʘʮʽʷ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ ʜʣʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʽ ʧʨʦʮʝʩʫ ʚʟʘʻʤʦʜʽʾ ʟʘʛʦʪʦʚʢʠ ʪʘ 
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ʽʥʩʪʨʫʤʝʥʪʘ ʚ ʟʦʥʽ ʨʽʟʘʥʥʷ, ʩʪʚʦʨʝʥʠʭ ʘʣʛʦʨʠʪʤʘʭ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. 

ʎʝ ʟʘʙʝʟʧʝʯʠʣʦ ʦʪʨʠʤʘʥʥʷ ʬʦʨʤʫʣ, ʘʜʘʧʪʦʚʘʥʠʭ ʜʣʷ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʽ 

ʜʘʣʦ ʟʤʦʛʫ ʨʦʟʨʦʙʠʪʠ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʽʚ. 

ʉʠʩʪʝʤʥʠʡ ʧʽʜʭʽʜ ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʦʧʠʩʫ ʩʪʨʫʢʪʫʨʠ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ. ʇʨʦʮʝʩ ʧʽʜʛʦʪʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫ ʚʠʛʣʷʜʽ ʙʣʦʢʽʚ, ʱʦ 

ʜʦʟʚʦʣʠʣʦ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʢʣʶʯʦʚʽ ʝʪʘʧʠ: ʟʙʽʨ ʘʧʨʽʦʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʪʘ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤ ʚ G-ʢʦʜʘʭ ʟ ʦʧʪʠʤʽʟʦʚʘʥʠʤʠ ʨʝʞʠʤʘʤʠ 

ʨʽʟʘʥʥʷ. 

ʈʦʟʨʦʙʣʝʥ ̔ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣ,ɹ ʘʣʛʦʨʠʪʤʠ ʡ ʦʪʨʠʤʘʥʽ ʚʠʩʥʦʚʢʠ ʙʫʣʦ 

ʧʽʜʢʨʽʧʣʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ, ʷʢʽ ʟʘʩʚʽʜʯʠʣʠ ʚʠʩʦʢʫ 

ʥʘʜʽʡʥʽʩʪʴ ʪʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʜʘʪʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ.  

 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʈʦʟʨʦʙʣʝʥʦ ʥʦʚʠʡ ʧʽʜʭʽʜ ʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ, ʱʦ ʧʦʣʷʛʘʻ ʫ ʧʦʧʝʨʝʜʥʽʡ ʩʪʘʙʽʣʽʟʘʮʽʾ, ʦʧʪʠʤʽʟʘʮʽʾ ʟʘ 

ʢʨʠʪʝʨʽʻʤ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʟ ʜʦʪʨʠʤʘʥʥʷʤ ʟʘʜʘʥʠʭ ʦʙʤʝʞʝʥʴ. 

ɺʧʝʨʰʝ ʩʪʚʦʨʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʚʨʘʭʦʚʫʻ ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʽʩʪʴ 

ʧʨʦʮʝʩʫ, ʚʢʣʶʯʘʶʯʠ ʚʧʣʠʚ ʢʨʠʚʠʟʥʠ ʢʦʥʪʫʨʫ ʥʘ ʜʝʪʝʨʤʽʥʦʚʘʥʫ ʩʢʣʘʜʦʚʫ 

ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʦʥʴ ʨʽʟʥʠʭ ʜʽʣʷʥʦʢ (ʧʨʷʤʠʭ, ʫʚʽʛʥʫʪʠʭ ʽ ʦʧʫʢʣʠʭ ʜʫʛ), ʘ ʪʘʢʦʞ 

ʦʙʤʝʞʝʥʥʷ, ʧʦʚôʷʟʘʥʽ ʟ ʛʝʦʤʝʪʨʽʻʶ ʚʠʨʦʙʫ, ʤʦʞʣʠʚʦʩʪʷʤʠ ʦʙʣʘʜʥʘʥʥʷ ʪʘ 

ʽʥʩʪʨʫʤʝʥʪʘ. ʎʷ ʤʦʜʝʣʴ ʩʪʘʣʘ ʙʘʟʦʶ ʜʣʷ ʘʣʛʦʨʠʪʤʽʚ ʘʚʪʦʤʘʪʠʟʘʮʽʾ, ʷʢʽ 

ʦʧʪʠʤʽʟʫʶʪʴ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʚʠʩʦʢʫ 

ʷʢʽʩʪʴ ʦʙʨʦʙʢʠ.  

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʇʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʪʝʭʥʦʣʦʛʫ-ʧʨʦʛʨʘʤʽʩʪʫ ʤʦʞʣʠʚʽʩʪʴ 

ʰʚʠʜʢʦ ʚʠʟʥʘʯʘʪʠ ʨʝʞʠʤ ʨʽʟʘʥʥʷ, ʱʦ ʤʽʥʽʤʽʟʫʻ ʯʘʩ ʦʙʨʦʙʢʠ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ 

ʷʢʽʩʪʴ ʦʙʨʦʙʣʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʥʘʷʚʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ 

ʽʥʩʪʨʫʤʝʥʪʽʚ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʽʰʝʥʴ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʩʧʨʦʱʫʻ ʧʽʜʛʦʪʦʚʢʫ ʜʦ ʡʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʘʜʘʧʪʘʮʽʶ ʜʦ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʠʤʦʛ.  
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ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. 

ʈʦʙʦʪʫ ʚʠʢʦʥʘʥʦ ʧʽʜ ʥʘʫʢʦʚʠʤ ʢʝʨʽʚʥʠʮʪʚʦʤ ʜʦʢʪʦʨʘ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, 

ʧʨʦʬʝʩʦʨʘ ʇʝʪʨʘʢʦʚʘ ʖ. ɺ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʱʦ ʩʪʘʥʦʚʣʷʪʴ ʦʩʥʦʚʫ 

ʜʠʩʝʨʪʘʮʽʾ, ʟʜʦʙʫʚʘʯ ʦʪʨʠʤʘʚ ʩʘʤʦʩʪʽʡʥʦ. ʋ ʧʫʙʣʽʢʘʮʽʷʭ, ʧʽʜʛʦʪʦʚʣʝʥʠʭ ʫ 

ʩʧʽʚʘʚʪʦʨʩʪʚʽ, ʨʦʟʨʦʙʠʚ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʪʘ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ ʜʣʷ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʩʪʘʙʽʣʽʟʘʮʽʾ ʡ ʦʧʪʠʤʽʟʘʮʽʾ, ʦʩʚʦʾʚ ʘʧʘʨʘʪʥ ̔

ʟʘʩʦʙʠ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʧʨʦʚʽʚ ʪʘ ʚʠʢʦʥʘʚ ʘʥʘʣʽʟ 

ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʙʦʪʠ. ʆʩʥʦʚʥʽ ʧʦʣʦʞʝʥʥʷ ʪʘ ʨʝʟʫʣʴʪʘʪʠ 

ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʙʫʣʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʡ ʦʜʝʨʞʘʣʠ ʩʭʚʘʣʝʥʥʷ ʥʘ: 

1. ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʇʨʦʛʨʝʩʠʚʥʘ ʪʝʭʥʽʢʘ, 

ʪʝʭʥʦʣʦʛʽʷ ʪʘ ʽʥʞʝʥʝʨʥʘ ʦʩʚʽʪʘè (ʤ. ʂʠʾʚ, ʋʢʨʘʾʥʘ, 2023 ʨ.). 

2. ɺʩʝʫʢʨʘʾʥʩʴʢʽʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ʟ ʤʽʞʥʘʨʦʜʥʦʶ 

ʫʯʘʩʪʶ. çʇʨʦʮʝʩʠ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʚʝʨʩʪʘʪʠ ʪʘ ʽʥʩʪʨʫʤʝʥʪè. (ʤ. ɾʠʪʦʤʠʨ, 

ʋʢʨʘʾʥʘ, 2023 ʨ.). 

ʇʫʙʣʽʢʘʮʽʾ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʦʧʫʙʣʽʢʦʚʘʥʦ 8 ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ, 

ʫ ʪʦʤʫ ʯʠʩʣʽ 2 ʪʝʟʠ ʜʦʧʦʚʽʜʝʡ ʪʘ 5 ʩʪʘʪʪʽ ʫ ʥʘʫʢʦʚʠʭ ʬʘʭʦʚʠʭ ʚʠʜʘʥʥʷʭ ʋʢʨʘʾʥʠ 

ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 131 ï ʇʨʠʢʣʘʜʥʘ ʤʝʭʘʥʽʢʘ, 2 ʩʪʘʪʪʽ ʧʨʦʽʥʜʝʢʩʦʚʘʥʦ ʫ ʙʘʟʘʭ 

ʜʘʥʠʭ Web of Science ʪʘ/ʘʙʦ Scopus. 

ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ 

ʚʩʪʫʧʫ, ʯʦʪʠʨʴʦʭ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʽʟ 103 

ʥʘʡʤʝʥʫʚʘʥʴ ʪʘ 2 ʜʦʜʘʪʢʠ. ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʨʦʙʦʪʠ 142 ʩʪʦʨʽʥʦʢ, ʟ ʷʢʠʭ 116 

ʩʪʦʨʽʥʦʢ ʦʩʥʦʚʥʦʛʦ ʪʝʢʩʪʫ, 11 ʩʪʦʨʽʥʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʪʘ 2 ʩʪʦʨʽʥʢʠ 

ʜʦʜʘʪʢʽʚ. ʈʦʙʦʪʘ ʤʽʩʪʠʪʴ 90 ʨʠʩʫʥʢʽʚ, 1 ʪʘʙʣʠʮ.ʁ 
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ʈʆɿɼɯʃ 1 

ɸʅɸʃɯʊʀʏʅʀʁ ʆɻʃʗɼ ʉʊɸʅʋ ʇʈʆɹʃɽʄʀ 

ʄɽʊɸ ɯ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

 

1.1 ʆʛʣʷʜ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʅʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤ ʪʘ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʩʧʦʩʦʙʦʤ ʣʝʟʦʚʦʾ ʦʙʨʦʙʢʠ ʻ 

ʬʨʝʟʝʨʫʚʘʥʥʷ. ʇʨʦʮʝʩ ʬʨʝʟʝʨʫʚʘʥʥʷ ʝʬʝʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʧʦʚʝʨʭʦʥʴ ʟ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ, ʜʝ ʧʨʠʩʫʪʥʽ ʧʨʦʩʪʽ 

ʧʣʦʩʢʽ ʬʦʨʤʠ ʪʘ ʬʦʨʤʠ ʟ ʙʽʣʴʰ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ. ʉʝʨʝʜ ʙʝʟʣʽʯʽ 

ʬʨʝʟʝʨʫʚʘʣʴʥʠʭ ʦʧʝʨʘʮʽʡ ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ (ʘʥʛʣ. Contour milling) ʘʙʦ, ʷʢ 

ʤʦʞʥʘ ʯʘʩʪʦ ʟʫʩʪʨʽʪʠ ʚ ʘʥʛʣʦʤʦʚʥʠʭ ʜʞʝʨʝʣʘʭ, ʧʨʦʬʽʣʴʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ (ʘʥʛʣ. 

Profile Milling) ʢʽʥʮʝʚʠʤʠ ʬʨʝʟʘʤʠ (ʨʠʩ.1.1) ʚʚʘʞʘʻʪʴʩʷ ʦʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ 

ʨʦʟʧʦʚʩʶʜʞʝʥʠʭ ʦʧʝʨʘʮʽʡ [1,2]. 

 

ʈʠʩʫʥʦʢ 1.1 ï ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ [1] 

 

ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʢʽʥʮʝʚʠʤʠ ʬʨʝʟʘʤʠ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʯʠʩʣʦʚʠʤ 

ʧʨʦʛʨʘʤʥʠʤ ʢʝʨʫʚʘʥʥʷʤ (ʏʇʂ) ï ʮʝ ʧʨʦʮʝʩ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʜʝ ʨʽʟʘʣʴʥʠʡ 

ʽʥʩʪʨʫʤʝʥʪ ʚʠʜʘʣʷʻ ʤʘʪʝʨʽʘʣ ʧʝʨʝʤʽʱʫʶʯʠʩʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʪʨʘʻʢʪʦʨʽʾ ʧʦ ʜʚʦʭ ʟ 

ʪʨʴʦʭ ɼʝʢʘʨʪʦʚʠʭ ʦʩʷʭ ʢʦʦʨʜʠʥʘʪ. ʊʨʘʻʢʪʦʨʽʷ, ʷʢ ʧʨʘʚʠʣʦ, ʨʦʟʨʦʙʣʷʻʪʴʩʷ ʚ CAM-

ʩʠʩʪʝʤʽ (ʘʥʛʣ. Computer-aided manufacturing) ʪʘ ʟʘʧʠʩʫʻʪʴʩʷ ʚ ʫʧʨʘʚʣʷʶʯʫ 

ʧʨʦʛʨʘʤʫ ʜʣʷ ʚʝʨʩʪʘʪʽʚ ʟ ʏʇʂ ʫ ʬʦʨʤʽ ʥʠʟʴʢʦʨʽʚʥʝʚʦʾ ʤʦʚʠ ʧʨʦʛʨʘʤʫʚʘʥʥʷ G-

ʢʦʜʽʚ. 
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ʇʨʦʮʝʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʟʽ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ ʪʘʢʠʭ ʷʢ, ʚʽʜʢʨʠʪʽ ʪʘ ʟʘʢʨʠʪʽ 

ʢʘʨʤʘʥʠ, ʟʦʚʥʽʰʥʽ ʢʦʥʪʫʨʠ ʜʝʪʘʣʝʡ. ʊʘʢʦʞ ʚʢʘʟʘʥʠʡ ʚʠʜ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʪʘ ʟʦʚʥʽʰʥʽʭ ʢʦʥʪʫʨʽʚ, ʱʦ ʤʽʩʪʷʪʴ 

ʚ ʩʦʙʽ, ʷʢ ʧʨʷʤʦʣʽʥʽʡʥʽ ʜʽʣʷʥʢʠ, ʪʘʢ ʽ ʜʫʛʠ.  

ɿʘʚʜʷʯʫʶʯʠ ʟʘʟʥʘʯʝʥʠʤ ʤʦʞʣʠʚʦʩʪʷʤ, ʬʨʝʟʝʨʫʚʘʥʥʷ, ʷʢ ʧʨʦʮʝʩ ʤʝʭʘʥʽʯʥʦʾ 

ʦʙʨʦʙʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʨʽʟʥʠʭ ʩʬʝʨʘʭ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʻ ʥʘʡʙʽʣʴʰ ʚʠʛʽʜʥʠʤ 

ʪʘ ʝʬʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʦʙʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚ, ʷʢ ʢʦʤʧʦʟʠʪʥʠʭ, ʪʘʢ ʽ ʤʝʪʘʣʽʚ ʫ 

ʘʝʨʦʢʦʩʤʽʯʥʽʡ, ʘʚʪʦʤʦʙʽʣʝʙʫʜʽʚʥʽʡ, ʤʘʰʠʥʦʙʫʜʽʚʥʽʡ ʪʘ ʽʥʰʠʭ ʛʘʣʫʟʷʭ. 

ɸʝʨʦʢʦʩʤʽʯʥʘ ʧʨʦʤʠʩʣʦʚʽʩʪʴ ʤʽʩʪʠʪʴ ʚ ʩʦʙʽ ʜʚʘ ʥʘʧʨʷʤʠ ʨʦʟʚʠʪʢʫ ï 

ʘʚʽʘʮʽʡʥʠʡ ʪʘ ʢʦʩʤʽʯʥʠʡ, ʱʦ ʜʘʻ ʜʦʩʪʘʪʥʴʦ ʙʘʛʘʪʦ ʤʦʞʣʠʚʦʩʪʝʡ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʚ ʦʙʦʭ ʥʘʧʨʷʤʢʘʭ. ɼʦ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʱʦ ʦʙʨʦʙʣʷʶʪʴʩʷ 

ʢʦʥʪʫʨʥʠʤ ʬʨʝʟʝʨʫʚʘʥʥʷʤ, ʥʘʣʝʞʘʪʴ ʝʣʝʤʝʥʪʠ ʢʦʥʩʪʨʫʢʮʽʾ ʧʣʘʥʝʨʘ, ʪʘʢʽ ʷʢ 

ʥʝʨʚʶʨʠ ʢʨʠʣʘ, ʰʧʘʥʛʦʫʪʠ ʪʘ ʜʝʪʘʣʽ ʤʝʭʘʥʽʟʘʮʽʾ ʢʨʠʣʘ, ʘ ʪʘʢʦʞ ʽʥʰʽ ʢʦʤʧʦʥʝʥʪʠ, 

ʚʢʣʶʯʥʦ ʟ ʯʘʩʪʠʥʘʤʠ ʜʚʠʛʫʥʘ [1, 2] (ʨʠʩ. 1.2).  

 

ʘ)     ʙ)     

ʈʠʩʫʥʦʢ 1.2 ï ʇʨʠʢʣʘʜʠ ʦʪʨʠʤʘʥʠʭ ʜʝʪʘʣʝʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷʤ: ʘ) ʥʝʨʚʶʨʘ ʢʨʠʣʘ ʣʽʪʘʢʘ; ʙ) ʢʘʨʢʘʩ ʩʠʜʽʥʥʷ [1] 

 

ɯʥʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʫʯʘʩʥʦʾ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ [2] ʚʠʷʚʠʣʠ 

ʪʝʥʜʝʥʮʽʶ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʥʦʣʽʪʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʢʦʥʩʪʨʫʢʮʽʡ ʧʣʘʥʝʨʘ 

ʣʽʪʘʢʘ, ʘ ʥʝ ʪʨʘʜʠʮʽʡʥʠʭ ʟʙʽʨʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʙʝʟʣʽʯʽ ʜʨʽʙʥʠʭ 

ʛʥʫʪʠʭ ʽ ʰʪʘʤʧʦʚʘʥʠʭ ʜʝʪʘʣʝʡ. ʊʘʢʽ ʤʦʥʦʣʽʪʥʽ ʢʦʤʧʦʥʝʥʪʠ, ʚʢʣʶʯʥʦ ʟ 

ʥʝʨʚʶʨʘʤʠ, ʩʪʨʠʥʛʝʨʘʤʠ, ʣʦʥʞʝʨʦʥʘʤʠ, ʚʠʛʦʪʦʚʣʷʶʪʴ ʟ ʝʢʩʪʨʫʜʦʚʘʥʠʭ, 

ʰʪʘʤʧʦʚʘʥʠʭ ʯʠ ʢʦʚʘʥʠʭ ʟʘʛʦʪʦʚʦʢ ʤʝʪʦʜʦʤ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ 
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ʚʠʜʘʣʝʥʥʷʤ 90 ï 95% ʤʘʩʠ ʚʠʭʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʧʨʠʢʣʘʜ ʥʘ ʨʠʩ. 1.3. ʆʩʥʦʚʥʦʶ 

ʧʝʨʝʚʘʛʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʥʦʣʽʪʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʻ ʜʦʩʷʛʥʝʥʥʷ ʽʜʝʘʣʴʥʦʛʦ 

ʙʘʣʘʥʩʫ ʤʽʞ ʤʽʮʥʽʩʪʶ ʽ ʚʘʛʦʶ ʟʘ ʨʘʭʫʥʦʢ ʦʜʥʦʨʽʜʥʦʩʪʽ ʟʘʩʪʦʩʦʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʦʩʦʙʣʠʚʦ ʘʣʶʤʽʥʽʻʚʠʭ ʩʧʣʘʚʽʚ. ʉʪʘʥʜʘʨʪʥʦʶ ʧʨʘʢʪʠʢʦʶ ʻ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʢʘʨʤʘʥʽʚ, ʷʢʝ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ ʩʪʨʘʪʝʛʽʾ ʦʙʨʦʙʢʠ. 

ʎʝʡ ʧʨʦʮʝʩ ʚʠʨʽʟʥʷʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʦʩʴʦʚʠʤʠ ʪʘ ʨʘʜʽʘʣʴʥʠʤʠ ʛʣʠʙʠʥʘʤʠ ʨʽʟʘʥʥʷ, 

ʟʙʽʣʴʰʝʥʦʶ ʧʦʜʘʯʝʶ ʥʘ ʟʫʙ, ʘ ʪʘʢʦʞ ʚʠʩʦʢʦʶ ʰʚʠʜʢʽʩʪʶ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ. 

 

ʈʠʩʫʥʦʢ 1.3 ï ʄʦʥʦʣʽʪʥʠʡ ʩʪʨʫʢʪʫʨʥʠʡ ʢʦʤʧʦʥʝʥʪ ʣʽʪʘʢʘ [2] 

 

ʊʘʢʦʞ ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʪʨʫʢʪʫʨ 

ʧʽʜʩʠʣʝʥʠʭ ʨʝʙʨʘʤʠ ʞʦʨʩʪʢʦʩʪʽ. ʊʘʢʽ ʩʪʨʫʢʪʫʨʠ ʥʦʩʷʪʴ ʥʘʟʚʫ ʽʟʦʛʨʽʜʥʠʭ (ʘʥʛʣ. 

Isogrid) ʪʘ ʚʽʜʦʤʽ ʩʚʦʻʶ ʣʝʛʢʽʩʪʶ ʽ ʤʽʮʥʽʩʪʶ [3]. ɿʘʟʚʠʯʘʡ ʚʦʥʠ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʽʟ 

ʮʽʣʴʥʦʾ ʟʘʛʦʪʦʚʢʠ ʰʣʷʭʦʤ ʬʨʝʟʝʨʫʚʘʥʥʷ (ʨʠʩ. 1.4). ʇʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʬʦʨʤʫʻʪʴʩʷ ʩʽʪʢʘ ʟ ʪʨʠʢʫʪʥʠʭ ʢʘʨʤʘʥʽʚ, ʩʪʽʥʢʠ ʷʢʦʾ ʩʣʫʛʫʶʪʴ ʨʝʙʨʘʤʠ ʞʦʨʩʪʢʦʩʪʽ 

ʪʘ ʧʽʜʩʠʣʶʶʪʴ ʜʥʦ ʢʘʨʤʘʥʫ. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʪʝʨʤʽʥ ʽʟʦʛʨʽʜ, ʦʩʢʽʣʴʢʠ ʩʪʨʫʢʪʫʨʘ 

ʬʫʥʢʮʽʦʥʫʻ ʷʢ ʽʟʦʪʨʦʧʥʠʡ ʤʘʪʝʨʽʘʣ ʟ ʦʜʥʘʢʦʚʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʚ ʙʫʜʴ-ʷʢʦʤʫ 

ʥʘʧʨʷʤʢʫ. ɯʩʥʫʻ ʪʘʢʦʞ ʧʦʜʽʙʥʘ ʩʪʨʫʢʪʫʨʘ ï ʦʨʪʦʛʨʽʜʥʘ ʘʙʦ ʚʘʬʝʣʴʥʘ (ʘʥʛʣ. 

Orthogrid ʘʙʦ Waffle grid), ʷʢʘ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʧʨʷʤʦʢʫʪʥʦʶ ʬʦʨʤʦʶ ʫʪʚʦʨʝʥʠʭ 

ʢʘʨʤʘʥʽʚ ʽ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʟʦʛʨʽʜʥʦʾ, ʤʘʻ ʨʽʟʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʽʜ ʨʽʟʥʠʤʠ ʢʫʪʘʤʠ. 
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ʈʠʩʫʥʦʢ 1.4 ï ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʽʟʦʛʨʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ [4] 

 

ʅʘʧʨʠʢʽʥʮʽ 1970-ʭ, ʪʘʢʽ ʩʪʨʫʢʪʫʨʠ ʙʫʣʠ ʟʘʧʘʪʝʥʪʦʚʘʥʽ ʢʦʤʧʘʥʽʻʶ 

McDonnell Douglas, ʷʢʘ ʥʘʨʘʟʽ ʻ ʯʘʩʪʠʥʦʶ Boeing [3]. ʆʜʥʦʯʘʩʥʦ ʚʦʥʠ ʟôʷʚʠʣʠʩʴ ʽ 

ʫ ʚʽʪʯʠʟʥʷʥʽʡ ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʩʬʝʨʽ. ɺʦʥʠ ̒  ʜʦʨʦʛʦʚʘʨʪʽʩʥʠʤʠ ʫ ʚʠʛʦʪʦʚʣʝʥʥʽ. 

ʉʘʤʝ ʪʦʤʫ ʾʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʽʣʴʢʠ ʜʣʷ ʧʽʜʩʠʣʝʥʥʷ ʢʨʠʪʠʯʥʠʭ ʤʽʩʮʴ ʚ 

ʢʦʥʩʪʨʫʢʮʽʾ ʣʽʪʘʢʽʚ (ʨʠʩ. 1.5, ʘ) ʪʘ ʛʝʣʽʢʦʧʪʝʨʽʚ. 

ʅʘʡʙʽʣʴʰ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʤ ʻ ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʩʘʤʝ ʚ ʢʦʩʤʽʯʥʽʡ 

ʪʝʭʥʽʮʽ. ʇʨʠʢʣʘʜʦʤ ʮʴʦʛʦ ʩʣʫʛʫʶʪʴ ʧʝʨʰʽ ʩʪʫʧʝʥʽ ʨʘʢʝʪ ʩʽʤʝʡʩʪʚʘ: ɼʝʣʴʪʘ [5], 

ɸʪʣʘʩ [6] ʪʘ ʯʘʩʪʠʥ ʧʝʨʰʦʾ ʩʪʫʧʝʥʽ ʉʠʩʪʝʤʠ ʢʦʩʤʽʯʥʠʭ ʟʘʧʫʩʢʽʚ [7], ʽ ʘʜʘʧʪʝʨʘ 

ʤʽʞ ʨʘʢʝʪʦʶ ʪʘ ʢʦʩʤʽʯʥʠʤ ʢʦʨʘʙʣʝʤ ʆʨʽʦʥ, ʱʦ ʪʝʞ ʟʘʩʪʦʩʦʚʫʻ ʚ ʩʚʦʾʡ 

ʢʦʥʩʪʨʫʢʮʽʾ ʦʨʪʦʛʦʥʘʣʴʥʫ ʩʪʨʫʢʪʫʨʫ (ʨʠʩ. 1.5, ʙ). 

  

ʘ)      ʙ) 

ʈʠʩʫʥʦʢ 1.5 ï ʅʝʨʚʶʨʘ ʢʨʠʣʘ ʣʽʪʘʢʘ A330neo ʘ) [8] ʪʘ ʧʘʥʝʣʴ ʧʘʣʠʚʥʦʛʦ ʙʘʢʫ 

ʨʘʢʝʪʠ ɺʫʣʢʘʥ ʙ) [9] 

 

ʗʢ ʽ ʘʝʨʦʢʦʩʤʽʯʥʘ ʧʨʦʤʠʩʣʦʚʽʩʪʴ, ʘʚʪʦʤʦʙʽʣʝʙʫʜʽʚʥʘ ʧʨʦʤʠʩʣʦʚʽʩʪʴ ʥʝ 

ʤʦʞʝ ʦʙʽʡʪʠʩʷ ʙʝʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʢʦʥʪʫʨʥʦʛʦ. ɸʜʞʝ ʮʷ 
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ʛʘʣʫʟʴ ʧʨʘʛʥʝ ʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʧʨʠʰʚʠʜʰʝʥʥʷ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ ʻ 

ʚʠʨʽʰʘʣʴʥʠʤ ʜʣʷ ʚʝʣʠʢʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʜʝ ʥʝʦʙʭʽʜʥʽ ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ ʽ 

ʷʢʽʩʪʴ. ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʽʜʽʛʨʘʻ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʟʘʙʝʟʧʝʯʝʥʥʽ ʮʠʭ ʚʠʤʦʛ, 

ʪʘ ʧʦʪʨʝʙʫʻ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʘ ʟʘ ʩʢʣʘʜʥʦʶ ʪʨʘʻʢʪʦʨʽʻʶ, ʱʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʟʘʚʜʷʢʠ ʚʠʢʦʨʠʩʪʘʥʥʶ ʚʝʨʩʪʘʪʽʚ ʟ ʏʇʂ. ʎʝ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʩʪʚʦʨʶʚʘʪʠ ʷʢ 

ʚʝʣʠʢʦʩʝʨʽʡʥʽ ʧʘʨʪʽʾ ʜʝʪʘʣʝʡ, ʪʘʢ ʽ ʫʥʽʢʘʣʴʥʽ ʧʨʦʪʦʪʠʧʠ. 

ʈʦʟʤʽʨʠ ʧʘʨʪʽʡ ʫ ʘʚʪʦʤʦʙʽʣʝʙʫʜʫʚʘʥʥʽ ʯʘʩʪʦ ʚʠʤʽʨʶʶʪʴʩʷ ʤʽʣʴʡʦʥʘʤʠ 

ʜʝʪʘʣʝʡ. ɹʽʣʴʰʽʩʪʴ ʜʝʪʘʣʝʡ ʚʠʛʦʪʦʚʣʷʻʪʴʩʷ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ. ɼʘʣʽ ʜʝʪʘʣʽ 

ʧʽʜʜʘʶʪʴʩʷ ʦʙʨʦʙʮʽ, ʚʢʣʶʯʘʶʯʠ ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʜʣʷ ʟʥʷʪʪʷ ʢʽʣʴʢʦʭ 

ʤʽʣʽʤʝʪʨʽʚ ʧʨʠʧʫʩʢʫ ʟ ʧʦʚʝʨʭʦʥʴ, ʷʢʽ ʢʦʥʪʘʢʪʫʚʘʪʠʤʫʪʴ ʟ ʽʥʰʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. 

ʊʦʯʥʽʩʪʴ ʻ ʚʠʨʽʰʘʣʴʥʦʶ ʩʢʣʘʜʦʚʦʶ ʜʣʷ ʪʘʢʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʷʢ ʙʣʦʢ ʜʚʠʛʫʥʘ, 

ʛʦʣʦʚʢʘ ʙʣʦʢʫ ʮʠʣʽʥʜʨʽʚ, ʩʠʩʪʝʤʘ ʧʨʠʚʦʜʫ, ʢʦʨʧʫʩ ʢʦʨʦʙʢʠ ʧʝʨʝʜʘʯ (ʨʠʩ. 1.6), 

ʟʯʝʧʣʝʥʥʷ ʪʘ ʽʥʰʽ ʚʘʞʣʠʚʽ ʝʣʝʤʝʥʪʠ [10]. 

  

ʘ)     ʙ)      

ʈʠʩʫʥʦʢ 1.6 ï ɼʝʪʘʣʽ ʘʚʪʦʤʦʙʽʣʷ: ʘ) ʂʦʨʧʫʩ ʢʦʨʦʙʢʠ ʧʝʨʝʜʘʯ ʘʚʪʦʤʦʙʽʣʷ Renault 

Captur 2017 [11]; 

ʙ) ʌʨʝʟʝʨʫʚʘʥʥʷ ʟʦʚʥʽʰʥʴʦʛʦ ʢʦʥʪʫʨʫ ʢʦʨʧʫʩʫ ʢʦʨʦʙʢʠ ʧʝʨʝʜʘʯ [12] 

 

ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ ʟʘʙʝʟʧʝʯʫʻ ʥʠʟʢʫ ʧʝʨʝʚʘʛ ʜʣʷ 

ʘʚʪʦʤʦʙʽʣʴʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʚʢʣʶʯʘʶʯʠ ʰʚʠʜʢʽʩʪʴ, ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʪʘ 

ʧʦʚʪʦʨʶʚʘʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ. ʎʝʡ ʧʨʦʮʝʩ ʜʦʟʚʦʣʷʻ ʘʚʪʦʚʠʨʦʙʥʠʢʘʤ ʥʝ ʪʽʣʴʢʠ 

ʰʚʠʜʢʦ ʘʜʘʧʪʫʚʘʪʠʩʷ ʜʦ ʟʤʽʥ ʫ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʚʠʤʦʛʘʭ ʜʦ ʧʨʦʜʫʢʮʽʾ, ʘʣʝ ʡ 

ʛʘʨʘʥʪʫʚʘʪʠ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʽ ʪʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʠʭ ʜʝʪʘʣʝʡ. 
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ʋ ʩʬʝʨʽ ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ 

ʛʝʦʤʝʪʨʠʯʥʦ ʩʢʣʘʜʥʽ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʝʡ ʟ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢ-ʦʪ ʤʝʪʘʣʠ 

ʪʘ ʧʣʘʩʪʤʘʩʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʫʩʝʨʝʜʠʥʽ, ʪʘʢ ʽ ʟʟʦʚʥʽ ʘʚʪʦʤʦʙʽʣʽʚ. ʊʘʢʝ 

ʰʚʠʜʢʝ ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʻ ʢʣʶʯʦʚʠʤ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʤʦʜʝʣʝʡ, ʜʦʟʚʦʣʷʶʯʠ 

ʪʝʩʪʫʚʘʪʠ ʪʘ ʚʜʦʩʢʦʥʘʣʶʚʘʪʠ ʢʦʥʩʪʨʫʢʮʽʶ ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ ʤʘʩʦʚʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ. 

ʇʨʠʢʣʘʜʦʤ ʤʦʞʫʪʴ ʩʣʫʛʫʚʘʪʠ ʧʨʦʪʦʪʠʧʠ, ʚʠʛʦʪʦʚʣʝʥʽ ʟ ʘʣʶʤʽʥʽʶ ʣʠʪʪʷʤ 

ʧʽʜ ʪʠʩʢʦʤ ʽʟ ʧʦʜʘʣʴʰʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʷʢ ʧʦʢʘʟʘʥʦ 

ʥʘ ʨʠʩ. 1.7. 

 

ʈʠʩʫʥʦʢ 1.7 ï ʇʨʦʪʦʪʠʧ ʘʚʪʦʤʦʙʽʣʴʥʦ ʾʜʝʪʘʣ ̔[12] 

 

ʊʘʢʦʞ, ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʫ ʩʫʯʘʩʥʦʤʫ ʩʚʽʪʽ ʚʠʨʦʙʥʠʮʪʚʦ ʪʦʚʘʨʽʚ 

ʤʘʩʦʚʦʛʦ ʩʧʦʞʠʚʘʥʥʷ ʪʘ ʚʝʣʠʢʠʭ ʩʝʨʽʡ ʜʝʪʘʣʝʡ ʥʝʤʦʞʣʠʚʦ ʫʷʚʠʪʠ ʙʝʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʝʩ-ʬʦʨʤ. ʎʽ ʽʥʩʪʨʫʤʝʥʪʠ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʩʪʚʦʨʝʥʥʽ 

ʧʨʝʜʤʝʪʽʚ ʟʽ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ, ʱʦ ʟʥʘʡʰʣʠ ʩʚʦʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʨʽʟʥʠʭ 

ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ: ʘʚʪʦʤʦʙʽʣʴʥʽʡ, ʘʝʨʦʢʦʩʤʽʯʥʽʡ, ʚʠʨʦʙʥʠʮʪʚʽ ʩʧʦʞʠʚʯʠʭ 

ʪʦʚʘʨʽʚ, ʪʘ ʽʥʰʽ. 

ʇʨʝʩ-ʬʦʨʤʠ ʨʦʟʨʦʙʣʷʶʪʴʩʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʧʝʮʠʬʽʯʥʠʭ ʮʽʣʝʡ ʾʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʽ ʤʦʞʫʪʴ ʚʘʨʽʶʚʘʪʠʩʷ ʟʘ ʪʠʧʦʤ ʽ ʧʨʠʟʥʘʯʝʥʥʷʤ. ʉʝʨʝʜ ʥʘʡʙʽʣʴʰ 

ʨʦʟʧʦʚʩʶʜʞʝʥʠʭ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʥʘʩʪʫʧʥʽ [13]: 

ï ʢʦʤʧʨʝʩʽʡʥʽ ʧʨʝʩ-ʬʦʨʤʠ (ʘʥʛʣ. Compression molds): ʬʦʨʤʫʶʪʴ 

ʚʠʨʦʙʠ ʟ ʧʦʣʽʤʝʨʽʚ ʰʣʷʭʦʤ ʧʨʝʩʫʚʘʥʥʷ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʚʠʨʦʙʥʠʮʪʚʽ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʧʣʘʩʪʤʘʩʦʚʠʭ ʜʝʪʘʣʝʡ ʫ ʙʘʛʘʪʴʦʭ ʛʘʣʫʟʷʭ; 
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ï ʧʨʝʩ-ʬʦʨʤʠ ʜʣʷ ʛʥʫʪʪʷ (ʘʥʛʣ. Press mould): ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣ ̫

ʬʦʨʤʫʚʘʥʥʷ ʜʝʪʘʣʝʡ ʟ ʣʠʩʪʦʚʦʛʦ ʤʝʪʘʣʘ (ʥʘʧʨʠʢʣʘʜ, ʢʫʟʦʚʠ, ʜʚʝʨʽ, ʢʘʧʦʪʠ), 

ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʘʚʪʦʤʦʙʽʣʴʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ; 

ï ʬʦʨʤʠ ʜʣʷ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ (ʘʥʛʣ. Die casting): ʜʘʶʪʴ ʟʤʦʛʫ 

ʦʪʨʠʤʫʚʘʪʠ ʚʠʩʦʢʦʪʦʯʥʽ ʜʝʪʘʣʽ ʟ ʤʝʪʘʣʽʚ ʽ ʧʦʣʽʤʝʨʽʚ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ 

ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʬʦʨʤʫ ʧʽʜ ʪʠʩʢʦʤ; 

ï ʪhʘʤʧʠ ʜʣʷ ʢʫʚʘʥʥʷ (ʘʥʛʣ. Forging Die): ʬʦʨʤʫʶʪʴ ʟʘʛʦʪʦʚʢʫ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʫʜʘʨʫ ʡ ʚʠʤʘʛʘʶʪʴ ʚʠʩʦʢʦʾ ʪʝʨʤʽʯʥʦʾ ʪʘ ʤʝʭʘʥʽʯʥʦʾ ʩʪʽʡʢʦʩʪʽ. 

ɺʠʛʦʪʦʚʣʝʥʥʷ ʪʘʢʠʭ ʰʪʘʤʧʽʚ ʚʢʣʶʯʘʻ ʦʙʨʦʙʢʫ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ 

ʏʇʂ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʥʝʦʙʭʽʜʥʦʾ ʬʦʨʤʠ. 

ʇʽʜ ʯʘʩ ʯʦʨʥʦʚʠʭ ʦʧʝʨʘʮʽʡ ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ 

ʚʠʜʘʣʝʥʥʷ ʟʥʘʯʥʦʾ ʢʽʣʴʢʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ 

ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ, ʬʦʨʤʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʩʪʫʧʽʥʯʘʩʪʫ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʽ, ʱʦ 

ʧʽʜʛʦʪʦʚʣʶʻ ʬʦʨʤʫ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʦʙʨʦʙʢʠ.  

ʅʘ ʩʪʘʜʽʾ ʯʠʩʪʦʚʠʭ ʦʧʝʨʘʮʽʡ ʮʝʡ ʧʨʦʮʝʩ ʜʦʟʚʦʣʷʻ ʩʬʦʨʤʫʚʘʪʠ ʥʝʦʙʭʽʜʥʽ 

ʢʦʥʪʫʨʠ ʪʘ ʜʦʤʦʛʪʠʩʷ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʧʨʝʩ-ʬʦʨʤʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʷʢʽʩʪʴ 

ʢʽʥʮʝʚʦʛʦ ʧʨʦʜʫʢʪʫ. 

  

ʘ)     ʙ)     

ʈʠʩʫʥʦʢ 1.8 ï ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʬʦʨʤ ʜʣʷ: ʘ) ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ [14];  

ʙ) h ʪʘʤʧʫʚʘʥʥʷ [15] 

 

1.2 ʆʩʦʙʣʠʚʦʩʪʽ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʋ ʨʦʙʦʪʽ [16] ʨʦʟʛʣʷʥʫʪʦ ʟʘʛʘʣʴʥʠʡ ʧʽʜʭʽʜ ʜʦ ʢʦʥʪʫʨʥʦʛʦ ʦʙʨʦʙʣʝʥʥʷ 

ʨʽʟʥʠʤʠ ʽʥʩʪʨʫʤʝʥʪʘʤʠ, ʟʦʢʨʝʤʘ ʬʨʝʟʘʤʠ ʪʘ ʰʣʽʬʫʚʘʣʴʥʠʤʠ ʢʨʫʛʘʤʠ. ʆʩʥʦʚʥʫ 
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ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʩʠʣʦʚʽʡ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʽʥʩʪʨʫʤʝʥʪʦʤ ʪʘ ʟʘʛʦʪʦʚʢʦʶ, ʘ ʪʘʢʦʞ 

ʤʝʪʦʜʘʤ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʠ 

ʟʙʝʨʝʞʝʥʥʽ ʷʢʦʩʪʽ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ. 

 

ʈʠʩʫʥʦʢ 1.9 ï ʇʨʠʢʣʘʜ ʫʧʨʘʚʣʽʥʥʷ ʧʨʠ ʢʦʥʪʫʨʥʽʡ ʦʙʨʦʙʮʽ [16] 

 

ʅʘ (ʨʠʩ. 1.9, ʘ) ʧʦʜʘʥʦ ʧʨʠʢʣʘʜ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʝʢʚʽʜʠʩʪʘʥʪʥʠʤ 

ʧʨʠʧʫʩʢʦʤ (ʣʽʥʽʷ 2) ʪʘ ʪʨʘʻʢʪʦʨʽʻʶ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ 3. ɸʚʪʦʨ ʟʘʩʪʦʩʦʚʫʻ 

ʤʝʭʘʥʽʩʪʠʯʥʠʡ ʧʽʜʭʽʜ ʜʣʷ ʦʮʽʥʢʠ ʩʠʣʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʽʥʩʪʨʫʤʝʥʪʦʤ ʽ 

ʟʘʛʦʪʦʚʢʦʶ. ɿʤʽʥʠ ʜʦʚʞʠʥʠ ʜʫʛʠ ʢʦʥʪʘʢʪʫ AB ʚʧʣʠʚʘʶʪʴ ʥʘ ʩʠʣʫ ʨʽʟʘʥʥʷ F ʫ 

ʧʣʦʱʠʥʽ YOX, ʘ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ Q ʟʤʽʥʶʻʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʤʽʩʮʷ 

ʽʥʩʪʨʫʤʝʥʪʘ ʥʘ ʪʨʘʻʢʪʦʨʽʾ (ʨʠʩ. 1.9, ʙ). 

ɼʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ Q ʘʚʪʦʨ ʧʨʦʧʦʥʫʻ ʫʧʨʘʚʣʷʪʠ ʧʦʜʘʯʝʶ fe ʚʟʜʦʚʞ 

ʝʢʚʽʜʠʩʪʘʥʪʠ, ʱʦ ʟʤʝʥʰʫʻ ʢʦʣʠʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʽʟʘʥʥʷ. ʅʘ (ʨʠʩ. 1.9, ʚ) 

ʧʦʢʘʟʘʥʦ ʧʝʨʝʚʝʜʝʥʥʷ ʮʴʦʛʦ ʟʘʢʦʥʫ ʧʦʜʘʯʽ ʜʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʽʚʥʷ fo, ʷʢʠʡ 

ʤʽʥʽʤʽʟʫʻ ʯʘʩ ʦʙʨʦʙʢʠ. ʇʨʦʪʝ ʥʘʚʽʪʴ ʧʽʩʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ ʩʠʣʘ ʨʽʟʘʥʥʷ ʣʠʰʘʻʪʴʩʷ ʥʝʩʪʘʙʽʣʴʥʦʶ ʯʝʨʝʟ ʟʤʽʥʫ ʥʘʧʨʷʤʫ ʚʝʢʪʦʨʫ F 

ʪʘ ʜʝʬʦʨʤʘʮʽʾ ʚ ʪʝʭʥʦʣʦʛʽʯʥʽʡ ʦʙʨʦʙʣʷʶʯʽʡ ʩʠʩʪʝʤ,̔ ʱʦ ʧʦʪʨʝʙʫʻ ʢʦʨʝʢʮʽʾ 

ʪʨʘʻʢʪʦʨʽʾ ʽʥʩʪʨʫʤʝʥʪʘ. ɸʚʪʦʨ ʨʝʢʦʤʝʥʜʫʻ ʙʘʛʘʪʦʢʨʦʢʦʚʠʡ ʧʽʜʭʽʜ: ʩʧʦʯʘʪʢʫ 
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ʩʪʘʙʽʣʽʟʫʚʘʪʠ Q, ʜʘʣʽ ʟʤʝʥʰʠʪʠ ʯʘʩ ʥʘ ʦʧʝʨʘʮʽʶ ʦʧʪʠʤʽʟʫʚʘʚʰʠ ʨʝʞʠʤ ʨʽʟʘʥʥʷ ʽ 

ʧʽʩʣʷ ʮʴʦʛʦ ʟʘʙʝʟʧʝʯʠʪʠ ʷʢʽʩʪʴ, ʫʨʘʭʦʚʫʶʯʠ ʞʦʨʩʪʢʽʩʪʴ ʩʠʩʪʝʤʠ ʜʣʷ ʟʤʝʥʰʝʥʥʷ 

ʧʦʭʠʙʢʠ ŭ, ɦ ʦ ʚʠʥʠʢʘʻ ʧʨʠ ʾʾ ʜʝʬʦʨʤʘʮʽʾ.  

ʋ [16] ʥʘʚʝʜʝʥʦ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʽʰʝʥʴ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠ ʨʽʟʘʥʥʷʤ: 

1. ʉʪʘʙʽʣʽʟʘʮʽʷ ʫʤʦʚ ʨʽʟʘʥʥʷ: ʧʽʜʪʨʠʤʘʥʥʷ ʩʪʘʙʽʣʴʥʠʭ ʫʤʦʚ ʨʽʟʘʥʥʷ ʻ 

ʧʝʨʰʦʯʝʨʛʦʚʠʤ ʟʘʚʜʘʥʥʷʤ. ʎʝ ʚʢʣʶʯʘʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʤʽʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʧʨʦʮʝʩʫ, ʪʘʢʠʭ ʷʢ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ. 

2. ʆʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ: ʧʽʩʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʫʤʦʚ ʥʝʦʙʭʽʜʥʦ 

ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʯʘʩʫ ʦʙʨʦʙʢʠ. ʎʝ ʤʦʞʝ ʚʢʣʶʯʘʪʠ ʢʦʨʝʢʮʽʶ 

ʰʚʠʜʢʦʩʪʽ ʨʽʟʘʥʥʷ ʪʘ ʧʦʜʘʯʽ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʘʡʢʨʘʱʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʙʝʟ 

ʚʪʨʘʪʠ ʷʢʦʩʪʽ. 

3. ʂʦʨʝʢʮʽʷ ʬʦʨʤʦʫʪʚʦʨʶʶʯʦʾ ʪʨʘʻʢʪʦʨʽʾ: ʦʩʪʘʥʥʽʤ ʢʨʦʢʦʤ ʻ 

ʢʦʨʝʢʮʽʷ ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʘ, ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ 

ʦʙʨʦʙʣʶʚʘʥʦʾ ʧʦʚʝʨʭʥʽ, ʢʦʤʧʝʥʩʫʶʯʠ ʧʨʫʞʥʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʽʥʰʽ ʚʧʣʠʚʠ, ʷʢʽ 

ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʦʭʠʙʦʢ.  

ʊʘʢʠʤ ʯʠʥʦʤ, [16] ʨʦʙʠʪʴ ʚʘʞʣʠʚʠʡ ʚʥʝʩʦʢ ʫ ʨʦʟʫʤʽʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʧʨʦʧʦʥʫʶʯʠ ʧʨʘʢʪʠʯʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ. 

 

1.3 ʄʝʪʦʜʠ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʘʤʠ ʨʽʟʘʥʥʷ 

 

ʊʝʦʨʽʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʚʠʜʽʣʷʻ ʜʚʘ ʧʨʠʥʮʠʧʠ ʜʽʾ (ʟʘ 

ʧʦʤʠʣʢʦʶ, ʟʘ ʟʙʫʨʝʥʥʷʤ) ʽ ʪʨʠ ʤʝʪʦʜʠ ʫʧʨʘʚʣʽʥʥʷ (ʘʧʨʽʦʨʥʠʡ, ʧʦʪʦʯʥʠʡ, 

ʘʧʦʩʪʝʨʽʦʨʥʠʡ) [17]. ʊʦʤʫ ʥʝʦʙʭʽʜʥʦ ʨʦʟʛʣʷʥʫʪʠ ʧʨʠʢʣʘʜʠ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʷʢ 

ʥʘʫʢʦʚʮʷʤʠ, ʪʘʢ ʽ ʨʦʟʨʦʙʥʠʢʘʤʠ CAM-ʩʠʩʪʝʤ ʪʘ ʤʦʜʫʣʽʚ ʜʦ ʥʠʭ: 

ʋʧʨʘʚʣʽʥʥʷ ʟʘ ʘʧʨʽʦʨʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ. ʋ [17, 18] ʦʧʠʩʘʥʦ ʤʝʪʦʜ, ʷʢʠʡ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʧʝʨʝʜʥʽʭ (ʘʧʨʽʦʨʥʠʭ) ʜʘʥʠʭ ʽ ʥʝ ʧʦʪʨʝʙʫʻ ʚʪʨʫʯʘʥʥʷ ʚ ʨʦʙʦʪʫ 

ʚʝʨʩʪʘʪʘ (ʜʘʪʯʠʢʽʚ, ʢʦʥʪʨʦʣʝʨʽʚ). ʇʦʨʽʚʥʷʥʦ ʟ ʫʧʨʘʚʣʽʥʥʷʤ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʯʥʦʾ ʯʠ 



26 
 

ʘʧʦʩʪʝʨʽʦʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ (ʱʦ ʚʠʤʘʛʘʶʪʴ ʦʧʝʨʘʪʠʚʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ʘʙʦ 

ʚʠʟʥʘʯʝʥʥʷ ʞʦʨʩʪʢʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʠʩʪʝʤʠ), ʪʘʢʠʡ ʧʽʜʭʽʜ ʻ ʧʨʦʩʪʽʰʠʤ.  

ʄʝʪʦ  ʁ ʫʧʨʘʚʣʽʥʥʷ ʟʘ ʘʧʨʽʦʨʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ, ʥʘʧʨʠʢʣʘʜ, ʤʦʞʝ ʙʫʪʠ 

ʩʪʘʙʽʣʽʟʘʮʽʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) [18]. 

ʋ ʟʘʤʢʥʝʥʽʡ ʪʝʭʥʦʣʦʛʽʯʥʽʡ ʩʠʩʪʝʤʽ ʨʦʟʛʣʷʜʘʶʪʴ ʧʝʨʝʜʘʪʥʽ ʬʫʥʢʮʽʾ ʧʨʦʮʝʩʫ 

ʦʙʨʦʙʣʝʥʥʷ Wʧʨ ʽ ʝʢʚʽʚʘʣʝʥʪʥʦʾ ʧʨʫʞʥʦʾ ʩʠʩʪʝʤʠ Wʝʧʩ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʘʧʨʽʦʨʥʽ 

ʜʘʥʽ ʧʨʦ ʟʘʛʦʪʦʚʢʫ, ʽʥʩʪʨʫʤʝʥʪ ʽ ʪʨʘʻʢʪʦʨʽʶ, ʟʘʜʘʶʪʴ ʙʘʞʘʥʫ ʰʚʠʜʢʽʩʪʴ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ Qʟ1, ʷʢʫ ʧʦʨʽʚʥʶʶʪʴ ʽʟ ʬʘʢʪʠʯʥʦʶ Qʬ (ʨʠʩ. 1.10) [18]. 

