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ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʚʥʝʜʨʝʥʠʷ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʨʦʙʦʪʦʚ ʚ ʩʦʚʨʝʤʝʥʥʳʝ ʩʬʝ-

ʨʳ ʩʧʝʮʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʦʯʝʥʴ ʚʳʩʦʢʘ. ʂ ʤʘʣʦʨʘʟʤʝʨʥʳʤ ʨʦʙʦʪʘʤ, ʚ ʢʘ-

ʯʝʩʪʚʝ ʧʨʠʤʝʨʘ, ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʨʦʙʦʪʦʚ-ʩʦʙʘʢ ʠʣʠ ʢʚʘʜʨʘʢʦʧʪʝʨʳ. ʇʨʠʤʝʥʝ-

ʥʠʝ ʧʦʜʦʙʥʳʭ ʤʘʰʠʥ ʚʦʟʤʦʞʥʦ ʚ ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ ʜʝʷʪʝʣʴʥʦʩʪʠ ʪʘʢʠʭ ʢʘʢ 

ï ʢʦʩʤʠʯʝʩʢʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʘʷ ʜʝʷʪʝʣʴʥʦʩʪʴ, ʩʬʝʨʘ 

ʦʙʝʩʧʝʯʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʩʬʝʨʘ ʜʝʷʪʝʣʴʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ 

ʯʨʝʟʚʳʯʘʡʥʳʭ ʩʠʪʫʘʮʠʡ, ʢʦʤʤʝʨʯʝʩʢʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. ɺʝʜʫʪʩʷ ʘʢʪʠʚʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʘʥʪʨʦʧʦʤʦʨʬʥʳʭ ʠ ʟʦʦʤʦʨʬʥʳʭ ʨʦʙʦʪʦʚ. ɺ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ ʨʘʟʨʘʙʦʪʢʠ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʩʚʷʟʘʥʳ ʩ ʫʧʨʘʚʣʝʥʠʝʤ ʣʦʢʦʤʦʮʠʝʡ 

ʠ ʥʦʩʷʪ ʤʘʩʰʪʘʙʥʳʡ ʭʘʨʘʢʪʝʨ, ʯʪʦ ʜʝʣʘʝʪ ʜʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʫʯʥʦʡ ʜʝʷ-

ʪʝʣʴʥʦʩʪʠ ʘʢʪʫʘʣʴʥʦʡ. 

ʂ ʩʠʥʪʝʟʫ ʫʧʨʘʚʣʝʥʠʷ ʨʦʙʦʪʘʤʠ ʩʦ ʩʣʦʞʥʦʡ ʣʦʢʦʤʦʮʠʝʡ (ʰʘʛʘʶʱʠʤʠ 

ʤʘʰʠʥʘʤʠ) ʩʫʱʝʩʪʚʫʝʪ ʜʚʘ ʧʦʜʭʦʜʘ. ʇʝʨʚʳʡ ʧʦʜʭʦʜ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʨʝʰʝʥʠʝ 

ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʩʦ ʩʚʷʟʷʤʠ ʚ ʬʦʨʤʝ ʫʧʨʦʱʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʪʨʘʝʢʪʦʨʠʶ ʪʦʯʢʠ ʥʫʣʝʚʦʛʦ ʤʦʤʝʥʪʘ ʨʝʘʢʮʠʡ ʩʚʷʟʝʡ. ɺʪʦʨʦʡ 

ʧʦʜʭʦʜ ï ʵʪʦ ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʪ.ʥ. ʦʙʫʯʝʥʠʝ ʩ ʧʦʜʢʨʝʧʣʝʥʠ-

ʝʤ [1]. 

ʄʝʪʦʜ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠʤʝʝʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ. ʇʨʝ-

ʠʤʫʱʝʩʪʚʘ ʤʝʪʦʜʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʣʝʜʫʶʱʠʝ: 

1. ʀʥʪʝʨʧʦʣʷʮʠʷ ʫʧʨʘʚʣʝʥʠʷ ʨʝʢʫʨʨʝʥʪʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʴʶ 500 ï 

1000 ʥʝʡʨʦʥʦʚ; 

2. ʈʝʘʣʠʟʘʮʠʷ çʩʣʝʧʦʡè ʧʦʭʦʜʢʠ ʧʨʠ ʚʦʟʤʫʱʝʥʠʠ ʦʪ ʥʝʨʦʚʥʦʩʪʝʡ ʥʠʞʝ 

ʟʘʜʘʥʥʦʛʦ ʧʦʨʦʛʘ. 

ʅʝʜʦʩʪʘʪʢʠ ʤʝʪʦʜʘ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʣʝʜʫʶʱʠʝ: 

1. ɺʳʩʦʢʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ï ʚʨʝʤʷ ʨʘʩʯʝʪʘ ʚʘʨʠʘʥʪʘ ʮʝʣʝʚʦʡ 

ʬʫʥʢʮʠʠ ʧʦʨʷʜʢʘ ʩʫʪʦʢ ʥʘ ʤʦʱʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʣʘʩʪʝʨʘʭ; 

2. ʋʧʨʘʚʣʝʥʠʝ ʩʠʥʪʝʟʠʨʫʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʦʜʥʠʭ ʫʩʣʦʚʠʡ ʜʚʠʞʝʥʠʷ.  

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʘʤʳʤ ʦʙʲʝʢʪʠʚʥʳʤ ʠʥʜʠʢʘʪʦʨʦʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʣʦʢʦʤʦʮʠʝʡ ʨʦʙʦʪʦʚ ï ʵʪʦ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʘʥʠʤʘʮʠʷ, ʦʜʥʘʢʦ ʝʸ ʨʝʘʣʠʩʪʠʯʥʦʩʪʴ ʥʝʚʳʩʦʢʘ [2-3].  

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʧʨʘʚʣʝʥʠʝ ʨʦʙʦʪʦʤ ʩʦʙʘʢʦʡ (ʨʠʩ. 1). 

 

 
ʈʠʩ.1. ʋʧʨʘʚʣʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʨʦʙʦʪʘ-ʩʦʙʘʢʠ 
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ʋʧʨʘʚʣʝʥʠʝ ʨʦʙʦʪʦʤ ʩʦʙʘʢʦʡ ʩʠʥʪʝʟʠʨʦʚʘʣʦʩʴ ʥʘ ʮʠʬʨʦʚʦʡ ʤʦʜʝʣʠ, ʧʦ-

ʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 2. 

 

 
ʈʠʩ.2. ʎʠʬʨʦʚʘʷ ʤʦʜʝʣʴ ʨʦʙʦʪʘ-ʩʦʙʘʢʠ 

 

ʉ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ. ʌʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʝʨʝʤʝʱʝʥʠʷ ʨʦʙʦʪʘ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ [4]. ɺ 

ʭʦʜʝ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʛʨʘʤʤʥʳʭ, ʫʧʨʘʚʣʷʝʤʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʘʭ 3 ʠ 4. 

 

 
ʈʠʩ. 3. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʦʜʦʣʴʥʳʭ ʧʝʨʝʤʝʱʝʥʠʡ ʨʦʙʦʪʘ-ʩʦʙʘʢʠ 
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ʈʠʩ. 4. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʦʜʦʣʴʥʳʭ ʩʢʦʨʦʩʪʝʡ ʨʦʙʦʪʘ-ʩʦʙʘʢʠ 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʠʪʠʯʝʩʢʦʡ ʨʘʙʦʪʳ ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜʳ. ʉʦʚʨʝʤʝʥʥʳʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜʳ ʥʝ ʧʦʟʚʦʣʷʶʪ ʨʝʘʣʠʟʦʚʘʪʴ 

ʰʘʛʘʶʱʠʝ ʥʘʟʝʤʥʳʝ ʜʨʦʥʳ ʩ ʧʨʠʝʤʣʝʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦ ʩʢʦʨʦʩʪʠ ʠ 

ʜʘʣʴʥʦʩʪʠ ʠʟ ï ʟʘ ʥʠʟʢʦʛʦ ʂʇɼ ʧʨʠʚʦʜʦʚ. ʉʫʱʝʩʪʚʝʥʥʦʝ ʧʦʚʳʰʝʥʠʝ ʪʝʭʥʠ-

ʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʰʘʛʘʶʱʠʭ ʥʘʟʝʤʥʳʭ ʜʨʦʥʦʚ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ 

ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʠʙʨʠʜʥʦʛʦ ʜʚʠʞʠʪʝʣʷ ʩ ʤʦʥʦʢʦʣʝʩʦʤ, ʦʙʝʩʧʝʯʠʚʘʶ-

ʱʝʛʦ ʜʚʠʞʝʥʠʝ ʧʦ ʤʠʢʨʦ ʠ ʤʘʢʨʦ ʥʝʨʦʚʥʦʩʪʷʤ (ʨʠʩ. 5). ɼʚʠʞʝʥʠʝ ʧʦ ʤʠʢʨʦ-

ʥʝʨʦʚʥʦʩʪʷʤ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʤʦʥʦʢʦʣʝʩʝ ʩ ʤʘʥʝʚʨʠʨʦʚʘʥʠʝʤ ʟʘ ʩʯʝʪ ʙʘʣʘʥ-

ʩʠʨʦʚʘʥʠʷ ʠ ʧʦʜʨʫʣʠʚʘʥʠʷ ʰʘʛʘʶʱʠʤʠ ʜʚʠʞʠʪʝʣʷʤʠ. ɼʚʠʞʝʥʠʝ ʧʦ ʤʘʢʨʦ-

ʥʝʨʦʚʥʦʩʪʷʤ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʰʘʛʘʶʱʠʭ ʜʚʠʞʠʪʝʣʷʭ. ʋʧʨʘʚʣʝʥʠʝ 

ʣʦʢʦʤʦʮʠʝʡ ʨʦʙʦʪʘ ʩ ʛʠʙʨʠʜʥʳʤ ʜʚʠʞʠʪʝʣʝʤ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʦ ʥʘ ʥʝ-

ʩʣʦʞʥʦʡ ʩʫʱʝʩʪʚʫʶʱʝʡ ʘʧʧʘʨʘʪʥʦʡ ʙʘʟʝ. ʅʘ ʦʩʥʦʚʝ ʛʠʙʨʠʜʥʦʛʦ ʜʚʠʞʠʪʝʣʷ 

ʤʦʛʫʪ ʙʳʪʴ ʩʦʟʜʘʥʳ ʨʘʩʭʦʜʫʝʤʳʝ ʨʦʙʦʪʳ ʩʦ ʩʣʦʞʥʦʡ ʣʦʢʦʤʦʮʠʝʡ ʠ ʨʝʘʣʠʟʦ-

ʚʘʥʘ ʛʨʫʧʧʦʚʘʷ ʨʘʙʦʪʘ ʨʦʙʦʪʦʚ. 

 

 
ʈʠʩ. 5. ʇʝʨʩʧʝʢʪʠʚʥʦʝ ʙʶʜʞʝʪʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʨʦʙʦʪʘ ʩʦʙʘʢʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʠʥʝʤʘ-

ʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ï ʛʠʙʨʠʜʥʳʡ ʜʚʠʞʠʪʝʣʴ 
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ʈʉʁʅɾʆɾʆʁɾ  ʉʇɺʇʋɹ-ʅɹʆʁʈʌʄʘʋʇʉɹ   
ɽʄʘ  ʃʇʆʋʉʇʄʘ  ʃɹʐɾʊʋɻɹ  ʁʀɽɾʄʁʂ 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʦʜʭʦʜ ʢ ʢʦʥʪʨʦʣʶ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ, ʦʩʥʘʱʸʥʥʦʛʦ ʢʘʤʝʨʦʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʦʡ 

ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʙʩʣʝʜʦʚʘʪʴ ʦʙʲʝʢʪ ʩ ʨʘʟʥʳʭ ʨʘʢʫʨʩʦʚ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʩʦʢʫʶ ʜʝʪʘ-

ʣʠʟʘʮʠʶ ʠʟʦʙʨʘʞʝʥʠʷ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʩʪʝʥ-

ʜʦʚ. ʇʨʦʚʝʜʸʥ ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʧʨʦʪʦʪʠʧʝ ʩʪʝʥʜʘ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ, ʚʢʣʶʯʘʶʱʠʡ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ, ʩʲʝʤʢʫ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʩʨʘʚʥʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʨʠʢ SSIM, MAD ʠ ORB. ʈʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʜʠʣʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʥʘʜʸʞʥʦʛʦ ʚʳʷʚʣʝʥʠʷ ʜʝʬʝʢʪʦʚ, ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʪʦʯʥʦʩʪʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʠ ʠʟ-

ʤʝʥʝʥʠʷ ʦʩʚʝʱʝʥʠʷ. ʆʪʤʝʯʝʥʳ ʧʨʝʠʤʫʱʝʩʪʚʘ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ ʤʝʪʦʜʘ ʠ ʦʛʨʘʥʠʯʝ-

ʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʚʨʝʤʝʥʝʤ ʦʙʩʣʝʜʦʚʘʥʠʷ ʠ ʚʘʨʠʘʪʠʚʥʦʩʪʴʶ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʦʙʦʪ-ʤʘʥʠʧʫʣʷʪʦʨ, ʢʦʥʪʨʦʣʴ ʢʘʯʝʩʪʚʘ, ʤʘʰʠʥʥʦʝ ʟʨʝʥʠʝ, 

ʩʨʘʚʥʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ, ʚʳʷʚʣʝʥʠʝ ʜʝʬʝʢʪʦʚ, SSIM. 
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 APPLICATION  OF  A  ROBOTIC  MANIPULATOR   
FOR  PRODUCT  QUALITY  INSPECTION  

 
Abstract: Approach to product quality inspection using a robotic manipulator 

equipped with a camera is presented. The method enables detailed examination of objects 

from multiple viewpoints without the need for specialized inspection fixtures. An expe-

rimental study was conducted involving automated robot motion, image acquisition, and 

comparison using SSIM, MAD, and ORB metrics. The results demonstrated reliable de-

fect detection despite positioning inaccuracies and variations in ambient lighting. The ad-

vantages of flexibility and applicability to products of different shapes are highlighted, 

along with limitations related to inspection duration and positioning repeatability.. 
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ʇʨʦʮʝʩʩ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ ʯʘʩʪʦ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʚʠʟʫʘʣʴʥʳʡ 

ʦʩʤʦʪʨ ʠʟʜʝʣʠʷ[1] ʥʘ ʧʨʝʜʤʝʪ ʚʳʷʚʣʝʥʠʷ ʜʝʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʩʢʦʣʳ ʠ ʮʘʨʘ-

ʧʠʥʳ. ɺʳʧʦʣʥʝʥʠʝ ʪʘʢʦʡ ʦʧʝʨʘʮʠʠ ʯʝʣʦʚʝʢʦʤ ʩʦʧʨʷʞʝʥʦ ʩ ʚʳʩʦʢʠʤʠ ʪʨʫʜʦ-

ʟʘʪʨʘʪʘʤʠ, ʠ ʤʦʞʝʪ ʙʳʪʴ ʫʪʦʤʠʪʝʣʴʥʦ ʠ ʜʘʚʘʪʴ ʥʝʧʦʩʪʦʷʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʟʘ-

ʚʠʩʷʱʠʝ ʦʪ ʫʩʪʘʣʦʩʪʠ ʢʦʥʪʨʦʣʝʨʘ ʠ ʜʦʙʨʦʩʦʚʝʩʪʥʦʩʪʠ ʝʛʦ ʨʘʙʦʪʳ. ʀʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ [2] ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ, ʥʦ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʙʣʝʤʥʳʤ ʧʨʠ ʩʣʦʞʥʦ ʬʦʨʤʝ ʠʟʜʝʣʠʡ, ʪʘʢ ʢʘʢ ʢʘʤʝʨʘ ʤʦʞʝʪ ʥʝ ʚʠʜʝʪʴ 

ʯʘʩʪʠ ʠʟʜʝʣʠʷ, ʩʢʨʳʪʳʝ ʜʨʫʛʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʩʚʝʨʭʫ ʠʣʠ ʩ ʦʜʥʦʡ ʠʟ ʩʪʦʨʦʥ. 

ʂʨʦʤʝ ʪʦʛʦ, ʢʘʯʝʩʪʚʦ ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʳ ʥʝ ʧʦʟʚʦʣʠʪ ʨʘʟ-

ʣʠʯʠʪʴ ʜʝʪʘʣʠ, ʢʦʪʦʨʳʝ ʤʦʞʝʪ ʫʚʠʜʝʪʴ ʯʝʣʦʚʝʢ. ʈʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʧʦʜʭʦʜʦʤ 

ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʩʪʝʥʜʦʚ ʧʦʜ ʢʘʞʜʦʝ ʠʟʜʝʣʠʝ [3], ʥʦ 

ʵʪʦ ʟʘʪʨʘʪʥʦ ʠ ʧʦʜʭʦʜʠʪ ʪʦʣʴʢʦ ʜʣʷ ʧʨʝʜʧʨʠʷʪʠʡ, ʚʳʧʫʩʢʘʶʱʠʭ ʙʦʣʴʰʠʝ 

ʦʙʲʝʤʳ ʦʜʥʦʪʠʧʥʦʡ ʧʨʦʜʫʢʮʠʠ.  

ʆʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʨʝʰʝʥʠʡ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ, ʥʘ ʢʦʪʦʨʦʤ ʫʩʪʘʥʦʚʣʝʥʘ ʢʘʤʝʨʘ ʩ ʤʘʢʨʦʦʙʲʝʢʪʠʚʦʤ. 

ʈʦʙʦʪ ʤʦʞʝʪ ʦʙʩʣʝʜʦʚʘʪʴ ʠʟʜʝʣʠʝ ʩ ʨʘʟʥʳʭ ʩʪʦʨʦʥ, ʧʦʜʜʝʨʞʠʚʘʷ ʦʧʪʠʤʘʣʴ-

ʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʜʝʣʠʷ ʜʦ ʢʘʤʝʨʳ.  ʀʟʦʙʨʘʞʝʥʠʷ ʩ ʢʘʤʝʨʳ 

ʤʦʛʫʪ ʟʘʭʚʘʪʳʚʘʪʴʩʷ ʚ ʟʘʨʘʥʝʝ ʦʧʨʝʜʝʣʝʥʥʳʝ ʤʦʤʝʥʪʳ, ʧʨʦʠʟʚʦʜʷ ʥʘʙʦʨ ʠʟʦ-

ʙʨʘʞʝʥʠʡ ʧʨʝʜʩʢʘʟʫʝʤʦʛʦ ʦʙʲʝʤʘ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʦʙʨʘʙʦʪʘʪʴ ʩ ʥʝʙʦʣʴʰʠʤʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ, ʪʘʢ ʢʘʢ ʚ ʟʘʜʘʯʠ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ 

ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʚʭʦʜʠʪʴ ʪʦʣʴʢʦ ʚʳʷʚʣʝʥʠʝ ʦʪʣʠʯʠʡ ʦʪ ʠʟʦʙʨʘʞʝʥʠʡ 

ʙʝʟʜʝʬʝʢʪʥʦʛʦ ʠʟʜʝʣʠʷ, ʠʣʠ ʩʨʘʚʥʝʥʠʝ ʩ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʠʟʚʝʩʪʥʳʭ ʜʝʬʝʢʪʦʚ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʪʦʡ ʢʦʥʮʝʧʮʠʠ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮ ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʦʜʦʙ-

ʥʦʡ ʩʠʩʪʝʤʳ ʙʳʣ ʧʦʩʪʨʦʝʥ ʧʨʦʪʦʪʠʧ (ʨʠʩ. 1-ʘ), ʟʘ ʦʩʥʦʚʫ ʢʦʪʦʨʦʛʦ ʙʳʣ ʚʟʷʪ 

ʰʝʩʪʠʢʦʦʨʜʠʥʘʪʥʳʡ ʨʦʙʦʪ-ʤʘʥʠʧʫʣʷʪʦʨ HiWonder xArm 1S.  

 

  
ʘ ʙ 

ʈʠʩ.2. ʇʨʦʪʦʪʠʧ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʩʪʝʥʜʘ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ 

 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʝʨʚʦʧʨʠʚʦʜ ʟʘʭʚʘʪʘ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʧʦʵʪʦʤʫ ʬʘʢʪʠ-

ʯʝʩʢʠ ʤʘʥʠʧʫʣʷʪʦʨ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʢ ʧʷʪʠʢʦʦʨʜʠʥʘʪʥʳʡ. ʅʘ ʤʝʩʪʝ ʟʘʭʚʘʪʘ 

ʫʩʪʘʥʦʚʣʝʥʘ ʣʫʧʘ ʩ ʣʠʥʟʦʡ ʜʠʘʤʝʪʨʦʤ 60 ʤʤ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 42 ʤʤ, 
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ʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 30 ʤʤ ʦʪ ʣʫʧʳ ʥʘʭʦʜʠʪʩʷ ʢʘʤʝʨʘ A4Tech PK-910H ʩ ʨʘʟʨʝ-

ʰʝʥʠʝʤ 1920ʭ1080. ʆʪʤʝʪʠʤ, ʯʪʦ ʰʪʘʪʥʦʝ ʢʨʝʧʣʝʥʠʝ ʵʪʦʡ ʢʘʤʝʨʳ ʥʝ ʧʦʟʚʦ-

ʣʷʝʪ ʥʘʜʸʞʥʦ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʝʸ ʥʘ ʜʚʠʞʫʱʝʤ ʤʘʥʠʧʫʣʷʪʦʨʝ, ʯʪʦ ʧʦʪʨʝʙʦʚʘʣʦ 

ʚʚʝʜʝʥʠʷ ʚ ʢʦʥʩʪʨʫʢʮʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ɺʤʝʩʪʝ ʪʘʢʘʷ ʩʠʩʪʝʤʘ 

ʠʤʠʪʠʨʫʝʪ ʤʘʢʨʦʦʙʲʝʢʪʠʚ ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʜʦ ʦʙʲʝʢʪʘ 42 ʤʤ 

(ʨʠʩ. 1-ʙ). ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʦʩʪʦʷʥʥʳʭ ʫʩʣʦʚʠʡ ʦʩʚʝʱʝʥʠʷ ʥʘʜ ʨʦʙʦʪʦʤ ʟʘʢʨʝʧ-

ʣʝʥʳ ʜʚʘ ʣʠʥʝʡʥʳʭ ʩʚʝʪʠʣʴʥʠʢʘ, ʘ ʩʘʤ ʨʦʙʦʪ ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʝʥ ʥʘ ʩʪʝʥʜʝ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ ʩʚʝʪʠʣʴʥʠʢʦʚ, ʩʪʝʥʜ ʥʝ ʠʟʦʣʠʨʦʚʘʥ ʦʪ ʚʥʝʰʥʝʛʦ ʦʩʚʝ-

ʱʝʥʠʷ. ʕʪʦ ʦʙʣʝʛʯʘʝʪ ʟʘʤʝʥʫ ʦʙʲʝʢʪʦʚ ʠ ʨʘʙʦʪʫ ʩʦ ʩʪʝʥʜʦʤ, ʥʦ ʤʦʞʝʪ ʧʦʚʣʠ-

ʷʪʴ ʥʘ ʨʝʟʫʣʴʪʘʪʳ.  

ʆʯʝʚʠʜʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʷʚʣʷ-

ʶʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʫʩʪʘʥʦʚʢʠ, ʪʘʢ ʢʘʢ ʦʥʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʠʟʜʝʣʠʡ ʨʘʟʥʳʭ ʬʦʨʤ ʠ ʚʠʜʦʚ ʙʝʟ ʘʧʧʘʨʘʪʥʳʭ ʠʟʤʝʥʝʥʠʡ, ʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʯʝʥʴ ʜʝʪʘʣʴʥʦʛʦ ʦʙʩʣʝʜʦʚʘʥʠʷ ʠʟʜʝʣʠʷ. ʅʝʜʦʩʪʘʪʢʘʤʠ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʤʦʛʫʪ 

ʙʳʪʴ: ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʦʙʩʣʝʜʦʚʘʥʠʷ, ʟʘʚʠʩʷʱʝʝ ʦʪ ʜʝʪʘʣʠʟʘʮʠʠ; ʥʝʠʜʝʥ-

ʪʠʯʥʦʩʪʴ ʠʟʦʙʨʘʞʝʥʠʡ ʠʟ-ʟʘ ʥʝʪʦʯʥʦʩʪʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʨʦʙʦʪʘ. ɺʣʠʷʥʠʝ 

ʵʪʠʭ ʥʝʜʦʩʪʘʪʢʦʚ ʩʣʦʞʥʦ ʦʮʝʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʨʘʩʯʝʪʦʚ ʠʣʠ ʠʤʠʪʘʮʠʦʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʵʪʦʤʫ ʙʳʣʦ ʨʝʰʝʥʦ ʧʨʦʚʝʩʪʠ ʥʘʪʫʨʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʨʝ-

ʘʣʴʥʳʤ ʨʦʙʦʪʦʤ, ʠʟʜʝʣʠʝʤ ʠ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩ-

ʧʝʯʝʥʠʝʤ.  ʎʝʣʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʣʠ ʥʝ-

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʧʦʜʦʙʥʦʛʦ ʤʝʪʦʜʘ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʢ ʦʧʨʝʜʝʣʝʥ-

ʥʦʤʫ ʚʠʜʫ ʠʟʜʝʣʠʡ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ 

ʨʦʙʦʪʦʤ ʠ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʘ. 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʲʝʢʪ ʙʳʣ ʩʥʷʪ ʩ ʪʨʝʭ ʪʦʯʝʢ, ʠ ʚʩʝ ʜʝʡʩʪʚʠʷ ʨʦʙʦʪʘ 

ʟʘʧʠʩʳʚʘʣʠʩʴ. ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʨʦʙʦʪʦʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ ʠʟ [1], ʨʝʘ-

ʣʠʟʦʚʘʥʥʳʡ ʚ ʚʠʜʝ ʩʢʨʠʧʪʘ ʥʘ ʷʟʳʢʝ Python. ɿʘʪʝʤ ʟʘʧʠʩʘʥʥʳʝ ʜʝʡʩʪʚʠʷ ʙʳ-

ʣʠ ʧʦʚʪʦʨʝʥʳ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʥʝʩʢʦʣʴʢʦ ʨʘʟ, ʢʘʞʜʳʡ ʨʘʟ ʙʳʣʠ ʩʦʭʨʘʥʝʥʳ 

ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʢʘʤʝʨʳ ʚ ʪʦʤ ʞʝ ʢʦʣʠʯʝʩʪʚʝ. ɿʘʪʝʤ ʢ ʠʟʦʙʨʘʞʝʥʠʷʤ (ʨʠʩ. 2) 

ʧʨʠʤʝʥʷʣʩʷ ʘʣʛʦʨʠʪʤ ʩʨʘʚʥʝʥʠʷ. 

 

   

ʘ ʙ ʚ 

ʈʠʩ.2. ʀʟʦʙʨʘʞʝʥʠʷ ʩ ʢʘʤʝʨʳ ʨʦʙʦʪʘ. ɸ-ʩ ʜʝʬʝʢʪʦʤ; ʙ, ʚ ð ʙʝʟ ʜʝʬʝʢʪʘ 

 

ʊʘʢ ʢʘʢ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ ʨʦʙʦʪʘ ʤʦʞʝʪ ʙʳʪʴ ʥʝ ʪʦʯʥʳʤ, ʧʝʨʝʜ ʩʨʘʚ-

ʥʝʥʠʝʤ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʠʚʝʜʝʥʠʝ ʢ ʝʜʠʥʦʤʫ ʨʘʟʤʝʨʫ ʠ ʚʳʨʘʚʥʠʚʘʥʠʝ. ɼʣʷ 
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ʚʳʨʘʚʥʠʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ECC (Enhanced Correlation Coefficient) ð 

ʵʪʦ ʠʪʝʨʘʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʠʱʝʪ ʘʬʬʠʥʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ, ʤʘʢʩʠ-

ʤʠʟʠʨʫʶʱʝʝ ʢʦʨʨʝʣʷʮʠʶ ʤʝʞʜʫ ʵʪʘʣʦʥʥʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ ʠ ʩʨʘʚʥʠʚʘʝʤʳʤ. 

ʇʦʩʣʝ ʚʳʨʘʚʥʠʚʘʥʠʷ ʨʘʟʣʠʯʠʷ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʤʝʱʝʥʠʝʤ ʢʘʤʝʨʳ, ʟʘʤʝʪʥʦ 

ʫʤʝʥʴʰʘʶʪʩʷ. 

ɼʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʯʠʩʣʷʶʪʩʷ ʯʝʪʳʨʝ ʧʦʢʘʟʘʪʝʣʷ: 

1. SSIM (Structural Similarity Index[4]) ð ʦʮʝʥʠʚʘʝʪ ʩʭʦʞʝʩʪʴ ʣʦʢʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʢʦʥʪʨʘʩʪʘ ʠ ʷʨʢʦʩʪʠ. 

2. MAD (Mean Absolute Difference) ð ʠʟʤʝʨʷʝʪ ʩʨʝʜʥʶʶ ʨʘʟʥʠʮʫ ʷʨʢʦ-

ʩʪʠ ʧʠʢʩʝʣʝʡ ʧʦʩʣʝ ʚʳʨʘʚʥʠʚʘʥʠʷ. 

3. ORB (Oriented FAST + Rotated BRIEF[5]) ʥʘʭʦʜʠʪ ʢʣʶʯʝʚʳʝ ʪʦʯʢʠ ʠ 

ʙʠʥʘʨʥʳʝ ʜʝʩʢʨʠʧʪʦʨʳ, ʢʦʪʦʨʳʝ ʫʩʪʦʡʯʠʚʳ ʢ ʧʦʚʦʨʦʪʫ ʠ ʥʝʙʦʣʴʰʠʤ ʩʤʝʱʝ-

ʥʠʷʤ. 

ʂʘʞʜʘʷ ʠʟ ʤʝʪʨʠʢ ʥʦʨʤʘʣʠʟʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥ [0,1] ʠ ʬʦʨʤʠʨʫʝʪʩʷ ʠʪʦ-

ʛʦʚʳʡ ʚʟʚʝʰʝʥʥʳʡ ʧʦʢʘʟʘʪʝʣʴ: 

 

S=0.15ẗSSIMd+0.35ẗMADd+0.50ẗORBd. 

 

ɽʩʣʠ ʤʘʢʩʠʤʘʣʴʥʳʡ S ʧʨʝʚʳʰʘʝʪ ʧʦʨʦʛ 0.8, ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʤʝʯʘʝʪʩʷ 

ʢʘʢ ʩʦʜʝʨʞʘʱʝʝ ʜʝʬʝʢʪʳ, ʠʥʘʯʝ ð ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʪʢʣʦʥʝʥʠʡ ʥʝʪ. ʉʪʦʠʪ ʦʪ-

ʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʥʝ ʷʚʣʷʶʪʩʷ ʘʣʛʦʨʠʪʤʘʤʠ ʩ ʛʣʫʙʦʢʠʤ ʦʙʫʯʝ-

ʥʠʝʤ, ʠʩʧʦʣʴʟʫʶʪ ʪʦʣʴʢʦ ʦʜʥʦ ʵʪʘʣʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʣʷ ʩʨʘʚʥʝʥʠʷ (ʘ ʥʝ 

ʙʦʣʴʰʦʡ ʜʘʪʘʩʝʪ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ) ʠ ʩʦʟʜʘʶʪ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʥʝʙʦʣʴʰʫʶ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʥʘʛʨʫʟʢʫ.  

ɼʣʷ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʨʠʩ. 2-ʘ ʠ 2-ʙ ʧʦʢʘʟʘʪʝʣʴ S ʩʦʩʪʘʚʣʷʝʪ 0.84, ʜʣʷ  

ʨʠʩ. 2-ʘ ʠ 2-ʚ ð 0.85, ʘ ʜʣʷ  ʨʠʩ. 2-ʙ ʠ 2-ʚ ð 0.64. ʊʘʢʠʤ ʦʙʨʘʟʦʤ 2-ʘ ʷʚʥʦ 

ʧʦʤʝʯʘʝʪʩʷ ʢʘʢ ʩʦʜʝʨʞʘʱʠʡ ʜʝʬʝʢʪ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ð 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʙʳʣʘ ʥʘʥʝʩʝʥʘ ʤʝʪʢʘ, ʠʟʦʙʨʘʞʘʶʱʘʷ ʩʢʦʣ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʝʬʝʢʪ ʙʳʣ ʥʘʜʝʞʥʦ ʚʳʷʚʣʝʥ, ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʪʦʯʥʦʩʪʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ. 

ʊʘʢʞʝ ʦʪʣʠʯʠʷ ʚ ʦʩʚʝʱʝʥʠʠ ʠ ʙʣʠʢʠ, ʭʦʪʷ ʠ ʧʦʚʣʠʷʣʠ ʥʘ ʨʝʟʫʣʴʪʘʪ, ʥʦ ʠʭ 

ʚʣʠʷʥʠʝ ʦʢʘʟʘʣʦʩʴ ʥʠʞʝ ʧʦʨʦʛʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʨʠʩ. 2-ʚ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ ʧʦʩʣʝ ʠʟʦʙʨʘʞʝʥʠʡ ʨʠʩ. 2-ʘ ʠ 2-ʙ, ʧʨʠ ʵʪʦʤ 

ʝʩʪʝʩʪʚʝʥʥʦʝ ʦʩʚʝʱʝʥʠʝ ʙʳʣʦ ʜʨʫʛʠʤ, ʦʜʥʘʢʦ ʩʦʯʝʪʘʥʠʝ ʦʩʚʝʱʝʥʠʷ ʩʪʝʥʜʘ ʠ 

ʘʣʛʦʨʠʪʤʦʚ ʢʦʨʨʝʢʮʠʠ ʧʦʟʚʦʣʠʣʦ ʥʝ ʧʨʦʷʚʠʪʩʷ ʣʦʞʥʳʤ ʜʝʬʝʢʪʘʤ.  

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʷʚʣʝʥʠʷ ʜʝ-

ʬʝʢʪʦʚ ʠʟʜʝʣʠʷ ʩ ʧʦʤʦʱʴʶ ʢʘʤʝʨʳ, ʟʘʢʨʝʧʣʝʥʥʦʡ ʥʘ ʨʦʙʦʪʝ-ʤʘʥʠʧʫʣʷʪʦʨʝ. ʂ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʜʣʷ ʠʟʜʝʣʠʡ ʨʘʟʥʳʭ ʚʠʜʦʚ ʠ ʬʦʨʤʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦʧʝʨʝʤʝʥʥʦ. ʕʪʦ ʧʦ-

ʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʠʥ ʩʪʝʥʜ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʠʟʜʝʣʠʡ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʥʝ-

ʙʦʣʴʰʠʭ ʧʨʝʜʧʨʠʷʪʠʡ, ʚʳʧʫʩʢʘʶʱʠʭ ʰʠʨʦʢʫʶ ʥʦʤʝʥʢʣʘʪʫʨʫ ʧʨʦʜʫʢʮʠʠ.  

ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʷ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʥʝʧʦʣʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʦʜʥʦʡ ʧʦʟʠʮʠʠ ʨʦʙʦʪʘ ʜʣʷ ʨʘʟʥʳʭ ʧʨʦʭʦʜʦʚ ʠʟ-ʟʘ ʥʝʪʦʯʥʦʩʪʠ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʤʘʥʠʧʫʣʷʪʦʨʦʚ. ʆʜʥʘʢʦ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠ-
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ʤʝʥʪʘ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʚʣʠʷʥʠʝ ʵʪʦʛʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʠ ʣʝʛʢʦ ʢʦʤʧʝʥʩʠʨʫ-

ʝʪʩʷ ʤʝʪʦʜʘʤʠ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ, ʥʝ ʠʩʧʦʣʴ-

ʟʫʶʱʠʤʠ ʛʣʫʙʦʢʦʝ ʦʙʫʯʝʥʠʝ. 
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ʈʇɽʎʇɽ  ʃ  ʊʃɹʆʁʉʇɻɹʆʁʗ  ɺʄʁɿʆɾʂ  ʀʇʆʔ  
ʑɹɼɹʗʒɾɼʇ  ʉʇɺʇʋɹ 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʨʠʥʮʠʧʳ ʧʦʩʪʨʦʝʥʠʷ ʩʠʩʪʝʤʳ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ ʜʣʷ ʰʘʛʘʶʱʝʛʦ ʯʝʪʳʨʝʭʥʦʛʦʛʦ ʨʦʙʦʪʘ. ʇʨʝʜʣʘʛʘʝʤʘʷ 

ʩʠʩʪʝʤʘ ʦʩʥʦʚʘʥʘ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʜʦʨʦʛʦ 2D ʣʠʜʘʨʘ. ʇʨʠʚʝʜʝʥʘ ʤʦʜʝʣʴ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʦʨʥʳʭ ʦʙʣʘʩʪʝʡ. ʇʨʦʘʥʘʣʠʟʠ-

ʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʢʘʥʠʨʦʚʘʥʠʷ ʥʘ ʪʦʯʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʢʘʨʪʳ ʚʳ-

ʩʦʪ. ʇʨʦʚʝʨʢʘ ʥʘ ʩʠʤʫʣʷʪʦʨʝ ʧʦʜʪʚʝʨʜʠʣʘ ʢʘʯʝʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ ʩʢʘʥʠʨʦʚʘ-

ʥʠʷ ʙʣʠʞʥʝʡ ʟʦʥʳ ʨʦʙʦʪʘ.  

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʰʘʛʘʶʱʠʡ ʨʦʙʦʪ, ʣʘʟʝʨʥʳʡ 

ʩʢʘʥʝʨ, ʘʜʘʧʪʘʮʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ 
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 AN  APPROACH  TO  NEAR-FIELD  SCANNING  A  WALKING  ROBOT 
 

Abstract: The paper discusses the principles of building a vision system for a 

walking quadruped robot. The proposed system is based on the use of inexpensive 

2D lidar. A surface scanning model for determining reference areas is presented. 

The influence of the scanning parameters on the accuracy of the elevation map is 

analyzed. A check on the simulator confirmed a high-quality picture of the robotôs 

near-field scanning. 
 

Key words: scanning surface, walking robot, lidar, terrain adapting 

 

 

ɺʚʝʜʝʥʠʝ 

ʐʘʛʘʶʱʠʝ ʨʦʙʦʪʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʤʦʙʠʣʴʥʦʩʪʴʶ ʠ ʩʧʦʩʦʙʥʳ ʜʚʠ-

ʛʘʪʴʩʷ ʧʦ ʩʣʦʞʥʦʡ ʤʝʩʪʥʦʩʪʠ ʩ ʧʨʝʧʷʪʩʪʚʠʷʤʠ ʨʘʟʣʠʯʥʦʡ ʚʳʩʦʪʳ. ɼʣʷ ʪʦʛʦ, 

ʯʪʦʙʳ ʧʨʝʦʜʦʣʝʚʘʪʴ ʧʨʝʧʷʪʩʪʚʠʷ ʠ ʭʦʜʠʪʴ ʧʦ ʣʝʩʪʥʠʮʘʤ ʰʘʛʘʶʱʠʡ ʨʦʙʦʪ 

ʜʦʣʞʝʥ ʚʠʜʝʪʴ ʧʦʚʝʨʭʥʦʩʪʴ, ʥʘ ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʦʧʝʨʝʪʴʩʷ ʥʦʛʘʤʠ ʧʨʠ ʭʦʜʴʙʝ. 

                                           
É  ɼʦʙʨʳʥʠʥ ɼ.ɸ., 2025 
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ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʠʟʤʝʨʠʪʴ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʢʦʨʧʫʩʘ ʨʦʙʦʪʘ ʜʦ ʨʘʟʣʠʯʥʳʭ 

ʪʦʯʝʢ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʩʪʨʦʠʪʴ ʢʘʨʪʫ ʚʳʩʦʪ ʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʧʨʝʧʷʪʩʪʚʠʷ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʜʦ ʦʙʲʝʢʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟ-

ʣʠʯʥʳʝ ʩʠʩʪʝʤʳ: ʩʪʝʨʝʦʢʘʤʝʨʳ, 3D ʢʘʤʝʨʳ, 2D ʣʘʟʝʨʥʳʝ ʩʢʘʥʝʨʳ, 3D ʣʠʜʘ-

ʨʳ, ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠ ʠʥʬʨʘʢʨʘʩʥʳʝ ʜʘʣʴʥʦʤʝʨʳ [1]. 

ʆʜʥʠʤʠ ʠʟ ʧʝʨʚʳʭ ʩʠʩʪʝʤ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʙʳʣʠ ʩʪʝʨʝʦʢʘ-

ʤʝʨʳ. ʆʥʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʪʳ ʛʣʫʙʠʥ ʠ ʧʦʩʪʨʦʝʥʠʷ ʢʘʨʪʳ 

ʚʳʩʦʪ ʤʝʩʪʥʦʩʪʠ [2]. ʅʝʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʠ ʩʣʦʞʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʩʪʝʨʝʦ-

ʠʟʦʙʨʘʞʝʥʠʡ ʷʚʣʷʝʪʩʷ ʥʝʜʦʩʪʘʪʢʦʤ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʠʭ ʧʨʠʤʝʥʝʥʠʝ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 3D ʢʘʤʝʨʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʩʠʩʪʝʤ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʨʦʙʦʪʦʚ [3]. ʅʝʜʦʩʪʘʪʢʦʤ 3D ʢʘʤʝʨ ʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʥʠʟʢʘʷ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʠ ʥʝʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʧʦ ʛʣʫʙʠʥʝ (20-40 ʤʤ). 

ʉʦʚʨʝʤʝʥʥʳʝ ʣʘʟʝʨʥʳʝ ʩʢʘʥʝʨʳ (ʣʠʜʘʨʳ) ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʜʘʣʴʥʦ-

ʩʪʴʶ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʘʨʪ ʤʝʩʪʥʦʩʪʠ [4], [5]. ʆʪʤʝ-

ʪʠʤ, ʯʪʦ ʣʘʟʝʨʥʳʝ ʩʢʘʥʝʨʳ ʧʨʦʝʢʪʠʨʦʚʘʣʠʩʴ ʜʣʷ ʦʙʟʦʨʘ ʙʦʣʴʰʠʭ ʧʨʦʩʪʨʘʥʩʪʚ 

ʚʦʢʨʫʛ ʨʦʙʦʪʘ. ɼʣʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʥʝʙʦʣʴʰʦʡ ʟʦʥʳ ʧʝʨʝʜ ʨʦʙʦʪʦʤ ʪʨʝʙʫʶʪʩʷ 

ʣʘʟʝʨʥʳʝ ʩʢʘʥʝʨʳ, ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʟʤʝʨʝʥʠʡ ʥʘ ʥʝʙʦʣʴʰʠʭ 

(ʜʦ 1 ʤʝʪʨʘ) ʨʘʩʩʪʦʷʥʠʷʭ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʩʠʩʪʝʤʳ ʪʝʭʥʠʯʝ-

ʩʢʦʛʦ ʟʨʝʥʠʷ ʜʦʤʘʰʥʝʛʦ ʰʘʛʘʶʱʝʛʦ ʨʦʙʦʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʜʦʨʦʛʠʭ 2D 

ʣʠʜʘʨʦʚ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʜʦʤʘʰʥʝʛʦ ʨʦʙʦʪʘ ʷʚʣʷʝʪʩʷ ʧʝʨʝʤʝʱʝʥʠʝ ʧʦ ʧʣʦ-

ʩʢʠʤ ʧʦʚʝʨʭʥʦʩʪʷʤ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦ ʩʪʫʧʝʥʴʢʘʤ ʣʝʩʪʥʠʮ. ɼʣʷ ʵʪʦʛʦ ʨʦʙʦʪ 

ʜʦʣʞʝʥ ʚʠʜʝʪʴ ʫʯʘʩʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘ ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʧʦʩʪʘʚʠʪʴ ʥʦʛʫ. ɼʣʷ 

ʫʚʝʨʝʥʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʷʤ ʨʘʟʥʦʡ ʚʳʩʦʪʳ ʩʠʩʪʝʤʘ ʪʝʭʥʠʯʝ-

ʩʢʦʛʦ ʟʨʝʥʠʷ ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʴʶ. 

ʄʦʜʝʣʴ ʩʢʘʥʠʨʦʚʥʠʷ ʙʣʠʞʥʝʡ ʟʦʥʳ 

ɼʣʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʝʨʝʜ ʨʦʙʦʪʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʘʟʝʨʥʳʡ 

ʩʢʘʥʝʨ, ʢʦʪʦʨʳʡ ʫʩʪʘʥʦʚʣʝʥ ʥʘ ʚʨʘʱʘʶʱʝʤʩʷ ʦʩʥʦʚʘʥʠʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 1ʘ. ʆʩʥʦʚʥʘʷ ʧʣʦʩʢʦʩʪʴ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʟʚʝʨʪʢʫ ʚʜʦʣʴ 

ʜʚʠʞʝʥʠʷ ʨʦʙʦʪʘ (ʦʩʴ X). ʇʦʚʦʨʦʪ ʩʢʘʥʝʨʘ ʚʦʢʨʫʛ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʩʠ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʨʘʟʚʝʨʪʢʫ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʦʩʴ Y). 