 

 

ʈʠʩʫʥʦʢ 1.10 ï ʉʭʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʟʘ ʘʧʨʽʦʨʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ [18] 

 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʩʭʝʤʠ, ʤʘʻʤʦ: 

ʝʧʩʧʨ

ʢ
1ʟʬ

WW1

W
QQ

+
= .     (1.1) 

 

ʅʝʦʙʭʽʜʥʦ ʚʚʝʩʪʠ ʢʦʨʠʛʫʶʯʠʡ ʝʣʝʤʝʥʪ ʽʟ ʧʝʨʝʜʘʪʥʦʶ ʬʫʥʢʮʽʻʶ Wʢ: 

ʢʟ1ʟ WQQ = .      (1.2) 

 

ʇʽʜʩʪʘʚʣʷʶʯʠ (1.1) ʫ (1.2), ʦʪʨʠʤʫʻʤʦ: 

ʝʧʩʧʨ

ʢ
ʟʬ

WW1

W
QQ
+

= .    (1.3) 

 

ʑʦʙ ʟʘʙʝʟʧʝʯʠʪʠ Qʬ=Qʟ, ʧʨʠʡʤʘʻʪʴʩʷ ʫʤʦʚʘ: 

ʝʧʩʧʨʢ WW1W +=       (1.4) 
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ʇʝʨʝʜʘʪʥʘ ʬʫʥʢʮʽʷ (1.3) ʽʣʶʩʪʨʫʻ ʟôʻʜʥʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʥʘ ʨʠʩ. 1.10. ɼʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʫ ʧʦʪʨʽʙʝʥ ʢʦʨʠʛʫʶʯʠʡ ʝʣʝʤʝʥʪ ʧʽʜ ʯʘʩ ʬʦʨʤʫʚʘʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ 

ʧʨʦʛʨʘʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʘ. ʆʩʢʽʣʴʢʠ ʮʷ ʩʠʩʪʝʤʘ ʢʝʨʫʚʘʥʥʷ 

ʨʦʟʽʤʢʥʝʥʘ, ʨʝʟʫʣʴʪʘʪ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʦʯʥʦʩʪʽ ʘʧʨʽʦʨʥʠʭ ʜʘʥʠʭ [18]. 

ʋʧʨʘʚʣʽʥʥʷ ʟʘ ʧʦʪʦʯʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ. ʄʝʪʦʜ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʨʽʟʘʥʥʷ ʟʘ ʧʦʪʦʯʥʠʤʠ ʜʘʥʠʤʠ ʙʫʣʦ ʘʧʨʦʙʦʚʘʥʦ ʱʝ ʫ 1980-ʭ [19], ʦʜʥʘʢ ʙʨʘʢʫʚʘʣʦ 

ʪʝʭʥʽʯʥʠʭ ʨʝʩʫʨʩʽʚ ʜʣʷ ʧʨʦʤʠʩʣʦʚʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ. ʉʫʯʘʩʥʠʡ ʧʨʠʢʣʘʜ ï 

Omative System [19], ʜʝ ʧʦʢʘʟʥʠʢʠ (ʥʘʧʨʠʢʣʘʜ, ʧʦʪʫʞʥʽʩʪʴ ʜʚʠʛʫʥʘ ʰʧʠʥʜʝʣʷ) 

ʬʽʢʩʫʶʪʴ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʡ ʚʽʜʧʦʚʽʜʥʦ ʢʦʨʠʛʫʶʪʴ ʧʦʜʘʯʫ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ 

ʩʧʝʨʰʫ ʟʘʜʘʶʪʴ ʧʦʩʪʽʡʥʫ ʧʦʜʘʯʫ, ʘ ʚ ʧʨʦʮʝʩʽ ʨʽʟʘʥʥʷ ʚʦʥʘ ʟʙʽʣʴʰʫʻʪʴʩʷ, ʷʢʱʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʤʝʥʰʝ ʦʯʽʢʫʚʘʥʦʛʦ ʘʙʦ ʥʘʚʧʘʢʠ. ʉʠʩʪʝʤʘ ʩʫʤʽʩʥʘ ʟ ʏʇʂ ʢʦʤʧʘʥʽʡ 

Siemens, Fanuc, Heidenhain. 

ʉʭʦʞʠʡ ʤʝʪʦʜ ʥʘʚʝʜʝʥʦ ʚ [18], ʜʝ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʠʡ ʢʦʥʪʨʦʣʝʨ 

ʩʣʫʛʫʚʘʚ ʢʘʥʘʣʦʤ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʜʣʷ ʘʜʘʧʪʠʚʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ. 

ʌʫʥʢʮʽʦʥʘʣʴʥʘ ʩʭʝʤʘ ʪʘʢʦʾ ʩʠʩʪʝʤʠ (ʨʠʩ. 1.11) ʧʝʨʝʜʙʘʯʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʝʚʥʦʾ 

ʟʤʽʥʥʦʾ ʚʝʨʩʪʘʪʘ (ʥʘʧʨʠʢʣʘʜ, ʧʦʪʫʞʥʦʩʪʽ P) ̫ʢ ʮʽʣʽ ʢʝʨʫʚʘʥʥʷ. ʉʘʤʘ ʞ ʧʦʜʘʯʘ (F) 

ʘʚʪʦʤʘʪʠʯʥʦ ʢʦʨʠʛʫʻʪʴʩʷ, ʱʦʙ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʦʙʨʘʥʠʡ ʧʘʨʘʤʝʪʨ ʥʘ ʟʘʜʘʥʦʤʫ ʨʽʚʥʽ 

ʧʽʜ ʯʘʩ ʦʙʨʦʙʣʝʥʥʷ [18]. 

 

ʈʠʩʫʥʦʢ 1.11 ï ʌʫʥʢʮʽʦʥʘʣʴʥʘ ʩʭʝʤʘ [19] 

 

ɹʣʦʢʠ, ʚʠʜʽʣʝʥʽ ʧʫʥʢʪʠʨʦʤ, ʨʝʘʣʽʟʦʚʘʥʽ ʫ ʚʠʛʣʷʜʽ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʝ ʚʟʘʻʤʦʜʽʻ ʟ ʚʝʨʩʪʘʪʦʤ ʯʝʨʝʟ ʩʪʘʥʜʘʨʪʥʠʡ ʽʥʪʝʨʬʝʡʩ, ʧʦʜʽʙʥʦ ʜʦ 
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ʨʫʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʤʘʭʦʚʠʢʦʤ. ʆʜʥʘʢ ʪʘʢʠʡ ʧʽʜʭʽʜ ʚʠʤʘʛʘʻ ʚʪʨʫʯʘʥʥʷ ʚ ʙʫʜʦʚʫ 

ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ ʽ ʤʘʻ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʠʡ ʜʦ ʢʦʞʥʦʛʦ ʚʝʨʩʪʘʪʫ ʦʢʨʝʤʦ, ʪʘʢʠʡ 

ʧʽʜʭʽʜ ʻ ʪʨʫʜʦʤʽʩʪʢʠʤ ʪʘ ʥʝ ʫʥʽʚʝʨʩʘʣʴʥʠʤ. 

ʋʧʨʘʚʣʽʥʥʷ ʟʘ ʘʧʦʩʪʝʨʽʦʨʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ. ʊʘʢʠʡ ʤʝʪʦʜ ʟʜʝʙʽʣʴʰʦʛʦ 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʟʘʚʜʷʢʠ ʢʦʨʝʢʮʽʾ ʪʨʘʻʢʪʦʨʽʾ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ [18]. ɻʦʣʦʚʥʠʤ ʯʠʥʥʠʢʦʤ ʧʦʭʠʙʢʠ ʥʘ ʚʝʨʩʪʘʪʘʭ ʽʟ ʏʇʂ ʻ 

ʜʝʬʦʨʤʘʮʽʷ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʥʦʾ ʩʠʩʪʝʤʠ (ʊʆʉ), ʪʦʞ ʫ ʮʴʦʤʫ ʧʽʜʭʦʜʽ 

ʚʠʟʥʘʯʘʶʪʴ ʾʾ ʚʧʣʠʚ ʟʘ ʧʽʜʩʫʤʢʘʤʠ ʚʞʝ ʚʠʢʦʥʘʥʠʭ ʦʧʝʨʘʮʽʡ. ʆʪʨʠʤʘʪʠ ʪʦʯʥʽ ʜʘʥʽ 

ʧʨʦ ʞʦʨʩʪʢʽʩʪʴ ʊʆʉ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʦʙʨʦʙʣʝʥʥʷ ʩʢʣʘʜʥʦ, ʪʦʤʫ ʢʦʨʝʢʮʽʶ 

ʪʨʘʻʢʪʦʨʽʾ ʚʠʢʦʥʫʶʪʴ ʥʘ ʦʩʥʦʚʽ ʚʠʤʽʨʶʚʘʥʴ ʛʦʪʦʚʠʭ ʘʙʦ ʯʘʩʪʢʦʚʦ ʦʙʨʦʙʣʝʥʠʭ 

ʜʝʪʘʣʝʡ. ʉʧʨʦʱʝʥʽ ʤʝʪʦʜʠ ʢʦʨʝʢʮʽʾ çʥʘ ʨʘʜʽʫʩè ʪʫʪ ʥʝ ʧʽʜʭʦʜʷʪʴ [18, 20]. 

ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʢʝʨʫʚʘʥʥʷ (ʨʠʩ. 1.12) ʥʘ ʷʢʦʤʫ Hʬ ï ʬʘʢʪʠʯʥʘ ʛʣʠʙʠʥʘ 

ʨʽʟʘʥʥʷ, ʅʟ ï ʟʘʜʘʥʘ, ʅʟ1 ï ʩʢʦʨʝʛʦʚʘʥʘ, ŭʅ ï ʚʠʧʘʜʢʦʚʘ ʩʢʣʘʜʦʚʘ, ŭ ï ʧʨʫʞʥʘ 

ʜʝʬʦʨʤʘʮʽʷ ʚ ʝʢʚʽʚʘʣʝʥʪʥʽʡ ʧʨʫʞʥʽʡ ʩʠʩʪʝʤʽ, ʱʦ ʤʘʻ ʧʝʨʝʜʘʪʥʫ ʬʫʥʢʮʽʻʶ Wʝʧʩ, 

ʥʘ ʷʢʫ ʜʽʻ ʚʽʜʧʦʚʽʜʥʘ ʩʢʣʘʜʦʚʘ P ʩʠʣʠ ʨʽʟʘʥʥʷ, ʱʦ ʚʠʥʠʢʣʘ ʚ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʮʝʩʫ 

ʨʽʟʘʥʥʷ ʟ ʧʝʨʝʜʘʪʥʦ  ʁʬʫʥʢʮʽʻ ʁWʧʨ. ɺ ʪʘʢʽʡ ʩʠʩʪʝʤʽ ʟʘʧʽʟʥʝʥʥʷ ʟʘʧʠʩʫʻʪʴʩʷ 

ʧʝʨʝʜʘʪʥʦʶ ʬʫʥʢʮʽʻʶ Ű ï ʯʘʩ ʮʠʢʣʫ, be-Űs, ʜʝ b ï ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʝʢʮʽʾ, ʱʦ ʚʢʣʶʯʘʻ 

ʚ ʩʝʙʝ ʦʙʨʦʙʢʫ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ ʜʝʪʘʣʽ, s ï ʦʧʝʨʘʪʦʨ ʃʘʧʣʘʩʘ [18].  

 

ʈʠʩʫʥʦʢ 1.12 ï ʉʭʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʟʘ ʘʧʦʩʪʝʨʽʦʨʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ [18] 

 

ʉʫʪʴ ʮʴʦʛʦ ʤʝʪʦʜʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʚʠʤʽʨʷʥʫ ʧʽʩʣʷ ʦʙʨʦʙʣʝʥʥʷ 

ʢʦʦʨʜʠʥʘʪʫ Hʬ ʧʦʨʽʚʥʶʶʪʴ ʽʟ ʟʘʜʘʥʦʶ Hʟ (ʟʛʽʜʥʦ ʟ ʢʨʝʩʣʝʥʥʷʤ ʯʠ 3D-ʤʦʜʝʣʣʶ) 

ʯʝʨʝʟ ʧʝʨʝʜʘʪʥʫ ʬʫʥʢʮʽʶ ʟʘʧʽʟʥʝʥʥʷ (1.5). ʅʘ ʦʩʥʦʚʽ ʚʠʷʚʣʝʥʦʾ ʧʦʭʠʙʢʠ 

ʢʦʨʠʛʫʶʪʴ ʥʘʩʪʫʧʥʫ ʧʦʟʠʮʽʶ ʽʥʩʪʨʫʤʝʥʪʘ [20]. 

ʟ

s

ʬʟ1ʟ Hbe)HH(H +-= -t
     (1.5) 
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ʊʘʢʠʡ ʤʝʪʦʜ ʤʦʞʥʘ ʨʝʘʣʽʟʫʚʘʪʠ ʚʨʫʯʥʫ ʘʙʦ ʚ ʘʚʪʦʤʘʪʠʯʥʦʤʫ ʨʝʞʠʤʽ [18]. 

ʆʜʥʘʢ ʮʝʡ ʤʝʪʦʜ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ 

ʜʦʚʦʣʽ ʚʠʪʨʘʪʥʠʤ ʽ ʪʨʫʜʦʤʽʩʪʢʠʤ.  

ɯʟ ʨʦʟʛʣʷʥʫʪʠʭ ʤʝʪʦʜʽʚ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʨʽʟʘʥʥʷ ʥʘʡʜʦʮʽʣʴʥʽʰʠʤ ʜʣʷ 

ʦʧʪʠʤʽʟʘʮʽʾ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʠʷʚʠʣʦʩʷ ʢʝʨʫʚʘʥʥʷ ʟʘ ʘʧʨʽʦʨʥʦʶ 

ʽʥʬʦʨʤʘʮʽʻʶ. ʎʝʡ ʧʽʜʭʽʜ ʜʘʻ ʟʤʦʛʫ ʚʠʟʥʘʯʠʪʠ ʚʘʞʣʠʚʽ ʧʘʨʘʤʝʪʨʠ ʱʝ ʥʘ ʝʪʘʧʽ 

ʧʽʜʛʦʪʦʚʢʠ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, ʙʝʨʫʯʠ ʟʘ ʦʩʥʦʚʫ ʚʽʜʦʤʽ ʛʝʦʤʝʪʨʠʯʥʽ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʦʧʪʠʤʘʣʴʥʠʡ ʨʝʞʠʤ 

ʨʽʟʘʥʥʷ, ʱʦ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʽ ʷʢʽʩʪʴ ʦʙʨʦʙʣʝʥʥʷ ʙʝʟ ʧʦʪʨʝʙʠ ʫ 

ʜʦʜʘʪʢʦʚʠʭ ʜʘʪʯʠʢʘʭ ʯʠ ʩʢʣʘʜʥʠʭ ʚʠʤʽʨʶʚʘʥʥʷʭ ʫ ʧʨʦʮʝʩʽ ʨʦʙʦʪʠ. 

 

1.4 ʋʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

 

ʗʢ ʚʽʜʦʤʦ, ʢʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ ʧʦ 

ʨʦʟʨʦʙʣʝʥʠʭ ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤʘʭ ʚ CAM-ʩʠʩʪʝʤʘʭ. ɿʘʨʘʟ ʚʩʽ CAM-ʩʠʩʪʝʤʠ 

ʟʜʘʪʥʽ ʪʦʯʥʦ ʧʨʦʢ̒ʪʫʚʘʪʠ ʛʝʦʤʝʪʨʠʯʥʽ ʪʨʘʻʢʪʦʨʽʾ ʪʘ ʧʝʨʝʚʽʨʷʪʠ ʥʘ ʚʽʜʩʫʪʥʽʩʪʴ 

ʥʝʦʙʨʦʙʣʝʥʠʭ ʜʽʣʷʥʦʢ ʯʠ ʧʦʪʝʥʮʽʡʥʠʭ ʟʽʪʢʥʝʥʴ. ʆʜʥʘʢ ʙʽʣʴʰʽʩʪʴ ʟ ʥʠʭ ʥʝ 

ʚʨʘʭʦʚʫʶʪʴ ʜʠʥʘʤʽʯʥʽ ʟʤʽʥʠ ʫʤʦʚ ʨʽʟʘʥʥʷ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʠ ʧʝʨʝʤʽʱʝʥʥʽ 

ʬʨʝʟʠ ʚʟʜʦʚʞ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ʊʦʤʫ ʚʠʙʽʨ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ, ʪʘʢʠʭ ʷʢ 

ʧʦʜʘʯʘ ʪʘ ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ, ʧʦʚʥʽʩʪʶ ʣʷʛʘʻ ʥʘ ʧʣʝʯʽ ʪʝʭʥʦʣʦʛʘ-ʧʨʦʛʨʘʤʽʩʪʘ. ʎʝʡ 

ʧʽʜʭʽʜ ʦʧʠʨʘʚʩʷ ʥʘ ʜʦʩʚʽʜ ʪʝʭʥʦʣʦʛʘ-ʧʨʦʛʨʘʤʽʩʪʘ ʘʙʦ ʨʝʢʦʤʝʥʜʘʮʽʾ ʚʠʨʦʙʥʠʢʽʚ 

ʽʥʩʪʨʫʤʝʥʪʽʚ, ʽ ʥʝ ʙʝʨʝ ʜʦ ʫʚʘʛʠ ʟʤʽʥʠ ʫʤʦʚ ʨʽʟʘʥʥʷ ʧʦ ʪʨʘʻʢʪʦʨʽʾ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʩʢʣʘʜʥʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ. 

ɿʘʟʚʠʯʘʡ ï ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʙʦʨʫ ʨʝʞʠʤʫ ʦʙʨʦʙʢʠ, ʦʧʪʠʤʘʣʴʥʦʛʦ ʣʠʰʝ ʜʣʷ 

ñʥʘʡʛʽʨʰʦʛʦ ʚʠʧʘʜʢʫò ʥʘ ʚʩʽʡ ʪʨʘʻʢʪʦʨʽʾ, ʱʦ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʦʙʨʦʙʢʠ [21]. 

ʅʝʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʩʧʦʥʫʢʘʻ ʜʦ ʨʦʟʚʠʪʢʫ ʥʦʚʠʭ ʪʝʭʥʽʯʥʠʭ 

ʨʽʰʝʥʴ, ʷʢʽ ʙ ʜʦʟʚʦʣʷʣʠ ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʥʘʣʘʰʪʫʚʘʥʥʷ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ, ʚʠʭʦʜʷʯʠ 

ʟ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʘʨʘʤʝʪʨʽʚ ʨʽʟʘʥʥʷ ʪʘ ʦʩʦʙʣʠʚʦʩʪʝʡ ʦʙʨʦʙʣʶʚʘʥʦʾ ʧʦʚʝʨʭʥʽ. 
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ʈʦʟʨʦʙʢʘ ʩʠʩʪʝʤ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʘʚʪʦʤʘʪʠʯʥʦ ʢʦʨʠʛʫʚʘʪʠ ʨʝʞʠʤ ʨʽʟʘʥʥʷ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʟʤʽʥ ʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ, ʩʪʘʣʘ ʚʘʞʣʠʚʠʤ 

ʥʘʧʨʷʤʢʦʤ ʫ ʧʦʢʨʘʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʝʨʩʪʘʪʽʚ ʟ ʏʇʂ. ʉʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ 

ʮʽʡ ʩʬʝʨʽ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ (ʥʘʡʯʘʩʪʽʰʝ ʧʦʜʘʯʝʶ) 

ʤʦʞʝ ʙʘʟʫʚʘʪʠʩʷ ʥʘ ʪʨʴʦʭ ʦʩʥʦʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʘʙʦ ʾʭ 

ʢʦʤʙʽʥʘʮʽʾ: 

ʉʪʘʙʽʣʽʟʘʮʽʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). ʐʚʠʜʢʽʩʪʴ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (Material Removal Rate, MRR) ʻ ʢʣʶʯʦʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. ʏʠʤ ʚʦʥʘ ʚʠʱʘ, ʪʠʤ ʤʝʥʰʝ ʯʘʩʫ ʧʦʪʨʽʙʥʦ ʜʣʷ 

ʟʘʚʝʨʰʝʥʥʷ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʝʪʘʣʽ. ʎʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʠʟʥʘʯʘʻ ʦʙôʻʤ 

ʤʘʪʝʨʽʘʣʫ, ʷʢʠʡ ʚʠʜʘʣʷʻʪʴʩʷ ʟʘ ʦʜʠʥʠʮʶ ʯʘʩʫ (ʟʘʟʚʠʯʘʡ ʚʠʤʽʨʶʶʪʴ ʫ ʤʤį/ʭʚ), ʽ 

ʩʣʫʛʫʻ ʧʦʢʘʟʥʠʢʦʤ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʙʨʘʥʦʛʦ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ. ʎʝʡ ʧʦʢʘʟʥʠʢ 

(ʨʠʩ.1.13) ʚʢʣʶʯʘʻ ʩʢʣʘʜʦʚʽ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ ï ʭʚʠʣʠʥʥʫ ʧʦʜʘʯʫ (f) ʪʘ ʧʘʨʘʤʝʪʨʠ 

ʧʨʠʧʫʩʢʫ: ʛʣʠʙʠʥʘ (ad) , ʰʠʨʠʥʘ ʨʽʟʘʥʥʷ (aw) [17, 18]: 

faaMRR
wd

= .     (1.6) 

 

 

ʍʚʠʣʠʥʥʘ 

ʧʦʜʘʯʘ 

ʐʠʨʠʥʘ ʨʽʟʘʥʥʷ 

ɻʣʠʙʠʥʘ ʨʽʟʘʥʥʷ 

 

ʈʠʩʫʥʦʢ 1.13 ï ʉʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪ̔ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʧʨʠ 

ʬʨʝʟʝʨʫʚʘʥʥʽ [17] 

 

ʋ ʜʦʩʣʽʜʞʝʥʥʽ [24] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʚ ʧʨʦʮʝʩʽ 

ʬʨʝʟʝʨʫʚʘʥʥʷ, ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʶʚʘʥʥʽ. ɻʦʣʦʚʥʦʶ ʤʝʪʦʶ ʻ ʟʙʽʣʴʰʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʬʨʝʟʝʨʫʚʘʥʥʷ ʯʝʨʝʟ ʨʝʛʫʣʶʚʘʥʥʷ ʧʦʜʘʯʽ ʥʘ ʦʩʥʦʚʽ ʰʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). ɸʚʪʦʨʠ ʩʪʚʝʨʜʞʫʶʪʴ ï ʮʝ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʯʘʩ 
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ʦʙʨʦʙʢʠ ʤʘʡʞʝ ʚ ʧô̫ ʪʴ ʨʘʟʽʚ, ʟʙʝʨʽʛʘʶʯʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʩʠʣ ʨʽʟʘʥʥʷ. ʆʩʥʦʚʥʦʶ 

ʧʝʨʝʚʘʛʦʶ ʮʴʦʛʦ ʤʝʪʦʜʫ ʻ ʡʦʛʦ ʟʜʘʪʥʽʩʪʴ ʪʦʯʥʦ ʤʦʜʝʣʶʚʘʪʠ ʧʨʦʮʝʩ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ, ʚʨʘʭʦʚʫʶʯʠ ʛʝʦʤʝʪʨʽʶ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ. ʆʜʥʘʢ, ʥʝʜʦʣʽʢʦʤ ʻ 

ʚʠʩʦʢʘ ʧʦʪʨʝʙʘ ʚ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʘʭ ʪʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʧʦʜʘʣʴʰʽʡ ʚʘʣʽʜʘʮʽʾ 

ʤʦʜʝʣʽ ʥʘ ʚʠʨʦʙʥʠʯʠʭ ʜʘʥʠʭ ʽ ʪʝ, ʱʦ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʝ ʤʘʶʪʴ ʣʽʥʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ 

ʟ̔ h ʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), ɦ ʦ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʥʠʞʝʥʥʷ 

ʷʢʦʩʪʽ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ. 

ɼʦʩʣʽʜʞʝʥʥʷ [25, 26] ʨʦʟʢʨʠʚʘʶʪʴ ʚʧʣʠʚ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ 

ʩʪʘʙʽʣʽʟʘʮʽʶ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʩʠʣʫ ʨʽʟʘʥʥʷ, ʧʨʦʧʦʥʫʶʯʠ 

ʦʙʤʝʞʠʪʠ ʧʦʜʘʯʫ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʥʘʜʤʽʨʥʦ ʚʠʩʦʢʠʤ ʟʥʘʯʝʥʥʷʤ ʩʠʣʠ ʨʽʟʘʥʥʷ. 

ɸʚʪʦʨʠ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʪʨʘʪʝʛʽʶ ʧʣʘʥʫʚʘʥʥʷ ʧʦʜʘʯʽ ʜʣʷ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʦʥʴ 

ʩʢʣʘʜʥʦʾ ʬʦʨʤʠ, ʩʧʨʷʤʦʚʘʥʫ ʥʘ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʧʦʢʨʘʱʝʥʥʷ 

ʷʢʦʩʪʽ ʦʙʨʦʙʢʠ. 

ʊʘʢʦʞ ʚʦʥʠ ʧʦʨʽʚʥʶʚʘʣʠ ʜʚʘ ʧʽʜʭʦʜʠ: ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ ʦʩʥʦʚʽ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʋʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ 

ʦʩʥʦʚʽ ʮʠʭ ʧʽʜʭʦʜʽʚ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 1.14, ʜʝ 1 ï ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ ʙʘʟʽ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR); 2 ï ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ ʙʘʟʽ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʟ ʦʙʤʝʞʝʥʥʷʤ ʧʦ ʧʦʜʘʯʽ ʟʘ ʤʘʢʩʠʤʘʣʴʥʦʶ 

ʩʠʣʦʶ; 3 ï ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ ʙʘʟʽ ʩʠʣʠ ʨʽʟʘʥʥʷ; 4 ï ʧʦʩʪʽʡʥʘ ʧʦʜʘʯʘ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʽ ʚ ʮʠʭ ʨʦʙʦʪʘʭ ʧʦʢʘʟʫʶʪʴ ʟʥʘʯʥʝ 

ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ ʥʘ ʦʧʝʨʘʮʽʶ ʦʙʨʦʙʢʠ ʥʘ 63%. 

 

ʈʠʩʫʥʦʢ 1.14 ï ɻʨʘʬʽʢ, ʱʦ ʧʦʢʘʟʫʻ ʟʘʢʦʥʠ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ [24, 25] 
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ɸʚʪʦʨʠ ʚʽʜʟʥʘʯʘʶʪʴ, ʱʦ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ ʦʩʥʦʚʽ ʰʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʤʝʥʰʠʡ ʯʘʩ ʦʙʨʦʙʢʠ ʩʝʨʝʜ ʫʩʽʭ 

ʨʦʟʛʣʷʥʫʪʠʭ ʤʝʪʦʜʽʚ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ. ʆʜʥʘʢ ʮʝʡ ʧʽʜʭʽʜ ʥʝ ʟʘʚʞʜʠ ʚʨʘʭʦʚʫʻ 

ʚʩʽ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ 

ʩʠʣ ʨʽʟʘʥʥʷ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ. ʗʢ ʧʨʠʢʣʘʜ, ʥʘʚʦʜʷʪʴʩʷ ʫʪʚʦʨʝʥʽ ʧʦʚʝʨʭʥʽ ʧʽʩʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʽʟʥʠʭ ʤʦʜʝʣʝʡ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ (ʨʠʩ. 1.15). 

 

 

ʘ) 

ʙ) 

 

ʈʠʩʫʥʦʢ 1.15 ï ʇʦʚʝʨʭʥʷ ʧʽʩʣʷ ʦʙʨʦʙʢʠ ʟʘ ʨʽʟʥʠʤʠ ʤʦʜʝʣʷʤʠ ʫʧʨʘʚʣʽʥʥʷ 

ʧʦʜʘʯʝʶ: ʘ) ʩʠʣʦʶ ʨʽʟʘʥʥʷ, ʙ) h ʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) [24] 

 

ɯʥʰʝ ʜʦʩʣʽʜʞʝʥʥʷ [27] ʧʨʝʜʩʪʘʚʣʷʻ ʤʝʪʦʜ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʜʣʷ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʽʜʢʨʠʪʠʭ ʧʦʚʝʨʭʦʥʴ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʪʘʢʦʞ ʥʘ ʦʩʥʦʚʽ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). ʄʝʪʦʶ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʯʦʨʥʦʚʦʛʦ ʦʙʨʦʙʣʝʥʥʷ, ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʨʽʟʘʥʥʷ ʪʘ 

ʚʠʩʦʢʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ.  

ɿʘʟʚʠʯʘʡ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʥʘʜʤʽʨʥʦ ʚʠʩʦʢʠʭ ʩʠʣ ʨʽʟʘʥʥʷ, ʷʢʽ ʤʦʞʫʪʴ 

ʧʨʠʟʚʝʩʪʠ ʜʦ ʰʚʠʜʢʦʛʦ ʟʥʦʩʫ ʽʥʩʪʨʫʤʝʥʪʘ, ʚʽʙʨʘʮʽʡ ʪʘ ʥʠʟʴʢʦʾ ʷʢʦʩʪʽ ʫʪʚʦʨʝʥʦʾ 

ʧʦʚʝʨʭʥʽ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʦʩʪʽʡʥʘ ʧʦʜʘʯʘ. ʆʜʥʘʢ ʮʝ ʟʥʠʞʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʨʽʟʘʥʥʷ. ʑʦʙ ʚʠʨʽʰʠʪʠ ʮʶ ʧʨʦʙʣʝʤʫ, ʘʚʪʦʨʠ ʧʨʦʧʦʥʫʶʪʴ ʨʝʛʫʣʶʚʘʪʠ ʧʦʜʘʯʫ ʥʘ 

ʦʩʥʦʚʽ ʘʥʘʣʦʛʫ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), (ʧʣʦʱʽ ʢʦʥʪʘʢʪʫ 

ʽʥʩʪʨʫʤʝʥʪʘ ʽʟ ʟʘʛʦʪʦʚʢʦʶ). ɿʘ ʜʦʧʦʤʦʛʦʶ ʜʠʩʢʨʝʪʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʣʦʱʘ ʢʦʥʪʘʢʪʫ (ʨʠʩ. 1.16). 
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ʈʠʩʫʥʦʢ 1.16 ï ʄʦʜʝʣʶʚʘʥʥʷ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ [27] 

 

ʘ)    ʙ)    ʚ) 

ʈʠʩʫʥʦʢ 1.17 ï ɻʨʘʬʽʢʠ: ʘ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʽʟʘʥʥʷ ʧʨʠ ʧʦʩʪʽʡʥʽʡ ʧʦʜʘʯʽ; ʙ) ʟʘʢʦʥ 

ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ; ʚ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʽʟʘʥʥʷ ʧʨʠ ʫʧʨʘʚʣʽʥʥ ̔ʧʦʜʘʯʝʶ [27] 

 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʧʦʢʘʟʘʣʠ (ʨʠʩ. 1.17), ʱʦ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ 

ʤʝʪʦʜ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʤʦʞʝ ʟʤʝʥʰʠʪʠ ʯʘʩ ʦʙʨʦʙʢʠ ʥʘ 23%. ʍʦʯʘ ʘʚʪʦʨʠ 

ʩʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʧʨʠʟʚʝʣʦ ʜʦ ʩʪʘʙʽʣʽʟʘʮʽʾ ʰʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʟʤʽʥʠ ʩʠʣʠ ʨʽʟʘʥʥʷ ʽ ʢʨʫʪʥʦʛʦ 

ʤʦʤʝʥʪʫ. ʎʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʪʘ ʾʭ ʚʧʣʠʚ ʥʘ ʫʪʚʦʨʝʥʫ ʧʦʚʝʨʭʥʶ 

ʥʝ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʚ ʜʦʩʣʽʜʞʝʥʥʽ. 

ʉʪʘʙʽʣʽʟʘʮʽʷ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʋ ʨʦʙʦʪʽ [25] ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʩʪʨʘʪʝʛʽʷ 

ʧʣʘʥʫʚʘʥʥʷ ʧʦʜʘʯʽ ʜʣʷ ʦʙʨʦʙʢʠ ʩʢʣʘʜʥʠʭ ʧʦʚʝʨʭʦʥʴ, ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ. ɸʚʪʦʨʠ ʧʨʦʧʦʥʫʶʪʴ ʤʝʪʦʜ ʫʧʨʘʚʣʽʥʥʷ 

ʧʦʜʘʯʝʶ ʥʘ ʦʩʥʦʚʽ ʩʠʣʠ ʨʽʟʘʥʥʷ (ʘʥʛʣ. Force-Based Feedrate Scheduling, FFS), 

ʷʢʠʡ ʧʽʜʪʨʠʤʫʻ ʩʪʘʙʽʣʴʥʽʩʪʴ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʨʝʛʫʣʶʶʯʠ ʧʦʜʘʯʫ ʟʘʣʝʞʥʦ ʚʽʜ ʾʾ 

ʤʠʪʪʻʚʠʭ ʟʥʘʯʝʥʴ.  

ɺ ʜʦʩʣʽʜʞʝʥʥʽ ʩʠʣʠ ʨʽʟʘʥʥʷ ʟʥʘʭʦʜʷʪʴʩʷ ʤʝʭʘʥʽʩʪʠʯʥʠʤ ʤʝʪʦʜʦʤ ʥʘ ʦʩʥʦʚʽ 

ʛʝʦʤʝʪʨʽʾ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʦʶ. ɼʣʷ ʩʬʝʨʠʯʥʦʾ ʬʨʝʟʠ ʚʠʟʥʘʯʘʻʪʴʩʷ 
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ʤʠʪʪʻʚʘ ʥʝʜʝʬʦʨʤʦʚʘʥʘ ʪʦʚʱʠʥʘ ʩʪʨʫʞʢʠ (ʨʠʩ. 1.18) ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʩʧʦʩʦʙʫ ʨʦʟʨʦʙʣʝʥʦʛʦ ʚ ʜʦʩʣʽʜʞʝʥʥʽ (1.7) [28]: 

 

() )sin()cos(t)cos()sin()sin(tt xxkc ayayq °= ,   (1.7) 

 

ʜʝ (tc)k ï ʮʝ ʪʦʚʱʠʥʘ ʩʪʨʫʞʢʠ (ʤʤ), tx ï ʧʦʜʘʯʘ ʥʘ ʟʫʙ (ʤʤ/ʟʫʙ), ɗ ï ʢʫʪ 

ʨʽʟʘʥʥʷ (ʛʨʘʜ), ɣ ï ʢʫʪ ʧʦʣʦʞʝʥʥʷ ʨʽʞʫʯʦʛʦ ʝʣʝʤʝʥʪʘ (ʛʨʘʜ), ʽ Ŭ ï ʢʫʪ ʥʘʭʠʣʫ 

(ʛʨʘʜ). 

  

ʈʠʩʫʥʦʢ 1.18 ï ʉʭʝʤʘ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ [25] 

 

ʇʣʦʱʘ ʢʦʥʪʘʢʪʫ ʬʨʝʟʠ ʟ̔ ʟʘʛʦʪʦʚʢʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ (1.8): 

 

kkcc )dz()t(dA = .     (1.8) 

 

ɿ ʧʣʦʱʽ ʢʦʥʪʘʢʪʫ dAc (ʤʤ
2) ʚʠʟʥʘʯʘʶʪʴʩʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʚ ʨʘʜʽʘʣʴʥʦʤʫ, 

ʦʩʴʦʚʦʤʫ ʪʘ ʪʘʥʛʝʥʮʽʡʥʦʤʫ ʥʘʧʨʷʤʢʘʭ (r, ɣ, t), ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ (1.9): 

 

dzKdAKdF

dzKdAKdF

dzKdAKdF

tectct

ecc

recrcr

+=

+=

+=

yyy ,     (1.9) 

 

ʜʝ Krc, Kɣc, Ktc ï ʮʝ ʨʘʜʽʘʣʴʥʽ, ʦʩʴʦʚʽ ʪʘ ʪʘʥʛʝʥʮʽʘʣʴʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʩʠʣ 

ʨʽʟʘʥʥʷ (H/ʤʤ2), ʘ Kre, Kɣe, Kte ï ʮʝ ʢʦʝʬʽʮʽʻʥʪʠ ʩʠʣ ʥʘ ʨʽʟʘʣʴʥʠʭ ʢʨʦʤʢʘʭ 
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ʚʽʜʧʦʚʽʜʥʦ (H/ʤʤ2). ʉʠʣʠ ʨʽʟʘʥʥʷ ʪʘ ʢʦʝʬʽʮʽʻʥʪʠ ʜʣʷ ʨʽʟʘʣʴʥʠʭ ʢʨʦʤʦʢ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʭʘʥʽʩʪʠʯʥʦʾ ʧʨʦʮʝʜʫʨʠ ʢʘʣʽʙʨʫʚʘʥʥʷ, ʧʨʠ ʷʢʽʡ ʮʽ 

ʢʦʝʬʽʮʽʻʥʪʠ ʟʤʽʥʶʶʪʴʩʷ ʚʟʜʦʚʞ ʦʩʽ ʽʥʩʪʨʫʤʝʥʪʘ. 

ɿʚʽʜʩʠ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʦ ʦʩʷʤ X, Y, Z (1.10): 
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ʈʝʛʫʣʶʚʘʥʥʷ ʧʦʜʘʯʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ (1.11): 

 

1

,1,2

12
,1lim,lim, )( f

FF

ff
FFf

ii

iii +
-

-
-= ,    (1.11) 

 

ʜʝ i=1,2...C, C ï ʟʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ ʥʘ ʷʢʽ ʧʦʜʽʣʝʥʘ ʪʨʘʻʢʪʦʨʽʷ 

ʽʥʩʪʨʫʤʝʥʪʘ, f1 ï ʧʦʯʘʪʢʦʚʘ ʧʦʩʪʽʡʥʘ ʧʦʜʘʯʘ, (ʤʤ/ʭʚ); f2 ï ʙʫʜʴ-ʷʢʠʡ ʮʽʣʠʡ 

ʤʥʦʞʥʠʢ f1, ɦʦʙ ʦʪʨʠʤʘʪʠ ʣʽʥʽʡʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʣʷ i-ʦʾ ʪʦʯʢʠ ʪʨʘʻʢʪʦʨʽʾ. F1 ï 

ʤʘʢʩʠʤʘʣʴʥʘ ʨʝʟʫʣʴʪʫʶʯʘ ʩʠʣʘ, (ʅ) ʧʨʠ ʧʦʜʘʯʽ f1, F2 ï ʤʘʢʩʠʤʘʣʴʥʘ ʨʝʟʫʣʴʪʫʶʯʘ 

ʩʠʣʘ (ʅ) ʧʨʠ ʧʦʜʘʯʽ f2,i flim,i  ʦʪʨʠʤʫʻʪʴʩʷ, ʷʢ ʥʦʚʘ ʟʘʧʣʘʥʦʚʘʥʘ ʧʦʜʘʯʘ ʜʣʷ i-ʦʾ 

ʪʦʯʢʠ ʪʨʘʻʢʪʦʨʽʾ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʩʠʣʫ ʨʽʟʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʪʘ ʟʤʝʥʰʠʪʠ ʯʘʩ ʦʧʝʨʘʮʽʾ (ʨʠʩ. 1.19). 

 

ʈʠʩʫʥʦʢ 1.19 ï ʇʦʨʽʚʥʷʥʥʷ ʩʠʣ ʨʽʟʘʥʥʷ ʪʘ ʯʘʩʫ ʦʙʨʦʙʢʠ ʜʦ ʽ ʧʽʩʣʷ ʨʝʛʫʣʶʚʘʥʥʷ 

ʧʦʜʘʯʽ [25] 
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ʋ ʥʘʩʪʫʧʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ [26] ʘʚʪʦʨʠ ʨʦʟʰʠʨʠʣʠ ʩʚʦʾ ʨʝʟʫʣʴʪʘʪʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʨʦʙʦʪʽ [25], ʜʦʜʘʚʰʠ ʜʦ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʠʣ 

ʨʽʟʘʥʥʷ ʤʦʜʝʣ ̔ʜʝʬʦʨʤʘʮʽʡ ʽʥʩʪʨʫʤʝʥʪʘ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʷʢʦʾ ʧʝʨʝʜʙʘʯʘʶʪʴ ʚʧʣʠʚ 

ʚʽʙʨʘʮʽʡ ʥʘ ʫʪʚʦʨʝʥʫ ʧʦʚʝʨʭʥʶ ʧʽʩʣʷ ʬʨʝʟʝʨʫʚʘʥʥʷ ʩʢʣʘʜʥʠʭ ʬʦʨʤ. ɺʦʥʠ ʪʘʢʦʞ 

ʧʨʦʜʦʚʞʠʣʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ FFS ʜʣʷ ʟʥʠʞʝʥʥʷ ʧʽʢʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʽ 

ʩʪʘʙʽʣʴʥʦʛʦ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ ʟʘ ʩʠʣʦʶ ʨʽʟʘʥʥʷ. 

ʋ ʜʦʩʣʽʜʞʝʥʥʽ [29] ʜʦʩʣʽʜʥʠʢʠ ʨʦʟʨʦʙʠʣʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʠʣ ʨʽʟʘʥʥʷ ʧʽʜ ʯʘʩ ʧ'ʷʪʠʦʩʴʦʚʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʩʬʝʨʠʯʥʦʶ 

ʬʨʝʟʦʶ. ʎʷ ʤʦʜʝʣʴ ʜʦʟʚʦʣʷʻ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʚʠʟʥʘʯʘʪʠ ʦʙʣʘʩʪʴ ʚʟʘʻʤʦʜʽʾ 

ʽʥʩʪʨʫʤʝʥʪʘ ʟ ʤʘʪʝʨʽʘʣʦʤ ʽ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʽʜʧʦʚʽʜʥʽ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʤʝʪʦʜʫ ʛʨʘʥʠʯʥʦʛʦ (ʘʥʛʣ. Boundary representation) ʤʦʜʝʣʶʚʘʥʥʷ. ʍʦʯʘ ʤʦʜʝʣʴ ʻ 

ʝʬʝʢʪʠʚʥʦʶ ʟ ʪʦʯʢʠ ʟʦʨʫ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʚʦʥʘ ʥʝ ʧʝʨʝʜʙʘʯʘʻ 

ʩʪʨʘʪʝʛʽʾ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʱʦ ʤʦʛʣʦ ʙ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʽ ʩʢʦʨʦʪʠʪʠ ʯʘʩ 

ʦʙʨʦʙʢʠ. 

ʅʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ, ʫ ʨʦʙʦʪʽ [30, 31] ʙʫʣʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʦʢʨʘʱʝʥʘ ʤʝʪʦʜʠʢʘ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʜʣʷ ʯʦʨʥʦʚʦʾ ʦʙʨʦʙʢʠ 

ʩʢʣʘʜʥʠʭ ʧʦʚʝʨʭʦʥʴ ʫ ʧô̫ ʪʠʦʩʴʦʚʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ ʜʣʷ ʜʝʪʘʣʽ ʪʠʧʫ ʽʤʧʝʣʝʨ. ʎʷ 

ʤʝʪʦʜʠʢʘ ʜʦʟʚʦʣʷʻ ʨʝʛʫʣʶʚʘʪʠ ʧʦʜʘʯʫ ʜʣʷ ʢʦʞʥʦʛʦ ʢʘʜʨʫ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, 

ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʩʪʽʡʥʦʶ ʧʦʜʘʯʝʶ (ʨʠʩ. 

1.20).  

 

ʈʠʩʫʥʦʢ 1.20 ï ɺʠʤʽʨʷʥʽ ʪʘ ʟʤʦʜʝʣʴʦʚʘʥʽ ʟʫʩʠʣʣʷ ʨʽʟʘʥʥʷ ʜʣʷ ʧʦʩʪʽʡʥʦʾ ʪʘ 

ʟʘʧʣʘʥʦʚʘʥʦʾ ʧʦʜʘʯʽ [31] 
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ʇʨʦʪʝ, ʘʚʪʦʨʠ ʚʽʜʟʥʘʯʘʶʪʴ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʠʰʝ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʷʢ 

ʦʩʥʦʚʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʤʦʞʝ ʦʙʤʝʞʫʚʘʪʠ ʧʦʪʝʥʮʽʘʣ 

ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ ʦʧʝʨʘʮʽʾ, ʦʩʢʽʣʴʢʠ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʻ 

ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. ʎʝ ʧʽʜʢʨʝʩʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʽʜʭʦʜʫ, ʷʢʠʡ ʙʠ ʚʨʘʭʦʚʫʚʘʚ ʷʢ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʪʘʢ ʽ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR). 

ʋ ʜʦʩʣʽʜʞʝʥʥʽ [32] ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʦʤʧʣʝʢʩʥʫ ʩʪʨʘʪʝʛʽʶ ʫʧʨʘʚʣʽʥʥʷ 

ʧʦʜʘʯʝʶ, ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʱʦ ʚʨʘʭʦʚʫʻ ʜʠʥʘʤʽʯʥʽ ʦʙʤʝʞʝʥʥʷ 

ʧʨʠʚʦʜʽʚ ʚʝʨʩʪʘʪʫ ʪʘ ʤʝʭʘʥʽʢʫ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ (ʨʠʩ. 1.21). ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʦʜʝʣʽ 

ʚʟʘʻʤʦʜʽʾ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʟʘʛʦʪʦʚʢʠ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʩʠʣ ʨʽʟʘʥʥʷ ʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʥʘ ʦʩʥʦʚʽ FFS ʩʢʦʨʦʪʠʪʠ ʯʘʩ 

ʦʧʝʨʘʮʽʾ ʥʘ 16%. 

 

ʈʠʩʫʥʦʢ 1.21 ï ɿʘʛʘʣʴʥʘ ʩʭʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ[32] 

 

ʍʦʯʘ ʤʝʪʦʜ ʻ ʝʬʝʢʪʠʚʥʠʤ, ʧʨʦʪʝ ʟʘʩʪʦʩʫʚʘʥʥʷ FFS ʟʘʤʽʩʪʴ ʰʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʚʠʢʣʠʢʘʻ ʩʫʤʥʽʚʠ. ʆʩʢʽʣʴʢʠ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ (MRR) ʻ ʢʣʶʯʦʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. 

ʉʭʦʞʠʡ ʧʽʜʭʽʜ ʤʦʜʝʣʶʚʘʥʥʷ ʦʙʨʦʙʢʠ ʥʘ ʦʩʥʦʚʽ ʚʦʢʩʝʣʽʚ ʜʣʷ ʜʝʪʘʣʽ ʪʠʧʫ 

ʽʤʧʝʣʝʨ ʙʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ ʫ ʨʦʙʦʪʽ [33]. ʊʘʢʦʞ ʚ ʮʽʡ ʨʦʙʦʪʽ ʘʚʪʦʨʠ ʜʦʜʘʣʠ 

ʦʙʤʝʞʝʥʥʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʫ ʧʦʜʘʯʫ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʜʦʩʣʽʜʥʠʢʘʤ ʜʦʩʷʛʪʠ 

ʧʦʜʽʙʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʥʘ ʦʙʨʦʙʢʫ ʥʘ 16,2% ï ɦ ʦ ʧʽʜʪʚʝʨʜʞʫʻ 

ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʘʥʘʣʦʛʽʯʥʦʛʦ ʤʝʪʦʜʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʚ [30, 31]. 
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ɯʥʰʝ ʜʦʩʣʽʜʞʝʥʥʷ [34] ʩʪʘʙʽʣʽʟʫʻ ʧʨʦʮʝʩ ʦʙʨʦʙʢʠ ʩʢʣʘʜʥʠʭ ʬʦʨʤ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ (ʦʙʝʨʪʘʤʠ ʰʧʠʥʜʝʣʷ ʪʘ ʧʦʜʘʯʝʶ). 

ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʚʜʘʣʦʩʷ ʜʦʩʷʛʪʠ ʩʪʘʙʽʣʴʥʦʩʪʽ ʩʠʣ ʨʽʟʘʥʥʷ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʠʣʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʮʴʦʛʦ ʤʝʪʦʜʫ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʩʢʣʘʜʥʠʭ ʢʦʥʪʫʨʽʚ. ʆʜʥʘʢ ʥʝ ʟʨʦʟʫʤʽʣʦ, ̫ ʢ 

ʪʘʢʝ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ ʚʧʣʠʚʘʻ ʥʘ ̫ʢʽʩʪʴ ʦʪʨʠʤʘʥʦʾ ʧʦʚʝʨʭʥʽ, ʩʪʽʡʢʽʩʪʴ 

ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʚʠʨʦʙʥʠʯʝ ʦʙʣʘʜʥʘʥʥ.̫ 

ɼʦʩʣʽʜʥʠʢʠ ʚ ʨʦʙʦʪʽ [35] ʚʧʨʦʚʘʜʠʣʠ ʦʙʤʝʞʝʥʥʷ ʚ ʩʚʽʡ ʤʝʪʦʜ ʫʧʨʘʚʣʽʥʥʷ 

ʧʦʜʘʯʝʶ, ʧʦʜʽʙʥʦ ʜʦ [30]. ʋ ʾʭʥʽʡ ʩʠʩʪʝʤʽ, ʷʢʘ ʥʘʟʠʚʘʻʪʴʩʷ çʈʦʟʫʤʥʘ ʩʠʩʪʝʤʘ 

ʦʙʨʦʙʢʠè (ʘʥʛʣ. Smart Machining System), ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʢʦʥʪʨʦʣʽ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʄʘʢʩʠʤʘʣʴʥʘ ʪʘ ʤʽʥʽʤʘʣʴʥʘ ʩʠʣʠ ʨʽʟʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʦʙʤʝʞʝʥʥʷ: ʷʢʱʦ ʩʠʣʘ ʨʽʟʘʥʥʷ ʧʝʨʝʚʠʱʫʻ ʧʦʨʦʛʦʚʝ 

ʟʥʘʯʝʥʥʷ, ʧʦʜʘʯʘ ʟʤʝʥʰʫʻʪʴʩʷ, ʘ ʷʢʱʦ ʩʠʣʘ ʥʠʞʯʘ ʥʝʦʙʭʽʜʥʦʾ, ʧʦʜʘʯʘ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʯʘʩʫ ʦʙʨʦʙʢʠ (ʜʠʚ. ʨʠʩ. 1.22).  

 

ʈʠʩʫʥʦʢ 1.22 ï ʉʭʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʦʙʤʝʞʝʥʴ ʥʘ ʩʠʣʫ 

ʨʽʟʘʥʥʷ [30] 

 

ʎʝʡ ʧʽʜʭʽʜ ʪʘʢʦʞ ʩʧʨʷʤʦʚʘʥʠʡ ʥʘ ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ, ʱʦ ʧʦʢʘʟʘʣʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʜʝ ʯʘʩ ʦʙʨʦʙʢʠ ʙʫʣʦ 

ʟʥʠʞʝʥʦ ʥʘ 26%. 

ʉʪʘʙʽʣʽʟʘʮʽʷ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ. ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ [36] ʻ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʬʨʝʟʝʨʫʚʘʥʥʷ ʯʝʨʝʟ ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʦʪʫʞʥʦʩʪʽ ʰʧʠʥʜʝʣʷ. ʈʦʟʨʦʙʣʝʥʘ 

ʤʦʜʝʣʴ ʧʨʦʛʥʦʟʫʻ ʧʦʪʫʞʥʽʩʪʴ ʡ ʨʝʛʫʣʶʻ ʧʦʜʘʯʫ ʪʘʢ, ʱʦʙ ʫʪʨʠʤʫʚʘʪʠ ʧʦʪʫʞʥʽʩʪʴ 



39 
 

ʫ ʤʝʞʘʭ Ñ10% ʚʽʜ ʧʝʚʥʦʛʦ ʮʽʣʴʦʚʦʛʦ ʟʥʘʯʝʥʥʷ. ʎʝ ʧʽʜʚʠʱʠʣʦ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ 

ʦʙʨʦʙʢʠ ʥʘ 26,88% (ʨʠʩ. 1.23) ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʧʦʩʪʽʡʥʦʶ ʧʦʜʘʯʝʶ. 

 

ʈʠʩʫʥʦʢ 1.23 ï ʇʦʪʫʞʥʽʩʪʴ ʨʽʟʘʥʥʷ ʧʨʠ ʨʽʟʥʠʭ ʟʘʢʦʥʘʭ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ [36] 

 

ʆʜʥʘʢ ʦʙʨʦʙʣʶʚʘʥʘ ʧʦʚʝʨʭʥʷ ʥʝ ʤʘʣʘ ʢʨʠʚʦʣʽʥʽʡʥʠʭ ʜʽʣʷʥʦʢ ʢʦʥʪʫʨʫ, ʘ 

ʪʽʣʴʢʠ ʨʽʟʢʽ ʟʤʽʥʠ ʧʨʠʧʫʩʢʫ. ʊʦʤʫ ʮʝʡ ʤʝʪʦʜ ʧʦʪʨʝʙʫʻ ʧʦʜʘʣʴʰʦʛʦ 

ʜʦʦʧʨʘʮʶʚʘʥʥʷ. 

ʋ [37] ʦʧʠʩʘʥʦ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʬʨʝʟʝʨʫʚʘʥʥʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʰʪʫʯʥʦʾ ʥʝʡʨʦʥʥʦʾ ʤʝʨʝʞʽ (ANN), ʷʢʘ ʧʝʨʝʜʙʘʯʘʻ ʧʦʪʫʞʥʽʩʪʴ ʨʽʟʘʥʥʷ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʛʣʠʙʠʥʠ, ʰʠʨʠʥʠ, ʧʦʜʘʯʽ ʡ ʰʚʠʜʢʦʩʪʽ ʨʽʟʘʥʥʷ. ʉʠʩʪʝʤʘ ʘʚʪʦʤʘʪʠʯʥʦ 

ʨʝʛʫʣʶʻ ʧʦʜʘʯʫ, ʟʘʧʦʙʽʛʘʻ ʧʝʨʝʚʘʥʪʘʞʝʥʥʶ ʽʥʩʪʨʫʤʝʥʪʘ ʡ ʜʘʻ ʟʤʦʛʫ ʩʢʦʨʦʪʠʪʠ 

ʯʘʩ ʦʙʨʦʙʢʠ, ʭʦʯʘ ʡ ʥʝ ʚʨʘʭʦʚʫʻ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʧʨʠ ʦʙʨʦʙʮʽ 

ʩʢʣʘʜʥʠʭ ʢʦʥʪʫʨʽʚ. 

ɺʠʩʥʦʚʦʢ. ɸʥʘʣʽʟ ʨʦʙʽʪ ʩʚʽʜʯʠʪʴ, ʱʦ ʥʘʡʝʬʝʢʪʠʚʥʽʰʠʤ ʩʧʦʩʦʙʦʤ 

ʧʽʜʚʠʱʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʻ ʩʪʘʙʽʣʽʟʘʮʽʷ ʰʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʥʘ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʤʫ ʨʽʚʥʽ, ʦʩʢʽʣʴʢʠ ʮʝʡ 

ʧʘʨʘʤʝʪʨ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. ʉʪʘʙʽʣʽʟʘʮʽʷ ʟʘ ʩʠʣʦʶ 

ʨʽʟʘʥʥʷ ʜʘʻ ʤʝʥʰʝ ʟʨʦʩʪʘʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʟʘʪʝ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʣʝ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ̔ʥʩʪʨʫʤʝʥʪ ʪʘ ʢʨʘʱʫ ̫ ʢʽʩʪʴ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ (ʟʤʝʥʰʫʶʪʴʩʷ 

ʚʽʙʨʘʮʽʾ ʪʘ ʧʨʦʛʠʥ ʽʥʩʪʨʫʤʝʥʪʘ). ʉʪʘʙʽʣʽʟʘʮʽʷ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ ʪʝʞ ʥʝ ʛʘʨʘʥʪʫʻ 

ʧʦʚʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʩʠʣʠ ʯʝʨʝʟ ʥʝʣʽʥʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ, ʧʨʦʪʝ ʩʧʨʠʷʻ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ. 
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1.5 ɸʥʘʣʽʟ ʧʨʦʚʽʜʥʠʭ CAM-ʩʠʩʪʝʤ ʽ ʾʭ ʤʦʜʫʣʽʚ 

 

ʈʦʟʫʤʽʶʯʠ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʨʽʟʘʥʥʷ, ʧʨʦʚʽʜʥʽ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʢʦʤʧʘʥʽʾ ʨʦʟʨʦʙʠʣʠ ʧʨʦʛʨʘʤʥʽ ʧʨʦʜʫʢʪʠ ʷʢʽ, ʷʢ ʩʪʚʝʨʜʞʫʻʪʴʩʷ, 

ʤʦʞʫʪʴ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʟʥʘʯʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ. ʇʨʦʪʝ, ʾʭʥʽ 

ʤʦʞʣʠʚʦʩʪʽ ʚʩʝ ʱʝ ʤʘʶʪʴ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ. ɿʦʢʨʝʤʘ, ʮʽ ʧʨʦʛʨʘʤʠ ʟʘʣʝʞʘʪʴ ʚʽʜ 

ʜʦʩʚʽʜʫ ʽʥʞʝʥʝʨʘ-ʪʝʭʥʦʣʦʛʘ ʪʘ ʨʫʯʥʦʛʦ ʚʚʝʜʝʥʥʷ ʥʠʤ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ, ʯʘʩʪʦ 

ʥʝ ʚʨʘʭʦʚʫʶʯʠ ʟʤʽʥʥʽ ʫʤʦʚʠ ʨʽʟʘʥʥʷ ʧʨʠ ʦʙʨʦʙʮʽ ʩʢʣʘʜʥʠʭ ʢʦʥʪʫʨʽʚ, ʱʦ ʥʝ 

ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦ ʾhʚʠʜʢʦʩʪ̔ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). 

ʂʨʽʤ ʪʦʛʦ, ʙʽʣʴʰʦʩʪʽ ʟ ʮʠʭ ʧʨʦʛʨʘʤ ʙʨʘʢʫʻ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʨʦʮʝʜʫʨ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʚʘʞʣʠʚʦʾ ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʤʝʭʘʥʽʩʪʠʯʥʠʭ 

ʩʠʣʦʚʠʭ ʤʦʜʝʣʝʡ, ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʬʽʟʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽ 

ʧʦʜʘʣʴʰʦʤʫ ʚʠʙʦʨʽ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ. 

ɺʠʱʝ ʥʘʚʝʜʝʥʽ ʧʨʦʙʣʝʤʠ ʥʘʤʘʛʘʶʪʴʩʷ ʚʠʨʽʰʠʪʠ ʥʘʩʪʫʧʥʽ CAM-ʩʠʩʪʝʤʠ ʽ 

ʾʭ ʤʦʜʫʣʽ: 

ï ʄʦʜʫʣʴ Vortex ʫ ʩʢʣʘʜʽ Autodesk PowerMILL ʩʪʚʦʨʶʻ ʪʨʦʭʦʾʜʘʣʴʥʽ 

ʪʨʘʻʢʪʦʨʽʾ, ʱʦʙ ʧʽʜʪʨʠʤʫʚʘʪʠ ʟʘʜʘʥʠʡ ʢʫʪ ʨʽʟʘʥʥʷ [38]. ʈʦʟʨʦʙʥʠʢʠ ʟʘʷʚʣʷʶʪʴ 

ʧʨʦ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ ʥʘ 60% ʽ ʟʙʽʣʴʰʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʽʥʩʪʨʫʤʝʥʪʘ ʟʘʚʜʷʢʠ 

ʪʦʤʫ, ʱʦ ʥʘ ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʜʽʣʷʥʢʘʭ ʢʫʪ ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 46Á ʽ ʤʦʞʝ ʜʦʭʦʜʠʪʠ ʜʦ 

91Á ʥʘ ʚʥʫʪʨʽʰʥʽʭ ʢʦʥʪʫʨʘʭ (ʨʠʩ. 1.24) [19]. ʎʝ ʜʘʻ ʟʤʦʛʫ ʟʙʽʣʴʰʫʚʘʪʠ ʧʦʜʘʯʫ ʪʘ 

ʛʣʠʙʠʥʫ ʨʽʟʘʥʥʷ (ʟʛʽʜʥʦ ʟ ʨʝʢʦʤʝʥʜʘʮʽʷʤʠ ʚʠʨʦʙʥʠʢʽʚ) [39]. 

 

ʈʠʩʫʥʦʢ 1.24 ï ɿʤʽʥʘ ʢʫʪʘ ʨʽʟʘʥʥʷ ʧʨʠ ʦʙʨʦʙʣʝʥʥʽ ʢʦʥʪʫʨʫ ʜʝʪʘʣʽ [19] 

 

ʗʢʱʦ ʢʫʪ ʧʝʨʝʚʠʱʫʻ 91Á, ʩʪʨʘʪʝʛʽʷ ʧʝʨʝʭʦʜʠʪʴ ʥʘ ʪʨʦʭʦʾʜʘʣʴʥʫ 

ʪʨʘʻʢʪʦʨʽʶ, ʱʦ ʟʘʟʚʠʯʘʡ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʯʦʨʥʦʚʽʡ ʦʙʨʦʙʮʽ ʡ ʜʘʻ ʚʠʩʦʢʫ 
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ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ (MRR), ʟʙʝʨʽʛʘʶʯʠ ʢʫʪ ʨʽʟʘʥʥʷ ʫ ʤʝʞʘʭ 46Á ï 

91Á [40]. ʇʨʦʪʝ ʩʪʘʙʽʣʽʟʘʮʽʷ ʢʫʪʘ ʥʝ ʛʘʨʘʥʪʫʻ ʩʪʘʙʽʣʴʥʦʩʪʽ ʩʠʣʠ ʪʘ ʧʦʪʫʞʥʦʩʪʽ 

ʨʽʟʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʤʽʞ ʢʫʪʦʤ ʽ ʩʠʣʦʶ ʨʽʟʘʥʥʷ ʥʝʤʘʻ ʧʨʦʧʦʨʮʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ. 

ʂʨʽʤ ʪʦʛʦ, ʪʨʦʭʦʾʜʘʣʴʥʽ ʧʝʨʝʤʽʱʝʥʥʷ ʤʦʞʫʪʴ ʧʦʛʽʨʰʫʚʘʪʠ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ, 

ʘ ʜʝʷʢʽ ʚʝʨʩʪʘʪʠ ʥʝ ʟʜʘʪʥʽ ʨʝʘʣʽʟʫʚʘʪʠ ʪʘʢʽ ʪʨʘʻʢʪʦʨʽʾ ʯʝʨʝʟ ʦʙʤʝʞʝʥʥʷ ʧʨʠʚʦʜʽʚ. 

ɼʣʷ ʧʨʠʩʪʦʩʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʫ ʜʦ ʢʦʥʢʨʝʪʥʠʭ ʚʝʨʩʪʘʪʽʚ ʙʫʣʦ ʩʪʚʦʨʝʥʦ 

Machine DNA [40], ʷʢʘ ʧʽʩʣʷ ʜʠʥʘʤʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʜʘʻ ʜʘʥʽ ʜʣʷ 

ʪʨʦʭʦʾʜʘʣʴʥʦʾ ʪʨʘʻʢʪʦʨʽʾ ʡ ʨʝʢʦʤʝʥʜʫ ̒ʨʝʞʠʤ ʨʽʟʘʥʥʷ.  

ɺʠʢʦʨʠʩʪʘʥʥʷ ʟʥʘʯʥʦʾ ʢʽʣʴʢʦʩʪʽ ʧʨʦʛʨʘʤʥʠʭ ʧʨʦʜʫʢʪʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤ, ʘ ʪʘʢʦʞ ʾʭ ʥʝʜʦʩʢʦʥʘʣʽʩʪʴ ʽʩʪʦʪʥʦ ʫʩʢʣʘʜʥʶʶʪʴ 

ʧʨʘʢʪʠʯʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʧʦʥʦʚʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ. 

ï Vericut (CGTech, ʉʐɸ) ʧʝʨʝʚʽʨʷʻ G-ʢʦʜʠ ʥʘ ʚʽʨʪʫʘʣʴʥʦʤʫ ʚʝʨʩʪʘʪʽ, 

ʚʠʷʚʣʷʶʯʠ ʤʦʞʣʠʚʽ ʧʦʤʠʣʢʠ ʪʘ ʟʽʪʢʥʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ [41]. ʄʦʜʫʣʴ OptiPath 

ʢʝʨʫʻ ʧʦʜʘʯʝʶ, ʩʧʠʨʘʶʯʠʩʴ ʥʘ ʧʨʠʥʮʠʧ çʯʠʤ ʙʽʣʴʰʠʡ ʦʙôʻʤ ʚʠʜʘʣʝʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʪʠʤ ʤʝʥʰʘ ʧʦʜʘʯʘè, ʨʦʟʙʠʚʘʶʯʠ ʪʨʘʻʢʪʦʨʽʶ ʟ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ 

ʥʘ ʩʝʛʤʝʥʪʠ ʡ ʧʨʠʟʥʘʯʘʶʯʠ ʜʣʷ ʥʠʭ ʥʦʚʽ ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ (ʨʠʩ. 1.25). ʊʘʢ 

ʟʙʝʨʽʛʘʻʪʴʩʷ ʦʨʠʛʽʥʘʣʴʥʘ ʪʨʘʻʢʪʦʨʽʷ ʽʥʩʪʨʫʤʝʥʪʘ. 

ʆʜʥʘʢ ʘʣʛʦʨʠʪʤʠ OptiPath ʟʘʣʠʰʘʶʪʴʩʷ ʟʘʢʨʠʪʠʤʠ, ʘ ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʜʘʥʠʭ 

ʧʨʦ ʡʦʛʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʝʜʦʩʪʘʪʥʴʦ ʜʣʷ ʧʦʚʥʦʾ ʦʮʽʥʢʠ. ɼʦ ʪʦʛʦ ʞ ʧʨʦʛʨʘʤʥʝ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝ ʥʘʢʣʘʜʘʻ ʜʦʜʘʪʢʦʚʠʭ ʦʙʤʝʞʝʥʴ (ʥʘ ʤʘʢʩʠʤʘʣʴʥʫ ʩʠʣʫ ʨʽʟʘʥʥʷ, 

ʧʦʪʫʞʥʽʩʪʴ, ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ, ʪʦʱʦ), ʪʦʞ ʧʦʚʥʘ ʙʝʟʧʝʢʘ ʡ ʚʽʜʧʦʚʽʜʥʽʩʪʴ 

ʚʠʛʦʪʦʚʣʝʥʦʾ ʜʝʪʘʣʽ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʤ ʚʠʤʦʛʘʤ ʥʝ ʛʘʨʘʥʪʦʚʘʥʽ [19]. 
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ʈʠʩʫʥʦʢ 1.25 ï ɼʦ ʟʘʩʪʦʩʫʚʘʥʥʷ OptiPath ʪʘ ʧʽʩʣʷ [41] 

 

ï ʊʝʭʥʦʣʦʛʽʷ iMachining ʨʝʘʣʽʟʦʚʘʥʘ ʚ CAM-ʩʠʩʪʝʤʘʭ Siemens NX, 

SolidCAM [42] ʪʘ ʬʦʨʤʫʻ ʩʢʣʘʜʥʽ ʤʦʨʬʽʥʛ-ʩʧʽʨʘʣʽ (ʨʠʩ. 1.26), ʚʽʜʤʽʥʥʽ ʚʽʜ 

ʪʨʦʭʦʾʜʘʣʴʥʠʭ ʪʨʘʻʢʪʦʨʽʡ Vortex. ʉʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ ʪʘʢʠʡ ʧʽʜʭʽʜ ʧʽʜʚʠʱʫʻ 

ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʟʙʽʣʴʰʫʻ ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ ʟʘʚʜʷʢʠ 

ʘʚʪʦʤʘʪʠʯʥʦʤʫ ʨʝʛʫʣʶʚʘʥʥʶ ʧʦʜʘʯʽ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʜʦʧʫʩʪʠʤʠʭ ʢʫʪʽʚ ʨʽʟʘʥʥʷ ʚ 

ʜʽʘʧʘʟʦʥʽ ʚʽʜ 10Á ï 80Á [43]. 

 

ʈʠʩʫʥʦʢ 1.26 ï ʊʨʘʻʢʪʦʨʽʾ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʘ ʤʦʨʬʽʥʛ ʩʧʽʨʘʣʽ [43] 

 

ʄʘʡʩʪʝʨ-ʤʦʜʫʣʴ iMachining ʚʨʘʭʦʚʫʻ ʤʘʪʝʨʽʘʣ ʟʘʛʦʪʦʚʢʠ ʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʝʨʩʪʘʪʘ, ʙʘʟʫʶʯʠʩʴ ʥʘ ʘʧʨʽʦʨʥʽʡ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʞʦʨʩʪʢʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʩʠʩʪʝʤʠ (ʨʠʩ. 1.27) [19].  
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ʈʠʩʫʥʦʢ 1.27 ï ʄʘʡʩʪʝʨ-ʤʦʜʫʣʴ iMachining [42] 

 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʝʨʝʜʙʘʯʝʥʦ ʚʠʙʽʨ ʦʜʥʦʛʦ ʟ 

ʜʝʢʽʣʴʢʦʭ ʨʽʚʥʽʚ ʞʦʨʩʪʢʦʩʪʽ, ʱʦ ʧʦʪʨʝʙʫʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʧʝʨʝʚʽʨʢʠ. ʅʘ 

ʧʨʘʢʪʠʮʽ ʮʝ ʤʦʞʝ ʟʙʽʣʴʰʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ [21], ʫʪʽʤ ʚʠʢʣʶʯʥʦ ʩʪʘʙʽʣʽʟʘʮʽʷ 

ʢʫʪʘ ʨʽʟʘʥʥʷ ʥʝ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʦʾ ʩʠʣʠ ʪʘ ʧʦʪʫʞʥʦʩʪʽ, ʘʜʞʝ ʩʠʣʘ ʨʽʟʘʥʥʷ ʥʝ 

ʻ ʧʨʷʤʦʧʨʦʧʦʨʮʽʡʥʦʶ ʢʫʪʫ. ʂʨʽʤ ʪʦʛʦ, ʤʦʨʬʽʥʛ ʪʨʘʻʢʪʦʨʽʾ ʯʘʩʦʤ ʧʦʛʽʨʰʫʶʪʴ 

ʰʦʨʩʪʢʽʩʪʴ, ʘ ʜʝʷʢʽ ʚʝʨʩʪʘʪʠ ʥʝ ʤʦʞʫʪʴ ʚʠʢʦʥʫʚʘʪʠ ʧʦʜʽʙʥʽ ʧʝʨʝʤʽʱʝʥʥʷ ʯʝʨʝʟ 

ʪʝʭʥʽʯʥʽ ʦʙʤʝʞʝʥʥʷ ʧʨʠʚʦʜʽʚ. 

ï FeatureCAM ʚʽʜ Autodesk [44] ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʨʦʩʪʠʡ ʧʽʜʭʽʜ ʜʦ 

ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ: ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ ʬʨʝʟʠ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʽʥʩʪʨʫʤʝʥʪ (ʩʠʣʠ ʨʽʟʘʥʥʷ) ʪʘ ʚʠʨʽʚʥʶʚʘʥʥʷ ʮʴʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʰʣʷʭʦʤ ʨʝʛʫʣʶʚʘʥʥʷ ʧʦʜʘʯʽ. ʅʘ ʛʨʘʬʽʢʫ ʧʨʘʚʦʨʫʯ, ʙʽʣʘ ʣʽʥʽʷ ʚʽʜʦʙʨʘʞʘʻ 

ʧʦʯʘʪʢʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʽʥʩʪʨʫʤʝʥʪ, ʘ ʯʦʨʥʘ ʣʽʥʽʷ ʧʦʢʘʟʫʻ ʩʠʣʫ ʨʽʟʘʥʥʷ ʧʽʩʣʷ 

ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʜʘʯʽ [45], ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.28. 

 

ʈʠʩʫʥʦʢ 1.28 ï ɻʨʘʬʽʢ ʩʠʣʠ ʨʽʟʘʥʥʷ ʚ ʧʨʦʛʨʘʤʥʦʤʫ ʧʨʦʜʫʢʪʽ FeatureCAM [45] 

 

ʈʦʟʨʦʙʥʠʢʠ ʟʘʷʚʣʷʶʪʴ, ʱʦ ʮʝ ʫʧʨʘʚʣʽʥʥʷ ʜʦʟʚʦʣʷʻ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʩʠʣʫ 

ʨʽʟʘʥʥʷ ʥʘ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʟʤʝʥʰʠʪʠ ʟʥʦʩ, ʷʢ ʽʥʩʪʨʫʤʝʥʪʘ, ʪʘʢ ʽ 
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ʚʝʨʩʪʘʪʘ, ʘ ʪʘʢʦʞ ʥʘʣʘʰʪʫʚʘʪʠ ʧʦʜʘʯʫ ʽʥʜʠʚʽʜʫʘʣʴʥʦ ʜʣʷ ʢʦʞʥʦʛʦ ʢʘʜʨʫ. ʆʜʥʘʢ, 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʷʢ ʢʨʠʪʝʨʽʶ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʥʝ ʟʘʙʝʟʧʝʯʫʻ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʽʜʭʦʜʘʤʠ, ʱʦ 

ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) [45]. 

ï VegaCNC DATA-Optimize [46] ï ʮʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʝ 

ʫʧʨʘʚʣʷʻ ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ̔  

ʦʜʥʦʯʘʩʥʦ ʘʜʘʧʪʫʻ ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʜʦ ʜʠʥʘʤʽʢʠ ʧʨʠʚʦʜʽʚ ʚʝʨʩʪʘʪʘ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʦʮʝʩ ç3D-ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʽʟʫè, ʧʨʦʛʨʘʤʘ ʩʪʚʦʨʶʻ ʥʦʚʫ 

ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʙʘʟʫʶʯʠʩʴ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʧʨʠʚʦʜʽʚ ʚʝʨʩʪʘʪʫ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪ ɹʧʣʘʚʥʫ ʨʦʙʦʪʫ ʚʝʨʩʪʘʪʘ ʪʘ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ. ʅʘ 

ʨʠʩ. 1.29 ʪʨʘʻʢʪʦʨʽʷ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʘ ʤʘʻ ʨʽʟʥʠʡ ʢʦʣʽʨ, ʯʝʨʚʦʥʠʡ ʩʠʤʚʦʣʽʟʫʻ ʢʘʜʨ 

ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʟ ʥʘʡʤʝʥʰʦʶ ʚʝʣʠʯʠʥʦʶ ʧʦʜʘʯʽ, ʪʦʜʽ ʷʢ ʩʠʥʽʡ ʢʘʜʨ ʟ 

ʥʘʡʙʽʣʴʰʦʶ [45]. 

 

ʈʠʩʫʥʦʢ 1.29 ï ɯʥʪʝʨʬʝʡʩ VegaCNC DATA-Optimize [47] 

 

ʍʦʯʘ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʨʦʛʨʘʤʥʠʡ ʧʨʦʜʫʢʪ ʚʠʢʦʨʠʩʪʦʚʫʻ ʦʙʤʝʞʝʥʥʷ, ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤ, ʚʽʥ ʥʝ ʚʨʘʭʦʚʫʻ ʪʘʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʮʝʩʫ 

ʨʽʟʘʥʥʷ, ʷʢ ʩʠʣʘ ʨʽʟʘʥʥʷ. ʑʦ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʜʝʬʝʢʪʽʚ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ 

ʥʘʚʽʪʴ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʥʘʤʽʯʥʠʭ ʦʙʤʝʞʝʥʴ ʚʝʨʩʪʘʪʘ.  

ï Formtec NCSpeed [48] ï ʮʝ ʧʨʦʛʨʘʤʥʘ ʩʠʩʪʝʤʘ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ 

ʧʝʨʝʚʽʨʢʠ ʪʨʠ ʪʘ ʧôʷʪʠ ʢʦʦʨʜʠʥʘʪʥʦʾ ʦʙʨʦʙʢʠ, ʱʦ ʧʦʢʨʘʱʫʻ ʧʨʦʮʝʩ ʨʽʟʘʥʥʷ ʟ 

ʪʦʯʢʠ ʟʦʨʫ ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ ʥʘ ʦʧʝʨʘʮʽʶ ʪʘ ʙʝʟʧʝʢʠ. ʇʨʦʛʨʘʤʘ ʜʦʟʚʦʣʷʻ 
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ʚʝʨʠʬʽʢʫʚʘʪʠ ʽ ʧʝʨʝʚʽʨʷʪʠ ʪʨʘʻʢʪʦʨʽʶ ʨʫʭʫ ʬʨʝʟʠ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʣʷ ʘʥʘʣʽʟʫ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʤʦʜʫʣʴ NCSpeed ʨʦʟʨʘʭʦʚʫʻ ʦʙô̒ ʤ ʤʘʪʝʨʽʘʣʫ, ʷʢʠʡ 

ʚʠʜʘʣʷʻ ʨʽʞʫʯʠʡ ʽʥʩʪʨʫʤʝʥʪ, ʽ ʚʽʜʧʦʚʽʜʥʦ ʨʝʛʫʣʶʻ ʧʦʜʘʯʫ: ʯʠʤ ʙʽʣʴʰʝ ʤʘʪʝʨʽʘʣʫ, 

ʪʠʤ ʧʦʚʽʣʴʥʽʰʘ ʧʦʜʘʯʘ, ʽ ʥʘʚʧʘʢʠ. ʊʘʢ, ʥʘ ʨʠʩ 1.30 ʧʦʢʘʟʘʥʘ ʪʨʘʻʢʪʦʨʽʷ ʨʫʭʫ 

ʽʥʩʪʨʫʤʝʥʪʘ, ʨʽʟʥʽ ʢʘʜʨʠ ʥʘ ʥʽʡ ʚʠʜʽʣʝʥʽ ʨʽʟʥʠʤʠ ʢʦʣʴʦʨʘʤʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʥʘʟʥʘʯʝʥʠʤ ʧʦʜʘʯʘʤ, ʯʝʨʚʦʥʠʡ ʢʦʣʽʨ ï ʚ ʢʘʜʨʽ ʙʫʜʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ 

ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʘ ʧʦʜʘʯʘ, ʪʦʜʽ ʷʢ ʧʨʠ ʩʠʥʴʦʤʫ, ʧʦʜʘʯʘ ʙʫʜʝ ʟʥʘʯʥʦ ʟʥʠʞʝʥʘ 

[45].  

 

ʈʠʩʫʥʦʢ 1.30 ï ɯʥʪʝʨʬʝʡʩ Formtec NCSpeed [49] 

 

ʅʝʜʦʣʽʢʦʤ ʻ ʪʝ ʱʦ ʧʨʦʛʨʘʤʘ ʥʝ ʚʠʟʥʘʯʘʻ ʩʠʣ ʨʽʟʘʥʥʷ ʪʘ ʥʝʤʘʻ ʥʝʦʙʭʽʜʥʠʭ 

ʦʙʤʝʞʝʥʴ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʚʠʨʦʙʫ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ 

ʚʠʤʦʛ. 

ï BobCAD-CAM [50] ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ ʥʘ ʦʧʝʨʘʮʽʶ 

ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʨʠʩʢʦʨʝʥʥʷ ʭʦʣʦʩʪʠʭ ʨʫʭʽʚ ʥʘ 

ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʽ ʧʦʜʘʯʽ. ʊʘʢʦʞ ʧʦʜʘʯʘ ʧʽʜ ʯʘʩ ʨʽʟʘʥʥʷ ʨʝʛʫʣʶʻʪʴʩʷ, ʱʦʙ 

ʪʨʠʤʘʪʠ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʥʘ ʧʝʚʥʦʤʫ ʨʽʚʥʽ [45]. 

ʍʦʯʘ ʨʦʟʨʦʙʥʠʢʠ ʟʘʷʚʣʷʶʪʴ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʥʝ 

ʟʨʦʟʫʤʽʣʦ, ʷʢ ʚʦʥʠ ʚʠʟʥʘʯʘʶʪʴ ʧʝʚʥʠʡ ʨʽʚʝʥʴ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR), ʽ ʷʢ ʪʘʢʝ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝ  ʁʚʧʣʠʚʘʻ ʥʘ ʩʠʣʫ ʨʽʟʘʥʥʷ ʽ ʷʢʽʩʪʴ ʫʪʚʦʨʝʥʠʭ 

ʧʦʚʝʨʭʦʥʴ. 

ï Predator CAM-ʩʠʩʪʝʤʘ [51] ʚʠʢʦʨʠʩʪʦʚʫʻ ʩʧʦʩʽʙ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ 
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ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʙʫʣʝʚʽ ʦʧʝʨʘʮʽʾ ʜʣʷ ʙʽʣʴʰ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʟʥʷʪʦʛʦ 

ʤʘʪʝʨʽʘʣʫ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʧʨʠ 

ʧʦʩʪʽʡʥʽʡ ʧʦʜʘʯʽ, ʘ ʧʦʪʽʤ ʩʪʚʦʨʠʪʠ ʥʦʚʠʡ ʟʘʢʦʥ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʱʦ ʜʘʩʪʴ 

ʤʦʞʣʠʚʽʩʪʴ ʪʨʠʤʘʪʠ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʥʘ ʧʝʚʥʦʤʫ 

ʨʽʚʥʽ ʧʨʠ ʦʙʨʦʙʮʽ [45]. 

ʆʜʥʘʢ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʧʨʦʛʨʘʤʘ ʫʧʨʘʚʣʷ ̒ ʧʦʜʘʯʝʶ ʥʘ ʦʩʥʦʚʽ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), ʚʦʥʘ ʥʝ ʚʨʘʭʦʚʫʻ ʜʦʜʘʪʢʦʚʽ ʦʙʤʝʞʝʥʥʷ, 

ʥʘ ʰʦʨʩʪʢʽʩʪʴ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ ʘʙʦ ʾʾ ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ, ʤʘʢʩʠʤʘʣʴʥʫ ʩʠʣʫ 

ʨʽʟʘʥʥʷ, ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ. ʎʝ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʦʪʨʠʤʘʥʠʭ 

ʚʠʨʦʙʽʚ ʟʘʜʘʥʠʤ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʤ ʚʠʤʦʛʘʤ. 

ï VISI Machining 3D [52] ʽ NCG CAM [53] ʫʧʦʚʽʣʴʥʶʻ ʧʦʜʘʯʫ ʧʨʠ 

ʚʭʦʜʽ ʬʨʝʟʠ ʚ ʦʙʣʘʩʪʴ, ʚ ʷʢʽʡ ʟʙʽʣʴʰʫʻʪʴʩʷ ʦʙôʻʤ ʚʠʜʘʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ï ʮʝ 

ʜʦʟʚʦʣʷʻ ʽʥʞʝʥʝʨʫ-ʪʝʭʥʦʣʦʛʫ ʥʘʟʥʘʯʘʪʠ ʙʽʣʴʰ ʧʨʦʜʫʢʪʠʚʥʽ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ ʜʣʷ 

ʚʩʽʻʾ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ [45].  

ʆʜʥʘʢ, ʟʨʦʟʫʤʽʣʦ, ʱʦ ʫʧʦʚʽʣʴʥʝʥʥʷ ʧʦʜʘʯʽ ʥʝ ʧʨʠʟʚʝʜʝ ʜʦ ʟʙʽʣʴʰʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʭʦʯʘ ʽ ʚʠʨʽʰʫʻ ʜʝʷʢʽ ʟ ʧʨʦʙʣʝʤ ʩʪʚʦʨʝʥʥʷ ʪʘ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ. 

ɺʠʩʥʦʚʦʢ. ɯʩʥʫʶʯʽ CAM-ʩʠʩʪʝʤʠ ʪʘ ʾʭ ʤʦʜʫʣʽ ʤʘʶʪʴ ʦʙʤʝʞʝʥʥʷ: ʥʝ ʚʩʽ 

ʚʨʘʭʦʚʫʶʪʴ ʟʤʽʥʠ ʫʤʦʚ ʨʽʟʘʥʥʷ (ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʦʛʦ ʤʘʪʝʨʽʣʘ, ʩʠʣʘ ʨʽʟʘʥʥʷ) ʡ 

ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʧʦʢʣʘʜʘʶʪʴʩʷ ʥʘ ʜʦʩʚʽʜ ʽʥʞʝʥʝʨʘ-ʪʝʭʥʦʣʦʛʘ. ʍʦʯʘ ʜʝʷʢʽ ʩʠʩʪʝʤʠ 

ʧʽʜʚʠʱʫʶʪʴ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʾʤ ʙʨʘʢʫʻ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʧʦʢʘʟʥʠʢʽʚ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. ʉʪʚʦʨʝʥʥʷ ʤʦʜʝʣʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʘ ʨʝʛʫʣʶʚʘʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʜʘʩʪʴ ʟʤʦʛʫ ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʩʪʘʙʽʣʽʟʘʮʽʶ 

ʡ ʧʦʜʘʣʴʰʫ ʦʧʪʠʤʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʟʤʝʥʰʠʪʠ ʨʦʣʴ ʣʶʜʩʴʢʦʛʦ ʬʘʢʪʦʨʫ ʡ 

ʧʽʜʚʠʱʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ.  

 

1.6 ʆʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʋ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʦʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʽʚ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʻ 

ʦʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʟʘʜʘʯ, ʱʦ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ 

http://www.ncgcam.com/
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ʷʢʦʩʪʽ ʢʽʥʮʝʚʦʾ ʧʨʦʜʫʢʮʽʾ. ʆʩʦʙʣʠʚʦʾ ʚʘʞʣʠʚʦʩʪʽ ʥʘʙʫʚʘʶʪʴ ʜʦʩʣʽʜʞʝʥʥʷ 

ʟʦʩʝʨʝʜʞʝʥʽ ʥʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʦʙʨʦʙʢʠ, ʟʦʢʨʝʤʘ ʢʦʥʪʫʨʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ, 

ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʫʩʧʽʭ ʚ ʦʙʨʦʙʮʽ ʩʢʣʘʜʥʠʭ ʜʝʪʘʣʝʡ. ʇʦʧʨʠ ʟʥʘʯʥʽ ʜʦʩʷʛʥʝʥʥʷ 

ʥʘʫʢʦʚʮʽʚ ʫ ʚʜʦʩʢʦʥʘʣʝʥʥʽ ʤʝʪʦʜʽʚ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʘʤʠ ʨʽʟʘʥʥʷ ʡ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʬʨʝʟʝʨʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʧʨʦʚʽʜʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʢʦʤʧʘʥʽʡ ʫ ʨʦʟʨʦʙʣʝʥʥʽ CAM-

ʩʠʩʪʝʤ, ʜʦʩʽ ʟʘʣʠʰʘʶʪʴʩʷ ʚʘʞʣʠʚʽ ʥʝʚʠʨʽʰʝʥʽ ʧʠʪʘʥʥʷ ʱʦʜʦ ʚʠʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ. ʆʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʧʨʦʙʣʝʤ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʨʦʟʨʦʙʢʠ ʤʝʪʦʜʽʚ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʧʨʦʮʝʩ ʦʧʪʠʤʽʟʘʮʽʾ, 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʧʣʠʚ ʚʠʧʘʜʢʦʚʠʭ ʟʙʫʨʝʥʴ ʽ ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʽ ʫʤʦʚʠ ʦʙʨʦʙʢʠ 

[17]. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʢʨʠʪʝʨʽʾ 

ɿʘʛʘʣʦʤ ʧʽʜ ʟʘʜʘʯʝʶ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʟʫʤʽʶʪʴ ʧʦʰʫʢ ʥʘʡʢʨʘʱʦʛʦ ʨʦʟʚôʷʟʢʫ 

ʩʝʨʝʜ ʫʩʽʭ ʤʦʞʣʠʚʠʭ ʟʘ ʦʜʥʠʤ ʯʠ ʢʽʣʴʢʦʤʘ ʢʨʠʪʝʨʽʷʤʠ (ʜʣʷ ʾʭ ʤʽʥʽʤʽʟʘʮʽʾ ʘʙʦ 

ʤʘʢʩʠʤʽʟʘʮʽʾ). ʋ ʢʦʥʪʝʢʩʪʽ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘʡʯʘʩʪʽʰʝ ʢʨʠʪʝʨʽʾ ʦʭʦʧʣʶʶʪʴ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ [63, 66, 69, 72, 74-79], ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ [55, 58, 70], 

ʰʦʨʩʪʢʽʩʪʴ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ [57-58, 69-70, 74, 79-80] ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ 

[59, 73, 77]. ʗʢ ʧʨʘʚʠʣʦ, ʜʦʩʣʽʜʥʠʢʠ ʚʢʣʶʯʘʶʪʴ ʫ ʮʽʣʴʦʚʫ ʬʫʥʢʮʽʶ ʪʘʢʽ 

ʧʘʨʘʤʝʪʨʠ, ʷʢ ʧʦʜʘʯʘ, ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ, ʛʣʠʙʠʥʘ ʡ ʰʠʨʠʥʘ ʨʽʟʘʥʥʷ [55, 58-59, 

66, 69-70, 73-74, 77]. 

ɿʘʜʘʯʫ ʤʦʞʥʘ ʬʦʨʤʫʣʶʚʘʪʠ, ʷʢ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʫ ʘʙʦ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʫ. 

ʋ ʧʝʨʰʦʤʫ ʚʠʧʘʜʢʫ ʘʢʮʝʥʪ ʨʦʙʠʪʴʩʷ ʥʘ ʜʦʩʷʛʥʝʥʥʽ ʥʘʡʣʽʧʰʦʛʦ ʟʥʘʯʝʥʥʷ ʦʜʥʦʛʦ 

ʧʦʢʘʟʥʠʢʘ, ʥʝʭʪʫʶʯʠ ʽʥʰʠʤʠ (ʥʘʧʨʠʢʣʘʜ, ʤʘʢʩʠʤʽʟʘʮʽʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ ʘʙʦ ʤʽʥʽʤʽʟʘʮʽʷ ʟʥʦʩʫ ʽʥʩʪʨʫʤʝʥʪʘ). ʇʨʠʢʣʘʜʘʤʠ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʦʛʦ 

ʧʽʜʭʦʜʫ ʩʣʫʛʫʶʪʴ [55, 57-59, 66, 69, 75-76], ʜʝ ʢʦʞʥʘ ʨʦʙʦʪʘ ʬʦʢʫʩʫʻʪʴʩʷ 

ʚʠʢʣʶʯʥʦ ʥʘ ʦʜʥʦʤʫ ʬʘʢʪʦʨʽ. ʅʘʪʦʤʽʩʪʴ ʫ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʤʫ ʬʦʨʤʫʣʶʚʘʥʥʽ 

[37, 56, 60-62, 67-68, 70, 72-74, 77-80] ʜʦʚʦʜʠʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʢʽʣʴʢʘ 

ʧʦʢʘʟʥʠʢʽʚ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʧʦʰʫʢ ʢʦʤʧʨʦʤʽʩʽʚ. 

ʅʘ ʧʨʘʢʪʠʮʽ ʜʦʩʠʪʴ ʧʦʰʠʨʝʥʠʤ ʻ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʠʡ ʧʽʜʭʽʜ ʽʟ 

ʤʘʢʩʠʤʽʟʘʮʽʻʶ ʦʙʩʷʛʫ ʟʥʷʪʪʷ ʧʨʠʧʫʩʢʫ (MRR), ʪʦʜʽ ʷʢ ʰʦʨʩʪʢʽʩʪʴ, ʟʥʦʩ 

ʽʥʩʪʨʫʤʝʥʪʘ ʯʠ ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʦʙʤʝʞʝʥʥʷ. ʗʢʱʦ ʧʦʪʨʽʙʥʝ 
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ʦʜʥʦʯʘʩʥʝ ʧʦʣʽʧʰʝʥʥʷ ʢʽʣʴʢʦʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʟʘʩʪʦʩʦʚʫʶʪʴ 

ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʽ ʤʝʪʦʜʠ, ʷʢʽ ʟʥʘʭʦʜʷʪʴ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʨʽʟʥʠʤʠ ʚʠʤʦʛʘʤʠ. 

ʆʩʥʦʚʥʽ ʢʨʠʪʝʨʽʾ ʚ ʦʧʪʠʤʽʟʘʮʽʾ ʬʨʝʟʝʨʫʚʘʥʥʷ: 

ï ʇʨʦʜʫʢʪʠʚʥʽʩʪʴ. ʋ ʧʨʘʮʷʭ [66, 69, 75-76] ʦʩʥʦʚʫ ʩʪʘʥʦʚʠʪʴ 

ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ. ɸʣʝ ʫ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʥʷʭ [37, 56, 60-63, 67-68, 72-73, 77-80] ʟʥʘʯʥʝ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʦʪʨʝʙʫʻ ʢʦʤʧʨʦʤʽʩʽʚ ʽʟ ʪʘʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ, ʷʢ ʩʪʽʡʢʽʩʪʴ 

ʽʥʩʪʨʫʤʝʥʪʘ ʯʠ ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ. ʅʘʡʯʘʩʪʽʰʝ ʮʝʡ ʢʨʠʪʝʨʽʡ ʻ ʥʘʡʜʦʮʽʣʴʥʽʰʠʤ ʩʘʤʝ 

ʚ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʠʭ ʟʘʜʘʯʘʭ ʟʘ ʥʘʷʚʥʦʩʪʽ ʜʦʜʘʪʢʦʚʠʭ ʦʙʤʝʞʝʥʴ. 

ï ʐʦʨʩʪʢʽʩʪʴ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ (Ra). ʋ ʨʦʙʦʪʘʭ [57-58, 69, 71] 

ʤʽʥʽʤʽʟʫʻʪʴʩʷ Ra ̫ʢ ʻʜʠʥʠʡ ʢʨʠʪʝʨʽʡ, ʪʦʜʽ ʷʢ [70, 74, 79-80] ʧʦʻʜʥʫʶʪʴ ʡʦʛʦ ʽʟ 

ʟʥʦʩʦʤ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʰʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). ɻʦʣʦʚʥʠʡ ʥʝʜʦʣʽʢ 

Ra ̫ʢ ʢʨʠʪʝʨʽʶ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʰʦʨʩʪʢʽʩʪʴ ʟʘʟʚʠʯʘʡ ʟʘʜʘʥʘ ʢʦʥʩʪʨʫʢʪʦʨʦʤ, 

ʪʦʞ ʾʾ ʥʝ ʟʘʚʞʜʠ ʧʦʪʨʽʙʥʦ ʤʽʥʽʤʽʟʫʚʘʪʠ ʜʦ ʛʨʘʥʠʯʥʠʭ ʟʥʘʯʝʥʴ. ʊʦʤʫ 

ʨʘʮʽʦʥʘʣʴʥʽʰʝ ʚʚʘʞʘʪʠ Ra ʦʙʤʝʞʝʥʥʷʤ ʧʽʜ ʯʘʩ ʬʦʨʤʫʣʶʚʘʥʥʷ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ. 

ï ʉʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ. ʋ [55] ʮʝ ʻʜʠʥʠʡ ʢʨʠʪʝʨʽʡ, ʪʦʜʽ ʷʢ [70] 

ʜʦʜʘʪʢʦʚʦ ʚʨʘʭʦʚʫʶʪʴ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʡ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. ʅʘ ʚʠʨʦʙʥʠʮʪʚʽ 

ʽʥʩʪʨʫʤʝʥʪ ʯʘʩʪʦ ʨʦʟʛʣʷʜʘʶʪʴ ʢʨʽʟʴ ʧʨʠʟʤʫ ʦʙʤʝʞʝʥʥʷ (ʫʥʠʢʥʝʥʥʷ ʥʘʜʤʽʨʥʦʛʦ 

ʟʥʦʩʫ), ʘ ʥʝ ʷʢ ʩʘʤʦʩʪʽʡʥʠʡ ʢʨʠʪʝʨʽʡ, ʱʦ ʥʝʨʽʜʢʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʚʫʞʝʥʥʷ ʧʦʣʷ 

ʧʦʰʫʢʫ ʟʘ ʽʥʰʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ. 

ï ɽʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ. ʋ [58] ʦʩʥʦʚʥʠʡ ʢʨʠʪʝʨʽʡ ï ʤʽʥʽʤʽʟʘʮʽʷ 

ʝʣʝʢʪʨʦʩʧʦʞʠʚʘʥʥʷ, ʘ ʚ [60-62, 73, 77, 79] ʾʾ  ʧʦʻʜʥʫʶʪʴ ʽʟ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ ʡ 

ʷʢʽʩʪʶ ʧʦʚʝʨʭʥʽ. ɺʪʽʤ, ʩʫʢʫʧʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʟ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ ʻ ʩʫʧʝʨʝʯʣʠʚʠʤ, ʘʜʞʝ ʟʤʝʥʰʝʥʥʷ ʝʣʝʢʪʨʦʩʧʦʞʠʚʘʥʥʷ ʟʘʟʚʠʯʘʡ 

ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʰʚʠʜʢʽʩʪʴ ʦʙʨʦʙʢʠ, ʱʦ ʟʨʝʰʪʦʶ ʧʽʜʚʠʱʫʻ ʩʦʙʽʚʘʨʪʽʩʪʴ. 

ʊʦʤʫ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʜʦʮʽʣʴʥʽʰʝ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʦʙʤʝʞʝʥʥʷ, ʱʦʙ ʥʝ 

ʧʝʨʝʚʠʱʫʚʘʪʠ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʣʽʤʽʪʠ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʰʧʠʥʜʝʣʷ ʯʠ ʧʨʠʚʦʜʽʚ 

ʧʦʜʘʯʽ. 
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ʆʙʤʝʞʝʥʥʷ ʚ ʟʘʜʘʯʘʭ ʦʧʪʠʤʽʟʘʮʽʾ 

ɿʛʽʜʥʦ ʟ ʘʥʘʣʽʟʦʤ ʜʦʩʣʽʜʞʝʥʥʷʤʠ [58, 62, 68, 75, 78], ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʟʘʜʘʯʽ 

ʦʧʪʠʤʽʟʘʮʽʾ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ: ʧʦʪʫʞʥʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ, 

ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʫ ʩʠʣʫ ʨʽʟʘʥʥʷ, ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ, ʚʠʤʦʛʠ ʱʦʜʦ 

ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ, ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʚʝʨʩʪʘʪʘ. 

ʇʦʨʫʰʝʥʥʷ ʮʠʭ ʦʙʤʝʞʝʥʴ ʟʜʘʪʥʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʥʘʜʤʽʨʥʦʛʦ ʟʥʦʩʫ 

ʽʥʩʪʨʫʤʝʥʪʘ, ʧʦʰʢʦʜʞʝʥʥʷ ʦʙʣʘʜʥʘʥʥʷ ʡ ʧʦʛʽʨʰʝʥʥʷ ʷʢʦʩʪʽ ʚʠʨʦʙʫ. 

ʉʫʯʘʩʥʽ ʤʝʪʦʜʠ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯ ʦʧʪʠʤʽʟʘʮʽʾ 

ʆʧʪʠʤʽʟʘʮʽʷ ʬʨʝʟʝʨʫʚʘʥʥʷ ʻ ʢʨʠʪʠʯʥʦʶ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʾ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʡ ʥʘʣʝʞʥʦʾ ʷʢʦʩʪʽ ʚ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ɯʩʥʫʶʪʴ ʨʽʟʥʽ ʧʽʜʭʦʜʠ, ʱʦ 

ʜʘʶʪʴ ʟʤʦʛʫ ʟʤʝʥʰʫʚʘʪʠ ʝʥʝʨʛʦʚʠʪʨʘʪʠ, ʧʦʢʨʘʱʫʚʘʪʠ ʪʦʯʥʽʩʪʴ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ 

ʟʥʦʰʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ. 

1. ʐʪʫʯʥʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ (ANN). ɽʬʝʢʪʠʚʥʦ ʨʦʟʚôʷʟʫʶʪʴ ʩʢʣʘʜʥʽ 

ʥʝʣʽʥʽʡʥʽ ʟʘʜʘʯʽ, ʤʦʜʝʣʶʶʯʠ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʦʩʥʦʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʧʦʜʘʯʘ, 

ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ ʪʦʱʦ) ʪʘ ʨʝʟʫʣʴʪʘʪʘʤʠ (ʰʦʨʩʪʢʽʩʪʴ, ʩʠʣʠ ʨʽʟʘʥʥʷ). ʋ [37] ANN 

ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʯʦʨʥʦʚʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʫ [54] 

ï ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʪʘ ʢʝʨʫʚʘʥʥʷ ʧʦʜʘʯʝʶ, ʘ ʚ [55], [56] ï ʜʣʷ 

ʟʤʝʥʰʝʥʥʷ ʟʥʦʰʫʚʘʥʥʷ ʡ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. ɼʦʩʣʽʜ [57] ʜʝʤʦʥʩʪʨʫʻ ʧʦʻʜʥʘʥʥʷ 

ANN ʽʟ ʛʝʥʝʪʠʯʥʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ (GA) ʜʣʷ ʨʦʟʰʠʨʝʥʥʷ ʧʦʰʫʢʫ ʛʣʦʙʘʣʴʥʠʭ 

ʦʧʪʠʤʫʤʽʚ. ʅʝʜʦʣʽʢ ʧʦʣʷʛʘʻ ʚ ʧʦʪʨʝʙʽ ʚʝʣʠʢʠʭ ʦʙôʻʤʽʚ ʜʘʥʠʭ, ʨʠʟʠʢʫ 

ʧʝʨʝʥʘʚʯʘʥʥʷ ʡ ʩʢʣʘʜʥʦʤʫ ʥʘʣʘʰʪʫʚʘʥʥʽ. 

2. ɻʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ (GA). ʅʘʩʣʽʜʫʶʯʠ ʝʚʦʣʶʮʽʡʥʽ ʤʝʭʘʥʽʟʤʠ, ʚʦʥʠ 

ʜʦʙʨʝ ʧʨʘʮʶʶʪʴ ʫ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʠʭ ʟʘʜʘʯʘʭ ʽ ʜʦʧʦʤʘʛʘʶʪʴ ʫʥʠʢʘʪʠ 

ʣʦʢʘʣʴʥʠʭ ʝʢʩʪʨʝʤʫʤʽʚ. ʋ [57] GA ʧʦʻʜʥʘʣʠ ʟ ANN ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ Ra, ʫ [58] ï 

ʦʧʪʠʤʽʟʫʚʘʣʠ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʝ ʩʫʭʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʤʝʥʰʠʤ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷʤ, ʫ [59] ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ NSGA-II  ʧʦʣʽʧʰʠʣʠ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘ ʧʝʚʥʦʛʦ ʟʥʠʞʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʘ ʚ [60] ʟʥʘʡʰʣʠ 

ʙʘʣʘʥʩ ʤʽʞ ʝʢʦʥʦʤʽʯʥʦʶ ʚʠʛʦʜʦʶ ʪʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ. ɼʦʩʣʽʜ [61] ʚʠʢʦʨʠʩʪʘʚ 

GA ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, ʰʦʨʩʪʢʦʩʪʽ ʡ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʘ ʚ [62] 
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ʟʤʝʥʰʠʣʠ ʚʠʢʠʜʠ ʚʫʛʣʝʮʶ. GA ʚʠʤʘʛʘʶʪʴ ʟʥʘʯʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ ʽ 

ʯʘʩʫ. 

3. ʄʝʪʦʜ ɹʦʢʩʘ-ɺʽʣʩʦʥʘ (RSM). ʄʝʪʦʜʦʣʦʛʽʷ ʚʽʜʛʫʢʦʚʦʾ ʧʦʚʝʨʭʥʽ 

(Response Surface Methodology) ï ʮʝ ʩʪʘʪʠʩʪʠʯʥʠʡ ʧʽʜʭʽʜ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʚʟʘʻʤʦʟʚôʷʟʢʽʚ ʤʽʞ ʧʘʨʘʤʝʪʨʘʤʠ ʪʘ ʨʝʟʫʣʴʪʘʪʘʤʠ. ʋ [63] ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʣʠ ʜʣʷ 

ʧʦʢʨʘʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʩʪʘʣʽ AISI P20, ʫ 

[64] ï ʜʣʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ. ʈʦʙʦʪʘ [65] ʽʥʪʝʛʨʫʻ RSM ʽʟ ʤʝʪʦʜʦʤ ʊʘʛʫʯʽ, 

ʜʦʩʷʛʘʶʯʠ ʟʥʠʞʝʥʥʷ ʚʠʪʨʘʪ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʷʢʦʩʪʽ, ʘ [66, 67] ʙʝʨʫʪʴ ʜʦ ʫʚʘʛʠ 

ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʫ ʦʧʪʠʤʽʟʘʮʽʶ ʩʠʣ ʨʽʟʘʥʥʷ, ʰʚʠʜʢʦʩʪʽ, ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʡ 

ʪʦʯʥʦʩʪʽ. ʅʝʜʦʣʽʢ RSM ï ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʥʠʟʮʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʱʦ ʟʙʽʣʴʰʫʻ 

ʚʠʪʨʘʪʠ. 