ʈʘʟʤʝʨ ʩʢʘʥʠʨʫʝʤʦʡ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪ-

ʨʘʤʠ ʰʘʛʘʶʱʝʛʦ ʨʦʙʦʪʘ. ɺʳʩʦʪʘ ʦʙʣʘʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ H ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳ-

ʩʦʪʦʡ ʜʘʪʯʠʢʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʥʘʜ ʦʧʦʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɼʣʠʥʘ ʦʙʣʘʩʪʠ 

ʦʙʳʯʥʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 1,5..2 ʟʥʘʯʝʥʠʷ ʚʳʩʦʪʳ ʩʢʘʥʠʨʫʶʱʝʛʦ ʜʘʪʯʠʢʘ ʥʘʜ 

ʦʧʦʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ H (ʨʠʩ. 1ʙ). ʐʠʨʠʥʘ ʦʙʣʘʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʦʣʞʥʘ 

ʥʝʩʢʦʣʴʢʦ ʧʨʝʚʳʰʘʪʴ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʦʛʘʤʠ ʨʦʙʦʪʘ. 
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ʈʠʩ. 1. ʘ) ʤʦʜʝʣʴ ʩʢʘʥʠʨʦʚʘʥʠʷ; ʙ) ʨʘʟʤʝʨ ʟʦʥʳ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʇʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʳʭ ʩʢʘʥʝʨʦʚ 

ʉʦʚʨʝʤʝʥʥʳʝ ʣʘʟʝʨʥʳʝ ʩʢʘʥʝʨʳ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʦʙʦʪʦʪʝʭʥʠ-

ʢʝ, ʧʦʩʪʨʦʝʥʳ ʧʦ ʜʚʫʤ ʧʨʠʥʮʠʧʘʤ ʜʝʡʩʪʚʠʷ: ʠʟʤʝʨʝʥʠʝ ʫʛʣʘ ʦʪʨʘʞʝʥʥʦʛʦ 

ʩʠʛʥʘʣʘ ʠ ʠʟʤʝʨʝʥʠʝ ʚʨʝʤʝʥʠ ʧʨʦʣʝʪʘ TOF (Time Of Flight). 

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʳʭ ʩʢʘʥʝʨʦʚ 

ʇʘʨʘʤʝʪʨ RPLIDAR 

A2M8 

RPLIDAR 

A2M12 

RPLIDAR 

C1 

LDROBOT 

D500 

ORBBEC 

MS200 

ɼʠʩʪʘʥʮʠʷ, ʤ 0,2-12 0,2-12 0,05-12 0,03-12 0,03-12 

ʋʛʦʣ ʦʙʟʦʨʘ,  

ʛʨʘʜʫʩʳ 
360 360 360 360 360 

ʈʘʟʨʝʰʝʥʠʝ ʧʦ 

ʜʘʣʴʥʦʩʪʠ, ʤʤ 
<0,5 <0,5 15 10 4 

ʋʛʣʦʚʦʝ ʨʘʟʨʝʰʝ-

ʥʠʝ, ʛʨʘʜʫʩʳ 

0,45 

(10Hz) 

0,225 

(10Hz) 

0,72 

(10Hz) 

0,72 

(10Hz) 
0,8 (10Hz) 

ʏʘʩʪʦʪʘ ʩʤɻʧʣʠʨʦ-

ʚʘʥʠʷ, ɻʮ 
8000 16000 5000 5000 4500 

ʏʘʩʪʦʪʘ ʩʢʘʥʠʨʦʚʘ-

ʥʠʷ, ɻʮ 
5-15 5-15 8-12 6-13 7-15 

ʈʘʟʤʝʨʳ, ʤʤ d76x41 d76x41 55x55x41 54x46x35 37x37x33 

ɺʝʩ, ʛ 190 190 110 45 40 

 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʢʦʪʦʨʳʭ ʣʘʟʝʨʥʳʭ ʩʢʘʥʝʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠ-

ʮʝ 1. ʃʘʟʝʨʥʳʝ ʣʠʜʘʨʳ ʩ ʠʟʤʝʨʝʥʠʝʤ ʫʛʣʘ ʦʪʨʘʞʝʥʥʦʛʦ ʩʠʛʥʘʣʘ ʠʤʝʶʪ ʙʦʣʴ-

ʰʦʝ ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʙʥʘʨʫʞʝʥʠʷ (200ʤʤ). ʂ ʵʪʦʤʫ ʢʣʘʩʩʫ ʦʪʥʦʩʷʪ-

ʩʷ ʣʠʜʘʨʳ RPLIDAR A2M8 and A2M12 [6]. ʆʥʠ ʠʤʝʶ ʩʘʤʫʶ ʚʳʩʦʢʫʶ ʪʦʯ-

ʥʦʩʪʴ (0,5 ʤʤ) ʚ ʙʣʠʞʥʝʡ ʟʦʥʝ ʠ ʚʳʩʦʢʦʝ ʫʛʣʦʚʦʝ ʨʘʟʨʝʰʝʥʠʝ (0,45̄  and 

0,225̄  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʩʨʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʣʠʜʘʨʦʚ. ʕʪʠ ʣʠʜʘʨʳ ʠʤʝʶʪ 

ʪʘʢʞʝ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʩʵʤʧʣʠʨʦʚʘʥʠʷ (8 ʠ 16 ʢɻʮ). ʅʝʜʦʩʪʘʪʢʘʤʠ ʵʪʠʭ ʜʚʫʭ 
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ʣʠʜʘʨʦʚ ʷʚʣʷʶʪʩʷ ʙʦʣʴʰʠʝ ʛʘʙʘʨʠʪʳ ʠ ʚʝʩ. ʕʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʩʠʩʪʝʤ ʩ ʧʦʚʦʨʦʪʦʤ ʧʣʦʩʢʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ (ʨʠʩ. 1ʘ).  

ʃʠʜʘʨʳ ʩ ʠʟʤʝʨʝʥʠʝʤ ʚʨʝʤʝʥʠ ʧʨʦʣʝʪʘ (TOF) ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʨʝʤʷ ʪʠ-

ʧʘʤʠ [6], [7], [8]. ʊʘʢʠʝ ʣʠʜʘʨʳ ʦʙʣʘʜʘʶʪ ʥʝʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦ-

ʣʷʝʪ ʰʠʨʦʢʦ ʠʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʨʦʙʦʪʦʪʝʭʥʠʢʠ. ʕʪʠ ʣʠ-

ʜʘʨʳ ʠʤʝʶʪ ʥʝʙʦʣʴʰʦʝ ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ (30-50 ʤʤ) ʠ ʤʝʥʴʰʝʝ ʫʛʣʦ-

ʚʦʝ ʨʘʟʨʝʰʝʥʠʝ (0,72 ̄ʠ 0,8)̄ . ʀʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʭʥʦʣʦʛʠʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʩʩʪʦʷʥʠʷ ʫ ʥʠʭ ʪʘʢʞʝ ʤʝʥʴʰʘʷ ʪʦʯʥʦʩʪʴ (15ʤʤ, 10 ʤʤ ʠ 4ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ). ʄʠʥʠʘʪʶʨʥʳʝ ʛʘʙʘʨʠʪʳ ʠ ʚʝʩ ʜʝʣʘʶʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʩ ʧʦʚʦʨʦʪʦʤ ʧʣʦʩʢʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ.  

ʆʩʦʙʝʥʥʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʃʘʟʝʨʥʳʡ ʩʢʘʥʝʨ ʥʝ ʷʚʣʷʝʪʩʷ ʠʜʝʘʣʴʥʳʤ ʠʟʤʝʨʠʪʝʣʝʤ. ʀʟʤʝʨʝʥʠʷ ʨʘʩ-

ʩʪʦʷʥʠʷ ʧʨʦʠʟʚʦʜʷʪʩʷ ʩ ʥʝʢʦʪʦʨʳʤ ʰʘʛʦʤ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʧʨʠ ʵʪʦʤ ʠʟʤʝʨʝʥ-

ʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʠʤʝʝʪ ʦʧʨʝʜʝʣʝʥʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ. ʅʘ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ 

ʪʘʢʞʝ ʚʣʠʷʝʪ ʧʦʣʦʞʝʥʠʝ ʢʦʨʧʫʩʘ ʨʦʙʦʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʝʨʝ-

ʤʝʱʝʥʠʝ ʨʦʙʦʪʘ ʚʦ ʚʨʝʤʷ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʣʠʷʥʠʝ ʫʛʣʘ ʧʘʜʝʥʠʷ ʣʫʯʘ ʩʢʘʥʝʨʘ ʥʘ ʰʘʛ ʩʝʪʢʠ.  
 

     
ʘ)     ʙ) 

ʈʠʩ. 2 ʐʘʛ ʩʝʪʢʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

 

ʐʘʛ ʩʝʪʢʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʣʠʜʘʨʘ ʠ 

ʫʛʣʦʤ ʧʘʜʝʥʠʷ ʣʫʯʘ (ʨʠʩ. 1ʙ) [9]. ʋʛʣʦʚʦʝ ʨʘʟʨʝʰʝʥʠʝ ʣʠʜʘʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʯʘʩʪʦʡ ʠʟʤʝʨʝʥʠʷ ʠ ʯʘʩʪʦʪʦʡ ʚʨʘʱʝʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ. ʊʠʧʦʚʳʝ 

ʟʥʘʯʝʥʠʷ ʫʛʣʦʚʳʭ ʨʘʟʨʝʰʝʥʠʡ ʩʦʩʪʘʚʣʷʶʪ 0,225 ï 0,8 ʛʨʘʜʫʩʘ ʜʣʷ ʪʠʧʦʚʦʡ 

ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ 10 ɻʮ (ʪʘʙʣʠʮʘ 1). ɼʣʷ ʤʘʣʳʭ ʫʛʣʦʚ 0-30 ʛʨʘʜʫʩʦʚ (ʨʠʩ. 2ʘ) 

ʰʘʛ ʩʝʪʢʠ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʝʪ ʥʝʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ ʠ 
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ʩʣʘʙʦ ʨʘʩʪʝʪ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʫʛʣʘ ʧʘʜʝʥʠʷ. ʕʪʦ ʦʙʣʘʩʪʴ ʨʘʩʧʦʣʦʞʝʥʘ ʥʝʧʦ-

ʩʨʝʜʩʪʚʝʥʥʦ ʧʦʜ ʣʠʜʘʨʦʤ (ʨʠʩ. 1ʘ). 

ɼʣʷ ʙʦʣʴʰʠʭ ʫʛʣʦʚ ʧʘʜʝʥʠʷ ʙʦʣʝʝ 60 ʛʨʘʜʫʩʦʚ (ʨʠʩ. 2ʙ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʝʟʢʠʡ ʨʦʩʪ ʚʝʣʠʯʠʥʳ ʰʘʛʘ. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʦʣʴʰʦʤʫ ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ 

ʪʦʯʢʘʤʠ ʠʟʤʝʨʝʥʠʷ ʠ ʛʨʫʙʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ. ʇʨʠ ʥʝʙʦʣʴʰʦʡ ʚʳʩʦʪʝ H (ʙʦʣʴʰʦʡ ʚʳʩʦʪʝ ʧʨʝʧʷʪʩʪʚʠʷ) ʟʦʥʘ 

ʙʦʣʴʰʠʭ ʫʛʣʦʚ ʨʘʩʧʦʣʦʞʝʥʘ ʥʝʜʘʣʝʢʦ ʦʪ ʣʠʜʘʨʘ. 

ɼʣʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʘʷ ʢʘʨʪʠʥʘ. ʅʝʧʦ-

ʩʣʝʜʩʪʚʝʥʥʦ ʧʦʜ ʣʠʜʘʨʦʤ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʘʙʣʶʜʘʝʪʩʷ 

ʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ ʰʘʛʘ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʇʦʵʪʦʤʫ ʧʦʜ ʣʠʜʘʨʦʤ, ʚ ʦʙʣʘʩʪʠ ʤʘ-

ʣʳʭ ʫʛʣʦʚ ʧʘʜʝʥʠʷ, ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʦʚʦʣʴʥʦ ʛʨʫ-

ʙʦ. ʅʘ ʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʣʠʜʘʨʘ, ʛʜʝ ʫʛʦʣ ʧʘʜʝʥʠʷ ʚʝʣʠʢ, ʰʘʛ ʩʝʪʢʠ ʜʣʷ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʝʪ ʥʝʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ.  

ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʠʤʫʣʷʪʦʨʝ ʨʦʙʦʪʦʚ (ʨʠʩ. 3). ʆʪʤʝʪʠʤ, 

ʯʪʦ ʥʘ ʩʠʤʫʣʷʪʦʨʝ ʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ ʪʦʣʴʢʦ ʢʘʯʝʩʪʚʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ. ʅʘ 

ʧʝʨʝʜʥʝʡ ʯʘʩʪʠ ʨʦʙʦʪʘ (ʨʠʩ. 3) ʫʩʪʘʥʦʚʣʝʥʘ ʤʦʜʝʣʴ ʣʘʟʝʨʥʦʛʦ ʩʢʘʥʝʨʘ, ʢʦʪʦ-

ʨʳʡ ʩʢʘʥʠʨʫʝʪ ʜʦʨʦʞʢʫ ʧʝʨʝʜ ʨʦʙʦʪʦʤ. ʂʨʘʩʥʳʝ ʪʦʯʢʠ ʥʘ ʢʘʨʪʠʥʢʘʭ ʦʙʦʟʥʘ-

ʯʘʶʪ ʧʷʪʥʦ ʣʘʟʝʨʘ. ʇʝʨʝʜ ʨʦʙʦʪʦʤ ʥʘʭʦʜʠʪʩʷ ʣʝʩʪʥʠʮʘ ʠʟ ʪʨʝʭ ʩʪʫʧʝʥʝʢ. ɺʳ-

ʩʦʪʘ ʩʪʫʧʝʥʴʢʠ 150 ʤʤ, ʰʠʨʠʥʘ 200 ʤʤ. ɺʳʩʦʪʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʢʘʥʝʨʘ ʨʦʙʦ-

ʪʘ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʦʩʪʘʚʣʷʝʪ 500 ʤʤ. ɺʝʨʭʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʣʝʩʪʥʠʮʳ 

ʨʘʩʧʦʣʦʞʝʥʘ ʥʘ ʚʳʩʦʪʝ 450 ʤʤ. 
 

 
ʈʠʩ. 3 ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʢʘʥʠʨʦʚʘʥʠʶ ʙʣʠʞʥʝʡ ʟʦʥʳ 

 

ʅʘ ʨʠʩ. 3ʘ ʨʦʙʦʪ ʥʘʭʦʜʠʪʩʷ ʧʝʨʝʜ ʣʝʩʪʥʠʮʝʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʧʨʠʤʝʨʥʦ 

400 ʤʤ. ʅʘ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʠ ʧʦʚʝʨʭʥʦʩʪʴ ʧʝʨʝʜ ʨʦʙʦʪʦʤ ʜʦ ʣʝʩʪʥʠʮʳ ʦʧʨʝʜʝ-

ʣʷʝʪʩʷ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ (ʪʦʯʢʠ ʩʣʠʚʘʶʪʩʷ ʚ ʣʠʥʠʶ). ɺʝʨʭʥʷʷ ʯʘʩʪʴ 

ʪʨʝʪʴʝʡ ʩʪʫʧʝʥʠ ʩʢʘʥʠʨʫʝʪʩʷ ʩ ʙʦʣʴʰʠʤ ʰʘʛʦʤ (200 ʤʤ ʠ ʙʦʣʴʰʝ). ʃʫʯ ʣʘʟʝ-

ʨʘ ʩʢʦʣʴʟʠʪ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʵʪʦʤʫ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʪʦʯʢʘʤʠ ʩʢʘʥʠʨʦ-

ʚʘʥʠʷ ʚʝʣʠʢʦ. ʅʘ ʨʠʩ. 3ʙ ʨʦʙʦʪ ʥʘʭʦʜʠʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʣʝʩʪʥʠʮʝʡ. 

ɺʝʨʪʠʢʘʣʴʥʘʷ ʯʘʩʪʴ ʧʝʨʚʦʡ ʩʪʫʧʝʥʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʰʘʛʦʤ ʦʢʦʣʦ 40 ʤʤ. ɻʦ-

ʨʠʟʦʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʧʝʨʚʦʡ ʩʪʫʧʝʥʠ ʠ ʚʩʷ ʚʪʦʨʘʷ ʩʪʫʧʝʥʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʦʨʦ-

ʰʦ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʜʪʚʝʨʜʠʣʠ ʢʘʯʝʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ ʩʢʘʥʠʨʦʚʘʥʠʷ  ʙʣʠʞ-

ʘ) ʙ) 
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ʥʝʡ ʟʦʥʳ ʰʘʛʘʶʱʝʛʦ ʨʦʙʦʪʘ. ʅʘʠʙʦʣʝʝ ʪʦʯʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʥʝʙʦʣʴʰʦʡ ʚʳʩʦʪʦʡ ʧʝʨʝʜ ʨʦʙʦʪʦʤ ʠ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʩ ʙʦʣʴʰʦʡ ʚʳʩʦʪʦʡ ʚʜʘʣʠ ʦʪ ʨʦʙʦʪʘ. ʊʦʯʥʦʩʪʴ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʘʜʘʝʪ ʜʣʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚʜʘʣʠ ʦʪ ʨʦʙʦʪʘ ʠ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʚʝʨʭ-

ʥʦʩʪʝʡ ʧʝʨʝʜ ʨʦʙʦʪʦʤ. 

ɿʘʢʣʯʁʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʜʦʨʦʛʠʭ ʣʘʟʝʨʥʳʭ 2D ʣʠʜʘʨʦʚ 

ʧʦʟʚʦʣʷʝʪ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʦʞʝʥʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʝ-

ʙʦʣʴʰʦʡ ʚʳʩʦʪʳ ʧʝʨʝʜ ʨʦʙʦʪʦʤ. ɺʝʨʪʠʢʘʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʊʦʯʥʦʩʪʴ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʘʜʘʝʪ 

ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʙʦʣʴʰʦʡ ʚʳʩʦʪʳ ʚʜʘʣʠ ʦʪ ʨʦʙʦʪʘ ʠ ʜʣʷ 

ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʝʨʝʜ ʨʦʙʦʪʦʤ. ʉʜʝʣʘʥʥʳʝ ʚʳʚʦʜʳ ʧʦʟʚʦʣʷʶʪ 

ʚʳʙʨʘʪʴ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʡ ʣʘʟʝʨʥʳʡ ʩʢʘʥʝʨ ʠʟ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʣʠʜʘ-

ʨʦʚ, ʜʦʩʪʫʧʥʳʭ ʥʘ ʨʳʥʢʝ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʘʢʘʷ ʩʠʩʪʝʤʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʙʣʠʞʥʝʡ ʟʦʥʳ ʤʦ-

ʞʝʪ ʠʤʝʪʴ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʠ ʤʝʥʴʰʫʶ ʩʪʦʠʤʦʩʪʴ, ʯʝʤ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ 3D ʣʠʜʘʨʦʚ. ʇʦʩʪʨʦʝʥʠʝ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ, ʦʙʣʘʜʘʶʱʝʡ ʚʳʩʦʢʦʡ 

ʪʦʯʥʦʩʪʴʶ, ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. 
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ʅʇɽɾʄʁʉʇɻɹʆʁɾ  ɽʁʆɹʅʁʃʁ  ʋʉɾʎʀɻɾʆʆʇɼʇ   
ʉʇɺʇʋɹ-ʅɹʆʁʈʌʄʘʋʇʉɹ  ʀɹɽɹʆʆʇɼʇ  ʌʉɹɻʆɾʆʁʘʅʁ  

ʄɹɼʉɹʆɿɹ  2-ɼʇ  ʉʇɽɹ 
 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʨʝʭʟʚʝʥʥʦʛʦ ʨʦʙʦʪʘ ʤʘʥʠʧʫʣʷʪʦʨʘ. ɼʠʥʘʤʠʢʘ ʨʦʙʦʪʘ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ 

ʃʘʛʨʘʥʞʘ 2-ʛʦ ʨʦʜʘ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʠʥʘʤʠʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʠʩʪʝʤʦʡ 

ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 2-ʛʦ ʧʦʨʷʜʢʘ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦ-

ʜʝʣʴ ʨʘʟʨʝʰʘʝʪʩʷ ʯʠʩʣʝʥʥʳʤ ʤʝʪʦʜʦʤ ʈʫʥʛʝ-ʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ. ʈʘʟʨʘʙʦʪʘʥʘ ʧʨʦ-

ʛʨʘʤʤʘ ʥʘ Python ʧʦ ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʠʥʘʤʠʢʠ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʦʙʦʪ-ʤʘʥʠʧʫʣʷʪʦʨ, ʫʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʢʠ, ʫʨʘʚʥʝʥʠʝ ʃʘ-

ʛʨʘʥʞʘ 2-ʛʦ ʨʦʜʘ, ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ.  
 

A.R. Iskhakov, Ph.D., associate professor, intellab2021@yandex.ru 
R.F. Malikov, professor, rfmalikov@mail.ru 

M. Akmullah named after BSPU, Ufa, Russia 
 

MODELING  OF  THE  DYNAMICS  OF  A  THREE-LINK  ROBOT  ARM  
USING  LAGRANGE  EQUATIONS  OF  THE  SECOND  ORDER 

 
Abstract: The paper presents mathematical modeling results for a three-link mani-

pulator. The dynamics, described by Lagrange equations of the second kind, are formu-

lated as a system of second-order ordinary differential equations and solved numerically 

via the fourth-order Runge-Kutta method. A Python-based visualization program for the 

robot dynamics has been developed. 

 

Key words: robot arm, dynamics equation, Lagrange equation of the second order, 

numerical method, dynamics modeling. 

 

 

ɻʛʞʝʞʦʡʞ 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʦʙʦʪʦʚ-ʤʘʥʠʧʫʣʷʪʦʨʦʚ ʪʨʝʙʫʶʪ ʚʳ-

ʩʦʢʦʛʦ ʫʨʦʚʥʷ ʢʦʤʧʝʪʝʥʪʥʦʩʪʠ ʠ ʧʦʜʛʦʪʦʚʢʠ ʦʪ ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦ ʨʦʙʦʪʦʪʝʭ-

ʥʠʢʝ. ʂ ʯʠʩʣʫ ʙʣʠʟʢʠʭ ʢ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʦ ʪʝʤʘʪʠʢʝ ʠ ʩʦʜʝʨʞʘʥʠʶ ʦʪʥʦʩʷʪʩʷ 

ʨʘʙʦʪʳ [1-5]. ɺ ʨʘʙʦʪʝ [1] ʨʘʩʩʤʦʪʨʝʥʳ ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʠ ʜʠʥʘʤʠʯʝʩʢʘʷ ʤʦ-
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ʜʝʣʠ ʤʘʥʠʧʫʣʷʪʦʨʘ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʩ ʯʝʪʳʨʴʤʷ ʰʘʨʥʠʨʘʤʠ. ɺ ʨʘʙʦʪʝ 

[2] ʨʘʩʩʤʦʪʨʝʥʘ ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʢʠʥʝʤʘʪʠʢʠ ʥʘ ʧʨʠʤʝʨʝ 6-ʪʠ ʦʩʝʚʦʛʦ ʨʦʙʦʪʘ 

ʩ ɻ-ʦʙʨʘʟʥʳʤ ʧʨʝʜʧʣʝʯʴʝʤ ʤʦʜʝʣʠ ER30-1880. ɺ ʨʘʙʦʪʝ [3] ʦʧʠʩʳʚʘʝʪ ʜʠʥʘ-

ʤʠʢʫ ʠ ʫʧʨʘʚʣʝʥʠʝ ʨʦʙʦʪʦʤ KUKA, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʤʝʢʘʥʫʤ-ʧʣʘʪʬʦʨʤʳ ʠ ʟʘ-

ʢʨʝʧʣʝʥʥʦʛʦ ʥʘ ʥʝʡ ʧʷʪʠʦʩʝʚʦʛʦ ʤʘʥʠʧʫʣʷʪʦʨʘ. ɺ ʨʘʙʦʪʝ [4] ʧʨʝʜʩʪʘʚʣʝʥ ʘʣ-

ʛʦʨʠʪʤ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʢʠʥʝʤʘʪʠʢʠ ʤʘʥʠʧʫʣʷʮʠʦʥʥʦʛʦ ʨʦʙʦʪʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʠ ʘʣʛʝʙʨʘʠʯʝʩʢʦʛʦ ʤʝʪʦʜʦʚ. ɺ ʨʘʙʦʪʝ [5] 

ʦʧʠʩʘʥʦ ʨʝʰʝʥʠʝ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʢʠʥʝʤʘʪʠʢʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʥʘ ʰʝʩʪʠ-

ʟʚʝʥʥʦʛʦ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ FANUC Robot M-20iA/35M. ɺ ʩʪʘʪʴʷʭ [1-5] 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʦʙʦʪʦʚ-

ʤʘʥʠʧʫʣʷʪʦʨʦʚ, ʘ ʠʤʝʥʥʦ ʧʨʷʤʳʝ ʠ ʦʙʨʘʪʥʳʝ ʟʘʜʘʯʠ. ʇʦʣʥʳʡ ʮʠʢʣ ʥʘʫʯʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʦʙʦʪʦʚ-ʤʘʥʠʧʫʣʷʪʦʨʦʚ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʧʝʨʝʯʠʩʣʝʥʥʳʤʠ 

ʟʘʜʘʯʘʤʠ. ʈʘʟʨʘʙʦʪʢʘ ʫʨʘʚʥʝʥʠʡ ʜʠʥʘʤʠʢʠ ʨʦʙʦʪʦʚ-ʤʘʥʠʧʫʣʷʪʦʨʦʚ ʩʯʠʪʘʶʪ-

ʩʷ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʤʠ ʚ ʩʦʩʪʘʚʣʝʥʠʠ ʠ ʠʭ ʨʘʟʨʝʰʝʥʠʠ. 

ʃʡʦʞʥʙʫʡʰʞʪʣʙʸ ʥʧʝʞʤʵ ʡ ʨʩʸʥʙʸ ʨʧʠʡʯʡʧʦʦʙʸ ʠʙʝʙʰʙ 

ɺ ʩʪʘʪʴʝ ʦʧʠʩʳʚʘʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʫʨʘʚʥʝʥʠʷ ʜʠʥʘʤʠʢʠ ʪʨʝʭʟʚʝʥʥʦʛʦ 

ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʚ ʬʦʨʤʝ ʃʘʛʨʘʥʞʘ 2-ʛʦ ʨʦʜʘ [6]. ʅʘ ʨʠʩ. 1. ʧʨʠʚʝʜʝʥʘ 

ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʪʨʝʭʟʚʝʥʥʦʛʦ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʚ ʬʦʨʤʝ ʢʦʤʧʦ-

ʥʦʚʢʠ ʩʦʯʣʝʥʝʥʠʡ çɺʇʇè. ɼʦʧʫʩʪʠʤ, ʯʪʦ ʟʚʝʥʴʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʪʦʥʢʠʝ ʦʜʥʦ-

ʨʦʜʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʝʨʞʥʠ ʦʜʠʥʘʢʦʚʦʡ ʜʣʠʥʳ ὰ= ὰ1 = ὰ2 = ὰ3 ʩ ʤʘʩʩʘʤʠ 

ά= ά1 = ά2 = ά3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦʛʜʘ ʦʜʥʦʨʦʜʥʳʝ ʤʘʪʨʠʮʳ ʧʝʨʝʭʦʜʦʚ 

iA  ʠʟ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ὕὭὼὭώὭᾀὭ Ὥ - ʛʦ ʟʚʝʥʘ ʚ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ 

ὕὭ1ὼὭ1ώὭ1ᾀὭ1 (Ὥ 1) - ʛʦ ʟʚʝʥʘ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ (1): 

ὃ1 =

ὧ1 0 ί1 0
ί1 0 ὧ1 0
0 1 0 ὰ
0 0 0 1

, ὃ2 =

1 0 0 0
0 0 1 0
0 1 0 Ὠ2

0 0 0 1

, ὃ3 =

1 0 0 0
0 1 0 0
0 0 1 Ὠ3

0 0 0 1

, (1) 

ʛʜʝ ὧὭ= cosήὭ(ὸ) ʠ ίὭ= sinήὭ(ὸ) ʜʣʷ ʦʙʦʙʱʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪήὭ= ήὭ(ὸ) . 

 

 
ʈʠʩ. 1. ʂʠʥʝʤʘʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʪʨʝʭʟʚʝʥʥʦʛʦ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ [6] 
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ɼʣʷ ʦʧʠʩʳʚʘʝʤʦʛʦ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʝ ʤʘʪʨʠ-

ʮʳ ʧʝʨʝʭʦʜʦʚ (2) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʨʦʜʥʳʭ ʤʘʪʨʠʮ ʧʝʨʝʭʦʜʦʚ (1) [6-8]. 

Ὕ1 = ὃ1 =

ὧ1 0 ί1 0
ί1 0 ὧ1 0
0 1 0 ὰ
0 0 0 1

,Ὕ2 = Ὕ1ὃ2 =

ὧ1 ί1 0 Ὠ2ί1
ί1 ὧ1 0 Ὠ2ὧ1
0 0 1 ὰ
0 0 0 1

 

Ὕ3 = Ὕ2ὃ3 =

ὧ1 ί1 0 Ὠ2ί1
ί1 ὧ1 0 Ὠ2ὧ1
0 0 1 ὰ Ὠ3

0 0 0 1

. (2) 

ʌʩʙʛʦʞʦʡʞ ʝʛʡʟʞʦʡʸ ʩʧʚʧʫʙ ʛ ʭʧʩʥʞ ʄʙʜʩʙʦʟʙ ʛʫʧʩʧʜʧ ʩʧʝʙ 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʥʝʦʙʭʦʜʠʤʦ ʩʦʩʪʘʚʠʪʴ 

ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʚ ʬʦʨʤʝ ʃʘʛʨʘʥʞʘ. ʋʨʘʚʥʝʥʠʷ ʃʘʛʨʘʥʞʘ 2-ʛʦ 

ʨʦʜʘ ʜʣʷ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʩ ὔ= 3 ʩʪʝʧʝʥʷʤʠ ʧʦʜʚʠʞʥʦʩʪʠ ʠʤʝʝʪ ʚʠʜ (3) 

[6-8]. 

ừ
Ử
Ừ

Ử
ứ
Ὠ

Ὠὸ

‬ὑ

‬ή1

‬ὑ

‬ή1
= ‘1 + ὫӶὝẗά1ὸ1Ὥ”1 + ά2ὸ2Ὥ”2 + ά3ὸ3Ὥ”3

Ὠ

Ὠὸ

‬ὑ

‬ή2

‬ὑ

‬ή2
= ‘2 + ὫӶὝẗά2ὸ2Ὥ”2 + ά3ὸ3Ὥ”3

Ὠ

Ὠὸ

‬ὑ

‬ή3

‬ὑ

‬ή3
= ‘3 + ὫӶὝẗά3ὸ3Ὥ”3

,  (3) 

ʛʜʝ ὑ=
1

2
ὸὶВ В В ὸὭὮὌὭὸὭὯ

ὝὭ
Ὧ=1 ήὮήὯ

Ὥ
Ὦ= 1

3
Ὥ= 1  - ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʨʦʙʦʪʘ-

ʤʘʥʠʧʫʣʷʪʦʨʘ, ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠʟ 3-ʭ ʟʚʝʥʴʝʚ. 

ʇʝʨʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʜʣʷ ʤʘʪʨʠʮ ʧʝʨʝʭʦʜʦʚ (2) Ὕ1, Ὕ2ʠ Ὕ3 ʠʤʝʶʪ ʚʠʜ (4) 

- (6) [6-8]. 

Ὕ1 =
‬Ὕ1

‬ή1
ή1 =

ί1 0 ὧ1 0
ὧ1 0 ί1 0
0 0 0 0
0 0 0 0

ή1 .   (6) 

Ὕ2 =
‬Ὕ2

‬ή1
ή1 +

‬Ὕ2

‬ή2
Ὠ2 =

ί1 ὧ1 0 Ὠ2ὧ1
ὧ1 ί1 0 Ὠ2ί1
0 0 0 0
0 0 0 0

ή1 +

0 0 0 ί1
0 0 0 ὧ1
0 0 0 0
0 0 0 0

Ὠ2. (5) 

Ὕ3 =
‬Ὕ3

‬ή1
ή1 +

‬Ὕ3

‬ή2
Ὠ2 +

‬Ὕ3

‬ή3
Ὠ3 =

ί1 ὧ1 0 Ὠ2ὧ1
ὧ1 ί1 0 Ὠ2ί1
0 0 0 0
0 0 0 0

ή1 +

+

0 0 0 ί1
0 0 0 ὧ1
0 0 0 0
0 0 0 0

Ὠ2 +

0 0 0 0
0 0 0 0
0 0 0 1
0 0 0 0

Ὠ3

. (6) 

ʊʦʛʜʘ ʵʣʝʤʝʥʪʳ ʩʠʤʤʝʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ ὃ(ή) = ὥὮὯ  ʙʫʜʫʪ (7) ï (9). 
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ὥ11 =
1

2
ὸὶ ὸὭ1ὌὭὸὭ1

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ11Ὄ1ὸ11

Ὕ + ὸ21Ὄ2ὸ21
Ὕ + ὸ31Ὄ3ὸ31

Ὕ =

=
1

2

ά2ὰ
2

3
ά2Ὠ2ὰ+ ά2Ὠ2

2 + ά3Ὠ2
2

ὥ12 =
1

2
ὸὶ ὸὭ1ὌὭὸὭ2

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ11Ὄ1ὸ12

Ὕ + ὸ21Ὄ2ὸ22
Ὕ + ὸ31Ὄ3ὸ32

Ὕ = 0

ὥ13 =
1

2
ὸὶ ὸὭ1ὌὭὸὭ3

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ11Ὄ1ὸ13

Ὕ + ὸ21Ὄ2ὸ23
Ὕ + ὸ31Ὄ3ὸ33

Ὕ = 0

. (7) 

ὥ21 =
1

2
ὸὶ ὸὭ2ὌὭὸὭ1

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ12Ὄ1ὸ11

Ὕ + ὸ22Ὄ2ὸ21
Ὕ + ὸ32Ὄ3ὸ31

Ὕ = 0

ὥ22 =
1

2
ὸὶ ὸὭ2ὌὭὸὭ2

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ12Ὄ1ὸ12

Ὕ + ὸ22Ὄ2ὸ22
Ὕ + ὸ32Ὄ3ὸ32

Ὕ =
1

2
ά2 + ά3

ὥ23 =
1

2
ὸὶ ὸὭ2ὌὭὸὭ3

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ12Ὄ1ὸ13

Ὕ + ὸ22Ὄ2ὸ23
Ὕ + ὸ32Ὄ3ὸ33

Ὕ = 0

. (8) 

ὥ31 =
1

2
ὸὶ ὸὭ3ὌὭὸὭ1

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ13Ὄ1ὸ11

Ὕ + ὸ23Ὄ2ὸ21
Ὕ + ὸ33Ὄ3ὸ31

Ὕ = 0

ὥ32 =
1

2
ὸὶ ὸὭ3ὌὭὸὭ2

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ13Ὄ1ὸ12

Ὕ + ὸ23Ὄ2ὸ22
Ὕ + ὸ33Ὄ3ὸ32

Ὕ = 0

ὥ33 =
1

2
ὸὶ ὸὭ3ὌὭὸὭ3

Ὕ3

Ὥ= 1
=

1

2
ὸὶὸ13Ὄ1ὸ13

Ὕ + ὸ23Ὄ2ὸ23
Ὕ + ὸ33Ὄ3ὸ33

Ὕ = ά3

. (9) 

ʉʠʤʤʝʪʨʠʯʝʩʢʘʷ ʤʘʪʨʠʮʘ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʠʥʝʨʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʨʦʙʦ-

ʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ, ὃ(ή) = ὥὮὯ , ὥὮὯ= ὸὶὸὭὮὌὭὸὭὯ
Ὕ

3

Ὥ=max (Ὦ,Ὧ)
ʩ ʫʯʝʪʦʤ ʨʝ-

ʟʫʣʴʪʘʪʦʚ (7) ï (9) ʟʘʧʠʰʝʪʩʷ ʚ ʬʦʨʤʝ (10) [6]. 

ὃ(ή) =
1

2

ά2ὰ
2

3
ά2Ὠ2ὰ+ ά2Ὠ2

2 + ά3Ὠ2
2 0 0

0 ά2 + ά3 0
0 0 ά3

. (10) 

ɺʪʦʨʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ὸὭὮὯ ʤʘʪʨʠʮ ʧʝʨʝʭʦʜʦʚ ὝὭ (2) ʧʨʠʚʝʜʝʥʳ ʚ ʚʳʨʘʞʝ-

ʥʠʷʭ (11) - (15) [6]: 

ὸ111 =
‬ὸ11

‬ή1
=

ὧ1 0 ί1 0
ί1 0 ὧ1 0
0 0 0 0
0 0 0 0

, ὸ211 =
‬ὸ21

‬ή1
=

ὧ1 ί1 0 Ὠ2ί1
ί1 ὧ1 0 Ὠ2ὧ1
0 0 0 0
0 0 0 0

,

 (11) 

ὸ212 = ὸ221 =

0 0 0 ὧ1
0 0 0 ί1
0 0 0 0
0 0 0 0

, ὸ222 = ὕ, (12) 

ὸ311 =

ὧ1 ί1 0 Ὠ2ί1
ί1 ὧ1 0 Ὠ2ὧ1
0 0 0 0
0 0 0 0

= ὸ211 , ὸ312 = ὸ212 =

0 0 0 ὧ1
0 0 0 ί1
0 0 0 0
0 0 0 0

 ,  (13) 

ὸ313 = ὕ, ὸ321 = ὸ312 =

0 0 0 ὧ1
0 0 0 ί1
0 0 0 0
0 0 0 0

,  (14) 

ὸ322 = ὸ323 = ὕ, ὸ331 = ὸ332 =ὸ333 = ὕ. (15) 
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ɺʝʢʪʦʨ ὦ(ή,ή) = (ὦί), ὦί= В В В ὸὶὸὭὮὯὌὭὸὭί
Ὕ ήὮήὯ

3
Ὥ=max (ί,Ὦ,Ὧ)

3
Ὧ=1

3
Ὦ= 1 , 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʢʦʨʠʦʣʠʩʦʚʳʝ ʠ ʮʝʥʪʨʦʙʝʞʥʳʝ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʟʚʝ-

ʥʴʷ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʩ ʫʯʝʪʦʤ (11) ï (15) ʙʫʜʝʪ ʟʘʧʠʩʘʥ ʚ ʚʠʜʝ (18) 

ὦ(ή,ή) =

ά2ὰ+ 2Ὠ2(ά2 + ά3) ή1Ὠ2
1

2
ά2ὰ Ὠ2(ά2 + ά3) ή1

2

0

 .  (16) 

ɺʝʢʪʦʨ ʚʥʝʰʥʠʭ ʩʠʣ (17) Ὠί= ὫӶὝẗά1ὸ1ί”1 + ά2ὸ2ί”2 +
ά3ὸ3ί”3  ʠ ʚʝʢʪʦʨ ʤʦʤʝʥʪʦʚ ‘Ӷ= (‘ί), ί= 1,3 ʦʙʨʘʟʫʶʪ ʦʩʪʘʣʴʥʳʝ ʯʣʝʥʳ 

ʫʨʘʚʥʝʥʠʷ ʜʠʥʘʤʠʢʠ (18) ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ: 

ὨӶ(ή) =
0
0
ά3Ὣ

, (17) 

ὃ(ή) ẗή+ ὦ(ή,ή) + ὨӶ(ή) = ‘Ӷ. (18) 

ʇʦʜʩʪʘʚʣʷʷ (10), (16), (17) ʚ (18) ʧʦʩʣʝ ʥʝʩʣʦʞʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʧʦ-

ʣʫʯʘʝʤ ʚ ʦʙʱʝʤ ʚʠʜʝ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ (19) ʜʣʷ ʪʨʝʭʟʚʝʥʥʦʛʦ ʨʦʙʦʪʘ-

ʤʘʥʠʧʫʣʷʪʦʨʘ ʠʟ ʨʠʩ. 1 ʚ ʬʦʨʤʝ ʃʘʛʨʘʥʞʘ 2-ʛʦ ʨʦʜʘ [6]. 

ừ
Ử
Ừ

Ử
ứ

1

3
ὰ Ὠ2 ά2ὰ+ ά2 + ά3 Ὠ2

2 ή1 + ά2ὰ+ 2Ὠ2 ά2 + ά3 ή1Ὠ2 = ‘1

ά2 + ά3 Ὠ2 +
1

2
ά2ὰ Ὠ2 ά2 + ά3 ή1

2 = Ὂ1

ά3Ὠ3 ά3Ὣ= Ὂ2

. (19) 

ʇʫʩʪʴ ʜʣʷ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʢʣʶʯʝ-

ʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ: ὰ1 = ὰ2 = ὰ3 = 0.5 ̍ ,  ά1 =
3.0 ̋ ,̄  ά2 = 2.0 ̋ ,̄  ά3 = 1.5 ̋ ,̄  Ὂ1 = 0 ̊ , Ὂ2 = 14.715 ̊ ,  ‘1 = 1 ̊ Ͻm 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ (19) ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʈʫʥʛʝ-

ʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ ʧʨʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (20) [9]: 

ή1 0 = 0,ή1 0 = 0,Ὠ2 0 = 0.1,Ὠ2 0 = 0,Ὠ3 0 = 0.2,Ὠ3 0 = 0. (20) 

ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʛʨʘʬʠʢʠ ʦʙʦʙʱʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ (19). 

ʀʙʣʤʷʰʞʦʡʞ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʚʳʙʨʘʥ ʪʨʝʭʟʚʝʥʥʳʡ ʨʦʙʦʪ-ʤʘʥʠʧʫʣʷʪʦʨ ʚ ʬʦʨ-

ʤʘʪʝ ʢʦʤʧʦʥʦʚʢʠ ʩʦʯʣʝʥʝʥʠʡ ɺʇʇ. ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʤʘʪʝ-

ʤʘʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʚ ʩʨʝʜʝ Google Colab ʜʣʷ 

ʩʙʦʨʘ ʜʘʪʘʩʝʪʘ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʨʦʙʦʪʦʤ. ɺ ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʠʤʝʥʷʣʘʩʴ ʬʦʨʤʘ ʃʘʛʨʘʥʞʘ 2-ʛʦ ʨʦ-

ʜʘ. ɹʳʣʘ ʚʳʯʠʩʣʝʥʘ ʩʠʤʤʝʪʨʠʯʝʩʢʘʷ ʤʘʪʨʠʮʘ ʠʥʝʨʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʨʦʙʦʪʘ, 

ʦʩʝʚʳʝ ʤʦʤʝʥʪʳ ʠʥʝʨʮʠʠ ʠ ʩʪʘʪʠʯʝʩʢʠʝ ʤʦʤʝʥʪʳ, ʘ ʪʘʢʞʝ ʦʙʦʙʱʝʥʥʳʝ ʩʠʣʳ, 

ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʢʘʞʜʦʝ ʠʟ ʟʚʝʥʴʝʚ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ. ɼʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩ-

ʯʝʪʦʚ ʧʦʟʚʦʣʠʣʠ ʟʘʧʠʩʘʪʴ ʫʨʘʚʥʝʥʠʷ ʜʠʥʘʤʠʢʠ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ, ʯʠʩ-

ʣʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʈʫʥʛʝ-ʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ. 
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ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʛʨʘʬʠʢʦʚ 

ʦʙʦʙʱʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ. ɺ ʧʝʨʩʧʝʢʪʠʚʝ ʧʣʘʥʠʨʫʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠʥʪʝʣʣʝʢʪʫ-

ʘʣʴʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʴʶ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ ʥʘ 

ʦʩʥʦʚʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠʣʠ ʤʘʰʠʥʥʳʭ ʤʦʜʝʣʝʡ. 