4. ʃʽʥʽʡʥʝ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʪʘ ʢʦʤʙʽʥʦʚʘʥʽ ʘʣʛʦʨʠʪʤʠ. ʃʽʥʽʡʥʝ 

ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʝʬʝʢʪʠʚʥʝ, ʷʢʱʦ ʮʽʣʴʦʚʘ ʬʫʥʢʮʽʷ ʡ ʦʙʤʝʞʝʥʥʷ ʤʘʶʪʴ ʣʽʥʽʡʥʫ 

ʬʦʨʤʫ (ʥʘʧʨʠʢʣʘʜ, ʤʽʥʽʤʽʟʘʮʽʷ ʚʠʪʨʘʪ ʘʙʦ ʤʘʢʩʠʤʽʟʘʮʽʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ). ʋ 

ʩʢʣʘʜʥʽʰʠʭ ʚʠʧʘʜʢʘʭ ʟʘʩʪʦʩʦʚʫʶʪʴ ʛʽʙʨʠʜʥʽ ʤʝʪʦʜʠ (PSO, ANFIS ʪʦʱʦ). ʋ [65] 

ʧʦʻʜʥʘʣʠ ʤʝʪʦʜ ʊʘʛʫʯʽ, RSM ʪʘ PSO ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʝʥʝʨʛʦʚʠʪʨʘʪ, ʫ [68] 

ʨʦʟʨʦʙʠʣʠ ʤʦʜʝʣʴ, ʱʦ ʨʦʟʨʘʭʦʚʫʻ ʩʠʣʫ ʨʽʟʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʫʻ ʰʚʠʜʢʽʩʪʴ ʽ ʧʦʜʘʯʫ, 

ʘ ʚ [64] ʟʘʜʽʷʣʠ ʣʽʥʽʡʥʝ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʘʙʠ ʟʥʠʟʠʪʠ ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʙʝʟ ʧʦʤʽʪʥʦʾ 

ʚʪʨʘʪʠ ʷʢʦʩʪʽ. 

ʇʝʨʝʚʘʛʦʶ ʣʽʥʽʡʥʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʻ ʡʦʛʦ ʧʨʦʩʪʦʪʘ, ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ 

ʤʦʞʣʠʚʽʩʪʴ ʦʧʪʠʤʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʱʦ ʩʫʪʪʻʚʦ 

ʝʢʦʥʦʤʠʪʴ ʯʘʩ ʽ ʨʝʩʫʨʩʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʢʦʤʙʽʥʦʚʘʥʽ ʘʣʛʦʨʠʪʤʠ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ 

ʩʚʦʶ ʟʜʘʪʥʽʩʪʴ ʚʠʨʽʰʫʚʘʪʠ ʩʢʣʘʜʥʽ ʥʝʣʽʥʽʡʥʽ ʟʘʜʘʯʽ, ʯʘʩʪʦ ʚʠʤʘʛʘʶʪʴ ʚʝʣʠʢʠʭ 

ʦʙʩʷʛʽʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʪʘ ʻ ʩʢʣʘʜʥʽʰʠʤʠ ʫ ʚʧʨʦʚʘʜʞʝʥʥʽ. ʎʝ 

ʫʩʢʣʘʜʥʶʻ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʚʠʨʦʙʥʠʯʠʭ ʫʤʦʚʘʭ, ʜʝ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤʠ ʻ 

ʧʨʦʩʪʦʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʦʧʝʨʘʪʠʚʥʽʩʪʴ ʪʘ ʝʢʦʥʦʤʽʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʜʦʮʽʣʴʥʽʰʝ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʣʽʥʽʡʥʝ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʷʢʝ ʟʘʙʝʟʧʝʯʫʻ ʥʝʦʙʭʽʜʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʧʨʠ ʤʝʥʰʠʭ ʚʠʤʦʛʘʭ ʜʦ ʢʽʣʴʢʦʩʪʽ ʜʘʥʠʭ. 
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1.7 ɺʠʩʥʦʚʢʠ, ʤʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ 

 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ, ʧʨʠʩʚʷʯʝʥʠʭ 

ʢʦʥʪʫʨʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʶ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ, ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʮʝʡ ʧʨʦʮʝʩ 

ʟʘʣʠʰʘʻʪʴʩʷ ʚʘʞʣʠʚʦʶ ʩʢʣʘʜʦʚʦʶ ʫ ʚʠʛʦʪʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ ʟʽ ʩʢʣʘʜʥʦʶ 

ʛʝʦʤʝʪʨʽʻʶ, ʦʩʦʙʣʠʚʦ ʚ ʪʘʢʠʭ ʛʘʣʫʟʷʭ, ʷʢ ʘʝʨʦʢʦʩʤʽʯʥʘ, ʘʚʪʦʤʦʙʽʣʴʥʘ, 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ, ʘ ʪʘʢʦʞ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʧʨʝʩ-ʬʦʨʤ, ʜʝ ʚʠʤʘʛʘʻʪʴʩʷ ʚʠʩʦʢʘ 

ʪʦʯʥʽʩʪʴ ʪʘ ʷʢʽʩʪʴ ʧʦʚʝʨʭʦʥʴ ʦʪʨʠʤʘʥʠʭ ʜʝʪʘʣʝʡ.  

ʈʦʙʦʪʠ ʜʦʩʣʽʜʥʠʢʽʚ ʫ ʩʬʝʨʽ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʦʢʘʟʫʶʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʙʤʝʞʝʥʴ ʜʣʷ ʚʨʘʭʫʚʘʥʥʷ ʚʩʽʭ ʥʝʦʙʭʽʜʥʠʭ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʚʠʤʦʛ 

ʦʩʢʽʣʴʢʠ ʩʘʤʘ ʩʪʘʙʽʣʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʟʘ ʰʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, 

ʩʠʣʽ ʯʠ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ ʥʝ ʧʨʠʟʚʝʜʝ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʯʠ 

ʧʦʢʨʘʱʝʥʥʷ ʷʢʠʭʦʩʴ ʧʘʨʘʤʝʪʨʽʚ ʚʠʛʦʪʦʚʣʝʥʦʾ ʜʝʪʘʣʽ. ɺ ʩʚʦʶ ʯʝʨʛʫ ʽʩʥʫʶʯʽ 

CAM-ʩʠʩʪʝʤʠ ʟʜʘʪʥʽ ʧʨʦʢ̒ʪʫʚʘʪʠ ʛʝʦʤʝʪʨʠʯʥʽ ʪʨʘʻʢʪʦʨʽʾ ʪʘ ʧʝʨʝʚʽʨʷʪʠ ʥʘ 

ʚʽʜʩʫʪʥʽʩʪʴ ʥʝʦʙʨʦʙʣʝʥʠʭ ʜʽʣʷʥʦʢ, ʘʣʝ ʥʝ ʚʨʘʭʦʚʫʶʪʴ ʜʠʥʘʤʽʯʥʽ ʟʤʽʥʠ ʫʤʦʚ 

ʨʽʟʘʥʥʷ, ʱʦ ʟʥʠʞʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. ʅʘʚʽʪɹ  ʚ ʧʝʨʝʜʦʚʠʭ CAM-ʩʠʩʪʝʤʘʭ, ʷʢ 

ʧʨʘʚʠʣʦ ʚʽʜʩʫʪʥʻ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʘʙʦ ʥʝ ʚʨʘʭʦʚʫʶʪʴʩʷ 

ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʯʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʙʤʝʞʝʥʥʷ. 

ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʪʘ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʠʟʥʘʯʝʥʥʷ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ. ɼʦʮʽʣʴʥʦ ʜʣʷ 

ʪʘʢʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʦʜ ʫʧʨʘʚʣʽʥʥʷ ʨʽʟʘʥʥʷʤ ʥʘ ʦʩʥʦʚʽ ʘʧʨʽʦʨʥʦʾ 

ʽʥʬʦʨʤʘʮʽʾ. ʎʝ ʧʝʨʝʜʙʘʯʘʻ ʤʦʜʝʣʶʚʘʥʥ,̫ ʜʣʷ ʷʢʦʛʦ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʫʚʘʪʠ ʚʽʜʦʤʽ 

ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʜʝʪʘʣ,̔ ʽʥʩʪʨʫʤʝʥʪʘ ̔  ʧʨʠʟʥʘʯʝʥʠʡ ʨʝʞʠʤ ʨʽʟʘʥʥʷ. 

ʆʩʥʦʚʥʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʻ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR), ʷʢʘ ʚʢʣʶʯʘʻ ʚʩʽ ʝʥʝʨʛʝʪʠʯʥʽ ʧʦʢʘʟʥʠʢʠ ï ʩʠʣʫ, ʧʦʪʫʞʥʽʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʫ 

ʪʦʱʦ. ʊʦʤʫ ʜʦʮʽʣʴʥʦ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʩʘʤʝ ʟʘ ʮʽʻʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ. 

ʇʽʩʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʟʘ ʰʚʠʜʢʽʩʪʶ ʟʥʽʤʘʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), 

ʣʦʛʽʯʥʠʤ, ʥʘʩʪʫʧʥʠʤ ʝʪʘʧʦʤ ʻ ʦʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. ʈʦʟʛʣʷʥʫʪʽ ʤʝʪʦʜʠ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯ ʦʧʪʠʤʽʟʘʮʽʾ, ʪʘʢʽ ʷʢ ʥʝʡʨʦʥʥʽ 

ʤʝʨʝʞʽ, ʛʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ, ʤʝʪʦʜ ɹʦʢʩʘ-ɺʽʣʩʦʥʘ, ʘ ʪʘʢʦʞ ʢʦʤʙʽʥʦʚʘʥʽ 
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ʘʣʛʦʨʠʪʤʠ, ʤʘʶʪʴ ʩʚʦʾ ʧʝʨʝʚʘʛʠ, ʘʣʝ ʥʝ ʟʘʚʞʜʠ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʨʦʟʚô̫ ʟʘʥʥʷ ʟʘʜʘʯ 

ʜʠʥʘʤʽʢʠ ʜʣ ̫ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. ɰʭ ʦʩʥʦʚʥʽ ʥʝʜʦʣʽʢʠ ʧʦʣʷʛʘʶʪʴ ʫ 

ʩʢʣʘʜʥʦʩʪʽ ʨʝʘʣʽʟʘʮʽʾ, ʦʙʤʝʞʝʥʥʷʭ ʫ ʧʨʘʢʪʠʯʥʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʽ ʪʘ ʥʝʜʦʩʪʘʪʥʽʡ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʠ ʚʨʘʭʫʚʘʥʥʽ ʜʠʥʘʤʽʯʥʠʭ ʟʤʽʥ ʫ ʧʨʦʮʝʩʽ ʦʙʨʦʙʢʠ. ʆʩʢʽʣʴʢʠ, 

ʤʝʪʦʜ ʣʽʥʽʡʥʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʧʦʟʙʘʚʣʝʥʠʡ ʚʠʱʝ ʥʘʚʝʜʝʥʠʭ ʥʝʜʦʣʽʢʽʚ ʡʦʛʦ 

ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʨʦʟʚô̫ ʟʢʫ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ. 

ʇʨʠ ʬʦʨʤʫʚʘʥʥʽ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʩʣʽʜ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʢʨʠʪʝʨʽʡ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʪʦʙʪʦ ʤʽʥʽʤʽʟʫʚʘʪʠ ʯʘʩ ʬʨʝʟʝʨʥʦʾ ʦʧʝʨʘʮʽʾ. ʊʘʢʦʞ ʟʘʜʘʯʘ ʤʘʻ 

ʙʫʪʠ ʩʬʦʨʤʫʣʴʦʚʘʥʘ, ʷʢ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʘ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʢʦʤʧʨʦʤʽʩʥʠʭ ʨʽʰʝʥʴ 

ʤʽʞ ʢʦʥʢʫʨʫʶʯʠʤʠ ʢʨʠʪʝʨʽʷʤʠ.  

ɼʦʜʘʪʢʦʚʦ, ʩʪʚʦʨʝʥʥʷ ʧʨʠʢʣʘʜʥʦʾ ʧʨʦʛʨʘʤʠ ʟʘʙʝʟʧʝʯʠʪʴ ʘʚʪʦʤʘʪʠʟʘʮʽʶ 

ʧʨʦʮʝʩʫ ʩʪʘʙʽʣʽʟʘʮʽ ʾʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʱʦ ʟʥʘʯʥʦ 

ʧʽʜʚʠʱʠʪʴ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʘ ʩʧʨʦʩʪʠʪʴ ʧʨʘʢʪʠʯʥʝ ʚʧʨʦʚʘʜʞʝʥʥʷ. 

ɺʠʭʦʜʷʯʠ ʟ ʨʝʟʫʣʴʪʘʪʽʚ ʘʥʘʣʽʟʫ ʣʽʪʝʨʘʪʫʨʠ ʙʫʣʘ ʩʬʦʨʤʫʣʴʦʚʘʥʘ ʤʝʪʘ ʽ ʟʘʜʘʯʽ 

ʜʦʩʣʽʜʞʝʥʴ. 

ʄʝʪʘ ʨʦʙʦʪʠ ï ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʠʢʠ ʽ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ, ʱʦ ʜʘʩʪʴ 

ʟʤʦʛʫ ʟʙʽʣʴʰʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʬʨʝʟʝʨʥʦʾ ʦʧʝʨʘʮʽʾ ʪʘ ʟʘʙʝʟʧʝʯʠʪʴ ʜʦʪʨʠʤʘʥʥʷ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʚʠʤʦʛ ʜʦ ʚʠʨʦʙʫ.  

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʪʘʢʽ ʦʩʥʦʚʥʽ 

ʟʘʜʘʯʽ: 

ï ʈʦʟʨʦʙʠʪʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʱʦ ʜʘʩʪʴ ʤʦʞʣʠʚʽʩʪʴ ʤʦʜʝʣʶʚʘʪʠ 

ʧʨʦʮʝʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʪʘ ʚʠʟʥʘʯʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ï h ʚʠʜʢʽʩʪʴ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR); 

ï ʈʦʟʨʦʙʠʪʠ ʩʧʦʩʽʙ ʩʪʘʙʽʣʽʟʘʮʽʾ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) 

ʜʣʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ; 

ï ʉʬʦʨʤʫʣʶʚʘʪʠ ʟʘʜʘʯʫ ʦʧʪʠʤʽʟʘʮʽʾ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 

ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʥʝʦʙʭʽʜʥʠʭ ʦʙʤʝʞʝʥʴ; 

ï ʈʦʟʨʦʙʠʪʠ ʘʣʛʦʨʠʪʤʠ ʪʘ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ; 

ï ʇʨʦʚʝʩʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʘʧʨʦʙʘʮʽʶ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  
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ʈʆɿɼɯʃ 2 

ɺʀɿʅɸʏɽʅʅʗ ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʂʆʅʊʋʈʅʆɻʆ 

ʌʈɽɿɽʈʋɺɸʅʅʗ 

 

2.1 ʇʝʨʝʜʫʤʦʚʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʚʝʨʩʪʘʪʽ ʟ ʏʇʂ ʟʘ ʫʧʨʘʚʣʷʶʯʦʶ 

ʧʨʦʛʨʘʤʦʶ, ʨʦʟʨʦʙʣʝʥʦʶ ʚ ʙʫʜʴ-ʷʢʽʡ ʉɸʄ-ʩʠʩʪʝʤʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʭʽʜʥʠʤʠ 

ʜʘʥʠʤʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ, ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʧʦʜʘʣʴʰʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ 

ʻ ʫʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʚ G-ʢʦʜʘʭ. ʆʩʥʦʚʦʶ ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʾ ʫʧʨʘʚʣʷʶʯʦʾ 

ʧʨʦʛʨʘʤʠ, ʷʢʘ ʚʨʘʭʦʚʫʻ ʩʪʘʙʽʣʽʟʘʮʽʶ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ 

ʦʧʪʠʤʽʟʘʮʽʶ ʧʨʦʮʝʩʫ, ʻ ʮʠʬʨʦʚʝ ʤʦʜʝʣʶʚʘʥʥʷ ʚʟʘʻʤʦʜʽʾ ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʦʶ ʚ 

ʟʦʥʽ ʨʽʟʘʥʥʷ. ʅʝʦʙʭʽʜʥʦ ʧʝʨʝʪʚʦʨʠʪʠ ʪʨʘʻʢʪʦʨʽʶ, ʟʘʧʠʩʘʥʫ ʚ G-ʢʦʜʘʭ ʚʠʭʽʜʥʦʾ 

ʧʨʦʛʨʘʤʠ, ʫ ʤʘʩʠʚ ʪʦʯʦʢ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʠʪʠ ʮʠʬʨʦʚʽ ʤʘʩʠʚʠ ʜʣʷ ʦʧʠʩʫ ʢʦʥʪʫʨʽʚ 

ʟʘʛʦʪʦʚʢʠ ʪʘ ʜʝʪʘʣʽ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʘʪʠ ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, 

ʧʨʝʜʩʪʘʚʣʷʶʯʠ ʢʦʥʪʫʨ ʟʘʛʦʪʦʚʢʠ ʫ ʚʠʛʣʷʜʽ ʜʚʦʚʠʤʽʨʥʦʾ ʚʦʢʩʝʣʴʥʦʾ ʤʦʜʝʣʽ [81]. 

ʋ ʩʠʩʪʝʤʘʭ ʏʇʂ (DIN 66025/ISO 6983) ʪʨʘʻʢʪʦʨʽʾ ʧʝʨʝʤʽʱʝʥʥʷ ʟʘʟʚʠʯʘʡ 

ʦʧʠʩʫʶʪʴʩʷ ʜʚʦʤʘ ʪʠʧʘʤʠ ʛʝʦʤʝʪʨʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ: ʧʨʷʤʠʤʠ ʚʽʜʨʽʟʢʘʤʠ ʪʘ 

ʜʫʛʘʤʠ ʢʽʣ. ʅʘ ʨʠʩ. 2.1 ʥʘʚʝʜʝʥʽ ʚʩʽ ʤʦʞʣʠʚʽ ʝʣʝʤʝʥʪʠ ʢʦʥʪʫʨʫ, ʱʦ ʟʘʧʠʩʫʶʪʴʩʷ 

ʚ ʫʧʨʘʚʣʷʶʯʽʡ ʧʨʦʛʨʘʤʽ ʜʣʷ ʢʝʨʫʚʘʥʥʷ ʚʝʨʩʪʘʪʦʤ ʟ ʏʇʂ. ɼʣʷ ʟʨʫʯʥʦʩʪʽ ʧʦʜʘʥʥʷ 

ʚʩʽ ʪʨʠ ʪʠʧʠ ʪʨʘʻʢʪʦʨʽʡ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʦʜʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ, ʧʨʠʯʦʤʫ 

ʧʦʯʘʪʦʢ (ʪʦʯʢʘ ɸ) ʽ ʢʽʥʝʮʴ (ʪʦʯʢʘ ɺ) ʜʽʣʷʥʦʢ ʧʦʟʥʘʯʝʥʽ ʦʜʥʘʢʦʚʦ [82].  



54 
 

 

G02 

G03 

G01 

X 

Y Y 

yB 

yC 

yA 

yO 

yB 

yC 

yA 

B 

C 

A 

A 

C 

B 

A 

B 
yB 

yA 

xB xC xA xO xA xC xB xA xB 

O 

Ŭ 

ɔ 
ɔ 

R 

R 

 

ʈʠʩʫʥʦʢ 2.1 ï ɻʝʦʤʝʪʨʽʷ ʢʦʥʪʫʨʫ [82] 

 

ʇʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʢʦʤʘʥʜ G01, G02 ʘʙʦ G03 ʮʝʥʪʨ ʬʨʝʟʠ ʧʝʨʝʤʽʱʫʻʪʴʩʷ 

ʤʽʞ ʪʦʯʢʘʤʠ ɸ ʽ ɺ. ʇʨʷʤʦʣʽʥʽʡʥʽ ʜʽʣʷʥʢʠ ʪʨʘʻʢʪʦʨʽʾ ʚʠʟʥʘʯʘʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ 

ʪʘʢʠʭ ʟʘʣʝʞʥʦʩʪʝʡ [82]: 
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()í

ì
ë

+=

+=

a

a

hiSiny]i[Y

hiCosx]i[X

A

A

,    (2.1) 

 

ʜʝ xA, yA ï ʢʦʦʨʜʠʥʘʪʠ ʧʦʯʘʪʢʫ, h ï ʢʨʦʢ ʨʦʟʨʘʭʫʥʢʫ. 

ɿʚʽʜʢʠ Ŭ ï ʢʫʪ ʥʘʭʠʣʫ ʧʨʷʤʦʣʽʥʽʡʥʦʾ ʜʽʣʷʥʢʠ ʪʨʘʻʢʪʦʨʽʾ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ, ʷʢ: 

 

AB

AB

xx

yy
arctan

-

-
=a .    (2.2) 

ʜʝ xB, yB ï ʢʦʦʨʜʠʥʘʪʠ ʢʽʥʮʷ ʜʽʣʷʥʢʠ; 

ʈʦʟʨʘʭʫʥʦʢ ʤʘʻ ʚʠʢʦʥʫʚʘʪʠʩʴ ʜʦ ʫʤʦʚʠ i ¢ imax: 
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( ) ( ) ö
÷

õ
æ
ç

å
ö
÷
õæ

ç
å -+-= hyyxxroundi BABA /

22

max .   (2.3) 

 

ʑʦʙ ʩʪʚʦʨʠʪʠ ʤʘʩʠʚʠ ʪʨʘʻʢʪʦʨʽʡ ʜʣʷ ʜʫʛ ʢʦʣʘ, ʥʝʦʙʭʽʜʥʦ ʚʠʟʥʘʯʠʪʠ 

ʢʦʦʨʜʠʥʘʪʠ ʾʭ ʮʝʥʪʨʫ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʛʝʦʤʝʪʨʠʯʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ, ʥʘʚʝʜʝʥʽ 

ʥʘ ʨʠʩ. 2.1, ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʢʦʦʨʜʠʥʘʪʠ ʮʝʥʪʨʫ ʜʫʛʠ ʜʣʷ ʦʙʦʭ ʚʠʧʘʜʢʽʚ (G02 ʽ 

G03): 

 

()
()í

ì
ë
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g
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COCosyy

COCosxx
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,    (2.4) 

 

ɿʥʘʢ ç+è ʜʣʷ ʢʦʤʘʥʜʠ G02, ʟʥʘʢ ç-è ʜʣʷ ʢʦʤʘʥʜʠ G03. 

 

AB

AB

yy

xx
arctan

-

-
=g ,     (2.5) 

 

ʜʝ xC=(xB+xA)/2; yC=(yA+yB)/2; ( )22 2/ABRCO -= , ( ) ( )22

BABA yyxxAB -+-= ,  

ʄʘʩʠʚʠ ʜʽʣʷʥʦʢ ʜʫʛ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘ ʬʦʨʤʫʣʘʤʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʢʦʦʨʜʠʥʘʪʠ ʮʝʥʪʨʫ ʜʫʛʠ ʪʘ ʢʫʪ jo ʜʣʷ ʚʽʜʧʦʚʽʜʥʦʾ ʜʽʣʷʥʢʠ: 

CA

CA

xx

yy

-

-
=arctan0j ,     (2.6) 

( )
( )í

ì
ë

++=

++=

iRSiny]i[Y

iRCosx]i[X

OO

OO

dj

dj
,   (2.7) 

      

 

ʜʝ ŭ=h/R - ʢʨʦʢ ʚʟʜʦʚʞ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʢʫʪʘ. 

ʈʦʟʨʘʭʫʥʦʢ ʚʠʢʦʥʫʻʪʴʩʷ ʜʦ ʫʤʦʚʠ i ¢ imax:  

 

ö
ö

÷

õ

æ
æ

ç

å

öö
÷

õ
ææ
ç

å
-

-

-
= dj /

xx

yy
arctanroundi 0

CB

CB
max .   (2.8) 
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ʇʝʨʰʠʤ ʝʪʘʧʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʻ 

ʩʪʚʦʨʝʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʪʘ ʾʭ ʨʝʘʣʽʟʘʮʽʷ ʫ ʚʠʛʣʷʜʽ ʤʦʜʫʣʽʚ ʧʨʠʢʣʘʜʥʦʾ ʧʨʦʛʨʘʤʠ. 

ʂʣʶʯʦʚʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʧʨʦʛʨʘʤʠ ʻ ʤʦʜʫʣʴ ʟʯʠʪʫʚʘʥʥʷ ʚʠʭʽʜʥʦʾ ʫʧʨʘʚʣʷʶʯʦʾ 

ʧʨʦʛʨʘʤʠ ʜʣʷ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ ʫ ʬʦʨʤʘʪʽ G-ʢʦʜʽʚ. ʋ ʮʴʦʤʫ ʤʦʜʫʣʽ çʩʣʦʚʘè ʪʘ 

ʩʠʤʚʦʣʠ, ʟʘʧʠʩʘʥʽ ʚ ʧʨʦʛʨʘʤʽ, ʘʥʘʣʽʟʫʶʪʴʩʷ ʪʘ ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʥʘ ʛʝʦʤʝʪʨʠʯʥʽ 

ʦʙôʻʢʪʠ: ʧʨʷʤʽ ʣʽʥʽʾ ʘʙʦ ʜʫʛʠ ʢʦʣʘ, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ ʩʧʨʷʤʦʚʘʥʽ ʟʘ ʛʦʜʠʥʥʠʢʦʚʦʶ 

ʩʪʨʽʣʢʦʶ ʯʠ ʧʨʦʪʠ ʥʝʾ. ʂʦʞʥʦʤʫ ʦʙôʻʢʪʫ ʧʨʠʩʚʦʶʶʪʴʩʷ ʘʪʨʠʙʫʪʠ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʘʨʘʤʝʪʨʘʤ, ʟʘʟʥʘʯʝʥʠʤ ʫ G-ʢʦʜʘʭ, ʚʢʣʶʯʘʶʯʠ ʢʦʦʨʜʠʥʘʪʠ, ʨʘʜʽʫʩ 

ʽ ʥʘʧʨʷʤʦʢ ʨʫʭʫ [82]. 

ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ ʩʪʚʦʨʝʥʦ ʧʝʨʰʠʡ ʤʦʜʫʣʴ ï 

ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʠʡ ʜʝʤʦʥʩʪʨʫʻ ʩʚʦʶ ʬʫʥʢʮʽʦʥʘʣʴʥʽʩʪʴ ʥʘ ʧʨʠʢʣʘʜʽ 

ʨʦʟʨʘʭʫʥʢʫ ʮʠʬʨʦʚʦʛʦ ʤʘʩʠʚʫ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʧʨʠʟʥʘʯʝʥʦʾ ʜʣʷ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʢʦʥʪʫʨʫ. ʊʘʢʘ ʪʨʘʻʢʪʦʨʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʧʨʷʤʠʭ ʜʽʣʷʥʦʢ ʽ 

ʩʧʨʷʞʝʥʠʭ ʜʫʛ ʢʦʣʘ, ʷʢʽ ʩʧʦʣʫʯʘʶʪʴʩʷ ʤʽʞ ʩʦʙʦʶ. ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ 

ʧʨʦʛʨʘʤʠ ʚʠʢʦʨʠʩʪʘʥʦ ʧʨʦʙʥʫ ʚʝʨʩʽʶ CAM-ʩʠʩʪʝʤʠ SolidCAM [83]. 

ʋʟʘʛʘʣʴʥʝʥʠʡ ʘʣʛʦʨʠʪʤ, ʟʘ ʷʢʠʤ ʧʨʘʮʶʻ ʧʨʠʢʣʘʜʥʘ ʧʨʦʛʨʘʤʘ, ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 2.2. ʋʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʚ G-ʢʦʜʘʭ, ʟʘʚʘʥʪʘʞʫʻʪʴʩʷ, ʷʢ ʪʝʢʩʪʦʚʠʡ ʬʘʡʣ 

(*.txt). ɺ ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤʘʭ ʜʣʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʷʢ ʟʘ ʧʨʘʚʠʣʦ, 

ʤʽʩʪʷʪʴʩʷ ʢʦʜʠ ʧʨʷʤʦʾ (G01) ʘʙʦ/ʪʘ ʜʫʛʠ ʢʦʣʘ (G02, G03). ʇʨʠ ʚʠʷʚʣʝʥʥʽ ʮʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʢʦʞʝʥ ʨʷʜʦʢ ʬʘʡʣʫ ʧʝʨʝʚʽʨʷʶʪʴ ʥʘ ʥʘʷʚʥʽʩʪʴ, ʘʙʦ ʚʽʜʩʫʪʥʽʩʪʴ 

ʪʝʢʩʪʦʚʠʭ ʟʤʽʥʥʠʭ (str) ʽ ʫ ʚʠʧʘʜʢʫ, ʷʢʱʦ ʚʦʥʠ ʟʥʘʡʜʝʥʽ, ʧʨʦʚʦʜʷʪʴ 

ʽʜʝʥʪʠʬʽʢʘʮʽʶ ʟʘ ʬʦʨʤʦʶ ʪʨʘʻʢʪʦʨʽʾ, ʷʢʱʦ ʥʽ, ʪʦʜʽ ʧʝʨʝʚʽʨʷʻʪʴʩʷ ʥʘʩʪʫʧʥʠʡ 

ʨʷʜʦʢ, ʰʣʷʭʦʤ ʜʦʜʘʚʘʥʥʷ ʜʦ ʥʦʤʝʨʫ k ʽ ʪ.ʜ. ʌʫʥʢʮʽʦʥʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʫ 

ʚʚʘʞʘʻʪʴʩʷ ʟʘʢʽʥʯʝʥʠʤ ʧʨʠ ʫʤʦʚʽ k>N, ʜʝ N ï ʢʽʣʴʢʽʩʪʴ ʨʷʜʢʽʚ ʫ ʬʘʡʣʽ. ʇʨʠ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʨʷʤʦʾ, ʧʨʦʭʦʜʠʪʴ ʚʠʟʥʘʯʝʥʥʷ ʥʘʩʪʫʧʥʠʭ ʢʦʦʨʜʠʥʘʪ: ʧʦʯʘʪʢʫ xA[ j], 

yA[ j]  ʪʘ ʢʽʥʮʷ xB[ j], yB[ j], ʢʦʣʠ ʜʫʛʘ ʢʦʣʘ, ʪʦ ʜʘʥʽ ʜʦʧʦʚʥʶʶʪʴ ʨʘʜʽʫʩʦʤ R[j]. ɼʝ j 

ï ʥʦʤʝʨ ʽʜʝʥʪʠʬʽʢʦʚʘʥʦʾ ʜʽʣʷʥʢʠ ʪʨʘʻʢʪʦʨʽʾ [83].  
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ʇʝʨʝʚʽʨʢʘ ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʭ 

ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ  

Str=G01 or G02 

or G03? 

Str=ôG01ô? 

ʂʦʦʨʜʠʥʘʪʠ ʧʦʯʘʪʢʫ 

xA[j],y A[j]  ʽ ʢʽʥʮʷ 

xB[j],y B[j]  ʧʨʷʤʦʾ 

ʂʽʥʝʮʴ 

k=k+1 

ʪʘʢ ʥ ̔

ʪʘʢ ʥ ̔

ʂʦʦʨʜʠʥʘʪʠ ʧʦʯʘʪʢʫ 

xA[j],y A[j] , ʢʽʥʮʷ 

xB[j],y B[j]  ʽ ʨʘʜʽʫʩʫ 

R[j] ʜʫʛʠ 

ɿʘʚʘʥʪʘʞʝʥʥʷ G-ʢʦʜʽʚ 

ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ 

ʇʦʯʘʪʦʢ 

k>N? 

ʈʦʟʨʘʭʫʥʦʢ ʤʘʩʠʚʫ 

x[j ,i],y[j ,i]   

ʪʘʢ ʥ ̔

j=j+1  

 

ʈʠʩʫʥʦʢ 2.2 ï ɸʣʛʦʨʠʪʤ ʧʨʦʛʨʘʤʠ [83] 

 

ʅʘ (ʨʠʩ. 2.3, ʘ) ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦ ʟʘʢʽʥʯʝʥʥʶ ʘʥʽʤʘʮʽʾ ʩʧʨʦʻʢʪʦʚʘʥʦʾ 

ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ. ʌʨʝʟʝʨʫʚʘʥʥʷ ʢʦʥʪʫʨʫ 1 ʜʝʪʘʣʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟ 

ʧʨʷʤʦʢʫʪʥʦʾ ʟʘʛʦʪʦʚʢʠ 2 ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʨʝʟʠ 3. ʊʨʘʻʢʪʦʨʽʷ ʨʫʭʫ ʬʨʝʟʠ ʷʢ 

ʨʦʙʦʯʘ, ʪʘʢ ʽ ʭʦʣʦʩʪʘ ʧʦʟʥʘʯʝʥʽ ʣʽʥʽʷʤʠ 4. ʉʧʨʦʻʢʪʦʚʘʥʫ ʫ ʉɸʄ-ʩʠʩʪʝʤʽ 

SolidCAM ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʫ G-ʢʦʜʘʭ ʙʫʣʦ ʟʘʚʘʥʪʘʞʝʥʦ ʫ ʨʦʟʨʦʙʣʝʥʫ 

ʧʨʦʛʨʘʤʫ ʫ ʚʠʜʽ ʪʝʢʩʪʦʚʦʛʦ ʬʘʡʣʫ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʩʪʚʦʨʝʥʦ ʬʘʡʣ ʚ ʷʢʦʤʫ ʟʜʽʡʩʥʝʥʦ 

ʟʘʧʠʩ ʨʦʟʨʘʭʦʚʘʥʠʭ ʮʠʬʨʦʚʠʭ ʤʘʩʠʚʽʚ ʬʦʨʤʦʫʪʚʦʨʶʶʯʠʭ ʪʨʘʻʢʪʦʨʽʡ. ɼʣʷ 
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ʚʝʨʠʬʽʢʘʮʽʾ ʪʘʢʽ ʤʘʩʠʚʠ ʧʦʢʘʟʘʥʽ ʚ ʛʨʘʬʽʯʥʦʤʫ ʚʠʜʽ ʚ ʘʥʘʣʦʛʽʯʥʽʡ ʩʠʩʪʝʤʽ 

ʢʦʦʨʜʠʥʘʪ (ʨʠʩ.2.3, ʙ) [83].  

 

3 1 

2 

X 

Y 

4 

X 

Y 

 

ʘ)      ʙ) 

ʈʠʩʫʥʦʢ 2.3 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ: a) ʉɸʄ-ʩʠʩʪʝʤʘ SolidCAM;  

ʙ) ʪʨʘʻʢʪʦʨʽʾ ʟʘ ʩʧʨʦʻʢʪʦʚʘʥʠʤʠ ʮʠʬʨʦʚʠʤʠ ʤʘʩʠʚʘʤʠ [83] 

 

ʇʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʽʟ ʪʨʘʻʢʪʦʨʽʷʤʠ, ʟʘʧʠʩʘʥʠʤʠ ʚ ʫʧʨʘʚʣʷʶʯʫ 

ʧʨʦʛʨʘʤʫ, ʧʽʜʪʚʝʨʜʞʫʻ ʾʾ ʢʦʨʝʢʪʥʝ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ.  

ɼʣʷ ʚʠʢʦʥʘʥʥʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦ 

ʩʪʚʦʨʠʪʠ ʮʠʬʨʦʚʽ ʤʘʩʠʚʠ ʪʦʯʦʢ, ʱʦ ʦʧʠʩʫʶʪʴ ʢʦʥʪʫʨʠ ʜʝʪʘʣʽ ʪʘ ʟʘʛʦʪʦʚʢʠ. ʎʽ 

ʤʘʩʠʚʠ ʬʦʨʤʫʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʛʝʦʤʝʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ 

ʧʨʠʧʫʩʢʫ, ʟʦʢʨʝʤʘ ʜʽʘʤʝʪʨʘ ʬʨʝʟʠ ʽ ʛʣʠʙʠʥʠ ʨʽʚʥʦʚʽʜʜʘʣʝʥʦʛʦ ʰʘʨʫ ʧʨʠʧʫʩʢʫ. 

ʉʪʚʦʨʝʥʥʷ ʤʘʩʠʚʫ ʢʦʥʪʫʨʫ ʜʝʪʘʣʽ (Xd, Yd): 

 

í
ì
ë

-=

-=

im

im

CosR]i[Y]i[Yd

SinR]i[X]i[Xd

a

a
,    (2.9) 

 

ʜʝ Rm - ʨʘʜʽʫʩ ʬʨʝʟʠ, Ŭi - ʢʫʪ ʥʘʭʠʣʫ ʢʦʥʪʫʨʫ. 

ʊʘ ʟʘʛʦʪʦʚʢʠ (Xw, Yw), ʷʢ ʝʢʚʽʜʠʩʪʘʥʪʥʠʡ ʢʦʥʪʫʨ ʜʦ ʪʨʘʻʢʪʦʨʽʾ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ: 
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í
ì
ë

+=

+=

i

i

HCos]i[Yd]i[Yw

HSin]i[Xd]i[Xw

a

a
,    (2.10) 

 

ʜʝ H ï ʧʨʠʧʫʩʢ. 

ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʽ ʧʨʦʛʨʘʤ ʩʪʚʦʨʝʥʦ ʥʦʚʫ ʧʨʠʢʣʘʜʥʫ 

ʧʨʦʛʨʘʤʫ ʚ ʩʝʨʝʜʦʚʠʱʽ ʦʙôʻʢʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ (ʨʠʩ. 2.4), ʷʢʘ 

ʘʚʪʦʤʘʪʠʟʫʻ ʨʦʟʨʘʭʫʥʦʢ ʫʩʽʭ ʥʝʦʙʭʽʜʥʠʭ ʤʘʩʠʚʽʚ. ʋʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʤʦʞʥʘ 

ʟʘʚʘʥʪʘʞʠʪʠ ʯʝʨʝʟ ʢʦʤʘʥʜʫ çɿʘʚʘʥʪʘʞʠʪʠ G-ʢʦʜʠè ʫ ʛʦʣʦʚʥʦʤʫ ʽʥʪʝʨʬʝʡʩʽ.  

 

ʈʠʩʫʥʦʢ 2.4 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʧʦʯʘʪʢʫ ʧʨʦʮʝʩʫ [81] 

 

ʆʪʞʝ, ʩʪʚʦʨʝʥʥʷ ʮʠʬʨʦʚʠʭ ʤʘʩʠʚʽʚ ʪʨʘʻʢʪʦʨʽʡ ʬʦʨʤʦʫʪʚʦʨʶʶʯʠʭ ʨʫʭʽʚ ʪʘ 

ʢʦʥʪʫʨʫ ʟʘʛʦʪʦʚʢʠ ʽ ʜʝʪʘʣʽ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʟʜʽʡʩʥʠʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. ɼʝ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʙʫʜʝ ʨʝʘʣʽʟʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʚʟʘʻʤʦʜʽʾ ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʦʶ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʧʨʦʮʝʩʫ, 

ʧʽʜ ʯʘʩ ʟʤʽʥʠ ʢʦʦʨʜʠʥʘʪ ʮʝʥʪʨʫ ʬʨʝʟʠ ʟʘ ʨʦʟʨʘʭʦʚʘʥʠʤʠ ʮʠʬʨʦʚʠʤʠ ʤʘʩʠʚʘʤʠ 

ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ʆʩʢʽʣʴʢʠ ʟʘʟʥʘʯʝʥʽ ʤʘʩʠʚʠ, ʩʪʚʦʨʝʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, ʷʢʘ ʙʫʜʝ ʚ ʧʦʜʘʣʴʰʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʧʨʠ 

ʬʨʝʟʝʨʫʚʘʥʥʽ ʢʦʥʪʫʨʫ ʥʘ ʚʝʨʩʪʘʪʽ, ʟôʷʚʣʷʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʟʜʽʡʩʥʠʪʠ ʫʧʨʘʚʣʽʥʥʷ 

ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ (ʧʦʜʘʯʝʶ ʪʘ/ʘʙʦ ʯʘʩʪʦʪʦʶ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ ʨʘʟʦʤ), ʷʢʝ ʟʘ 
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ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʦʢʨʝʤʽʡ ʧʨʠʢʣʘʜʥʽʡ ʧʨʦʛʨʘʤʽ ʟʘʙʝʟʧʝʯʠʪʴ 

ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʟ ʤʦʞʣʠʚʽʩʪʶ ʧʦʜʘʣʴʰʦʛʦ ʟʜʽʡʩʥʝʥʥʷ ʡʦʛʦ ʦʧʪʠʤʽʟʘʮʽʾ. 

 

2.2. ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʋʩʽ ʦʪʨʠʤʘʥʽ ʜʘʥʽ ʻ ʥʝʦʙʭʽʜʥʠʤʠ ʡ ʜʦʩʪʘʪʥʽʤʠ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. ʋ ʭʦʜʽ ʤʦʜʝʣʶʚʘʥʥʷ, ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʚʟʘʻʤʦʜʽʾ ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʦʶ, ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʟʘʟʜʘʣʝʛʽʜʴ ʩʪʚʦʨʝʥʽ ʮʠʬʨʦʚʽ 

ʤʘʩʠʚʠ. ʈʦʟʨʘʭʫʥʢʠ ʟʜʽʡʩʥʶʶʪʴʩʷ ʜʣʷ ʢʦʞʥʦʾ ʪʦʯʢʠ ʤʘʩʠʚʫ, ʱʦ ʦʧʠʩʫʻ 

ʪʨʘʻʢʪʦʨʽʶ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʦʟʨʦʙʣʝʥʦʛʦ ʘʣʛʦʨʠʪʤʫ (ʜʠʚ. ʨʠʩ. 

2.5). ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʩʪʽʡʥʠʭ ʟʤʽʥ ʫ ʢʦʥʬʽʛʫʨʘʮʽʾ ʟʘʛʦʪʦʚʢʠ, ʾʾ ʢʦʥʪʫʨ ʥʘ 

ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʷʢ ʣʽʥʽʷ, ʱʦ ʚʢʣʶʯʘʻ: ʦʙʨʦʙʣʝʥʠʡ 

ʢʦʥʪʫʨ, ʢʦʥʪʫʨ ʯʘʩʪʠʥʠ ʧʦʚʝʨʭʥʽ ʬʨʝʟʠ, ʘ ʪʘʢʦʞ ʬʘʢʪʠʯʥʠʡ ʢʦʥʪʫʨ ʟʘʛʦʪʦʚʢʠ, 

ʫʪʚʦʨʝʥʠʡ ʥʘ ʧʦʧʝʨʝʜʥʴʦʤʫ ʧʨʦʭʦʜʽ. ʅʘ ʦʩʥʦʚʽ ʮʠʭ ʜʘʥʠʭ, ʨʦʟʨʘʭʫʥʦʢ ʢʫʪʘ ʜʫʛʠ 

ʨʽʟʘʥʥʷ ʥʘ ʢʦʞʥʦʤʫ ʝʪʘʧʽ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ [82]: 
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-
=j ,  (2.11) 

 

ʜʝ X[i], Y[i]  ï ʢʦʦʨʜʠʥʘʪʠ ʨʽʚʥʦʚʽʜʜʘʣʝʥʠʭ ʪʦʯʦʢ; ʟʥʘʢ ç+è, ʢʦʣʠ xS<X[i]  ʽ 

xE>X[i] , ʟʥʘʢ ç-è ʫ ʧʨʦʪʠʣʝʞʥʦʤʫ ʚʠʧʘʜʢʫ. 

ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʘʻ ʟʤʦʛʫ ʥʘ ʢʦʞʥʦʤʫ ʝʪʘʧʽ ʤʦʜʝʣʶʚʘʥʥʷ ʦʮʽʥʶʚʘʪʠ ʧʨʦʮʝʩ 

ʨʽʟʘʥʥʷ ʟʘ ʧʘʨʘʤʝʪʨʘʤʠ ʢʫʪʘ ʜʫʛʠ ʨʽʟʘʥʥʷ ű ʪʘ ʽʥʰʠʤʠ ʢʣʶʯʦʚʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʟʦʢʨʝʤʘ ʰʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʡ ʩʠʣʦʶ 

ʨʽʟʘʥʥʷ. 

ɺʠʟʥʘʯʝʥʥʷ ʘʥʘʣʦʛʘ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʚʠʢʦʥʫʻʪʴʩʷ 

ʟʘ ʟʘʣʝʞʥʦʩʪʷʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʟ ʘʥʘʣʽʟʫ ʛʝʦʤʝʪʨʠʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʬʨʝʟʠ ʪʘ 

ʟʘʛʦʪʦʚʢʠ, ʷʢ ʧʣʦʱʘ ʬʽʛʫʨʠ A1B1A2B2, ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʧʨʠ ʧʝʨʝʤʽʱʝʥʥʽ ʬʨʝʟʠ ʟʘ 

ʪʨʘʻʢʪʦʨʽʻʶ ʝʢʚʽʜʠʩʪʘʥʪʠ ʥʘ ʚʝʣʠʯʠʥʫ ʧʦʜʘʯʽ ʥʘ ʟʫʙ (ft) (ʨʠʩ. 2.5). ʆʯʝʚʠʜʥʦ, ʱʦ 
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ʧʣʦʱʘ ʪʘʢʦʾ ʬʽʛʫʨʠ ʜʦʨʽʚʥʶʻ ʧʣʦʱʽ ʬʽʛʫʨʠ A1CDA2, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ, ʷʢ 

ʨʽʟʥʠʮʷ ʧʣʦʱ ʩʝʢʪʦʨʽʚ [81]: 
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-=+= ,  (2.12) 

 

ʜʝ Rc ï ʨʘʜʽʫʩ ʢʨʠʚʠʟʥʠ ʢʦʥʪʫʨʫ, Rm ï ʨʘʜʽʫʩ ʬʨʝʟʠ, H ï ʛʣʠʙʠʥʘ ʨʽʟʘʥʥʷ. 

ɺʨʘʭʦʚʫʶʯʠ, ʱʦ ft<<Rm, ʛʣʠʙʠʥʘ ʨʽʟʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ ʯʝʨʝʟ ʢʫʪ 

ʨʽʟʘʥʥʷ ű: H=Rm(1ïʩosű), ʘ ʢʫʪ ʩʝʢʪʦʨʘ: Ŭ=ft/(RcÑRm). ʋ (2.12) ʟʥʘʢ ç ī è ʜʣʷ 

ʫʚʽʛʥʫʪʦʛʦ ʢʦʥʪʫʨʫ, ʟʥʘʢ ç + è ʜʣʷ ʦʧʫʢʣʦʛʦ ʢʦʥʪʫʨʫ [81]. 

ʋ ʨʝʟʫʣʴʪʘʪʽ ʥʝʩʢʣʘʜʥʠʭ ʘʣʛʝʙʨʘʾʯʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʙʫʣʦ ʦʪʨʠʤʘʥʦ 

ʬʦʨʤʫʣʫ ʜʣʷ ʘʥʘʣʦʛʘ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʧʣʦʱʽ ʬʽʛʫʨʠ A1B1A2B2 [81]: 

()( ) ()( )
( )mc
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22

mtmc
BABA
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fCos1RfCos1RR2
SMRR

2211 @

@ jj --
== . (2.13) 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʦʾ ʬʦʨʤʫʣʠ ʧʽʜʪʚʝʨʜʞʫʻ ʾʾ ʫʥʽʚʝʨʩʘʣʴʥʽʩʪʴ, ʦʩʢʽʣʴʢʠ ʚʩʽ 

ʧʘʨʘʤʝʪʨʠ, ʱʦ ʜʦ ʥʝʾ ʚʭʦʜʷʪʴ, ʤʦʞʫʪʴ ʙʫʪʠ ʦʙʯʠʩʣʝʥʽ ʚ ʧʨʦʮʝʩʽ ʯʠʩʝʣʴʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

 

ʘ)    ʙ) 

ʈʠʩʫʥʦʢ 2.5 ï ɺʟʘʻʤʦʜʽʷ ʬʨʝʟʠ ʪʘ ʟʘʛʦʪʦʚʢʠ: ʘ) ï ʦʙʨʦʙʢʘ ʫʚʽʛʥʫʪʦʾ ʧʦʚʝʨʭʥʽ;  

ʙ) ï ʦʙʨʦʙʢʘ ʦʧʫʢʣʦʾ ʧʦʚʝʨʭʥʽ [81] 
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ʇʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʢʦʥʪʫʨʽʚ ʟʥʘʯʝʥʥʷ RcŸÐ,, ʱʦ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʪʠʧʫ Ð/Ð ʫ ʬʦʨʤʫʣʽ (2.13). ɼʣʷ ʫʩʫʥʝʥʥʷ ʮʽʻʾ 

ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʨʘʚʠʣʦ ʃʦʧʽʪʘʣʷ, ʧʽʩʣʷ ʯʦʛʦ ʦʪʨʠʤʫʻʤʦ: 

 

()( )tmBABA fCos1RSMRR
2211

j-== ,    (2.14) 

 

ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʚʽʜʦʤʽʡ ʬʦʨʤʫʣʽ ʜʣʷ ʦʢʨʝʤʦʛʦ ʚʠʧʘʜʢʫ ʦʙʨʦʙʢʠ ʧʨʷʤʦʣʽʥʽʡʥʦʾ 

ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ. 

ʆʩʢʽʣʴʢʠ ʧʨʦʮʝʩ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘ ʩʚʦʻʶ ʧʨʠʨʦʜʦʶ ʻ ʫʨʠʚʯʘʩʪʠʤ, ʪʦ ʫʤʦʚʠ 

ʨʽʟʘʥʥʷ ʜʦʮʽʣʴʥʽʰʝ ʦʮʽʥʶʚʘʪʠ ʟʘ ʩʝʨʝʜʥʴʦʶ ʩʠʣʦʶ ʨʽʟʘʥʥʷ, ʱʦ ʢʦʨʝʣʶʻʪʴʩʷ ʟʽ 

ʰʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʥ ̫ʤʘʪʝʨʽʘʣʫ (MRR).  

ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʩʢʣʘʜʦʚʫ ʩʠʣʠ ʨʽʟʘʥʥʷ Fxy, ʷʢʘ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) [82]: 

 

( )nFxy MRRCF = ,     (2.15) 

 

ʜʝ ʢʦʝʬʽʮʽʻʥʪ CF ʽ ʧʦʢʘʟʥʠʢ n ʩʪʫʧʝʥʷ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘ ʤʝʪʦʜʠʢʦʶ, 

ʧʨʝʜʩʪʘʚʣʝʥʦʶ ʚ ʨʦʙʦʪʽ [84]. 