 

 
ʈʠʩ. 2. ɻʨʘʬʠʢʠ ʦʙʦʙʱʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ ʨʦʙʦʪʘ-ʤʘʥʠʧʫʣʷʪʦʨʘ 
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ɺʚʝʜʝʥʠʝ 

ʇʨʠʤʝʥʝʥʠʝ ʤʘʣʳʭ ʘʚʪʦʥʦʤʥʳʭ ʥʘʜʚʦʜʥʳʭ ʩʫʜʦʚ (ʄɸʅʉ) ʩʧʦʩʦʙʥʦ 

ʦʙʝʩʧʝʯʠʪʴ ʦʧʝʨʘʪʠʚʥʦʝ ʚʳʧʦʣʥʝʥʠʝ ʟʘʜʘʯ ʚ ʤʦʨʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʨʠʤʝʥʝʥʠʷ 

ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʩʫʜʦʚ, ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʣʫʯʘʝʪ ʚʩʝ ʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ. ʄɸʅʉ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ, ʪʘʢ ʠ ʩʦ-

ʚʤʝʩʪʥʦ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʦʣʝʟʥʳʤʠ ʥʘʛʨʫʟʢʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʝʦʙʠʪʘʝʤʳʤʠ 

ʧʦʜʚʦʜʥʳʤʠ ʘʧʧʘʨʘʪʘʤʠ (ʅʇɸ), ʙʝʩʧʠʣʦʪʥʳʤʠ ʚʦʟʜʫʰʥʳʤʠ ʩʫʜʘʤʠ (ɹɺʉ), 

ʙʫʢʩʠʨʫʝʤʳʤʠ ʩʨʝʜʩʪʚʘʤʠ, ʠʟʤʝʨʠʪʝʣʷʤʠ ʠ ʪ.ʜ. ʇʨʠ ʩʦʚʤʝʩʪʥʦʤ ʧʨʠʤʝʥʝʥʠʠ 

ʄɸʅʉ ʠ ʅʇɸ, ʢʦʛʜʘ ʅʇɸ ʚʳʧʦʣʥʷʝʪ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʧʦʜʚʦʜʥʳʝ ʟʘʜʘʯʠ, 

ʪʘʢʠʝ ʢʘʢ ʤʦʥʠʪʦʨʠʥʛ ʤʦʨʩʢʠʭ ʙʠʦʨʝʩʫʨʩʦʚ, ʚʳʧʦʣʥʝʥʠʝ ʢʘʨʪʦʛʨʘʬʠʨʦʚʘʥʠʷ 

ʤʦʨʩʢʦʛʦ ʜʥʘ, ʠʥʩʧʝʢʮʠʷ ʧʦʜʚʦʜʥʳʭ ʢʦʤʤʫʥʠʢʘʮʠʡ, ʄɸʅʉ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴʩʷ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʚʠʛʘʮʠʠ ʅʇɸ, ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ, ʧʦʜʜʝʨʞʢʠ ʚ ʧʨʦ-

ʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ ʧʦʜʚʦʜʥʳʭ ʟʘʜʘʯ ʠ ʪ.ʜ.  

ʇʨʠ ʵʪʦʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʚʠʛʘʮʠʠ ʅʇɸ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʝʥʠʝ 

ʛʠʜʨʦʘʢʫʩʪʠʯʝʩʢʠʭ ʥʘʚʠʛʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʩ ʫʣʴʪʨʘʢʦʨʦʪʢʦʡ ʙʘʟʦʡ (ɻɸʅʉ 

ʋʂɹ), ʛʠʜʨʦʘʢʫʩʪʠʯʝʩʢʘʷ ʘʥʪʝʥʥʘ ʢʦʪʦʨʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʟʘʢʨʝʧʣʝʥʘ ʥʘ 

ʄɸʅʉ, ʘ ʤʘʷʢ-ʦʪʚʝʪʯʠʢ ʥʘ ʅʇɸ. ʅʝʜʦʩʪʘʪʢʦʤ ɻɸʅʉ ʋʂɹ ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠ-

ʯʝʥʥʘʷ ʟʦʥʘ ʠ ʜʘʣʴʥʦʩʪʴ ʜʝʡʩʪʚʠʷ [1]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʧʦʪʝʨʠ 

ʩʠʛʥʘʣʘ ʥʝʦʙʭʦʜʠʤʦ ʫʜʝʨʞʠʚʘʪʴ ʅʇɸ ʚ ʟʦʥʝ ʜʝʡʩʚʠʷ ɻɸʅʉ ʋʂɹ ʩ ʧʦʤʦʱʴʶ 

ʄɸʅʉ. ʇʨʠ ʜʚʠʞʝʥʠʠ ʅʇɸ ʚ ʧʨʦʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩ-

ʧʝʯʠʪʴ ʜʚʠʞʝʥʠʝ ʄɸʅʉ ʟʘ ʅʇɸ, ʘ ʧʨʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʅʇɸ ʧʦʜ ʚʦʜʦʡ ʚ ʧʨʦ-

ʮʝʩʩʝ ʧʨʦʚʝʜʝʥʠʷ ʨʘʙʦʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʩʪʘʙʠʣʠʟʘ-

ʮʠʶ ʧʦʣʦʞʝʥʠʷ ʄɸʅʉ ʚ ʥʝʢʦʪʦʨʦʡ ʪʦʯʢʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ ʚʙʣʠʟʠ ʅʇɸ. 

ʏʘʱʝ ʚʩʝʛʦ ʚ ʨʘʤʢʘʭ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʘʜʚʦʜʥʦʛʦ ʩʫʜʥʘ ʧʨʝʜʣʘ-

ʛʘʶʪʩʷ ʩʠʩʪʝʤʳ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʩʪʘʙʠʣʠʟʠ-

ʨʦʚʘʪʴ ʧʦʣʦʞʝʥʠʝ ʠ ʢʫʨʩʦʚʦʡ ʫʛʦʣ ʩʫʜʥʘ ʠ, ʪʝʤ ʩʘʤʳʤ, ʦʙʝʩʧʝʯʠʪʴ ʜʚʠʞʝʥʠʝ 

ʩʫʜʥʘ ʧʦ ʟʘʜʘʥʥʳʤ ʤʘʨʰʨʫʪʘʤ [2]. ɺ [3] ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ 

ʫʧʨʘʚʣʝʥʠʷ ʪʨʘʝʢʪʦʨʠʝʡ ʄɸʅʉ ʩ ʫʯʝʪʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʤʦʨʩʢʠʭ ʚʦʣʥ, ʘ ʪʘʢʞʝ 

ʚʳʜʝʣʷʶʪʩʷ ʪʨʠ ʦʩʥʦʚʥʳʝ ʧʨʦʙʣʝʤʳ ʜʚʠʞʝʥʠʷ ʄɸʅʉ, ʘ ʠʤʝʥʥʦ ʩʪʘʙʠʣʠʟʘ-

ʮʠʷ ʚ ʪʦʯʢʝ ʩ ʞʝʣʘʝʤʦʡ ʦʨʠʝʥʪʘʮʠʝʡ, ʦʪʩʣʝʞʠʚʘʥʠʝ ʪʨʘʝʢʪʦʨʠʠ, ʪʦʯʥʦʝ ʩʣʝ-

ʜʦʚʘʥʠʝ ʧʦ ʞʝʣʘʝʤʦʡ ʪʨʘʝʢʪʦʨʠʠ. ɺ [4-5] ʧʨʝʜʣʦʞʝʥʳ ʩʠʩʪʝʤʳ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʩʫʜʥʘ, ʠʤʝʶʱʝʛʦ ʦʛʨʘʥʠʯʝʥʥʫʶ ʤʘʥʝʚʨʝʥʥʦʩʪʴ, ʚ ʢʦʪʦʨʳʭ ʜʣʷ ʚʚʝʜʝʥʠʷ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʨʝʛʫʣʷʪʦʨʦʚ ʜʠʥʘʤʠʢʘ ʥʘʜʚʦʜʥʦʛʦ ʩʫʜʥʘ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʩ-

ʢʘʜʥʦʡ ʥʝʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʦʡ. ʆʩʥʦʚʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ ʵʪʠʭ ʨʘʙʦʪ ʷʚʣʷʝʪʩʷ 

ʧʦʣʥʦʝ ʠʣʠ ʯʘʩʪʠʯʥʦʝ ʠʛʥʦʨʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʯʪʦ ʤʦʞʝʪ ʷʚ-

ʣʷʪʴʩʷ ʢʨʠʪʠʯʥʳʤ ʜʣʷ ʢʦʨʨʝʢʪʥʦʡ ʨʘʙʦʪʳ ʩʠʩʪʝʤ ʩʪʘʙʠʣʠʟʘʮʠʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʦʣʦ-

ʞʝʥʠʷ ʄɸʅʉ ʚ ʞʝʣʘʝʤʦʡ ʪʦʯʢʝ, ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʪʦʯʢʝ ʥʘʜ ʅʇɸ ʧʨʠ ʚʳʧʦʣʥʝ-

ʥʠʠ ʠʤ ʧʦʜʚʦʜʥʳʭ ʨʘʙʦʪ, ʫʯʠʪʳʚʘʶʱʘʷ ʚʦʟʤʫʱʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ 

ʄɸʅʉ ʩʦ ʩʪʦʨʦʥʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ.  
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ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʦʣʦʞʝʥʠʷ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ ʩʪʘʙʠʣʠʟʘʮʠʠ ʄɸʅʉ ʚ ʥʝʢʦʪʦʨʦʡ ʞʝʣʘ-

ʤʝʤʦʡ ʪʦʯʢʝ ὼᶻ,ώᶻ  ʘʙʩʦʣʶʪʥʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ὼὃώὃᾀὃ (ɸʉʂ) ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʚʦʜʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʪʦʯʢʝ ὼ̊ ˜,̱ώ̊ ˜ ,̱ ʷʚʣʷʶʱʝʡʩʷ ʧʨʦʝʢʮʠʝʡ ʧʦ-

ʣʦʞʝʥʠʷ ʧʦʜʚʦʜʥʦʛʦ ʘʧʧʘʨʘʪʘ ʥʘ ʧʣʦʩʢʦʩʪʴ ὼὃώὃ (ʨʠʩ. 1), ʩ ʧʦʩʪʦʷʥʥʦʡ ʦʨʠ-

ʝʥʪʘʮʠʝʡ ʧʦ ʢʫʨʩʫ ʠ ʩ ʫʯʝʪʦʤ ʚʦʟʤʫʱʘʶʱʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ 

ʄɸʅʉ ʩʦ ʩʪʦʨʦʥʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

 

 
ʈʠʩ. 1. ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʩʪʘʙʠʣʠʟʘʮʠʠ 

 

ʄʦʜʝʣʴ ʜʚʠʞʝʥʠʷ ʄɸʅʉ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝ-

ʥʠʡ [6]: 
╜○►+ ╒○►○►+ ╓○►○►+ ▌Ɫ = Ⱳ+ Ⱳ◌░▪▀+ Ⱳ◌╪○▄,

Ɫ= ╙Ɫ○,
      1  

ʛʜʝ ╜ = ╜Ὑὄ+ ╜ὃ; ╜ὙὄᶰὙ
6 6 ï ʤʘʪʨʠʮʘ ʠʥʝʨʮʠʠ ʄɸʅʉ; ╜ὃᶰὙ

6 6 ï 

ʤʘʪʨʠʮʘ ʠʥʝʨʮʠʠ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʤʘʩʩ ʠ ʤʦʤʝʥʪʦʚ ʠʥʝʨʮʠʠ ʞʠʜʢʦʩʪʠ; 

╒○ = ╒Ὑὄ+ ╒ὃᶰὙ
6 6 ï ʤʘʪʨʠʮʘ ʢʦʨʠʦʣʠʩʦʚʳʭ ʠ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʠ ʤʦ-

ʤʝʥʪʦʚ; ╓○ᶰὙ6 6 ï ʤʘʪʨʠʮʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ; ▌○ᶰ
Ὑ6 6 ï ʚʝʢʪʦʨ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ; Ɫ= ὼ ώ ᾀ • — ‪T 

ï ʚʝʢʪʦʨ ʢʦʦʨʜʠʥʘʪ ʧʦʣʦʞʝʥʠʷ ʠ ʫʛʣʦʚ ʦʨʠʝʥʪʘʮʠʠ ʄɸʅʉ ʚ ɸʉʂ; ○ὶ= ○
○ὧ ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʄɸʅʉ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʯʝʥʠʷ ʚ ʩʚʷʟʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨ-

ʜʠʥʘʪ (ʉʉʂ); ○= ὺὼ ὺώ ὺᾀ ‫ὼ ‫ώ ‫ᾀT ï ʚʝʢʪʦʨ ʣʠʥʝʡʥʳʭ ʠ ʫʛʣʦʚʳʭ 

ʩʢʦʨʦʩʪʝʡ ʄɸʅʉ ʚ ʉʉʂ; ○ὧ= ὺὧὼ ὺὧώ ὺὧᾀ ‫ὧὼ ‫ὧώ ‫ὧᾀ  ï ʚʝʢʪʦʨ 

ʩʢʦʨʦʩʪʝʡ ʦʢʝʘʥʩʢʦʛʦ ʪʝʯʝʥʠʷ ʚ ʉʉʂ; Ⱳ= †ὼ †ώ †ᾀ ὓὼ ὓώ ὓᾀT ï 

ʚʝʢʪʦʨ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ, ʨʘʟʚʠʚʘʝʤʳʭ ʜʚʠʞʠʪʝʣʴʥʳʤ ʢʦʤʧʣʝʢʩʦʤ ʄɸʅʉ ʚ 

ʉʉʂ; ⱲύὭὲὨᶰὙ
6 ï ʚʝʢʪʦʨ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ, ʚʳʟʚʘʥʥʳʭ ʚʝʪʨʦʤ, ʚ ʉʉʂ; 

ⱲύὥὺὩᶰὙ
6 ï ʚʝʢʪʦʨ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ, ʚʳʟʚʘʥʥʳʭ ʚʦʣʥʘʤʠ, ʚ ʉʉʂ; ╙ⱢᶰὙ6 6 

ï ʤʘʪʨʠʮʘ ʧʝʨʝʭʦʜʘ ʠʟ ʩʚʷʟʥʦʡ ʚ ʘʙʩʦʣʶʪʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ. 
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ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʦʣʦʞʝʥʠʷ ʄɸʅʉ, ʦʙʣʘʜʘʶʱʝʛʦ ʦʛʨʘ-

ʥʠʯʝʥʥʦʡ ʤʘʥʝʚʨʝʥʥʦʩʪʴʶ, ʚ ʯʘʩʪʥʦʩʪʠ ʠʤʝʶʱʝʛʦ ʜʚʘ ʜʚʠʛʘʪʝʣʷ ʚ ʝʛʦ ʢʦʨ-

ʤʦʚʦʡ ʯʘʩʪʠ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʚʦʟʤʦʞʥʦ ʫʧʨʘʚʣʝʥʠʝ ʧʝʨʝʤʝʱʝʥʠʝʤ ʄɸʅʉ 

ʚʜʦʣʴ ʝʛʦ ʧʨʦʜʦʣʴʥʦʡ ʦʩʠ ὼ ʠ ʠʟʤʝʥʝʥʠʝʤ ʫʛʣʘ ʢʫʨʩʘ ‪. ɺ ʦʪʣʠʯʠʝ ʦʪ ʄɸʅʉ, 
ʦʙʣʘʜʘʶʱʝʛʦ ʙʦʣʴʰʝʡ ʤʘʥʝʚʨʝʥʥʦʩʪʴʶ, ʠʤʝʶʱʝʛʦ ʢʨʦʤʝ ʜʚʫʭ ʜʚʠʛʘʪʝʣʝʡ ʚ 

ʢʦʨʤʦʚʦʡ ʯʘʩʪʠ, ʥʘʧʨʠʤʝʨ, ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʚʦʨʦʪʥʳʝ ʜʚʠʞʠʪʝʣʠ, ʟʘ ʩʯʝʪ 

ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʫʧʨʘʚʣʝʥʠʝ ʄɸʅʉ ʪʘʢʞʝ ʚʜʦʣʴ ʧʦʧʝʨʝʯʝʥʦʡ ʦʩʠ ώ, ʧʨʠ 
ʚʳʧʦʣʥʝʥʠʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʦʣʦʞʝʥʠʷ ʄɸʅʉ ʩ ʜʚʫʤʷ ʜʚʠʛʘʪʝʣʷʤʠ ʚʦʟʥʠʢʘ-

ʶʪ ʩʣʦʞʥʦʩʪʠ. ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʝʚʦʡ ʪʦʯʢʠ ὼᶻ,ώᶻ  (ʢʨʠʚʘʷ 1 ʥʘ ʨʠʩ. 2ʘ) 

ʧʨʠ ʩʤʝʱʝʥʠʠ ʪʘʢʦʛʦ ʄɸʅʉ ʠʟ ʵʪʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ 

ʚʦʟʤʫʱʝʥʠʡ Ⱳ̃  ̎ʥʝʚʦʟʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʪʦʯʥʳʡ ʠ ʙʳʩʪʨʳʡ ʧʦʚʪʦʨʥʳʡ ʚʳ-

ʭʦʜ ʄɸʅʉ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ ʚʚʠʜʫ ʝʛʦ ʦʛʨʘʥʠʯʝʥʥʦʡ ʤʘʥʝʚʨʝʥʥʦʩʪʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʪʘʙʠʣʠʟʘʮʠʶ ʄɸʅʉ, ʦʙʣʘʜʶ-

ʱʝʛʦ ʦʛʨʘʥʠʯʝʥʥʦʡ ʤʘʥʝʚʨʝʥʥʦʩʪʴʶ, ʥʝ ʚ ʮʝʣʝʚʦʡ ʪʦʯʢʝ ὼᶻ,ώᶻ, ʘ ʚ ʪʦʯʢʝ 
ὼᶻ,ώᶻ  ʥʘ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʣʝʚʦʡ ʪʦʯʢʠ, ʟʘʜʘʥʥʦʡ ʥʝʢʦʪʦʨʳʤ ʨʘʜʠʫ-

ʩʦʤ Ὑ, ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘ ʮʝʣʝʚʫʶ ʪʦʯʢʫ ὼᶻ,ώᶻ  (ʢʨʠʚʘʷ 2 ʥʘ ʨʠʩ. 2ʘ). 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʄɸʅʉ ʥʘ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʣʝʚʦʡ 

ʪʦʯʢʠ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘ ʮʝʣʝʚʫʶ ʪʦʯʢʫ (ʨʠʩ. 2ʙ) ʥʝʦʙʭʦʜʠʤʦ ʬʦʨʤʠʨʦʚʘʪʴ 

ʞʝʣʘʝʤʳʝ ʢʦʦʨʜʠʥʘʪʳ ʄɸʅʉ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʚʳʨʘʞʝʥʠʡ: 
ὼᶻ= ὼᶻ Ὑcos‪ᶻ,
ώᶻ= ώᶻ Ὑsin‪ᶻ,

      2  

ʛʜʝ ὼᶻ, ώᶻ ï ʢʦʦʨʜʠʥʘʪʳ ʮʝʣʝʚʦʡ ʪʦʯʢʠ; ‪ᶻ ï ʦʨʠʝʥʪʘʮʠʷ ʧʦ ʢʫʨʩʫ ʥʘ ʮʝʣʝʚʫʶ 
ʪʦʯʢʫ; Ὑ ï ʨʘʜʠʫʩ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʣʝʚʦʡ ʪʦʯʢʠ. ʇʨʠ ʵʪʦʤ ʞʝʣʘʝʤʳʝ ʢʦʦʨʜʠʥʘ-

ʪʳ ʧʦʣʦʞʝʥʠʷ ʄɸʅʉ (ὼᶻ,ώᶻ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʦʦʨʜʠʥʘʪʳ ʙʣʠʞʘʡʰʝʡ ʢ 

ʄɸʅʉ ʪʦʯʢʝ, ʣʝʞʘʱʝʡ ʥʘ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʣʝʚʦʡ ʪʦʯʢʠ. 

 

  
ʘ ʙ 

ʈʠʩ. 2. ʄʝʪʦʜ ʩʪʘʙʠʣʠʟʘʮʠʠ ʄɸʅʉ 
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ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩʪʘʙʠʣʠ-

ʟʘʮʠʠ ʄɸʅʉ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʜʠʥʘʤʠʢʠ ʄɸʅʉ ʩ ʫʯʝʪʦʤ ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ ʜʠ-

ʥʘʤʠʢʠ (1). ɺʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʟʘʜʘʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ. ɺʝʢʪʦʨ ʩʢʦʨʦʩʪʠ 

ʦʢʝʘʥʩʢʦʛʦ ʪʝʯʝʥʠʷ ʨʘʚʝʥ ○ὧ
ὥ= 0.5 0.2 0 0 0 0 T. ʉʢʦʨʦʩʪʴ ʠ ʥʘ-

ʧʨʘʚʣʝʥʠʝ ʚʝʪʨʘ ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  ὺύ = 2.6 ʤ/ʩ ʠ ‍ύ = 20Ј. ɼʣʷ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʚʦʣʥ ʙʳʣʘ ʟʘʜʘʥʘ ʯʘʩʪʦʪʘ ʩʧʝʢʪʨʘ ‫0 = 0.8 ʨʘʜ/ʩ, ʢʦʵʬʬʠʮʠʝʥʪ ʟʘ-

ʪʫʭʘʥʠʷ ‗= 0.1 ʠ ʟʥʘʯʠʤʘʷ ʚʳʩʦʪʘ ʚʦʣʥʳ Ὄί= 1.2 ̍ . ʅʘʯʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ 

ʄɸʅʉ ʚ ɸʉʂ ï (0,0), ʮʝʣʝʚʘʷ ʪʦʯʢʘ ʚ ɸʉʂ ï (15,10), ʨʘʜʠʫʩ ʦʢʨʝʩʪʥʦʩʪʠ 
ʮʝʣʝʚʦʡ ʪʦʯʢʠ Ὑ= 5 ʤʝʪʨʦʚ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʄɸʅʉ ʩ ʜʚʫʤʷ ʜʚʠʛʘʪʝʣʷʤʠ ʚ 

ʢʦʨʤʦʚʦʡ ʯʘʩʪʠ, ʦʙʣʘʜʘʶʱʠʡ ʦʛʨʘʥʠʯʝʥʥʦʡ ʤʘʥʝʚʨʝʥʥʦʩʪʴʶ (ʫʧʨʘʚʣʝʥʠʝ 

ʧʝʨʝʤʝʱʝʥʠʝʤ ʄɸʅʉ ʚʜʦʣʴ ʝʛʦ ʧʨʦʜʦʣʴʥʦʡ ʦʩʠ ʠ ʠʟʤʝʥʝʥʠʝʤ ʫʛʣʘ ʢʫʨʩʘ). 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʩʪʘʙʠʣʠʟʘʮʠʷ ʪʘʢʦʛʦ ʄɸʅʉ ʥʝʧʦʩʨʝʜʩʪ-

ʚʝʥʥʦ ʚ ʮʝʣʝʚʦʡ ʪʦʯʢʝ, ʘ ʪʘʢʞʝ ʥʘ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʣʝʚʦʡ ʪʦʯʢʠ ʩ ʦʨʠ-

ʝʥʪʘʮʠʝʡ ʥʘ ʮʝʣʝʚʫʶ ʪʦʯʢʫ. ʅʘ ʨʠʩʫʥʢʘʭ 3ʘ-ʙ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠʚʦʜʷʪʩʷ 

ʛʨʘʬʠʢʠ ʠʟʤʝʥʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʄɸʅʉ ʠ ʫʛʣʦʚ ʝʛʦ ʦʨʠʝʥʪʘʮʠʠ ʜʣʷ ʫʢʘʟʘʥʥʳʭ 

ʩʣʫʯʘʝʚ, ʥʘ ʢʦʪʦʨʳʭ ʪʝʤʥʦ-ʩʠʥʷʷ ʢʨʠʚʘʷ ʧʦʢʘʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʢʦʦʨʜʠʥʘʪʳ ὼ 
ʚ ʤʝʪʨʘʭ, ʢʨʘʩʥʘʷ ï ʢʦʦʨʜʠʥʘʪʳ ώ ʚ ʤʝʪʨʘʭ, ʛʦʣʫʙʘʷ ï ʫʛʣʘ ʢʫʨʩʘ ‪ ʚ ʨʘʜʠʘ-

ʥʘʭ. 

ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩʫʥʢʝ 3ʘ, ʧʨʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʄɸʅʉ ʚ ʮʝʣʝʚʦʡ ʪʦʯʢʝ, 

ʧʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʝʚʦʡ ʪʦʯʢʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʜʚʠʞʝʥʠʷ ʚʦ-

ʢʨʫʛ ʮʝʣʝʚʦʡ ʪʦʯʢʠ. ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-ʟʘ ʩʤʝʱʝʥʠʷ ʩʫʜʥʘ ʦʪ ʮʝʣʝʚʦʡ ʪʦʯʢʠ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʩʠʣ ʠ ʩʚʷʟʘʥʦ ʩ ʝʛʦ ʦʛʨʘʥʠʯʝʥʥʦʡ ʤʘʥʝʚʨʝʥʥʦʩʪʴʶ, 

ʠʟ-ʟʘ ʯʝʛʦ ʥʝʚʦʟʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʪʦʯʥʳʡ ʠ ʙʳʩʪʨʳʡ ʚʳʭʦʜ ʩʫʜʥʘ ʚ ʮʝʣʝʚʫʶ 

ʪʦʯʢʫ ʧʦʚʪʦʨʥʦ ʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʚ ʥʝʡ. 

ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩʫʥʢʝ 3ʙ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʦʟʚʦʣʷʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʪʘʙʠʣʠʟʘʮʠʶ ʄɸʅʉ ʥʘ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʣʝʚʦʡ ʪʦʯʢʠ ʩ 

ʦʨʠʝʥʪʘʮʠʝʡ ʥʘ ʮʝʣʝʚʫʶ ʪʦʯʢʫ ʠ ʠʟʙʝʞʘʪʴ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʜʚʠʞʝʥʠʡ ʚʦʢʨʫʛ 

ʮʝʣʝʚʦʡ ʪʦʯʢʠ. ʇʨʠ ʵʪʦʤ ʄɸʅʉ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʩ ʦʨʠʝʥʪʘ-

ʮʠʝʡ ʧʦ ʢʫʨʩʫ ʧʨʦʪʠʚ ʩʫʤʤʘʨʥʦʡ ʚʥʝʰʥʝʡ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʥʝʛʦ ʩʦ 

ʩʪʦʨʦʥʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʪʦ ʝʩʪʴ ʩʫʤʤʘʨʥʘʷ ʚʥʝʰʥʷʷ ʩʠʣʘ ʜʝʡʩʪʚʫʶʪ 

ʚʜʦʣʴ ʧʨʦʜʦʣʴʥʦʡ ʦʩʠ ʄɸʅʉ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʄɸʅʉ ʚ ʞʝ-

ʣʘʝʤʦʡ ʪʦʯʢʝ, ʢʦʤʧʝʥʩʠʨʫʷ ʚʥʝʰʥʠʝ ʚʦʟʤʫʱʝʥʠʷ. ʈʘʩʩʪʦʷʥʠʝ ʜʦ ʮʝʣʝʚʦʡ 

ʪʦʯʢʠ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʠ ʨʘʚʥʦ ʨʘʜʠʫʩʫ ʦʢʨʝʩʪʥʦʩʪʠ (5 ʤʝʪʨʦʚ). 

ʇʨʠ ʵʪʦʤ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʨʠʝʥʪʘʮʠʷ ʄɸʅʉ ʧʦ ʢʫʨʩʫ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʜʝʡʩʪʚʠʷ ʩʫʤʤʘʨʥʦʡ ʚʥʝʰʥʝʡ ʩʠʣʳ, ʧʨʠ ʵʪʦʤ 

ʄɸʅʉ ʙʫʜʝʪ ʧʝʨʝʤʝʱʘʪʴʩʷ ʧʦ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ. 
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ʘ) 

 

  
ʙ) 

 

ʈʠʩ.3. ʈʝʟʫʣʴʪʘʪ ʩʪʘʙʠʣʠʟʘʮʠʠ ʄɸʅʉ  
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʪʚʝʨʜʠʣʠ ʨʘʙʦʪʦʩʧʦʩʦʙ-

ʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʩʪʘʙʠ-

ʣʠʟʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʩʪʘʙʠʣʠʟʘʮʠʶ ʄɸʅʉ ʥʘ ʛʨʘʥʠʮʝ ʦʢʨʝʩʪʥʦʩʪʠ 

ʮʝʣʝʚʦʡ ʪʦʯʢʠ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘ ʮʝʣʝʚʫʶ ʪʦʯʢʫ, ʢʦʤʧʝʥʩʠʨʫʷ ʚʦʟʜʝʡʩʪʚʠʝ 

ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ ʩʦ ʩʪʦʨʦʥʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʛʦʩʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ FWFW-

2021-0003). 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʦʥʩʪʨʫʢʮʠʷ ʠ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʢʦʣʸʩ-

ʥʦ-ʰʘʛʘʶʱʝʛʦ ʜʚʠʞʠʪʝʣʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ ʰʘʨʥʠʨʥʦ-

ʨʳʯʘʞʥʦʡ ʩʭʝʤʝ. ʇʨʝʜʩʪʘʚʣʝʥ ʤʝʭʘʥʠʟʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʨʝʛʫʣʠʨʫʝʤʳʡ ʧʦʜʲʸʤ 

ʧʝʨʝʜʥʝʡ ʯʘʩʪʠ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ ʧʨʠ ʧʨʝʦʜʦʣʝʥʠʠ ʧʨʝʧʷʪʩʪʚʠʡ. ʇʨʠʚʝʜʝʥʦ 

ʦʧʠʩʘʥʠʝ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɼʦʩʪʠʛʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʘʜʘʧʪʠʚʥʦʛʦ ʠʟʤʝ-

ʥʝʥʠʷ ʚʳʩʦʪʳ ʠ ʫʛʣʘ ʧʦʜʲʸʤʘ ʦʧʦʨʥʦʡ ʩʪʦʧʳ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʧʨʦʭʦ-

ʜʠʤʦʩʪʠ ʥʘ ʧʝʨʝʩʝʯʸʥʥʦʡ ʤʝʩʪʥʦʩʪʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʦʣʸʩʥʦʛʦ ʨʝ-

ʞʠʤʘ. 

  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʣʸʩʥʦ-ʰʘʛʘʶʱʠʡ ʜʚʠʞʠʪʝʣʴ, ʰʘʨʥʠʨʥʦ-ʨʳʯʘʞʥʳʡ ʤʝʭʘ-
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 WHEELED  WALKING  PROPULSION  UNIT  FOR    
ANALL-TERRAIN  VEHICLE 

  
Abstract: This article examines the design and operating principle of a wheeled 

walking vehicle propulsion system, which utilizes a articulated-lever design. A mechan-

ism is presented that provides adjustable lift of the vehicle's front end when overcoming 

obstacles. The ability to adaptively change the height and angle of the support foot is 

achieved, which ensures increased cross-country ability on rough terrain while maintain-

ing the efficiency of the wheel mode. 

  

Key words: wheeled walking propulsior, articulated-lever mechanism, overcoming 

obstacles, cross-country ability, kinematics. 
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ʉʦʚʨʝʤʝʥʥʳʝ ʟʘʜʘʯʠ ʨʦʙʦʪʦʪʝʭʥʠʢʠ ʪʨʝʙʫʶʪ ʩʦʟʜʘʥʠʷ ʤʦʙʠʣʴʥʳʭ 

ʧʣʘʪʬʦʨʤ, ʩʧʦʩʦʙʥʳʭ ʵʬʬʝʢʪʠʚʥʦ ʧʝʨʝʤʝʱʘʪʴʩʷ ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʛʦ, ʥʝ-

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʛʜʝ ʪʨʘʜʠʮʠʦʥʥʳʝ ʢʦʣʸʩʥʳʝ ʠ ʛʫʩʝʥʠʯʥʳʝ ʩʠʩ-

ʪʝʤʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʛʨʘʥʠʯʝʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ. ʇʦʚʳʰʝʥʠʝ ʘʚʪʦʥʦʤʥʦʩʪʠ 

ʠ ʤʦʙʠʣʴʥʦʩʪʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ ʚʥʝʜʨʝʥʠʷ ʛʠʙʨʠʜʥʳʭ ʩʧʦʩʦʙʦʚ 

ʧʝʨʝʜʚʠʞʝʥʠʷ, ʩʦʯʝʪʘʶʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʦʣʸʩʥʦʛʦ ʠ ʰʘʛʘʶʱʝʛʦ ʜʚʠʞʠʪʝ-

ʣʷ [1, 2]. 

ʂʦʣʸʩʥʳʝ ʩʠʩʪʝʤʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʠ ʵʥʝʨʛʦʵʬ-

ʬʝʢʪʠʚʥʦʩʪʴʶ ʧʨʠ ʜʚʠʞʝʥʠʠ ʧʦ ʪʚʸʨʜʳʤ ʧʦʚʝʨʭʥʦʩʪʷʤ, ʥʦ ʪʝʨʷʶʪ ʵʬʬʝʢ-

ʪʠʚʥʦʩʪʴ ʧʨʠ ʧʨʝʦʜʦʣʝʥʠʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʨʝʧʷʪʩʪʚʠʡ ʠ ʤʷʛʢʠʭ ʛʨʫʥʪʦʚ[3, 4]. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʰʘʛʘʶʱʠʝ ʢʦʥʩʪʨʫʢʮʠʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʝʚʦʩʭʦʜʥʫʶ ʧʨʦʭʦ-

ʜʠʤʦʩʪʴ, ʦʜʥʘʢʦ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʠ ʩʣʦʞʥʦʡ ʩʠʩʪʝʤʦʡ ʫʧʨʘʚʣʝ-

ʥʠʷ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʘʜʘʧʪʠʚʥʳʭ ʧʨʠʚʦʜʦʚ ʠ ʰʘʨʥʠʨʥʦ-ʨʳʯʘʞʥʳʭ ʩʭʝʤ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʚʳʰʝʥʠʝ ʧʨʦʭʦʜʠʤʦʩʪʠ, ʥʦ ʠ ʩʥʠʞʝʥʠʝ ʜʠʥʘʤʠʯʝ-

ʩʢʠʭ ʥʘʛʨʫʟʦʢ ʥʘ ʢʦʥʩʪʨʫʢʮʠʶ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʭ 

ʢʦʤʧʣʝʢʩʦʚ, ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʥʝʧʨʝʜʩʢʘʟʫʝʤʳʭ ʫʩʣʦʚʠʷʭ. 

ʆʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʠʢʠ 

ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʛʠʙʨʠʜʥʳʭ ʢʦʣʸʩʥʦ-ʰʘʛʘʶʱʠʭ ʜʚʠʞʠʪʝʣʝʡ, ʩʦʯʝʪʘʶʱʠʭ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʦʣʸʩʥʳʭ ʠ ʰʘʛʘʶʱʠʭ ʩʠʩʪʝʤ. ʊʘʢʠʝ ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʟʚʦʣʷʶʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʣʸʩʥʳʡ ʨʝʞʠʤ ʥʘ ʨʦʚʥʦʡ ʜʦʨʦʛʝ ʠ ʘʢʪʠʚʠʨʦʚʘʪʴ ʰʘʛʘʶʱʠʡ 

ʤʝʭʘʥʠʟʤ ʪʦʣʴʢʦ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʝʦʜʦʣʝʥʠʷ ʧʨʝʧʷʪʩʪʚʠʡ. 

ʂʦʣʸʩʥʳʝ ʨʦʙʦʪʳ ʦʙʣʘʜʘʶʪ ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʚʳʩʦʢʦʤʘʥʸʚʨʝʥʥʦʛʦ ʠ 

ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʧʝʨʝʜʚʠʞʝʥʠʷ[5]. ɸʚʪʦʨʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʛʠʙʨʠʜʥʫʶ ʧʣʘʪ-

ʬʦʨʤʫ ʩ ʢʦʣʸʩʥʦ-ʰʘʛʘʶʱʠʤ ʪʠʧʦʤ ʧʝʨʝʜʚʠʞʝʥʠʷ ï ʯʝʪʚʝʨʦʥʦʛʠʡ ʨʦʙʦʪ ʩ ʥʝ-

ʫʧʨʘʚʣʷʝʤʳʤʠ ʢʦʣʸʩʘʤʠ, ʧʨʠʢʨʝʧʣʸʥʥʳʤʠ ʢ ʥʦʛʘʤ (ʨʠʩ. 1.).  ʈʦʙʦʪ ʚʳʧʦʣʥʷ-

ʝʪ ʛʠʙʨʠʜʥʦʝ ʧʝʨʝʜʚʠʞʝʥʠʝ ʩ ʙʦʣʴʰʠʤ ʨʘʟʥʦʦʙʨʘʟʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ 

ʧʦʭʦʜʢʠ ʧʦ ʧʝʨʝʩʝʯʸʥʥʦʡ ʤʝʩʪʥʦʩʪʠ.  
 

 
ʈʠʩ. 1. ʏʝʪʚʝʨʦʥʦʛʠʡ ʨʦʙʦʪ ʩ ʥʝʫʧʨʘʚʣʷʝʤʳʤʠ ʢʦʣʸʩʘʤʠ 

 

ʀʟʦʙʨʝʪʝʥʠʝ [6] çʂʦʣʸʩʥʦ- ʘhʛʘʶʱʠʡ ʜʚʠʞʠʪʝʣʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜ-

ʩʪʚʘè ʩʦʯʝʪʘʝʪ ʚ ʩʝʙʝ ʢʦʣʸʩʥʳʡ ʠ ʰʘʛʘʶʱʠʡ ʨʝʞʠʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʘʢʪʠʯʝ-

ʩʢʦʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʚ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚʘʭ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʭʦʜʠʤʦʩʪʠ 

(ʨʠʩ. 2). ɼʘʥʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦ-

ʛʦ ʧʝʨʝʜʚʠʞʝʥʠʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʩʪʘʚʥʳʭ 
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ʢʦʣʝʩʥʳʭ ʦʙʦʜʦʚ ʠ ʤʥʦʛʦʟʚʝʥʥʳʭ ʧʨʠʚʦʜʥʳʭ ʩʠʩʪʝʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʝʨʝ-

ʭʦʜ ʠʟ ʢʦʣʝʩʥʦʛʦ ʨʝʞʠʤʘ ʚ ʰʘʛʘʶʱʠʡ. ʆʜʥʘʢʦ ʢʦʥʩʪʨʫʢʮʠʷ ʦʪʣʠʯʘʝʪʩʷ ʚʳ-

ʩʦʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʣʦʞʥʦʩʪʴʶ, ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʧʦʜʚʠʞʥʳʭ ʩʦʯʣʝʥʝʥʠʡ ʠ 

ʧʨʠʚʦʜʦʚ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʤʘʩʩʫ, ʵʥʝʨʛʦʸʤʢʦʩʪʴ ʠ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʦʯʥʦʩʪʠ 

ʩʠʥʭʨʦʥʠʟʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʤʝʥʝʥʠʝ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʠ ʤʥʦʛʦʤʦʪʦʨʥʳʭ 

ʩʠʩʪʝʤ ʫʩʣʦʞʥʷʝʪ ʦʙʩʣʫʞʠʚʘʥʠʝ ʠ ʩʥʠʞʘʝʪ ʥʘʜʸʞʥʦʩʪʴ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚ 

ʧʦʣʝʚʳʭ ʫʩʣʦʚʠʷʭ. 
 

 
ʈʠʩ. 2. ʂʦʣʸʩʥʦ-ʰʘʛʘʶʱʠʡ ʜʚʠʞʠʪʝʣʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ 

 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʠ ʘʥʘʣʠʟʫ ʢʦʣʸʩʥʦ-ʰʘʛʘʶʱʝʛʦ 

ʜʚʠʞʠʪʝʣʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ (ʨʠʩ. 3), ʚʳʧʦʣʥʝʥʥʦʛʦ ʚ ʚʠʜʝ ʰʘʨʥʠʨʥʦ-

ʨʳʯʘʞʥʦʡ ʩʠʩʪʝʤʳ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʣʠʥʝʡʥʳʤ ʧʨʠʚʦʜʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ 

ʨʝʛʫʣʠʨʫʝʤʫʶ ʚʳʩʦʪʫ ʧʦʜʲʸʤʘ ʧʝʨʝʜʥʝʡ ʯʘʩʪʠ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ. 
 

 
ʈʠʩ.3. ʂʦʣʝʩʥʦ-ʰʘʛʘʶʱʠʡ ʜʚʠʞʠʪʝʣʴ 

1 ï ʢʨʠʚʦʰʠʧ; 2 ï ʪʨʝʫʛʦʣʴʥʦʝ ʟʚʝʥʦ; 3 ï ʧʦʚʦʨʦʪʥʳʡ ʨʳʯʘʛ; 4 ï ʩʪʦʧʘ ʩ ʛʨʫʥʪʦʟʘʮʝʧʦʤ;  
5 ï ʨʝʜʫʢʪʦʨ; 6 ï ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʣʠʥʝʡʥʳʡ ʧʨʠʚʦʜ; 7 ï ʧʦʣʥʦʧʨʠʚʦʜʥʳʝ ʢʦʣʸʩʘ;  

8 ï ʛʨʫʥʪ ʩ ʥʠʢʦʡ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ; Cï ʮʝʥʪʨ ʤʘʩʩ 

 
ʇʨʝʜʣʘʛʘʝʤʳʡ ʜʚʠʞʠʪʝʣʴ ʩʦʜʝʨʞʠʪ ʢʦʣʸʩʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʝ ʩʨʝʜʩʪʚʦ, ʥʘ 

ʨʘʤʝ ʢʦʪʦʨʦʛʦ ʫʩʪʘʥʦʚʣʝʥ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʰʘʛʘʶʱʠʡ ʤʝʭʘʥʠʟʤ. ʂʦʥʩʪʨʫʢ-
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ʮʠʷ ʚʢʣʶʯʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʸʥʥʳʝ ʢʨʠʚʦʰʠʧ 1, ʪʨʝʫʛʦʣʴʥʦʝ ʟʚʝʥʦ2 

ʠ ʧʦʚʦʨʦʪʥʳʡ ʨʳʯʘʛ 3, ʦʙʨʘʟʫʶʱʠʝ ʰʘʨʥʠʨʥʦ-ʨʳʯʘʞʥʫʶ ʩʠʩʪʝʤʫ. ʆʜʠʥ ʢʦ-

ʥʝʮ ʪʨʝʫʛʦʣʴʥʦʛʦ ʟʚʝʥʘ ʩʦʝʜʠʥʸʥ ʩ ʦʧʦʨʥʦʡ ʩʪʦʧʦʡʩ ʛʨʫʥʪʦʟʘʮʝʧʦʤ 4, ʫʩʪʘ-

ʥʦʚʣʝʥʥʦʡ ʥʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʰʘʨʥʠʨʝ; ʚʪʦʨʦʡ ï ʩ ʢʨʠʚʦʰʠʧʦʤ, ʢʦʪʦʨʳʡ 

ʩʦʝʜʠʥʸʥ ʩ ʢʦʨʧʫʩʦʤ ʧʦʥʠʞʘʶʱʝʛʦ ʨʝʜʫʢʪʦʨʘ 5; ʪʨʝʪʠʡ ï ʩ ʧʦʚʦʨʦʪʥʳʤ ʨʳ-

ʯʘʛʦʤ, ʩʦʝʜʠʥʸʥʥʳʤ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʣʠʥʝʡʥʳʤ ʧʨʠʚʦʜʦʤ 6. 

ʈʝʜʫʢʪʦʨ ʧʦʣʫʯʘʝʪ ʚʨʘʱʝʥʠʝ ʦʪ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʠ ʧʝʨʝʜʘʝʪ ʜʚʠʞʝʥʠʝ 

ʥʘ ʢʨʠʚʦʰʠʧ. ʃʠʥʝʡʥʳʡ ʧʨʠʚʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʨʳ-

ʯʘʛʘ ʠ ʪʝʤ ʩʘʤʳʤ ʨʝʛʫʣʠʨʫʝʪ ʚʳʩʦʪʫ ʧʦʜʲʸʤʘ ʰʘʛʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ. ʋʧʨʘʚ-

ʣʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʜʠʩʪʘʥʮʠʦʥʥʦ ʠʟ ʢʘʙʠʥʳ ʚʦʜʠʪʝʣʷ. 

ɺ ʢʦʣʸʩʥʦʤ ʨʝʞʠʤʝ ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʨʘʙʦʯʝʤ ʧʦʣʦʞʝʥʠʠ: ʩʪʦʧʘ ʩ 

ʛʨʫʥʪʦʟʘʮʝʧʦʤ ʧʨʠʞʘʪʘ ʢ ʜʥʠʱʫ, ʢʨʠʚʦʰʠʧ ʠ ʨʳʯʘʛ ʟʘʬʠʢʩʠʨʦʚʘʥʳ. ʇʨʠ ʘʢ-

ʪʠʚʘʮʠʠ ʰʘʛʘʶʱʝʛʦ ʨʝʞʠʤʘ ʵʣʝʢʪʨʦʧʨʠʚʦʜ ʠʟʤʝʥʷʝʪ ʫʛʦʣ ʨʳʯʘʛʘ, ʢʨʠʚʦʰʠʧ 

ʥʘʯʠʥʘʝʪ ʚʨʘʱʝʥʠʝ, ʘ ʦʧʦʨʥʘʷ ʩʪʦʧʘ ʦʧʠʩʳʚʘʝʪ ʩʣʦʞʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ 

ʪʨʘʝʢʪʦʨʠʶ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʜʲʸʤ ʠ ʪʝʤ ʩʘʤʳʤ ʧʝʨʝʜʚʠʞʝʥʠʝ ʤʘʰʠʥʳ ʥʘ 

ʛʨʫʥʪʝ ʩ ʥʠʟʢʦʡ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ. ʇʦʩʣʝ ʧʨʝʦʜʦʣʝʥʠʷ çʧʨʦʙʣʝʤʥʦʛʦ 

ʫʯʘʩʪʢʘè ʤʝʭʘʥʠʟʤ ʚʦʟʚʨʘʱʘʝʪʩʷ ʚ ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ. ɺʝʩʴ ʧʨʦʮʝʩʩ ʧʨʝ-

ʦʜʦʣʝʥʠʷ ʫʯʘʩʪʢʘ ʩ ʛʨʫʥʪʦʤ ʩ ʥʠʟʢʦʡ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʤʦʞʥʦ ʧʦʵʪʘʧʥʦ 

ʥʘʙʣʶʜʘʪʴ ʥʘ ʨʠʩʫʥʢʝ 4. 
 