ʆʩʥʦʚʦʶ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR) ʧʽʜ ʯʘʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʻ ʘʣʛʦʨʠʪʤ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʚʟʘʻʤʦʜʽ ʾ

ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʦʶ (ʨʠʩ. 2.6) ʚ ʟʦʥʽ ʨʽʟʘʥʥʷ.  
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ʈʠʩʫʥʦʢ 2.6 ï ɸʣʛʦʨʠʪʤ ʚʟʘʻʤʦʜʽʾ ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʠ ʚ ʟʦʥʽ ʨʽʟʘʥʥʷ [82] 

 

ɿʛʽʜʥʦ ʟ ʘʣʛʦʨʠʪʤʦʤ, ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʤʦʜʝʣʶʚʘʥʥʷ (i ï ʥʦʤʝʨ ʢʨʦʢʫ) 

ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʥʘʯʝʥʥʷ Ri, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʚʽʜʩʪʘʥʽ ʚʽʜ ʮʝʥʪʨʫ ʬʨʝʟʠ ʜʦ ʢʦʞʥʦʾ 

ʪʦʯʢʠ ʤʘʩʠʚʫ ʢʦʥʪʫʨʫ ʟʘʛʦʪʦʚʢʠ. ʇʨʠ k=0 ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʨʽʚʥʷʥʥʷ ʟ ʨʘʜʽʫʩʦʤ 

ʬʨʝʟʠ Rm ʜʦ ʤʦʤʝʥʪʫ ʚʠʢʦʥʘʥʥʷ ʟʘʜʘʥʦʾ ʫʤʦʚʠ. ɰʾ ʚʠʢʦʥʘʥʥʷ ʘʚʪʦʤʘʪʠʯʥʦ 

ʚʠʟʥʘʯʘʻ ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʢʠ S, ʷʢʘ ʻ ʧʦʯʘʪʢʦʚʦʶ ʪʦʯʢʦʶ ʜʫʛʠ ʨʽʟʘʥʥʷ. ɼʘʣʽ, ʢʦʣʠ 

k=1, ʪʨʠʚʘʻ ʧʦʨʽʚʥʷʥʥʷ ʟ ʨʘʜʽʫʩʦʤ ʬʨʝʟʠ ʜʦ ʚʠʢʦʥʘʥʥʷ ʥʘʩʪʫʧʥʦʾ ʫʤʦʚʠ. ʎʝ 

ʜʦʟʚʦʣʷʻ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʟʥʘʯʠʪʠ ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʢʠ E, ʱʦ ʻ ʢʽʥʮʝʚʦʶ ʪʦʯʢʦʶ 

ʜʫʛʠ ʨʽʟʘʥʥʷ. 

 

i=0; k=0 

( ) ( )22
][][][][ iiiii iYwiYiXwiXR -+-=  

Ri<=Rm 

i=i+1  xS=(Xw[i] )i; 

yS=(Yw[i] )i 

k=1; i=i max 

i=i -1 

k=1 

xE=(Xw[i] )i; 

yE=(Yw[i] )i 

ʊʘʢ 

ʊʘʢ ʊʘʢ 

ʅ  ̔

ʅ  ̔ ʅ  ̔
k=0 
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ʈʠʩʫʥʦʢ 2.7 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʧʦʯʘʪʢʫ ʧʨʦʮʝʩʫ 

 

ʋ ʟʘʛʘʣʴʥʽʡ ʯʘʩʪʠʥʽ ʘʣʛʦʨʠʪʤʫ ʤʦʜʝʣʶʚʘʥʥʷ ʦʪʨʠʤʘʥʽ ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʦʢ S 

ʽ E ʧʝʨʝʜʘʶʪʴʩʷ ʢʦʥʪʫʨʫ ʟʘʛʦʪʦʚʢʠ, ʷʢʠʡ ʬʦʨʤʫʻʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʚʠʜʘʣʝʥʥʷ ʰʘʨʫ 

ʧʨʠʧʫʩʢʫ (ʜʠʚ. ʨʠʩ. 2.7) [82]. 

 

2.3 ʄʦʜʝʣʶʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʨʠ ʢʦʥʪʫʨʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ 

 

ʂʦʥʪʫʨʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘʡʤʘʻ ʚʘʞʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʦʧʝʨʘʮʽʡ ʦʙʨʦʙʢʠ ʜʝʪʘʣʝʡ, ʟʦʢʨʝʤʘ ʫ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʛʘʣʫʟʷʭ, ʪʘʢʠʭ ʷʢ 

ʘʚʽʘʮʽʡʥʘ ʪʘ ʘʚʪʦʤʦʙʽʣʴʥʘ ʧʨʦʤʠʩʣʦʚʽʩʪʴ. ʆʜʥʘʢ ʧʽʜʚʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʧʨʦʮʝʩʫ ʥʝʨʽʜʢʦ ʩʧʨʠʯʠʥʷʻ ʥʝʙʘʞʘʥʽ ʷʚʠʱʘ, ʟʦʢʨʝʤʘ ʚʽʙʨʘʮʽʾ, ʧʨʠʩʢʦʨʝʥʠʡ ʟʥʦʩ 

ʽʥʩʪʨʫʤʝʥʪʘ ʘʙʦ ʥʘʚʽʪʴ ʡʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ, ʱʦ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʷʢʽʩʪʴ 

ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ. ɻʦʣʦʚʥʦʶ ʧʨʠʯʠʥʦʶ ʪʘʢʠʭ ʧʨʦʙʣʝʤ ʻ ʩʠʣʘ ʨʽʟʘʥʥʷ, ʷʢʘ 

ʚʧʣʠʚʘʻ ʥʘ ʦʙʨʦʙʥʫ ʩʠʩʪʝʤʫ ʧʽʜ ʯʘʩ ʧʨʦʮʝʩʫ. ɺʦʥʘ ʩʧʨʠʯʠʥʷʻ ʟʤʽʥʠ ʚ ʫʤʦʚʘʭ 

ʨʽʟʘʥʥʷ, ʬʦʨʤʫʶʯʠ ʟʘʤʢʥʫʪʫ ʩʠʩʪʝʤʫ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʽʥʩʪʨʫʤʝʥʪʦʤ ʽ ʧʨʦʮʝʩʦʤ 

[85]. 

ʄʦʜʝʣʶʚʘʥʥʷ ʩʠʣ ʨʽʟʘʥʥʷ ʚʽʜʽʛʨʘʻ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʧʨʦʛʥʦʟʫʚʘʥʥʽ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ. ʎʝ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ 

ʦʧʝʨʘʮʽʡ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʜʝ ʫʤʦʚʠ ʨʽʟʘʥʥʷ ʧʦʩʪʽʡʥʦ ʟʤʽʥʶʶʪʴʩʷ 



65 
 

ʟʘʣʝʞʥʦ ʚʽʜ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ʉʠʣʘ ʨʽʟʘʥʥʷ ʻ ʚʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ, ʱʦ 

ʚʧʣʠʚʘʻ ʥʘ ʷʢʽʩʪʴ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ, ʪʦʤʫ ʾʾ ʪʦʯʥʝ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʤʘʻ ʢʣʶʯʦʚʝ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʥʘʣʝʞʥʠʭ ʫʤʦʚ ʦʙʨʦʙʢʠ, ʦʩʦʙʣʠʚʦ ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ ʟ ʪʦʥʢʦʩʪʽʥʥʠʤʠ ʜʝʪʘʣʷʤʠ ʪʘ 

ʤʘʪʝʨʽʘʣʘʤʠ ʽʟ ʤʘʣʦʶ ʞʦʨʩʪʢʽʩʪʶ [85]. 

ʈʦʟʨʦʙʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʷʢʘ ʜʦʟʚʦʣʷʻ ʧʝʨʝʜʙʘʯʘʪʠ ʟʥʘʯʝʥʥʷ ʩʠʣ 

ʨʽʟʘʥʥʷ ʪʘ ʾʾ ʩʢʣʘʜʦʚʽ ʟʘ ʦʩʷʤʠ, ʻ ʢʣʶʯʦʚʠʤ ʝʪʘʧʦʤ ʫ ʤʦʜʝʣʶʚʘʥʥʽ ʧʨʦʮʝʩʫ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. ʊʘʢʘ ʤʦʜʝʣʴ ʟʘʙʝʟʧʝʯʠʪʴ ʪʦʯʥʝ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʠʣ 

ʨʽʟʘʥʥʷ, ʱʦ ʻ ʦʩʥʦʚʦʶ ʜʣʷ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ, ʧʽʜʚʠʱʝʥʥʷ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ ʪʘ ʷʢʦʩʪʽ ʦʙʨʦʙʣʝʥʠʭ ʜʝʪʘʣʝʡ.  

 

2.3.1 ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʚʠʟʥʘʯʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ  

 

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʧʦʚʠʥʥʘ ʙʫʪʠ ʧʦʙʫʜʦʚʘʥʘ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʤʝʭʘʥʽʩʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʨʦʟʨʘʭʫʥʢʫ ʩʠʣʠ ʨʽʟʘʥʥʷ ʰʣʷʭʦʤ 

ʚʠʟʥʘʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʝʜʝʬʦʨʤʦʚʘʥʦʾ ʩʪʨʫʞʢʠ ʢʦʞʥʠʤ ʟʫʙʦʤ ʧʦ 

ʜʦʚʞʠʥʽ ʡʦʛʦ ʨʽʟʘʥʥʷ. ʇʨʦʧʦʥʫʻʪʴʩʷ ʩʢʣʘʩʪʠ ʤʦʜʝʣʴ ʛʝʦʤʝʪʨʠʯʥʠʤʠ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ ʩʭʝʤʠ ʥʘ ʨʠʩʫʥʢʫ 2.8, ʜʝ ʧʦʢʘʟʘʥʦ ʨʦʟʛʦʨʥʝʥʥʷ ʣʝʟ ʬʨʝʟʠ 

ʚʟʜʦʚʞ ʦʩʴʦʚʦʾ ʢʦʦʨʜʠʥʘʪʠ [85]. 
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ʈʠʩʫʥʦʢ 2.8 ï ʉʭʝʤʘ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʟʘʯʝʧʣʝʥʥʷ ʟʫʙʽʚ ʬʨʝʟʠ ʪʘ 

ʟʘʛʦʪʦʚʢʠ [85] 

ʅʘ ʩʭʝʤʽ ʧʦʢʘʟʘʥʦ ʧʦʣʦʞʝʥʥʷ ʨʽʟʘʣʴʥʠʭ ʢʨʦʤʦʢ ʬʨʝʟʠ, ʷʢʘ ʤʘʻ ʯʦʪʠʨʠ ʟʫʙʘ 

ʧʦ ʰʠʨʠʥʽ ʨʽʟʘʥʥʷ B - ʣʽʥʽʾ 1, 2, 3 ʽ 4. ʃʝʟʘ ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ ʟʘʛʦʪʦʚʢʦʶ ʚ ʜʽʘʧʘʟʦʥʽ 

ʜʫʛʠ ʨʽʟʘʥʥʷ [85]: 

HR

R
arccos

m

m
max

-
=j ,    (2.16) 

ʜʝ Rm - ʨʘʜʽʫʩ ʬʨʝʟʠ; H - ʛʣʠʙʠʥʘ ʨʽʟʘʥʥʷ. 

ʅʘ ʨʦʟʛʦʨʪʮʽ ʟʦʥʘ ʦʙʤʝʞʝʥʘ ʣʽʥʽʻʶ 5 ʥʘ ʚʽʜʩʪʘʥʽ hc=RmCos(ű) ʚʽʜ ʧʦʯʘʪʢʫ 

ʨʽʟʘʥʥʷ.  

ʇʦʣʦʞʝʥʥʷ ʟʫʙʽʚ ʥʘ ʨʦʟʛʦʨʪʮʽ ʟʤʽʥʠʪʴʩʷ, ʢʦʣʠ ʬʨʝʟʘ ʙʫʜʝ ʧʦʚʝʨʥʫʪʘ ʥʘ ʢʫʪ 

ű, ʘ ʨʽʟʘʣʴʥʽ ʢʨʦʤʢʠ ʚʠʟʥʘʯʘʶʪʴʩʷ ʚʽʜʩʪʘʥʥʶ ʚʽʜ ʣʽʥʽʾ ɸ-ɸ ʧʦʯʘʪʢʫ ʟʘʛʦʪʦʚʢʠ ʧʦ 

ʰʠʨʠʥʽ ɺ [85]: 

( ) ()bjjj tg/Rjb mmaxzj -+= ,    (2.17) 
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ʜʝ űz ï ʢʫʪ ʤʽʞ ʟʫʙʮʷʤʠ ʬʨʝʟʠ; ɓ ï ʛʚʠʥʪʦʚʠʡ ʢʫʪ ʥʘʭʠʣʫ ʢʘʥʘʚʦʢ; j ï 

ʢʽʣʴʢʽʩʪʴ ʟʫʙʮʽʚ. 

ʅʘ ʨʠʩʫʥʢʫ 2.7 ʪʘʢʽ ʚʽʜʩʪʘʥʽ ʜʣʷ ʬʨʝʟʠ ʟ ʯʦʪʠʨʤʘ ʟʫʙʘʤʠ ʧʦʟʥʘʯʝʥʽ b1, b2, b3 

ʽ b4. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʪʘ ʾʾ ʩʢʣʘʜʦʚʠʭ ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʬʦʨʤʫʣʠ ʯʠʩʝʣʴʥʦʛʦ ʽʥʪʝʛʨʫʚʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʦʢʨʫʞʥʘ ʩʠʣʘ ʨʽʟʘʥʥʷ ʤʦʞʝ 

ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ ʷʢ ʩʫʤʘ ʩʠʣ, ʱʦ ʜʽʶʪʴ ʥʘ ʨʽʟʘʣʴʥʽ ʢʨʦʤʢʠ ʽ ʟʘ ʢʦʞʥʦʶ ʢʨʦʤʢʦʶ 

ʥʘ ʝʣʝʤʝʥʪʘʨʥʠʭ ʚʽʜʩʪʘʥʷʭ ŭB ʪʘ ʾʾ ʩʢʣʘʜʦʚʠʭ ʧʦ ʦʩʷʭ ʢʦʦʨʜʠʥʘʪ [85]: 

() ( )bgjjd --+= ää
=

jCosBaCF zi

kn

i

iP

z

j

y

1
,  (2.18) 

() ( )bgjjd --+= ää
=

jSinBaCF zi

kn

1i

iP

z

j

x ,  (2.19) 

ʜʝ ʉP, k ï ʝʤʧʽʨʠʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʪʘ ʝʢʩʧʦʥʝʥʪʠ; ai ï ʪʦʚʱʠʥʘ ʩʪʨʫʞʢʠ ʥʘ 

ʜʽʣʷʥʮʽ ʟʫʙʘ ʬʨʝʟʠ; ŭBi ï ʰʠʨʠʥʘ ʝʣʝʤʝʥʪʘʨʥʦʾ ʜʽʣʷʥʢʠ; ɔ ï ʧʝʨʝʜʥʽʡ ʢʫʪ 

ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ; z ï ʢʽʣʴʢʽʩʪʴ ʨʽʟʘʣʴʥʠʭ ʢʨʦʤʦʢ; n ï ʢʽʣʴʢʽʩʪʴ ʜʽʣʷʥʦʢ ʧʦ ʰʠʨʠʥʽ 

ʬʨʝʟʝʨʫʚʘʥʥʷ. 

ɿʘ ʥʘʚʝʜʝʥʦʶ ʥʠʞʯʝ ʬʦʨʤʫʣʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʦʚʱʠʥʘ ʩʪʨʫʞʢʠ ʥʘ ʢʦʞʥʽʡ 

ʜʽʣʷʥʮʽ: 

iti Sinfa j= ,     (2.20) 

ʜʝ ft - ʧʦʜʘʯʘ ʥʘ ʟʫʙ ʬʨʝʟʠ; űi - ʢʫʪ ʜʫʛʠ ʨʽʟʘʥʥʷ ʫ ʚʽʜʧʦʚʽʜʥʦʤʫ ʧʝʨʝʨʽʟʽ. 

ʊʫʪ ʫʤʦʚʥʦ, ʟ ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ, ʜʫʛʘ ʨʽʟʘʥʥʷ ʟʘʤʽʥʶʻʪʴʩʷ ʜʫʛʦʶ ʢʦʣʘ 

ʨʘʜʽʫʩʦʤ Rm ʬʨʝʟʠ. ʊʦʤʫ ʚʝʣʠʯʠʥʘ ʢʫʪʘ ʜʫʛʠ ʨʽʟʘʥʥʷ ʚ ʢʦʞʥʦʤʫ ʧʝʨʝʨʽʟʽ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʫʪʘ ʧʦʚʦʨʦʪʫ ʬʨʝʟʠ. ʈʝʞʠʤ ʨʽʟʘʥʥʷ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ 

ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ: 

s

t
zn

f
f =

,  (2.21) 

ʜʝ f ï ʧʦʜʘʯʘ ʭʚʠʣʠʥʥʘ; ns ï ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʬʨʝʟʠ. ɽʤʧʽʨʠʯʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʉP ʪʘ ʝʢʩʧʦʥʝʥʪʘ k ʚ ʬʦʨʤʫʣʘʭ (2.18) ʪʘ (2.19) ʟʘʣʝʞʘʪʴ ʚʽʜ ʤʘʪʝʨʽʘʣʫ 
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ʟʘʛʦʪʦʚʢʠ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʘʜʝʢʚʘʪʥʦʩʪʽ ʮʽ ʜʘʥʽ ʤʦʞʫʪʴ ʙʫʪʠ ʩʢʦʨʠʛʦʚʘʥʽ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʛʝʦʤʝʪʨʽʾ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ. 

ʆʩʢʽʣʴʢʠ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʧʝʨʝʜʙʘʯʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʯʠʩʝʣʴʥʠʭ 

ʤʝʪʦʜʽʚ, ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ (ʨʠʩ. 2.9), ʷʢʠʡ ʻ 

ʦʩʥʦʚʦʶ ʧʨʠʢʣʘʜʥʦʾ ʧʨʦʛʨʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ. ɸʣʛʦʨʠʪʤ ʩʧʨʷʤʦʚʫʻ ʨʦʟʨʘʭʫʥʢʠ 

ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʧʦʟʥʘʯʢʠ ʚʽʜʩʪʘʥʽ b ʫ ʜʚʦʭ ʥʘʧʨʷʤʢʘʭ, ʜʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʬʦʨʤʫʣʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʘʣʝ ʟ ʨʽʟʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ 

ʧʘʨʘʤʝʪʨʽʚ [85]. 

ɸʣʛʦʨʠʪʤ ʟʘʙʝʟʧʝʯʫʻ ʤʦʜʝʣʶʚʘʥʥʷ ʬʨʝʟʝʨʫʚʘʥʥʷ ʷʢ ʧʦʧʫʪʥʝ, ʪʘʢ ʽ 

ʟʫʩʪʨʽʯʥʝ ʟ ʽʜʝʥʪʠʯʥʠʤʠ ʟʘ ʩʪʨʫʢʪʫʨʦʶ ʧʨʦʮʝʜʫʨʘʤʠ. 

 

 

ʈʝʞʠʤ ʨʽʟʘʥʥʷ, ʛʝʦʤʝʪʨʽʷ ʬʨʝʟʠ 

ʈʦʟʨʘʭʫʥʦʢ b[j], (2) 

fm: =fm+dfi 

i: =1, z 

b[i]<0 

ʅ  ̔ ʊʘʢ 

fip: =fih, B1: =B fi: =fi -dfi 

fip: =fip -dfi 

fip<0 

ʈʦʟʨʘʭʫʥʦʢ Fx[i] , 

Fy[i],  (2,3) 

ʈʦʟʨʘʭʫʥʦʢ Fx[i] , 

Fy[i],  (2,3) 

ʊʘʢ ʅ  ̔
fi<0 

ʅ  ̔ ʊʘʢ 

fip: =0; 

B1: = B1+dB 

ʅ  ̔ ʊʘʢ 
B1>B 

 

ʈʠʩʫʥʦʢ 2.9 ï ɸʣʛʦʨʠʪʤ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ [85] 
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ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʨʦʟʛʣʷʜʘʪʠ ʚʧʣʠʚ ʬʨʝʟʠ ʥʘ ʧʨʦʮʝʩ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʷʢ ʟʤʽʥʫ ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ ʟʘ ʛʘʨʤʦʥʽʡʥʠʤ ʟʘʢʦʥʦʤ [85]: 

 

()jdhSinHHh -= ,     (2.22) 

ʜʝ ŭh ï ʚʝʣʠʯʠʥʘ ʙʠʪʪʷ.  

 

ɺ ʘʣʛʦʨʠʪʤʽ ʧʨʠʡʥʷʪʽ ʣʘʪʠʥʩʴʢʽ ʧʦʟʥʘʯʝʥʥʷ ʽʜʝʥʪʠʬʽʢʘʪʦʨʽʚ ʟʤʽʥʥʠʭ 

ʟʘʤʽʩʪʴ ʛʨʝʮʴʢʠʭ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʫ ʬʦʨʤʫʣʘʭ: fm ï ʢʫʪ ʧʦʚʦʨʦʪʫ ʬʨʝʟʠ; 

dfi ï ʢʨʦʢ ʟʤʽʥʠ ʢʫʪʘ; fi ï ʢʫʪ, ʱʦ ʚʠʟʥʘʯʘʻ ʤʝʞʽ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʠ b[i]<0; fip  ï ʢʫʪ, 

ʱʦ ʚʠʟʥʘʯʘʻ ʤʝʞʽ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʠ b[i] > 0; fih  ï ʢʫʪ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʛʣʠʙʠʥʽ 

ʨʽʟʘʥʥʷ ʥʘ ʜʦʚʞʠʥʽ; dB ï ʢʨʦʢ ʨʦʟʨʘʭʫʥʢʫ ʜʦʚʞʠʥʠ ʢʨʦʤʢʠ ʥʘ ʜʦʚʞʠʥʽ. 

ɸʣʛʦʨʠʪʤ ʧʨʝʜʩʪʘʚʣʷʻ ʨʦʟʨʘʭʫʥʢʠ, ʷʢʽ ʚʠʢʦʥʫʶʪʴʩʷ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ 

ʟʫʩʪʨʽʯʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. ɸʥʘʣʦʛʽʯʥʽ ʜʽʾ ʧʝʨʝʜʙʘʯʝʥʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʨʠ ʧʦʧʫʪʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ. ɼʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʽʥʪʝʨʬʝʡʩ ʷʢʦʾ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʥʘ ʨʠʩʫʥʢʫ 2.10. ɺʠʭʽʜʥʽ ʜʘʥʽ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʨʝʞʠʤ ʨʽʟʘʥʥʷ ʽ ʧʘʨʘʤʝʪʨʠ ʬʨʝʟʠ, 

ʚʚʦʜʷʪʴʩʷ ʫ ʚʽʜʧʦʚʽʜʥʠʭ ʚʽʢʥʘʭ ʽʥʪʝʨʬʝʡʩʫ. ʄʘʪʝʨʽʘʣ ʟʘʛʦʪʦʚʢʠ ʪʘ ʽʥʩʪʨʫʤʝʥʪ 

ʚʠʙʠʨʘʶʪʴʩʷ ʟ ʚʠʧʘʜʘʶʯʦʛʦ ʩʧʠʩʢʫ ʫ ʚʽʢʥʘʭ ʚ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʚʙʫʜʦʚʘʥʦʛʦ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʦʩʮʠʣʦʛʨʘʬʘ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʚʽʢʥʽ ʚʽʨʪʫʘʣʴʥʦʛʦ 

ʦʩʮʠʣʦʛʨʘʬʘ ʧʦʩʪʫʧʦʚʦ ʟôʷʚʣʷʶʪʴʩʷ ʛʨʘʬʽʢʠ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʫʪʘ ʧʦʚʦʨʦʪʫ, ʟ ʚʠʢʦʥʘʥʥʷʤ ʨʦʟʨʘʭʫʥʢʽʚ ʥʘ ʦʩʥʦʚʽ ʟʤʽʥʠ ʢʫʪʘ 

ʧʦʚʦʨʦʪʫ ʬʨʝʟʠ. ɿʘ ʭʘʨʘʢʪʝʨʦʤ ʟʤʽʥʠ ʛʨʘʬʽʢʽʚ ʽ ʨʽʟʥʠʮʝʶ ʫ ʬʦʨʤʽ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ 

ʨʽʟʘʥʥʷ ʧʨʠ ʬʨʝʟʝʨʫʚʘʥʥʽ, ʟʫʩʪʨʽʯʥʝ ʽ ʧʦʧʫʪʥʝ, ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʙʠʪʪʷ ʬʨʝʟʠ 

[85]. 
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ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.10 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ: ʘ) ï ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʫʩʪʨʽʯʥʝ; 

ʙ) ï ʬʨʝʟʝʨʫʚʘʥʥʷ ʧʦʧʫʪʥʝ [85] 

 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʝʤʧʽʨʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʉP ʪʘ ʝʢʩʧʦʥʝʥʪʘ k ʫ ʬʦʨʤʫʣʘʭ 

ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ (2.18)-(2.19) ʚʠʟʥʘʯʘʣʠʩʷ ʟʘ ʜʦʚʽʜʢʦʚʠʤʠ ʜʘʥʠʤʠ ʽ ʙʫʣʠ 

ʘʜʘʧʪʦʚʘʥʽ ʘʥʘʣʦʛʽʯʥʦ [85]. 
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2.3.2. ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ 

 

ʆʩʪʘʪʦʯʥʝ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʧʽʜ ʯʘʩ 

ʝʢʩʧʝʨʠʤʝʥʪʫ. ɺʽʜʧʦʚʽʜʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʧʨʠ ʬʨʝʟʝʨʫʚʘʥʥʽ 

ʟʘʛʦʪʦʚʢʠ ʟʽ ʩʪʘʣʽ 50 ʢʽʥʮʝʚʦʶ ʬʨʝʟʦʶ Ï12 ʤʤ, ʤʘʪʝʨʽʘʣ ʈ6ʄ5 ʟ ʧʦʢʨʠʪʪʷʤ 

TiAlCrN, ʪʚʝʨʜʽʩʪʴ HRC 65. ʌʨʝʟʘ ʤʘʻ ʯʦʪʠʨʠ ʩʧʽʨʘʣʴʥʽ ʢʘʥʘʚʢʠ ʟ ʥʘʭʠʣʦʤ 45Á. 

ɿʘʛʦʪʦʚʢʘ ʙʫʣʘ ʟʘʢʨʽʧʣʝʥʘ ʥʘ ʩʪʦʣʽ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʜʠʥʘʤʦʤʝʪʨʘ MCS 10-005-

3C ʥʽʤʝʮʴʢʦʾ ʬʽʨʤʠ HBM (ʨʠʩ. 2.11) [85]. 

 

ʈʠʩʫʥʦʢ 2.11 ï ʈʦʙʦʯʘ ʟʦʥʘ ʝʢʩʧʝʨʠʤʝʥʪʫ[85] 

 

ʊʨʠʢʦʤʧʦʥʝʥʪʥʽ ʜʠʥʘʤʦʤʝʪʨʠʯʥʽ ʜʘʪʯʠʢʠ ʧʽʜʢʣʶʯʝʥʽ ʜʦ ʧʽʜʩʠʣʶʚʘʯʽʚ 

HBM ClipX BM40, ʧʽʜôʻʜʥʘʥʠʭ ʜʦ ʇʂ ʟ ʚʽʜʧʦʚʽʜʥʠʤ ʧʨʦʛʨʘʤʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ 

ʜʣʷ ʟʘʧʠʩʫ ʩʠʛʥʘʣʽʚ. ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʥʘ ʚʝʨʩʪʘʪʽ XYZ VMC 1010 ʟ 

ʩʠʩʪʝʤʦʶ ʏʇʂ Siemens 810D. ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʧʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʟʘʛʦʪʦʚʢʠ ʟ ʯʘʩʪʦʪʦʶ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ 900 ʦʙ/ʭʚ ʽ 420 ʦʙ/ʭʚ. ʇʨʠʯʦʤʫ 

ʰʠʨʠʥʘ ʽ ʛʣʠʙʠʥʘ ʬʨʝʟʝʨʫʚʘʥʥʷ ʛʘʨʘʥʪʫʚʘʣʠ ʦʜʥʦʯʘʩʥʝ ʨʽʟʘʥʥʷ ʜʝʢʽʣʴʢʦʤʘ 

ʨʽʟʘʣʴʥʠʤʠ ʢʨʦʤʢʘʤʠ ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʘʜʝʢʚʘʪʥʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʩʪʚʦʨʝʥʦʛʦ 

ʘʣʛʦʨʠʪʤʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʪʠʭ ʞʝ ʨʝʞʠʤʘʭ [85]. 
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ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʽ ʤʦʜʝʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

ʦʙʠʜʚʘ ʮʠʬʨʦʚʽ ʬʘʡʣʠ ʙʫʣʠ ʟʘʚʘʥʪʘʞʝʥʽ ʚ ʩʧʝʮʽʘʣʴʥʫ ʧʨʦʛʨʘʤʫ, ʚ ʷʢʽʡ ʰʣʷʭʦʤ 

ʟʤʽʥʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʦʩʮʠʣʦʛʨʘʤ ʥʘ ʥʝʦʙʭʽʜʥʠʡ ʢʫʪ ʙʫʣʦ ʟʘʙʝʟʧʝʯʝʥʦ 

ʤʘʢʩʠʤʘʣʴʥʠʡ ʟʙʽʛ ʛʨʘʬʽʢʽʚ ʟʘ ʬʘʟʦʶ (ʨʠʩ. 2.12). 

 

ʈʠʩʫʥʦʢ 2.12 ï ʈʦʟʨʘʭʫʥʢʦʚʽ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʢʣʘʜʦʚʽ ʩʠʣ ʨʽʟʘʥʥʷ ʧʨʠ 

ʧʦʜʘʯʽ 100 ʤʤ/ʭʚ ʪʘ ʯʘʩʪʦʪ ̔ʦʙʝʨʪʘʥʥʷ ʬʨʝʟʠ 900 ʦʙ/ʭʚ [85] 

 

 

ʈʠʩʫʥʦʢ 2.13 ï ʈʦʟʨʘʭʫʥʢʦʚʽ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʢʣʘʜʦʚʽ ʩʠʣ ʨʽʟʘʥʥʷ ʧʨʠ 

ʧʦʜʘʯʽ 75 ʤʤ/ʭʚ ʪʘ ʯʘʩʪʦʪʽ ʦʙʝʨʪʘʥʥʷ ʬʨʝʟʠ 420 ʦʙ/ʭʚ [85] 
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ʇʨʠ ʪʘʢʠʭ ʤʘʥʽʧʫʣʷʮʽʷʭ ʘʙʩʦʣʶʪʥʝ ʟʥʘʯʝʥʥʷ ʽ ʬʦʨʤʘ ʦʩʮʠʣʦʛʨʘʤ 

ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʟʤʽʥʥʠʤʠ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʘʚʪʝʥʪʠʯʥʦʩʪʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʘʥʠʭ. ʂʨʽʤ ʪʦʛʦ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ, ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʰʢʘʣʘ 

ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʯʘʩʦʚʫ. ʅʘ ʨʠʩʫʥʢʘʭ 2.12 ʽ 2.13 ʧʦʢʘʟʘʥʽ ʛʨʘʬʽʢʠ ʩʢʣʘʜʦʚʠʭ 

ʩʠʣʠ ʨʽʟʘʥʥʷ ʜʣʷ ʜʚʦʭ ʦʙʝʨʪʽʚ ʬʨʝʟʠ. 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʢʘʟʫʻ ʜʦʩʠʪʴ ʜʦʙʨʠʡ ʟʙʽʛ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʽ ʪʝʦʨʝʪʠʯʥʦ ʧʨʦʛʥʦʟʦʚʘʥʠʭ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʘ 

ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ, ʱʦ ʚ ʮʽʣʦʤʫ ʧʽʜʪʚʝʨʜʞʫʻ ʘʜʝʢʚʘʪʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʾ ʤʦʜʝʣʽ. 

ʉʝʨʝʜʥʽ ʟʥʘʯʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ ʟʘ ʜʘʥʠʤʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʽ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʥʽʩʪʶ ʟʙʽʛʘʶʪʴʩʷ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʧʨʘʚʠʣʴʥʽʩʪʴ ʚʠʙʦʨʫ 

ʝʤʧʽʨʠʯʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʉP ʪʘ ʝʢʩʧʦʥʝʥʪʠ k ʫ ʬʦʨʤʫʣʘʭ (2.18) ʽ (2.19) [85]. 

ʈʦʟʨʦʙʣʝʥʘ ʤʦʜʝʣʴ ʟʘʙʝʟʧʝʯʫʻ ʥʦʚʠʡ ʧʽʜʭʽʜ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʚʨʘʭʦʚʫʶʯʠ ʢʣʶʯʦʚʽ ʛʝʦʤʝʪʨʠʯʥʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʧʘʨʘʤʝʪʨʠ. ɿʘʚʜʷʢʠ ʽʥʪʝʛʨʘʮʽʾ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ ʨʦʟʨʘʭʫʥʢʫ, ʤʦʜʝʣʴ ʜʦʟʚʦʣʷʻ 

ʘʥʘʣʽʟʫʚʘʪʠ ʩʠʣʠ ʨʽʟʘʥʥʷ ʚ ʨʽʟʥʠʭ ʫʤʦʚʘʭ ʦʙʨʦʙʢʠ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʪʦʯʥʽʩʪʴ ʽ 

ʫʥʽʚʝʨʩʘʣʴʥʽʩʪʴ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʟʘʩʪʦʩʫʚʘʥʴ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʢʣʘʜʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦʟʚʦʣʷʻ 

ʤʦʜʝʣʶʚʘʪʠ ʧʨʦʮʝʩʠ ʨʽʟʘʥʥʷ ʟ ʚʠʩʦʢʦʶ ʜʝʪʘʣʽʟʘʮʽʻʶ ʪʘ ʚʨʘʭʫʚʘʥʥʷʤ 

ʩʧʝʮʠʬʽʯʥʠʭ ʫʤʦʚ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. ɺʙʫʜʦʚʘʥʽ 

ʽʥʩʪʨʫʤʝʥʪʠ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʩʧʨʠʷʶʪʴ ʢʨʘʱʦʤʫ ʨʦʟʫʤʽʥʥʶ ʧʨʦʮʝʩʫ 

ʪʘ ʥʘʜʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʦʧʝʨʘʪʠʚʥʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ. 

ʈʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʽʜʭʦʜʫ ʪʘ ʡʦʛʦ 

ʟʥʘʯʫʱʽʩʪʴ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʜʝ ʚʠʩʦʢʘ 

ʪʦʯʥʽʩʪʴ ʽ ʷʢʽʩʪʴ ʦʙʨʦʙʢʠ ʻ ʢʨʠʪʠʯʥʠʤʠ. ʄʦʜʝʣʴ ʩʪʚʦʨʶʻ ʦʩʥʦʚʫ ʜʣʷ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʽ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʨʽʟʘʥʥʷ. 

ʆʪʞʝ, ʨʦʟʨʦʙʣʝʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʨʠ ʢʦʥʪʫʨʥʦʤʫ 

ʬʨʝʟʝʨʫʚʘʥʥʽ ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʧʨʦʮʝʩ ʟʘ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ ʪʘ 

ʛʝʦʤʝʪʨʽʾ ʟʘʛʦʪʦʚʢʠ. ʉʪʚʦʨʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʱʦ ʧʨʦʛʥʦʟʫʻ ʧʨʦʮʝʩ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʠʣʠ ʨʽʟʘʥʥʷ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʘʚʘʨʽʡ, ʪʘʢʠʭ ʷʢ ʟʣʘʤʠ 

ʽʥʩʪʨʫʤʝʥʪʘ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʘʣʛʦʨʠʪʤ ʤʦʜʝʣʶʚʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ 
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ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʧʽʜʪʚʝʨʜʞʝʥʦ ʢʦʤʧôʶʪʝʨʥʠʤ ʤʦʜʝʣʶʚʘʥʥʷʤ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʦʤ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

 

2.4 ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʑʦʙ ʨʝʘʣʽʟʫʚʘʪʠ ʨʦʟʨʦʙʣʝʥʫ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʽ ʩʝʨʝʜʥʴʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʘ ʪʘʢʦʞ 

ʘʣʛʦʨʠʪʤʠ ʬʦʨʤʫʚʘʥʥʷ ʮʠʬʨʦʚʠʭ ʤʘʩʠʚʽʚ, ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ. ɺ 

ʷʢʦʩʪʽ ʧʨʠʢʣʘʜʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʽʻʾ ʧʨʦʛʨʘʤʠ ʚʟʷʪʦ ʢʦʥʪʫʨ ʽʟ ʜʚʦʭ ʧʨʷʤʠʭ 

ʚʽʜʨʽʟʢʽʚ, ʧʦʻʜʥʘʥʠʭ ʜʫʛʦʶ ʢʦʣʘ. ʅʘ ʨʠʩ. 2.14, ʘ ʧʦʢʘʟʘʥʦ ʨʦʟʨʘʭʫʥʢʦʚʦ-

ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʭʝʤʫ, ʷʢʘ ʚʽʜʦʙʨʘʞʘʻ ʪʨʘʻʢʪʦʨʽʶ ʬʨʝʟʠ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʢʦʥʪʫʨʫ ʽʟ 

ʧʨʷʤʦʣʽʥʽʡʥʠʤʠ ʜʽʣʷʥʢʘʤʠ, ʟôʻʜʥʘʥʠʤʠ ʢʦʣʦʚʦʶ ʜʫʛʦʶ. ʊʦʚʱʠʥʘ ʧʨʠʧʫʩʢʫ ʥʘ 

ʟʘʛʦʪʦʚʮʽ ʟʘʣʠʰʘʻʪʴʩʷ (ʝʢʚʽʜʠʩʪʘʥʪʥʦʶ) ʨʽʚʥʦʤʽʨʥʦʶ (3 ʤʤ). ɺ ʫʧʨʘʚʣʷʶʯʽʡ 

ʧʨʦʛʨʘʤʽ (ʨʠʩ. 2.14, ʙ), ʩʬʦʨʤʦʚʘʥʽʡ ʜʣʷ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ, ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʢʦʦʨʜʠʥʘʪʠ ʰʣʷʭʽʚ ʨʫʭʫ ʮʝʥʪʨʫ ʬʨʝʟʠ ʪʘ ʨʝʢʦʤʝʥʜʦʚʘʥʽ ʨʝʞʠʤʠ ʦʙʨʦʙʢʠ ʟ [81] 

ʜʣʷ ʬʨʝʟʠ Ï20 ʤʤ, ʷʢʘ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʚʫʛʣʝʮʝʚʦʾ ʩʪʘʣʽ ʟ ʧʨʠʧʫʩʢʦʤ 3 ʤʤ ʽ 

ʧʦʯʘʪʢʦʚʦʶ ʪʦʚʱʠʥʦʶ 10 ʤʤ. ɿʛʽʜʥʦ ʟ ʮʠʤʠ ʜʘʥʠʤʠ, ʰʧʠʥʜʝʣʴ ʤʘʻ ʯʘʩʪʦʪʫ 

ʦʙʝʨʪʘʥʥʷ 2000 ʦʙ/ʭʚ, ʘ ʧʦʜʘʯʘ ʩʪʘʥʦʚʠʪʴ 450 ʤʤ/ʭʚ [81]. 

 

ʘ       ʙ     

ʈʠʩʫʥʦʢ 2.14 ï ʂʦʥʪʫʨ ʜʝʪʘʣʽ ʜʣʷ ʬʨʝʟʝʨʫʚʘʥʥʷ: ʘ ï ʨʦʟʨʘʭʫʥʢʦʚʘ ʩʭʝʤʘ;  

ʙ ï ʪʝʢʩʪ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ [81] 
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ɿʛʽʜʥʦ ʽʟ ʨʦʟʨʦʙʣʝʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʙʫʣʦ ʩʬʦʨʤʦʚʘʥʦ ʮʠʬʨʦʚʽ ʤʘʩʠʚʠ, ʷʢʽ 

ʦʧʠʩʫʶʪʴ ʷʢ ʪʨʘʻʢʪʦʨʽʶ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʪʘʢ ʽ ʢʦʥʪʫʨʠ ʟʘʛʦʪʦʚʢʠ ʪʘ ʜʝʪʘʣʽ. ʎʝ 

ʜʘʻ ʟʤʦʛʫ ʚʠʢʦʥʫʚʘʪʠ ʧʦʚʥʦʮʽʥʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

ɿʘʚʜʷʢʠ ʯʠʩʝʣʴʥʦʤʫ ʧʽʜʭʦʜʫ ʧʨʦʛʨʘʤʘ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʟʥʘʯʘʻ 

ʦʙʣʘʩʪʽ ʧʝʨʝʪʠʥʫ ʤʽʞ ʮʠʬʨʦʚʦʶ ʤʦʜʝʣʣʶ ʟʘʛʦʪʦʚʢʠ ʡ ʽʥʩʪʨʫʤʝʥʪʦʤ, ʘʥʘʣʽʟʫʶʯʠ 

ʧʨʦʮʝʩ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʚ ʜʠʥʘʤʽʮʽ. 

 

ʈʠʩʫʥʦʢ 2.15 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ [81] 

 

ɼʣʷ ʚʽʜʩʪʝʞʝʥʥʷ ʯʘʩʫ ʤʦʜʝʣʶʚʘʥʥʷ, ʱʦ ʥʘʙʣʠʞʝʥʦ ʚʽʜʧʦʚʽʜʘʻ ʨʝʘʣʴʥʽʡ 

ʪʨʠʚʘʣʦʩʪʽ ʦʧʝʨʘʮʽʾ, ʽʥʪʝʨʬʝʡʩ ʤʽʩʪʠʪʴ ʩʧʝʮʽʘʣʴʥʠʡ ʽʥʜʠʢʘʪʦʨ. ʇʽʜ ʯʘʩ 

ʚʽʟʫʘʣʴʥʦʛʦ ʚʽʜʪʚʦʨʝʥʥʷ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʦʜʥʦʯʘʩʥʦ ʜʝʤʦʥʩʪʨʫʶʪʴʩʷ ʥʘ 

ʦʩʮʠʣʦʛʨʘʬʽ ʦʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ, ʟʦʢʨʝʤʘ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʽ 

ʩʝʨʝʜʥʷ ʩʠʣʘ ʨʽʟʘʥʥʷ, ʷʢʽ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʟʛʽʜʥʦ ʟ ʨʦʟʨʦʙʣʝʥʦʶ ʤʘʪʝʤʘʪʠʯʥʦʶ 

ʤʦʜʝʣʣʶ. ɺ ʧʨʠʢʣʘʜʽ (ʨʠʩ. 2.15) ʦʙʨʦʙʢʘ ʧʨʠʧʠʥʷʻʪʴʩʷ ʯʝʨʝʟ 6,4 ʩ, ʧʽʩʣʷ ʯʦʛʦ 
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ʢʦʨʠʩʪʫʚʘʯ ʦʪʨʠʤʫʻ ʟʤʦʛʫ ʟʙʝʨʝʛʪʠ ʨʦʟʨʘʭʦʚʘʥʽ ʧʦʢʘʟʥʠʢʠ, ʟʦʢʨʝʤʘ ʰʚʠʜʢʽʩʪʴ 

ʚʠʜʘʣʝʥʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), ʱʦ ʻ ʢʣʶʯʦʚʦʶ ʚʝʣʠʯʠʥʦʶ ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʽʟʘʥʥʷ ʚ ʧʦʜʘʣʴʰʠʭ ʝʪʘʧʘʭ [81]. 

 

ɺʀʉʅʆɺʂʀ 

1. ʈʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ ʪʘ ʘʣʛʦʨʠʪʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʮʠʬʨʦʚʠʭ ʤʘʩʠʚʽʚ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʪʨʘʻʢʪʦʨʽʶ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʢʦʥʪʫʨ ʟʘʛʦʪʦʚʢʠ 

ʪʘ ʜʝʪʘʣʽ. ʎʽ ʤʘʩʠʚʠ ʻ ʧʝʨʝʜʫʤʦʚʦʶ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʪʦʯʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʚʟʘʻʤʦʜʽʾ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʟʘʛʦʪʦʚʢʠ. 

2. ʉʪʚʦʨʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, 

ʷʢʘ ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʦʩʥʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʽʟʘʥʥʷ, ʚʢʣʶʯʘʶʯʠ ʰʚʠʜʢʽʩʪʴ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʎʷ ʤʦʜʝʣʴ ʙʘʟʫʻʪʴʩʷ ʥʘ ʦʪʨʠʤʘʥʠʭ 

ʮʠʬʨʦʚʠʭ ʤʘʩʠʚʘʭ ʽ ʟʘʙʝʟʧʝʯʫʻ ʥʘʜʽʡʥʫ ʦʩʥʦʚʫ ʜʣʷ ʘʥʘʣʽʟʫ ʧʨʦʮʝʩʫ. 

3. ʈʦʟʨʦʙʣʝʥʦ ʤʦʜʝʣʴ, ʟʜʘʪʥʫ ʧʝʨʝʜʙʘʯʘʪʠ ʩʠʣʫ ʨʽʟʘʥʥʷ, ʱʦ ʟʘʩʥʦʚʘʥʘ 

ʥʘ ʤʝʭʘʥʽʩʪʠʯʥʦʤʫ ʧʽʜʭʦʜʽ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʨʽʚʥʷʥʽ ʟ ʨʝʘʣʴʥʠʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʪʘ ʧʦʢʘʟʘʣʠ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ.  

4. ʈʦʟʨʦʙʣʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʘ ʘʚʪʦʤʘʪʠʟʫʻ ʨʦʟʨʘʭʫʥʢʠ ʪʘ 

ʚʽʟʫʘʣʽʟʫʻ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʢʦʥʪʫʨʫ. ʇʨʦʛʨʘʤʘ ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʽʟʘʥʥʷ, ʦʮʽʥʶʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ ʪʘ 

ʩʪʚʦʨʶʚʘʪʠ ʜʘʥʽ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʧʨʦʛʨʘʤ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ 

ʧʨʦʮʝʩʦʤ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ. 
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ʈʆɿɼɯʃ 3 

ʉʊɸɹɯʃɯɿɸʎɯʗ ʐɺʀɼʂʆʉʊɯ ɺʀɼɸʃɽʅʅʗ ʄɸʊɽʈɯɸʃʋ ɼʃʗ 

ʇʈʆʎɽʉʋ ʂʆʅʊʋʈʅʆɻʆ ʌʈɽɿɽʈʋɺɸʅʅʗ 

 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʫ ʢʦʥʮʝʧʮʽʶ ʪʝʭʥʦʣʦʛʽʾ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ, ʷʢʘ ʚʢʣʶʯʘʻ ʩʪʨʫʢʪʫʨʫ ʫʧʨʘʚʣʽʥʥʷ, ʩʧʨʷʤʦʚʘʥʫ ʥʘ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʦʙʨʦʙʢʠ. ʆʩʥʦʚʦʶ ʮʽʻʾ ʩʪʨʫʢʪʫʨʠ ʻ ʩʪʚʦʨʝʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ 

ʧʨʦʛʨʘʤʠ ʚ G-ʢʦʜʘʭ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʨʽʟʘʥʥʷ (ʨʠʩ. 3.1) [82]. 

 

CAD CAM 
G-ʢʦʜʠ 

ʄʦʜʝʣʶʚʘʥʥʷ ɺʝʨʩʪʘʪ ʟ ʏʇʂ ʅʦʚʽ G-ʢʦʜʠ 

ɺʝʨʩʪʘʪ ʟ ʏʇʂ 

 

ʈʠʩʫʥʦʢ 3.1 - ʉʪʨʫʢʪʫʨʘ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ [82] 

 

ʂʣʶʯʦʚʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʩʪʨʫʢʪʫʨʠ ʻ ʧʨʦʮʝʜʫʨʘ ʤʦʜʝʣʶʚʘʥʥʷ, ʷʢʘ 

ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʘʪʠ ʦʩʥʦʚʥʠʡ ʧʘʨʘʤʝʪʨ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ï ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ (MRR). ʅʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʬʦʨʤʫʻʪʴʩʷ ʮʠʬʨʦʚʠʡ 

ʤʘʩʠʚ, ʱʦ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʥʦʚʫ ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʜʣʷ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ. ʎʷ 

ʧʨʦʛʨʘʤʘ ʨʝʘʣʽʟʫʻ ʩʧʨʦʻʢʪʦʚʘʥʝ ʫʧʨʘʚʣʽʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʶʚʘʥʥʷ ʧʦʜʘʯʽ ʪʘ/ʘʙʦ 

ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʫʤʦʚ ʦʙʨʦʙʢʠ. 

 

3.1 ʇʨʦʻʢʪʫʚʘʥʥʷ ʥʦʚʦʾ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ  

 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʽʩʥʫʶʯʦʾ ʪʝʭʥʦʣʦʛʽʾ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ ʥʘ ʚʝʨʩʪʘʪʽ ʟ 

ʏʇʂ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʘʥʽ ʻ ʢʽʥʮʝʚʠʤ ʨʝʟʫʣʴʪʘʪʦʤ, ʷʢʠʡ ʧʝʨʝʜʙʘʯʘʻ ʧʦʜʘʣʴʰʝ 

ʚʠʢʦʥʘʥʥʷ ʦʧʝʨʘʮʽʾ ʫ ʚʠʨʦʙʥʠʯʠʭ ʫʤʦʚʘʭ. ʊʦʤʫ ʪʘʢʽ ʜʘʥʽ, ʘ ʩʘʤʝ ʫʧʨʘʚʣʷʶʯʫ 

ʧʨʦʛʨʘʤʫ ʚ G-ʢʦʜʘʭ, ʥʝʦʙʭʽʜʥʦ ʚʟʷʪʠ ʟʘ ʚʠʭʽʜʥʫ ʽʥʬʦʨʤʘʮʽʶ ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ 
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ʥʦʚʦʾ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʪʘʢʦʞ ʚ G-ʢʦʜʘʭ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʽʟʘʮʽʶ ʫʤʦʚ 

ʦʙʨʦʙʢʠ ʧʦ ʢʦʥʪʫʨʫ [81]. 

ʅʘ ʨʠʩ. 3.2 ʧʦʢʘʟʘʥʦ ʬʨʘʛʤʝʥʪʠ ʬʘʡʣʫ, ʟʙʝʨʝʞʝʥʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. ʌʘʡʣ ʙʫʣʦ ʩʬʦʨʤʦʚʘʥʦ ʧʽʜ ʯʘʩ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʢʨʦʢʦʤ 0,05 ʤʤ ʚʟʜʦʚʞ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʘ ʦʩʪʘʥʥʽʡ 

ʩʪʦʚʧʯʠʢ ʬʘʡʣʫ ʤʽʩʪʠʪʴ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR), 

ʨʦʟʨʘʭʦʚʘʥʽ ʧʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ. ɼʣʷ ʫʟʛʦʜʞʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟ 

ʜʦʚʽʜʢʦʚʠʤʠ ʜʘʥʠʤʠ [86] ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʦ ʧʨʠʡʥʷʪʦ ʦʜʠʥʠʯʥʫ 

ʰʠʨʠʥʫ ʦʙʨʦʙʢʠ. ʊʦʤʫ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥ ̫ ʤʘʪʝʨʽʘʣʫ (MRR), 

ʟʘʧʠʩʘʥʝ ʫ ʬʘʡʣʽ, ʚ 5 ʨʘʟʽʚ ʤʝʥʰʝ [82]. 

 

ʈʠʩʫʥʦʢ 3.2 ï ʌʨʘʛʤʝʥʪ ʬʘʡʣʫ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ  

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥ ̫[82] 

 

ʎʝʡ ʬʘʡʣ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ, ʷʢ ʧʦʯʘʪʢʦʚʠʡ, ʫ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʽʡ 

ʧʨʦʛʨʘʤʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʝʨʚʠʥʥʦʛʦ ʮʠʬʨʦʚʦʛʦ ʫʧʨʘʚʣʷʶʯʦʛʦ ʬʘʡʣʫ, ʱʦ ʩʣʫʛʫʻ 

ʦʩʥʦʚʦʶ ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ ʥʦʚʦʾ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʚ G-ʢʦʜʘʭ. ɼʣʷ ʨʦʟʨʦʙʢʠ 

ʪʘʢʦʛʦ ʬʘʡʣʫ ʟ ʫʧʨʘʚʣʽʥʥʷʤ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʽʥʪʝʨʬʝʡʩ ʷʢʦʾ 
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ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.3. ɺʦʥʘ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʧʦ ʚʩʴʦʤʫ 

ʢʦʥʪʫʨʫ. ʋ ʨʦʟʜʽʣʽ çʌʦʨʤʫʚʘʥʥʷ ʫʧʨʘʚʣʽʥʥʷè ʧʝʨʝʜʙʘʯʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʚʠʙʦʨʫ 

ʨʦʟʧʦʜʽʣʫ ʫʧʨʘʚʣʽʥʥʷ ʤʽʞ ʩʢʣʘʜʦʚʠʤʠ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ: ʧʦʜʘʯʝʶ ʪʘ ʦʙʝʨʪʘʤʠ 

ʰʧʠʥʜʝʣʷ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʛʥʫʯʢʽʩʪʴ ʫ ʧʨʠʟʥʘʯʝʥʥʽ ʨʝʞʠʤʫ 

ʨʽʟʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʤʘʢʩʠʤʘʣʴʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʩʽ ʚʠʨʦʙʥʠʯʽ ʧʦʪʨʝʙʠ. 

  

2 1 

 

ʈʠʩʫʥʦʢ 3.3 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ ʧʨʦʢ̒ʪʫʚʘʥʥʷ ʢʦʤʘʥʜ ʫʧʨʘʚʣʽʥʥʷ 

 

ʌʘʡʣ, ʱʦ ʫʪʚʦʨʝʥʠʡ ʧʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘʚʘʥʪʘʞʫʻʪʴʩʷ ʚ 

ʧʨʦʛʨʘʤʫ, ʚʠʙʠʨʘʻʪʴʩʷ ʢʨʦʢ ʜʠʩʢʨʝʪʠʟʘʮʽʾ. ʋ ʛʨʘʬʽʯʥʦʤʫ ʚʽʢʥʽ ʧʨʦʛʨʘʤʠ ʛʨʘʬʽʢ 1 

ʧʨʝʜʩʪʘʚʣʷʻ ʟʘʚʘʥʪʘʞʝʥʠʡ ʬʘʡʣ ʤʦʜʝʣʶʚʘʥʥʷ, ʘ ʛʨʘʬʽʢ 2 ï ʬʘʡʣ ʨʦʟʨʘʭʫʥʢʫ 

ʫʧʨʘʚʣʽʥʥʷ ʧʽʩʣʷ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʟʘʚʘʥʪʘʞʝʥʦʛʦ ʬʘʡʣʫ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʦʙʨʘʥʦʛʦ 

ʢʨʦʢʫ ʜʠʩʢʨʝʪʠʟʘʮʽʾ (10%) [81]. ʇʦʪʽʤ ʬʦʨʤʫʻʪʴʩʷ ʫʧʨʘʚʣʽʥʥʷ ʽ ʨʝʟʫʣʴʪʘʪ ʤʦʞʝ 

ʙʫʪʠ ʟʙʝʨʝʞʝʥʠʡ ʫ ʚʠʛʣʷʜʽ ʮʠʬʨʦʚʦʛʦ ʬʘʡʣʫ, ʬʨʘʛʤʝʥʪ ʷʢʦʛʦ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 

3.4. 

ʉʪʘʙʽʣʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR) ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʫʧʨʘʚʣʽʥʥʷʤ ʧʦʜʘʯʝʶ, ʤʘʩʠʚ ʟʥʘʯʝʥʴ ʷʢʦʾ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ 

ʚ ʧʝʚʥʽʡ ʪʦʯʮʽ ʟʘ ʬʦʨʤʫʣʦʶ [82]: 

 

i

max
ci

MRR

MRR
ff = ,     (3.1) 
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ʜʝ fc ï ʧʦʜʘʯʘ (ʤʤ/ʭʚ), ʟʘʜʘʥʘ ʫ ʚʠʭʽʜʥʽʡ ʫʧʨʘʚʣʷʶʯʽʡ ʧʨʦʛʨʘʤʽ ʏʇʂ, 

MRRmax ï ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʧʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ (ʤʤ2), MRRi ï ʧʦʪʦʯʥʝ 

ʟʥʘʯʝʥʥʷ ʧʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ (ʤʤ2). 

ʇʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʨʦʟʧʦʜʽʣʫ ʫʧʨʘʚʣʽʥʥʷ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʝʞʠʤʫ 

ʨʽʟʘʥʥʷ: ʧʦʜʘʯʝʶ ʪʘ ʦʙʝʨʪʘʤʠ ʰʧʠʥʜʝʣʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʘʩʪʫʧʥʘ 

ʧʦʩʣʽʜʦʚʥʽʩʪʴ. 

ʈʦʟʨʘʭʫʥʢʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʬʦʨʤʫʣʠ (3.1). ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʥʦʚʦʛʦ 

ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ ʩʢʦʨʠʛʦʚʘʥʘ ʧʦʜʘʯʘ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ: 

 

ci1i kfffk D-= ,     (3.2) 

 

ʜʝ f1 ï ʧʝʨʰʝ ʟʥʘʯʝʥʥʷ ʟ ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʤʘʩʠʚʫ fi, kc ï ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʝʢʮʽʾ 

ʧʦʜʘʯʽ, ʱʦ ʟʘʜʘʻʪʴʩʷ ʫ ʧʨʦʛʨʘʤʽ ʧʦʚʟʫʥʢʦʤ, æfi=f1 - fi ï ʚ̔ ʜʭʠʣʝʥʥʷ ʚʽʜ 

ʩʝʨʝʜʥʴʦʛʦ ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ. 

ʅʦʚʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʦʙʝʨʪʽʚ ʰʧʠʥʜʝʣʷ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

 

cmax

cii
i

fMRR

SMRRfk
S = ,     (3.3) 

 

ʜʝ Sc ï ʦʙʝʨʪʠ, ʟʘʜʘʥ ̔ʫ ʚʠʭʽʜʥʽʡ ʫʧʨʘʚʣʷʶʯʽʡ ʧʨʦʛʨʘʤʽ (ʦʙ/ʭʚ). 

ʌʨʘʛʤʝʥʪ ʩʪʚʦʨʝʥʦʛʦ ʬʘʡʣʫ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.4, ʜʝ ʧʨʝʜʩʪʘʚʣʝʥʽ 

ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʦʢ ʧʝʨʝʤʠʢʘʥʥʷ (xe, ye) ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ ʚ ʮʠʭ 

ʪʦʯʢʘʭ. ɺ ʮʴʦʤʫ ʧʨʠʢʣʘʜʽ ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʟʤʽʥʥʦʶ. 

ʂʽʣʴʢʽʩʪʴ ʪʦʯʦʢ ʧʝʨʝʤʠʢʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʦʙʨʘʥʠʤ ʢʨʦʢʦʤ ʜʠʩʢʨʝʪʠʟʘʮʽʾ. ʋ 

ʩʬʦʨʤʦʚʘʥʦʤʫ ʤʘʩʠʚʽ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʤʘʢʩʠʤʘʣʴʥʽ ʪʘ ʤʽʥʽʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ 

ʧʦʜʘʯʽ (ʥʘ ʨʠʩ. 3.4, ʚʦʥʠ ʧʦʟʥʘʯʝʥʽ ʝʣʽʧʩʘʤʠ), ʷʢʽ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ̔  ʟʤʽʥʘʤʠ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥ ̫ʤʘʪʝʨʽʘʣʫ (MRR), ʦʪʨʠʤʘʥʠʤʠ ʧʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ. 
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  xe           ye              ʇʦʜʘʯʘ         ʆʙʝʨʪʠ 

 

ʈʠʩʫʥʦʢ 3.4 ï ʌʨʘʛʤʝʥʪ ʬʘʡʣʫ ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ [82]  

 

ʇʽʜ ʯʘʩ ʟʘʧʫʩʢʫ ʧʨʦʛʨʘʤʠ ʚ ʧʦʣʽ ʧʦʯʘʪʢʦʚʠʭ ʜʘʥʠʭ ʘʚʪʦʤʘʪʠʯʥʦ 

ʟôʷʚʣʷʻʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥ ̫ ʤʘʪʝʨʽʘʣʫ (MRR), 

ʟʘʧʠʩʘʥʝ ʚ ʟʘʚʘʥʪʘʞʝʥʦʤʫ ʬʘʡʣʽ ʤʦʜʝʣʶʚʘʥʥʷ (ʚʠʜʽʣʝʥʦ ʯʝʨʚʦʥʠʤ ʝʣʽʧʩʦʤ ʥʘ 

ʨʠʩ. 3.4). ʎʝ ʟʥʘʯʝʥʥʷ ʤʦʞʥʘ ʟʤʽʥʶʚʘʪʠ, ʟʙʽʣʴʰʫʶʯʠ ʘʙʦ ʟʤʝʥʰʫʶʯʠ ʰʚʠʜʢʦʩʪ ɹ

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʙʘʟʦʚʠʤ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʻ 

ʦʩʥʦʚʦʶ ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʚ G-ʢʦʜʘʭ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ 

ʚʠʟʥʘʯʘʶʪʴ ʪʦʯʢʠ ʧʝʨʝʤʠʢʘʥʥʷ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʽʟʘʮʽʶ 

ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥ ̫ʤʘʪʝʨʽʘʣʫ (MRR). 

 

3.2 ʄʦʜʝʣʶʚʘʥʥʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷʤ ʧʨʠ ʨʽʟʥʠʭ 

ʫʧʨʘʚʣʽʥʥʷʭ 

 

ʆʜʥʠʤ ʽʟ ʧʝʨʰʠʭ ʝʪʘʧʽʚ ʧʽʜʛʦʪʦʚʢʠ ʦʙʨʦʙʢʠ ʥʘ ʚʝʨʩʪʘʪʽ ʟ ʏʇʂ ʻ ʩʪʚʦʨʝʥʥʷ 

ʮʠʬʨʦʚʦʾ ʤʦʜʝʣʽ ʜʝʪʘʣʽ ʚ CAD/CAM-ʩʠʩʪʝʤʽ. ʅʘ ʦʩʥʦʚʽ ʮʽʻʾ ʤʦʜʝʣʽ ʬʦʨʤʫʻʪʴʩʷ 

ʫʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ, ʷʢʫ ʤʦʞʥʘ ʧʦʧʝʨʝʜʥʴʦ ʧʨʦʪʝʩʪʫʚʘʪʠ ʚ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʤʫ 
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ʧʨʦʛʨʘʤʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ, ʘ ʟʛʦʜʦʤ ʧʝʨʝʚʽʨʠʪʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ ʨʝʘʣʴʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ. 

ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʨʽʟʥʠʭ ʧʽʜʭʦʜʽʚ ʙʫʣʦ ʦʙʨʘʥʦ ʢʦʥʪʫʨ, ʱʦ ʤʽʩʪʠʪʴ ʧʦʚʥʠʡ 

ʥʘʙʽʨ ʝʣʝʤʝʥʪʽʚ: ʧʨʷʤʽ ʜʽʣʷʥʢʠ, ʦʧʫʢʣʽ ʪʘ ʫʚʽʛʥʫʪʽ ʩʝʛʤʝʥʪʠ (ʨʠʩ. 3.5). ʇʦʜʽʙʥʘ 

ʛʝʦʤʝʪʨʽʷ ʦʭʦʧʣʶʻ ʫʚʝʩʴ ʩʧʝʢʪʨ ʤʦʞʣʠʚʠʭ ʪʨʘʻʢʪʦʨʽʡ, ʦʩʢʽʣʴʢʠ ʙʽʣʴʰʽʩʪʴ CAM-

ʩʠʩʪʝʤ ʽʥʪʝʨʧʦʣʶʶʪʴ ʩʢʣʘʜʥʽ ʢʦʥʪʫʨʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʫʢʫʧʥʦʩʪʽ ʧʨʷʤʠʭ ʚʽʜʨʽʟʢʽʚ 

ʽ ʜʫʛ ʢʽʣ. 

ʆʮʽʥʶʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʡ ʟʽʩʪʘʚʣʷʪʠ ʡʦʛʦ 

ʨʝʟʫʣʴʪʘʪʠ ʟ çʨʦʟʫʤʥʦʶ ʦʙʨʦʙʢʦʶè (SolidCAM, Siemens NX) ʜʦʮʽʣʴʥʦ ʩʘʤʝ ʫ 

ʟʛʘʜʘʥʦʤʫ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ. ɺʦʜʥʦʯʘʩ ʩʣʽʜ 

ʥʘʛʦʣʦʩʠʪʠ, ʱʦ ʦʩʪʘʪʦʯʥʽ ʚʠʩʥʦʚʢʠ ʙʘʟʫʶʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʥʘ ʧʽʜʩʫʤʢʘʭ ʥʘʪʫʨʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʩʢʽʣʴʢʠ ʣʠʰʝ ʚʠʧʨʦʙʫʚʘʥʥʷ ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ 

ʜʘʻ ʧʦʚʥʝ ʫʷʚʣʝʥʥʷ ʧʨʦ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʪʘ ʧʝʨʝʚʘʛʠ ʦʙʨʘʥʦʛʦ ʨʽʰʝʥʥʷ. 
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ʈʠʩʫʥʦʢ 3.5 ï ʂʦʥʪʫʨ ʜʝʪʘʣʽ ʜʣʷ ʦʙʨʦʙʢʠ [82] 

 

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʪʘʢʦʾ ʜʝʪʘʣʽ ʚ ʩʝʨʝʜʦʚʠʱʽ SolidCAM ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ 

ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ, ʱʦ ʤʽʩʪʠʪʴ ʢʦʤʘʥʜʠ G01, G02 ʽ G03, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ 

ʟʘʜʘʥʥʷ ʪʨʘʻʢʪʦʨʽʾ ʧʝʨʝʤʽʱʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ. ʈʝʞʠʤ ʨʽʟʘʥʥʷ ï ʧʦʜʘʯʘ ʡ ʯʘʩʪʦʪʘ 
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ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ, ʚʩʪʘʥʦʚʣʝʥʦ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʢʦʤʝʥʜʘʮʽʡ ʚʠʨʦʙʥʠʢʘ [82] 

ʜʣʷ ʢʽʥʮʝʚʦʾ ʬʨʝʟʠ Ï12 ʤʤ (ʈ6ʄ5, ʯʦʪʠʨʠ ʟʫʙʠ, ʩʧʽʨʘʣʴʥʠʡ ʢʫʪ 45Á), ʷʢʘ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʬʨʝʟʝʨʫʚʘʥʥʷ ʩʪʘʣʽ ʉʪ 3. ʉʘʤʝ ʮʽ G-ʢʦʜʠ ʟ ʥʝʟʤʽʥʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʨʽʟʘʥʥʷ ʥʘ ʚʩʽʡ ʜʦʚʞʠʥʽ ʢʦʥʪʫʨʫ ʙʫʣʦ ʚʟʷʪʦ ʟʘ ʙʘʟʦʚʠʡ ʚʘʨʽʘʥʪ ʜʣʷ 

ʟʽʩʪʘʚʣʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʽʟʥʠʭ ʩʪʨʘʪʝʛʽʡ ʫʧʨʘʚʣʽʥʥʷ ʧʽʜ ʯʘʩ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ (ʜʠʚ. ʨʠʩ. 3.6). 

 

ʈʠʩʫʥʦʢ 3.6 ï ʋʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʚ G-ʢʦʜʽ, ʨʦʟʨʦʙʣʝʥʘ ʚ SolidCAM [82] 

 

ʇʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʚʽʨʪʫʘʣʴʥʦʤʫ ʦʩʮʠʣʦʛʨʘʬʽ (ʨʠʩ. 3.7) 

ʚʽʜʦʙʨʘʞʘʶʪʴʩʷ ʟʤʽʥʠ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ: ʟʥʘʯʝʥʥʷ ʭʚʠʣʠʥʥʦʾ ʧʦʜʘʯʽ 

(138 ʤʤ/ʭʚ) ʪʘ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ (822 ʦʙ/ʭʚ) ʧʦʟʥʘʯʝʥʦ ʣʽʥʽʷʤʠ 1 ʽ 4 

(ʧʨʘʚʘ ʰʢʘʣʘ), ʘ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʩʠʣʘ ʨʽʟʘʥʥʷ ï ʣʽʥʽʷʤʠ 

2 ʽ 3 (ʣʽʚʘ ʰʢʘʣʘ). ʋ ʭʦʜʽ ʤʦʜʝʣʶʚʘʥʥʷ ʬʨʝʟʘ ʨʫʭʘʻʪʴʩʷ ʚʟʜʦʚʞ ʟʘʜʘʥʦʾ 

ʪʨʘʻʢʪʦʨʽʾ, ʧʦʩʣʽʜʦʚʥʦ ʟʥʽʤʘʶʯʠ ʧʨʠʧʫʩʢ ʽʟ ʟʘʛʦʪʦʚʢʠ. ʅʘ ʮʽʡ ʪʨʘʻʢʪʦʨʽʾ (ʜʠʚ. 

ʨʠʩ. 3.7) ʧʦʟʥʘʯʝʥʦ ʢʦʥʪʨʦʣʴʥʽ ʪʦʯʢʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʦʯʘʪʢʫ ʪʘ ʟʘʚʝʨʰʝʥʥʶ 

ʢʦʞʥʦʛʦ ʢʘʜʨʫ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, ʟʘʧʠʩʘʥʦʾ ʫ G-ʢʦʜʘʭ. 
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ʈʠʩʫʥʦʢ 3.7 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʨʦʟʨʦʙʣʝʥʦʾ ʚ 

SolidCAM 

 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʦʩʮʠʣʦʛʨʘʤ ʟʘʩʚʽʜʯʠʚ ʟʥʘʯʥʫ ʥʝʩʪʘʮʽʦʥʘʨʥʽʩʪʴ ʧʨʦʮʝʩʫ: 

ʥʘ ʫʚʽʛʥʫʪʠʭ ʚʽʜʨʽʟʢʘʭ ʢʦʥʪʫʨʫ ʩʠʣʘ ʨʽʟʘʥʥʷ ʪʘ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

(MRR) ʟʨʦʩʪʘʶʪʴ ʫ 2,4 ʨʘʟʘ, ʘ ʥʘ ʦʧʫʢʣʠʭ ï ʟʤʝʥʰʫʶʪʴʩʷ ʚ 1,4 ʨʘʟʘ ʚʽʜʥʦʩʥʦ 

ʧʨʷʤʠʭ ʜʽʣʷʥʦʢ. ʊʘʢʽ ʢʦʣʠʚʘʥʥʷ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʷʢʽʩʪʴ ʦʙʨʦʙʣʶʚʘʥʦʾ 

ʧʦʚʝʨʭʥʽ ʡ ʟʤʫʰʫʶʪʴ ʟʥʠʞʫʚʘʪʠ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ ʧʦ ʚʩʽʡ ʜʦʚʞʠʥʽ ʢʦʥʪʫʨʫ, ʱʦ 

ʜʦʚʦʜʠʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ ʩʪʘʙʽʣʽʟʘʮʽʾ MRR ʥʘ ʢʦʞʥʦʤʫ ʝʪʘʧʽ ʦʙʨʦʙʢʠ. 

ɺ ʧʦʜʘʣʴʰʦʤʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʦʮʽʥʠʪʠ ʧʨʦʮʝʩ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘʜʘʥʦʛʦ 

ʢʦʥʪʫʨʫ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ 
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ʦʙôʻʜʥʘʥʽ ʧʽʜ ʟʘʛʘʣʴʥʦʶ ʥʘʟʚʦʶ iMachining. ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʷ 

ʫʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʚ G-ʢʦʜʘʭ (ʨʠʩ. 3.8), ʩʪʚʦʨʝʥʘ ʚ ʦʩʪʘʥʥʽʡ ʚʝʨʩʽʾ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ 2024 ʨʦʢʫ, ʽʟ ʟʘʬʽʢʩʦʚʘʥʠʤ ʯʘʩʦʤ ʦʙʨʦʙʢʠ 18,4 ʩ. ʗʢ 

ʚʠʜʥʦ (ʨʠʩ. 3.9), ʭʘʨʘʢʪʝʨ ʟʤʽʥ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʩʠʣʠ 

ʨʽʟʘʥʥʷ ʟʘʟʥʘʚ ʟʤʽʥ, ʧʨʠʯʦʤʫ ʜʽʘʧʘʟʦʥ ʢʦʣʠʚʘʥʴ ʧʽʜ ʯʘʩ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʚʩʷ (ʧʦʨʽʚʥʷʥʦ ʟ ʨʠʩ. 3.3). 

 

ʈʠʩʫʥʦʢ 3.8 ï ʋʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʚ G-ʢʦʜʽ, ʨʦʟʨʦʙʣʝʥʘ ʚ SolidCAM iMachining 

 

ʆʜʥʘʢ, ʧʨʠ ʟʘʭʦʜʽ ʬʨʝʟʠ ʥʘ ʫʚʽʛʥʫʪʫ ʜʽʣʷʥʢʫ ʽ ʚʠʭʦʜʽ ʟ ʦʧʫʢʣʦʛʦ ʢʦʥʪʫʨʫ, 

ʧʨʦʮʝʩ ʨʽʟʘʥʥʷ ʚʪʨʘʯʘʻ ʩʪʘʙʽʣʴʥʽʩʪʴ: ʫ ʮʠʭ ʟʦʥʘʭ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥ ̫ʤʘʪʝʨʽʘʣʫ 

(MRR) ʽ ʩʠʣʘ ʨʽʟʘʥʥʷ ʩʫʪʪʻʚʦ ʧʝʨʝʚʠʱʫʶʪʴ ʧʦʢʘʟʥʠʢʠ, ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ 

ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʜʽʣʷʥʦʢ [82]. 
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ʈʠʩʫʥʦʢ 3.9 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʭʥʦʣʦʛʽʾ iMachining ʚʽʜ 2024 ʨʦʢʫ 

 

ʊʘʢʦʞ ʟʥʘʯʥʝ ʟʥʠʞʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʬʨʝʟʝʨʫʚʘʥʥʷ ʧʨʠ ʚʠʭʦʜʽ ʟ ʫʚʽʛʥʫʪʦʾ 

ʜʽʣʷʥʢʠ ʥʝ ʤʦʞʝ ʚʽʜʧʦʚʽʜʘʪʠ ʟʘʷʚʣʝʥʽʡ ʢʦʥʮʝʧʮʽʾ ʩʪʘʙʽʣʽʟʘʮʽʾ. 

ɿʽʩʪʘʚʣʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʜʘʥʠʭ ʽʟ ʧʦʧʝʨʝʜʥʴʦʶ ʚʝʨʩʽʻʶ ʪʽʻʾ ʞ ʧʨʦʛʨʘʤʠ [21] 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʘʣʛʦʨʠʪʤ ʧʨʦʻʢʪʫʚʘʥʥʷ, ʷʢʠʡ ʚʚʘʞʘʻʪʴʩʷ çʥʦʫ-ʭʘʫè ʢʦʤʧʘʥʽʾ, 

ʙʫʚ ʩʫʪʪʻʚʦ ʤʦʜʝʨʥʽʟʦʚʘʥʠʡ ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʯʘʪʢʦʚʠʤʠ ʨʝʘʣʽʟʘʮʽʷʤʠ, ʦʩʢʽʣʴʢʠ ʥʘ 

ʧʨʘʢʪʠʮʽ ʧʨʠʟʚʦʜʠʚ ʜʦ ʟʥʘʯʥʠʭ ʚʽʜʭʠʣʝʥʴ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʚʽʜ ʟʘʜʘʥʦʛʦ ʟʥʘʯʝʥʥʷ 

ʩʠʣʠ ʨʽʟʘʥʥʷ. ʋ ʧʦʧʝʨʝʜʥʽʡ ʚʝʨʩʽʾ ʫʧʨʘʚʣʽʥʥʷ ʬʦʨʤʫʚʘʣʦʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ 

ʛʝʦʤʝʪʨʽʾ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʫʚʘʥʥʷ, ʟʘ ʢʨʠʪʝʨʽʻʤ ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘʢ ʟʚʘʥʦʾ çʢʦʥʪʫʨʥʦʾ 

ʧʦʜʘʯʽè [82, 87]. 
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ɼʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʦʧʝʨʝʜʥʽʭ ʚʝʨʩʽʡ ʘʣʛʦʨʠʪʤʫ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ 

ʜʦʩʣʽʜʞʝʥʥʷ, ʩʧʨʷʤʦʚʘʥʝ ʥʘ ʘʥʘʣʽʟ ʨʦʙʦʪʠ iMachining ʟʨʘʟʢʘ 2019 ʨʦʢʫ. ʎʝ 

ʜʦʩʣʽʜʞʝʥʥʷ ʦʭʦʧʣʶʚʘʣʦ ʘʥʘʣʽʟ ʘʣʛʦʨʠʪʤʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʷʢʠʭ ʩʪʚʦʨʶʻʪʴʩʷ 

ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʨʽʟʘʥʥʷ ʚ iMachining. ʄʝʪʦʶ ʙʫʣʦ ʚʠʷʚʣʝʥʥʷ ʢʣʶʯʦʚʠʭ 

ʚʽʜʤʽʥʥʦʩʪʝʡ ʪʘ ʧʦʪʝʥʮʽʡʥʠʭ ʥʝʜʦʣʽʢʽʚ ʨʘʥʥʽʭ ʚʝʨʩʽʡ ʘʣʛʦʨʠʪʤʫ. 

ʋ ʨʘʤʢʘʭ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʟʘʷʚʣʝʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʝʭʥʦʣʦʛʽʾ 

iMachining ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʽʨʪʫʘʣʴʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʱʦ ʚʢʣʶʯʘʚ ʤʦʜʝʣʶʚʘʥʥʷ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘʛʦʪʦʚʢʠ, ʢʦʥʪʫʨ ʷʢʦʾ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʧʨʷʤʠʭ, 

ʧʦʻʜʥʘʥʠʭ ʜʫʛʦʶ ʢʦʣʘ. ʆʩʢʽʣʴʢʠ ʪʝʭʥʦʣʦʛʽʷ ʚʠʢʦʨʠʩʪʦʚʫʻ ʤʝʪʦʜ ʫʧʨʘʚʣʽʥʥʷ, 

ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʘʧʨʽʦʨʥʽʡ ʽʥʬʦʨʤʘʮʽʾ, ʦʩʥʦʚʥʦʶ ʤʝʪʦʶ ʝʢʩʧʝʨʠʤʝʥʪʫ ʙʫʣʦ 

ʦʪʨʠʤʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʰʣʷʭʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʾʭ ʧʦʜʘʣʴʰʘ 

ʦʮʽʥʢʘ. ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʯʠʩʝʣʴʥʠʤʠ ʤʝʪʦʜʘʤʠ ʽ ʚʠʟʥʘʯʘʣʦ ʦʩʥʦʚʥʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ï ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) 

ʪʘ ʩʝʨʝʜʥʶ ʩʠʣʫ ʨʽʟʘʥʥʷ. 

ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʧʨʦʙʥʘ ʚʝʨʩʽʷ SolidCAM ʽʟ ʤʦʜʫʣʝʤ 

iMachining. ɿʘ ʜʦʧʦʤʦʛʦʶ ʮʴʦʛʦ ʤʦʜʫʣʷ ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʧʨʦʛʨʘʤʘ ʫʧʨʘʚʣʽʥʥʷ 

ʬʨʝʟʝʨʫʚʘʥʥʷʤ ʢʦʥʪʫʨʫ ʜʝʪʘʣʽ 1 ʬʨʝʟʦʶ 2 (ʨʠʩ. 3.10, ʘ), ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʽ 

ʚʽʜʧʦʚʽʜʥʽ G-ʢʦʜʠ (ʨʠʩ. 3.10, ʙ) [21]. 

  

1 

2 

 

ʈʠʩʫʥʦʢ 3.10 ï ʈʝʟʫʣʴʪʘʪʠ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘ ʩʪʚʦʨʝʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʚ 

iMachining SolidCAM: ʘ) ʽʥʪʝʨʬʝʡʩ ʤʦʜʝʣʶʚʘʥʥʷ; ʙ) G-ʢʦʜ, ʱʦ ʤʽʩʪʠʪʴʩʷ ʫ 

ʧʨʦʛʨʘʤʠ ʫʧʨʘʚʣʽʥʥʷ [21] 
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ɺʠʙʨʘʥʦ ʚʠʭʽʜʥʽ ʜʘʥʽ: ʟʘʛʦʪʦʚʢʘ ï ʤʘʪʝʨʽʘʣ ʉʪʘʣʴ 30, ʨʘʜʽʫʩ ʢʦʥʪʫʨʫ 

ʟʘʛʦʪʦʚʢʠ 25ʤʤ, ʧʨʠʧʫʩʢ 1,5ʤʤ, ʪʦʚʱʠʥʘ 10ʤʤ, ʢʽʥʮʝʚʘ ʬʨʝʟʘ Ï30ʤʤ, 6 ʟʫʙʮʽʚ, 

ʢʫʪ ʥʘʭʠʣʫ ʣʝʟʘ 30,̄ ʩʫʮʽʣʴʥʘ Solid carbide ɸ20.  

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʟʤʽʥʠ ʚ ʫʤʦʚʘʭ ʨʽʟʘʥʥʷ, ʷʢʽ 

ʧʨʦʚʦʢʫʶʪʴ ʚʽʜʧʦʚʽʜʥʫ ʨʝʘʢʮʽʶ ʩʠʣʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʥʝ ʟʙʽʛʘʶʪʴʩʷ ʟ 

ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʟʘ ʷʢʠʤʠ ʨʦʟʨʦʙʣʝʥʘ ʫʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʫ 

ʤʦʜʫʣʽ iMachining. ɿʤʽʥʘ ʫʤʦʚ ʦʙʨʦʙʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʘʥʽʰʝ, ʥʽʞ ʮʝʥʪʨ 

ʽʥʩʪʨʫʤʝʥʪʘ ʧʦʯʠʥʘʻ ʨʫʭʘʻʪʴʩʷ ʟʘ ʜʫʛʦʶ (ʨʠʩ. 3.11). ɯ, ʷʢ ʚʠʧʣʠʚʘʻ ʟ ʧʨʦʛʨʘʤʠ 

ʫʧʨʘʚʣʽʥʥʷ iMachining ʫ G-ʢʦʜʘʭ (ʜʠʚ. ʈʠʩ. 3.10, ʙ), ʩʘʤʝ ʮʽ ʪʦʯʢʠ ʧʨʠʡʤʘʶʪʴʩʷ 

ʷʢ ʢʦʥʪʨʦʣʴʥʽ ʪʦʯʢʠ ʧʨʠ ʨʦʟʨʦʙʮʽ ʧʦʜʘʯʽ [21]. 

 

1 

2 

3 

 

ʈʠʩʫʥʦʢ 3.11 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʢʦʥʪʨʦʣʝʤ 

ʧʦʜʘʯʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʭʥʦʣʦʛʽʾ iMachining [21] 

 

ʇʨʦʛʨʘʤʘ ʫʧʨʘʚʣʽʥʥʷ ʧʝʨʝʜʙʘʯʘʻ ʨʽʟʢʝ ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ ʚ 

ʢʘʜʨʘʭ N 134 (ʜʠʚ. ʨʠʩ. 3.10, ʙ) ʟ 2053 ʤʤ/ʭʚ ʜʦ 922 ʤʤ/ʭʚ, ʘ ʧʦʪʽʤ ʨʽʟʢʝ ʾʾ 

ʟʙʽʣʴʰʝʥʥʷ. ɿʨʦʟʫʤʽʣʦ, ʱʦ ʧʨʠʚʦʜʠ ʚʝʨʩʪʘʪʘ ʚʠʢʦʥʫʚʘʪʠʤʫʪʴ ʪʘʢʽ ʢʦʤʘʥʜʠ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʾʭ ʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʑʦʙ ʚʠʟʥʘʯʠʪʠ ʬʘʢʪʠʯʥʫ ʟʤʽʥʫ 

ʧʦʜʘʯʽ ʥʘ ʚʝʨʩʪʘʪʽ, ʤʦʞʥʘ ʫʷʚʠʪʠ ʤʦʜʝʣʴ ʧʨʠʚʦʜʫ ʫ ʚʠʛʣʷʜʽ ʘʧʝʨʽʦʜʠʯʥʦʛʦ 

ʝʣʝʤʝʥʪʘ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ [21]: 
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k
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+
= ,      (3.4) 
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ʜʝ s - ʦʧʝʨʘʪʦʨ ʃʘʧʣʘʩʘ, k - ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ, T - ʧʦʩʪʽʡʥʘ ʯʘʩʫ. 

ʈʝʘʢʮʽʷ ʪʘʢʦʛʦ ʧʨʠʚʦʜʫ ʥʘ ʩʪʫʧʽʥʯʘʪʠʡ ʩʠʛʥʘʣ ʫʧʨʘʚʣʽʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 

ʧʝʨʝʭʽʜʥʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʟʤʽʥʠ ʧʦʜʘʯʽ F(t) [21]: 

 

() ö
ö

÷

õ

æ
æ

ç

å
-D=

-
T

t

e1FtF ,     (3.5) 

 

ʜʝ ȹF ï ʟʤʽʥʘ ʧʦʜʘʯʽ. 

ʈʫʭ ʧʦ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʽʥʪʝʛʨʘʣʴʥʦʶ ʟʘʣʝʞʥʽʩʪʶ [21]: 

 

() ()ñ= dttFtL .     (3.6) 

 

ʉʧʽʣʴʥʝ ʨʽʰʝʥʥʷ ʨʽʚʥʷʥʴ (3.5) ʪʘ (3.6) ʜʘʻ ʟʘʣʝʞʥʽʩʪʴ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ 

ʧʦʜʘʯʽ ʚʽʜ ʬʫʥʢʮʽʾ ʢʦʦʨʜʠʥʘʪʠ l ʧʝʨʝʤʽʱʝʥʥʷ ʚʟʜʦʚʞ ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. 

ʈʽʝhʥʥʷ ʟʨʫʯʥʦ ʚʠʢʦʥʫʚʘʪʠ ʯʠʩʝʣʴʥʦ.ʈ ʨʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.12. 

ʇʦʝʪʘʧʥʘ ʟʤʽʥʘ ʧʦʜʘʯʽ ʫ ʬʘʡʣʽ ʫʧʨʘʚʣʽʥʥʷ G-ʢʦʜʦʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʪʦʯʢʘʭ ɸ ʽ ɺ, ʘ 

ʬʘʢʪʠʯʥʘ ʟʤʽʥʘ, ʚʨʘʭʦʚʫʶʯʠ ʜʠʥʘʤʽʢʫ ʧʨʠʚʦʜʫ ʧʨʠ ʊ = 0,03 ʩ, ʧʦʟʥʘʯʘʻʪʴʩʷ 1. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʩʪʚʦʨʝʥʽʡ ʧʨʦʛʨʘʤʽ ʟ ʮʠʤ ʝʣʝʤʝʥʪʦʤ ʫʧʨʘʚʣʽʥʥʷ 

ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.11, ʜʝ ʧʨʠʡʥʷʪʽ ʦʜʥʘʢʦʚʽ ʧʦʟʥʘʯʝʥʥʷ ʛʨʘʬʽʢʽʚ ʟ ʧʦʧʝʨʝʜʥʽʤʠ 

[21]. 

 

1 

5p mm 

 

ʈʠʩʫʥʦʢ 3.12 - ɻʨʘʬʽʢ ʬʘʢʪʠʯʥʦʾ ʟʤʽʥʠ ʧʦʜʘʯʽ [21] 

 



90 
 

ɿʛʽʜʥʦ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ (ʨʠʩ. 3.12), ʧʦʜʽʙʥʠʡ ʧʽʜʭʽʜ ʜʦ 

ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʨʽʟʘʥʥʷ ʥʝ ʛʘʨʘʥʪʫʻ ʡʦʛʦ ʩʪʘʙʽʣʽʟʘʮʽʾ: ʥʘ ʜʽʣʷʥʢʘʭ, 

ʧʦʟʥʘʯʝʥʠʭ ʝʣʽʧʩʘʤʠ, ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʨʽʟʢʽ ʢʦʣʠʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʱʦ ʚ 

ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʤʦʞʫʪʴ ʟʫʤʦʚʠʪʠ ʜʝʬʝʢʪʠ ʥʘ ʦʙʨʦʙʣʝʥʽʡ ʧʦʚʝʨʭʥʽ. ʇʨʠʯʠʥʦʶ ʻ 

ʚʠʙʨʘʥʘ ʩʪʨʘʪʝʛʽʷ, ʷʢʘ ʧʨʠʚôʷʟʫʻ ʦʯʽʢʫʚʘʥʽ ʟʤʽʥʠ ʫʤʦʚ ʨʽʟʘʥʥʷ ʚʠʢʣʶʯʥʦ ʜʦ 

ʛʝʦʤʝʪʨʽʾ ʪʨʘʻʢʪʦʨʽʾ. ɺʦʜʥʦʯʘʩ, ʘʥʘʣʽʟ ʤʦʜʝʣʶʚʘʥʥʷ ʩʚʽʜʯʠʪʴ, ʱʦ ʧʦʜʽʙʥʽ ʟʤʽʥʠ 

ʧʦʯʠʥʘʶʪʴʩʷ ʨʘʥʽʰʝ ʡ ʪʨʠʚʘʶʪʴ ʜʦʚʰʝ, ʥʽʞ ʧʝʨʝʜʙʘʯʝʥʦ ʘʣʛʦʨʠʪʤʦʤ [21].  

ʉʪʨʘʪʝʛʽʷ iMachining ʩʧʨʷʤʦʚʘʥʘ ʥʘ ʨʦʟʚôʷʟʘʥʥʷ ʟʛʘʜʘʥʠʭ ʧʨʦʙʣʝʤ, 

ʥʘʜʘʶʯʠ ʪʝʭʥʦʣʦʛʫ-ʧʨʦʛʨʘʤʽʩʪʫ ʟʤʦʛʫ ʚʠʙʠʨʘʪʠ ʨʽʚʝʥʴ ʘʛʨʝʩʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʨʝʘʣʴʥʠʭ ʫʤʦʚ ʚʠʨʦʙʥʠʮʪʚʘ (ʨʠʩ. 3.13). ʎʝ ʨʽʰʝʥʥʷ ʜʦʟʚʦʣʷʻ 

ʚʨʘʭʦʚʫʚʘʪʠ ʞʦʨʩʪʢʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʠʩʪʝʤʠ, ʘʣʝ ʚʦʜʥʦʯʘʩ ʚʠʤʘʛʘʻ 

ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʽʜʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʽʚʥʷ ʦʙʨʦʙʢʠ ʥʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʦʙʨʦʙʢʠ ʥʘ ʚʝʨʩʪʘʪʽ ʟ ʏʇʂ. 

 

ʈʠʩʫʥʦʢ 3.13 ï ɺʨʘʭʫʚʘʥʥʷ ʞʦʨʩʪʢʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʥʦʾ ʩʠʩʪʝʤʠ ʧʨʠ 

ʧʨʦʻʢʪʫʚʘʥʥʽ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ [21] 

 

ɿʤʝʥʰʝʥʥʷ ʨʽʚʥʷ çʘʛʨʝʩʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠè [21] ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ 

ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ, ʘ ʦʪʞʝ, ʽ ʧʦʜʘʯ.̔ ʎʝ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, 

ʦʩʢʽʣʴʢʠ ʟʨʦʩʪʘʻ ʯʘʩ ʦʙʨʦʙʢʠ. ʊʘʢʠʤ ʯʠʥʦʤ, ʦʩʥʦʚʥʠʤ ʟʘʚʜʘʥʥʷʤ, ʧʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʪʝʭʥʦʣʦʛʽʾ iMachining, ʻ ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ 

ʩʪʘʙʽʣʴʥʽʩʪʶ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʪʘ ʧʽʜʪʨʠʤʘʥʥʷʤ ʚʠʩʦʢʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. 
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ʆʯʝʚʠʜʥʦ, ʱʦ ʫʧʨʘʚʣʽʥʥʷ ʨʦʟʨʦʙʣʝʥʝ ʚ iMachining 2019 ʨʦʢʫ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʟʥʘʯʥʠʭ ʚʽʜʭʠʣʝʥʴ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʘ ʧʦʯʘʪʢʫ ʚʭʦʜʫ ʚ ʫʚʽʛʥʫʪʫ ʯʘʩʪʠʥʫ 

ʧʦʚʝʨʭʥʽ. ʊʘʢʽ ʥʝʜʦʣʽʢʠ ʩʧʦʥʫʢʘʣʠ ʢʦʤʧʘʥʽʶ ʨʦʟʨʦʙʠʪʠ ʜʝʷʢʽ ʟʤʽʥʠ ʢʨʦʢʫ ʧʝʨʝʜ 

ʚʭʦʜʦʤ ʬʨʝʟʠ ʚ ʪʘʢʽ ʜʽʣʷʥʢʠ (ʜʠʚ. ʨʠʩ. 3.9) ʚ iMachining 2024. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʤʦʞʥʘ ʧʦʧʝʨʝʜʥʴʦ ʢʦʥʩʪʘʪʫʚʘʪʠ, ʱʦ ʘʣʛʦʨʠʪʤ ʧʨʦʻʢʪʫʚʘʥʥʷ çʨʦʟʫʤʥʦʛʦè 

ʫʧʨʘʚʣʽʥʥʷ ʢʦʤʧʘʥʽʾ, ʚʩʝ ʱʝ ʥʝ ʧʝʨʝʜʙʘʯʘʻ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʟʥʷʪʪʷ 

ʧʨʠʧʫʩʢʫ, ʱʦ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚ ʜʘʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ, ʽ ʥʝ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʧʦ ʚʩʽʡ ʪʨʘʻʢʪʦʨʽʾ [82]. 

ʑʦʙ ʦʮʽʥʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʾ ʪʝʭʥʦʣʦʛʽʾ, ʥʘʩʘʤʧʝʨʝʜ ʧʦʪʨʽʙʥʦ 

ʩʪʚʦʨʠʪʠ ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʚ G-ʢʦʜʘʭ. ʎʝʡ ʧʨʦʮʝʩ ʨʝʘʣʽʟʫʶʪʴ, ʩʧʠʨʘʶʯʠʩʴ 

ʥʘ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʤʫ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥ ̔(ʽʥʪʝʨʬʝʡʩ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.3, ʘ ʚʽʜʧʦʚʽʜʥʠʡ ʮʠʬʨʦʚʠʡ ʬʘʡʣ ï ʥʘ ʨʠʩ. 3.4). ʅʘ ʝʪʘʧʽ 

ʧʨʦʻʢʪʫʚʘʥʥʷ ʟʨʫʯʥʦ ʦʜʨʘʟʫ ʧʝʨʝʚʽʨʷʪʠ ʨʝʟʫʣʴʪʘʪ, ʟʘʚʘʥʪʘʞʫʶʯʠ ʩʪʚʦʨʝʥʠʡ G-

ʢʦʜ, ʚʠʢʦʥʫʶʯʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʚʥʦʩʷʯʠ ʢʦʨʝʢʪʠʚʠ ʚ ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʦʢ 

ʧʝʨʝʤʠʢʘʥʥʷ ʘʙʦ ʚ ʫʧʨʘʚʣʷʶʯʽ ʩʠʛʥʘʣʠ ï ʧʦʜʘʯʫ ʯʠ ʦʙʝʨʪʠ ʰʧʠʥʜʝʣʷ (ʜʠʚ. ʨʠʩ. 

3.14). 

 

ʈʠʩʫʥʦʢ 3.14 ï ʋʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʚ G-ʢʦʜʽ ʟ ʫʧʨʘʚʣʽʥʥʷʤ ʧʦʜʘʯʝʶ 
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ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʫʧʨʘʚʣʽʥʥʷʤ 

ʧʦʜʘʯʝʶ, ʨʝʘʣʽʟʦʚʘʥʠʤ ʟʘ ʨʦʟʨʦʙʣʝʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.15. 

ʇʦʟʥʘʯʝʥʥʷ ʦʩʮʠʣʦʛʨʘʤ ʘʥʘʣʦʛʽʯʥʽ ʪʠʤ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʥʘ ʧʦʧʝʨʝʜʥʽʭ 

ʨʠʩʫʥʢʘʭ. ʄʘʢʩʠʤʘʣʴʥʽ ʪʘ ʤʽʥʽʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʨʦʟʨʘʭʫʥʢʦʚʠʤ ʜʘʥʠʤ, ʧʨʝʜʩʪʘʚʣʝʥʠʤ ʥʘ ʨʠʩ. 3.4 (ʧʦʟʥʘʯʝʥʽ ʝʣʽʧʩʘʤʠ). ʃʽʥʽʷ 1 

ʚʽʜʦʙʨʘʞʘʻ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʘʢʦʥ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ, ʘ ʣʽʥʽʷ 2 ï ʰʚʠʜʢʽʩʪʴ 

ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʫ ʧʨʦʮʝʩʽ ʨʽʟʘʥʥʷ.  

 

2 

1 

4 

3 

 

ʈʠʩʫʥʦʢ 3.15 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʫʧʨʘʚʣʽʥʥʷʤ 

ʧʦʜʘʯʝʶ 

 

ʇʨʦʻʢʪʫʚʘʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʟʘ ʟʘʧʨʦʧʦʥʦʚʘʥʠʤ ʤʝʪʦʜʦʤ ʚʠʤʘʛʘʻ 

ʜʦʜʘʪʢʦʚʠʭ ʦʙʯʠʩʣʝʥʴ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʦʨʜʠʥʘʪ ʪʦʯʦʢ ʧʝʨʝʤʠʢʘʥʥʷ. ɿʦʢʨʝʤʘ, 
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ʮʝ ʚʢʣʶʯʘʻ ʨʦʟʨʘʭʫʥʦʢ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʦʨʜʠʥʘʪ ʪʦʯʦʢ ʥʘ ʜʫʟ̔  ʪʨʘʻʢʪʦʨʽʾ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʷʢʽ ʧʦʪʽʤ ʢʦʨʠʛʫʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʂʦʣʠʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʮʝʩʫ ʟʫʤʦʚʣʝʥʽ ʩʪʫʧʽʥʯʘʩʪʦʶ ʟʤʽʥʦʶ ʧʦʜʘʯʽ, 

ʟʘʧʨʦʛʨʘʤʦʚʘʥʦʶ ʫ ʩʧʨʦʻʢʪʦʚʘʥʽʡ ʫʧʨʘʚʣʷʶʯʽʡ ʧʨʦʛʨʘʤʽ ʟʛʽʜʥʦ ʟ ʚʠʙʨʘʥʠʤ ʧʽʜ 

ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʢʨʦʢʦʤ ʜʠʩʢʨʝʪʠʟʘʮʽʾ. ʈʦʟʨʘʭʫʥʢʦʚʠʡ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʦʧʝʨʘʮʽʾ 

ʩʪʘʥʦʚʠʪʴ 14,5 ʩ. 

 

3.3 ʇʽʜʛʦʪʦʚʢʘ ʜʦ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʫ 

 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʬʨʝʟʝʨʥʠʡ ʚʝʨʩʪʘʪ ʟ ʏʇʂ 

HAAS TMï0p. ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʚʝʨʩʪʘʪʫ ʏʇʂ ʥʘʚʝʜʝʥʠʡ (ʨʠʩ. 3.16), ʡʦʛʦ 

ʛʦʣʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʪʘʙʣʠʮʽ 3.1. 

 

ʈʠʩʫʥʦʢ 3.16 ï ɺʝʨʩʪʘʪ ʏʇʂ, Haas TM-0P (Toolroom Mills) [88] 
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ʊʘʙʣʠʮʷ 3.1 ï ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ HAAS TMï0p 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʥʷ  

ʇʝʨʝʤʽʱʝʥʥʷ ʧʦ ʦʩʽ X 762 ʤʤ 

ʇʝʨʝʤʽʱʝʥʥʷ ʧʦ ʦʩʽ Y 305 ʤʤ 

ʇʝʨʝʤʽʱʝʥʥʷ ʧʦ ʦʩʽ Z 406 ʤʤ 

ʈʦʟʤʽʨ ʩʪʦʣʫ (ɼ Ĭ ʐ) 863 Ĭ 260 ʤʤ 

ʄʘʢʩʠʤʘʣʴʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʩʪʦʣʫ 136 ʢʛ 

ʂʦʥʫʩ ʰʧʠʥʜʝʣʷ ISO 40 

ɼʽʘʧʘʟʦʥ ʰʚʠʜʢʦʩʪʝʡ ʰʧʠʥʜʝʣʷ 0ï6000 ʦʙ/ʭʚ 

ʄʘʢʩʠʤʘʣʴʥʘ ʧʦʪʫʞʥʽʩʪʴ ʰʧʠʥʜʝʣʷ 5,6 ʢɺʪ 

ʊʠʧ ʟʤʽʥʠ ʽʥʩʪʨʫʤʝʥʪʘ ɯʥʪʝʛʨʦʚʘʥʠʡ ʢʘʨʫʩʝʣʴʥʠʡ (ʦʧʮʽʷ) 

ʂʽʣʴʢʽʩʪʴ ʧʦʟʠʮʽʡ ʫ ʤʘʛʘʟʠʥʽ (ʦʧʮʽʷ) 10 

ʉʠʩʪʝʤʘ ʏʇʂ Haas 

ɻʘʙʘʨʠʪʠ (ɼ Ĭ ʐ Ĭ ɺ) 1524 Ĭ 1397 Ĭ 2092 ʤʤ (ʧʨʠʙʣʠʟʥʦ) 

ʄʘʩʘ (ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʧʮʽʡ) ~907 ʢʛ 

ʄʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʨʦʙʦʯʦʾ 

ʧʦʜʘʯʽ 

10,2 ʤ/ʭʚ 

ʐʚʠʜʢʽ ʧʝʨʝʤʽʱʝʥʥʷ (X, Y, Z) 10,2 ʤ/ʭʚ 

ʄʘʢʩʠʤʘʣʴʥʘ ʪʷʛʘ ʧʨʠʚʦʜʽʚ (X, Y, Z) 8896 ʅ 

 

ʅʘ ʨʠʩ. 3.17 ʥʘʚʝʜʝʥʦ ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ: ʥʘ 

ʨʦʙʦʯʦʤʫ ʩʪʦʣʽ ʚʝʨʩʪʘʪʘ ʟʘʢʨʽʧʣʝʥʦ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʡ ʪʝʥʟʦʤʝʪʨʠʯʥʠʡ ʜʘʪʯʠʢ 

HBM (Germany) MCS 10-005-3C, ʥʘ ʷʢʦʤʫ ʨʦʟʤʽʱʝʥʘ ʟʘʛʦʪʦʚʢʘ. ʊʘʢʘ 

ʢʦʤʧʦʥʦʚʢʘ ʜʘʻ ʟʤʦʛʫ ʬʽʢʩʫʚʘʪʠ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʽʜ ʯʘʩ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ. 
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˔́̄̏̓̏̃̋́ 

ˡ̑̆̈́  
zρς ̍  ̍

ˑ̘́̓̉̋ MCS 

 

ʈʠʩʫʥʦʢ 3.17 ï ɿʘʛʦʪʦʚʢʘ ʪʘ ʪʝʥʟʦʤʝʪʨʠʯʥʠʡ ʜʘʪʯʠʢ HBM MCS 10-005-3C ʥʘ 

ʩʪʦʣʽ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ [82] 

 

ɼʣʷ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʟ ʪʝʥʟʦʤʝʪʨʠʯʥʦʛʦ ʜʘʪʯʠʢʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʧʽʜʩʠʣʶʚʘʯʽ HBM (Germany) ClipX BM40 (ʨʠʩ. 3.18) ʧʨʠʻʜʥʘʥʽ ʜʦ ʦʩʝʡ, ʟʘ ʷʢʠʤʠ 

ʧʨʦʚʦʜʠʣʦʩʴ ʚʠʤʽʨʶʚʘʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʣʠ ʨʽʟʘʥʥʷ.  