 
 ͊

 
 ͋

 
 ͍

 
 ͎

ʈʠʩ.4. ʆʜʠʥ ʧʦʣʥʳʡ ʮʠʢʣ ʤʝʭʘʥʠʟʤʘ 
ɤ1 ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʢʨʠʚʦʰʠʧʘ; ɤ2 ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʪʨʝʫʛʦʣʴʥʦʛʦ ʟʚʝʥʘ; ɤ3 ï 
ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʧʦʚʦʨʦʪʥʦʛʦ ʨʳʯʘʛʘ; ɤʢ ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʢʦʣʝʩʘ;  

V ï ʣʠʥʝʡʥʘʷ ʩʢʦʨʦʩʪʴ ʘʚʪʦʤʦʙʠʣʷ; Vʩʪ ï ʣʠʥʝʡʥʘʷ ʩʢʦʨʦʩʪʴ ʩʪʦʧʳ 

 
( )bjj -Ö+Ö= 21 coscos ACOAxc  (1) 

( )bjj -Ö+Ö= 21 sinsin ACOAyc  (2) 

 

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʚʳʨʘʞʝʥʠʡ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʪʨʘʝʢʪʦʨʠʷ ʦʧʦʨʥʦʡ ʩʪʦ-

ʧʳ, ʯʪʦʙʳ ʧʦʢʘʟʘʪʴ ʜʚʠʞʝʥʠʝ ʦʧʦʨʥʦʡ ʪʦʯʢʠ ʩʪʦʧʳ. 
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ʅʘ ʨʠʩ. 5 ʠʟʦʙʨʘʞʝʥʘ ʪʨʘʝʢʪʦʨʠʷ ʜʚʠʞʝʥʠʷ ʩʪʦʧʳ. ʊʨʘʝʢʪʦʨʠʷ ʧʦʢʘʟʳ-

ʚʘʝʪ ʜʣʠʥʫ ʰʘʛʘ ʠ ʚʳʩʦʪʫ ʧʦʜʲʸʤʘ ʩʪʦʧʳ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʝʥ ʦʙʝʩʧʝʯʠʪʴ ʜʘʥ-

ʥʳʡ ʤʝʭʘʥʠʟʤ. ɿʘʢʨʘʰʝʥʥʳʤʠ ʪʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʘ ʦʧʦʨʥʘʷ ʬʘʟʘ. ʅʘ ʨʠʩ. 6 

ʠʟʦʙʨʘʞʝʥʳ ʚʝʨʪʠʢʘʣʴʥʘʷ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ (ʨʠʩ. 7) ʩʦʩʪʘʚʣʷʶʱʠʝ ʪʨʘʝʢʪʦ-

ʨʠʠ ʜʚʠʞʝʥʠʷ ʦʧʦʨʥʦʡ ʩʪʦʧʳ. 

ʈʘʩʩʤʦʪʨʝʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʢʦʣʸʩʥʦ-ʰʘʛʘʶʱʝʛʦ ʜʚʠʞʠʪʝʣʷ ʪʨʘʥʩ-

ʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʰʘʨʥʠʨʥʦ-ʨʳʯʘʞʥʦʛʦ ʤʝʭʘʥʠʟ-

ʤʘ ʩ ʪʨʝʫʛʦʣʴʥʳʤ ʟʚʝʥʦʤ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʣʠʥʝʡʥʳʤ ʧʨʠʚʦʜʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʵʬʬʝʢʪʠʚʥʦʝ ʩʦʯʝʪʘʥʠʝ ʧʨʦʩʪʦʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʘʜʘʧʪʠʚ-

ʥʦʩʪʠ.  

 

 
ʈʠʩ. 5. ʊʨʘʝʢʪʦʨʠʷ ʜʚʠʞʝʥʠʷ ʦʧʦʨʥʦʡ ʩʪʦʧʳ 

 

 
ʈʠʩ. 6. ɺʝʨʪʠʢʘʣʴʥʘʷ ʠ ʩʦʩʪʘʚʣʷʶʱʧ ̫ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʦʧʦʨʥʦʡ ʩʪʦʧʳ 
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ʈʠʩ. 7. ɻʦʨʠʟʦʥʪʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘ ̫ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʦʧʦʨʥʦʡ ʩʪʦʧʳ 

 
ɺ ʭʦʜʝ ʨʘʩʩʤʦʪʨʝʥʠʷ ʩʭʝʤʳ ʜʚʠʞʝʥʠʷ (ʨʠʩ. 4) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʰʘ-

ʛʘʶʱʠʡ ʤʝʭʘʥʠʟʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʚʳʧʦʣʥʝʥʠʝ ʬʘʟ ʧʦʜʲʸʤʘ, 

ʧʝʨʝʥʦʩʘ ʠ ʦʧʦʨʳ ʩʪʦʧʳ. ʕʪʦ ʛʘʨʘʥʪʠʨʫʝʪ ʧʣʘʚʥʦʩʪʴ ʜʚʠʞʝʥʠʷ ʠ ʫʩʪʦʡʯʠ-

ʚʦʩʪʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ ʧʨʠ ʧʝʨʝʭʦʜʝ ʩ ʨʦʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʫʯʘʩʪʦʢ 

ʩ ʛʨʫʥʪʦʤ ʩ ʥʠʟʢʦʡ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʦʩ-

ʥʦʚʥʦʡ ʢʦʣʝʩʥʦʡ ʙʘʟʳ. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʜʚʫʭʨʝ-

ʞʠʤʥʦʡ ʨʘʙʦʪʳ: 

1. ʚ ʢʦʣʸʩʥʦʤ ʨʝʞʠʤʝ ʜʚʠʞʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʸʪ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʢʦʣʸʩ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝʤ, 

2. ʚ hʘʛʘʶʱʝʤ ʨʝʞʠʤʝ ʘʢʪʠʚʠʨʫʝʪʩʷ ʣʠʥʝʡʥʳʡ ʧʨʠʚʦʜ, ʠʟʤʝʥʷʶʱʠʡ 

ʧʦʣʦʞʝʥʠʝ ʨʳʯʘʛʘ ʠ ʪʨʘʝʢʪʦʨʠʶ ʦʧʦʨʥʦʡ ʩʪʦʧʳ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʧʨʝʧʷʪʩʪ-

ʚʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʣʸʩʥʦ-ʰʘʛʘʶʱʠʡ ʜʚʠʞʠʪʝʣʴ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚ-

ʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʦʙʠʣʴʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʠ ʨʦʙʦ-

ʪʦʪʝʭʥʠʯʝʩʢʠʭ ʧʣʘʪʬʦʨʤ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʧʝ-

ʨʝʩʝʯʸʥʥʦʡ ʤʝʩʪʥʦʩʪʠ. 
 

ʊʨʡʪʧʣʤʡʫʞʩʙʫʬʩʴ 
 

1. Silva B. et al. Hybrid Wheel-Leg Locomotion in Rough Terrain. Experimental 

Robotics. ISER 2020. Springer Proceedings in Advanced Robotics, 2021. vol 19. Sprin-

ger, Cham. pp. 95ï104. https://doi.org/10.1007/978-3-030-71151-1_9. 

2. Tadakuma K., et al. Mechanical design of the wheel-leg hybrid mobile robot to 

realize a large wheel diameter. In: IEEE/RSJ International Conference on Intelligent Ro-

bots and Systems, Taipei, 2010.  pp. 3358ï3365. 

3. ʆʭʦʮʠʤʩʢʠʡ ɼ. ɽ., ɻʦʣʫʙʝʚ ʖ.ʌ. ʄʝʭʘʥʠʢʘ ʠ ʫʧʨʘʚʣʝʥʠʝ ʜʚʠʞʝʥʠʝʤ ʘʚ-

ʪʦʤʘʪʠʯʝʩʢʦʛʦ ʰʘʛʘʶʱʝʛʦ ʘʧʧʘʨʘʪʘ. ï ʄ.: ʅʘʫʢʘ, 1984. ï 312 ʩ. 

4. ʃʘʧʰʠʥ ɺ.ɺ. ʄʝʭʘʥʠʢʘ ʠ ʫʧʨʘʚʣʝʥʠʝ ʜʚʠʞʝʥʠʝʤ ʰʘʛʘʶʱʠʭ ʤʘʰʠʥ. ï ʄ.: 

ʀʟʜ-ʚʦ ʄɻʊʋ ʠʤ. ʅ. ʕ. ɹʘʫʤʘʥʘ, 2012. ï 199 ʩ. 

https://doi.org/10.1007/978-3-030-71151-1_9


41 

5. ɸʨʳʢʘʥʮʝʚ ɺ.ɺ., ʏʝʨʥʳʰʝʚ ɺ.ɺ. ʇʦʜʚʦʜʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʷʛʦʚʦ-ʩʮʝʧʥʳʭ 

ʩʚʦʡʩʪʚ ʠ ʧʨʦʭʦʜʠʤʦʩʪʠ ʰʘʛʘʶʱʝʛʦ ʘʧʧʘʨʘʪʘ ʄɸʂ-1 // ʀʟʚʝʩʪʠʷ ʖʌʋ. ʊʝʭʥʠʯʝ-

ʩʢʠʝ ʥʘʫʢʠ. 2015. ˉ 10. C. 169ï1783. 

6. ʇʘʪʝʥʪ ˉ 2824228 C1 ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ, ʄʇʂ B62D 57/032, B62D 

57/028. ʂʦʣʝʩʥʦ-ʰʘʛʘʶʱʠʡ ʜʚʠʞʠʪʝʣʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜʩʪʚʘ: ʟʘʷʚʣ. 

05.02.2024:ʦʧʫʙʣ. 06.08.2024 / ɺ. ɺ. ʅʦʚʠʢʦʚ, ʈ. ʉ. ʂʘʣʠʝʚ, ɸ. ɽ. ɻʘʚʨʠʣʦʚ, ʉ. ʉ. 

ʉʘʧʨʳʢʠʥ; ʟʘʷʚʠʪʝʣʴ ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ 

ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ "ɺʦʣʛʦʛʨʘʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ 

ʫʥʠʚʝʨʩʠʪʝʪ". ï EDN NXWNYE. 

7. ʏʝʨʥʳʰʝʚ ɺ.ɺ., ɸʨʳʢʘʥʮʝʚ. ɺ.ɺ.  ʎʠʢʣʦʚʦʡ ʤʝʭʘʥʠʟʤ ʰʘʛʘʥʠʷ ʩ ʪʨʘʥʩ-

ʬʦʨʤʠʨʫʝʤʦʡ ʪʨʘʝʢʪʦʨʠʝʡ ʦʧʦʨʥʦʡ ʪʦʯʢʠ  // ʊʝʦʨʠʷ ʤʝʭʘʥʠʟʤʦʚ ʠ ʤʘʰʠʥ. ï 2017. ï 

ʊ. 15, ˉ 2(34). ï ʉ. 71-79. ï DOI 10.5862/TMM.34.4. 

8. ʏʝʨʥʳʰʝʚ ɺ.ɺ. ʇʦʚʦʨʦʪ ʰʘʛʘʶʱʠʭ ʤʘʰʠʥ ʩ ʜʚʠʞʠʪʝʣʷʤʠ ʥʘ ʙʘʟʝ ʮʠʢʣʦ-

ʚʳʭ ʤʝʭʘʥʠʟʤʦʚ // ʊʝʦʨʠʷ ʤʝʭʘʥʠʟʤʦʚ ʠ ʤʘʰʠʥ. ï 2007. ï ʊ. 5, ˉ 2(10). ï ʉ. 72-84. 

ï EDN KZHJIP. 

 
 



42 

 

 

 

 

 

ʉʝʢʮʠʷ 2 

 

ȜȚȐȡȓȋȖȧȘȋȪ  

țșȌșȝșȝȐȠȘȓȕȋ 

 



43 

ʌɽʃ 004.853 
É ɻ.ɻ. ɻʙʩʜʙ, ʩʪʫʜʝʥʪ, varga-04@mail.ru 
ʉʇʙʇʋ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ  

ɹ.ɾ. ɹʩʮʡʨʧʛ, ʤ.ʥ.ʩ., a.arkhipov@rtc.ru 
ʎʅʀʀ ʈʊʂ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

 

ʉɹʀʉɹɺʇʋʃɹ  ɹʄɼʇʉʁʋʅɹ  ʋʉɾʎʅɾʉʆʇʂ  ʉɾʃʇʆʊʋʉʌʃʏʁʁ  ʆɹ  
ʇʊʆʇɻɾ  ʄɹʀɾʉʆʇʂ  ʊʋʉʌʃʋʌʉʁʉʇɻɹʆʆʇʂ  ʈʇɽʊɻɾʋʃʁ  

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʪʨʝʭʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦʜʩʪʠ-

ʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʫʥʦʭʦʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ. 

ɼʣʷ ʵʪʦʛʦ ʨʘʟʨʘʙʦʪʘʥʘ ʩʨʝʜʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʘʷ ʠʤʠʪʠʨʦʚʘʪʴ ʜʚʠʞʝʥʠʝ 

ʣʫʥʦʭʦʜʘ ʚ ʫʩʣʦʚʠʷʭ ʧʨʠʙʣʠʞʝʥʥʳʤ ʢ ʃʫʥʥʳʤ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʤʝʪʦʜʦʚ ʩʠʩʪʝʤ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ ʜʣʷ ʪʨʝʭʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦʜʩʪʠʣʘʶʱʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʈʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʪʨʝʭʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʥʘ ʦʩʥʦʚʝ ʣʘʟʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʩʚʝʪʢʠ. ɺ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʦ ʪʝʩʪʠʨʦʚʘʥʠʝ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ.  

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʃʫʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ, ʩʨʝʜʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʣʘʟʝʨʥʘʷ ʩʪʨʫʢ-

ʪʫʨʠʨʦʚʘʥʥʘʷ ʧʦʜʩʚʝʪʢʘ, ʩʪʝʨʝʦʟʨʝʥʠʝ, ʩʠʩʪʝʤʘ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ, ʧʦʜʩʪʠʣʘʶ-

ʱʘʷ ʧʦʚʝʨʭʥʦʩʪʴ.  
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DEVELOPMENT  OF  A  3D  RECONSTRUCTION  ALGORITM  BASED  
ON  LASER  STRUCTURED  ILLUMINATION  

 

Abstract: The article discusses the task of three-dimensional reconstruction of the 

underlying surface of a lunar rover using a technical vision system. To achieve this, a si-

mulation environment has been developed that allows for the imitation of the rover's 

movement in conditions similar to those on the Moon. An analysis of existing methods of 

technical vision systems for three-dimensional reconstruction of the underlying surface 

has been conducted. An algorithm for three-dimensional reconstruction based on laser 

structured illumination has been developed. The developed algorithm has been tested in 

the simulation environment. 

 

Key words: Lunar surface, modeling environment, laser structured illumination, 

stereo vision, technical vision system, digital terrain model. 
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ɺ ʩʚʷʟʠ ʩ ʙʦʣʴʰʠʤʠ ʟʘʜʝʨʞʢʘʤʠ ʚ ʢʘʥʘʣʝ ʩʚʷʟʠ ʧʨʠ ʧʝʨʝʜʘʯʝ ʠʥʬʦʨʤʘ-

ʮʠʠ ʤʝʞʜʫ ʣʫʥʦʭʦʜʦʤ ʠ ʦʧʝʨʘʪʦʨʦʤ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʝʛʦ ʘʚʪʦʥʦʤʥʦʝ 

ʜʚʠʞʝʥʠʝ. ɼʣʷ ʧʣʘʥʠʨʦʚʘʥʠʷ ʙʝʟʦʧʘʩʥʦʛʦ ʤʘʨʰʨʫʪʘ ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʫʯʠʪʴ 

ʪʨʝʭʤʝʨʥʫʶ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʝʛʦʜʥʷ ʩʫʱʝʩʪʚʫ-

ʝʪ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʥʝʜʦʨʦʛʠʭ ʤʝʪʦʜʦʚ ʥʘʟʝʤʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʆʜʥʘʢʦ 

ʩ ʫʯʝʪʦʤ ʩʧʝʮʠʬʠʢʠ ʣʫʥʥʳʭ ʫʩʣʦʚʠʡ ʧʨʝʜʲʷʚʣʷʝʪʩʷ ʤʘʩʩʘ ʪʨʝʙʦʚʘʥʠʡ ʢ 

ʩʨʝʜʩʪʚʘʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʚʢʣʶʯʘʷ ʨʝʜʘʢʮʠʦʥ-

ʥʫʶ ʩʪʦʡʢʦʩʪʴ, ʚʠʙʨʦʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʪ.ʧ. ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʩʫʱʝʩʪʚʫʶʱʠʝ 

ʤʝʪʦʜʳ ʪʨʝʭʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʌʣʵʰ-ʣʠʜʘʨ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʜʠʩʪʘʥʮʠ-

ʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪ ʣʘʟʝʨʥʳʝ ʠʤʧʫʣʴʩʳ ʜʣʷ ʩʦʟʜʘʥʠʷ 

3D-ʢʘʨʪ ʤʝʩʪʥʦʩʪʠ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʣʠ-

ʜʘʨʥʳʭ ʩʠʩʪʝʤ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʤʝʭʘʥʠʟʤʳ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʬʣʵʰ-ʣʠʜʘʨ ʟʘʭʚʘ-

ʪʳʚʘʝʪ ʚʩʶ ʩʮʝʥʫ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦʡ ʣʘʟʝʨʥʦʡ ʚʩʧʳʰʢʠ, ʧʨʝ-

ʜʦʩʪʘʚʣʷʷ ʧʦʣʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʩ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʚ 

ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʠ ʧʨʠ ʵʪʦʤ ʥʝ ʠʤʝʝʪ ʧʦʜʚʠʞʥʳʭ ʯʘʩʪʝʡ. ʆʜʥʘʢʦ, 

ʩʝʨʴʝʟʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʨʝʘʣʠ-

ʟʘʮʠʠ ʠ ʤʘʣʳʡ ʦʧʳʪ ʨʘʙʦʪʳ ʩ ʪʘʢʠʤʠ ʩʠʩʪʝʤʘʤʠ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ. 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʪʝʨʝʦʟʨʝʥʠʝ ʷʚʣʷʣʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʦʨʘʙʦʪʘʥ-

ʥʳʭ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʝʭʥʦʣʦʛʠʡ ʪʨʝʭʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ʆʥʘ ʥʝ 

ʪʨʝʙʫʝʪ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʦ ʠ ʜʦʨʦʛʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʜʣʷ ʢʦʩʤʠʯʝʩʢʠʭ ʟʘʜʘʯ. ɸʣʛʦʨʠʪʤ ʦʩʥʦʚʘʥ ʥʘ 

ʠʟʚʣʝʯʝʥʠʠ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʢʘʨʪ ʜʠʩʧʘʨʘʪʥʦʩʪʠ (ʛʣʫʙʠʥʳ) ʠʟ ʜʚʫʭ ʢʘʜʨʦʚ, 

ʩʜʝʣʘʥʥʳʭ ʜʚʫʤʷ ʢʘʤʝʨʘʤʠ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʠʟʚʝʩʪʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
ʈʠʩ. 1. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʩʪʝʨʝʦʟʨʝʥʠʷ 

 

ɺʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʧʨʦʨʘʙʦʪʘʥʥʦʩʪʠ ʩʪʝʨʝʦʩʢʦʧʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʪʘʢʞʝ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʝʸ ʘʢʪʠʚʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʧʨʦʝʢʪʘʭ NASA [1]. ʆʜʥʘʢʦ 

ʦʩʥʦʚʥʦʡ ʥʝʜʦʩʪʘʪʦʢ ʩʚʷʟʘʥ ʩ ʚʳʩʦʢʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʥʘʛʨʫʟʢʦʡ, ʚʳʩʦʢʦʡ 

ʧʦʛʨʝʰʥʦʩʪʴʶ ʠʟʤʝʨʝʥʠʡ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʩʚʝʪʦʪʝʥʝʚʦʡ ʦʙʩʪʘʥʦʚʢʝ. 
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ɽʩʪʴ ʨʘʙʦʪʳ NASA ʧʦʩʚʷʱʸʥʥʳʝ ʦʧʪʠʤʠʟʘʮʠʠ ʩʪʝʨʝʦʩʢʦʧʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ [1], ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʨʘʙʦ-

ʪʦʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʦʜʘ ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʩʦʣʥʝʯʥʦʤ ʟʘʩʚʝʪʝ, ʥʦ ʢʘʢ ʙʳʣʦ ʫʧʦ-

ʤʷʥʫʪʦ ʨʘʥʝʝ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʙʦʨʪʦʚʳʝ ʚʳʯʠʩʣʠʪʝʣʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝ-

ʥʠʷ ʢʨʘʡʥʝ ʦʛʨʘʥʠʯʝʥʳ. 

ʄʝʪʦʜ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʣʘʟʝʨʥʦʡ ʧʦʜʩʚʝʪʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʢ-

ʪʠʚʥʳʡ ʧʦʜʭʦʜ ʢ ʪʨʸʭʤʝʨʥʦʤʫ ʩʢʘʥʠʨʦʚʘʥʠʶ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʦʝʮʠʨʦʚʘʥʠʠ 

ʣʘʟʝʨʥʳʭ ʧʘʪʪʝʨʥʦʚ ʥʘ ʠʩʩʣʝʜʫʝʤʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʘʩʩʠʚʥʳʭ 

ʤʝʪʦʜʦʚ, ʩʠʩʪʝʤʘ ʠʩʧʦʣʴʟʫʝʪ ʟʘʨʘʥʝʝ ʠʟʚʝʩʪʥʳʡ ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ ï ʣʘʟʝʨʥʳʡ 

ʠʟʣʫʯʘʪʝʣʴ ʩʧʦʩʦʙʥʳʡ ʧʨʦʝʮʠʨʦʚʘʪʴ ʣʠʥʠʠ ʠʣʠ ʩʝʪʢʫ, ʢʦʪʦʨʳʝ ʜʝʬʦʨʤʠʨʫ-

ʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʝʡ ʦʙʲʝʢʪʘ. ʂʘʤʝʨʘ ʬʠʢʩʠʨʫʝʪ ʠʩʢʘʞʝʥʠʷ 

ʧʘʪʪʝʨʥʘ, ʧʦʟʚʦʣʷʷ ʯʝʨʝʟ ʪʨʠʘʥʛʫʣʷʮʠʶ ʚʦʩʩʪʘʥʦʚʠʪʴ ʪʨʸʭʤʝʨʥʫʶ ʠʥʬʦʨʤʘ-

ʮʠʶ ʦ ʨʝʣʴʝʬʝ [2].  

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʚʝʜʝʥʘ ʩʭʝʤʘ ʜʣʷ ʨʘʩʯʝʪʘ ʦʜʥʦʡ ʪʦʯʢʠ P. ʆʩʥʦʚʦʡ ʨʘʟ-

ʨʘʙʦʪʘʥʥʦʡ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʣʘʟʝʨʥʦʡ ʧʦʜʩʚʝʪʢʠ ʷʚʣʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴ-

ʥʘʷ ʢʘʣʠʙʨʦʚʢʘ, ʠʟ ʢʦʪʦʨʦʡ ʪʦʯʥʦ ʚʳʯʠʩʣʷʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʣʘʟʝʨʦʤ ʠ 

ʢʘʤʝʨʦʡ (ʙʘʟʘ OL) ʠ ʫʛʦʣ ʧʨʦʝʮʠʨʦʚʘʥʠʷ ʣʠʥʠʠ ‎.  
 

 
ʈʠʩ. 2. ʉʭʝʤʘ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ  

 
ʣˑʷ ʧʦʣʫʯʝʥʠʷ ʨʝʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ ʪʦʯʝʢ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʫʛʣʳ ɻ ʠ ɓ ʩ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʟʘʪʝʤ ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʬʦʨʤʫʣʝ (1) ʥʘʭʦʜʠʤ OG ʚ ʪʨʝʫʛʦʣʴʥʠʢʝ 

GOL. 
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OG=OL Ā cos(‎).     (1) 

 

ʋʛʦʣ POG ʚ ʪʨʝʫʛʦʣʴʥʠʢʝ POG ʥʘʡʜʝʤ ʧʦ ʬʦʨʤʫʣʝ (2). 

 

POG=  ɻ +90Ż-(90Ż- ‎)= ɻ + ‎ ,   (2) 

 

ʛʜʝ, Ŭ ï ʫʛʦʣ ʧʦʣʫʯʘʝʤʳʡ ʠʟ ʨʘʩʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ ʧʦ ʦʩʠ y ʠ ʬʦʢʫʩʥʦʛʦ ʨʘʩ-

ʩʪʦʷʥʠʷ ʢʘʤʝʨʳ. 

ɿʘʪʝʤ ʧʦ ʬʦʨʤʫʣʝ (3) ʩʤʦʞʝʤ ʥʘʡʪʠ OP ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʦʙʲʝʢʪʠʚʘ ʢʘ-

ʤʝʨʳ ʜʦ ʨʝʘʣʴʥʦʡ ʪʦʯʢʠ. 

 

OP=OG/cos(ɻ + ‎).     (3) 

 

ɼʘʣʝʝ ʦʪʨʝʟʦʢ OP ʧʨʦʝʮʠʨʫʝʪʩʷ ʥʘ ʦʩʠ ʍ, Y ʠ Z ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʨʝʭ-

ʤʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪ ʪʦʯʢʠ P ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (4). 

 

X=  OPĀ cos(ɻ) Ā cos(ɓ) 

Y= OPĀ cos(ɻ) Ā sin(ɓ)     (4) 

Z=  OÒ-OPĀ sin(ɻ) Ā cos(ɓ) 

 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʣʘʟʝʨʥʦʡ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʩʚʝʪʢʠ ʷʚʣʷʝʪʩʷ ʦʪ-

ʩʫʪʩʪʚʠʝ ʩʣʦʞʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ, ʢʦʪʦʨʳʝ ʧʦ ʩʫʪʠ ʠʩʧʦʣʴʟʫʶʪ ʙʘ-

ʟʦʚʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ, ʯʪʦ ʩʥʠʞʘʝʪ ʩʪʦʠʤʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʠ ʚʳʯʠʩ-

ʣʠʪʝʣʴʥʫʶ ʥʘʛʨʫʟʢʫ ʩʠʩʪʝʤ rʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʦʩʤʦʩʝ. ɺ ʧʦʩʣʝʜʥʠʭ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷʭ NASA ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʦʤ ʯʠʩʣʝ ʣʘʟʝʨʥʘʷ ʧʦʜʩʚʝʪʢʘ ʜʣʷ 

ʦʙʥʘʨʫʞʝʥʠʷ ʧʨʝʧʷʪʩʪʚʠʡ ʚ ʙʣʠʞʥʝʡ ʟʦʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʃʫʥʳ [3].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠ ʦʪʣʘʜʢʠ ʘʣʛʦʨʠʪʤʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʢʦʤʧʦʩʪʝʨʥʘʷ ʤʦʜʝʣʴ. ɺ ʢʘʯʝʩʪʚʝ ʩʨʝʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʙʨʘʥ Unity ï ʵʪʦ 

ʩʦʚʨʝʤʝʥʥʳʡ ʢʨʦʩʩʧʣʘʪʬʦʨʤʝʥʥʳʡ ʩʠʤʫʣʷʪʦʨ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʩʦʟʜʘʥʠʷ 2D ʠ 3D ʧʨʠʣʦʞʝʥʠʡ. ʉ ʧʦʤʦʱʴʶ ʥʝʛʦ ʚʦʟʤʦʞʥʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ 

ʬʦʪʦʨʝʘʣʠʩʪʠʯʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʨʘʟʣʠʯʥʦʡ ʩʚʝʪʦʪʝʥʝʚʦʡ ʦʙʩʪʘʥʦʚʢʝ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʃʫʥʳ [4]. 

ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʩʭʝʤʫ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʭʥʠʯʝʩʢʦ-

ʛʦ ʟʨʝʥʠʷ ʥʘ ʧʨʠʤʝʨʝ ʧʦʣʫʯʝʥʠʷ ʪʨʝʭʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʷʤʦʫʛʦʣʴʥʦʡ 

ʩʪʝʥʳ ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 4. ɺ ʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʤʝʪʦʜ ʍʘʬʘ ʭʦʨʦʰʦ ʨʘʙʦ-

ʪʘʝʪ ʪʦʣʴʢʦ ʜʣʷ ʨʦʚʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʦʥ ʙʫʜʝʤ ʟʘʤʝʥʝʥ ʥʘ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʍʘʨʨʠʩʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʦʡ ʧʦʜʩʚʝʪʢʠ ʩʦʩʪʦʷ-

ʱʝʡ ʠʟ ʢʨʘʩʥʦʛʦ ʠ ʟʝʣʝʥʦʛʦ ʣʘʟʝʨʦʚ, ʵʪʦ ʧʦʟʚʦʣʠʪ ʙʦʣʝʝ ʪʦʯʥʦ ʥʘʭʦʜʠʪʴ ʧʨʝ-

ʩʝʯʝʥʠʷ ʣʘʟʝʨʥʳʭ ʣʠʥʠʡ ʠ ʚ ʧʦʩʣʝʜʩʪʚʠʠ ʧʨʠʤʝʥʷʪʴ ʥʫʤʝʨʘʮʠʶ ʣʠʥʠʡ ʧʦ 

ʩʪʦʣʙʮʘʤ ʠ ʩʪʨʦʯʢʘʤ ʜʣʷ ʟʘʜʘʥʠʷ ʥʦʤʝʨʘ ʢʘʞʜʦʡ ʪʦʯʢʠ. ʆʪ ʩʦʣʥʝʯʥʦʛʦ ʟʘ-

ʩʚʝʪʣʝʥʠʷ ʠ ʰʫʤʦʚ ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʣʠʥʟʘ ʜʣʷ ʦʙʲʝʢʪʠʚʘ ʢʘʤʝʨʳ ʧʨʦʧʫʩʢʘʶ-

ʱʘʷ ʪʦʣʴʢʦ ʜʠʘʧʘʟʦʥ ʜʣʠʥʳ ʚʦʣʥʳ ʚ ʢʦʪʦʨʳʡ ʧʦʧʘʜʘʝʪ ʣʘʟʝʨʥʘʷ ʧʦʜʩʚʝʪʢʘ. 
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ʈʠʩ. 4. ʉʭʝʤʘ ʨʘʙʦʪʳ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʣʘʟʝʨʥʦʡ ʧʦʜʩʚʝʪʢʠ 

 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʝʜʩʪʦʠʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦ ʧʨʦʚʝʜʝʥʠʶ ʨʝʘʣʴʥʳʭ ʵʢʩ-

ʧʝʨʠʤʝʥʪʦʚ ʩ ʮʝʣʴʶ ʩʨʘʚʥʝʥʠʷ ʩʪʝʨʝʦʩʢʦʧʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠ ʩʪʨʫʢʪʫʨʠʨʦ-

ʚʘʥʥʦʡ ʣʘʟʝʨʥʦʡ ʧʦʜʩʚʝʪʢʠ ʧʦ ʪʦʯʥʦʩʪʠ ʠ ʦʢʘʟʳʚʘʝʤʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʚʳʯʠʩʣʠ-

ʪʝʣʴ, ʯʪʦʙʳ ʚʳʷʚʠʪʴ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʠʣʠ ʩʦʟʜʘʪʴ ʛʠʙʨʠʜ ʠʟ 

ʵʪʠʭ ʤʝʪʦʜʦʚ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫ-

ʢʠ ʈʦʩʩʠʠ çʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʩʣʘʙʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʜʘʥʥʳʭ, ʦʙʨʘʙʦʪʢʠ 

ʟʥʘʥʠʡ ʠ ʩʦʟʜʘʥʠʷ ʢʦʛʥʠʪʠʚʥʳʭ ʘʛʝʥʪʦʚ ʥʘ ʙʘʟʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʛʣʫʙʦʢʠʭ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡè (FNRG-2025-0008 1024050200009-5-1.2.1;2.2.2). 
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APPROACH  TO  USING  AUVs  EQUIPPED  WITH  MULTILINK  
MANIPULATORS  FOR  LIFTING  OPERATIONS  

 
Abstract: The paper presents an approach to the use of typical autonomous under-

water vehicles (AUVs) equipped with multi-link manipulators (MMs) for lifting and 

transporting underwater objects. The capabilities of the propulsion and steering complex 

(PSC) in such AUVs do not allow for generating sufficient vertical thrust to lift heavy ob-

jects. To address this, the paper proposes using the weight of the transported object to 

create a non-zero AUVôs trim angle by changing the configuration of the MM. With a 

non-zero trim angle, the underwater vehicle can use the capabilities of a more powerful 

marching PSC for diving, surfacing, lifting, and transporting the work objects secured in 

the MM's grip. 
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lifting operations. 

 

 

ɺʚʝʜʝʥʠʝ 

ɸʅʇɸ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʨʝʜʩʪʚ ʠʟʫʯʝʥʠʷ 

ʠ ʦʩʚʦʝʥʠʷ ʄʠʨʦʚʦʛʦ ʦʢʝʘʥʘ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʦʩʥʘʱʝʥʠʝ ʪʘʢʠʭ ʘʧ-

ʧʘʨʘʪʦʚ ʤʥʦʛʦʟʚʝʥʥʳʤʠ ʤʘʥʠʧʫʣʷʪʦʨʘʤʠ (ʄʄ) [1]. 

ɻʨʫʟʦʧʦʜʲʝʤʥʳʝ ʧʦʜʚʦʜʥʳʝ ʨʘʙʦʪʳ ʩ ʦʙʲʝʢʪʘʤʠ, ʦʙʥʘʨʫʞʝʥʥʳʤʠ ʟʘ-

ʨʘʥʝʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʠʩʢʦʚʳʭ ɸʅʇɸ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʳʧʦʣʥʷʶʪ ʩ ʧʦ-

ʤʦʱʴʶ ʪʝʣʝʫʧʨʘʚʣʷʝʤʳʭ ʧʦʜʚʦʜʥʳʭ ʘʧʧʘʨʘʪʦʚ ʨʘʙʦʯʝʛʦ ʢʣʘʩʩʘ [2] ʠʣʠ ʩʫʜʦʚ 

ʩ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ ʧʦʜʲʸʤʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ [3]. ʇʨʠʤʝʥʝʥʠʝ ɸʅʇɸ ʩ ʄʄ 

ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʪʘʢʠʭ ʨʘʙʦʪ ʚ ʧʝʩʧʝʢʪʠʚʝ ʧʦʟʚʦʣʠʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʠ ʧʦʜ-

ʥʠʤʘʪʴ/ʧʝʨʝʤʝʱʘʪʴ ʮʝʣʝʚʳʝ ʦʙʲʝʢʪʳ ʦʜʥʠʤ ʘʧʧʘʨʪʦʤ, ʯʪʦ ʫʩʢʦʨʠʪ ʠ ʫʜʝʰʝ-

ʚʠʪ ʚʳʧʦʣʥʝʥʠʝ ʧʦʜʦʙʥʳʭ ʦʧʝʨʘʮʠʡ. ʇʨʠ ʵʪʦʤ ʛʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʧʨʠʤʝʥʝ-

ʥʠʷ ɸʅʇɸ ʜʣʷ ʪʘʢʠʭ ʨʘʙʦʪ ï ʥʠʟʢʘʷ ʪʷʛʘ, ʬʦʨʤʠʨʫʝʤʘʷ ʜʚʠʞʠʪʝʣʷʤʠ ʚ ʚʝʨ-

ʪʠʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʚʚʠʜʫ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʤʧʘʥʦʚʢʠ ɼʈʂ [4]. ʇʦʵʪʦʤʫ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʪʷʞʝʣʳʤʠ ʦʙʲʝʢʪʘʤʠ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʟʘʜʘʚʘʪʴ ɸʅʇɸ ʥʝʥʫ-

ʣʝʚʦʡ ʫʛʣʦʤ ʜʠʬʬʝʨʝʥʪʘ, ʯʪʦʙʳ ʦʩʥʦʚʥʦʝ ʪʷʛʦʚʦʝ ʫʩʠʣʠʝ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘ-

ʧʨʘʚʣʝʥʠʠ ʬʦʨʤʠʨʦʚʘʣʦʩʴ ʤʘʨʰʝʚʳʤʠ ʜʚʠʞʠʪʝʣʷʤʠ. 

ʉʫʱʝʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʝ ʩʠʩʪʝʤʳ ʠ ʩʧʦʩʦʙʳ ʫʧʨʘʚʣʝʥʠʷ ʜʠʬʬʝʨʝʥʪʦʤ 

ɸʅʇɸ: ʟʘ ʩʯʝʪ ʪʷʛ ɼʈʂ; ʩ ʧʦʤʦʱʴʶ ʞʠʜʢʦʩʪʥʳʭ ʠʣʠ ʛʘʟʦʚʳʭ ʩʠʩʪʝʤ ʨʝʛʫʣʠ-

ʨʦʚʘʥʠʷ ʧʣʘʚʫʯʝʩʪʠ [5]; ʙʘʣʣʘʩʪʥʳʝ ʩʠʩʪʝʤʳ [6]. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʰʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝʤ, ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʣʝʟʥʦʛʦ 

ʚʥʫʪʨʝʥʥʝʛʦ ʦʙʲʝʤʘ ʘʧʧʘʨʘʪʘ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʱʝʛʦ ʚʝʩʘ ʩʦʦʪʚʝʪʩʚʪʝʥʥʦ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʣʷ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʜʠʬʬʝʨʝʥʪʘ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴ ʚʝʩ ʦʙʲʝʢʪʘ ʨʘʙʦʪ, ʟʘʢʨʝʧʣʝʥʥʦʛʦ ʚ ʩʭʚʘʪʝ ʄʄ. ʇʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʠʪ ʧʝʨʠʤʝʥʷʪʴ ʫʞʝ ʠʤʝʶʱʠʝʩʷ ɸʅʇɸ ʠ ʄʄ, ʘ ʪʘʢʞʝ ʚ ʦʪʣʠʯʠʠ ʦʪ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʝʰʝʥʠʡ ʥʝ ʙʫʜʝʪ ʪʨʝʙʦʚʘʪʴ ʫʩʪʘʥʦʚʢʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʜʠʬʬʝʨʝʥʪʘ ʧʦʜʚʦʜʥʦʛʦ ʘʧʧʘʨʘʪʘ. 

ɺʣʠʷʥʠʝ ʛʨʫʟʘ ʚ ʩʭʚʘʪʝ ʄʄ ʥʘ ɸʅʇɸ 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʣʝʯʘ ʜʝʡʪʩʚʠʷ ʩʠʣʳ ʪʷʞʝʩʪʠ ʠ ʩʦʟʜʘʥʠʷ ʥʝʥʫʣʝʚʦʛʦ 

ʫʛʣʘ ʜʠʬʬʝʨʝʥʪʘ ʫ ɸʅʇɸ ʟʘ ʩʯʝʪ ʚʝʩʘ ʛʨʫʟʘ, ʟʘʢʨʝʧʣʝʥʥʦʛʦ ʚ ʩʭʚʘʪʝ, ʮʝʣʝʩʦ-

ʦʙʨʘʟʥʦ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʤʘʥʠʧʫʣʷʪʦʨ ʙʣʠʞʝ ʢ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ (ʨʠʩ. 

1ʘ). ʕʪʦ ʧʦʟʚʦʣʠʪ ʫʚʝʣʠʯʠʪʴ ʫʛʦʣ ʥʘʢʣʦʥʝʥʠʷ ʧʦ ʜʠʬʬʝʨʝʥʪʫ ʠ ɻʬʬʝʢʪʠʚʥʝʝ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʨʰʝʚʳʡ ɼʈʂ. 

ɺ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʄʄ ʩ ʧʦʜʚʦʜʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʥʘ ɸʅʇɸ ʥʝʠʟ-

ʙʝʞʥʦ ʙʫʜʫʪ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʩʠʣʘ Ὂὓ = [Ὂὓ
ὅὢ,Ὂὓ

ὅὣ,Ὂὓ
ὅὤ] 

ʠ ʤʦʤʝʥʪ ὓὓ = [ὓὓ
ὅὢ,ὓὓ

ὅὣ,ὓὓ
ὅὤ], ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʝʨʝʤʝʱʝʥʠʝʤ ʟʚʝʥʴʝʚ ʄʄ, 

ʚʣʠʷʥʠʝʤ ʚʷʟʢʦʡ ʩʨʝʜʳ ʥʘ ʟʚʝʥʴʷ ʠ ʩʠʣʦʡ ʪʷʞʝʩʪʠ ʦʙʲʝʢʪʘ ʨʘʙʦʪ. ʕʪʠ ʩʠʣʫ ʠ 
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ʤʦʤʝʥʪ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʩ ʧʦʤʦʱʴʶ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ [7], ʢʦʪʦʨʳʡ 

ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʵʪʘʧʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʚ ʩʝʙʷ: ʦʧʨʝʜʝʣʝʥʠʝ ʤʦʤʝʥʪʦʚ 

ὓὭ
Ὠᾀ, ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʩʦʯʣʝʥʝʥʠʷʭ ʄʄ, ʩ ʧʦʤʦʱʴʶ ʜʘʪʯʠʢʦʚ; ʦʧʨʝʜʝʣʝʥʠʝ 

ʤʦʤʝʥʪʦʚ ὓὭ
ύᾀ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʵʬʬʝʢʪʘʤʠ ʚʟʘʠʤʦʚʣʠʷʥʠʡ ʟʚʝʥʴʝʚ ʄʄ ʠ 

ʚʣʠʷʥʠʝʤ ʚʥʝʰʥʝʡ ʩʨʝʜʳ, ʩ ʧʦʧʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ 

ʜʠʥʘʤʠʢʠ ʄʄ; ʦʧʨʝʜʝʣʝʥʠʝ ʤʦʤʝʥʪʦʚ ὓὭ
Ὣᾀ

= ὓὭ
Ὠᾀ ὓὭ

ύᾀ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 

ʩʠʣʦʡ ʪʷʞʝʩʪʠ ʛʨʫʟʘ ʚ ʩʭʚʘʪʝ ʄʄ; ʦʧʨʝʜʝʣʝʥʠʝ ʩʠʣʳ ʪʷʞʝʩʪʠ 
GὊὒ

 
[8]. 