 

ʈʠʩʫʥʦʢ 3.18 ï ʇʽʜʩʠʣʶʚʘʯʽ ʩʠʛʥʘʣʫ HBM ClipX BM40 

 

 

ClipX BM40 
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ʆʪʨʠʤʘʥʽ ʩʠʛʥʘʣʠ ʟ ʜʠʥʘʤʦʤʝʪʨʘ ʧʝʨʝʜʘʚʘʣʠʩ ɹʜʦ ʧʽʜʩʠʣʶʚʘʯʽʚ, ʘ ʜʘʣʽ ï ʥʘ 

ʥʦʫʪʙʫʢ (ʨʠʩ. 3.19) ʪʘ ʟʙʝʨʽʛʘʣʠʩ ɹʫ ʬʦʨʤʘʪʽ Excel. ʊʘʢʠʡ ʧʽʜʭʽʜ ʥʝ ʚʠʤʘʛʘʚ 

ʩʧʝʮʽʘʣʴʥʦʛʦ ʢʘʣʽʙʨʫʚʘʥʥʷ, ʘʜʞʝ ʟʘʧʠʩʠ ʫ ʬʘʡʣʘʭ Excel ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʝʘʣʴʥʠʤ 

ʟʥʘʯʝʥʥʷʤ ʩʠʣʠ ʨʽʟʘʥʥʷ. 

 

ʈʠʩʫʥʦʢ 3.19 ï ʅʦʫʪʙʫʢ ʽʟ ʧʨʦʛʨʘʤʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ ʜʣʷ ʨʝʻʩʪʨʘʮʽʾ ʪʘ 

ʟʙʝʨʝʞʝʥʥʷ Fx ʽ Fy 

ɼʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʫʧʨʘʚʣʷʶʯʠʭ ʧʨʦʛʨʘʤ ʧʨʦʚʝʜʝʥʦ ʩʝʨʽʶ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʬʨʝʟʝʨʫʚʘʥʥʷ ʢʦʥʪʫʨʫ ʟʘʛʦʪʦʚʢʠ, ʫʪʚʦʨʝʥʦʛʦ ʧʨʷʤʠʤʠ, 

ʫʚʽʛʥʫʪʠʤʠ ʪʘ ʦʧʫʢʣʠʤʠ ʜʫʛʘʤʠ ʢʽʣ (ʨʠʩ. 3.20) 

 

ʈʠʩʫʥʦʢ 3.20 ï ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʟʘʛʦʪʦʚʢʘ ʟ ʝʢʚʽʜʠʩʪʘʥʪʥʠʤ ʧʨʠʧʫʩʢʦʤ 

 (ʅ=1,5 ʤʤ) 

ʊʘʢʘ ʬʦʨʤʘ ʢʦʥʪʫʨʫ ʦʭʦʧʣʶʻ ʚʩʽ ʤʦʞʣʠʚʽ ʢʦʥʪʫʨʠ ʨʝʘʣʴʥʠʭ ʜʝʪʘʣʝʡ. 

ʌʨʝʟʝʨʫʚʘʥʥʷ ʚʠʢʦʥʫʚʘʣʦʩ ɹ ʥʘ ʩʧʝʮʽʘʣʴʥʦ ʧʽʜʛʦʪʦʚʣʝʥʽʡ ʟʘʛʦʪʦʚʮʽ ʜʣʷ 

 

Fx Fy 
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ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʚʽʜʜʘʣʝʥʠʭ ʧʨʠʧʫʩʢʽʚ ʧʦ ʚʩʴʦʤʫ ʢʦʥʪʫʨʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʦʜʥʘʢʦʚʽ ʫʤʦʚʠ ʨʽʟʘʥʥʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ. ɼʣʷ ʮʴʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚ ʢʦʞʥʦʤʫ 

ʝʢʩʧʝʨʠʤʝʥʪʽ ʧʨʦʚʦʜʠʣʦʩ ɹʟʘ ʜʚʘ ʧʨʦʭʦʜʠ [82]. ʋ ʧʝʨʰʦʤʫ ʧʨʦʭʦʜʽ ʦʙʨʦʙʢʘ 

ʚʠʢʦʥʫʚʘʣʘʩ ɹʬʨʝʟʦʶ Ï8 ʤʤ, 4 ʟʫʙʘ, ʢʫʪ ʥʘʭʠʣʫ ʩʧʽʨʘʣʴʥʦʾ ʢʘʥʘʚʢʠ 35̄  ʜʣʷ 

ʧʽʜʛʦʪʦʚʢʠ ʨʽʚʥʦʚʽʜʜʘʣʝʥʦʛʦ ʧʨʠʧʫʩʢʫ (H=1,5 ʤʤ), ʘ ʧʽʩʣʷ ʟʤʽʥʠ ʽʥʩʪʨʫʤʝʥʪʘ ʥʘ 

ʬʨʝʟʫ Ï12 ʤʤ, 4 ʟʫʙʘ, ʢʫʪ ʥʘʭʠʣʫ ʛʚʠʥʪʦʚʦʾ ʢʘʥʘʚʢʠ 45̄ , ʤʘʪʝʨʽʘʣ 

ʰʚʠʜʢʦʨʽʟʘʣʴʥʘ ʩʪʘʣʴ P6M5, ʟ ʥʘʧʠʣʝʥʥʷʤ TiAlCrN (ʨʠʩ. 3.21) ʢʦʥʪʫʨ 

ʦʙʨʦʙʣʷʚʩ ̫ʟʘ ʨʦʟʨʦʙʣʝʥʦʶ ʧʨʦʛʨʘʤʦʶ ʙʝʟ ʟʥʷʪʪʷ ʟʘʛʦʪʦʚʢʠ ʟʽ ʩʪʦʣʫ.  

 

ʈʠʩʫʥʦʢ 3.21 ï ʂʽʥʮʝʚʘ ʬʨʝʟʘ, ʚʠʛʣʷʜ: ʘ) ʟʣʽʚʘ ʙ) ʟ ʪʦʨʮʷ 

 

ʆʩʢʽʣʴʢʠ ʚʠʨʦʙʥʠʢ ʥʝ ʥʘʜʘʚ ʽʥʰʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʨʝʟʠ, 

ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʚʠʤʽʨʶʚʘʥʥʷ: ʇʝʨʝʜʥʽʡ ʢʫʪ (ɔ): ʅʘ ʨʠʩ. 3.22 ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʚʠʤʽʨʶʚʘʥʥʷ ʧʝʨʝʜʥʴʦʛʦ ʢʫʪʘ ʽʥʩʪʨʫʤʝʥʪʘ, ʷʢʠʡ ʩʪʘʥʦʚʠʪʴ 6 .̄  

 

ʈʠʩʫʥʦʢ 3.22 ï ɺʠʤʽʨʶʚʘʥʥʷ ʧʝʨʝʜʥʴʦʛʦ ʢʫʪʘ (ɔ) ʢʽʥʮʝʚʦʾ ʬʨʝʟʠ 
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ɿʘʜʥʽʡ ʢʫʪ (Ŭ): ʅʘ ʨʠʩ. 3.23 ʧʦʢʘʟʘʥʦ ʚʠʤʽʨʶʚʘʥʥʷ ʟʘʜʥʴʦʛʦ ʢʫʪʘ, ʷʢʠʡ 

ʩʢʣʘʜʘʻ 6Á. 

 

ʈʠʩʫʥʦʢ 3.23 ï ɺʠʤʽʨʶʚʘʥʥʷ ʟʘʜʥʴʦʛʦ ʢʫʪʘ (Ŭ) ʢʽʥʮʝʚʦʾ ʬʨʝʟʠ 

 

ʉʢʨʫʛʣʝʥʥʷ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ (r) (ʨʠʩ. 3.24), ʩʪʘʥʦʚʠʪʴ 0,01 ʤʤ.  

 

 

ʈʠʩʫʥʦʢ 3.24 ï ɺʠʤʽʨʶʚʘʥʥʷ ʨʘʜʽʫʩʘ ʩʢʨʫʛʣʝʥʥʷ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ ʢʽʥʮʝʚʦʾ ʬʨʝʟʠ 

 

ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʜʝʪʘʣʽ ʚʠʩʪʘʚʣʷʻʪʴʩʷ, ʧʦ ʧʝʨʝʪʠʥʫ 3 ʧʣʦʱʠʥ (ʨʠʩ. 3.25). 
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ʈʠʩʫʥʦʢ 3.25 ï ʇʨʠʚôʷʟʢʘ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ ʜʦ ʟʘʛʦʪʦʚʢʠ ʪʘ ʜʝʪʘʣʽ 

 

ʎʝ ʟʘʙʝʟʧʝʯʠʣʦ ʧʨʠʚôʷʟʢʫ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʜʦ ʬʘʢʪʠʯʥʦʛʦ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʟʘʛʦʪʦʚʢʠ ʽ ʛʘʨʘʥʪʫʚʘʣʦ ʨʽʚʥʦʚʽʜʜʘʣʝʥʠʡ (ʝʢʚʽʜʠʩʪʘʥʮʽʡʥʠʡ) 

ʧʨʠʧʫʩʢ ʚ ʝʢʩʧʝʨʠʤʝʥʪʽ. 

 

3.4 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ 

 

ʆʩʢʽʣʴʢʠ ʩʠʣʘ ʨʽʟʘʥʥʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʦʚô̫ ʟʘʥʘ ʟ ̔ʰʚʠʜʢʽʩʪʶ ʚʠʜʘʣʝʥʥ ̫

ʤʘʪʝʨʽʘʣʫ (MRR), ʚʠʨʽʰʝʥʦ ʦʮʽʥʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʟʘ ʩʝʨʝʜʥʴʦʶ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʶ ʩʢʣʘʜʦʚʦʶ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʅʘ ʨʠʩʫʥʢʫ 3.26 ʥʘʚʝʜʝʥʦ ʦʩʮʠʣʦʛʨʘʤʠ 

ʩʢʣʘʜʦʚʠʭ Fx ʪʘ Fy ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥ ̫ ʢʦʥʪʫʨʫ ʜʝʪʘʣʽ ʟʘ 

ʧʨʦʛʨʘʤʦʶ, ʨʦʟʨʦʙʣʝʥʦʶ ʚ SolidCAM. ʇʦʤʽʪʥʘ ʟʥʘʯʥʘ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʩʢʣʘʜʦʚʠʭ, 

ʘ ʚ ʟʦʥʽ ʦʙʨʦʙʢʠ ʫʚʽʛʥʫʪʦʾ ʯʘʩʪʠʥʠ ʢʦʥʪʫʨʫ (ʚʠʜʽʣʝʥʘ ʧʨʷʤʦʢʫʪʥʠʢʦʤ ʥʘ ʨʠʩʫʥʢʫ 

3.27) ʦʩʮʠʣʦʛʨʘʤʠ ʩʢʣʘʜʦʚʠʭ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʤʘʣʫ ʰʠʨʠʥʫ ʨʽʟʘʥʥʷ (5 ʤʤ), ʥʝ 

ʜʦʩʷʛʘʶʪʴ ʥʫʣʷ. 
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Fx 

Fy 

 

ʈʠʩʫʥʦʢ 3.26 ï ʆʩʮʠʣʦʛʨʘʤʠ ʟ ̔ʩʢʣʘʜʦʚʠʤʠ Fx ʽ Fy ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʽʜ ʯʘʩ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥ ̫ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʠ SolidCAM [82] 

 

ɻʦʨʠʟʦʥʪʘʣʴʥʘ ʩʢʣʘʜʦʚʘ ʩʠʣʠ ʨʽʟʘʥʥʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.27. ɺʦʥʘ ʙʫʣʘ 

ʨʦʟʨʘʭʦʚʘʥʘ ʷʢ ʩʠʣʘ Fxy ʟʘ ʬʦʨʤʫʣʦʶ: 

 

( ) ( )22

yxxy FFF += ,    (3.7) 

 

ʜʝ Fx, Fy - ʟʥʘʯʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ. 

 

Fxy 1 
2 

 

ʈʠʩʫʥʦʢ 3.27 ï ʆʩʮʠʣʦʛʨʘʤʠ ʩʠʣʠ ʨʽʟʘʥʥʷ Fxy ʧ̔ ʜ ʯʘʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʠ SolidCAM 
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ʅʘ ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʜʽʣʷʥʢʘʭ ʢʦʥʪʫʨʫ 1 (ʨʠʩ. 3.27) ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʟʤʽʥʠ 

ʩʠʣʠ ʨʽʟʘʥʥʷ, ʷʢ ʮʝ ʚʠʜʥʦ ʟʽ ʟʙʽʣʴʰʝʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʦʩʮʠʣʦʛʨʘʤʠ (ʨʠʩ 3.28). ʉʠʣʘ 

ʨʽʟʘʥʥʷ ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʙʣʠʟʴʢʦ 390 ʅ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʩʪʫʧʦʚʦ 

ʟʤʝʥʰʫʻʪʴʩʷ ʤʘʡʞʝ ʜʦ 0 ʅ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʨʦʙʦʪʦʶ ʦʜʥʦʛʦ ʟʫʙʘ ʬʨʝʟʠ. 

 

ʈʠʩʫʥʦʢ 3.28 ï ʆʩʮʠʣʦʛʨʘʤʘ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʘ ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʜʽʣʷʥʮʽ ʢʦʥʪʫʨʫ 

 

ʇ̔ ʜ ʯʘʩ ʦʙʨʦʙʢʠ ʫʚʽʛʥʫʪʦʾ ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ 2 (ʨʠʩ. 3.27) ʟʥʘʯʝʥʥʷ ʩʠʣʠ 

ʨʽʟʘʥʥʷ ʩʫʪʪʻʚʦ ʟʨʦʩʪʘ:̒ ʤʘʢʩʠʤʘʣʴʥʝ ï ʜʦʩʷʛʘʻ 620 ʅ, ʘ ʤʽʥʽʤʘʣʴʥʝ ʩʪʘʥʦʚʠʪʴ 

ʧʨʠʙʣʠʟʥʦ 350 ʅ (ʨʠʩ. 3.29). ʊʘʢʽ ʟʤʽʥʠ ʧʦʚôʷʟʘʥʽ ʟ ʢʨʠʚʠʟʥʦʶ ʦʙʨʦʙʣʶʚʘʥʦʾ 

ʧʦʚʝʨʭʥʽ, ʱʦ ʟʙʽʣʴʰʫʻ ʧʣʦʱʫ ʢʦʥʪʘʢʪʫ ʢʦʞʥʦʛʦ ʟʫʙʘ ʬʨʝʟʠ ʽʟ ʟʘʛʦʪʦʚʢʦʶ, ʘ 

ʪʘʢʦʞ ʽʟ ʦʜʥʦʯʘʩʥʦʶ ʨʦʙʦʪʦʶ ʢʽʣʴʢʦʭ ʟʫʙʽʚ ʬʨʝʟʠ. 

 

ʈʠʩʫʥʦʢ 3.29 ï ʆʩʮʠʣʦʛʨʘʤʘ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʘ ʫʚʽʛʥʫʪʽʡ ʜʽʣʷʥʮ ̔ʢʦʥʪʫʨʫ 

 

ʇʦʚʥʠʡ ʮʠʢʣ ʦʙʨʦʙʢʠ ʩʪʘʥʦʚʠʪʴ 38 ʩ ʧʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ ʫʧʨʘʚʣʷʶʯʦʶ 

ʧʨʦʛʨʘʤʦʶ ʨʦʟʨʦʙʣʝʥʦʶ ʚ SolidCAM. ɺ ʧʦʜʘʣʴʰʦʤʫ ʜʦʮʽʣʴʥʦ ʧʦʨʽʚʥʶʚʘʪʠ ʨʽʟʥʽ 
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ʫʧʨʘʚʣʽʥʥʷ ʟʘ ʩʝʨʝʜʥʽʤ ʟʥʘʯʝʥʥʷʤ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʈʦʟʨʘʭʦʚʘʥʝ ʟʥʘʯʝʥʥʷ ʩʝʨʝʜʥʴʦʾ 

ʩʠʣʠ ʨʽʟʘʥʥʷ (Fxyavr) ʜʣʷ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, ʨʦʟʨʦʙʣʝʥʦʾ ʚ SolidCAM 

ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.30. 

 

F xyavr 

 

ʈʠʩʫʥʦʢ 3.30 ï ʆʩʮʠʣʦʛʨʘʤʘ ʩʝʨʝʜʥʴʦʾ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ 

Fxyavr ʧʨʠ ʢʦʥʪʫʨʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʠ SolidCAM [82] 

 

ʆʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʚʥʽʩʪʶ ʧʽʜʪʚʝʨʜʞʫʶʪʴ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʚʠʷʚʣʝʥʽ ʧʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ 

(ʜʠʚ. ʨʠʩ. 3.2). ɿʨʦʟʫʤʽʣʦ, ʱʦ ʪʘʢʠʡ ʧʨʦʮʝʩ ʥʝ ʤʦʞʝ ʚʚʘʞʘʪʠʩʷ ʩʪʘʙʽʣʴʥʠʤ ʽ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʡʦʛʦ ʩʪʘʙʽʣʽʟʘʮʽʾ.  

ʅʘʩʪʫʧʥʠʡ ʝʢʩʧʝʨʠʤʝʥʪ ʙʫʚ ʚʠʢʦʥʘʥʠʡ ʧʨʠ ʢʦʥʪʫʨʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ CAM-ʧʨʦʛʨʘʤʠ ʩʠʩʪʝʤʠ SolidCAM ʫ ʚʝʨʩʽʾ iMachining ʚʽʜ 2024 

ʨʦʢʫ. ʅʘ (ʨʠʩ. 3.31, ʘ) ʥʘʚʝʜʝʥʦ ʦʩʮʠʣʦʛʨʘʤʠ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʘ ʥʘ (ʨʠʩ. 

3.31, ʚ) ï ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ. 

 

Fx 

Fy 

 

ʘ) 
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Fxy 

 

ʙ) 

 

Fxyavr 

 

 

ʚ) 

ʈʠʩʫʥʦʢ 3.31 ï ʈʝʟʫʣʴʪʘʪʠ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʠ 

iMachining: ʘ) ʦʩʮʠʣʦʛʨʘʤʠ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ; ʙ) ʦʩʮʠʣʦʛʨʘʤʠ ʩʠʣʠ ʨʽʟʘʥʥʷ 

Fxy; ʚ) ʦʩʮʠʣʦʛʨʘʤʘ ʩʝʨʝʜʥʴʦʾ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ Fxyavr 

 

ʆʯʝʚʠʜʥʦ, ʱʦ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʝ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠ 

(ʯʘʩ ʮʠʢʣʫ 18 ʩ), ʥʝ ʚʜʘʣʦʩʷ ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʧʦ ʚʩʴʦʤʫ 

ʢʦʥʪʫʨʫ. ʊʫʪ ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʘʜʝʢʚʘʪʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʅʘ ʨʠʩ. 3.32 ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʬʨʝʟʝʨʫʚʘʥʥʷ ʢʦʥʪʫʨʫ ʜʝʪʘʣʽ ʟʘ ʥʦʚʦʶ 

ʧʨʦʛʨʘʤʦʶ, ʩʧʨʦʻʢʪʦʚʘʥʦʶ ʟʘ ʨʦʟʨʦʙʣʝʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ, ʱʦ ʤʘʻ ʫʧʨʘʚʣʽʥʥʷ 

ʧʦʜʘʯʝʶ. 
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Fy 

Fx 

 

ʘ) 

 

Fxy 

 

ʙ) 

 

F xyavr 

 

 

ʚ) 

ʈʠʩ. 3.32 ï ʈʝʟʫʣʴʪʘʪʠ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘ ʥʦʚʦʶ ʧʨʦʛʨʘʤʦʶ:  

ʘ) ʦʩʮʠʣʦʛʨʘʤʠ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʨʽʟʘʥʥʷ; ʙ) ʦʩʮʠʣʦʛʨʘʤʠ ʩʠʣʠ ʨʽʟʘʥʥʷ Fxy;  

ʚ) ʦʩʮʠʣʦʛʨʘʤʘ ʩʝʨʝʜʥʴʦʾ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ Fxyavr 

 

ʆʯʝʚʠʜʥʦ, ʱʦ ʚʜʘʣʦʩʷ ʩʫʪʪʻʚʦ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʢʦʥʪʫʨʥʦʛʦ ʨʽʟʘʥʥʷ, 

ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʩʝʨʝʜʥʴʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ ʪʘ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʮʠʢʣʫ ʜʦ 14 ʩ, 

ʱʦ ʧʝʨʝʚʠʱʫʻ ʨʦʟʨʦʙʢʠ iMachining ʤʘʡʞʝ ʚ 1,3 ʨʘʟʠ.  
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ɺʀʉʅʆɺʂʀ 

1. ʈʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ 

ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ ʟʘ ʢʨʠʪʝʨʽʻʤ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR). ɸʣʛʦʨʠʪʤ 

ʧʝʨʝʜʙʘʯʘʻ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʪʘ ʦʙʝʨʪʘʤʠ ʰʧʠʥʜʝʣʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʪʘʙʽʣʴʥʠʭ 

ʫʤʦʚ ʨʽʟʘʥʥʷ. 

2. ʈʝʘʣʽʟʦʚʘʥʦ ʨʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʫ ʚʠʛʣʷʜʽ ʧʨʠʢʣʘʜʥʦʾ ʧʨʦʛʨʘʤʠ, 

ʷʢʘ ʜʦʟʚʦʣʷʻ ʥʘʟʥʘʯʘʪʠ ʨʽʟʥʽ ʩʪʨʘʪʝʛʽʾ ʫʧʨʘʚʣʽʥʥʷ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ, ʱʦ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʦʧʝʨʘʮʽʾ ʩʢʣʘʜʘʻ: ʧʨʦʛʨʘʤʘ, ʨʦʟʨʦʙʣʝʥʘ ʚ 

SolidCAM, ʟʘʙʝʟʧʝʯʫʻ ʯʘʩ ʮʠʢʣʫ 36 ʩ, iMachining ð 18,4 ʩ, ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ 

ʟʘ ʧʨʝʜʩʪʘʚʣʝʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʩʢʦʨʦʯʫʻ ʯʘʩ ʜʦ 14,5 ʩ. 

3. ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟ ʨʝʘʣʴʥʠʤ ʬʨʝʟʝʨʫʚʘʥʥʷʤ ʢʦʥʪʨʦʣʴʥʦʛʦ 

ʢʦʥʪʫʨʫ ʧʦʢʘʟʘʣʠ, ʱʦ ʩʪʘʙʽʣʽʟʘʮʽʷ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʥʦʚʦʾ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʜʘʻ ʥʘʡʢʨʘʱʠʡ ʨʝʟʫʣʴʪʘʪ: ʯʘʩ ʮʠʢʣʫ 

ʩʢʦʨʦʯʫʻʪʴʩʷ ʜʦ 14 ʩ, ʪʦʙʪʦ ʚ 1,3 ʨʘʟʘ ʤʝʥʰʝ, ʥʽʞ ʧʨʠ iMachining (18 ʩ), ʽ ʚ 2,5 

ʨʘʟʘ ʤʝʥʰʝ, ʥʽʞ ʫ SolidCAM (36 ʩ). ʊʘʢʠʤ ʯʠʥʦʤ, ʨʦʟʨʦʙʣʝʥʘ ʪʝʭʥʦʣʦʛʽʷ 

ʧʽʜʪʚʝʨʜʞʫʻ ʩʚʦʶ ʝʬʝʢʪʠʚʥʽʩʪʴ ʥʘ ʧʨʘʢʪʠʮʽ. 

4. ʇʨʝʜʩʪʘʚʣʝʥʠʡ ʧʽʜʭʽʜ ʩʪʚʦʨʶʻ ʦʩʥʦʚʫ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʦʧʪʠʤʽʟʘʮʽʾ 

ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʩʧʨʷʤʦʚʘʥʦ ʾʥʘ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 

ʪʘ ʜʦʪʨʠʤʘʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʘ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʦʙʤʝʞʝʥʴ. 
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ʈʆɿɼɯʃ 4 

ʆʇʊʀʄɯɿɸʎɯʗ ʇʈʆʎɽʉʋ ʂʆʅʊʋʈʅʆɻʆ ʌʈɽɿɽʈʋɺɸʅʅʗ ʅɸ 

ɺɽʈʉʊɸʊɸʍ ɿ ʏʇʂ 

 

ʇʦʧʝʨʝʜʥʷ ʩʪʘʙʽʣʽʟʘʮʽʷ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ (MRR) ʜʘʻ ʟʤʦʛʫ ʥʝ ʣʠʰʝ ʽʩʪʦʪʥʦ ʟʤʝʥʰʠʪʠ ʢʦʣʠʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʨʽʟʘʥʥʷ, ʘ ʡ, ʟʘ ʧʦʪʨʝʙʠ, ʧʽʜʚʠʱʠʪʠ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʜʦ 

ʧʝʚʥʦʛʦ ʨʽʚʥʷ, ʱʦ ʤʦʞʝ ʧʽʜʚʠʱʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

ʆʜʥʘʢ, ʽ ʙʽʣʴʰʽʩʪʴ ʜʦʩʣʽʜʥʠʢʽʚ, ʽ ʩʫʯʘʩʥʽ CAM-ʩʠʩʪʝʤʠ ʟ çʨʦʟʫʤʥʠʤʠè ʤʦʜʫʣʷʤʠ 

ʟʜʝʙʽʣʴʰʦʛʦ ʟʦʩʝʨʝʜʞʫʶʪʴʩʷ ʥʘ ʦʢʨʝʤʠʭ ʘʩʧʝʢʪʘʭ (ʥʘʧʨʠʢʣʘʜ, ʩʪʘʙʽʣʽʟʘʮʽʾ ʢʫʪʘ 

ʯʠ ʩʠʣʠ ʘʙʦ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ), ʽ ʥʝ ʙʝʨʫʪʴ ʜʦ ʫʚʘʛʠ ʚʩʶ ʩʫʢʫʧʥʽʩʪʴ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʙʤʝʞʝʥʴ, ʧʦʪʨʽʙʥʠʭ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ. ʊʦʤʫ ʟʘʣʠʰʘʻʪʴʩʷ ʨʷʜ ʧʨʦʙʣʝʤ, ʧʦʚôʷʟʘʥʠʭ ʽʟ 

ʜʦʪʨʠʤʘʥʥʷʤ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʚʠʤʦʛ, ʦʙʤʝʞʝʥʴ ʥʘ ʽʥʩʪʨʫʤʝʥʪ ʪʘ ʦʙʣʘʜʥʘʥʥʷ, 

ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʚʠʨʦʙʥʠʮʪʚʽ. 

ʆʪʞʝ, ʥʘʚʽʪʴ ʧʽʩʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʫʧʨʘʚʣʽʥʥʷ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʨʽʟʘʥʥʷ ʽʩʥʫʻ ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʥʘ ʦʢʨʝʤʠʭ 

ʜʽʣʷʥʢʘʭ ʦʙʨʦʙʢʠ. ʎʝ ʤʦʞʣʠʚʦ ʟʘ ʫʤʦʚʠ ʚʨʘʭʫʚʘʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʦʙʤʝʞʝʥʴ, ʷʢʽ 

ʜʦʟʚʦʣʷʶʪʴ ʘʜʘʧʪʫʚʘʪʠ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ ʜʦ ʥʘʷʚʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʫʤʦʚ ʘʙʦ 

ʟʤʽʥʶʚʘʪʠ ʾʭ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʚʠʤʦʛ. 

 

4.1 ʌʦʨʤʫʣʶʚʘʥʥʷ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʆʧʪʠʤʽʟʘʮʽʷ ʨʝʞʠʤʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ, ʷʢ 

ʟʘʜʘʯʘ ʧʦʰʫʢʫ ʥʘʡʢʨʘʱʠʭ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʽʚ ʫʧʨʘʚʣʽʥʥʷ ï ʧʦʜʘʯʽ ʭʚʠʣʠʥʥʦʾ f ʽ 

ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ S, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʫʩʽʤ ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʽ 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʤ ʦʙʤʝʞʝʥʥʷʤ ʪʘ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʽʥʽʤʘʣʴʥʠʡ ʯʘʩ ʚʠʢʦʥʘʥʥʷ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʧʝʨʘʮʽʾ to. ʊʘʢʠʡ ʧʽʜʭʽʜ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʠʭ ʟʘʜʘʯ 

ʦʧʪʠʤʽʟʘʮʽʾ, ʜʣʷ ʨʦʟʚô̫ ʟʘʥʥʷ ʷʢʠʭ ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʤʝʪʦʜʠ ʣʽʥʽʡʥʦʛʦ 
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ʧʨʦʛʨʘʤʫʚʘʥʥʷ. ʇʨʠ ʮʴʦʤʫ, ʬʦʨʤʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʦʙʤʝʞʝʥʴ ʽ ʩʪʚʦʨʝʥʥʷ ʟʨʫʯʥʦʛʦ 

ʪʘ ʝʬʝʢʪʠʚʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʪʘʢʠʭ ʟʘʜʘʯ ʻ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ 

ʚʠʢʣʠʢʽʚ ʩʫʯʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʟʘʜʘʯʽ, 

ʨʦʟʨʦʙʣʷʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʢʣʘʩʠʯʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʪʝʦʨʽʾ ʨʽʟʘʥʥʷ. ɺʦʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʫ ʚʠʛʣʷʜʽ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʽ ʥʝʨʽʚʥʦʩʪʝʡ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʟʚôʷʟʢʠ ʤʽʞ 

ʫʧʨʘʚʣʷʶʯʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ ʪʘ ʦʙʨʘʥʠʤ 

ʢʨʠʪʝʨʽʻʤ ʦʧʪʠʤʘʣʴʥʦʩʪʽ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʚʨʘʭʦʚʫʚʘʪʠ ʦʩʥʦʚʥʽ ʘʩʧʝʢʪʠ 

ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʚʢʣʶʯʘʶʯʠ ʦʙʤʝʞʝʥʥʷ ʥʘ ʤʽʮʥʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ, ʷʢʽʩʪʴ 

ʦʙʨʦʙʣʶʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʪʘ ʜʦʧʫʩʪʠʤʫ ʧʦʪʫʞʥʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʨʦʙʠʪʴ ʤʦʜʝʣʴ 

ʝʬʝʢʪʠʚʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ [17]. 

ʆʪʞʝ, ʩʬʦʨʤʫʣʴʦʚʘʥʘ ʟʘʜʘʯʘ ʦʧʪʠʤʽʟʘʮʽʾ ʤʘʻ ʪʘʢʠʡ ʚʠʛʣʷʜ: 

ʂʨʠʪʝʨʽʡ: ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʽ ʟ 

ʏʇʂ. 

ʆʮʽʥʦʯʥʘ ʬʫʥʢʮʽʷ ʜʣʷ ʢʨʠʪʝʨʽʶ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ: 

 

maxfSf t ­= ,    (4.1) 

 

ʦʩʢʽʣʴʢʠ ʦʩʥʦʚʥʠʡ ʯʘʩ ʦʙʨʦʙʢʠ to=L/(ft S n)Ÿmin, ʜʝ L ï ʜʦʚʞʠʥʘ ʦʙʨʦʙʢʠ, 

n ï ʢʽʣʴʢʽʩʪʴ ʟʫʙʽʚ. 

 

ɺʚʝʜʝʥʽ ʦʙʤʝʞʝʥʥʷ: 

ʆʙʤʝʞʝʥʥʷ ʟʘ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʶ ʩʠʣʦʶ ʨʽʟʘʥʥʷ. 

ʇʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʢʦʥʪʫʨʥʦʤʫ ʦʙʨʦʙʣʝʥʥʽ, ʥʝʦʙʭʽʜʥʦ 

ʙʨʘʪʠ ʜʦ ʫʚʘʛʠ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʱʦ ʟʤʽʥʶʶʪʴʩʷ ʯʝʨʝʟ ʢʨʠʚʠʟʥʫ ʦʙʨʦʙʣʶʚʘʥʦʛʦ 

ʢʦʥʪʫʨʫ. ɺʘʞʣʠʚʠʤ ʦʙʤʝʞʝʥʥʷʤ ʫ ʪʘʢʠʭ ʫʤʦʚʘʭ ʻ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʘ ʩʠʣʘ 

ʨʽʟʘʥʥʷ Fxy꜡ max. ɼʦʪʨʠʤʘʥʥʷ ʮʴʦʛʦ ʦʙʤʝʞʝʥʥʷ ʜʘʻ ʟʤʦʛʫ ʦʜʥʦʯʘʩʥʦ ʟʘʧʦʙʽʛʪʠ 

ʧʦʣʦʤʢʘʤ ʽʥʩʪʨʫʤʝʥʪʘ, ʜʝʬʦʨʤʘʮʽʷʤ ʪʦʥʢʦʩʪʽʥʥʠʭ ʟʘʛʦʪʦʚʦʢ ʽ ʟʘʙʝʟʧʝʯʠʪʠ 

ʙʝʟʧʝʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ (ʪʝʥʟʦʜʘʪʯʠʢʽʚ ʪʦʱʦ). 
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ʉʧʠʨʘʶʯʠʩʴ ʥʘ ʨʽʚʥʷʥʥʷ (2.17) ʽ (2.18), ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʢʦʤʧʦʥʝʥʪʫ ʩʠʣʠ 

ʨʽʟʘʥʥʷ Fxy. ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʛʨʦʤʽʟʜʢʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʟʨʫʯʥʦ ʧʦʜʘʪʠ ʾʾ ʫ 

ʩʧʨʦʱʝʥʽʡ ʬʦʨʤʽ: 

 

()bSinfCF
kk

tpxy j= ,    (4.2) 

 

ʜʝ hʠʨʠʥʘ ʩʪʨʫʞʢʠ b=B/Cos(ɔ), B ï ʰʠʨʠʥʘ ʨʽʟʘʥʥʷ, ‎ ï ʢʫʪ ʥʘʭʠʣʫ 

ʛʚʠʥʪʦʚʦʾ ʢʘʥʘʚʢʠ ʬʨʝʟʠ. 

ɿʚʽʜʩʠ ʦʙʤʝʞʝʥʥʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʫ ʩʠʣʫ ʨʽʟʘʥʥʷ Fxy max ʤʦʞʥʘ ʚʠʨʘʟʠʪʠ, 

ʷʢ: 

 

()

k

1

p

k

xy

t
bCSin

maxF
f

ö
ö

÷

õ

æ
æ

ç

å
=

j .    (4.3) 

 

ʆʙʤʝʞʝʥʥʷ ʟʘ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʶ ʧʦʪʫʞʥʽʩʪʶ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

ʐʧʠʥʜʝʣʴ ʚʝʨʩʪʘʪʘ ʤʘʻ ʟʘʙʝʟʧʝʯʠʪʠ ʜʦʩʪʘʪʥʽʡ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʜʣʷ 

ʝʬʝʢʪʠʚʥʦʛʦ ʨʽʟʘʥʥʷ, ʧʨʦʪʠʩʪʦʷʯʠ ʪʘʥʛʝʥʮʽʘʣʴʥʽʡ ʩʢʣʘʜʦʚʽʡ ʩʠʣʠ ʨʽʟʘʥʥʷ. 

ʄʠʪʪʻʚʠʡ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ M (ʅ/ʤ) ʚʨʘʭʦʚʫʻ ʪʘʥʛʝʥʮʽʘʣʴʥʫ ʩʠʣʫ [21, 87], ʱʦ ʜʽʻ 

ʥʘ ʢʦʞʝʥ ʟʫʙ ʽʥʩʪʨʫʤʝʥʪʘ. ɺʽʥ ʦʙʯʠʩʣʶʻʪʴʩʷ ʷʢ ʩʫʤʘ ʜʦʙʫʪʢʽʚ ʨʘʜʽʫʩʘ ʬʨʝʟʠ ʽ 

ʪʘʥʛʝʥʮʽʘʣʴʥʦʾ ʩʠʣʠ ʜʣʷ ʢʦʞʥʦʛʦ ʟʫʙʘ: 

 

tmFRM = ,     (4.4) 

 

ʜʝ Rm ï ʨʘʜʽʫʩ ʬʨʝʟʠ, Ft ï ʪʘʥʛʝʥʮʽʘʣʴʥʘ ʩʠʣʘ ʨʽʟʘʥʥʷ ʽ ʥʘʙʣʠʞʝʥʦ ʩʢʣʘʜʘʻ 

Ft=0,7*Fxy. 

ɺʝʣʠʯʠʥʘ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʚʘʞʣʠʚʘ ʜʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʥʝʦʙʭʽʜʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ P (ʢɺʪ), ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʟ ʜʦʙʫʪʢʫ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʽ 

ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ: 
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60000

MS2
P

hp
= ,     (4.5) 

 

ʜʝ S ï ʯʘʩʪʦʪʘ ʦʙʝʨʪʽʚ ʰʧʠʥʜʝʣʷ (ʦʙ/ʭʚ), – ï ʢʦʝʬʽʮʽʻʥʪ ʝʬʝʢʪʠʚʥʦʩʪʽ. 

ʇʽʜʩʪʘʚʠʚʰʠ (4.4) ʚ (4.5) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ: 

 

60000

F7,0RS2
P

xym hp
= .    (4.6) 

ɿʚʽʜʩʠ ʧʨʠ ʧʽʜʩʪʘʥʦʚʮ ̔ ʬʦʨʤʫʣʠ (4.2) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʦʙʤʝʞʝʥʥʷ ʥʘ 

ʤʘʢʩʠʤʘʣʴʥʫ ʧʦʪʫʞʥʽʩʪʴ ʰʧʠʥʜʝʣʷ Pmax: 
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ʆʙʤʝʞʝʥʥʷ ʟʘ ʚʠʟʥʘʯʝʥʦʶ hʦʨʩʪʢʽʩʪʶ ʧʦʚʝʨʭʥʽ. 

ʈʝʘʣʴʥʠʡ ʧʨʦʬʽʣʴ ʧʦʚʝʨʭʥʽ, ʩʬʦʨʤʦʚʘʥʠʡ ʧʽʩʣʷ ʬʨʝʟʝʨʥʦʾ ʦʧʝʨʘʮʽʾ, 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʦʩʥʦʚʥʠʭ ʩʢʣʘʜʦʚʠʭ: ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ, ʷʢʫ ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ 

ʛʝʦʤʝʪʨʠʯʥʦ, ʪʘ ʚʠʧʘʜʢʦʚʦʾ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʘʢʠʭ ʬʘʢʪʦʨʽʚ, ʷʢ ʚʽʙʨʘʮʽʾ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʣʶʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ, ʫʪʚʦʨʝʥʥʷ ʡ ʚʽʜʨʠʚ ʥʘʨʦʩʪʽʚ ʤʘʪʝʨʽʘʣʫ, 

ʟʥʦʰʝʥʥʷ ʨʽʟʘʣʴʥʠʭ ʣʝʟ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʽʥʰʠʭ ʚʧʣʠʚʽʚ [17]. ʏʝʨʝʟ ʩʢʣʘʜʥʽʩʪʴ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʠʧʘʜʢʦʚʠʭ ʩʢʣʘʜʦʚʠʭ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ, ʷʢ 

ʦʙʤʝʞʝʥʥʷ ʚ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʣʠʰʝ ʜʝʪʝʨʤʽʥʦʚʘʥʫ ʩʢʣʘʜʦʚʫ ʰʦʨʩʪʢʦʩʪʽ, ʜʘʣʽ 

Rz. ʊʘʢʠʡ ʧʽʜʭʽʜ ʤʦʞʝ ʫ ʧʝʨʩʧʝʢʪʠʚʽ ʜʦʟʚʦʣʠʪʠ ʧʨʦʛʥʦʟʫʚʘʪʠ ʰʦʨʩʪʢʽʩʪʴ 

ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ ʧʽʜ ʯʘʩ ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʘʢ ʟʚʘʥʠʭ çʙʝʟʚʽʙʨʘʮʽʡʥʠʭè ʨʝʞʠʤʽʚ 

ʨʽʟʘʥʥʷ [89]. 

ʇʨʠʟʥʘʯʝʥʥʷ çʙʝʟʚʽʙʨʘʮʽʡʥʠʭè ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ ʜʦʟʚʦʣʠʪʴ ʟʤʝʥʰʠʪʠ ʚʧʣʠʚ 

ʚʠʧʘʜʢʦʚʠʭ ʩʢʣʘʜʦʚʠʭ ʥʘ ʫʪʚʦʨʝʥʫ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ, ʨʦʙʣʷʯʠ ʾʾ ʙʽʣʴʰ 

ʧʝʨʝʜʙʘʯʫʚʘʥʦʶ [89]. ʎʝ ʩʪʚʦʨʶʻ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʤʧʽʨʠʯʥʠʭ 
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ʧʦʧʨʘʚʦʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ, ʱʦ ʽʤʽʪʫʶʪʴ ʚʧʣʠʚ ʚʠʧʘʜʢʦʚʦʾ ʩʢʣʘʜʦʚʦʾ. ʋ ʧʦʻʜʥʘʥʥʽ 

ʟ ʜʝʪʝʨʤʽʥʦʚʘʥʦʶ ʩʢʣʘʜʦʚʦʶ, ʪʘʢʘ ʤʝʪʦʜʠʢʘ ʟʘʙʝʟʧʝʯʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʪʦʯʥʝ 

ʥʘʙʣʠʞʝʥʥʷ ʜʦ ʨʝʘʣʴʥʦʾ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ. ʎʝ ʜʘʩʪʴ ʟʤʦʛʫ ʬʦʨʤʫʚʘʪʠ ʙʽʣʴʰ 

ʪʦʯʥʽ ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʽ ʦʙʤʝʞʝʥʥʷ ʜʣʷ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ. 

ʇʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ ʚʽʜʙʫʚʘʶʪʴʩʷ ʜʚʘ ʦʩʥʦʚʥʠʭ ʨʫʭʠ: ʦʙʝʨʪʘʣʴʥʠʡ ʪʘ 

ʧʦʩʪʫʧʘʣʴʥʠʡ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʪʦʯʢʠ ʨʽʟʘʣʴʥʠʭ ʣʝʟ ʬʦʨʤʫʶʪʴ ʪʨʘʻʢʪʦʨʽʾ, ʷʢʽ ʤʘʶʪʴ 

ʚʠʛʣʷʜ ʪʨʦʭʦʾʜʠ ï ʤʦʜʠʬʽʢʦʚʘʥʦʾ ʚʝʨʩʽʾ ʮʠʢʣʦʾʜʠ [69]. ɺʠʩʦʪʘ ʪʨʦʭʦʾʜʠ 

ʚʽʜʧʦʚʽʜʘʻ ʜʽʘʤʝʪʨʫ ʬʨʝʟʠ, ʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʾʾ ʚʠʪʢʘʤʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʣʷʭʦʤ, ʷʢʠʡ 

ʧʨʦʭʦʜʠʪʴ ʦʙʨʦʙʣʶʚʘʥʘ ʜʝʪʘʣʴ ʟʘ ʦʜʠʥ ʦʙʝʨʪ ʬʨʝʟʠ. 

ʂʦʞʝʥ ʟʫʙ ʬʨʝʟʠ ʟʘʣʠʰʘʻ ʩʚʦʶ ʪʨʘʻʢʪʦʨʽʶ, ʷʢʘ ʟʤʽʱʝʥʘ ʚʽʜ ʧʦʧʝʨʝʜʥʴʦʾ ʥʘ 

ʚʝʣʠʯʠʥʫ ʧʦʜʘʯʽ ʥʘ ʟʫʙ (ft). ɿʘ ʫʤʦʚ ʚʠʩʦʢʦʾ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ 

ʪʨʦʭʦʾʜʘ ʥʘʙʫʚʘʻ ʬʦʨʤʠ, ʙʣʠʟʴʢʦʾ ʜʦ ʜʫʛʠ ʢʦʣʘ. ʋ ʪʘʢʠʭ ʚʠʧʘʜʢʘʭ ʾʾ ʤʦʞʥʘ 

ʘʧʨʦʢʩʠʤʫʚʘʪʠ ʢʦʣʦʤ, ʜʽʘʤʝʪʨ ʷʢʦʛʦ ʜʦʨʽʚʥʶʻ ʜʽʘʤʝʪʨʫ ʬʨʝʟʠ. 

ɺʠʩʦʪʘ ʧʽʢʘ ʥʝʨʽʚʥʦʩʪʽ, ʱʦ ʚʠʟʥʘʯʘʻ ʜʝʪʝʨʤʽʥʦʚʘʥʫ ʩʢʣʘʜʦʚʫ ʰʦʨʩʪʢʦʩʪʽ Rz 

ʧʦʚʝʨʭʥʽ ʧʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʩʧʽʚʚʽʜʥʦʰʝʥʴ. ʎʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʚʽʜʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩʫʥʢʘʭ 4.1, 4.2 ʪʘ 4.3, ʜʝ 

ʧʦʢʘʟʘʥʦ ʦʙʨʦʙʢʫ ʧʦʚʝʨʭʦʥʴ ʽʟ ʨʽʟʥʦʶ ʢʨʠʚʠʟʥʦʶ. 
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ʈʠʩʫʥʦʢ 4.1 ï ʉʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ ʯʘʩʪʠʥʠ ʰʦʨʩʪʢʦʩʪʽ ʥʘ ʦʧʫʢʣʽʡ 

ʜʫʛʽ 

 

ɺʨʘʭʦʚʫʶʯʠ, ʱʦ ʮʝʥʪʨ ʬʨʝʟʠ ʩʣʽʜʫʻ ʟʘ ʟʘʜʘʥʦʶ ʪʨʘʻʢʪʦʨʽʻʶ ʽʟ 

ʚʩʪʘʥʦʚʣʝʥʦʶ ʭʚʠʣʠʥʥʦʶ ʧʦʜʘʯʝʶ, ʪʦ ʧʦʜʘʯʫ ʥʘ ʟʫʙ ʤʦʞʥʘ ʥʘʙʣʠʞʝʥʦ ʫʷʚʠʪʠ, 
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ʷʢ ʧʨʷʤʠʡ ʚʽʜʨʽʟʦʢ, ʤʽʞ ʮʝʥʪʨʘʤʠ ʬʨʝʟʠ, ʱʦ ʨʫʭʘʻʪʴʩʷ ʆ1ʆ2 (ʨʠʩ. 4.1, 4.2 ʪʘ 4.3). 

ʊʘʢʝ ʧʨʠʧʫʱʝʥʥʷ ʻ ʧʨʠʡʥʷʪʥʠʤ ʟʘʚʜʷʢʠ ʤʘʣʽʡ ʚʝʣʠʯʠʥʽ ʧʦʜʘʯʽ ʥʘ ʟʫʙ. ʆʪʞʝ, 

ʜʝʪʝʨʤʽʥʦʚʘʥʘ ʩʢʣʘʜʦʚʘ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ Rz, ʷʢʘ ʫʪʚʦʨʶʻʪʴʩʷ ʧʽʩʣʷ ʦʙʨʦʙʢʠ 

ʦʧʫʢʣʦʾ ʜʫʛʠ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʷʢ ʜʦʚʞʠʥʫ ʚʽʜʨʽʟʢʘ AB: 

 

BCOAOCAB --= ,     (4.8) 

 

ʜʝ ʚʽʜʨʽʟʢʠ OC, OA ʪʘ BC ʤʦʞʥʘ ʟʥʘʡʪʠ ʷʢ:  

( ) ( ) ( ) ( )2t

2

mC

2

1

2

1 2/fRRCOOOOC -+=-= , 

cROA= , 

( ) ( ) ( ) ( )2t

2

m

2

1

2

1 2/fRCOBOBC -=-= ; 

ɿʚʽʜʩʠ: 

 

( ) ( ) ( ) ( )2t

2

mc

2

t

2

mC 2/fRR2/fRRRz ----+= ,  (4.9) 

 

ʜʝ, Rm ï ʨʘʜʽʫʩ ʬʨʝʟʠ, Rc ï ʨʘʜʫʩ ʢʨʠʚʠʟʥʠ. 
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ʈʠʩʫʥʦʢ 4.2 ï ʉʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ ʯʘʩʪʠʥʠ ʰʦʨʩʪʢʦʩʪʽ ʥʘ ʫʚʽʛʥʫʪʽʡ 

ʜʫʛʽ 
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ɸʥʘʣʦʛʽʯʥʠʡ ʧʽʜʭʽʜ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ 

ʩʢʣʘʜʦʚʦʾ ʰʦʨʩʪʢʦʩʪʽ Rz ʥʘ ʫʚʽʛʥʫʪʠʭ ʜʫʛʘʭ, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4.2, ʜʝ Rz 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʜʦʚʞʠʥʘ ʚʽʜʨʽʟʢʘ AB: 

 

BCOAOCAB -+-= ,    (4.10) 

 

ʜʝ ʚʽʜʨʽʟʢʠ OC, OA ʪʘ BC: 

( ) ( ) ( ) ( )2t
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1 2/fRRCOOOOC --=-= , 

cROA= , 

( ) ( ) ( ) ( )2t

2

m

2
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2

1 2/fRCOBOBC -=-= ; 

ɿʚʽʜʩʠ: 

 

( ) ( ) ( ) ( )2t

2

mc

2

t

2

mC 2/fRR2/fRRRz --+---= .  (4.11) 
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ʈʠʩʫʥʦʢ 4.3 ï ʉʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ ʯʘʩʪʠʥʠ ʰʦʨʩʪʢʦʩʪʽ ʥʘ ʧʨʷʤʽʡ 

ʜʽʣʷʥʮ ̔ʢʦʥʪʫʨʫ  

 

ʋ ʚʠʧʘʜʢʫ ʧʨʷʤʦʾ ʜʽʣʷʥʢʠ ʦʙʨʦʙʣʶʚʘʥʦʛʦ ʢʦʥʪʫʨʫ ʜʝʪʝʨʤʽʥʦʚʘʥʘ ʩʢʣʘʜʦʚʘ 

ʰʦʨʩʪʢʦʩʪʽ Rz ʟʥʘʭʦʜʠʪʴʩʷ, ʷʢ ʟʥʘʯʝʥʥʷ ʚʽʜʨʽʟʢʘ AB (ʈʠʩ. 4.3): 

BCACAB -= ,     (4.12) 

ʜʝ ʚʽʜʨʽʟʢʠ AC ʽ BC: 

mRAC= , 
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( ) ( )2t

2

m

2

1

2 2/fRCOACBC -=-= , 

ɿʚʽʜʩʠ: 

( )2t

2

mm 2/fRRRz --= .    (4.13)
 

 

ʇʨʦʚʽʚʰʠ ʘʣʛʝʙʨʘʾʯʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʬʦʨʤʫʣ (4.10), (4.11) ʽ (4.12), ʤʦʞʥʘ 

ʚʠʟʥʘʯʠʪʠ ʧʦʜʘʯʫ ʥʘ ʟʫʙ (ftRZ), ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʧʝʚʥʦʤʫ ʟʘʜʘʥʦʤʫ ʟʥʘʯʝʥʥʶ 

ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ ʩʢʣʘʜʦʚʦʾ ʰʦʨʩʪʢʦʩʪʽ Rz: 

ï ʜʣʷ ʦʧʫʢʣʦʾ ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ: 
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ï ʜʣʷ ʫʚʽʛʥʫʪʦʾ ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ: 
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-=   (4.15) 

 

ï ʜʣʷ ʧʨʷʤʦʾ ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ: 

,RRR22f 2

zzmt RZ -=     (4.16) 

 

ʎʝ ʜʦʟʚʦʣʷʻ ʚʩʪʘʥʦʚʠʪʠ ʦʙʤʝʞʝʥʥʷ ʥʘ ʧʘʨʘʤʝʪʨ Rz ʜʣʷ ʨʽʟʥʠʭ ʩʝʛʤʝʥʪʽʚ 

ʪʨʘʻʢʪʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʷʢʦʩʪʽ ʦʙʨʦʙʣʶʚʘʥʦʾ 

ʧʦʚʝʨʭʥʽ: 

 

RZftft¢ .      (4.17) 

 

 



114 
 

ʆʙʤʝʞʝʥʥʷ ʟʘ ʚʠʟʥʘʯʝʥʦʶ ʩʪʽʡʢʽʩʪʶ ʽʥʩʪʨʫʤʝʥʪʘ. 