ɺ ʭʦʜʝ ʦʙʨʘʪʥʦʡ ʨʝʢʫʨʩʠʠ ʫʧʦʤʷʥʫʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ʦʧʨʝʜʝʣʷʪʁʩʷ ʩʠʣʘ 

ὊὭ ʠ ʤʦʤʝʥʪ ὓὭ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ i-ʝ ʟʚʝʥʦ ʄʄ [7]: 

ὊὭ= ὃὭ
Ὥ+1ὊὭ+1 + ὶӶάὭάὭ+ ‗Ὥ + ὊὙὒὭ+ ὊὙὖὭ,   (1) 

ὓὭ= ὃὭ
Ὥ+ 1ὓὭ+1 + ὴὭ

ᶻ ὃὭ
Ὥ+ 1ὊὭ+1 + ὶӶὭ

ᶻ άὭὶӶάὭ +  

+ὶӶὴὭ ‗ὭὶӶάὭ + (†Ὥ+ ὝὭ)+‫ὭὶӶάὭ    (2) 

+‫Ὥ †Ὥ+ ὝὭ‫Ὥ + ὓὙὒὭ+ ὓὙὖὭ, 

ʛʜʝ: ὃὭ
Ὥ+ 1 ï ʤʘʪʨʠʮʘ ʧʝʨʝʭʦʜʘ ʦʪ ʉʂ ʟʚʝʥʘ i+1 ʢ ʉʂ i-ʛʦ ʟʚʝʥʘ; ὊὭ+1 ï ʩʠʣʘ, 

ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ i+1 ʟʚʝʥʦ; ὶӶάὭ ï ʣʠʥʝʡʥʦʝ ʫʩʢʦʨʝʥʠʝ ʮʝʥʪʨʘ ʤʘʩʩ i-ʛʦ ʟʚʝʥʘ; 

άὭ ï ʤʘʩʩʘ i-ʛʦ ʟʚʝʥʘ; ‗Ὥ ï ʧʨʠʩʦʝʜʠʥʝʥʥʘʷ ʤʘʩʩʘ ʞʠʜʢʦʩʪʠ i-ʛʦ ʟʚʝʥʘ; 

ὊὙὒὭ, ὊὙὖὭ,ὓὙὒὭ, ὓὙὖὭ ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʦʜʦʣʴʥʳʝ ʠ ʧʦʧʝʨʝʯʥʳʝ ʩʦʩʪʘʚ-

ʣʷʶʱʠʝ ʩʠʣʳ ʠ ʤʦʤʝʥʪʘ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ i-ʝ ʟʚʝʥʦ; ὓὭ+1 ï 

ʤʦʤʝʥʪ, ʜʝʡʩʪʚʫʶʱʠʡ ʥʘ i+1-ʝ ʟʚʝʥʦ; ὴὭ
ᶻ ï ʚʝʢʪʦʨ, ʟʘʜʘʶʱʠʡ ʧʦʣʦʞʝʥʠʝ ʉʂ 

i+1-ʛʦ ʟʚʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ i-ʛʦ; ὶӶὭ
ᶻ ï ʚʝʢʪʦʨ, ʟʘʜʘʶʱʠʡ ʧʦʣʦʞʝʥʠʝ ʮʝʥʪʨʘ 

ʤʘʩʩ i-ʛʦ ʟʚʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ i-ʛʦ ʩʦʯʣʝʥʝʥʠʷ; ὶӶὴὭ ï ʚʝʢʪʦʨ, ʟʘʜʘʶʱʠʡ ʧʦʣʦ-

ʞʝʥʠʝ ʮʝʥʪʨʘ ʤʘʩʩ ʧʨʠʩʦʝʜʠʥʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ i-ʛʦ ʩʦʯʣʝʥʝʥʠʷ; 

†Ὥ ï ʪʝʥʟʦʨ ʠʥʝʨʮʠʠ i-ʛʦ ʟʚʝʥʘ; ὝὭ ï ʪʝʥʟʦʨ ʠʥʝʨʮʠʠ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʤʘʩʩ 

ʞʠʜʢʦʩʪʠ i-ʛʦ ʟʚʝʥʘ; ,‫Ὥ ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ i-ʛʦ ʟʚʝʥʘ. ʈʘʩʯʝʪ ʚʝʣʠʯʠʥ ὶӶάὭ, ‗Ὥ 
ὊὙὒὭ, ὊὙὖὭ, -‫Ὥ, ὓὙὖὭ ʠ ὓὙὒὭ ʧʨʠʚʝʜʝʥ ʚ ʨʘʙʦʪʝ [7]. ɼʣʷ ʟʚʝʥʘ n ʧʝʨʚʦʝ ʩʣʘʛʘʝ

ʤʦʝ ʚ ʚʳʨʘʞʝʥʠʠ (1) ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ ὃά
ὲὃὥ
άὃὋ
ὥGὊὒ, ʛʜʝ: ὃὋ

ὥ ï ʤʘʪʨʠʮʘ ʧʦʚʦʨʦ-

ʪʘ ʠʟ ʠʥʝʨʮʠʘʣʴʥʦʡ ʉʂ ʚ ʉʂ ɸʅʇɸ; ὃὥ
ά ï ʤʘʪʨʠʮʘ ʧʦʚʦʨʦʪʘ ʠʟ ʉʂ ɸʅʇɸ ʚ 

ʉʂ ʦʩʥʦʚʘʥʠʷ ʄʄ; ὃά
ὲ ï ʤʘʪʨʠʮʘ ʧʦʚʦʨʦʪʘ ʠʟ ʉʂ ʦʩʥʦʚʘʥʠʷ ʄʄ ʚ ʉʂ n-ʛʦ 

ʟʚʝʥʘ. ɼʣʷ ʟʚʝʥʘ n-1: Ὂὲ+ 1 =  nὊὒ (ʪ.ʝ. ʩʠʣʘ ʪʷʞʝʩʪʠ ʛʨʫʟʘ, ʟʘʜʘʥʥʘʷ ʚ ʉʂ ʟʚʝʥʘ 
n). 

ʅʘ ʦʩʥʦʚʝ ʚʝʣʠʯʠʥ Ὂ1 ʠ ὓ1, ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʠʣʘ ʠ ʤʦʤʝʥʪ Ὂ0 ʠ ὓ0, ʜʝʡ-

ʩʪʚʫʶʱʠʝ ʥʘ ʦʩʥʦʚʘʥʠʝ ʄʄ, ʘ ʟʘʪʝʤ, ʠʩʭʦʜʷ ʠʟ ʧʦʣʦʞʝʥʠʷ ʄʄ ʚ ʉʂ ɸʅʇɸ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʠʣʘ Ὂὓ ʠ ʤʦʤʝʥʪ ὓὓ, ʩ ʢʦʪʦʨʳʤʠ ʄʄ ʠ ʟʘʢʨʝʧʣʝʥʥʳʡ ʚ ʝʛʦ 
ʩʭʚʘʪʝ ʛʨʫʟ ʚʦʟʜʝʡʩʪʚʫʶʪ ʥʘ ɸʅʇɸ. ɼʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʧʣʘʚʫ-

ʯʝʩʪʠ ʩʠʩʪʝʤʳ ɸʅʇɸ-ʄʄ-ʦʙʲʝʢʪ ʨʘʙʦʪ ʥʘ ʦʩʥʦʚʝ Ὂὓ ʠ ὓὓ ʤʦʞʥʦ ʟʘʜʘʪʴ 

ʮʝʣʝʚʦʡ ʚʝʢʪʦʨ ʩʠʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ɼʈʂ: 

Ὂᶻ= [ Ὂὓ
ὅὢ, Ὂὓ

ὅὣ, Ὂὓ
ὅὤ, ὓὓ

ὅὢ,0, ὓὓ
ὅὤ]   (3) 
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ʋʯʠʪʳʚʘʷ (3) ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ɼʈʂ [8] ʤʦʛʫʪ ʙʳʪʴ 

ʩʬʦʨʤʠʨʦʚʘʥʳ ʪʷʛʠ ʜʚʠʞʠʪʝʣʝʡ ɸʅʇɸ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʪʳ ɸʅʇɸ ʩ ʄʄ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʭʦʨʦʰʦ ʘʧʨʦʙʠʨʦ-

ʚʘʥʥʘʷ ʤʦʜʝʣʴ ɸʅʇɸ ʩ 6-ʪʠ ʩʪʝʧʝʥʥʳʤ ʄʄ ʪʠʧʘ PUMA, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʚ 

Matlab/Simulink [8]. ʇʝʨʚʘʷ, ʯʝʪʚʝʨʪʘʷ ʠ ʰʝʩʪʘʷ ʩʪʝʧʝʥʠ ʧʦʜʚʠʞʥʦʩʪʠ ʄʄ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʦʩʪʘʚʘʣʠʩʴ ʥʝʧʦʜʚʠʞʥʳ. 

ɺr ʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʧʝʨʘʮʠʠ ʧʦ ʧʦʜʲʝʤʫ ʠ ʧʨʝʥʦʩʫ ʧʦʜʚʦʜʥʦʛʦ 

ʦʙʲʝʢʪʘ ʚʝʩʦʤ 25 ʢʛ. ɺ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʤʠʩʩʠʠ ɸʅʇɸ ʩ ʄʄ ʚ çʜʦʤʘʰʥʝʡè 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʦʜʭʦʜʠʪ ʢ ʦʙʲʝʢʪʫ ʨʘʙʦʪ, ʟʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʢʦʥ-

ʬʠʛʫʨʘʮʠʠ ʄʄ ʜʣʷ ʟʘʭʚʘʪʘ ʦʙʲʝʢʪʘ. ɼʘʣʝʝ ɸʅʇɸ ʦʪʭʦʜʠʪ ʦʪ ʦʙʲʝʢʪʘ, ʘ ʥʘ 

ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ɼʈʂ ʧʦʜʘʸʪʩʷ ʩʠʛʥʘʣ ʫʧʨʘʚʣʝʥʠʷ ʧʦ ʜʠʬʬʝʨʝʥʪʫ  

(ʨʠʩ. 1ʙ ὸɴ [22,70] c). ɿʘʪʝʤ ʢʦʥʬʠʛʫʨʘʮʠʷ ʤʘʥʠʧʫʣʷʪʦʨʘ ʬʠʢʩʠʨʫʝʪʩʷ ʠ 

ɸʅʇɸ ʧʦʜʥʠʤʘʝʪ ʦʙʲʝʢʪ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʨʩʢʦʛʦ ʜʥʘ (ʨʠʩ. 1ʙ ὸɴ [71,90] c). 

ʆʪʦʡʜʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʥʝʦʙʭʦʜʠʤʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʥʘ ɼʈʂ ʧʨʝʢʨʘʱʘʝʪʩʷ 

ʧʦʜʘʯʘ ʩʠʛʥʘʣʘ ʫʧʨʘʚʣʝʥʠʷ ʧʦ ʫʛʣʫ ʜʠʬʬʝʨʝʥʪʘ, ʠ ʦʨʠʝʥʪʘʮʠʷ ɸʅʇɸ ʪʝʧʝʨʴ 

ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʩʠʣʦʡ ʪʷʞʝʩʪʠ ʦʙʲʝʢʪʘ ʨʘʙʦʪ (ʨʠʩ. 1ʙ ὸɴ [91,110] c). ɺ ʵʪʦʤ 
ʧʦʣʦʞʝʥʠʠ ɸʅʇɸ ʫʜʝʨʞʠʚʘʷ ʛʣʫʙʠʥʫ ʩ ʧʦʤʦʱʴʶ ʤʘʨʰʝʚʳʭ ʜʚʠʞʠʪʝʣʝʡ, 

ʜʚʠʞʝʪʩʷ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ (ʨʠʩ. 1ʙ ὸɴ [110,130] c). 

 

      
ʘ)        ʙ) 

ʈʠʩ. 1. ɺʳʧʦʣʥʝʥʠʝ ʦʧʝʨʘʮʠʠ: ʘ) ɸʅʇɸ ʩ ʄʄ; ʙ) ʀʟʤʝʥʝʥʠʝ ʫʛʣʘ ʜʠʬʬʝʨʝʥʪʘ ɸʅʇɸ 

 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʧʨʠʤʝʥʝʥʠʶ ɸʅʇɸ, ʦʩʥʘʱʝʥʥʳʭ 

ʄʄ, ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʡ ʧʦ ʧʦʜʲʝʤʫ ʦʙʲʝʢʪʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʨʩʢʦʛʦ 

ʜʥʘ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʨʝʰʝʥʠʷ ʧʦʜʪʚʝʨ-

ʞʜʝʥʳ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʧʦʜʦʙʥʳʭ ʛʨʫʟʦʧʦʜʲʝʤʥʳʭ ʦʧʝʨʘʮʠʡ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ 
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ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠʚʦʜʦʚ ʤʘʥʠʧʫʣʷʪʦʨʘ, ʧʨʦʯʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ɸʅʇɸ ʠ 

ʄʄ, ʘ ʪʘʢʞʝ ʦʪ ʫʩʣʦʚʠʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 23-71-10038, https://rscf.ru/ project/23-71-10038/. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʩʪʳʢʦʚʢʠ ʥʝʦʙʠ-

ʪʘʝʤʦʛʦ ʧʦʜʚʦʜʥʦʛʦ ʘʧʧʘʨʘʪʘ (ʅʇɸ) ʩ ʦʙʲʝʢʪʦʤ ʧʨʦʚʝʜʝʥʠʷ ʤʘʥʠʧʫʣʷʮʠʦʥʥʦʡ 

ʦʧʝʨʘʮʠʠ ʥʘ ʩʣʦʞʥʦʤ ʨʝʣʴʝʬʝ ʜʥʘ. ʂʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ ʅʇɸ ʷʚʣʷʶʪʩʷ ʪʝʣʝʩʢʦ-

ʧʠʯʝʩʢʠʝ ʦʧʦʨʳ, ʢʦʪʦʨʳʝ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʚʳʜʚʠʛʘʶʪʩʷ ʥʘ ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʠʥʫ ʧʦ-

ʩʣʝ ʘʥʘʣʠʟʘ ʨʝʣʴʝʬʘ ʜʥʘ ʠ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʩ ʥʠʤ. ʊʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʦʙʝʩʧʝʯʠʚʘ-

ʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʣʘʪʬʦʨʤʳ, ʩʪʘʙʠʣʠʟʘʮʠʶ ʧʦʣʦʞʝʥʠʷ ʅʇɸ ʠ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʤʘʥʠʧʫʣʷʪʦʨʘ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʚ ʘʚʪʦ-

ʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʦʧʨʝʜʝʣʪ̫ʴ ʬʦʨʤʫ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ, ʨʘʩʩʯʠʪʳʚʘʪʴ 

ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʠʥʫ ʢʘʞʜʦʡ ʦʧʦʨʳ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʚʝʢʪʦʨ ʪʷʛʠ ʜʚʠʞʠʪʝ-

ʣʝʡ ʅʇɸ ʜʣʷ ʧʣʦʪʥʦʛʦ ʧʨʠʞʘʪʠʷ ʢ ʦʙʲʝʢʪʫ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩ ̫ʪʦʯʥʦʝ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ ʠ ʞʝʩʪʢʘ ̫ʬʠʢʩʘʮʠʷ ʅʇɸ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʨʘʙʦʪʳ 

ʙʦʨʪʦʚʦʛʦ ʤʘʥʠʧʫʣʷʪʦʨʘ. ʈʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʦʜʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʯʠʩʣʝʥʥʳʤ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝʤ ʚ Matlab/Simulink ʩ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʚ ʩʠʤʫʣʷʪʦʨʝ CoppeliaSim. 
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DEVELOPMENT  OF  A  METHOD  FOR  AUTOMATIC  DOCKING  OF  AN  
UUV  TO  A  WORK  OBJECT  USING  TELESCOPIC  SUPPORTS 

 
Abstract: Accurate positioning of underwater vehicles on irregular seabed surfaces 

is essential for performing inspection and maintenance tasks on underwater infrastruc-
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ture. Existing approaches, including static landing platforms, manipulator-based docking, 

and dynamic hovering, often fail to provide sufficient rigidity and stability under com-

plex terrain and high reactive forces. This work proposes a new stabilization method 

based on four automatically deployable telescopic legs mounted around the vehicleôs 

hull. Each leg can be adjusted independently, allowing the vehicle to adapt to uneven 

seabed topography and maintain a precise orientation. The proposed method offers a reli-

able solution for rigid fixation of underwater vehicles during operations requiring high 

stability. 

 

Key words: unmanned underwater vehicle, telescopic supports, automatic docking, 

triangulated surface. 

 

 

ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

ɿʘʜʘʯʠ ʪʦʯʥʦʛʦ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʥʝʦʙʠʪʘʝʤʳʭ ʧʦʜʚʦʜʥʳʭ ʘʧʧʘʨʘʪʦʚ 

(ʅʇɸ) ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʛʦ ʨʝʣʴʝʬʘ ʤʦʨʩʢʦʛʦ ʜʥʘ ʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʦʟʤʫ-

ʱʘʶʱʠʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʜʥʫ ʠʟ ʢʣʶ-

ʯʝʚʳʭ ʧʨʦʙʣʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʜʚʦʜʥʳʭ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʆʩʦʙʘʷ 

ʘʢʪʫʘʣʴʥʦʩʪʴ ʵʪʠʭ ʟʘʜʘʯ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʝʤʦʥʪʥʳʭ ʠ ʜʠʘʛʥʦ-

ʩʪʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʥʘ ʪʨʫʙʦʧʨʦʚʦʜʘʭ ʠ ʜʨʫʛʠʭ ʦʙʲʝʢʪʘʭ ʧʦʜʚʦʜʥʦʡ ʠʥʬʨʘ-

ʩʪʨʫʢʪʫʨʳ, ʛʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʦʙʲʝʢʪʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʥʦ-

ʛʦʟʚʝʥʥʳʭ ʤʘʥʠʧʫʣʷʪʦʨʦʚ (ʄʄ).  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʥʠʧʫʣʷʪʦʨʦʚ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʩʠʣʦʚʳʭ 

ʢʦʥʪʘʢʪʥʳʭ ʦʧʝʨʘʮʠʡ, ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʧʦʟʠ-

ʮʠʦʥʠʨʦʚʘʥʠʷ ʩʘʤʦʛʦ ʘʧʧʘʨʘʪʘ ʚʙʣʠʟʠ ʦʙʲʝʢʪʘ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʩʪʘ-

ʙʠʣʠʟʘʮʠʠ [1] ʷʚʣʷʶʪʩʷ ʵʥʝʨʛʦʟʘʪʨʘʪʥʳʤʠ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʳʤʠ ʠ ʥʝ ʩʧʦ-

ʩʦʙʥʳ ʦʙʝʩʧʝʯʠʪʴ ʞʸʩʪʢʫʶ ʬʠʢʩʘʮʠʶ ʅʇɸ ʩ ʄʄ ʚʙʣʠʟʠ ʦʙʲʝʢʪʘ.  

ɺ ʨʘʙʦʪʝ [2] ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʩʪʳʢʦʚʢʝ ʅʇɸ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʨʪʦʚʳʭ ʄʄ ʩ ʧʦʜʚʦʜʥʳʤʠ ʧʣʘʪʬʦʨʤʘʤʠ, 

ʠʤʝʶʱʠʤʠ ʧʨʦʠʟʚʦʣʴʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ. ʇʨʠ ʵʪʦʤ ʦʜʠʥ 

ʤʘʥʠʧʫʣʷʪʦʨ ʚʳʧʦʣʥʷʝʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʪʦʨʦʡ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʜʝʨʞʘʥʠʝ ʘʧʧʘʨʘʪʘ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ. ɼʘʥʥʦʝ ʨʝʰʝʥʠʝ ʵʬʬʝʢ-

ʪʠʚʥʦ ʥʘ ʦʙʲʝʢʪʘʭ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʛʜʝ ʝʩʪʴ ʩʧʝʮʠʘʣʴʥʳʝ ʧʣʘʪʬʦʨʤʳ (ʥʘ-

ʧʨʠʤʝʨ, ʜʦʙʳʯʥʳʝ ʢʦʤʧʣʝʢʩʳ), ʥʦ ʥʝʧʨʠʤʝʥʠʤʦ ʜʣʷ ʨʘʙʦʪʳ ʩ ʦʙʲʝʢʪʘʤʠ, 

ʣʠʰʝʥʥʳʤʠ ʩʪʳʢʦʚʦʯʥʳʭ ʫʟʣʦʚ. 

ɺ ʨʘʙʦʪʝ [3] ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʧʦʟʠʮʠʦʥʥʦ-ʩʠʣʦʚʦʤʫ ʫʧʨʘʚʣʝʥʠʶ 

ʅʇɸ ʩ ʄʄ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʘʧʧʘʨʘʪʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʩʪʘʪʠʯʥʳʭ ʦʧʦʨ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʞʝʩʪʢʫʶ ʬʠʢʩʘʮʠʶ ʅʇɸ ʩ 

ʦʙʲʝʢʪʦʤ ʨʘʙʦʪ. ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʜʝʞʥʫʶ ʞʝʩʪʢʫʶ 

ʬʠʢʩʘʮʠʶ ʪʦʣʴʢʦ ʥʘ ʨʦʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʨʠ ʥʝʩʪʨʦʛʠʭ ʪʨʝʙʦʚʘʥʠʷʭ ʢ ʦʨʠ-

ʝʥʪʘʮʠʠ ʅʇɸ.  
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ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʟʘʤʝʥʠʪʴ ʩʪʘʪʠʯʥʳʝ ʦʧʦʨʘ 

ʥʘ ʪʝʣʝʩʢʦʧʠʯʝʩʢʠʝ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʥʝʨʦʚʥʦʩʪʠ ʠ ʩʪʘʙʠ-

ʣʠʟʠʨʦʚʘʪʴ ʘʧʧʘʨʘʪ ʚ ʟʘʜʘʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ ʧʦʣʦʞʝʥʠʠ ʚ ʥʝʧʦʩʨʝʜʩʪ-

ʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʢ ʦʙʲʝʢʪʫ ʨʘʙʦʪ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ ʘʚʪʦ-

ʤʘʪʠʯʝʩʢʦʡ ʩʪʳʢʦʚʢʠ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʪʝʣʝʩʢʦʧʠʯʝʩʢʠʝ ʦʧʦʨʳ. ʇʨʠ ʵʪʦʤ ʥʘ 

ʦʩʥʦʚʝ ʜʘʥʥʳʭ, ʧʦʩʪʫʧʘʶʱʠʭ ʦʪ ʙʦʨʪʦʚʦʡ ʩʠʩʪʝʤʳ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ 

(ʉʊɿ), ʧʨʝʜʣʘʛʘʝʪʩʷ ʦʧʨʝʜʝʣʷʪʴ ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʤʝʩʪʝ ʢʦʥʪʘʢʪʘ. ʇʦʩʣʝ 

ʯʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʳʚʘʪʴ ʜʣʠʥʫ ʢʘʞʜʦʡ ʦʧʦʨʳ ʜʣʷ ʧʦʩʘʜʢʠ ʘʧʧʘʨʘʪʘ, ʘ 

ʪʘʢʞʝ ʚʝʢʪʦʨ ʪʷʛʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʨʠʞʘʪʠʝ ʢ ʦʙʲʝʢʪʫ ʜʣʷ 

ʥʘʜʝʞʥʦʡ ʬʠʢʩʘʮʠʠ.  

ʄʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʩʪʳʢʦʚʢʠ ʅʇɸ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ                     
ʪʝʣʝʩʢʦʧʠʯʝʩʢʠʭ ʦʧʦʨ 

ʇʝʨʝʜ ʧʦʩʘʜʢʦʡ ʅʇɸ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʬʦʨʤʫ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʤʝʩʪʝ ʢʦʥʪʘʢʪʘ ʩ ʦʙʲʝʢʪʦʤ ʧʨʦʚʝʜʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʧʝʨʘʮʠʠ. ɼʣʷ ʵʪʦʛʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʉʊɿ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʣʫʯʠʪʴ ʦʙʣʘʢʘ ʪʦʯʝʢ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʠ 

ʦʙʣʘʢʘ ʟʘʜʘʶʪʩʷ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ (ʉʂ) ʆxyz, ʞʝʩʪʢʦ ʩʚʷʟʘʥ-

ʥʦʡ ʩ ʢʦʨʧʫʩʦʤ ʅʇɸ, ʛʜʝ x, y , z ï ʦʩʠ ʩʚʷʟʘʥʥʦʡ ʉʂ, ʥʘʯʘʣʦ ʢʦʪʦʨʦʡ O ʨʘʩʧʦ-

ʣʦʞʝʥʦ ʚ ʮʝʥʪʨʝ ʚʝʣʠʯʠʥʳ (ʚʦʜʦʠʟʤʝʱʝʥʠʷ) ɸʅʇɸ, ʦʩʴ x ʩʦʚʧʘʜʘʝʪ ʩ ʛʦʨʠʟʦʥ-

ʪʘʣʴʥʦʡ - ʧʨʦʜʦʣʴʥʦʡ ʦʩʴʶ ʅʇɸ, ʦʩʴ z - ʩ ʝʛʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʴʶ ʠ ʥʘʧʨʘʚʣʝʥʘ 

ʚʥʠʟ, ʘ ʦʩʴ y ʩʦʩʪʘʚʣʷʝʪ ʩ ʥʠʤʠ ʧʨʘʚʫʶ ʪʨʦʡʢʫ. ʅʘ ʦʩʥʦʚʝ ʦʙʣʘʢʦʚ ʪʦʯʝʢ ʬʦʨ-

ʤʠʨʫʝʪʩʷ ʪʨʠʘʥʛʫʣʷʮʠʦʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ [4] (ʨʠʩ. 1), ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ 

ʤʥʦʞʝʩʪʚʦ ʪʨʝʫʛʦʣʴʥʳʭ ʧʣʘʩʪʠʥ, ʩʰʠʪʳʭ ʤʝʞʜʫ ʩʦʙʦʡ. ʂʘʞʜʳʡ k-ʡ ʪʨʝ-

ʫʛʦʣʴʥʠʢ ʚ ʪʨʠʘʥʛʫʣʷʮʠʠ ʟʘʜʘʝʪʩʷ ʚ ʉʂ ʆxyz ʢʦʦʨʜʠʥʘʪʘʤʠ ʪʨʝʭ ʚʝʨʰʠʥ 

Vk0,Vk1,Vk2
3RÍ , ʛʜʝ 1,k g= , g - ʢʦʣʠʯʝʩʪʚʦ ʪʨʝʫʛʦʣʴʥʠʢʦʚ.  

 

 
ʈʠʩ. 1. ʅʇɸ ʩ ʪʝʣʝʩʢʦʧʠʯʝʩʢʠʤʠ ʦʧʦʨʘʤʠ ʠ ʪʨʠʘʥʛʫʣʷʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʜʥʘ 
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ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʠʥʳ ʚʳʜʚʠʞʝʥʠʷ ʢʘʞʜʦʡ ʦʧʦʨʳ ʪʨʝ-

ʙʫʝʪʩʷ ʨʘʩʩʯʠʪʘʪʴ ʪʦʯʢʠ ʢʦʥʪʘʢʪʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɼʣʷ ʵʪʦʛʦ ʠʟ ʪʦʯʝʢ ʢʨʝʧ-

ʣʝʥʠʷ ʦʧʦʨ iB , ʛʜʝ 1, 4k=  ʧʨʦʝʮʠʨʫʶʪʩʷ ʣʫʯʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʝʜʠʥʠʯʥʦʛʦ 

ʚʝʢʪʦʨʘ z. ʊʦʯʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʢʘʞʜʦʛʦ ʣʫʯʘ ʩ ʪʨʠʘʥʛʫʣʷʮʠʦʥʥʦʡ ʧʦʚʝʨʭʥʦ-

ʩʪɹʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʄʦʣʣʝʨʘ-ʊʨʫʤʙʦʨʘ [5]: 

 

0 1 0 2 0

2 0 1 0

(( ) ( )) ( )
.

(( ) ( )) ( )

i k k k k k
i i

k k k k

B V V V V V
A B z

z V V V V

- ³ - Ö -
= -

- ³ - Ö -  
 

ʉʥʘʯʘʣʘ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʤʦʜʫʣʠ ʚʝʢʪʦʨʦʚ 
il

d , ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ, ʥʘ 

ʢʘʢʫʶ ʜʣʠʥʫ ʥʫʞʥʦ ʚʳʜʚʠʥʫʪʴ ʢʘʞʜʫʶ ʦʧʦʨʫ. 

 
2 2 2

.
i x x y y z zl i i i i i id A B A B A B= + +

 
 

ʉʨʝʜʠ ʚʩʝʭ ʥʘʡʜʝʥʥʳʭ ʤʦʜʫʣʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʡ 
maxld ʠ ʜʣʷ 

ʦʧʦʨʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʘʥʥʦʤʫ ʚʝʢʪʦʨʫ, ʧʨʠʥʠʤʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩ-

ʪʠʤʘʷ ʜʣʠʥʘ maxl . ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʦʩʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʠʥ, ʥʘ ʢʦʪʦʨʳʝ ʥʝ-

ʦʙʭʦʜʠʤʦ ʚʳʜʚʠʥʫʪʴ ʪʝʣʝʩʢʦʧʠʯʝʩʢʠʝ ʦʧʦʨʳ, ʥʝʦʙʭʦʜʠʤʦ ʥʘʡʪʠ ʨʘʟʥʠʮʫ ‏ 
ʤʝʞʜʫ ʤʘʢʩʠʤʘʣʴʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʦʩʥʦʚʘʥʠʷ ʦʧʦʨʳ ʜʦ ʪʦʯʢʠ ʢʦʥʪʘʢʪʘ 

maxld  ʠ ʦʛʨʘʥʠʯʝʥʠʝʤ ʧʦ ʚʳʜʚʠʛʘʝʤʦʡ ʜʣʠʥʝ maxl : 

 
=‏ Ὠάὥὼ ὰάὥὼ. 

 
ɿʥʘʯʝʥʠʷ ʦʩʪʘʣʴʥʳʭ ʜʣʠʥ ʥʘʭʦʜʷʪʩʷ ʧʫʪʝʤ ʚʳʯʠʪʘʥʠʷ ʠʟ ʥʠʭ ʚʝʣʠʯʠ-

ʥ  r‏: 
 

ii ll d d= -
. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʜʣʠʥ rʚʩʝʭ ʦʧʦʨ ʜʣʷ ʧʦʩʘʜʢʠ ʥʘ ʥʝ-

ʨʦʚʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ʈʘʩʯʸʪ ʥʘʧʨʘʚʣʝʥ ʥʘ ʦʙʝʩʧʝʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʘʟʦʨʘ 

ʤʝʞʜʫ ʜʥʠʱʝʤ ʅʇɸ ʠ ʜʦʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʪʦ ʠʩʢʣʶʯʘʝʪ ʨʠʩʢ ʢʦʥʪʘʢʪʘ 

ʄʄ ʩ ʦʙʲʝʢʪʦʤ ʠʣʠ ʨʝʣʴʝʬʦʤ. 

ɼʣʷ ʧʣʦʪʥʦʛʦ ʧʨʠʞʘʪʠ ̫ʅʇɸ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ 

ʥʘʧʨʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʚʝʢʪʦʨʘ ʪʷʛʠ ὲάὭὨ ʜʚʠʞʠʪʝʣʝʡ ʅʇɸ ʩ ʮʝʣʴʶ 

ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩʠʣʳ ʪʨʝʥʠʷ ʧʦʢʦʷ ʚ ʪʦʯʢʝ ʢʦʥʪʘʢʪʘ 

ʢʘʞʜʦʡ ʦʧʦʨʳ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʦʥʪʘʢʪʘ. ʆʧʨʝʜʝʣʝʥʠʝ ʵʪʦʛʦ ʚʝʢʪʦʨʘ ʧʨʦʠʟ-

ʚʦʜʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʟʚʝʰʝʥʥʦʛʦ ʩʨʝʜʥʝʛʦ ʚʝʢʪʦʨʘ ʥʦʨʤʘʣʠ, ʚʳʯʠʩ-

ʣʷʝʤʦʛʦ ʧʦ ʥʦʨʤʘʣʷʤ ʚʩʝʭ ʯʝʪʳʨʸʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʩ ʢʦʪʦʨʳʤʠ ʢʦʥʪʘʢʪʠʨʫʶʪ 

ʦʧʦʨʳ: 
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ὲάὭὨ =
В ὲὭ

4
Ὥ= 1

В ὲὭ
4
Ὥ= 1

, 

 
ʛʜʝ ὲὭ ï ʥʦʨʤʘʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜ -ʦʡ ʦʧʦʨʦʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʠʥ ʢʘʞʜʦʡ ʠʟ ʪʝʣʝʩʢʦʧʠʯʝ-

ʩʢʠʭ ʦʧʦʨ ʠ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʚʝʢʪʦʨ ʪʷʛ ʜʚʠʞʠʪʝʣʝʡ ʅʇɸ ʧʦʟʚʦʣʷʶʪ ʚʳʧʦʣ-

ʥʷʪʴ ʤʘʥʠʧʫʣʷʮʠʦʥʥʳʝ ʦʧʝʨʘʮʠʠ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʫʩʪʦʡ-

ʯʠʚʦʩʪʴ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʚʳ-

ʧʦʣʥʝʥʠʷ ʵʪʠʭ ʦʧʝʨʘʮʠʡ.  

 ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʠ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʜ-

ʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʩʨʝʜʝ 

Matlab/Simulink ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʚ ʩʠʤʫʣʷʪʦʨʝ CoppeliaSim 

(ʨʠʩ. 2). ɺ ʢʘʯʝʩʪʚʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʘʧʨʦʙʠʨʦʚʘʥʥʘʷ 

ʤʦʜʝʣʴ ʅʇɸ ʩ ʄʄ [6], ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʩʥʘʱʝʥʥʘʷ ʯʝʪʳʨʴʤʷ ʪʝʣʝʩʢʦʧʠʯʝ-

ʩʢʠʤʠ ʦʧʦʨʘʤʠ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʤʦʜʝʣʠʨʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ 

ʨʝʣʴʝʬʘ ʜʥʘ, ʘ ʪʘʢʞʝ ʦʪʨʘʙʘʪʳʚʘʣʠʩʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ, ʚʳʧʦʣʥʷʝ-

ʤʳʝ ʤʘʥʠʧʫʣʷʪʦʨʦʤ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʤʘʥʠʧʫʣʷʮʠʦʥʥʳʝ ʦʧʝʨʘʮʠʠ ʜʘʞʝ ʚ 

ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʛʦ ʨʝʣʴʝʬʘ ʜʥʘ. 

 

 
ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ  
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʛʨʘʥ-

ʪʘ ˉ 23-71-10038. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʘʣʛʦ-

ʨʠʪʤʘ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʜʠʥʘʤʠʢʠ ʜʣʷ ʧʦʜʚʦʜʥʳʭ ʤʥʦʛʦʟʚʝʥʥʳʭ ʤʘʥʠʧʫʣʷ-

ʪʦʨʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʥʝʦʙʠʪʘʝʤʳʭ ʧʦʜʚʦʜʥʳʭ ʘʧʧʘʨʘʪʘʭ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʠ-

ʬʠʢʘʮʠʷ ʫʯʠʪʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʣ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ ʦʪ ʨʝʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʥʘʙʝ-

ʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʧʦʧʘʜʘʥʠʝʤ ʦʜʥʠʭ ʟʚʝʥʴʝʚ ʚ ʩʧʫʪʥʳʡ 

ʩʣʝʜ ʜʨʫʛʠʭ. ɼʣʷ ʵʪʦʛʦ ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʚʠʨʪʫʘʣʴʥʦʡ ʧʨʦʜʫʚʢʠ ʦʪʜʝʣʴ-

ʥʦʛʦ ʟʚʝʥʘ ʚ ʩʨʝʜʝ SOLIDWORKS Flow Simulation ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʬʘʢʪʠʯʝʩʢʠʭ ʩʢʦʨʦ-

ʩʪʝʡ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʥʘ ʩʝʛʤʝʥʪʳ ʟʚʝʥʘ. ɹʳʣʦ ʚʳʧʦʣʥʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʚ ʩʨʝʜʝ Matlab/Simulink. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʠʬʠʢʘ-

ʮʠʠ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʡ. 
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APPROACH  TO  SOLVING  THE  INVERSE  DYNAMICS  PROBLEM  
OF  AN  UNDERWATER  MULTILINK  MANIPULATOR 

 
Abstract: The paper considers a modification of the recurrent algorithm for solving 

the reverse dynamics problem for underwater multi-link manipulators. The developed 

modification takes into account the dependence of viscous friction forces on the actual 

velocity of the incident flow due to the relative position of the manipulator links. By 

means of preliminary virtual purging of a separate link in the SOLIDWORKS Flow Si-

mulation environment, experimental data was obtained, which were used to calculate the 
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actual velocities of the incident flow to the segments of the link. A numerical simulation 

of the operation of the developed algorithm was performed in the MATLAB/Simulink. 

The results of the simulation showed the effectiveness of using the developed modifica-

tion of the algorithm to increase the accuracy of the calculations. 

 

Key words: underwater multilink manipulator, inverse dynamics, wake, incident 

flow, unmanned underwater vehicle. 

 

 

ɺʚʝʜʝʥʠʝ 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʫʩʠʣʠʷ ʤʥʦʛʠʭ ʥʘʫʯʥʳʭ ʢʦʣʣʝʢʪʠʚʦʚ ʥʘʮʝʣʝʥʳ ʥʘ 

ʧʦʚʳʰʝʥʠʝ ʩʪʝʧʝʥʠ ʘʚʪʦʥʦʤʥʦʩʪʠ ʥʝʦʙʠʪʘʝʤʳʭ ʧʦʜʚʦʜʥʳʭ ʘʧʧʘʨʘʪʦʚ 

(ʅʇɸ), ʦʩʥʘʱʘʝʤʳʭ ʤʥʦʛʦʟʚʝʥʥʳʤʠ ʤʘʥʠʧʫʣʷʪʦʨʘʤʠ (ʄʄ) [1, 2]. ʇʨʠ ʵʪʦʤ 

ʪʦʯʥʦʩʪʴ ʨʘʙʦʪʳ ʵʪʠʭ ʢʦʤʧʣʝʢʩʦʚ ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʠʪ ʦʪ ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʨʝʜʝ-

ʣʝʥʠʷ ʩʠʣʦʚʳʭ ʠ ʤʦʤʝʥʪʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʦʢʨʫʞʘʶʱʝʡ ʞʠʜʢʦʩʪʠ ʥʘ ʨʘʙʦ-

ʪʘʶʱʠʡ ʄʄ ʠ ʝʛʦ ʘʧʧʘʨʘʪ-ʥʦʩʠʪʝʣʴ. ɼʣʷ ʠʟ ʚʳʯʠʩʣʝʥʠʷ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ 

ʨʘʟʣʠʯʥʳʝ ʘʣʛʦʨʠʪʤʳ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʜʠʥʘʤʠʢʠ (ʆɿɼ). ʇʨʠ ʵʪʦʤ 

ʫʞʝ ʠʟʚʝʩʪʥʦ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʞʠʜʢʦʩʪʠ ʩʦ ʟʚʝʥʦʤ [3, 4], ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʘʣʛʦʨʠʪʤʦʚ ʆɿɼ [5, 6].ʆʜʥʘʢʦ ʠʟʚʝʩʪʥʳʝ ʧʦʜʭʦʜʳ ʥʝ ʫʯʠʪʳʚʘʶʪ, ʯʪʦ ʚ ʧʨʦ-

ʮʝʩʩʝ ʜʚʠʞʝʥʠʷ ʄʄ ʝʛʦ ʟʚʝʥʴʷ ʤʦʛʫʪ ʧʦʧʘʜʘʪʴ ʚ ʩʧʫʪʥʳʡ ʩʣʝʜ ʜʨʫʛ ʜʨʫʛʘ, 

ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦ-

ʢʘ ʥʘ ʟʚʝʥʦ, ʣʝʞʘʱʝʝ ʚ ʩʧʫʪʥʦʤ ʩʣʝʜʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʥʠʞʘʝʪʩʷ ʪʦʯʥʦʩʪʴ ʦʧ-

ʨʝʜʝʣʝʥʠʷ ʩʠʣ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʟʚʝʥʴʷ ʄʄ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʪʦʯʥʦʩʪʴ ʨʘʙʦʪʳ ʄʄ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʤʥʦʛʦ-

ʟʚʝʥʥʠʢʦʤ ʚ ʨʘʙʦʪʝ ʩʪʘʚʠʪʩʷ ʟʘʜʘʯʘ ʤʦʜʠʬʠʢʘʮʠʠ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʘʣʛʦʨʠʪʤʘ 

ʨʝʰʝʥʠʷ ʆɿɼ ʧʦʜʚʦʜʥʦʛʦ ʄʄ [5], ʚ ʢʦʪʦʨʦʤ ʜʣʷ ʟʚʝʥʴʝʚ, ʧʦʧʘʜʘʶʱʠʭ ʚ 

ʩʧʫʪʥʳʡ ʩʣʝʜ ʩʦʩʝʜʥʠʭ ʟʚʝʥʴʝʚ, ʙʫʜʫʪ ʫʯʠʪʳʚʘʪʴʩʷ ʬʘʢʪʠʯʝʩʢʠʝ ʩʢʦʨʦʩʪʠ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ.  

ʄʦʜʠʬʠʢʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʨʝʰʝʥʠʷ ʆɿɼ ʄʄ ʩ ʫʯʝʪʦʤ  

ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʚʝʥʴʝʚ 

ʇʨʠ ʨʝʰʝʥʠʠ ʫʢʘʟʘʥʥʦʡ ʟʘʜʘʯʠ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚ SOLIDWORKS 

Flow Simulation ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʚʠʨʪʫʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʚ ʭʦʜʝ 

ʢʦʪʦʨʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʦʝ ʟʚʝʥʦ ʄʄ ʜʠʘʤʝʪʨʦʤ 0,2 ʤ ʦʙʪʝʢʘʣʦʩʴ ʧʦʜ ʧʨʷʤʳʤ 

ʫʛʣʦʤ ʥʝʚʦʟʤʫʱʝʥʥʳʤ ʧʦʪʦʢʦʤ ʞʠʜʢʦʩʪʠ (ʨʠʩ. 1-ʘ) ʩʦ ʩʢʦʨʦʩʪʷʤʠ ʦʪ 0,01 ʜʦ 

0,5 ʤ/ʩ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʵʧʶʨʳ ʩʢʦʨʦʩʪʝʡ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ ʚ 

ʩʧʫʪʥʦʤ ʩʣʝʜʝ ʟʘ ʟʚʝʥʦʤ (ʨʠʩ. 1-ʙ), ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴʩʷ ʧʨʠ ʨʘʩʯʝʪʝ ʫʪʦʯʥʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʩʢʦʨʦʩʪʝʡ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʥʘ 

ʟʚʝʥʴʷ, ʧʦʧʘʜʘʶʱʠʝ ʚ ʩʧʫʪʥʳʡ ʩʣʝʜ.  
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ʈʠʩ. 1. ʘ ï ʩʝʯʝʥʠʝ ʩʧʫʪʥʦʛʦ ʩʣʝʜʘ ʟʘ ʟʚʝʥʦʤ ʄʄ; ʙ ï ʢʨʠʚʳʝ ʧʨʦʬʠʣʝʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ 

ʞʠʜʢʦʩʪʠ ʚ ʩʣʝʜʝ ʟʘ ʟʚʝʥʦʤ 

 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ (ʨʠʩ. 1-ʙ) ʧʦ ʧʨʝʜʣʦʞʝʥʥʳʤ ʩʦʦʪʥʦʰʝʥʠʷʤ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʬʘʢʪʠʯʝ-

ʩʢʠʝ ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ ʜʣʷ ʪʝʭ ʩʝʛʤʝʥʪʦʚ ʟʚʝʥʴʝʚ ʄʄ, 

ʢʦʪʦʨʳʝ ʧʦʧʘʜʘʶʪ ʚ ʩʧʫʪʥʳʡ ʩʣʝʜ ʩʦʩʝʜʥʠʭ ʟʚʝʥʴʝʚ. ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʚʝʜʸʥ 

ʧʨʠʤʝʨ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʚʝʥʘ i ʚ ʩʧʫʪʥʦʤ ʩʣʝʜʝ ʩʦʩʝʜʥʝʛʦ ʟʚʝʥʘ k.  

 

 
ʈʠʩ. 2. ɿʚʝʥʦ i  ʚ ʩʧʫʪʥʦʤ ʩʣʝʜʝ ʩʦʩʝʜʥʝʛʦ ʟʚʝʥʘ k 

 

ʌʘʢʪʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 3i

Hij Rn Í , ʥʘʙʝʛʘʶʱʝʛʦ ʥʘ ʧʦʧʘʚʰʠʡ ʚ 

ʩʧʫʪʥʳʡ ʩʣʝʜ ʩʝʛʤʝʥʪ j ʟʚʝʥʘ i, ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

( )*

   , , 1,i i i

Hij ij j rel kjf S j Nn n n= =- ,    (1) 

ʛʜʝ 3i

ij RnÍ  ï ʩʦʙʩʪʚʝʥʥʘʷ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʩʝʛʤʝʥʪʘ j ʟʚʝʥʘ i; N ï ʯʠʩʣʦ ʩʝʛ-

ʤʝʥʪʦʚ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʙʠʚʘʝʪʩʷ ʟʚʝʥʦ i; ( )* 3

   , i

j rel kjf S Rn Í  ï ʩʢʦʨʦʩʪʴ ʞʠʜʢʦʩʪʠ 

ʚ ʩʧʫʪʥʦʤ ʩʣʝʜʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʩʝʛʤʝʥʪʦʤ j ʟʚʝʥʘ i. ( )*

   , i

j rel kjf S n  ʨʘʩ-

ʩʯʠʪʳʚʘʝʪʩʷ ʩ ʫʯʸʪʦʤ ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʟʘʚʠʩʠʤʦʩʪʝʡ (ʨʠʩ. 1) ʥʘ 

ʦʩʥʦʚʝ ʨʘʩʩʪʦʷʥʠʷ jS  ʤʝʞʜʫ ʩʝʛʤʝʥʪʦʤ j ʟʚʝʥʘ i ʠ ʩʝʛʤʝʥʪʦʤ j ʩʦʩʝʜʥʝʛʦ ʟʚʝʥʘ 
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k, ʩʦʟʜʘʶʱʝʛʦ ʩʧʫʪʥʳʡ ʩʣʝʜ, ʘ ʪʘʢʞʝ ʩʢʦʨʦʩʪʠ * 3

   

i

rel kj Rn Í  ʜʚʠʞʝʥʠʷ ʩʝʛʤʝʥʪʘ j 

ʟʚʝʥʘ k ʦʪʥʦʩʠʪʝʣʴʥʦ ʞʠʜʢʦʩʪʠ (ʨʠʩ. 2).  

ʇʦʣʫʯʝʥʥʳʝ ʫʪʦʯʥʸʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (1) ʜʣʷ 

ʩʝʛʤʝʥʪʦʚ ʟʚʝʥʴʝʚ, ʧʦʧʘʚʰʠʭ ʚ ʩʧʫʪʥʳʡ ʩʣʝʜ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʦʜʩʪʘʚʣʷʶʪʩʷ ʚ 

ʠʟʚʝʩʪʥʳʡ ʘʣʛʦʨʠʪʤ [5], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʪʦʯʥʦ ʨʘʩʩʯʠʪʘʪʴ ʚʝʣʠʯʠʥʳ ʨʝ-

ʟʫʣʴʪʠʨʫʶʱʠʭ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʫʢʘʟʘʥʥʳʝ ʩʪʝ-

ʧʝʥʠ ʧʦʜʚʠʞʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʥʘ ʪʦʯʢʫ ʢʨʝʧʣʝʥʠʷ ʄʄ ʢ ʅʇɸ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʯʝʩʪʚʘ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ  

ʘʣʛʦʨʠʪʤʘ ʨʝʰʝʥʠʷ ʆɿɼ 

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʦʥʘ 

ʙʳʣʘ ʠʥʪʝʛʨʠʨʦʚʘʥʘ ʚ ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʫʶ ʤʦʜʝʣʴ ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʘ ʅʇɸ 

ʧʦʜʚʦʜʥʦʛʦ ʄʄ c ʰʝʩʪʴʶ ʩʪʝʧʝʥʷʤʠ ʧʦʜʚʠʞʥʦʩʪʠ, ʦʧʠʩʘʥʥʫʶ ʚ ʨʘʙʦʪʝ [2] ʠ 

ʨʝʘʣʠʟʦʚʘʥʥʫʶ ʚ ʩʨʝʜʝ Matlab/Simulink. ʄʦʜʝʣʴ ʚʢʣʶʯʘʝʪ ʧʦʜʩʠʩʪʝʤʳ, ʦʪʚʝ-

ʯʘʶʱʠʝ ʟʘ ʫʧʨʘʚʣʝʥʠʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘʤʠ, ʛʝʥʝʨʘʮʠʶ ʟʘʜʘʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ, 

ʨʝʰʝʥʠʝ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯ ʢʠʥʝʤʘʪʠʢʠ, ʘ ʪʘʢʞʝ ʆɿɼ ʜʣʷ ʨʘʩʩʤʘʪʨʠ-

ʚʘʝʤʦʛʦ ʄʄ. ʇʨʠ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʅʇɸ 

ʧʨʦʯʥʦ ʫʜʝʨʞʠʚʘʝʪʩʷ ʚʪʦʨʳʤ ʄʄ ʠʣʠ ʩʦʚʝʨʰʠʣ ʧʦʩʘʜʢʫ ʥʘ ʛʨʫʥʪ, ʠ ʦʩʥʦʚʘ-

ʥʠʝ ʄʄ ʥʝʧʦʜʚʠʞʥʦ. ʇʦʣʥʳʡ ʧʝʨʝʯʝʥʴ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʨʠʚʝʜʸʥ ʚ [2], ʘ 

ʝʝ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʣʝʝ: ʜʠʘʤʝʪʨ ʟʚʝʥʴʝʚ ï 0.2 ʤ, 

ʜʣʠʥʘ ʠ ʤʘʩʩʘ ʟʚʝʥʘ 1 ï 0.1 ʤ, 0.8 ʢʛ; ʜʣʠʥʘ ʠ ʤʘʩʩʘ ʟʚʝʥʴʝʚ 2 ʠ 3 ï 1 ʤ, 8 ʢʛ; 

ʜʣʠʥʘ ʠ ʤʘʩʩʘ ʟʚʝʥʘ 4 ï 0.3 ʤ, 1 ʢʛ. 

ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʙʳʣʠ ʟʘʜʘʥʳ ʫʩʣʦʚʠʷ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʚʪʦʨʦʝ ʟʚʝʥʦ ʥʘ ʦʧʨʝʜʝʣʸʥʥʦʤ ʫʯʘʩʪʢʝ ʪʨʘʝʢʪʦʨʠʠ ʦʢʘʟʳʚʘʣʦʩʴ ʚ 

ʩʧʫʪʥʦʤ ʩʣʝʜʝ, ʬʦʨʤʠʨʫʶʱʝʤʩʷ ʟʘ ʪʨʝʪʴʠʤ ʟʚʝʥʦʤ. ɼʣʷ ʵʪʦʛʦ ʧʨʠʚʦʜʳ ʚʪʦ-

ʨʦʛʦ ʠ ʪʨʝʪʴʝʛʦ ʟʚʝʥʴʝʚ ʚʨʘʱʘʣʠʩʴ ʩ ʦʜʠʥʘʢʦʚʦʡ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ï0,5 

ʨʘʜ/ʩ. 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘʯʠʥʘʷ ʩ ʤʦʤʝʥʪʘ 

ʚʨʝʤʝʥʠ ʦʢʦʣʦ 3,3 ʩʝʢʫʥʜ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ʪʨʝʪʴʝʛʦ ʟʚʝʥʘ 3q  ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ 

2

p
-  (ʨʠʩ. 2, 3q ), ʠ ʚʪʦʨʦʝ ʟʚʝʥʦ ʥʘʯʠʥʘʝʪ ʚʭʦʜʠʪʴ ʚ ʩʧʫʪʥʳʡ ʩʣʝʜ ʪʨʝʪʴʝʛʦ 

ʟʚʝʥʘ. ɺ ʵʪʦʪ ʤʦʤʝʥʪ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʩʥʠʞʝʥʠʝ ʤʦʤʝʥʪʘ ʩʠʣʳ ʚʷʟʢʦʛʦ 

ʪʨʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʝʛʦ ʥʘ ʧʨʠʚʦʜ ʚʪʦʨʦʛʦ ʟʚʝʥʘ, ʠ ʢ ʢʦʥʮʫ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʝʛʦ 

ʬʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ (ʨʠʩ. 3, 2

2Rp zM ) ʦʢʘʟʳʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚʪʨʦʝ ʤʝʥʴʰʝ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʤʦʤʝʥʪʦʤ ( ʨʠʩ. 3, 2 *

2Rp zM ), ʨʘʩʩʯʠʪʘʥʥʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʩʭʦʜʥʦʛʦ ʘʣʛʦʨʠʪʤʘ [5]. 
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ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪʳ ʪʝʩʪʦʚʦʛʦ ʜʚʠʞʝʥʠʷ ʄʄ 

 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʨʝʰʝʥʠʷ 

ʆɿɼ ʜʣʷ ʧʦʜʚʦʜʥʦʛʦ ʄʄ, ʚ ʢʦʪʦʨʦʡ ʫʯʠʪʳʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʩʧʫʪʥʦʛʦ ʩʣʝʜʘ, 

ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʟʘ ʟʚʝʥʦʤ, ʥʘ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ, ʥʘʙʝʛʘʶʱʝʛʦ ʥʘ ʩʤʝʞʥʳʝ 

ʟʚʝʥʴʷ ʄʄ. ɼʣʷ ʫʪʦʯʥʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʚ ʩʧʫʪʥʦʤ ʩʣʝʜʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥʥʳʝ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʦʪʜʝʣʴʥʦʛʦ ʟʚʝʥʘ ʚ SOLIDWORKS 

Flow Simulation. ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʠʣʠ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʨʘʩʯʸʪ 

ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʥʘ ʟʚʝʥʴʷ, ʧʦʧʘʜʘʶʱʠʝ ʚ ʩʧʫʪʥʳʡ ʩʣʝʜ. ʈʝ-

ʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ Matlab/Simulink ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʨʘʙʦʪʦʩʧʦ-

ʩʦʙʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ 

ʤʦʞʝʪ ʙʳʪʴ ʘʜʘʧʪʠʨʦʚʘʥʘ ʠ ʜʣʷ ʜʨʫʛʠʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʰʝʥʠʷ ʆɿɼ ʧʦʜʚʦʜʥʳʭ 

ʄʄ. 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 23-71-

10038, https:// rscf.ru/project/23-71-10038/ 
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ɸʥʥʦʪʘʮʠʷ: ʆʧʳʪ ʧʠʣʦʪʠʨʫʝʤʳʭ ʧʦʣʝʪʦʚ ʥʘ ʄʂʉ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠ-

ʝʤ ʢʦʤʧʣʝʢʩʘ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʬʘʢʪʦʨʦʚ ʦʨʙʠʪʘʣʴʥʦʛʦ ʧʦʣʝʪʘ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝ-

ʥʠʝ ʨʝʟʝʨʚʦʚ ʘʜʘʧʪʘʮʠʠ ʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʢʦʩʤʦʥʘʚʪʦʚ. ʅʘ ʟʘʚʝʨʰʘʶʱʠʭ ʵʪʘ-

ʧʘʭ ʧʦʣʝʪʘ ʵʪʦ ʩʦʧʨʷʞʝʥʦ ʩ ʧʦʚʳʰʝʥʥʳʤ ʨʠʩʢʦʤ ʩʥʠʞʝʥʠʷ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʧʦ-

ʣʝʪʥʳʭ ʦʧʝʨʘʮʠʡ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʘʢʪʫʘʣʴʥʘ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢ ʤʦʥʠʪʦʨʠʥʛʘ 

ʨʝʟʝʨʚʦʚ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ʵʢʠʧʘʞʘ ʚ ʢʦʤ-

ʧʣʝʢʩʥʳʭ ʥʘʟʝʤʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʠʤʝʨʦʤ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʜʦ- ʠ ʧʦʩʣʝ-

ʧʦʣʝʪʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʎʇʂ ʠʤʝʥʠ ʖ.ɸ. ɻʘʛʘʨʠʥʘ ʠ ʜʣʠʪʝʣʴʥʳʝ ʠʟʦʣʷʮʠʦʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʀʄɹʇ ʈɸʅ (ʄɸʈʉ-500, ʩʝʨʠʷ SIRIUS ʠ ʜʨ.).  

ʉʦʩʪʘʚʥʦʡ ʯʘʩʪʴʶ ʧʨʦʛʨʘʤʤ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʤʦʥʠʪʦʨʠʥʛ ʨʘʙʦ-

ʪʦʩʧʦʩʦʙʥʦʩʪʠ ʢʦʩʤʦʥʘʚʪʦʚ ʥʘ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʭ ʵʪʘʧʘʭ ʧʦʣʝʪʘ. ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥ-

ʥʳʭ ʠʟʦʣʷʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʪʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʦʮʝʥʢʝ ʩʦ-

ʩʪʦʷʥʠʷ ʢʦʩʤʦʥʘʚʪʘ ʧʦ ʨʝʯʠ (ʵʢʩʧʝʨʪʥʳʝ ʦʮʝʥʢʠ ʩʧʝʮʠʘʣʠʩʪʦʚ ʤʝʜʠʮʠʥʩʢʦʡ ʧʩʠ-

ʭʦʣʦʛʠʠ, ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʮʝʥʢʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʯʠ, ʢʦʥʪʝʥʪ-ʘʥʘʣʠʟ 

ʨʝʯʝʚʦʡ ʢʦʤʤʫʥʠʢʘʮʠʠ ʚ ʛʨʫʧʧʘʭ). ʅʘ ʧʨʘʢʪʠʢʝ ʚʳʷʚʣʷʝʪʩʷ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʜʘʣʴ-

ʥʝʡʰʝʤ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʥʘʨʫʰʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʯʝʣʦ-

ʚʝʢʘ, ʚ ʯʠʩʣʝ ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʡʨʦʩʝʪʝʚʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʧʦʢʘʟʳʚʘʶʱʠʝ 

ʚʳʩʦʢʠʡ ʧʨʦʮʝʥʪ ʪʦʯʥʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʩʦʩʪʦʷʥʠʡ ʧʦ ʨʝʯʠ. ɺ 

ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʰʠʨʝʥʠʷ ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʦʩʥʘʱʝʥʠʷ ʜʦ- ʠ 

ʧʦʩʣʝʧʦʣʝʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʝʩʢʦʥʪʘʢʪʥʳʤʠ ʤʝʪʦʜʘʤʠ ʥʘ ʙʘʟʝ ʥʝʡʨʦʩʝʪʝʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʦʩʪʦʷʥʠʷ ʯʝʣʦʚʝʢʘ ʧʦ ʨʝʯʠ, ʠʩʭʦʜʷ ʠʟ ʧʨʠʤʝʥʷʝʤʳʭ ʚ 

ʠʟʦʣʷʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʧʦʩʦʙʦʚ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʨʝʯʝʚʦʡ ʠʥʬʦʨʤʘ-

ʮʠʠ. 
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Abstract: The experience of manned flights on the ISS has shown that under the 

influence of a complex of unfavorable factors of orbital flight, the reserves of adaptation 

and performance capabilities of cosmonauts decrease. In the final flight stages, this is as-

sociated with an increased risk of reducing the effectiveness of flight operations. In this 

regard, it is relevant to develop methods for monitoring performance reserves when mod-

eling crew activities in complex ground-based experiments, an example of which is the 

pre- and post-flight experiments at the Yu.A.Gagarin Reseach&Test Cosmonaut Center 

and long-term isolation experiments at the IMBP RAS (MARS-500, SIRIUS series, et 

al.). 

 An integral part of the programs of these experiments is the monitoring of the 

cosmonauts' performance capabilities at certain stages of the flight, which are the most 

difficult in terms of safety criteria. For this purpose, realistic models of operator activity 

are used, implemented on semi-natural stands and in the form of computer models. An 

integral part of the programs of these experiments is the monitoring of the cosmonauts' 

working capacity at certain stages of the flight, which are the most difficult in terms of 

safety criteria. During the isolation experiments, various approaches to assessing the con-

dition of a cosmonaut by speech were developed (expert assessments by medical psy-

chology specialists, objective assessments of acoustic characteristics of speech, content 

analysis of speech communication in groups). These methods are applicable to the condi-

tions of pre- and post-flight experiments. In practice, there is a need for further improve-

ment on a contactless basis of methods for detecting human disorders by speech, among 

which are considered promising neural network technologies showing a high percentage 

of accurate recognition of controlled conditions. The report examines the possibility of 

expanding the methodological equipment of pre- and post-flight experiments with con-

tactless methods based on neural network technologies for detecting the human condition 

by speech, focusing on the acoustic analysis methods of speech information, used in iso-

lation experiments. 

 

Keywords: cosmonaut activities, ground-based flight program modeling, perfor-

mance monitoring, contactless technologies, acoustic analysis of speech information, 

neural network models, speech detection. 

 



67 

ɺʦʧʨʦʩʳ ʥʘʜʝʞʥʦʩʪʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ʢʦʩʤʦʥʘʚʪʦʚ ʚ ʜʣʠʪʝʣʴʥʳʭ ʢʦʩʤʠ-

ʯʝʩʢʠʭ ʧʦʣʝʪʘʭ ʪʨʘʜʠʮʠʦʥʥʦ ʟʘʥʠʤʘʶʪ ʦʜʥʦ ʠʟ ʧʝʨʚʳʭ ʤʝʩʪ ʚ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ ʨʷʜʘ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʦʨʛʘʥʠʟʘʮʠʡ ʩʪʨʘʥʳ. ʆʜʥʦ ʠʟ ʘʢʪʫ-

ʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʟʨʘʙʦʪʢʦʡ ʤʝʪʦʜʠʢ ʤʦʥʠʪʦʨʠʥʛʘ ʨʝʟʝʨ-

ʚʦʚ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ʵʢʠʧʘʞʘ ʚ 

ʢʦʤʧʣʝʢʩʥʳʭ ʥʘʟʝʤʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʠʤʝʨʦʤ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʩʣʫʞʠʪʴ 

ʜʦ- ʠ ʧʦʩʣʝʧʦʣʝʪʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʎʇʂ ʠʤʝʥʠ ʖ.ɸ. ɻʘʛʘʨʠʥʘ ʠ ʜʣʠʪʝʣʴ-

ʥʳʝ ʠʟʦʣʷʮʠʦʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʀʄɹʇ ʈɸʅ (ʄɸʈʉ-500, ʩʝʨʠʷ SIRIUS). 

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʥʝʚʝʩʦʤʦʩʪʠ ʠ ʜʨʫʛʠʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʬʘʢʪʦʨʦʚ ʢʦʩʤʠʯʝʩʢʦʛʦ 

ʧʦʣʝʪʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʢʦʩʤʦʥʘʚʪʘ ʩʥʠʞʘʝʪʩʷ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʦʚʝʜʝʥʥʳʭ ʥʘ 

ʄʂʉ ʠ ʚ ʭʦʜʝ ʜʣʠʪʝʣʴʥʳʭ ʠʟʦʣʷʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʙʘʟʝ ʀʄɹʇ 

ʈɸʅ [1]. 

ʉʥʠʞʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ ʠ ʫʤʩʪʚʝʥʥʦʡ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʟʘʢʦʥʦʤʝʨʥʦ 

ʚʝʜʝʪ ʠ ʢ ʩʥʠʞʝʥʠʶ ʥʘʜʝʞʥʦʩʪʠ ʦʧʝʨʘʪʦʨʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ.  

ʅʘʧʨʷʞʸʥʥʘʷ ʨʘʙʦʪʘ ʢʦʩʤʦʥʘʚʪʦʚ ʚ ʧʣʘʥʠʨʫʝʤʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʠʩ-

ʩʠʷʭ ʩʪʘʚʠʪ ʧʝʨʝʜ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʟʚʝʥʘ ʚʦʧʨʦʩ, ʢʘʢʠʤ ʦʙʨʘ-

ʟʦʤ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʠʩʢʠ ʩʥʠʞʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʚ ʩʚʝʪʝ ʧʨʠʦʨʠʪʝʪ-

ʥʳʭ ʮʝʣʝʡ ʩʦʭʨʘʥʝʥʠʷ ʚʳʩʦʢʦʡ ʥʘʜʸʞʥʦʩʪʠ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʇʂɸ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʦ ʚʣʠʷʥʠʠ ʬʘʢʪʦʨʦʚ ʜʣʠʪʝʣʴʥʳʭ ʦʨʙʠʪʘʣʴʥʳʭ 

ʧʦʣʝʪʦʚ ʥʘ ʜʠʥʘʤʠʢʫ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʢʦʩʤʦʥʘʚʪʦʚ ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʳʭ 

ʵʪʘʧʘʭ ʤʠʩʩʠʠ ʚ ʎʇʂ ʠʤʝʥʠ ʖ.ɸ. ɻʘʛʘʨʠʥʘ ʧʨʦʚʦʜʠʪʩʷ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʩ ʫʯʘʩʪʠʝʤ ʢʦʩʤʦʥʘʚʪʦʚ ʜʦ ʠ ʧʦʩʣʝ ʧʦʣʝʪʦʚ ʥʘ ʄʂʉ ʥʘ ʤʦʜʝʣʴʥʳʭ ʘʥʘʣʦʛʘʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʇʂɸ [2]. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʘ ʪʨʝʭʤʦʜʫʣʴʥʘʷ 

ʩʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ (ʨʠʩ. 1), ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ: ʤʦʜʫʣʴ ʧʨʝʜʧʦʣʝʪʥʳʭ (ʬʦʥʦ-

ʚʳʭ) ʥʘʟʝʤʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ; ʤʦʜʫʣʴ ʧʦʣʝʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʧʨʝʜʝ-

ʣʷʶʱʠʭ ʦʩʦʙʝʥʥʦʩʪʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ʢʦʩʤʦʥʘʚʪʦʚ ʥʘ ʄʂʉ; ʤʦʜʫʣʴ ʧʦʩʣʝʧʦ-

ʣʝʪʥʳʭ ʥʘʟʝʤʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ [3].  

 

 
ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʪʨʝʭʤʦʜʫʣʴʥʦʡ ʤʦʜʝʣʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʦʡ ʩʭʝʤʳ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʣʷʪʴ ʵʬʬʝʢʪʳ ʠʟʤʝʥʝʥʠʷ ʩʦ-

ʩʪʦʷʥʠʷ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʥʳʝ ʩ ʚʳʧʦʣʥʝʥʠʝʤ ʪʝʢʫʱʠʭ ʦʧʝʨʘʮʠʡ, ʩʦ-

ʧʦʩʪʘʚʣʷʷ ʠʭ ʩ ʪʝʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʩʦʩʪʦʷʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʦʧ-

ʨʝʜʝʣʷʶʪʩʷ ʢʦʤʧʣʝʢʩʦʤ ʬʘʢʪʦʨʦʚ ʜʣʠʪʝʣʴʥʦʛʦ ʧʦʣʝʪʘ ʥʘ ʄʂʉ. ʌʘʢʪʠʯʝʩʢʠ, 

ʵʪʦʪ ʧʦʜʭʦʜ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʤʝʪʢʠ ʜʘʥʥʳʭ ʜʣʷ ʦʙʫʯʝʥʠʷ ʥʝʡ-

ʨʦʩʝʪʝʡ ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ. 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʫʯʥʳʭ ʦʧʝʨʘʮʠʡ ʫʧʨʘʚʣʝʥʠʷ 

ʇʂɸ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʤʝʜʠʮʠʥʩʢʦʝ ʥʘʙʣʶʜʝʥʠʝ, ʤʦʥʠʪʦʨʠʥʛ ʠ ʨʝʛʠʩʪʨʘʮʠʷ 

ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ɺʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʦʙʲʝʢʪʠʚʥʳʭ ʜʘʥʥʳʭ 

ʤʦʥʠʪʦʨʠʥʛʘ ʜʠʥʘʤʠʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʚ ʜʘʥʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦʡ ʤʦʜʝʣʠ, ʥʘ ʥʘʰ ʚʟʛʣʷʜ, ʜʘʣʝʢʦ ʥʝ ʠʩʯʝʨʧʘʥʳ ʚ ʧʦʣʥʦʡ ʤʝʨʝ, ʪʘʢ ʢʘʢ 

ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʤʝʜʠʮʠʥʩʢʦʛʦ ʠ ʬʠʟʠʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʠʤʝʶʪ 

ʠʟʚʝʩʪʥʳʝ ʧʨʘʢʪʠʯʝʩʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ (ʧʦ ʢʨʠʪʝʨʠʷʤ ʪʨʫʜʦʝʤʢʦʩʪʠ, ʦʧʝʨʘ-

ʪʠʚʥʦʩʪʠ ʦʮʝʥʦʢ, ʢʦʥʪʘʢʪʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʩʲʝʤʘ ʜʘʥʥʳʭ).  

ʂ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʩʦʩʪʘʚʥʳʤ ʵʣʝʤʝʥʪʘʤ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ ʩʦʩʪʦʷ-

ʥʠʷ  ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʦʪʥʦʩʷʪ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʥʝʠʥʚʘʟʠʚʥʳʭ ʤʝʪʦ-

ʜʠʢʘʭ  ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʜʠʩʪʘʥʮʠʦʥʥʦ ʦʙʨʘʙʦʪʢʠ ʧʦʢʘʟʘʪʝʣʝʡ, ʠ ʧʨʠ ʵʪʦʤ ʥʝ ʟʘ-

ʪʨʫʜʥʷʶʱʠʭ ʚʳʧʦʣʥʝʥʠʝ ʦʩʥʦʚʥʳʭ ʚʠʜʦʚ ʨʘʙʦʯʠʭ ʦʧʝʨʘʮʠʡ. ʉʦʚʨʝʤʝʥʥʳʝ 

ʙʝʩʢʦʥʪʘʢʪʥʳʝ ʩʧʦʩʦʙʳ ʧʦʟʚʦʣʷʶʪ ʚ ʙʦʣʝʝ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʩʣʦʚʠʡ ʚʝʩ-

ʪʠ ʤʦʥʠʪʦʨʠʥʛ ʩʦʩʪʦʷʥʠʷ ʨʘʙʦʪʥʠʢʘ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʩʨʝʜʳ, ʘ ʘʢʪʠʚʥʦ ʨʘʟ-

ʨʘʙʘʪʳʚʘʝʤʳʝ ʥʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʫʪʦʤʣʝʥʠʷ ʧʦ ʨʝʯʠ, ʧʦʢʘʟʳʚʘʶʪ ʚʳʩʦʢʠʡ ʧʨʦ-

ʮʝʥʪ ʪʦʯʥʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ [4].  

ɺʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʧʦ ʧʨʠʤʝʥʝʥʠʶ ʥʝʡʨʦʩʝʪʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʜʝ-

ʤʦʥʩʪʨʠʨʦʚʘʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʩʦʩʪʦʷʥʠʡ ʪʘʢʠʭ ʠʩʪʦʯʥʠ-

ʢʦʚ ʜʘʥʥʳʭ,  ʢʘʢ ʟʚʫʢʦʚʦʡ ʧʦʪʦʢ ʠ ʨʘʟʛʦʚʦʨʥʘʷ ʨʝʯʴ. ɼʣʷ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʘʥʘ-

ʣʠʟʘ ʘʫʜʠʦʟʘʧʠʩʝʡ ʨʝʯʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʦʤʧʴʶʪʝʨʥʘʷ ʧʨʦʛʨʘʤʤʘ 

Praat, ʢʦʪʦʨʘʷ  ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʦʩʥʦʚʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʝʯʝʚʦʛʦ ʘʫʜʠʦʩʠʛʥʘʣʘ: ʯʘʩʪʦʪʘ ʦʩʥʦʚʥʦʛʦ ʪʦʥʘ (ʏʆʊ), ʬʦʨʤʘʥʪʳ, ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʩʠʛʥʘʣʘ  (ʛʨʦʤʢʦʩʪʴ), ʯʠʩʣʦ ʛʦʣʦʩʦʚʳʭ ʠʤʧʫʣʴʩʦʚ, ʯʠʩʣʦ ʥʫʣʴ-

ʧʝʨʝʩʝʯʝʥʠʡ, ʚʘʨʠʘʪʠʚʥʦʩʪʴ (ʜʨʝʙʝʟʛ) ʨʝʯʝʚʦʛʦ ʩʠʛʥʘʣʘ ʧʦ ʘʤʧʣʠʪʫʜʝ ʠ ʯʘʩ-

ʪʦʪʝ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʘʫʟ ʠ ʜʨ. ɺʳʭʦʜʥʳʝ ʯʠʩʣʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ  

ʧʨʠʣʦʞʝʥʠʷ Praat ʧʦʟʚʦʣʷʶʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʥʪʨʦʣʴ ʠʟʤʝʥʝʥʠʷ ʬʫʥʢʮʠʦ-

ʥʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʯʝʣʦʚʝʢʘ ʠ ʦʮʝʥʠʪʴ ʩʪʝʧʝʥʴ ʧʩʠʭʦʬʠʟʠʦʣʦʛʠʯʝʩʢʦʡ ʥʘ-

ʧʨʷʞʝʥʥʦʩʪʠ ʛʦʚʦʨʷʱʝʛʦ, ʯʪʦ ʥʘʰʣʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʚʦʧʣʦʱʝʥʠʝ ʚ ʨʘʙʦʪʘʭ 

[5,6]. ʕʪʠ ʚʳʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ ʠʩʭʦʜʥʳʝ ʧʨʠ 

ʧʦʩʪʨʦʝʥʠʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʙʘʟ ʜʘʥʥʳʭ ï ʜʘʪʘʩʝʪʦʚ ʜʣʷ ʦʙʫʯʝʥʠʷ ʥʝʡ-

ʨʦʩʝʪʝʡ.  

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʥʘʨʫʰʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʯʝʣʦʚʝ-

ʢʘ ʧʦ ʨʝʯʠ ʥʘ ʙʝʩʢʦʥʪʘʢʪʥʦʡ ʦʩʥʦʚʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʭʦ-

ʨʦʰʦ ʦʪʨʘʙʦʪʘʥʥʳʝ ʚ ʜʣʠʪʝʣʴʥʳʭ ʠʟʦʣʷʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʤʝʪʦʜʳ ʘʥʘ-

ʣʠʟʘ ʘʢʫʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʯʝʚʦʛʦ ʩʠʛʥʘʣʘ, ʧʦʩʢʦʣʴʢʫ ʧʨʠʤʝʥʝʥʠʝ 

ʥʝʡʨʦʩʝʪʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʦʟʥʘʯʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʧʦʣʥʦʛʦ ʮʠʢ-
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ʣʘ ʨʘʙʦʪ, ʨʘʟʨʘʙʦʪʢʫ ʘʧʧʘʨʘʪʫʨʳ ʠ ʤʝʪʦʜʠʢ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʩʫʱʝʩʪʚʠʪʴ ʩʙʦʨ 

ʨʝʯʝʚʦʡ ʧʨʦʜʫʢʮʠʠ ʚ ʢʦʥʪʝʢʩʪʝ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʚʝʨʠʬʠʮʠ-

ʨʦʚʘʪʴ ʨʝʯʝʚʳʝ ʜʘʥʥʳʝ ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʟʘʜʘʯ ʠ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʙʩʣʝʜʦʚʘʥʠʷ ʫʯʘʩʪʥʠʢʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʬʠʟʠʦʣʦʛʠʠ ʪʨʫʜʘ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʮʝʣʝʩʦʦʙ-

ʨʘʟʥʳʤ ʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʥʘ ʨʝʰʝʥʠʷ, ʦʧʠʩʘʥʥʳʝ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [4,5,6], ʠ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠʭ ʢʘʢ ʧʨʦʪʦʪʠʧʳ ʜʣʷ ʧʣʘʥʠʨʫʝʤʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʨʘʟʨʘʙʦʪʦʢ.  

ʃʠʪʝʨʘʪʫʨʥʳʡ ʘʥʘʣʠʟ ʩʦʩʪʦʷʥʠʷ ʚʦʧʨʦʩʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʩʥʦʚʥʦʡ 

ʧʨʦʙʣʝʤʦʡ ʜʣʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢʦʥʢʨʝʪʥʳʭ ʚʠʜʦʚ ʪʨʫʜʦʚʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, 

ʦʩʦʙʝʥʥʦ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʦʩʚʦʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʩʝʪʝʡ, ʷʚʣʷʝʪʩʷ 

ʥʘʣʠʯʠʝ ʢʘʯʝʩʪʚʝʥʥʳʭ ʥʘʙʦʨʦʚ ʨʝʯʝʚʳʭ ʜʘʥʥʳʭ ʠʣʠ ʢʦʨʧʫʩʦʚ ʨʝʯʝʚʳʭ ʜʘʥ-

ʥʳʭ (ʜʘʣʝʝ ï ʜʘʪʘʩʝʪʦʚ), ʩʦʩʪʘʚʣʷʶʱʠʭ ʦʩʥʦʚʫ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. ʉʣʦʞ-

ʥʦʩʪʴ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʩʦʩʪʦʠʪ ʪʦʤ, ʯʪʦ ʥʘ ʩʝʛʦʜʥʷ ʨʦʩʩʠʡʩʢʠʝ ʜʘʪʘʩʝʪʳ ʝʱʝ 

ʥʝ ʨʘʟʨʘʙʦʪʘʥʳ ʜʣʷ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʠ ʜʣʷ ʢʘʞʜʦʛʦ ʚʠʜʘ ʧʨʦʬʝʩ-

ʩʠʦʥʘʣʴʥʦʛʦ ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʩʥʠʞʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ 

ʥʝʦʙʭʦʜʠʤʦ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʜʘʪʘʩʝʪʳ ʩʦʙʩʪʚʝʥʥʦʡ ʢʦʥʩʪʨʫʢ-

ʮʠʠ ʠ ʧʦʣʥʦʩʪʴʶ ʧʨʦʭʦʜʠʪʴ ʚʝʩʴ ʮʠʢʣ ʦʙʫʯʝʥʠʷ ʠ ʥʘʩʪʨʦʡʢʠ ʤʦʜʝʣʠ [7].  

ɺ ʵʪʦʡ ʩʚʷʟʠ ʚ ʯʠʩʣʝ ʧʝʨʚʦʦʯʝʨʝʜʥʳʭ ʟʘʜʘʯ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʨʧʫʩʦʚ ʜʘʥʥʳʭ ï ʜʘʪʘʩʝʪʦʚ ʜʣʷ ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʩʝʪʝʡ ʩ ʫʯʝ-

ʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʥʪʠʥʛʝʥʪʘ ʫʯʘʩʪʥʠʢʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʫʩʣʦʚʠʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʢʦʩʤʦʥʘʚʪʦʚ ʟʘʢʣʶʯʠʪʝʣʴʥʳʭ ʵʪʘʧʘʭ ʧʦʣʝʪʘ ʠ ʩʦʩʪʘʚʘ 

ʚʝʨʠʬʠʮʠʨʫʶʱʠʭ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ ʥʘʨʫʰʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ.  

ɼʣʷ ʨʘʟʤʝʪʢʠ ʜʘʥʥʳʭ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʙʫʯʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʥʝʡ-

ʨʦʩʝʪʠ ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʩʥʠʞʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʤʝʪʦʜʠʢʠ ʠ ʘʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʩʠʥʭʨʦʥʥʦ ʨʝ-

ʛʠʩʪʨʠʨʦʚʘʪʴ ʧʩʠʭʦʬʠʟʠʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʨʝʟʫʣʴʪʘʪʳ ʦʧʝʨʘʪʦʨʩʢʦʡ 

ʜʝʷʪʝʣʴʥʦʩʪʠ, ʚʠʜʝʦʟʘʧʠʩʠ ʧʦʚʝʜʝʥʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʘʫʜʠʦʟʘʧʠʩʴ ʨʝʯʠ ʠ ʛʦ-

ʣʦʩʦʚʳʭ ʢʦʤʘʥʜ ʦʧʝʨʘʪʦʨʘ. 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʙʘʟʦʚʦʡ ʪʝʤʘʪʠʢʠ ʈɸʅ FMFR 2024-0034 

ʠ FMFR 2024-0039 
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ɸʥʥʦʪʘʮʠʷ: ʚ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʨʠʥʮʠʧʳ ʦʨʛʘʥʠʟʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦ-

ʚʘʥʥʦʡ ʩʙʦʨʢʠ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠ ʜʣʷ ʩʝʨʠʡʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʘʣʳʭ ʢʦʩʤʠʯʝ-

ʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. ʇʨʝʜʩʪʘʚʣʝʥ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ, ʩʦʯʝʪʘʶʱʠʡ ʤʦʜʝʨʥʠʟʘʮʠʶ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʢʦʤʧʦʥʦʚʦʯʥʦʡ ʩʭʝʤʳ ʘʧʧʘʨʘʪʘ, ʚʥʝʜʨʝʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ - ʧʘ-

ʨʘʣʣʝʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʙʦʨʢʠ, ʘʜʘʧʪʘʮʠʶ ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʟʘʭʚʘʪʘ ʫʥʠʚʝʨʩʘʣʴ-

ʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʠ ʠʥʪʝʛʨʘʮʠʶ ʩʠʩʪʝʤ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ ʥʘ ʙʘʟʝ ArUco-

ʤʘʨʢʝʨʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʵʪʠʭ ʨʝʰʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʧʨʝʦʜʦʣʝʪʴ ʧʨʦʪʠʚʦ-

ʨʝʯʠʝ ʤʝʞʜʫ ʚʳʩʦʢʦʡ ʥʘʜʸʞʥʦʩʪʴʶ ʠ ʤʘʩʩʦʚʦʩʪʴʶ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʥʝ-

ʦʙʭʦʜʠʤʫʶ ʪʦʯʥʦʩʪʴ, ʛʠʙʢʦʩʪʴ ʠ ʦʩʥʦʚʫ ʜʣʷ ʧʝʨʝʭʦʜʘ ʢ ʤʘʪʨʠʯʥʦʤʫ ʠʟʛʦʪʦʚʣʝʥʠʶ 

ʘʧʧʘʨʘʪʦʚ. 
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BILITY  OF  SMALL  MASS-PRODUCED  SPACECRAFT  
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Abstract: The article examines the principles of organizing "delicate" robotic as-

sembly for the serial production of small spacecraft. A comprehensive approach is pre-

sented, combining the modernization of the spacecraft's structural-layout scheme, imple-

mentation of serial parallel assembly technology, the adaptation of components for uni-

versal tool gripping, and the integration of machine vision systems based on ArUco 

markers. It is shown that the implementation of these solutions resolves the contradiction 

between high reliability and mass production, ensuring the required accuracy, flexibility, 

and a foundation for the transition to matrix-based manufacturing of spacecraft. 

 

Key words: robotic assembly, small spacecraft, design for manufacturability, fix-

ture-based assembly, machine vision, ArUco markers. 

 

 

ʉʦʚʨʝʤʝʥʥʘʷ ʢʦʩʤʠʯʝʩʢʘʷ ʦʪʨʘʩʣʴ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʝʨʝʭʦʜʦʤ ʦʪ 

ʰʪʫʯʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢ ʩʝʨʠʡʥʦʤʫ ʠʟʛʦʪʦʚʣʝʥʠʶ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ 

(ʂɸ), ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦ-

ʜʦʚ ʩʙʦʨʢʠ. ʀʩʪʦʨʠʯʝʩʢʠ ʩʣʦʞʠʚʰʘʷʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʳʩʦʢʦʢʚʘʣʠʬʠʮʠʨʦ-

ʚʘʥʥʦʛʦ ʨʫʯʥʦʛʦ ʪʨʫʜʘ ʩʪʘʥʦʚʠʪʩʷ ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʬʘʢʪʦʨʦʤ ʚ ʫʩʣʦʚʠʷʭ 

ʪʨʝʙʦʚʘʥʠʡ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʛʦ ʢʘʯʝʩʪʚʘ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʧʨʦʙʣʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʦʪʠʚʦʨʝʯʠʝʤ ʤʝʞʜʫ ʥʝʦʙʭʦ-

ʜʠʤʦʩʪʴʶ ʩʦʭʨʘʥʠʪʴ ʚʳʩʦʯʘʡʰʫʶ ʥʘʜʝʞʥʦʩʪʴ ʩʙʦʨʢʠ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʥʦ-

ʛʦʢʨʘʪʥʦ ʫʚʝʣʠʯʠʪʴ ʝ yʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʂʣʶʯʝʚʳʤ ʨʝʰʝʥʠʝʤ ʚʳʩʪʫʧʘʝʪ ʚʥʝ-

ʜʨʝʥʠʝ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʆʩʥʦʚʥʘʷ 

ʩʣʦʞʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ çʜʝʣʠʢʘʪʥʦʡè ʩʙʦʨʢʠ, 

ʩʦʯʝʪʘʶʱʝʡ ʩʣʝʜʫʶʱʠʝ ʧʨʠʥʮʠʧʳ: 

ï ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʠʟʜʝʣʣʠʷ; 

ï ʨʘʟʜʝʣʝʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʝʨʝʭʦʜʦʚ ʥʘ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʝ ʠ ʯʝʣʦ-

ʚʝʢʦ-ʠʩʧʦʣʥʷʝʤʳʝ; 

ï ʤʥʦʛʦʢʨʘʪʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ ʜʝʡʩʪʚʠʡ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʙʦʨʢʠ; 

ï ʧʨʠʤʝʥʝʥʠʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʴʶ; 

ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʜʘʧʪʠʚʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʧʨʦʛʨʘʤʤ ʨʦʙʦʪʦʚ ʥʘ ʦʩʥʦ-

ʚʝ ʮʠʬʨʦʚʦʛʦ ʜʚʦʡʥʠʢʘ; 

ï ʧʦʣʫʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʦʬʬʣʘʡʥ-ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ ʧʨʦʤʳʰʣʝʥʥʳʭ ʨʦ-

ʙʦʪʦʚ; 

ï ʨʦʙʦʪʠʟʘʮʠʷ ʩʙʦʨʦʯʥʦʛʦ ʫʯʘʩʪʢʘ ʧʦ ʧʨʠʥʮʠʧʘʤ ʤʘʪʨʠʯʥʦʛʦ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘ. 

ʈʝʘʣʠʟʘʮʠʷ ʫʢʘʟʘʥʥʳʭ ʧʨʠʥʮʠʧʦʚ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʛʠʙʨʠʜʥʳʝ ʯʝʣʦ-

ʚʝʢʦ-ʤʘʰʠʥʥʳʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʩʠʩʪʝʤʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʠʥʝʨʛʝʪʠʯʝ-

ʩʢʠʡ ʵʬʬʝʢʪ ʟʘ ʩʯʝʪ ʢʦʤʙʠʥʘʮʠʠ ʢʦʛʥʠʪʠʚʥʳʭ ʩʧʦʩʦʙʥʦʩʪʝʡ ʦʧʝʨʘʪʦʨʘ ʠ 

ʧʨʝʮʠʟʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ. 
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ɺʥʝʜʨʝʥʠʝ ʚʳʩʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʢʦʤʣʝʢʩʘ çʜʝʣʠʢʘʪʥʦʡè ʨʦʙʦʪʠʟʠʨʦ-

ʚʘʥʥʦʡ ʩʙʦʨʢʠ ʧʨʝʩʣʝʜʫʝʪ ʚʳʧʦʣʥʝʥʠʝ ʨʷʜʘ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʮʝʣʝʡ, ʥʘʧʨʘʚ-

ʣʝʥʥʳʭ ʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʶ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʫʶ, ʫʧʨʘʚʣʷʝ-

ʤʫʶ ʠ ʩʘʤʦʦʧʪʠʤʠʟʠʨʫʶʱʫʶʩʷ ʩʠʩʪʝʤʫ. ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʤ-

ʧʦʥʦʚʢʠ ʠ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ ʂɸ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ 

ʤʦʜʫʣʴʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʤʝʞʜʫ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ, ʪʝʧʣʦʚʳʤʠ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʠ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʤʠ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʘʤʠ ʘʧʧʘʨʘʪʘ. ʂʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʚʳʩʪʫʧʘʝʪ ʨʘʟʨʘʙʦʪʢʘ ʫʥʠʬʠʮʠʨʦ-

ʚʘʥʥʳʭ ʩʪʳʢʦʚʦʯʥʳʭ ʠʥʪʝʨʬʝʡʩʦʚ ʠ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʭ ʧʦʩʘʜʦʯʥʳʭ ʤʝʩʪ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʠʥʮʠʧʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʠ ʦʙʝʩʧʝʯʠʪʴ 

ʪʦʯʥʦʩʪʴ ʫʩʪʘʥʦʚʢʠ ʠ ʧʦʜʢʣʶʯʝʥʠʷ ʤʦʜʫʣʝʡ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʦʧ-

ʪʠʤʠʟʘʮʠʠ ʤʘʩʩʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʧʦʣʦʞʝʥʠʷ ʮʝʥʪʨʘ ʤʘʩʩ, ʯʪʦ ʥʘʧʨʷʤʫʶ 

ʚʣʠʷʝʪ ʥʘ ʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʧʧʘʨʘʪʘ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ 

ʦʨʠʝʥʪʘʮʠʠ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ. ʅʝ ʤʝʥʝʝ ʚʘʞʥʦʡ ʮʝʣʴʶ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʧʨʝʜ-

ʩʢʘʟʫʝʤʳʭ ʪʝʧʣʦʚʳʭ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʦʙʦʨʫʜʦʚʘʥʠʷ ʯʝʨʝʟ ʨʘʮʠʦʥʘʣʴʥʦʝ ʨʘʟ-

ʤʝʱʝʥʠʝ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʦʨʛʘʥʠʟʘʮʠʶ ʵʬʬʝʢʪʠʚʥʳʭ ʧʫʪʝʡ 

ʪʝʧʣʦʦʪʚʦʜʘ. ʉʪʨʘʪʝʛʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʜʘʧʪʠʚʥʳʭ 

ʢʦʤʧʦʥʦʚʦʯʥʳʭ ʩʭʝʤ, ʩʦʭʨʘʥʷʶʱʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʧʨʠ ʚʦʟʤʦʞʥʳʭ ʤʦ-

ʜʝʨʥʠʟʘʮʠʷʭ ʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ. ɼʦʩʪʠʞʝʥʠʝ 

ʵʪʠʭ ʮʝʣʝʡ ʧʦʟʚʦʣʠʪ ʧʝʨʝʡʪʠ ʢ ʩʦʟʜʘʥʠʶ ʂɸ ʩ ʧʦʚʳʰʝʥʥʦʡ ʪʝʭʥʦʣʦʛʠʯʥʦ-

ʩʪʴʶ ʩʙʦʨʢʠ, ʫʣʫʯʰʝʥʥʳʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʩʥʠ-

ʞʝʥʥʦʡ ʩʪʦʠʤʦʩʪʴʶ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ. 

ɸʥʘʣʠʟ ʠʩʭʦʜʥʦʡ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʢʦʤʧʦʥʦʚʦʯʥʦʡ ʩʭʝʤʳ ʤʘʣʦʛʦ ʢʦʩʤʠ-

ʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ (ʄʂɸ), ʧʨʦʚʝʜʝʥʥʳʡ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [1], ʚʳʷʚʠʣ ʥʝʦʙʭʦ-

ʜʠʤʦʩʪʴ ʝʸ ʤʦʜʝʨʥʠʟʘʮʠʠ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʣʦʚʠʡ ʚʳʧʦʣʥʝʥʠʷ ʨʦʙʦʪʠʟʠʨʦ-

ʚʘʥʥʦʡ ʩʙʦʨʢʠ ʚ ʯʘʩʪʠ: 

ï ʨʘʟʜʝʣʝʥʠʷ ʩʠʩʪʝʤ ʙʦʨʪʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ ʧʦʧʘʥʝʣʴʥʦ; 

ï ʘʜʘʧʪʘʮʠʠ ʙʣʦʢʦʚ ʙʦʨʪʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ ʩ ʮʝʣʴʶ ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʨʘʟʲʸʤʦʚ); 

ï ʩʦʢʨʘʱʝʥʠʷ ʦʙʲʸʤʘ ʠ ʩʣʦʞʥʦʩʪʠ ʢʘʙʝʣʴʥʦʡ ʩʝʪʠ ʙʣʘʛʦʜʘʨʷ ʧʨʠʤʝʥʝ-

ʥʠʶ ʙʘʟʦʚʳʭ ʧʣʘʪ ʩ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤʠ ʰʠʥʘʤʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʠ ʧʠʪʘ-

ʥʠʷ [2]. 