ɿʥʦʩ ʽʥʩʪʨʫʤʝʥʪʘ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʷʢʽʩʪʴ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ ʪʘ 

ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ. ɼʣʷ ʢʦʥʪʨʦʣʶ ʢʨʠʪʠʯʥʦʛʦ ʟʥʦʩʫ ʟʘʟʚʠʯʘʡ 

ʚʠʟʥʘʯʘʶʪʴ ʢʨʠʪʝʨʽʡ ʩʪʽʡʢʦʩʪʽ ʽʥʩʪʨʫʤʝʥʪʘ, ʷʢʠʡ ʚʠʤʽʨʶʻʪʴʩʷ ʪʨʠʚʘʣʽʩʪʶ ʡʦʛʦ 

ʝʬʝʢʪʠʚʥʦʾ ʨʦʙʦʪʠ. ʉʫʯʘʩʥʽ ʝʤʧʽʨʠʯʥʽ ʤʦʜʝʣʽ ʦʮʽʥʶʚʘʥʥʷ ʩʪʽʡʢʦʩʪʽ ʙʘʟʫʶʪʴʩʷ 

ʥʘʩʘʤʧʝʨʝʜ ʥʘ ʜʦʩʣʽʜʞʝʥʥʷʭ ʌʨʝʜʝʨʽʢʘ ɺ. ʊʝʡʣʦʨʘ [90], ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʱʝ 1907 

ʨʦʢʫ. ʋ ʡʦʛʦ ʨʦʙʦʪʽ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʢʣʶʯʦʚʫ ʟʘʣʝʞʥʽʩʪʴ ʩʪʽʡʢʦʩʪʽ ʽʥʩʪʨʫʤʝʥʪʘ 

ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʨʽʟʘʥʥʷ. ɿʛʦʜʦʤ ʮʶ ʟʘʣʝʞʥʽʩʪʴ ʨʦʟʰʠʨʶʚʘʣʠ ʪʘ ʫʪʦʯʥʶʚʘʣʠ, 

ʜʦʜʘʶʯʠ ʜʦʜʘʪʢʦʚʽ ʟʤʽʥʥʽ (ʥʘʧʨʠʢʣʘʜ, ʧʦʜʘʯʫ, ʛʣʠʙʠʥʫ ʨʽʟʘʥʥʷ ʘʙʦ ʘʥʘʣʦʛ 

ʪʦʚʱʠʥʠ ʩʪʨʫʞʢʠ) [91ï95]. 

ʇʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʚʠʟʥʘʯʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʢʨʠʪʝʨʽʾ 

ʟʥʦʩʫ ʨʝʛʣʘʤʝʥʪʦʚʘʥʦ ʩʪʘʥʜʘʨʪʦʤ ISO 8688 (ʯʘʩʪʠʥʠ 1 ʪʘ 2) [96-97]. ɺʽʜʧʦʚʽʜʥʦ 

ʜʦ ʮʴʦʛʦ ʩʪʘʥʜʘʨʪʫ ʦʩʥʦʚʥʠʤ ʢʨʠʪʝʨʽʻʤ ʚʚʘʞʘʶʪʴ ʜʦʩʷʛʥʝʥʥʷ ʥʘ ʟʘʜʥʽʡ ʧʦʚʝʨʭʥʽ 

ʽʥʩʪʨʫʤʝʥʪʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʦʩʫ VBmax = 0,3 ʤʤ ʧʦ ʚʩʽʡ ʦʩʴʦʚʽʡ ʛʣʠʙʠʥʽ 

ʨʽʟʘʥʥʷ. 

ʋ ʜʦʩʣʽʜʞʝʥʥʷʭ [98] ʡʜʝʪʴʩʷ ʧʨʦ ʬʨʝʟʫ ʟ ʰʚʠʜʢʦʨʽʟʘʣʴʥʦʾ ʩʪʘʣʽ P6M5 ʙʝʟ 

ʧʦʢʨʠʪʪʷ, ʧʨʦʪʝ ʚ ʮʽʡ ʨʦʙʦʪʽ ʟʘʩʪʦʩʦʚʫʚʘʪʠʤʝʪʴʩʷ ʬʨʝʟʘ ʟ ʧʦʢʨʠʪʪʷʤ TiAlCrN, ʷʢʝ 

ʟʜʘʪʥʝ ʟʥʘʯʥʦ ʧʦʣʽʧʰʠʪʠ ʩʪʽʡʢʽʩʪʴ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʘʥʘʣʦʛʦʤ ʙʝʟ ʧʦʢʨʠʪʪʷ. 

ʅʘʚʽʪʴ ʧʨʠ ʢʦʥʪʫʨʥʦʤʫ ʬʨʝʟʝʨʫʚʘʥʥʽ ʚʠʨʽʰʘʣʴʥʫ ʨʦʣʴ ʫ ʟʥʦʩʽ ʟʘʟʚʠʯʘʡ 

ʚʽʜʽʛʨʘʻ ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ. ɺʦʜʥʦʯʘʩ ʩʣʽʜ ʙʨʘʪʠ ʜʦ ʫʚʘʛʠ ʽ ʟʤʽʥʫ ʨʦʙʦʯʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘ ʜʽʣʷʥʢʘʭ ʟ ʨʽʟʥʦʶ ʢʨʠʚʠʟʥʦʶ (ʥʘʧʨʠʢʣʘʜ, ʧʨʠ ʬʨʝʟʝʨʫʚʘʥʥʽ 

ʜʫʛ). ʋ ʪʘʢʠʭ ʚʠʧʘʜʢʘʭ ʜʦʮʽʣʴʥʦ ʢʦʨʠʩʪʫʚʘʪʠʩʷ ʧʦʢʘʟʥʠʢʦʤ ʪʦʚʱʠʥʠ ʩʪʨʫʞʢʠ hʩ, 

ʷʢʠʡ ʚʽʜʦʙʨʘʞʘʻ ʟʤʽʥʠ ʫʤʦʚ ʨʽʟʘʥʥʷ ʥʘ ʨʽʟʥʠʭ ʩʝʛʤʝʥʪʘʭ ʢʦʥʪʫʨʫ. ʊʘʢ ʜʣʷ 

ʢʦʨʝʢʪʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʯʘʩʫ ʩʪʽʡʢʦʩʪʽ ʧʽʜ ʯʘʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥ ̫ʚʘʨʪʦ 

ʚʠʢʦʨʠʩʪʘʪʠ ʤʦʜʠʬʽʢʦʚʘʥʫ ʝʤʧʽʨʠʯʥʫ ʟʘʣʝʞʥʽʩʪʴ [99]. 

ɿʛʽʜʥʦ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʴ [98-100], ʢʦʝʬʽʮʽʻʥʪʠ ʫ ʤʦʜʠʬʽʢʦʚʘʥʽʡ 

ʬʦʨʤʫʣʽ ʊʝʡʣʦʨʘ ʜʦʮʽʣʴʥʦ ʜʝʱʦ ʚʽʜʢʦʨʠʛʫʚʘʪʠ, ʱʦʙ ʚʨʘʭʫʚʘʪʠ ʟʤʽʥʥʽ, ʷʢʽ 

ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʦʥʴ ʟʽ ʟʤʽʥʥʦʶ ʢʨʠʚʠʟʥʦʶ, ʘ ʪʘʢʦʞ ʝʬʝʢʪ ʚʽʜ 

ʧʦʢʨʠʪʪʷ TiAlCrN. 
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CThV mp

c = ,     (4.18) 

ʜʝ V ï ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ (ʤ/ʭʚ), hʩ ï ʪʦʚʱʠʥʘ ʩʪʨʫʞʢʠ (ʤʤ), T ï ʩʪʽʡʢʽʩʪʴ 

ʽʥʩʪʨʫʤʝʥʪʘ (ʭʚ), C, m, p ï ʝʤʧʽʨʠʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ. 

ʇʽʜʩʪʘʚʠʚʰʠ ʟʥʘʯʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʰʚʠʜʢʦʩʪʽ ʨʽʟʘʥʥʷ ʪʘ ʪʦʚʱʠʥʽ 

ʩʪʨʫʞʢʠ, ʦʪʨʠʤʫʻʤʦ ʦʙʤʝʞʝʥʥʷ ʟʘ ʩʪʽʡʢʽʩʪʶ ʽʥʩʪʨʫʤʝʥʪʘ: 

()( ) mp
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T1000
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÷
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æ

ç
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=

pj
.   (4.19)  

 

ʆʙʤʝʞʝʥʥʷ ʧʦ ʪʦʯʥʦʩʪʽ ʟʘ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʠʤ ʧʨʦʛʠʥʦʤ ʬʨʝʟʠ ʚ 

ʤʝʞʘʭ ʜʦʧʫʩʢʫ.  

ʇʽʜ ʯʘʩ ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʽʥʩʪʨʫʤʝʥʪ ʚʧʣʠʚʘ ̒ ʩʠʣʘ ʨʽʟʘʥʥʷ, ʷʢʘ ʯʘʩʪʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʡʦʛʦ ʧʨʦʛʠʥʫ. ʎʝ ʤʦʞʝ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʥʫʪʠ ʥʘ ʪʦʯʥʽʩʪʴ 

ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ, ʚʥʦʩʷʯʠ ʟʥʘʯʥʽ ʧʦʭʠʙʢʠ ʫ ʬʦʨʤʫ ʚʠʨʦʙʫ. ʊʘʢʘ ʧʨʦʙʣʝʤʘ 

ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʘ ʧʽʜ ʯʘʩ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥ,̫ ʢʦʣʠ ʟʤʽʥʘ ʢʦʥʪʫʨʫ 

ʦʙʨʦʙʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʫʤʦʚ ʨʽʟʘʥʥʷ, ʚʢʣʶʯʘʶʯʠ ʩʠʣʫ ʨʽʟʘʥʥʷ. 

ɺʘʞʣʠʚʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʧʦʭʠʙʢʠ, ʱʦ ʚʥʦʩʠʪʴʩʷ ʧʨʦʛʠʥʦʤ ʽʥʩʪʨʫʤʝʥʪʘ, 

ʟʨʦʩʪʘʻ ʧʽʜ ʯʘʩ ʦʧʪʠʤʽʟʘʮʽʾ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʜʝ ʚʩʪʘʥʦʚʣʶʪʁʴʩʷ 

ʦʙʤʝʞʝʥʥʷ ʥʘ ʪʦʯʥʽʩʪʴ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ. 

 ŭ 

ʉʠʣʘ ʨʽʟʘʥʥʷ, 

Fr 

ʆʧʨʘʚʢʘ 

ʽʥʩʪʨʫʤʝʥʪʘ 
ʌʨʝʟʘ 

D 

l 

 

ʈʠʩʫʥʦʢ 4.4 ï ʉʭʝʤʘ ʨʦʟʨʘʭʫʥʢʫ ʧʨʦʛʠʥʫ ʬʨʝʟʠ 
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ʉʭʝʤʘ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʨʦʛʠʥʫ ʬʨʝʟʠ ʟʦʙʨʘʞʝʥʘ ʥʘ 

ʨʠʩ. 4.4. ʌʨʝʟʫ ʟʘʟʚʠʯʘʡ ʨʦʟʛʣʷʜʘʶʪʴ, ʷʢ ʢʦʥʩʦʣʴʥʦ ʟʘʢʨʽʧʣʝʥʫ ʙʘʣʢʫ [101, 102], 

ʷʢʘ ʧʽʜʜʘʻʪʴʩʷ ʚʧʣʠʚʫ ʥʦʨʤʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ ʨʽʟʘʥʥʷ Fn ʥʘ ʢʽʥʮʽ, 

ʥʘʡʚʽʜʜʘʣʝʥʽʰʦʤʫ ʚʽʜ ʪʦʯʢʠ ʢʨʽʧʣʝʥʥʷ (ʦʧʨʘʚʢʠ) l. ɺ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ, 

ʞʦʨʩʪʢʽʩʪʴ ʦʧʨʘʚʢʠ ʪʘ ʰʧʠʥʜʝʣʷ ʧʨʠʧʫʩʢʘʻʪʴʩʷ ʟʥʘʯʥʦ ʚʠʱʦʶ, ʪʦʤʫ ʾʭʥʽʡ 

ʧʨʦʛʠʥ ʟʘʟʚʠʯʘʡ ʥʝ ʚʨʘʭʦʚʫʻʪʴʩʷ ʚ ʨʦʟʨʘʭʫʥʢʘʭ. 

ʇʨʦʛʠʥ ʬʨʝʟʠ ŭ ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ ʜʣʷ 

ʩʪʘʪʠʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʢʦʥʩʦʣʴʥʦ ʟʘʢʨʽʧʣʝʥʦʾ ʙʘʣʢʠ: 

 

EI3

lF 3

n
=d ,     (4.20) 

 

ʜʝ Fn ï ʥʦʨʤʘʣʴʥʘ ʢʦʤʧʦʥʝʥʪʘ ʩʠʣʠ ʨʽʟʘʥʥʷ, (ʅ), l ï ʚʽʜʩʪʘʥʴ ʚʽʜ ʪʦʯʢʠ 

ʧʨʠʢʣʘʜʝʥʥ ̫ʩʠʣʠ ʜʦ ʪʦʨʮʷ ʦʧʨʘʚʢʠ, ʚ ʷʢʽʡ ʟʘʢʨʽʧʣʝʥʘ ʬʨʝʟʘ, (ʤ), E ï ʤʦʜʫʣʴ 

ʖʥʛʘ ʤʘʪʝʨʽʘʣʫ ʽʥʩʪʨʫʤʝʥʪʘ, (ʇʘ), I ï ʤʦʤʝʥʪ ʽʥʝʨʮʽʾ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʽʥʩʪʨʫʤʝʥʪʘ. 

ɼʣʷ ʚʨʘʭʫʚʘʥʥʷ ʛʚʠʥʪʦʧʦʜʽʙʥʠʭ ʢʘʥʘʚʦʢ ʫ ʬʨʝʟʽ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʤʦʤʝʥʪʫ 

ʽʥʝʨʮʽʾ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟʥʘʭʦʜʠʪʴʩʷ ʝʬʝʢʪʠʚʥʠʡ ʜʽʘʤʝʪʨ, ʱʦ ʩʢʣʘʜʘʻ 75-

85% ʚʽʜ ʟʦʚʥʽʰʥʴʦʛʦ [13, 103]. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʤʦʤʝʥʪ ʽʥʝʨʮʽʾ ʙʫʜʝ 

ʨʦʟʨʘʭʦʚʫʚʘʪʠʩʴ: 

 

( )
64

0,8D
I

4
p
= .     (4.21) 

 

ɼʣʷ ʬʦʨʤʫʣ (4.20) ʽ (4.21) ʟʘʧʠʩʘʚʰʠ ʚʩʽ ʢʦʥʩʪʘʥʪʠ ʚ ʦʜʥʫ ʟʤʽʥʥʫ 

ʦʪʨʠʤʘʻʤʦ k=64/(3pE). ɺʽʜʧʦʚʽʜʥʦ ʚʨʘʭʦʚʫʶʯʠ ʟʘʜʘʥʽ ʢʦʥʩʪʨʫʢʪʦʨʦʤ ʦʙʤʝʞʝʥʥʷ 

ʥʘ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ, ʷʢʽ ʤʦʞʥʘ ʟʚôʷʟʘʪʠ ʟ ʥʘʡʙʽʣʴʰʠʤ ʜʦʩʪʫʧʥʠʤ ʧʨʦʛʠʥʦʤ 

ʽʥʩʪʨʫʤʝʥʪʫ dmax, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ: 
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( ) max4

3

n

0,8D

lF
k dd ¢= .    (4.22) 

ʇʽʜʩʪʘʚʠʚʰʠ ʬʦʨʤʫʣʫ ʜʣʷ ʟʥʘʭʦʜʞʝʥʥʷ Fn=0,3Fxy ʦʪʨʠʤʫʻʤʦ ʦʙʤʝʞʝʥʥʷ 

ʜʣʷ ʧʦʜʘʯʽ ʥʘ ʟʫʙ: 
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ɽʢʩʧʣʫʘʪʘʮʽʡʥʽ ʦʙʤʝʞʝʥʥʷ. 

ʄʝʪʘʣʦʨʽʟʘʣʴʥʠʡ ʚʝʨʩʪʘʪ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʦʙʨʦʙʢʠ, ʥʘʢʣʘʜʘʻ 

ʧʝʚʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʦʙʤʝʞʝʥʥʷ ʥʘ ʧʘʨʘʤʝʪʨʠ ʨʽʟʘʥʥʷ, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ. ʎʽ ʦʙʤʝʞʝʥʥʷ ʚʠʟʥʘʯʘʶʪʴʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʚʝʨʩʪʘʪʘ ʪʘ ʡʦʛʦ ʤʦʞʣʠʚʦʩʪʷʤʠ ʽ ʚʢʣʶʯʘʶʪʴ: 

ï ʜ̔ ʘʧʘʟʦʥ ʧʦʚʟʜʦʚʞʥʽʭ ʧʦʜʘʯ (ʤʤ/ʭʚ): 

fff
maxmin

¢¢ ,     (4.24) 

ʜʝ fmin ï ʤʽʥʽʤʘʣʴʥʘ ʜʦʧʫʩʪʠʤʘ ʧʦʜʘʯʘ (ʤʤ/ʭʚ), fmax ï ʤʘʢʩʠʤʘʣʴʥʘ 

ʜʦʧʫʩʪʠʤʘ ʧʦʜʘʯʘ (ʤʤ/ʭʚ). 

ï ʜ̔ ʘʧʘʟʦʥ ʯʘʩʪʦʪ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ (ʦʙ/ʭʚ): 

SSS maxmin
¢¢ ,     (4.25) 

ʜʝ Smin ï ʤʽʥʽʤʘʣʴʥʘ ʜʦʧʫʩʪʠʤʘ ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ (ʦʙ/ʭʚ), Smax ï 

ʤʘʢʩʠʤʘʣʴʥʘ ʜʦʧʫʩʪʠʤʘ ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ (ʦʙ/ʭʚ). 

 

4.2 ɸʚʪʦʤʘʪʠʟʘʮʽʷ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ 

 

ʅʘ ʦʩʥʦʚʽ ʩʬʦʨʤʦʚʘʥʦʾ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʚʩʽʭ ʬʦʨʤʫʣ ʽ ʥʝʨʽʚʥʦʩʪʝʡ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʚʝʜʝʥʥʷ ʦʙʤʝʞʝʥʴ, ʨʦʟʨʦʙʣʝʥʘ ʧʨʠʢʣʘʜʥʘ ʧʨʦʛʨʘʤʘ 

ʽʥʪʝʨʬʝʡʩ ʷʢʦʾ ʥʘʚʝʜʝʥʦ ʥʘ (ʨʠʩ. 4.5). 
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ʈʠʩʫʥʦʢ 4.5 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʠ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ 

 

ʇʨʦʛʨʘʤʘ ʚʽʜʦʙʨʘʞʘʻ ʟʣʽʚʘ ʨʦʟʜʽʣʠ ʚ ʷʢʽ ʚʥʦʩʠʪʴʩʷ ʚʭʽʜʥʘ ʽʥʬʦʨʤʘʮʽʷ, ʮʝ 

çʇʘʨʘʤʝʪʨʠ ʚʝʨʩʪʘʪʫè, ʜʦ ʥʠʭ ʥʘʣʝʞʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʘ ʧʦʪʫʞʥʽʩʪʴ 

ʰʧʠʥʜʝʣʷ, ʪʘʢʦʞ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʦʙʤʝʞʝʥʥʷ ʚʝʨʩʪʘʪʘ: ʤʘʢʩʠʤʘʣʴʥʽ ʽ ʤʽʥʽʤʘʣʴʥʽ 

ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ ʩʪʦʣʘ ʚʝʨʩʪʘʪʘ ʪʘ ʦʙʝʨʪʠ ʰʧʠʥʜʝʣʷ. 

ʅʠʞʯʝ ʥʘ ʽʥʪʝʨʬʝʡʩʽ ʟʥʘʭʦʜʠʪʴʩʷ ʦʙʣʘʩʪʴ çʇʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷè, 

ʱʦ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʽʥʩʪʨʫʤʝʥʪ: ʜʽʘʤʝʪʨ, ʢʫʪ ʥʘʭʠʣʫ ʛʚʠʥʪʦʚʦʾ 

ʢʘʥʘʚʢʠ, ʢʽʣʴʢʽʩʪʴ ʟʫʙʽʚ ʬʨʝʟʠ, ʜʦʚʞʠʥʘ ʨʽʟʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʬʨʝʟʠ ʚʽʜ ʪʦʯʢʠ ʟʦʥʠ 

ʨʽʟʘʥʥʷ ʜʦ ʟʦʥʠ ʟʘʢʨʽʧʣʝʥʥʷ ʚ ʦʧʨʘʚʮʽ.  

ʇʘʨʘʤʝʪʨʠ ʧʨʠʧʫʩʢʫ: ʛʣʠʙʠʥʘ ʨʽʟʘʥʥʷ (ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ ʥʘ ʜʽʣʷʥʢʘʭ ʜʫʛ ʢʦʥʪʫʨʫ, ʱʦ ʦʙʨʦʙʣʷʻʪʴʩʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʬʦʨʤʫʣʘ H=Rm-(1-cosű), ʜʝ ű ï ʢʫʪ ʨʽʟʘʥʥʷ, ʱʦ ʧʦʧʝʨʝʜʥʴʦ ʟʥʘʭʦʜʠʪʴʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʦʟʨʦʙʣʝʥʦʾ ʧʨʦʮʝʜʫʨʠ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ) ʪʘ hʠʨʠʥʘ ʨʽʟʘʥʥʷ.  
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ʅʘʩʪʫʧʥʠʤʠ ʽʜʫʪʴ ʟʥʘʯʝʥʥʷ, ɦ ʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʦʙʤʝʞʝʥʴ, ʪʘʢʽ ʷʢ: ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ, ʟʥʘʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ ʩʢʣʘʜʦʚʦʾ 

ʰʦʨʩʪʢʦʩʪʽ ʫʪʚʦʨʝʥʦʾ ʧʦʚʝʨʭʥʽ (ʜʣʷ ʾʾ ʨʦʟʨʘʭʫʥʢʫ ʚʚʝʜʝʥʽ ʨʘʜʽʫʩʠ, ʱʦ ʦʧʠʩʫʶʪʴ 

ʢʨʠʚʠʟʥʫ ʦʙʨʦʙʣʶʚʘʥʦʛʦ ʢʦʥʪʫʨʫ), ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʘ ʩʠʣʘ ʨʽʟʘʥʥʷ ʪʘ 

ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʠʡ ʧʨʦʛʠʥ ʽʥʩʪʨʫʤʝʥʪʘ.  

ʊʘʢʦʞ, ʥʝʦʙʭʽʜʥʦ ʚʚʝʩʪʠ ʤʘʪʝʨʽʘʣ ʬʨʝʟʠ ʪʘ ʟʘʛʦʪʦʚʢʠ, ʱʦ ʜʘʩʪʴ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʟʥʘʯʘʪʠ ʥʘʡʙʽʣʴʰ ʪʦʯʥʽ ʟʥʘʯʝʥʥʷ ʩʠʣ ʨʽʟʘʥʥʷ ʪʘ ʧʦʪʫʞʥʦʩʪʽ ʰʧʠʥʜʝʣʷ ʧʨʠ 

ʩʪʚʦʨʝʥʥʽ ʦʙʤʝʞʝʥʴ. 

ʇʽʩʣʷ ʚʚʦʜʫ ʥʝʦʙʭʽʜʥʠʭ ʜʘʥʠʭ ʽ ʥʘʪʠʩʢʘʥʥʷ çɿʘʩʪʦʩʫʚʘʪʠ ʜʘʥʽè, ʟôʷʚʣʷʻʪʴʩʷ 

ʛʨʘʬʽʢ ʟ ʦʙʤʝʞʝʥʥʷʤʠ ʚ ʷʢʦʤʫ ʦʩʽ Y ʚʽʜʧʦʚʽʜʘʻ ʟʥʘʯʝʥʥʷ ʯʘʩʪʦʪʠ ʦʙʝʨʪʽʚ 

ʰʧʠʥʜʝʣʷ ʚʝʨʩʪʘʪʘ, ʘ ʍ ʧʦʜʘʯʘ ʥʘ ʟʫʙ (ʨʠʩ. 4.6).  

 

ʈʠʩʫʥʦʢ 4.6 ï ʉʪʚʦʨʝʥʠʡ ʛʨʘʬʽʢ ʧʨʠʢʣʘʜʥʦʶ ʧʨʦʛʨʘʤʦʶ 

 

ʅʘ ʛʨʘʬʽʢʫ (ʨʠʩ. 4.6) ʣʽʥʽʾ ʚʽʜʧʦʚʽʜʘʶʪʴ ʦʙʤʝʞʝʥʥʷʤ: 1, 2 ï ʜʝʪʝʨʤʽʥʦʚʘʥʘ 

ʩʢʣʘʜʦʚʘ ʰʦʨʩʪʢʦʩʪʽ ʥʘ ʫʚʽʛʥʫʪʽʡ ʪʘ ʧʨʷʤʽʡ ʜʽʣʷʥʮʽ ʢʦʥʪʫʨʫ, ʤʢʤ; 3, 4 ï 

ʤʘʢʩʠʤʘʣʴʥʽ ʽ ʤʽʥʽʤʘʣʴʥʽ ʦʙʝʨʪʠ ʰʧʠʥʜʝʣʷ, ʦʙ/ʭʚ; 5 ï ʤʘʢʩʠʤʘʣʴʥʘ ʩʠʣʘ ʨʽʟʘʥʥʷ, 

ʅ; 6 ï ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʠʡ ʧʨʦʛʠʥ ʽʥʩʪʨʫʤʝʥʪʘ ŭmax, ʤʤ; 7, 8 ï ʤʽʥʽʤʘʣʴʥʘ ʽ 

ʤʘʢʩʠʤʘʣʴʥʘ ʧʦʜʘʯʘ, ʤʤ/ʭʚ; 9 ï ʧʦʪʫʞʥʦʩʪʽ, ʢɺʪ; 10 ï ʩʪʽʡʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ, ʭʚ. 

ʇʨʷʤʽ ʽ ʛʽʧʝʨʙʦʣʠ ʥʘ ʛʨʘʬʽʢʫ ʚʽʜʩʽʢʘʶʪʴ ʦʙʣʘʩʪʴ ɸ, ʱʦ ʻ ʦʙʣʘʩʪʶ 

ʜʦʧʫʩʪʠʤʠʭ ʟʥʘʯʝʥʴ ʧʨʠ ʚʠʙʦʨʽ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ ʽ ʧʦʜʘʯʽ ʥʘ ʟʫʙ. 
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ɺʽʜʧʦʚʽʜʥʦ ʚʠʨʽʰʝʥʥʷʤ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ, ʘ ʩʘʤʝ ʟʘʜʦʚʦʣʝʥʥʷ ʢʨʠʪʝʨʽʶ ʥʘ 

ʤʘʢʩʠʤʘʣʴʥʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʧʨʠ ʚʨʘʭʫʚʘʥʥʽ 

ʚʩʽʭ ʥʝʦʙʭʽʜʥʠʭ ʦʙʤʝʞʝʥʴ ʻ ʪʦʯʢʘ, ɦ ʦ ʥʘʡʙʽʣʴʰ ʚʽʜʜʘʣʝʥʘ ʚʽʜ ʧʦʯʘʪʢʫ ʢʦʦʨʜʠʥʘʪ 

ʛʨʘʬʽʢʘ ʽ ʪʘʢʦʞ ʤʘʻ ʥʘʡʚʠʱʝ ʟʥʘʯʝʥʥʷ ʧʦ ʦʩʽ Y (ʜʠʚ. ʨʠʩ. 4.6). 

ɺʽʜʧʦʚʽʜʥʦ ʚʠʙʨʘʚʰʠ ʪʘʢʫ ʥʘʡʙʽʣʴʰ ʚʽʜʜʘʣʝʥʫ ʪʦʯʢʫ ʚʽʜ ʧʦʯʘʪʢʫ 

ʢʦʦʨʜʠʥʘʪ ʚ ʦʙʣʘʩʪʽ ʜʦʧʫʩʪʠʤʠʭ ʟʥʘʯʝʥʴ ɸ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʦʧʪʠʤʘʣʴʥʠʡ 

ʨʝʞʠʤ ʨʽʟʘʥʥʷ, ʱʦ ʽ ʻ ʨʦʟʚôʷʟʢʦʤ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ (ʜʠʚ. ʨʠʩ. 4.7).  

 

ʈʠʩʫʥʦʢ 4.7 ï ʈʦʟʚôʷʟʦʢ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ 

ʨʽʟʘʥʥʷ 

 

ʇʨʠʢʣʘʜʥʘ ʧʨʦʛʨʘʤʘ ʫ ʚʽʢʥʽ çʆʧʪʠʤʘʣʴʥʠʡ ʨʝʞʠʤ ʨʽʟʘʥʥʷè, ʚʠʟʥʘʯʘʻ 

ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ, ʧʦʜʘʯʫ ʭʚʠʣʠʥʥʫ ʪʘ ʟʥʘʯʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ (ʢɺʪ) ʪʘ 

ʩʠʣʠ ʨʽʟʘʥʥʷ (ʅ). 

 

4.3 ɿʘʩʪʦʩʫʚʘʥʥʷ ʧʨʦʛʨʘʤʥʦʛʦ ʨʽʰʝʥʥʷ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ 

 

ɼʣʷ ʧʨʠʢʣʘʜʫ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʟʨʦʙʣʝʥʦʾ ʧʨʦʛʨʘʤʠ ʚʠʢʦʨʠʩʪʘʥʦ 

ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ, ʱʦ ʟʘʧʠʩʘʥʘ ʚ G-ʢʦʜʘʭ, ʷʢʘ ʤʘʻ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʪʘ 

ʩʪʘʙʽʣʽʟʫʻ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥ ̫ʤʘʪʝʨʽʘʣʫ (MRR) ʥʘ ʧʝʚʥʦʤʫ ʨʽʚʥʽ (ʨʠʩ. 3.13). 
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ɼʣʷ ʢʦʞʥʦʛʦ ʢʘʜʨʫ ʪʘʢʦʛʦ G-ʢʦʜʫ ʟʘʩʪʦʩʦʚʘʥʘ ʦʧʪʠʤʽʟʘʮʽʷ, ʜʣʷ 

ʧʨʠʟʥʘʯʝʥʥʷ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʘʪʴ ʥʘʡʙʽʣʴʰʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʠ 

ʚʨʘʭʫʚʘʥʥʽ ʫʩʽʭ ʦʙʤʝʞʝʥʴ. ʅʠʞʯʝ ʥʘʚʝʜʝʥʽ ʧʨʠʢʣʘʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʦʛʨʘʤʠ ʜʣʷ 

ʦʩʥʦʚʥʠʭ ʜʽʣʷʥʦʢ ʦʙʨʦʙʣʶʚʘʥʦʛʦ ʢʦʥʪʫʨʫ: ʧʨʷʤʦʾ, ʜʫʛʠ ʫʚʽʛʥʫʪʦʾ ʪʘ ʦʧʫʢʣʦʾ 

(ʜʠʚ. ʨʠʩ. 4.8) 

 

ʘ) 

  

ʙ)       ʚ)    

ʈʠʩʫʥʦʢ 4.8 ï ɺʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ ʜʣʷ ʜʽʣʷʥʢʠ ʢʦʥʪʫʨʫ:  

ʘ) ʧʨʷʤʦʾ; ʙ) ʫʚʽʛʥʫʪʦʾ; ʚ) ʦʧʫʢʣʦʾ  
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ʇʽʩʣʷ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ ʜʣʷ ʚʩʽʭ ʢʘʜʨʽʚ, ʥʘ ʦʩʥʦʚʽ 

ʥʦʚʦʛʦ ʫʧʨʘʚʣʽʥʥʷ, ʩʪʚʦʨʝʥʦ ʫʧʨʘʚʣʷʶʯʫ ʧʨʦʛʨʘʤʫ ʚ G-ʢʦʜʘʭ (ʨʠʩ. 4.9). 

 

ʈʠʩʫʥʦʢ 4.9 ï ʋʧʨʘʚʣʷʶʯʘ ʧʨʦʛʨʘʤʘ ʟʘʧʠʩʘʥʘ ʚ G-ʢʦʜʘʭ ʟ ʦʧʪʠʤʽʟʦʚʘʥʠʤʠ 

ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ 

 

ʗʢ ʤʦʞʥʘ ʙʘʯʠʪʠ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʧʪʠʤʽʟʘʮʽʾ ʟʙʽʣʴʰʝʥʦ ʟʥʘʯʝʥʥʷ ʧʦʜʘʯʽ ʚ 

ʫʩʽʭ ʢʘʜʨʘʭ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʚ G-ʢʦʜʘʭ. 

ʅʘ ʦʩʥʦʚʽ ʮʽʻʾ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, ʟʘʧʠʩʘʥʦʾ ʚ G-ʢʦʜʘʭ, ʧʨʦʚʝʜʝʥʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦ  ʁʧʦʧʝʨʝʜʥʴʦ ʨʦʟʨʦʙʣʝʥʦʾ ʧʨʠʢʣʘʜʥʦʾ ʧʨʦʛʨʘʤʠ, 

ʽʥʪʝʨʬʝʡʩ ʷʢʦʾ ʥʘʚʝʜʝʥʦ ʥʘ (ʨʠʩ. 4.10).  

ɺ ʧʦʨʽʚʥʷʥʥʷ ʟ (ʨʠʩ 3.14), ʟʥʘʯʝʥʥʷ ʥʘ ʦʩʮʠʣʦʛʨʘʬʽ 2 ï h ʚʠʜʢʦʩʪʽ 

ʚʠʜʘʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ 3 ï ʩʠʣʠ ʨʽʟʘʥʥʷ ʟʙʽʣʴʰʠʣʦʩʷ, ʭʦʯʘ ʡ ʤʦʞʥʘ 

ʢʦʥʩʪʘʪʫʚʘʪʠ, ʱʦ ʪʘʢʝ ʟʙʽʣʴʰʝʥʥʷ ʚʽʜʧʦʚʽʜʘʻ ʟʘʜʘʥʠʤ ʦʙʤʝʞʝʥʥʷʤ. 
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ʈʠʩʫʥʦʢ 4.10 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟ ʦʧʪʠʤʽʟʦʚʘʥʠʤ 

ʫʧʨʘʚʣʽʥʥʷʤ  

 

ʄʦʜʝʣʶʚʘʥʥʷ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ, ʟʘʧʠʩʘʥʦʾ ʚ G-ʢʦʜʘʭ ʟ ʦʧʪʠʤʘʣʴʥʠʤʠ 

ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ, ʧʦʢʘʟʫʻ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʘʜʞʝ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʫʧʨʘʚʣʽʥʥʷʤ ʧʦʜʘʯʝʶ ʯʘʩ ʥʘ ʦʧʝʨʘʮʽʶ ʟʤʝʥʰʠʚʩʷ ʚ 1,17 ʨʘʟʘ ʚʽʜʧʦʚʽʜʥʦ ʪʘ 

ʩʢʣʘʜʘʻ 12,4 ʩ. ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʫʧʨʘʚʣʽʥʥʷʤ ʨʦʟʨʦʙʣʝʥʠʤ ʚ 

SolidCAM ʪʘ ʤʦʜʫʣʽ iMachining ʦʩʥʦʚʥʠʡ ʤʘʰʠʥʥʠʡ ʯʘʩ ʦʧʝʨʘʮʽʾ ʟʥʘʯʥʦ 

ʟʤʝʥʰʠʚʩʷ ʚʽʜʧʦʚʽʜʥʦ ʤʘʡʞʝ ʚ 2,9 ʪʘ 1,5 ʨʘʟʽʚ. 

 

 

 

 

2 

1 
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4.4 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʧʝʨʝʚʽʨʢʘ ʦʧʪʠʤʽʟʦʚʘʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ 

 

ʇʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ, ʟ 

ʦʧʪʠʤʘʣʴʥʠʤ ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ, ʟʽ ʩʪʽʡʢʠ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ (ʨʠʩ. 4.11) ʬʽʢʩʫʚʘʣʠʩʷ 

ʜʘʥʽ ʧʨʦ ʧʦʪʫʞʥʽʩʪʴ ʨʽʟʘʥʥʷ.  

 

ʈʠʩʫʥʦʢ 4.11 ï ɯʥʪʝʨʬʝʡʩ ʩʪʽʡʢʠ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ Haas TM-0P [105] 

 

ʎʽ ʜʘʥʽ ʚʽʜʦʙʨʘʞʘʣʠʩʷ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʘ ʪʘʢʦʞ ʟʘʧʠʩʫʚʘʣʠʩʷ ʫ ʬʦʨʤʘʪʽ 

ʚʽʜʝʦ. ɼʣʷ ʘʥʘʣʽʟʫ ʦʪʨʠʤʘʥʠʭ ʚʽʜʦʤʦʩʪʝʡ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʩʧʝʮʽʘʣʴʥʦ 

ʨʦʟʨʦʙʣʝʥʫ ʢʦʤʧôʶʪʝʨʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʘ ʜʘʣʘ ʟʤʦʛʫ ʨʦʟʰʠʬʨʫʚʘʪʠ ʟʽʙʨʘʥʫ 

ʽʥʬʦʨʤʘʮʽʶ (ʨʠʩ. 4.12).  

 

ʈʠʩʫʥʦʢ 4.12 ï ʌʨʘʛʤʝʥʪ ʨʦʟʰʠʬʨʦʚʘʥʦ ʾʽʥʬʦʨʤʘʮʽʷ ʟ ʚʽʜʝʦ 

 

ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʛʨʘʬʽʢ (ʨʠʩ. 4.13), ʱʦ 

ʽʣʶʩʪʨʫ ̒ʟʤʽʥʫ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʦʧʪʠʤʽʟʦʚʘʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ. 
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ʈʠʩʫʥʦʢ 4.13 ï ʈʝʟʫʣʴʪʘʪʠ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘ ʧʨʦʛʨʘʤʦʶ ʟ 

ʦʧʪʠʤʽʟʦʚʘʥʠʤ ʫʧʨʘʚʣʽʥʥʷʤ  

 

ʆʩʢʽʣʴʢʠ ʧʦʪʫʞʥʽʩʪʴ ʨʽʟʘʥʥʷ ʪʽʩʥʦ ʧʦʚôʷʟʘʥʘ ʽʟ ʩʠʣʦʶ ʨʽʟʘʥʥʷ, ʦʮʽʥʶʚʘʪʠ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʤʦʞʥʘ ʽ ʟʘ ʮʠʤ ʧʦʢʘʟʥʠʢʦʤ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʥʝ ʧʦʪʨʝʙʫʻ 

ʦʢʨʝʤʠʭ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ, ʘʜʞʝ ʚʽʜʧʦʚʽʜʥʽ ʜʘʥʽ ʥʘʜʘʻ ʩʘʤʘ ʩʪʽʡʢʘ 

ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ. 

ʅʘ ʥʘʡʩʢʣʘʜʥʽʰʽʡ ʜʽʣʷʥʮʽ ʪʨʘʻʢʪʦʨʽʾ (ʫʚʽʛʥʫʪʘ ʜʫʛʘ) ʤʘʢʩʠʤʘʣʴʥʘ ʩʠʣʘ 

ʨʽʟʘʥʥʷ, ʟʘʬʽʢʩʦʚʘʥʘ ʜʠʥʘʤʦʤʝʪʨʦʤ, ʩʪʘʥʦʚʠʣʘ 943 ʅ, ʪʦʜʽ ʷʢ ʟʘ ʫʧʨʘʚʣʽʥʥʷʤ 

ʨʦʟʨʦʙʣʝʥʠʤ ʤʦʜʫʣʝʤ iMachining, ʚʦʥʘ ʩʷʛʘʣʘ 1154 ʅ (ʨʠʩ. 3.31, ʙ). ʎʝ 

ʧʽʜʪʚʝʨʜʞʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʾ ʫʧʨʘʚʣʷʶʯʦʾ ʧʨʦʛʨʘʤʠ ʟ ʦʧʪʠʤʘʣʴʥʠʤ 

ʨʝʞʠʤʦʤ ʨʽʟʘʥʥʷ, ʘʜʞʝ ʯʘʩ ʮʠʢʣʫ ʩʢʦʨʦʪʠʚʩʷ ʧʨʠʙʣʠʟʥʦ ʚ 1,4 ʨʘʟʠ ʧʦʨʽʚʥʷʥʦ ʟ 

iMachining. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʧʪʠʤʽʟʦʚʘʥʝ ʫʧʨʘʚʣʽʥʥʷ ʜʦʟʚʦʣʠʣʦ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ 

ʟʘʛʘʣʴʥʫ ʪʨʠʚʘʣʽʩʪʴ ʦʧʝʨʘʮʽʾ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʝʢʩʧʝʨʠʤʝʥʪʫ (ʨʠʩ. 4.13), ʚʝʩʴ 

ʮʠʢʣ ʦʙʨʦʙʢʠ ʪʨʠʚʘʻ ʣʠʰʝ 12,3 ʩ, ʘ ʚʝʣʠʯʠʥʠ ʩʠʣʠ ʪʘ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ ʥʝ 

ʧʝʨʝʚʠʱʫʶʪʴ ʚʩʪʘʥʦʚʣʝʥʠʭ ʦʙʤʝʞʝʥʴ (ʜʠʚ. ʨʠʩ. 4.8). 

 

ɺʀʉʅʆɺʂʀ 

1. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʟʘʜʘʯʫ ʦʧʪʠʤʽʟʘʮʽʾ ʜʣʷ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ ʥʘ ʚʝʨʩʪʘʪʘʭ ʽʟ ʏʇʂ. ʂʨʠʪʝʨʽʻʤ ʦʧʪʠʤʽʟʘʮʽʾ ʚʠʟʥʘʯʝʥʦ 

ʤʘʢʩʠʤʘʣʴʥʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʽ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ 
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ʦʙʤʝʞʝʥʴ. ʈʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʦʙʠʨʘʪʠ ʨʝʞʠʤʠ 

ʨʽʟʘʥʥʷ, ʷʢʽ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʩʽ ʚʩʪʘʥʦʚʣʝʥʽ ʚʠʤʦʛʠ. 

2. ʉʪʚʦʨʝʥʦ ʘʣʛʦʨʠʪʤʠ ʪʘ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ. ʅʘ ʦʩʥʦʚʽ 

ʩʬʦʨʤʫʣʴʦʚʘʥʦʾ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʟʨʦʙʣʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, ʷʢʘ 

ʘʚʪʦʤʘʪʠʟʫʻ ʧʨʦʮʝʩ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ. ɿʘʚʜʷʢʠ ʽʥʪʝʨʬʝʡʩʫ 

ʧʨʦʛʨʘʤʠ ʤʦʞʥʘ ʚʚʦʜʠʪʠ ʚʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʡ ʦʙʤʝʞʝʥʥʷ ʪʘ ʦʪʨʠʤʫʚʘʪʠ ʛʨʘʬʽʯʥʝ 

ʚʽʜʦʙʨʘʞʝʥʥʷ ʜʦʧʫʩʪʠʤʠʭ ʦʙʣʘʩʪʝʡ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʥʘʙʦʨʫ ʧʘʨʘʤʝʪʨʽʚ. 

3. ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ 

ʨʽʰʝʥʴ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʨʦʟʨʦʙʣʝʥʦʾ ʧʨʦʛʨʘʤʠ ʩʫʪʪʻʚʦ ʩʢʦʨʦʯʫʻ ʪʨʠʚʘʣʽʩʪʴ 

ʦʧʝʨʘʮʽʡ ʽ ʜʦʪʨʠʤʫʻʪʴʩʷ ʥʘʢʣʘʜʝʥʠʭ ʦʙʤʝʞʝʥʴ. 

4. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʦʧʪʠʤʽʟʦʚʘʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ 

ʧʽʜʪʚʝʨʜʠʣʠ, ʱʦ ʯʘʩ ʦʙʨʦʙʢʠ ʤʦʞʥʘ ʩʢʦʨʦʪʠʪʠ ʜʦ 12,3 ʩ (ʟʘʤʽʩʪʴ 36 ʩ ʫ 

SolidCAM ʯʠ 18 ʩ ʚ iMachining). ʎʝ ʧʨʠʙʣʠʟʥʦ ʚ 3,09 ʨʘʟʠ h ʚʠʜʰʝ, ʥʽʞ ʙʘʟʦʚʠʡ 

ʧʨʦʮʝʩ, ʽ ʚ 1,46 ʨʘʟʠ h ʚʠʜʰʝ, ʥʽʞ ʟʘʩʪʦʩʫʚʘʥʥʷ iMachining. ɺʦʜʥʦʯʘʩ ʧʦʢʘʟʥʠʢʠ 

ʩʠʣʠ ʪʘ ʧʦʪʫʞʥʦʩʪʽ ʨʽʟʘʥʥʷ ʟʘʣʠʰʘʶʪʴʩʷ ʚ ʜʦʧʫʩʪʠʤʠʭ ʤʝʞʘʭ. ɺʽʜʩʫʪʥʽʩʪʴ 

ʩʢʣʘʜʥʠʭ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤ (ʟʦʢʨʝʤʘ, ʟʘʚʜʷʢʠ ʤʦʥʽʪʦʨʠʥʛʫ ʧʦʪʫʞʥʦʩʪʽ 

ʨʽʟʘʥʥʷ) ʩʧʨʦʱʫʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʤʝʪʦʜʠʢʠ ʫ ʚʠʨʦʙʥʠʮʪʚʦ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʘʢʦʞ ʜʦʚʝʣʠ ʫʟʛʦʜʞʝʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʨʝʘʣʴʥʠʤʠ 

ʫʤʦʚʘʤʠ ʦʙʨʦʙʢʠ, ʱʦ ʧʽʜʢʨʝʩʣʶʻ ʫʥʽʚʝʨʩʘʣʴʥʽʩʪʴ ʽ ʧʨʘʢʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʨʦʟʨʦʙʣʝʥʦʾ ʤʦʜʝʣʽ. 
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ɿɸɻɸʃʔʅɯ ɺʀʉʅʆɺʂʀ 

ʋ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʨʦʟʨʦʙʣʝʥʦ ʢʦʤʧʣʝʢʩ ʤʝʪʦʜʽʚ ʪʘ ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʠ 

ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʤʘʢʩʠʤʘʣʴʥʦʾ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʩʫʪʪʻʚʦ ʩʢʦʨʦʯʫʚʘʪʠ ʪʨʠʚʘʣʽʩʪʴ ʦʧʝʨʘʮʽʾ, 

ʜʦʪʨʠʤʫʶʯʠʩʴ ʫʩʽʭ ʥʝʦʙʭʽʜʥʠʭ ʦʙʤʝʞʝʥʴ. 

 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ: 

1. ʈʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʚʨʘʭʦʚʫʻ ʩʧʝʮʠʬʽʢʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ. ʄʦʜʝʣʴ ʜʦʟʚʦʣʷʻ ʪʦʯʥʦ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʧʨʦʮʝʩ ʧʨʠ ʨʽʟʥʠʭ ʫʤʦʚʘʭ 

ʨʽʟʘʥʥʷ, ʦʮʽʥʶʚʘʪʠ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) ʪʘ ʧʨʦʛʥʦʟʫʚʘʪʠ 

ʦʩʥʦʚʥʽ ʩʠʣʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʈʝʘʣʽʟʘʮʽʷ ʤʦʜʝʣʽ ʚ ʧʨʠʢʣʘʜʥʽʡ ʧʨʦʛʨʘʤʽ 

ʜʦʟʚʦʣʠʣʘ ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʧʨʦʮʝʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʥʦʚʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ 

ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʬʨʝʟʝʨʫʚʘʥʥʷ. 

2. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʠʡ ʧʽʜʭʽʜ ʜʦ ʩʪʘʙʽʣʽʟʘʮʽʾ ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʫʧʨʘʚʣʽʥʥʽ ʧʦʜʘʯʝʶ. ʎʝʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʠʚ ʟʥʠʟʠʪʠ 

ʢʦʣʠʚʘʥʥʷ ʩʠʣ ʨʽʟʘʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʦʙʢʠ, ʱʦ ʻ 

ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ. ʈʝʘʣʽʟʦʚʘʥʽ ʘʣʛʦʨʠʪʤʠ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʢʦʤʧʣʝʢʩ ʧʨʠʢʣʘʜʥʠʭ ʧʨʦʛʨʘʤ, ʱʦ ʘʚʪʦʤʘʪʠʟʫʶʪʴ ʧʨʦʮʝʩ 

ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʘʤʠ ʨʽʟʘʥʥʷ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʫʧʨʘʚʣʽʥʥʷ ʧʦʜʘʯʝʶ ʩʢʦʨʦʪʠʣʦ ʯʘʩ 

ʮʠʢʣʫ ʦʧʝʨʘʮʽʾ ʥʘ 64% ʧʦʨʽʚʥʷʥʦ ʟ SolidCAM ʽ ʥʘ 22% ʧʦʨʽʚʥʷʥʦ ʟ iMachining.  

3. ʉʬʦʨʤʦʚʘʥʦ ʦʜʥʦʢʨʠʪʝʨʽʘʣʴʥʫ ʟʘʜʘʯʫ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʢʦʥʪʫʨʥʦʛʦ ʬʨʝʟʝʨʫʚʘʥʥʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. ɺʚʝʜʝʥʽ ʦʙʤʝʞʝʥʥʷ 

ʚʨʘʭʦʚʫʶʪʴ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʽ ʚʠʤʦʛʠ ʜʦ ʚʠʨʦʙʫ ʪʘ ʪʝʭʥʽʯʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʚʠʨʦʙʥʠʯʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʡ ʽʥʩʪʨʫʤʝʥʪʘ. ɿʘʜʘʯʘ ʚʠʨʽʰʫʻʪʴʩʷ ʤʝʪʦʜʦʤ ʣʽʥʽʡʥʦʛʦ 

ʧʨʦʛʨʘʤʫʚʘʥʥʷ. ɼʣʷ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʟʘʜʘʯʽ ʩʪʚʦʨʝʥʦ ʧʨʠʢʣʘʜʥʫ ʧʨʦʛʨʘʤʫ, 

ʷʢʘ ʘʚʪʦʤʘʪʠʟʫʻ ʚʠʙʽʨ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ. ʊʘʢʽ ʨʝʞʠʤʠ ʟʘʙʝʟʧʝʯʠʣʠ 

ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ ʥʘ 67% ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ SolidCAM, ʥʘ 31% ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ 

iMachining, ʥʘ 12% ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʫʧʨʘʚʣʽʥʥʷʤ ʧʦʜʘʯʝʶ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ʰʚʠʜʢʦʩʪʽ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ (MRR) (14 ʩ). ʎʝ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʣʦ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʦʙʨʦʙʢʠ. 
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4. ʈʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤʠ ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʢʦʥʪʫʨʥʦʛʦ 

ʬʨʝʟʝʨʫʚʘʥʥʷ, ʽʥʪʝʛʨʦʚʘʥʽ ʫ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ. ʇʨʦʛʨʘʤʠ ʜʦʟʚʦʣʷʶʪʴ 

ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʟʥʘʯʘʪʠ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʨʫʯʥʽʩʪʴ ʫ ʧʨʘʢʪʠʯʥʦʤʫ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʪʘ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʽʰʝʥʴ ʫ ʚʠʨʦʙʥʠʯʽ 

ʧʨʦʮʝʩʠ. 

5. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ 

ʨʽʰʝʥʴ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʽʜʪʚʝʨʜʠʣʠ ʧʨʦʛʥʦʟʠ ʤʘʪʝʤʘʪʠʯʥʠʭ 

ʤʦʜʝʣʝʡ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʦʧʪʠʤʽʟʦʚʘʥʦʛʦ ʨʝʞʠʤʫ ʨʽʟʘʥʥʷ ʜʦʟʚʦʣʠʣʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ 

ʦʙʨʦʙʢʠ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʜʦʪʨʠʤʘʥʥʷ ʚʩʽʭ ʥʝʦʙʭʽʜʥʠʭ ʚʠʤʦʛ ʜʦ ʜʝʪʘʣʽ 

ʪʘ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ. 
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