ʅʝ ʤʝʥʝʝ ʚʘʞʥʳʤ ʘʩʧʝʢʪʦʤ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʩʙʦʨʢʠ ʷʚʣʷʝʪʩʷ ʘʜʘʧʪʘ-

ʮʠʷ ʢʦʥʩʪʨʫʢʮʠʠ ʫʩʪʘʥʘʚʣʠʚʘʝʤʳʭ ʥʘ ʙʦʨʪ ʠʟʜʝʣʠʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʜʸʞ-

ʥʦʛʦ ʟʘʭʚʘʪʘ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ (ʋʀ). ɼʣʷ ʵʪʦʛʦ ʧʨʦʝʢʪʠʨʫʝʤʳʝ 

ʤʦʜʫʣʠ ʠ ʘʛʨʝʛʘʪʳ ʜʦʣʞʥʳ ʙʳʪʴ ʦʩʥʘʱʘʝʥʳ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʤʠ ʠʥʪʝʨ-

ʬʝʡʩʘʤʠ ʟʘʭʚʘʪʘ ï ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʥʘ ʧʝʨʝʜʘ-

ʯʫ ʤʦʥʪʘʞʥʳʭ ʫʩʠʣʠʡ. ɺʳʙʦʨ ʢʦʥʢʨʝʪʥʦʛʦ ʧʨʠʥʮʠʧʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʂɸ 

ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʠʥʞʝʥʝʨʥʳʤ ʨʝʰʝʥʠʝʤ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚ-

ʥʳʭ ʧʦʜʭʦʜʘ: ʫʜʝʨʞʘʥʠʝ ʩʠʣʦʡ ʪʨʝʥʠʷ (ʨʠʩ. 1-ʘ), ʧʨʠ ʢʦʪʦʨʦʤ ʬʠʢʩʘʮʠʷ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʸʪ ʩʦʟʜʘʚʘʝʤʦʛʦ ʥʦʨʤʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʠ ʫʜʝʨʞʘʥʠʝ ʟʘ 

ʩʯʸʪ ʬʦʨʤʳ (ʨʠʩ. 1-ʙ), ʛʜʝ ʥʘʜʸʞʥʦʩʪʴ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʠ ʫʜʝʨʞʘʥʠʷ ʜʦʩ-

ʪʠʛʘʝʪʩʷ ʧʫʪʸʤ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʟʘʮʝʧʣʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘ ʩʦ ʩʧʝʮʠʘʣʴʥʳʤʠ 
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ʧʘʟʘʤʠ, ʦʪʚʝʨʩʪʠʷʤʠ ʠʣʠ ʚʳʩʪʫʧʘʤʠ ʥʘ ʢʦʨʧʫʩʝ ʠʟʜʝʣʠʷ. ɼʣʷ ʂɸ, ʨʘʙʦʪʘʶ-

ʱʠʭ ʚ ʫʩʣʦʚʠʷʭ ʥʝʚʝʩʦʤʦʩʪʠ ʠ ʚʠʙʨʘʮʠʦʥʥʳʭ ʥʘʛʨʫʟʦʢ ʧʨʠ ʚʳʚʝʜʝʥʠʠ, ʧʨʠ-

ʦʨʠʪʝʪ ʯʘʩʪʦ ʦʪʜʘʸʪʩʷ ʧʨʠʥʮʠʧʫ ʫʜʝʨʞʘʥʠʷ ʟʘ ʩʯʸʪ ʬʦʨʤʳ, ʢʘʢ ʦʙʝʩʧʝʯʠ-

ʚʘʶʱʝʤʫ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʥʘʜʸʞʥʦʩʪʴ ʠ ʦʜʥʦʟʥʘʯʥʦʩʪʴ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʙʝʟ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʜʜʝʨʞʘʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʩʠʣʦʚʦʛʦ ʟʘʤʳʢʘʥʠʷ. ʆʜʥʘʢʦ ʚʳ-

ʙʦʨ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ï ʬʨʠʢʮʠʦʥʥʦʛʦ, ʬʦʨʤ-ʬʘʢʪʦʨʥʦʛʦ ʠʣʠ ʠʭ ʢʦʤ-

ʙʠʥʘʮʠʠ ï ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʳʤ ʘʥʘʣʠʟʦʤ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʠʟʜʝʣʠʷ, ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ ʫʩʪʘʥʦʚʢʠ, ʚʝʣʠʯʠʥʳ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ 

ʥʘʛʨʫʟʦʢ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʤʘʩʩʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥ-

ʪʦʚ.  

 

  
ʘ ʙ 

ʈʠʩ. 1. ʇʨʠʥʮʠʧ rʩʠʣʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʜʝʪʘʣʴ:ʁ ʘ) ʫʜʝʨʞʘʥʠʝ ʩʠʣʦʡ 

ʪʨʝʥʠ;̫ ʙ) ʫʜʝʨʞʘʥʠʝ ʟʘ ʩʯʸʪ ʬʦʨʤʳ 

 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʄʂɸ ʢʣʘʩʩʘ CubeSat ʙʳʣ 

ʧʨʝʜʣʦʞʝʥ ʠ ʜʝʪʘʣʴʥʦ ʧʨʦʨʘʙʦʪʘʥ ʧʨʠʥʮʠʧ ʩʪʘʧʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʙʦʨʢʠ 

[3]. ɽʛʦ ʢʣʶʯʝʚʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʧʝʮʠʘʣʠʟʠʨʦ-

ʚʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʩʥʘʩʪʢʠ ï ʩʪʘʧʝʣʝʡ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪ ʬʫʥʢʮʠʶ 

ʪʦʯʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʙʘʟʠʨʦʚʘʥʠʷ ʚʩʝʭ ʤʦʥʪʠʨʫʝʤʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʘ 

ʥʝʩʫʱʝʡ ʧʘʥʝʣʠ ʘʧʧʘʨʘʪʘ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʜʝʢʦʤʧʦʟʠʨʦʚʘʪʴ ʩʣʦʞ-

ʥʳʡ ʧʨʦʮʝʩʩ ʩʙʦʨʢʠ: ʢʦʤʧʦʥʝʥʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʟʠʮʠʦʥʠʨʫʶʪʩʷ ʚ ʟʘʜʘʥ-

ʥʳʝ ʷʯʝʡʢʠ ʩʪʘʧʝʣʷ (ʚʨʫʯʥʫʶ ʠʣʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦ ʠʟ ʢʘʩʩʝʪ), ʧʦʩʣʝ ʯʝʛʦ 

ʨʦʙʦʪ, ʦʩʥʘʱʸʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪʦʤ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʳʧʦʣʥʷʝʪ ʦʧʝʨʘʮʠʠ 

ʢʨʝʧʣʝʥʠʷ. ʆʩʥʦʚʥʳʤ ʢʨʠʪʝʨʠʝʤ ʚʳʙʦʨʘ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʪʘʣʘ ʩʧʦʩʦʙʥʦʩʪʴ 

ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʩʦʚʤʝʱʝʥʠʷ ʦʩʝʡ ʢʨʝʧʸʞʥʳʭ ʚʠʥʪʦʚ ʠ ʨʝʟʴʙʦ-

ʚʳʭ ʦʪʚʝʨʩʪʠʡ (ʧʦʛʨʝʰʥʦʩʪʴ ʥʝʩʦʦʩʥʦʩʪʠ ʜʦ 0,1 ʤʤ), ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ 

ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʪʢʘʟʦʚ, ʪʘʢʠʭ ʢʘʢ ʟʘʢʣʠʥʠʚʘʥʠʝ ʨʝʟʴʙʳ. 

ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ, ʛʠʙʢʦʩʪʠ ʠ ʘʚʪʦʥʦʤʥʦʩʪʠ çʜʝ-

ʣʠʢʘʪʥʦʡè ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʩʦʚʨʝʤʝʥʥʳʡ ʧʦʜʭʦʜ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ 

ʠʥʪʝʛʨʘʮʠʶ ʩʠʩʪʝʤ ʪʝʭʥʠʯʝʩʢʦʛʦ (ʤʘʰʠʥʥʦʛʦ) ʟʨʝʥʠʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 
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ʢʦʥʩʪʨʫʢʮʠʶ ʦʩʥʘʩʪʢʠ. ʕʪʦ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪ ʧʘʩʩʠʚʥʳʝ ʩʪʘʧʝʣʠ ʠ ʣʦʞʝʤʝʥ-

ʪʳ ʚ ʘʢʪʠʚʥʳʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʩʠʩʪʝʤʳ. ʇʫʪʸʤ ʥʘʥʝʩʝʥʠʷ ʥʘ ʨʘʙʦʯʠʝ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʠ ʢʦʤʧʦʥʝʥʪʳ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʢ, ʪʘʢʠʭ ʢʘʢ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ 

ArUco-ʤʘʨʢʝʨʳ (ʨʠʩ. 2), ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʣʦʞʝʥʠʷ, ʦʨʠʝʥʪʘʮʠʠ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠʟʜʝʣʠʡ ʚ ʨʝʘʣʴ-

ʥʦʤ ʚʨʝʤʝʥʠ. ʉʠʩʪʝʤʘ ʟʨʝʥʠʷ, ʩʯʠʪʳʚʘʷ ʵʪʠ ʫʥʠʢʘʣʴʥʳʝ ʢʦʜʳ, ʧʦʟʚʦʣʷʝʪ ʨʦ-

ʙʦʪʠʟʠʨʦʚʘʥʥʦʤʫ ʢʦʤʧʣʝʢʩʫ ʥʝ ʪʦʣʴʢʦ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʚʦʟʤʦʞʥʳʝ ʧʦʛʨʝʰ-

ʥʦʩʪʠ ʙʘʟʠʨʦʚʘʥʠʷ, ʥʦ ʠ ʚʝʨʠʬʠʮʠʨʦʚʘʪʴ ʪʠʧ ʜʝʪʘʣʠ, ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ 

ʦʪʩʫʪʩʪʚʠʝ ʧʝʨʝʢʦʩʘ ʠ ʢʦʨʨʝʢʪʥʦʩʪʴ ʝʸ ʫʩʪʘʥʦʚʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʤʙʠʦʟ 

ʩʪʘʧʝʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ ʤʘʰʠʥʥʳʤ ʟʨʝʥʠʝʤ ʤʠʥʠʤʠʟʠʨʫʝʪ ʚʣʠʷʥʠʝ ʧʦ-

ʛʨʝʰʥʦʩʪʝʡ ʨʦʙʦʪʦʚ-ʤʘʥʠʧʫʣʷʪʦʨʦʚ ʠ ʩʦʟʜʘʸʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʬʫʥʜʘʤʝʥʪ 

ʜʣʷ ʧʝʨʝʭʦʜʘ ʢ ʩʝʨʠʡʥʦʤʫ ʤʘʪʨʠʯʥʦʤʫ ʧʨʦʠʟʚʦʜʩʪʚʫ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ. 

 

  
ʈʠʩ. 2. ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʦʩʥʘʪʢʘ ʜʣʷ ʣʦʞʝʤʝʥʪʦʚ ʩ ArUco-ʤʘʨʢʝʨʘʤʠ 

 

ʇʝʨʝʭʦʜ ʢ ʩʝʨʠʡʥʦʤʫ ʧʨʦʠʟʚʦʜʩʪʚʫ ʄʂɸ ʪʨʝʙʫʝʪ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʫʩʪʦ-

ʷʚʰʠʭʩʷ ʤʝʪʦʜʦʚ ʩʙʦʨʢʠ. ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʢʦʥʮʝʧʮʠʷ çʜʝʣʠʢʘʪʥʦʡè ʨʦʙʦʪʠ-

ʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʧʨʝʜʣʘʛʘʝʪ ʩʠʩʪʝʤʥʳʡ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʠʥʪʝʟʝ 

ʘʜʘʧʪʠʨʦʚʘʥʥʦʡ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʢʦʤʧʦʥʦʚʦʯʥʦʡ ʩʭʝʤʳ, ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʩʥʘʩʪʢʠ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ. ʌʫʥʜʘ-

ʤʝʥʪʦʤ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʘʧʧʘʨʘʪʘ, ʚʢʣʶ-

ʯʘʶʱʝʝ ʧʘʥʝʣʠʨʦʚʘʥʠʝ, ʫʥʠʬʠʢʘʮʠʶ ʩʪʳʢʦʚʦʯʥʳʭ ʠʥʪʝʨʬʝʡʩʦʚ ʠ ʚʥʝʜʨʝʥʠʝ 

ʙʘʟʦʚʳʭ ʧʣʘʪ, ʯʪʦ ʩʦʟʜʘʸʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ. ʂʣʶʯʝʚʳʤ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ ʚʳʩʪʫʧʘʝʪ ʩʪʘʧʝʣʴʥʘʷ ʩʙʦʨʢʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʪʨʝ-

ʙʫʝʤʫʶ ʪʦʯʥʦʩʪʴ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʤʠʥʠʤʠʟʘʮʠʶ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʠʭ ʨʠʩʢʦʚ, ʪʘʢʠʭ ʢʘʢ ʟʘʢʣʠʥʠʚʘʥʠʝ ʨʝʟʴʙʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʪʦʯʥʦʩʪʠ ʠ ʘʚʪʦʥʦʤʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʜʦʩʪʠʛʘʝʪʩʷ 

ʟʘ ʩʯʸʪ ʠʥʪʝʛʨʘʮʠʠ ʩʠʩʪʝʤ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ ʥʘ ʙʘʟʝ ʦʧʪʠʯʝʩʢʠʭ ArUco-

ʤʘʨʢʝʨʦʚ. ɼʘʥʥʦʝ ʨʝʰʝʥʠʝ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪ ʧʘʩʩʠʚʥʫʶ ʦʩʥʘʩʪʢʫ ʚ ʘʢʪʠʚʥʫʶ 

ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʩʠʩʪʝʤʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʚʝʨʠʬʠʢʘ-

ʮʠʶ, ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʠ ʢʦʨʨʝʢʮʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʤʦʥʪʠʨʫʝ-

ʤʳʭ ʤʦʜʫʣʝʡ. ʈʝʘʣʠʟʘʮʠʷ ʫʢʘʟʘʥʥʳʭ ʧʨʠʥʮʠʧʦʚ ʬʦʨʤʠʨʫʝʪ ʦʩʥʦʚʫ ʜʣʷ ʩʦʟ-

ʜʘʥʠʷ ʛʠʙʨʠʜʥʳʭ ʯʝʣʦʚʝʢʦ-ʤʘʰʠʥʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ, ʛʜʝ ʨʦʙʦʪʠ-
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ʟʠʨʦʚʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʚʳʧʦʣʥʷʝʪ ʧʨʝʮʠʟʠʦʥʥʳʝ ʩʙʦʨʦʯʥʳʝ ʦʧʝʨʘʮʠʠ, ʘ ʦʧʝ-

ʨʘʪʦʨ ʩʦʩʨʝʜʦʪʦʯʝʥ ʥʘ ʟʘʜʘʯʘʭ ʢʦʥʪʨʦʣʷ ʠ ʫʧʨʘʚʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜ-

ʣʦʞʝʥʥʳʡ ʢʦʤʧʣʝʢʩ ʤʝʨ ʩʦʟʜʘʸʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʙʘʟʠʩ ʜʣʷ ʧʝʨʝʭʦʜʘ ʢ ʩʝ-

ʨʠʡʥʦʤʫ ʤʘʪʨʠʯʥʦʤʫ ʧʨʦʠʟʚʦʜʩʪʚʫ ʄʂɸ ʩ ʛʘʨʘʥʪʠʨʦʚʘʥʥʳʤʠ ʪʘʢʪʠʢʦ-

ʪʝʭʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʩʥʠʞʝʥʥʦʡ ʩʪʦʠʤʦʩʪʴʶ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢ-

ʣʘ. 
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PRINCIPLES OF DESIGNING SMALL SPACECRAFT FOR SERIAL  
ROBOTIC ASSEMBLY 

 
Abstract: The article discusses foreign experience in designing small spacecraft for 

mass production. The key features of small spacecraft design for their robotic mass pro-

duction have been highlighted. The effectiveness of robotic assembly has been evaluated. 
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Recommendations are given on implementing the principles of robotic assembly for ad-

vanced small spacecrafts. 

 

Key words: Small spacecraft, robotic assembly, serial production 

 

 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʧʷʪʴ ʣʝʪ ʤʠʨʦʚʘʷ ʢʦʩʤʦʥʘʚʪʠʢʘ ʦʢʦʥʯʘʪʝʣʴʥʦ ʧʝʨʝʰʣʘ ʦʪ 

ʰʪʫʯʥʦʛʦ ʠ ʤʝʣʢʦʩʝʨʠʡʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ 1-10 ʩʧʫʪʥʠʢʦʚ ʚ ʛʦʜ ʥʘ ʦʜʥʦʛʦ 

ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʢ ʢʨʫʧʥʦʩʝʨʠʡʥʦʤʫ ʠ ʬʦʨʤʘʪʫ ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦʩʧʫʪʥʠʢʦʚʳʭ 

ʛʨʫʧʧʠʨʦʚʦʢ. ʇʦ ʩʦʩʪʦʷʥʠʶ ʥʘ ʥʦʷʙʨʴ 2025 ʛʦʜʘ ʥʘ ʦʨʙʠʪʝ ʥʘʭʦʜʠʪʩʷ ʫʞʝ 

ʙʦʣʝʝ 8 000 ʩʧʫʪʥʠʢʦʚ Starlink ʚʪʦʨʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ ʙʦʣʝʝ 11 000 ʚʩʝʭ ʧʦʢʦ-

ʣʝʥʠʡ ʩʫʤʤʘʨʥʦ, 648 ʩʧʫʪʥʠʢʦʚ OneWeb, ʧʨʠ ʵʪʦʤ ʛʦʪʦʚʠʪʩʷ ʠʭ ʚʪʦʨʦʝ ʧʦ-

ʢʦʣʝʥʠʝ. ʅʘʯʘʣʦʩʴ ʨʘʟʚʸʨʪʳʚʘʥʠʝ 3 236 ʂɸ Amazon Project Kuiper. ʂʠʪʘʡ 

ʘʥʦʥʩʠʨʦʚʘʣ ʨʘʟʚʝʨʪʳʚʘʥʠʝ ʛʨʫʧʧʠʨʦʚʢʠ GuoWang ʩ 12 992 ʂɸ ʠ ʫʞʝ ʟʘʧʫʩ-

ʢʘʝʪ ʩʦʪʥʠ ʩʧʫʪʥʠʢʦʚ ʚ ʛʦʜ. ʈʦʩʩʠʷ ʚ ʵʪʦʤ ʧʣʘʥʝ ʷʚʣʷʝʪʩʷ ʜʦʛʦʥʷʶʱʠʤ ʠʛʨʦ-

ʢʦʤ: ʥʘ ʩʝʛʦʜʥʷ ʧʣʘʥʠʨʫʝʪʩʷ ʢ ʨʝʘʣʠʟʘʮʠʠ ʥʘʮʠʦʥʘʣʴʥʳʡ ʧʨʦʝʢʪ ʩ ʨʘʟʚʝʨʪʳ-

ʚʘʥʠʝʤ ʤʥʦʛʦʩʧʫʪʥʠʢʦʚʳʭ ʛʨʫʧʧʠʨʦʚʦʢ. 

ʇʨʠ ʪʘʢʠʭ ʤʘʩʰʪʘʙʘʭ ʪʨʘʜʠʮʠʦʥʥʘʷ ʤʦʜʝʣʴ çʨʫʯʥʦʡè ʩʙʦʨʢʠ ʠ ʠʥʪʝ-

ʛʨʘʮʠʠ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʩʪʘʣʘ ʛʣʘʚʥʳʤ ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʬʘʢʪʦʨʦʤ. 

ʉʨʝʜʥʷʷ ʪʨʫʜʦʸʤʢʦʩʪʴ ʦʜʥʦʛʦ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʛʝʦʩʪʘʮʠʦʥʘʨʥʦʛʦ ʂɸ ʠʣʠ ʜʘʞʝ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʛʦ ʩʧʫʪʥʠʢʘ ʩʦʩʪʘʚʣʷʝʪ 3 000-15 000 ʯʝ-

ʣʦʚʝʢʦ-ʯʘʩʦʚ, ʘ ʧʦʣʥʳʡ ʮʠʢʣ ʦʪ ʥʘʯʘʣʘ ʩʙʦʨʢʠ ʜʦ ʦʪʛʨʫʟʢʠ ʥʘ ʢʦʩʤʦʜʨʦʤ ð 

ʦʪ 12 ʜʦ 36 ʤʝʩʷʮʝʚ. ɼʘʞʝ ʫ ʩʘʤʳʭ ʧʨʦʜʚʠʥʫʪʳʭ ʨʦʩʩʠʡʩʢʠʭ ʧʨʝʜʧʨʠʷʪʠʡ 

ɸʆ çʈɽʐɽʊʅɪɺè, ʅʇʆ ʠʤ ʉ.ɸ. ʃʘʚʦʯʢʠʥʘ, ʈʂʂ çʕʥʝʨʛʠʷè ʨʝʘʣʴʥʘʷ ʧʨʦ-

ʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʚ 2025 ʛʦʜʫ ʨʝʜʢʦ ʧʨʝʚʳʰʘʝʪ 12-15 ʢʨʫʧʥʳʭ ʂɸ ʚ ʛʦʜ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ çSpaceXè ʚ ʈʝʜʤʦʥʜʝ (ʰʪʘʪ ɺʘʰʠʥʛʪʦʥ) ʫʞʝ ʚ 2024-2025 

ʛʛ. ʚʳʰʣʘ ʥʘ ʪʝʤʧ ʙʦʣʝʝ 50 ʩʧʫʪʥʠʢʦʚ çStarlinkè ʚ ʩʫʪʢʠ ʩ ʧʦʣʥʦʩʪʴʶ ʨʦʙʦʪʠ-

ʟʠʨʦʚʘʥʥʦʡ ʣʠʥʠʝʡ ʬʠʥʘʣʴʥʦʡ ʩʙʦʨʢʠ. ʕʪʦ ʥʝ ʧʨʦʩʪʦ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʦʪʜʝʣʴ-

ʥʳʭ ʦʧʝʨʘʮʠʡ, ʵʪʦ ʨʘʜʠʢʘʣʴʥʦʝ ʧʝʨʝʦʩʤʳʩʣʝʥʠʝ ʩʘʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʢʦʩʤʠ-

ʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʧʦʜ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʦʤʳʰʣʝʥʥʳʭ ʨʦʙʦʪʦʚ ʠ 

ʩʠʩʪʝʤ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ. 

ɻʣʘʚʥʳʡ ʚʳʚʦʜ, ʢʦʪʦʨʳʡ ʫʞʝ ʩʜʝʣʘʣʠ ʚʩʝ ʣʠʜʝʨʳ ʨʳʥʢʘ: ʜʘʣʴʥʝʡʰʝʝ 

ʩʥʠʞʝʥʠʝ ʩʪʦʠʤʦʩʪʠ ʚʳʚʝʜʝʥʠʷ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʫʩʣʦ-

ʚʠʠ, ʯʪʦ ʢʦʥʩʪʨʫʢʮʠʷ ʂɸ ʠʟʥʘʯʘʣʴʥʦ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʧʦʜ ʩʝʨʠʡʥʫʶ ʨʦʙʦʪʠ-

ʟʠʨʦʚʘʥʥʫʶ ʩʙʦʨʢʫ (Design for Robotic Assembly). ɽʩʣʠ ʩʧʫʪʥʠʢ ʪʨʝʙʫʝʪ ʩʦ-

ʪʝʥ ʤʝʣʢʠʭ ʚʠʥʪʦʚ, ʨʫʯʥʦʡ ʧʨʦʢʣʘʜʢʠ ʞʛʫʪʦʚ, ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ ʧʦʜʛʦʥʢʠ ʠ 

ʜʝʩʷʪʢʦʚ çʟʦʣʦʪʳʭ ʨʫʢè ʚʳʩʦʢʦʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʙʦʨʱʠʢʦʚ ð ʦʥ ʟʘʚʝ-

ʜʦʤʦ ʥʝʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʝʥ ʚ ʵʧʦʭʫ ʤʥʦʛʦʩʧʫʪʥʠʢʦʚʳʭ ʛʨʫʧʧʠʨʦʚʦʢ. 

ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʧʨʠʤʝʥʝʥʠʷ ʧʨʠʥʮʠʧʦʚ ʚ ʢʦʥʩʪʨʫʢʮʠʠ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ, ʜʝʣʘʶʱʠʭ ʝʛʦ ʧʨʠʛʦʜʥʳʤ ʜʣʷ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʝ-

ʨʠʡʥʦʡ ʩʙʦʨʢʠ ʩ ʪʘʢʪʦʤ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ ʜʦ ʜʝʩʷʪʢʦʚ ʩʧʫʪʥʠʢʦʚ ʚ ʩʫʪʢʠ 

ʠ ʢʘʢ ʚʥʝʜʨʝʥʠʝ ʵʪʠʭ ʧʨʠʥʮʠʧʦʚ ʚʣʠʷʝʪ ʥʘ ʪʨʫʜʦʸʤʢʦʩʪʴ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʮʠʢ-

ʣʘ, ʩʪʦʠʤʦʩʪʴ ʠ ʥʘʜʸʞʥʦʩʪʴ ʢʦʥʝʯʥʦʛʦ ʠʟʜʝʣʠʷ [1-2]. 
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ʈʘʩʩʤʦʪʨʝʥʳ ʩʦʚʨʝʤʝʥʥʳʝ ʤʠʨʦʚʳʝ ʧʨʘʢʪʠʢʠ çSpaceXè, çAirbusè,  

ɸʆ çʈɽʐɽʊʅɪɺè, çBlue Originè ʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʧʨʘʢʪʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥ-

ʜʘʮʠʠ ʜʣʷ ʨʦʩʩʠʡʩʢʠʭ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʧʣʘʪʬʦʨʤ ʠ ʧʦʣʝʟʥʳʭ ʥʘʛʨʫʟʦʢ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ. 

ʇʦʜ ʧʨʠʛʦʜʥʦʩʪʴʶ ʢʦʥʩʪʨʫʢʮʠʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʜʣʷ ʩʝʨʠʡʥʦʡ 

ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʧʦʥʠʤʘʝʪʩʷ ʩʠʩʪʝʤʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠʥʮʠʧʦʚ De-

sign for Manufacture and Assembly (DfMA), ʘʜʘʧʪʠʨʦʚʘʥʥʦʝ ʧʦʜ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠ ʦʛʨʘʥʠʯʝʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʦʤʳʰʣʝʥʥʳʭ ʨʦʙʦʪʦʚ, ʩʠʩʪʝʤ ʤʘʰʠʥʥʦʛʦ 

ʟʨʝʥʠʷ ʠ ʢʦʩʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʜʣʷ ʵʪʦʛʦ ʩʧʫʪʥʠʢ ʜʦʣʞʝʥ ʙʳʪʴ 

ʩʧʨʦʝʢʪʠʨʦʚʘʥ ʪʘʢ, ʯʪʦʙʳ ʝʛʦ ʤʦʞʥʦ ʙʳʣʦ ʩʦʙʨʘʪʴ ʥʘ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠ-

ʟʠʨʦʚʘʥʥʦʡ ʣʠʥʠʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʠʣʠ ʥʫʣʝʚʳʤ ʫʯʘʩʪʠʝʤ ʯʝʣʦʚʝʢʘ, ʩ ʪʘʢʪʦʤ 

ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ ʜʦ ʜʝʩʷʪʢʦʚ ʩʧʫʪʥʠʢʦʚ ʚ ʩʫʪʢʠ ʠ ʩ ʚʳʭʦʜʦʤ ʛʦʜʥʳʭ ʥʝ 

ʤʝʥʝʝ 98 %. 

ʅʘ ʧʨʘʢʪʠʢʝ ʵʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝʤ ʮʝʣʦʛʦ ʢʦʤʧʣʝʢʩʘ ʢʦʥʩʪʨʫʢ-

ʪʦʨʩʢʠʭ ʨʝʰʝʥʠʡ, ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ ʨʝʰʘʝʪ ʢʦʥʢʨʝʪʥʫʶ ʧʨʦʙʣʝʤʫ, ʩ ʢʦʪʦ-

ʨʦʡ ʨʦʙʦʪʳ ʜʦ ʩʠʭ ʧʦʨ ʧʣʦʭʦ ʩʧʨʘʚʣʷʶʪʩʷ. 

ʇʨʝʞʜʝ ʚʩʝʛʦ, ʢʦʥʩʪʨʫʢʮʠʷ ʜʦʣʞʥʘ ʙʳʪʴ ʛʣʫʙʦʢʦ ʤʦʜʫʣʴʥʦʡ ʠ ʠʝʨʘʨ-

ʭʠʯʝʩʢʦʡ. ʂʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʜʝʣʠʪʩʷ ʥʘ ʦʛʨʘʥʠʯʝʥʥʦʝ ʯʠʩʣʦ ʢʨʫʧʥʳʭ ʟʘ-

ʤʝʥʷʝʤʳʭ ʤʦʜʫʣʝʡ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʩʦʙʠʨʘʝʪʩʷ ʠ ʪʝʩʪʠʨʫʝʪʩʷ ʥʝʟʘʚʠʩʠ-

ʤʦ. ʆʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʘʢʠʭ ʤʦʜʫʣʝʡ ð 6-10 ʥʘ ʦʜʠʥ ʩʧʫʪʥʠʢ. ʂʣʘʩ-

ʩʠʯʝʩʢʠʡ ʧʨʠʤʝʨ ð çStarlinkè ʚʪʦʨʦʛʦ ʧʦʢʦʣʝʥʠʷ: ʧʣʦʩʢʠʡ ʢʦʨʧʫʩ-ʰʘʩʩʠ, 

ʜʚʘ ʨʘʟʚʸʨʪʳʚʘʝʤʳʭ ʢʨʳʣʘ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʙʘʪʘʨʝʡ, ʜʚʘ ʘʥʪʝʥʥʳʭ ʙʣʦʢʘ 

çPhased Arrayè ʠ ʥʝʩʢʦʣʴʢʦ ʤʝʣʢʠʭ ʤʦʜʫʣʝʡ (ʜʚʠʛʘʪʝʣʠ-ʤʘʭʦʚʠʢʠ, ʟʚʸʟʜʥʳʝ 

ʜʘʪʯʠʢʠ, ʙʘʪʘʨʝʷ). ɺʩʸ ʦʩʪʘʣʴʥʦʝ ʠʥʪʝʛʨʠʨʫʝʪʩʷ ʥʘ ʫʨʦʚʥʝ ʵʪʠʭ ʤʦʜʫʣʝʡ ʝʱʸ 

ʜʦ ʬʠʥʘʣʴʥʦʡ ʩʙʦʨʢʠ [3]. 

ɺʪʦʨʦʡ ʠ ʦʜʠʥ ʠʟ ʩʘʤʳʭ ʚʘʞʥʳʭ ʢʨʠʪʝʨʠʝʚ ð ʨʘʜʠʢʘʣʴʥʦʝ ʩʦʢʨʘʱʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʢʨʝʧʸʞʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʎʝʣʝʚʦʡ ʦʨʠʝʥʪʠʨ ʣʠʜʝʨʦʚ ʦʪʨʘʩʣʠ ð ʤʠ-

ʥʠʤʠʟʘʮʠʷ ʢʨʝʧʸʞʥʳʭ ʠʟʜʝʣʠʡ ʥʘ ʚʝʩʴ ʩʧʫʪʥʠʢ, ʂɸ çStarlink v2 Miniè ʨʝʘʣʠ-

ʟʦʚʘʥ ʩ ʦʢʦʣʦ 60 ʢʨʝʧʝʞʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ. ʇʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʘʶʪʩʷ ʠʣʠ ʩʚʦ-

ʜʷʪʩʷ ʢ ʤʠʥʠʤʫʤʫ ʤʝʣʢʠʝ ʚʠʥʪʳ M2ïM4, ʢʦʪʦʨʳʝ ʨʦʙʦʪ ʥʝ ʤʦʞʝʪ ʥʘʜʸʞʥʦ 

ʟʘʭʚʘʪʠʪʴ ʠ ʟʘʢʨʫʪʠʪʴ ʙʝʟ ʩʧʝʮʠʘʣʴʥʦʡ ʦʩʥʘʩʪʢʠ ʠ ʯʘʩʪʦʡ ʧʝʨʝʥʘʩʪʨʦʡʢʠ. 

ɺʠʥʪʳ ʜʦʧʫʩʢʘʶʪʩʷ ʪʦʣʴʢʦ ʢʨʫʧʥʳʝ Ó M6 ʩ ʰʝʩʪʠʛʨʘʥʥʦʡ ʛʦʣʦʚʢʦʡ ʧʦʜ 

ʩʪʘʥʜʘʨʪʥʳʡ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʠ ʪʦʣʴʢʦ ʚ ʩʠʣʦʚʳʭ ʩʪʳʢʘʭ. 

ʅʘ ʩʤʝʥʫ ʪʨʘʜʠʮʠʦʥʥʦʤʫ ʢʨʝʧʝʞʫ ʧʨʠʭʦʜʷʪ ʩʦʝʜʠʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʨʦ-

ʙʦʪ ʚʳʧʦʣʥʷʝʪ ʙʳʩʪʨʦ, ʪʦʯʥʦ ʠ ʩ ʦʜʥʦʛʦ ʧʦʜʭʦʜʘ. ɺ ʧʦʨʷʜʢʝ ʫʙʳʚʘʥʠʷ ʧʨʝʜ-

ʧʦʯʪʠʪʝʣʴʥʦʩʪʠ: 

ï ʟʘʱʸʣʢʠʚʘʶʱʠʝʩʷ ʩʦʝʜʠʥʝʥʠʷ; 

ï ʙʳʩʪʨʦʩʲʸʤʥʳʝ ʙʘʡʦʥʝʪʥʳʝ ʠ ʯʝʪʚʝʨʪʴʦʙʦʨʦʪʥʳʝ ʟʘʤʢʠ; 

ï ʢʣʠʥʦʚʳʝ, ʵʢʩʮʝʥʪʨʠʢʦʚʳʝ ʠ ʧʨʫʞʠʥʥʳʝ ʟʘʞʠʤʳ; 

ï ʘʚʪʦʤʘʪʠʯʝʩʢʠʝ ʩʘʤʦʮʝʥʪʨʠʨʫʶʱʠʝʩʷ ʵʣʝʢʪʨʦʨʘʟʲʸʤʳ; 

ï ʢʣʝʝʚʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʜʦʟʠʨʦʚʢʦʡ ʠ 

ʋʌ/ʪʝʨʤʠʯʝʩʢʠʤ ʦʪʚʝʨʞʜʝʥʠʝʤ; 

ï ʚʠʥʪʳ. 
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ɺʩʝ ʩʦʝʜʠʥʝʥʠʷ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʩʚʦʙʦʜʥʳʡ ʜʦʩʪʫʧ ʠʥʩʪʨʫʤʝʥʪʘ: 

ʫʛʦʣ ʧʦʜʭʦʜʘ ʥʝ ʤʝʥʝʝ 120ï140Á, ʦʪʩʫʪʩʪʚʠʝ ʛʣʫʙʦʢʠʭ ʢʘʨʤʘʥʦʚ ʠ ʩʢʨʳʪʳʭ 

ʟʦʥ. ʊʘʤ, ʛʜʝ ʵʪʦ ʚʦʟʤʦʞʥʦ, ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠʥʮʠʧ ʦʜʥʦʩʪʦʨʦʥʥʝʡ ʩʙʦʨʢʠ 

(çone-side assemblyè): ʨʦʙʦʪ ʨʘʙʦʪʘʝʪ ʪʦʣʴʢʦ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʤʦʜʫʣʷ, ʯʪʦ 

ʨʝʟʢʦ ʫʧʨʦʱʘʝʪ ʢʦʥʩʪʨʫʢʮʠʶ ʦʩʥʘʩʪʢʠ ʠ ʩʦʢʨʘʱʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʝʚʦʨʦʪʦʚ 

ʠʟʜʝʣʠʷ. 

ʂʣʶʯʝʚʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʩʘʤʦʮʝʥʪʨʠʨʦʚʘʥʠʝ ʠ ʟʘʱʠʪʘ ʦʪ ʦʰʠʙʦʢ. ɺʩʝ 

ʩʪʳʢʫʝʤʳʝ ʤʦʜʫʣʠ ʦʩʥʘʱʘʶʪʩʷ ʢʦʥʫʩʘʤʠ, ʬʘʩʢʘʤʠ, ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʰʪʳ-

ʨʷʤʠ ʠ ʚʪʫʣʢʘʤʠ. ɸʩʠʤʤʝʪʨʠʷ ʠʥʪʝʨʬʝʡʩʦʚ ʜʝʣʘʝʪ ʬʠʟʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦʡ 

ʥʝʧʨʘʚʠʣʴʥʫʶ ʫʩʪʘʥʦʚʢʫ ʤʦʜʫʣʷ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʧʨʠ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦ-

ʥʦʤʥʦʡ ʨʘʙʦʪʝ ʣʠʥʠʠ, ʢʦʛʜʘ ʦʧʝʨʘʪʦʨ ʧʦʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʩʙʦʷ. 

ʉʪʘʥʜʘʨʪʠʟʘʮʠʷ ʠ ʫʥʠʬʠʢʘʮʠʷ ʩʪʘʥʦʚʷʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤʠ. ʅʘ ʚʩʸʤ 

ʩʧʫʪʥʠʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʠʥ ʪʠʧ ʨʘʟʲʸʤʦʚ ʧʠʪʘʥʠʷ ʠ ʜʘʥʥʳʭ, ʦʜʠʥ ʪʠʧ ʤʝʭʘ-

ʥʠʯʝʩʢʦʛʦ ʢʨʝʧʝʞʘ ʜʣʷ ʥʝʢʨʠʪʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʝʜʠʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʥʪʝʨʬʝʡʩʳ ʤʝʞʜʫ ʧʣʘʪʬʦʨʤʦʡ ʠ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʦʡ. ʀʤʝʥ-

ʥʦ ʙʣʘʛʦʜʘʨʷ ʵʪʦʤʫ çSpaceXè ʤʦʞʝʪ ʩʦʙʠʨʘʪʴ ʩʧʫʪʥʠʢʠ ʨʘʟʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

çv2è, çv2 Miniè, çv3è ʥʘ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʣʠʥʠʠ ʙʝʟ ʧʝʨʝʥʘʩʪʨʦʡʢʠ [4]. 

ʂʦʥʩʪʨʫʢʮʠʷ ʩʦʟʥʘʪʝʣʴʥʦ ʠʩʢʣʶʯʘʝʪ ʦʧʝʨʘʮʠʠ, ʢʦʪʦʨʳʝ ʨʦʙʦʪʳ ʧʦʢʘ 

ʚʳʧʦʣʥʷʶʪ ʧʣʦʭʦ ʠʣʠ ʩʣʠʰʢʦʤ ʜʦʨʦʛʦ: ʨʫʯʥʘʷ ʧʨʦʢʣʘʜʢʘ ʠ ʙʘʥʜʘʞʠʨʦʚʘʥʠʝ 

ʞʛʫʪʦʚ ʧʦʣʥʦʩʪʴʶ ʟʘʤʝʥʷʝʪʩʷ ʥʘ ʧʝʯʘʪʥʳʝ ʢʘʙʝʣʠ, ʛʠʙʢʠʝ ʰʣʝʡʬʳ, ʚʩʪʨʦʝʥ-

ʥʳʝ ʚ ʢʦʤʧʦʟʠʪʥʳʝ ʧʘʥʝʣʠ ʧʨʦʚʦʜʥʠʢʠ ʠʣʠ ʙʝʩʧʨʦʚʦʜʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʠʥ-

ʪʝʨʬʝʡʩʳ; ʨʫʯʥʘʷ ʧʘʡʢʘ ʫʭʦʜʠʪ ʚ ʧʨʦʰʣʦʝ ð ʧʨʠʤʝʥʷʶʪʩʷ ʪʦʣʴʢʦ ʧʨʝʩʩʦʚʳʝ 

ʢʦʥʪʘʢʪʳ, ʧʨʝʩʩ-ʬʠʪ ʨʘʟʲʸʤʳ ʠ ʧʘʡʢʘ ʚ ʧʝʯʠ ʥʘ ʫʨʦʚʥʝ ʧʝʯʘʪʥʳʭ ʧʣʘʪ; ʨʫʯ-

ʥʘʷ ʫʢʣʘʜʢʘ ʤʥʦʛʦʩʣʦʡʥʦʡ ʪʝʧʣʦʠʟʦʣʷʮʠʠ (MLI) ʟʘʤʝʥʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʥʘʢʣʝʡʢʦʡ ʥʘ ʤʦʜʫʣʠ ʝʱʸ ʥʘ ʵʪʘʧʝ ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʷ. 

ʅʘʢʦʥʝʮ, ʢʘʞʜʳʡ ʤʦʜʫʣʴ ʠ ʢʘʞʜʘʷ ʩʪʳʢʦʚʦʯʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʯʘʶʪ 

ʚʩʪʨʦʝʥʥʳʝ ʤʝʪʢʠ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ çfiducial markersè, çDataMatrixè, 

çAprilTagè, QR-ʧʦʜʦʙʥʳʝ ʢʦʜʳ ʠ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʩʚʝʨʭʪʦʯʥʳʤʠ 3D-

ʤʦʜʝʣʷʤʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʛʨʘʤʤʠʨʦʚʘʪʴ ʨʦʙʦʪʦʚ ʦʬʣʘʡʥ ʚ ʩʨʝʜʘʭ ʠ ʤʠʥʠ-

ʤʠʟʠʨʦʚʘʪʴ ʚʨʝʤʷ ʦʙʫʯʝʥʠʷ ʠ ʦʪʣʘʜʢʠ ʣʠʥʠʠ. 

ʊʦʣʴʢʦ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʚʳʧʦʣʥʝʥʠʠ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʨʠʥʮʠ-

ʧʦʚ ʢʦʥʩʪʨʫʢʮʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʩʝʨʠʡʥʦʡ 

ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ. ʀʤʝʥʥʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʫʞʝ ʩʝʡʯʘʩ ʧʦʟʚʦʣʷʝʪ çSpa-

ceXè, çAirbusè, çRocket Labè ʠ çBlue Originè ʜʦʩʪʠʛʘʪʴ ʮʠʢʣʦʚ ʩʙʦʨʢʠ ʚ ʥʝ-

ʩʢʦʣʴʢʦ ʜʥʝʡ ʠ ʜʘʞʝ ʯʘʩʦʚ ʚʤʝʩʪʦ ʤʝʩʷʮʝʚ ʠ ʣʝʪ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʥʦʨʤʦʡ 

ʜʣʷ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʣʘʪʬʦʨʤ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʵʬʬʝʢʪʳ ʦʪ ʧʝʨʝʭʦʜʘ ʥʘ ʢʦʥʩʪʨʫʢʮʠʶ, ʧʨʠʛʦʜʥʫʶ ʜʣʷ 

ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ (ʩʤ. ʪʘʙʣ. 1). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʥʮʠʧʳ ʩʝʨʠʡʥʦʡ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʠ ʜʦʣʞʥʳ 

ʚʥʝʜʨʷʪʴʩʷ ʫʞʝ ʥʘ ʩʪʘʜʠʠ ʵʩʢʠʟʥʦʛʦ ʧʨʦʝʢʪʘ ʥʦʚʦʡ ʧʣʘʪʬʦʨʤʳ, ʯʪʦ ʘʢʫʪʘʣʴ-

ʥʦ ʜʣʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʂɸ, ʪʘʢʠʭ ʢʘʢ ɸʆ çʈɽʐɽʊʅɪɺè. ʇʝ-

ʨʝʜʝʣʳʚʘʪʴ ʛʦʪʦʚʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʂɸ ʧʦʜ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʫʶ ʩʙʦʨʢʫ ʧʦʯʪʠ 

ʥʝʚʦʟʤʦʞʥʦ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʙʝʩʩʤʳʩʣʝʥʥʦ. 
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ʊʘʙʣʠʮʘ 1. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʦʪ ʩʪʘʧʝʣʴʥʦʡ ʢ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʩʙʦʨʢʝ 

ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ 

ʇʘʨʘʤʝʪʨ 
ʊʨʘʜʠʮʠʦʥʥʳʡ ʂɸ 

(2020ï2024) 

ʉʧʫʪʥʠʢ ʩ ʨʦʙʦʪʠʟʠʨʦʚʘʥ-

ʥʦʡ ʩʙʦʨʢʦʡ (çStarlink v2è, 

çKuiperè, çOneWeb Gen2è) 

ʋʣʫʯʰʝʥʠʝ, 

ʨʘʟ 

ʊʨʫʜʦʸʤʢʦʩʪʴ 3000ï15 000 ʯʝʣ-ʯ 80ï300 ʯʝʣ-ʯ 10ï50 

ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 

ʮʠʢʣʘ 
6ï24 ʤʝʩʷʮʘ 

1ï7 ʜʥʝʡ 

(ʯʘʱʝ 4ï48 ʯʘʩʦʚ) 
50ï200 

ɼʦʣʷ ʩʪʦʠʤʦʩʪʠ 

ʪʨʫʜʦʝʤʢʦʩʪʠ ʚ ʦʙ-

ʱʝʡ ʩʪʦʠʤʦʩʪʠ ʂɸ 

40ï65 % 5ï15 % 4ï8 

ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʦʜʥʦʡ ʣʠʥʠʠ 
8ï20 ʂɸ ʚ ʛʦʜ 5000ï25 000 ʂɸ ʚ ʛʦʜ 100+ 

ɺʳʭʦʜ ʛʦʜʥʳʭ ʂɸ ɼʦ 100 % 98,5ï99,8 % +15ï25 % 

ʉʪʦʠʤʦʩʪʴ ʦʜʥʦʛʦ 

ʂɸ (ʧʨʠ ʩʝʨʠʠ 

>1000) 

15ï80 ʤʣʥ $ 0,3ï1,5 ʤʣʥ $ 20ï50 

ɺʨʝʤʷ ʦʪ ʠʜʝʠ ʜʦ 

ʟʘʧʫʩʢʘ (ʥʦʚʘʷ ʤʦ-

ʜʠʬʠʢʘʮʠʷ) 

4ï7 ʣʝʪ 9ï18 ʤʝʩʷʮʝʚ 4ï8 

 

ɺ ʪʘʢʪʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʟʘʜʘʥʠʷ ʥʘ ʥʦʚʳʝ ʂɸ ʠ ʧʣʘʪʬʦʨʤʳ ʥʘʯʠʥʘʷ ʩ 

2026 ʛʦʜʘ ʥʝʦʙʭʦʜʠʤʦ ʞʸʩʪʢʦ ʧʨʦʧʠʩʳʚʘʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ: 

ï ʤʠʥʠʤʠʟʘʮʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʢʨʝʧʸʞʥʳʭ ʠʟʜʝʣʠʡ ʥʘ ʩʧʫʪʥʠʢ; 

ï 100 % ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʩʘʤʦʮʝʥʪʨʠʨʦʚʘʥʠʝʤ; 

ï ʦʪʩʫʪʩʪʚʠʝ ʞʛʫʪʦʚ, ʪʦʣʴʢʦ ʧʝʯʘʪʥʳʝ/ʚʩʪʨʦʝʥʥʳʝ ʧʨʦʚʦʜʥʠʢʠ ʠʣʠ ʦʧ-

ʪʠʢʘ; 

ï ʚʩʝ ʦʧʝʨʘʮʠʠ ʩʙʦʨʢʠ ð ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʤʦʜʫʣʷ; 

ï ʦʙʷʟʘʪʝʣʴʥʦʝ ʥʘʣʠʯʠʝ ʤʝʪʦʢ ʠ 3D-ʤʦʜʝʣʝʡ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠ. 

ʇʘʨʘʣʣʝʣʴʥʦ ʩ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ ʜʦʢʫʤʝʥʪʘʮʠʝʡ ʩʦʟʜʘʚʘʪʴ ʮʠʬʨʦʚʦʡ 

ʜʚʦʡʥʠʢ ʧʨʦʮʝʩʩʘ ʩʙʦʨʢʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʝʱʸ ʥʘ ʩʪʘʜʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʚʳ-

ʷʚʠʪʴ 90 % çʥʝʫʜʦʙʥʳʭè ʤʝʩʪ. 
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ʅʇɽɾʄʁʉʇɻɹʆʁɾ  ɽɻʁɿɾʆʁʘ  ɺɾʊʈʁʄʇʋʆʇɼʇ  ʄɾʋɹʋɾʄʕ-
ʆʇɼʇ  ʇɺʓɾʃʋɹ  çɽʁʉʁɿɹɺʄʕè 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʦʚʨʝʤʝʥ-

ʥʳʭ ʜʠʨʠʞʘʙʣʝʡ ʚ ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʣʷ ʦʧʠʩʘʥʠʷ ʝʛʦ ʜʚʠʞʝʥʠʷ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʩʦʩʪʘʚ-

ʣʝʥʠʶ ʩʠʩʪʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʫʯʠʪʳʚʘʶʱʠʭ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ 

ʥʘ ʜʠʨʠʞʘʙʣʴ, ʠ ʤʝʭʘʥʠʟʤ ʨʘʩʯʸʪʘ ʝʛʦ ʢʦʦʨʜʠʥʘʪ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʄʦʜʝʣʴ ʚʢʣʶʯʘʝʪ 

ʚ ʩʝʙʷ ʚʦʟʜʝʡʩʪʚʠʝ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʣ, ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʚʝʪʨʘ, ʘ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʦʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʛʘʪʝʣʷʤʠ. ʈʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʣʣʶʩʪʨʠʨʫʶʪʩʷ ʛʨʘʬʠʢʘʤʠ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʤʠ ʜʠʥʘʤʠʢʫ ʜʚʠ-

ʞʝʥʠʷ ʩʠʩʪʝʤʳ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʨʠʞʘʙʣʴ, ʫʧʨʘʚʣʝʥʠʝ, ʦʨʠʝʥʪʘʮʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 
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 SIMULATION  OF  THE  MOVEMENT  
OF  AN  UNMANNED  AERIAL  OBJECT  òAIRSHIPó  

 
Abstract: The article examines the relevance of the use of modern airships in vari-

ous fields of activity, and also presents a mathematical model for describing his move-

ment. The main attention is paid to the compilation of a system of differential equations 

that take into account the forces acting on the airship and the mechanism for calculating 

its coordinates in space. The model includes the effects of control forces, aerodynamic 

drag, wind, as well as the use of PID controllers to control the engines. The simulation 

results are illustrated by graphs demonstrating the dynamics of the system movement. 

 

Key words: airship, control, spatial orientation, modeling. 
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ɼʠʨʠʞʘʙʣʠ, ʢʘʢ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ, ʧʝʨʝʞʠʚʘʶʪ ʥʦʚʳʡ ʵʪʘʧ ʨʘʟʚʠ-

ʪʠʷ ʧʦʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ ʧʝʨʠʦʜʘ ʟʘʙʚʝʥʠʷ, ʚʳʟʚʘʥʥʦʛʦ ʢʘʪʘʩʪʨʦʬʦʡ çɻʠʥʜʝʥ-

ʙʫʨʛʘè ʚ 1937 ʛʦʜʫ ʠ ʩʪʨʝʤʠʪʝʣʴʥʳʤ ʧʨʦʛʨʝʩʩʦʤ ʘʚʠʘʮʠʠ. ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʭ-

ʥʦʣʦʛʠʠ ʧʦʟʚʦʣʷʶʪ ʚʝʨʥʫʪʴ ʠʭ ʚ ʵʢʩʧʣʫʘʪʘʮʠʶ, ʥʦ ʫʞʝ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦ ʥʦʚʦʤ 

ʫʨʦʚʥʝ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʘʤʦʣʝʪʦʚ, ʜʠʨʠʞʘʙʣʠ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʫʥʠʢʘʣʴʥʳʭ 

ʧʨʝʠʤʫʱʝʩʪʚ, ʚʢʣʶʯʘʷ ʚʳʩʦʢʫʶ ʛʨʫʟʦʧʦʜʲʝʤʥʦʩʪʴ, ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʠ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʜʣʠʪʝʣʴʥʦʛʦ ʥʘʭʦʞʜʝʥʠʷ ʚ ʚʦʟʜʫʭʝ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʜʣʷ ʨʷʜʘ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʟʘʜʘʯ [1]. 

ʆʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʠʨʠʞʘʙʣʝʡ ʩʝʛʦʜʥʷ ʨʘʟʥʦʦʙʨʘʟʥʳ. ɺ ʛʨʫʟʦʧʝʨʝ-

ʚʦʟʢʘʭ ʦʥʠ ʤʦʛʫʪ ʜʦʩʪʘʚʣʷʪʴ ʦʙʦʨʫʜʦʚʘʥʠʝ ʚ ʫʜʘʣʝʥʥʳʝ ʨʘʡʦʥʳ, ʪʘʢʠʝ ʢʘʢ 

ɸʨʢʪʠʢʘ ʠʣʠ ʜʞʫʥʛʣʠ, ʛʜʝ ʪʨʘʜʠʮʠʦʥʥʳʡ ʪʨʘʥʩʧʦʨʪ ʥʝʨʝʥʪʘʙʝʣʝʥ. ɺ ʪʫʨʠʟʤʝ 

ʦʥʠ ʧʨʝʜʣʘʛʘʶʪ ʫʥʠʢʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʘʥʦʨʘʤʥʳʭ ʧʫʪʝʰʝʩʪʚʠʡ ʙʝʟ 

ʰʫʤʘ ʠ ʚʠʙʨʘʮʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʚʝʨʪʦʣʝʪʦʚ. ɺ ʚʦʝʥʥʦʡ ʩʬʝʨʝ ʠʭ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʨʘʟʚʝʜʢʠ, ʥʘʙʣʶʜʝʥʠʷ ʠ ʜʘʞʝ ʚ ʢʘʯʝʩʪʚʝ ʤʦʙʠʣʴʥʳʭ ʧʣʘʪ-

ʬʦʨʤ ʇɺʆ. ʂʨʦʤʝ ʪʦʛʦ, ʜʠʨʠʞʘʙʣʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʘʣʴʪʝʨʥʘʪʠʚʘ ʩʧʫʪ-

ʥʠʢʘʤ ʩʚʷʟʠ, ʧʦʩʢʦʣʴʢʫ ʤʦʛʫʪ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʥʘʭʦʜʠʪʴʩʷ ʚ ʩʪʨʘʪʦʩʬʝʨʝ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʢʨʳʪʠʝ ʩʚʷʟʴʶ ʦʪʜʘʣʝʥʥʳʭ ʨʝʛʠʦʥʦʚ [2]. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʚʠʞʝʥʠʷ ʙʝʩʧʠʣʦʪʥʦʛʦ ʜʠʨʠ-

ʞʘʙʣʷ ʥʘʤ ʥʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ ʥʝʩʢʦʣʴʢʦ ʬʘʢʪʦʨʦʚ: ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ ʜʚʠʞʝ-

ʥʠʝ, ʚʨʘʱʝʥʠʝ, ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʩʠʣʳ ʪʷʞʝʩʪʠ ʠ ʧʦʜʲʝʤ-

ʥʫʶ ʩʠʣʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʜʠʬʬʝʨʝʥʮʠ-

ʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪ ʜʠʥʘʤʠʢʫ ʜʚʠʞʝʥʠʷ ʜʠʨʠʞʘʙʣʷ 

(ʨʠʩ. 1). 

 

 

ʈʠʩ.1. ʆʩʥʦʚʥʳʝ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʜʠʨʠʞʘʙʣʴ 

 

ʋʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʤʦʞʥʦ ʩʦʩʪʘʚʠʪʴ ʧʨʠ ʧʦʤʦʱʠ ʚʪʦʨʦʛʦ ʟʘʢʦʥʘ 

ʅʴʶʪʦʥʘ: 

ά
Ὠὺ(ὸ)

Ὠὸ
= Ὂ̐̏̒̓̔̐+ Ὂg + Ὂb + Ὂa + Ὂw ,   

(

(1) 



85 

ʛʜʝ Ὂ̐̏̒̓̔̐ ï ʩʠʣʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʫʧʨʘʚʣʝʥʠʝʤ (ʪʷʛʘ ʜʚʠʛʘʪʝʣʝʡ, ʨʫʣʝʚʳʝ ʩʠʣʳ); 

Ὂg ï ʩʠʣʘ ʪʷʞʝʩʪʠ (ʅ); Ὂb  ï ʩʠʣʘ, ʧʦʜʜʝʨʞʠʚʘʶʱʘʷ ʜʠʨʠʞʘʙʣʴ ʚ ʚʦʟʜʫʭʝ (ʦʙʫ-

ʩʣʦʚʣʝʥʘ ʩʚʦʡʩʪʚʘʤʠ ʛʘʟʘ ʚ ʦʙʦʣʦʯʢʝ);Ὂa ï ʩʠʣʘ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʘʷ ʜʚʠʞʝʥʠʶ 

(ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ); Ὂwï ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ, ʥʘʧʨʠʤʝʨ, ʩʠ-

ʣʘ ʚʝʪʨʘ. 

ʅʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ ʩʠʣʳ ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʜʠʨʠʞʘʙʣʴ 

ʘ) ʇʦʜʲʸʤʥʘʷ ʩʠʣʘ Ὂb . 

ʕʪʘ ʩʠʣʘ ʟʘʚʠʩʠʪ ʦʪ ʦʙʲʝʤʘ ʜʠʨʠʞʘʙʣʷ ʠ ʧʣʦʪʥʦʩʪʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

(ʚʦʟʜʫʭʘ) ʠ ʥʘʧʨʘʚʣʝʥʘ ʚʚʝʨʭ. ʄʘʪʝʤʘʪʠʯʝʩʢʠ ʦʥʘ ʚʳʨʘʞʘʝʪʩʷ ʢʘʢ: 

Ὂb = ʍẗVẗg    
(

(2) 

ʛʜʝ ʍ ï ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ (ʢʛ/ʤį); V ï ʦʙʲʝʤ ʜʠʨʠʞʘʙʣʷ (ʤį); g ï ʫʩʢʦʨʝʥʠʝ 

ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ (ʤ/ʩĮ). 

ʙ) ʉʠʣʘ ʪʷʞʝʩʪʠ  Ὂg. 

Ὂg = mẗg     (

(3) 

ʛʜʝ ά ï ʤʘʩʩʘ ʜʠʨʠʞʘʙʣʷ (ʢʛ). 

ʚ) ʉʠʣʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Ὂa. 

ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ ʚʦʟ-

ʜʫʭʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʨʤʳ ʜʠʨʠʞʘʙʣʷ. ʄʘʪʝʤʘʪʠʯʝʩʢʠ ʦʥʘ ʦʧʠʩʳʚʘʝʪʩʷ 

ʢʘʢ: 

Ὂ́=
1

2
ὅὨẗʍ ẗAẗv(t)2   

(

(4) 

ʛʜʝ ὅὨ ï ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʟʘʚʠʩʠʪ ʦʪ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʘ ʜʠʨʠʞʘʙ-

ʣʷ); A ï ʧʣʦʱʘʜʴ ʩʝʯʝʥʠʷ ʜʠʨʠʞʘʙʣʷ; v(t) ï ʩʢʦʨʦʩʪʴ ʜʠʨʠʞʘʙʣʷ. 

ʛ) ʉʠʣʘ ʚʝʪʨʘ Ὂw . 

ɺʝʪʝʨ ʷʚʣʷʝʪʩʷ ʚʥʝʰʥʠʤ ʚʦʟʤʫʱʝʥʠʝʤ, ʢʦʪʦʨʦʝ ʚʣʠʷʝʪ ʥʘ ʜʚʠʞʝʥʠʝ 

ʜʠʨʠʞʘʙʣʷ. ʉʠʣʘ ʚʝʪʨʘ ʤʦʞʝʪ ʙʳʪʴ ʤʦʜʝʣʠʨʦʚʘʥʘ ʢʘʢ: 

Ὂw = ʍύẗAύẗ(vύ v)   
(

(5) 

ʛʜʝ ʍύ ï ʧʣʦʪʥʦʩʪʴ ʚʝʪʨʘ; Aύ ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ, ʧʦʜʚʝʨʞʝʥʥʘʷ 

ʚʦʟʜʝʡʩʪʚʠʶ ʚʝʪʨʘ; vύ ï ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ; v ï ʩʢʦʨʦʩʪʴ ʜʠʨʠʞʘʙʣʷ. 

ʈʘʩʯʸʪ ʢʦʦʨʜʠʥʘʪ ʙʝʩʧʠʣʦʪʥʦʛʦ ʜʠʨʠʞʘʙʣʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʨʝʘʣʠʟʫʝʪʩʷ 

ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʘʝʤʳʭ ʩʢʦʨʦʩʪʝʡ ʦʪ ʜʚʫʭ ʜʚʠʛʘʪʝʣʝʡ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ 

ʫʧʨʘʚʣʷʝʪʩʷ ʯʝʨʝʟ ʇʀɼ-ʨʝʛʫʣʷʪʦʨ (ʨʠʩʫʥʦʢ 2). ʂʦʥʝʯʥʳʝ ʚʳʭʦʜʳ ʤʦʜʝʣʝʡ 

ʜʚʠʛʘʪʝʣʝʡ (ʤʦʜʫʣʠ çʈʝʜʫʢʪʦʨè) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʣʠʥʝʡʥʳʝ ʩʢʦʨʦʩʪʠ 

ʜʚʠʞʝʥʠʷ ʩ ʢʘʞʜʦʡ ʩʪʦʨʦʥʳ ʢʦʨʧʫʩʘ ʜʠʨʠʞʘʙʣʷ. ʕʪʠ ʟʥʘʯʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʢʫʱʝʛʦ ʧʦʣʦʞʝʥʠʷ ʦʙʲʝʢʪʘ ʚ ʜʚʫʭʤʝʨʥʦʡ ʧʣʦʩʢʦʩʪʠ [3]. 
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ʈʠʩ. 2. ï ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʜʚʠʛʘʪʝʣ ̫

 

ʇʦʩʢʦʣʴʢʫ ʢʘʞʜʳʡ ʜʚʠʛʘʪʝʣʴ ʤʦʞʝʪ ʩʦʟʜʘʚʘʪʴ ʨʘʟʣʠʯʥʫʶ ʩʢʦʨʦʩʪʴ, ʪʦ 

ʚʦʟʥʠʢʘʝʪ ʨʘʟʥʠʮʘ ʚ ʪʷʛʝ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʦʨʦʪʫ ʢʦʨʧʫʩʘ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʜʣʷ ʨʘʩʯʸʪʘ ʢʦʦʨʜʠʥʘʪ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʢʘʢ ʩʫʤʤʘʨʥʫʶ ʧʦʩʪʫʧʘ-

ʪʝʣʴʥʫʶ ʩʢʦʨʦʩʪʴ, ʪʘʢ ʠ ʫʛʦʣ ʢʫʨʩʘ ʜʠʨʠʞʘʙʣʷ. 

 

 
ʈʠʩ.3.  ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʦʩʠ ʜʠʨʠʞʘʙʣʷ 

 

 
ʈʠʩ. 4.  ɼʚʠʞʠʪʝʣʴ ʜʠʨʠʞʘʙʣʷ (ʚʠʜ ʩʧʝʨʝʜʠ) 

 

ʈʘʟʥʦʩʪʴ ʤʝʞʜʫ ʩʢʦʨʦʩʪʷʤʠ ʜʚʠʛʘʪʝʣʝʡ ʧʨʠʚʦʜʠʪ ʢ ʚʨʘʱʝʥʠʶ ʜʠʨʠ-

ʞʘʙʣʷ. ʋʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

(ὸ)‫ =
ὠ1 ὸ ὠ2(ὸ)

ὒ
,   

(

(6) 

ʛʜʝ V1 t ,V2(t)  ï ʪʝʢʫʱʠʝ ʩʢʦʨʦʩʪʠ ʦʪ ʜʚʠʛʘʪʝʣʷ ˉ1 ʠ ˉ2; L ï ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʜʚʠʛʘʪʝʣʷʤʠ. 

ʋʛʦʣ ʧʦʚʦʨʦʪʘ (ʢʫʨʩ) ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʢ ʠʥʪʝʛʨʘʣ ʦʪ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ: 
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 (ὸ) = ,Ὠὸ (ὸ)‫   
(

(7) 

ʉʢʦʨʦʩʪʴ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ (ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʢʦʨʧʫʩʘ) ʦʧ-

ʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʜʚʫʭ ʜʚʠʛʘʪʝʣʝʡ: 

ὠ̒̔=̍
ὠ1 + ὠ2

2
,   

(

(8) 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʚʠʞʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝ-

ʥʠʷʤʠ: 
ὠὼ(t) = ὠ̒̔(̍ὸ) ẗὧέί ὸ,

ὠώ t = ὠ̒̔ ὸ̍ẗίὭὲ ὸ,
   

(

(9) 

ʛʜʝ Vxï ʜʚʠʞʝʥʠʝ ʧʦ ʦʩʠ x; Vy  ï ʜʚʠʞʝʥʠʝ ʧʦ ʦʩʠ y. 

ʂʦʦʨʜʠʥʘʪʳ ʜʠʨʠʞʘʙʣʷ ʚʦ ʚʨʝʤʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ 

ʧʦʣʫʯʝʥʥʳʭ ʩʢʦʨʦʩʪʝʡ ʧʦ ʦʩʷʤ: 

ὢ(t) = ὠὼ t  Ὠὸ,

ὣ(t) = ὠώ t  Ὠὸ,
  

(

(10) 

ʇʦʣʫʯʘʝʤʳʝ ʥʘ ʚʳʭʦʜʝ ʤʦʜʝʣʠ ʩʢʦʨʦʩʪʠ V1 t , V2 t  ʬʦʨʤʠʨʫʶʪʩʷ ʥʝ 

ʥʘʧʨʷʤʫʶ, ʘ ʯʝʨʝʟ ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ ʩ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʦʤ, ʠʥʝʨʮʠʦʥʥʳʤ 

ʟʚʝʥʦʤ ʠ ʫʯʸʪʦʤ ʤʘʩʩʳ ʜʠʨʠʞʘʙʣʷ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʬʦʨʤʫʣ ʨʘʩʯʝʪʘ ʜʚʠʞʝʥʠʷ ʜʠʨʠʞʘʙʣʷ, ʩʦ-

ʩʪʘʚʠʤ ʚ ʩʨʝʜʝ SimInTech ʤʦʜʝʣʴ ʜʣʷ ʨʘʩʯʸʪʘ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ. ʆʙʱʘʷ 

ʩʭʝʤʘ ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 5. ɺʨʝʤʝʥʥʳʝ ʜʠʘʛʨʘʤʤʳ, ʧʦʣʫʯʝʥ-

ʥʳʝ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 6, 3D-ʚʠʟʫʘʣʠʟʘʮʠʷ ï ʥʘ 

ʨʠʩʫʥʢʝ 7. 
 

 
ʈʠʩ. 5. ʄʦʜʝʣʴ ʜʣʷ ʨʘʩʯʸʪʘ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʜʠʨʠʞʘʙʣʷ 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʘʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʜʚʠʞʝʥʠʷ ʙʝʩʧʠʣʦʪʥʦʛʦ ʜʠʨʠʞʘʙʣʷ, ʫʯʠʪʳʚʘʶʱʘʷ ʢʣʶʯʝʚʳʝ ʬʠʟʠʯʝʩʢʠʝ ʩʠ-

ʣʳ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʝʸ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʜʣʷ 

ʘʥʘʣʠʟʘ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʪʨʘʝʢʪʦʨʠʡ ʧʦʣʝʪʘ. 

 

 
ʈʠʩ. 6. ɺʨʝʤʝʥʥʳʝ ʜʠʘʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤʳ 
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DEVELOPMENT  OF  KNOWLEDGE  BASES   
FOR  THE  PERFORMANCE  ASSESSMENT  SERVICE   

OF  RESEARCH  AND  TEACHING  STAFF 
 
Abstract: This article focuses on creating knowledge bases for the performance as-

sessment service for researchers and educators. The of Unified Graphic Visualization of 

Activity method, its advantages and disadvantages, is described. The need to supplement 

the method with an expert system mechanism that allows taking into account the diversi-

ty of parameters of teachers' activities is emphasized. An example of the architecture of 

an expert system for evaluating discipline is given. 

 

Key words: expert system, Unified Graphic Visualization of Activity method, 

UGVA method, cognitive visualization, knowledge base. 

 

 

ʉʦʚʨʝʤʝʥʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʝʜʲʷʚʣʷʝʪ ʧʦʚʳʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʚr -

ʩʦʢʦʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʤ ʢʘʜʨʘʤ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʜʛʦ-

ʪʦʚʢʠ ʚʳʧʫʩʢʥʠʢʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʥʝʦʙʭʦʜʠʤʳʤʠ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʤʠ ʢʦʤ-

ʧʝʪʝʥʮʠʷʤʠ. ʆʮʝʥʢʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʠ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ 
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ʚ ʧʦʚʳʰʝʥʠʠ ʢʘʯʝʩʪʚʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ. ʅʘʩʪʦʷʱʘʷ ʩʪʘʪʴʷ ʧʦʩʚʷ-

ʱʝʥʘ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʨʘʙʦʪʳ  ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʦʮʝʥʢʠ ʨʝ-

ʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʪʨʫʜʘ ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʥʠʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʭʘʥʠʟʤʦʚ ʵʢʩʧʝʨʪʥʳʭ ʩʠʩʪʝʤ. 

ʆʜʥʦʡ ʠʟ ʨʝʘʣʠʟʘʮʠʡ ʦʮʝʥʢʠ ʥʘʫʯʥʦʡ ʠ ʧʝʜʘʛʦʛʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʤʝʪʦʜʝ ʫʥʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʯʝʩʢʦʛʦ 

ʚʦʧʣʦʱʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ (UGVA). ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʥʘʛʣʷʜʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʩʣʦʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʚʦʩʧʨʠʷʪʠʝ ʠ ʘʥʘʣʠʟ ʦʙʰʠʨʥʳʭ ʤʘʩʩʠ-

ʚʦʚ ʜʘʥʥʳʭ ʩʧʝʮʠʘʣʠʩʪʘʤ, ʘʥʘʣʠʪʠʢʘʭ ʠ ʨʫʢʦʚʦʜʠʪʝʣʷʤ [1]. 

ɺʳʜʝʣʠʤ ʦʩʥʦʚʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʤʝʪʦʜʘ UGVA [2]: 

ï ʫʧʨʦʱʝʥʥʦʝ ʚʦʩʧʨʠʷʪʠʝ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʜʘʥʥʳʭ ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟ-

ʥʦʤʫ ʘʥʪʨʦʧʦʤʦʨʬʥʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʠʶ; 

ï ʚʦʟʤʦʞʥʦʩʪʴ ʚʠʟʫʘʣʴʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʧʫʪʝʤ ʩʨʘʚʥʝ-

ʥʠʷ ʧʨʦʧʦʨʮʠʡ ʯʘʩʪʝʡ ʦʙʨʘʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʝʡ ʩʠʤʤʝʪʨʠʠ; 

ï ʫʜʦʙʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʙʳʩʪʨʦʛʦ ʩʨʘʚʥʝʥʠʷ ʧʨʦʬʠʣʝʡ ʨʘʟʣʠʯ-

ʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ. 

ʆʙʨʘʟʳ ʚ ʥʦʪʘʮʠʠ UGVA ʦʧʠʨʘʶʪʩʷ ʥʘ ʩʧʝʮʠʘʣʴʥʦ ʧʨʦʨʘʙʦʪʘʥʥʳʝ ʤʦ-

ʜʝʣʠ. ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʨʦʬʠʣʝʡ ʥʘʫʯʥʦ ʧʝʜʘʛʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʥʠʢʦʚ ʚ ʨʘʙʦ-

ʪʝ [3] ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ. ʆʮʝʥʢʘ ʢʦʤʧʝʪʝʥʪʥʦʩʪʥʦʛʦ 

ʧʨʦʬʠʣʷ ʩʦʪʨʫʜʥʠʢʘ ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʥʠʢʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʦʩ-

ʥʦʚʝ ʚʥʝʩʝʥʥʳʭ ʜʘʥʥʳʭ ʚ ʩʠʩʪʝʤʫ ʦ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʡ, ʥʘʫʯʥʦʡ ʠ ʦʙʨʘʟʦʚʘ-

ʪʝʣʴʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ. ʉʦʛʣʘʩʥʦ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ, ʚ ʩʦʩʪʘʚʝ ʦʙʨʘʟʘ ʙʳ-

ʣʠ ʚʳʜʝʣʝʥʳ ʩʪʨʘʪʳ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʥʘʫʯʥʦʡ ʠ ʧʝʜʘʛʦʛʠʯʝ-

ʩʢʦʡ (ʣʠʯʥʦʡ ʠ ʩʦ ʩʪʫʜʝʥʪʘʤʠ, ʘ ʪʘʢʞʝ ʚ ʜʠʥʘʤʠʢʝ ʟʘ ʧʦʩʝʣʝʥʠʡ ʛʦʜ ʠ 

ʧʨʝʜʳʜʫʱʠʝ 3 ʛʦʜʘ). ʇʨʦʬʝʩʩʠʦʥʘʣʴʥʘʷ ʜʝʷʪʝʣʴʥʦʩʪʴ ʚʢʣʶʯʘʝʪ ʜʘʥʥʳʝ ʦ ʪʘ-

ʢʠʭ ʘʢʪʠʚʥʦʩʪʷʭ, ʢʘʢ: ʤʝʩʪʦ ʨʘʙʦʪʳ, ʥʘʫʯʥʳʡ ʩʪʘʪʫʩ (ʫʯʝʥʘʷ ʩʪʝʧʝʥʴ), ʚʝʜʝʥ-

ʥʳʭ ʜʠʩʮʠʧʣʠʥʘʭ, ʫʨʦʚʝʥʴ ʦʙʨʘʟʦʚʘʥʠʷ, ʧʦʚʳʰʝʥʠʝ ʢʚʘʣʠʬʠʢʘʮʠʠ. ʆʙʨʘʟʦ-

ʚʘʪʝʣʴʥʘʷ ʜʝʷʪʝʣʴʥʦʩʪʴ ʚʢʣʶʯʘʝʪ: ʢʦʣʠʯʝʩʪʚʦ ʜʠʧʣʦʤʥʠʢʦʚ, ʢʦʣʠʯʝʩʪʚʦ 

ʫʯʝʙʥʦ-ʤʝʪʦʜʠʯʝʩʢʠʭ ʠʟʜʘʥʠʡ, ʢʦʣʠʯʝʩʪʚʦ ʘʩʧʠʨʘʥʪʦʚ. ʅʘʫʯʥʘʷ ʜʝʷʪʝʣʴ-

ʥʦʩʪʴ ʚʢʣʶʯʘʝʪ: ʢʦʣʠʯʝʩʪʚʦ ʩʪʘʪʝʡ, ʢʦʣʠʯʝʩʪʚʦ ʧʘʪʝʥʪʦʚ, ʢʦʣʠʯʝʩʪʚʦ ʛʨʘʥ-

ʪʦʚ. 

ʈʝʘʣʠʟʘʮʠʷ ʧʨʦʛʨʘʤʤʥʦʡ ʩʠʩʪʝʤʳ (ʩʠʩʪʝʤʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝ-

ʰʝʥʠʡ) ʧʦʟʚʦʣʠʣʦ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʬʦʨʤʠʨʦʚʘʪʴ ʥʘʙʦʨʳ ʧʨʦʬʠʣʝʡ ʚ ʥʦʪʘʮʠʠ 

UGVA ʠ ʚʳʚʦʜʠʪʴ ʠʭ ʥʘ ʵʢʨʘʥ ʚ ʚʠʜʝ ʝʜʠʥʦʡ ʢʘʨʪʳ (ʧʦʜʨʦʙʥʝʝ ʩʤ. ʚ [4]). 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʝʢʫʱʘʷ ʨʝʘʣʠʟʘʮʠʷ ʥʝʜʦʩʪʘʪʦʯʥʦ ʛʠʙʢʦ ʫʯʠʪʳʚʘʝʪ ʨʘʟʥʦʦʙʨʘ-

ʟʠʝ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʜʝʷʪʝʣʴʥʦʩʪʠ ʩʦʪʨʫʜʥʠʢʦʚ, ʯʨʝʟʤʝʨʥʦ ʫʧʨʦʱʘʷ ʠʭ 

ʦʮʝʥʢʫ. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʥʝʢʦʪʦʨʳʝ ʢʣʶʯʝʚʳʝ ʧʨʦʙʣʝʤʳ: 

1. ʦʮʝʥʠʚʘʷ ʧʫʙʣʠʢʘʮʠʠ ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ, ʩʠʩʪʝʤʘ ʥʝ ʧʨʠʥʠʤʘʝʪ ʚʦ ʚʥʠ-

ʤʘʥʠʝ ʫʨʦʚʝʥʴ ʠʟʜʘʥʠʡ, ʛʜʝ ʦʥʠ ʙʳʣʠ ʠʟʜʘʥʳ, ʠ ʚʢʣʶʯʝʥʠʝ ʚ ʠʥʜʝʢʩʠʨʫʶʱʠʝ 

ʙʘʟʳ; 

2. ʧʦʚʳʰʝʥʠʝ ʢʚʘʣʠʬʠʢʘʮʠʠ ʩʦʪʨʫʜʥʠʢʦʚ ʦʮʝʥʠʚʘʝʪʩʷ ʙʝʟ ʫʯʸʪʘ ʩʦʦʪ-

ʚʝʪʩʪʚʠʷ ʧʨʦʬʠʣʷ ʢʫʨʩʦʚ ʧʨʦʬʝʩʩʠʠ ʠ ʥʘʫʯʥʳʤ ʠʥʪʝʨʝʩʘʤ ʯʝʣʦʚʝʢʘ; 
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3. ʧʨʝʧʦʜʘʚʘʝʤʳʝ ʜʠʩʮʠʧʣʠʥʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʙʝʟ ʨʘʟʜʝʣʝʥʠʷ ʥʘ 

ʧʨʦʬʠʣʴʥʳʝ ʠ ʥʝʧʨʦʬʠʣʴʥʳʝ ʢʫʨʩʳ, ʯʪʦ ʩʥʠʞʘʝʪ ʪʦʯʥʦʩʪʴ ʦʮʝʥʢʠ; 

4. ʫʯʘʩʪʠʝ ʚ ʤʝʨʦʧʨʠʷʪʠʷʭ ʬʠʢʩʠʨʫʝʪʩʷ ʬʦʨʤʘʣʴʥʦ, ʙʝʟ ʜʝʪʘʣʠʟʘʮʠʠ 

ʨʦʣʠ ʩʦʪʨʫʜʥʠʢʘ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʛʠʙʢʦʡ ʠ ʦʙʦʩʥʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʦʮʝʥʢʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ʩʦ-

ʪʨʫʜʥʠʢʦʚ, ʩ ʫʯʝʪʦʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʟʥʘʯʝʥʠʡ ʧʨʠʚʝʜʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʤʝʭʘʥʠʟʤʳ (ʥʘʧʨʠʤʝʨ, ʩʤ. [5]). ʄʳ ʚ ʩʚʦʠʭ 

ʨʘʙʦʪʘʭ ʦʧʠʨʘʝʤʩʷ ʥʘ ʤʝʭʘʥʠʟʤ ʵʢʩʧʝʨʪʥʳʭ ʩʠʩʪʝʤ ʥʘ ʧʨʦʜʫʢʮʠʦʥʥʳʭ ʧʨʘ-

ʚʠʣʘʭ, ʩ ʵʣʝʤʝʥʪʘʤʠ ʥʝʯʸʪʢʦʡ ʣʦʛʠʢʠ [6]. 

ʕʢʩʧʝʨʪʥʳʝ ʩʠʩʪʝʤʳ (ʕʉ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʦʤʧʴʶʪʝʨʥʳʝ ʧʨʦ-

ʛʨʘʤʤʳ, ʥʘʢʘʧʣʠʚʘʶʱʠʝ ʦʧʳʪ ʠ ʟʥʘʥʠʷ ʧʨʦʬʝʩʩʠʦʥʘʣʦʚ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʩʬʝʨʘʭ ʠ ʧʨʠʤʝʥʷʶʱʠʝ ʠʭ ʜʣʷ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʦʙʦʩʥʦʚʘʥʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ 

ʠ ʨʝʰʝʥʠʡ, ʘ ʪʘʢʞʝ ʜʣʷ ʢʦʥʩʫʣʴʪʠʨʦʚʘʥʠʷ ʤʝʥʝʝ ʦʧʳʪʥʳʭ ʧʦʣʴʟʦʚʘʪʝʣʝʡ [7]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʩʠʩʪʝʤ ʦʧʨʘʚʜʘʥʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ 

ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʰʝʥʠʡ ʩʣʦʞʥʳʭ ʟʘʜʘʯ, ʩʦʧʦʩʪʘʚʠʤʦʝ ʩ 

ʫʨʦʚʥʝʤ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʩʧʝʮʠʘʣʠʩʪʘ-ʯʝʣʦʚʝʢʘ [8]. ʂʣʶʯʝʚʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ 

ʵʢʩʧʝʨʪʥʳʭ ʩʠʩʪʝʤ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʦʟʨʘʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ, 

ʚʳʨʘʞʘʶʱʝʡʩʷ ʚ ʩʧʦʩʦʙʥʦʩʪʠ ʷʩʥʦ ʦʙʲʷʩʥʠʪʴ ʭʦʜ ʨʘʩʩʫʞʜʝʥʠʡ ʠ ʦʙʦʩʥʦʚʘ-

ʥʠʝ ʚʳʚʦʜʦʚ ʧʦʥʷʪʥʳʤ ʷʟʳʢʦʤ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʧʦʣʴʟʦʚʘʪʝʣʷʤʠ. ʎʝʥ-

ʪʨʘʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʵʢʩʧʝʨʪʥʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʙʘʟʘ ʟʥʘʥʠʡ, ʩʦʜʝʨʞʘʱʘʷ 

ʟʥʘʥʠʷ ʠ ʧʨʘʚʠʣʘ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ.  

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʦʚ ʦʙʨʘʟʘ ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʦʛʦ ʨʘʙʦʪʥʠʢʘ, 

ʠʤʝʶʱʝʛʦ ʩʣʦʞʥʫʶ ʣʦʛʠʢʫ ʦʮʝʥʢʠ ʚʢʣʘʜʘ ʦʪʜʝʣʴʥʳʭ ʜʦʩʪʠʞʝʥʠʡ, ʬʦʨʤʠʨʫ-

ʝʪʩʷ ʩʚʦʡ ʬʨʘʛʤʝʥʪ ʙʘʟʳ ʟʥʘʥʠʡ.  ʅʠʞʝ ʧʝʨʝʯʠʩʣʝʥʳ ʦʩʥʦʚʥʳʝ ʚʠʜʳ ʘʢʪʠʚ-

ʥʦʩʪʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʨʘʟʨʘʙʦʪʘʥʳ ʩʧʝʮʠʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʵʢʩʧʝʨʪʥʳʭ ʦʮʝ-

ʥʦʢ: 

1. ʦʮʝʥʢʘ ʧʨʝʧʦʜʘʚʘʝʤʦʡ ʜʠʩʮʠʧʣʠʥʳ ï ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʜʝʷ-

ʪʝʣʴʥʦʩʪʴ ʥʘ ʦʩʥʦʚʝ ʪʠʧʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʜʠʩʮʠʧʣʠʥʳ ʢ ʢʦʥʢʨʝʪʥʦʤʫ ʨʘʟʜʝ-

ʣʫ ʫʯʝʙʥʦʛʦ ʧʣʘʥʘ, ʦʙʲʝʤʫ ʯʘʩʦʚ, ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʩ ʧʨʦʬʠʣʝʤ ʣʠʯʥʳʭ ʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʥʘʫʯʥʳʭ ʠʥʪʝʨʝʩʦʚ ʠ ʧʨ.; 

2. ʦʮʝʥʢʘ ʧʨʦʭʦʞʜʝʥʠʷ ʧʦʚʳʰʝʥʠʷ ʢʚʘʣʠʬʠʢʘʮʠʠ ï ʚʢʣʶʯʘʝʪ ʧʨʠʥʘʜ-

ʣʝʞʥʦʩʪʴ ʢ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʤʫ ʧʨʦʬʠʣʶ, ʨʦʣʴ (ʩʣʫʰʘʪʝʣʴ, ʦʨʛʘʥʠʟʘʪʦʨ, ʠʩ-

ʧʦʣʥʠʪʝʣʴ), ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʩ ʥʘʫʯʥʳʤʠ ʜʦʩʪʠʞʝʥʠʷʤʠ (ʣʠʯʥʳʤʠ ʠ ʚʦʩʧʠ-

ʪʘʥʥʠʢʦʚ); 

3. ʦʮʝʥʢʘ ʜʠʧʣʦʤʥʠʢʘ ï ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʜʘʥʥʳʭ ʦ ʨʝʟʫʣʴʪʘʪʘʭ ʟʘʱʠʪʳ, 

ʦ ʩʦʦʪʚʝʪʩʪʚʠʠ ʧʨʦʬʠʣʶ ʨʫʢʦʚʦʜʠʪʝʣ,̫ ʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ʜʠʧʣʦʤʥʠʢʘ; 

4. ʦʮʝʥʢʘ ʧʫʙʣʠʢʘʮʠʠ ï ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʫʨʦʚʥʝ ʠʟʜʘʥʠʷ ʞʫʨʥʘʣʘ / ʤʘ-

ʪʝʨʠʘʣʦʚ ʢʦʥʬʝʨʝʥʮʠʠ, ʚʢʣʶʯʝʥʥʦʩʪʠ ʚ ʙʘʟʳ ʜʣʷ ʠʥʜʝʢʩʘʮʠʠ, ʫʨʦʚʥʝ ʢʦʥʬʝ-

ʨʝʥʮʠʠ, ʢʦʣʠʯʝʩʪʚʝ ʠ ʧʦʟʠʮʠʠ ʘʚʪʦʨʦʚ ʚʥʫʪʨʠ ʘʚʪʦʨʩʢʦʛʦ ʢʦʣʣʝʢʪʠʚʘ, ʘʬʬʠ-

ʣʠʘʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʯʝʥʦʛʦ ʟʘʚʝʜʝʥʠʷ, ʥʘʣʠʯʠʠ ʚʦ ʚʥʫʪʨʠʚʫʟʦʚʩʢʦʡ ʩʠʩʪʝ-

ʤʝ ʫʯʸʪʘ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʡ (ʢʦʨʧʦʨʘʪʠʚʥʳʡ ʩʝʨʚʠʩ çʇʨʦʤʝʪʝʡè [9]), ʘ 

ʪʘʢʞʝ ʥʘ ʨʦʣʠ ʩʦʘʚʪʦʨʦʚ-ʩʪʫʜʝʥʪʦʚ; 
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5. ʦʮʝʥʢʘ ʧʘʪʝʥʪʘ ï ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʠʧʝ ʧʘʪʝʥʪʘ, ʢʦʣʠʯʝʩʪʚʝ ʩʦʘʚʪʦ-

ʨʦʚ, ʘʬʬʠʣʠʘʮʠʠ, ʥʘʣʠʯʠʝ ʚ ʇʨʦʤʝʪʝʝ, ʨʦʣʠ ʩʪʫʜʝʥʪʦʚ;  

6. ʦʮʝʥʢʘ ʫʯʝʙʥʦ-ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʠʟʜʘʥʠ ̫ï ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʠʥʜʝʢʩʘʮʠʠ 

ʠ ʫʨʦʚʥʝ ʠʟʜʘʥʠʷ (ʢʘʬʝʜʨʘ, ɺʋɿ, ʚʥʝʰʥʷʷ ʦʨʛʘʥʠʟʘʮʠʷ), ʩʦʦʪʚʝʪʩʪʚʠʠ ʧʨʦ-

ʬʠʣʶ ʨʘʙʦʪʥʠʢʘ ʠ ʧʨʝʧʦʜʘʚʘʝʤʳʤ ʜʠʩʮʠʧʣʠʥʘʤ; 

7. ʦʮʝʥʢʘ ʤʦʥʦʛʨʘʬʠʡ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʠ ʧʨʦʬʠʣʶ ʨʘʙʦʪ-

ʥʠʢʘ ʠ ʧʨʝʧʦʜʘʚʘʝʤʳʤ ʜʠʩʮʠʧʣʠʥʘʤ, ʠʥʜʝʢʩʘʮʠʠ, ʥʘʣʠʯʠʠ ʚ ʇʨʦʤʝʪʝʝ; 

8. ʦʮʝʥʢʘ ʛʨʘʥʪʦʚ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʟʘʧʨʦʩʘ (ʚʥʫʪʨʝʥ-

ʥʠʡ, ʦʪʨʘʩʣʝʚʦʡ, ʚʥʝʰʥʠʡ, ʠʥʠʮʠʘʪʠʚʥʳʡ), ʥʘʣʠʯʠʠ ʚ ʇʨʦʤʝʪʝʝ, ʨʦʣʠ (ʠʩ-

ʧʦʣʥʠʪʝʣʴ, ʟʘʢʘʟʯʠʢ, ʨʫʢʦʚʦʜʠʪʝʣʴ), ʘʬʬʠʣʠʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʠʠ ʧʨʦʬʠʣʶ ʨʘ-

ʙʦʪʥʠʢʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʚʝʜʝʤ ʘʨʭʠʪʝʢʪʫʨʫ ʕʉ (ʛʨʘʬ ʨʝʰʝʥʠʡ), ʦʙʝʩʧʝ-

ʯʠʚʘʶʱʝʡ ʦʮʝʥʢʫ ʚʢʣʘʜʘ ʜʠʩʮʠʧʣʠʥʳ ʚ ʵʣʝʤʝʥʪ ʦʙʨʘʟʘ, ʢʦʪʦʨʫʶ ʧʨʝʧʦʜʘʸʪ 

ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʨʘʙʦʪʥʠʢ (ʩʤ. ʨʠʩ. 1). ɿʝʣʝʥʳʤ ʦʙʦʟʥʘʯʝʥʳ ʚʭʦʜʥʳʝ 

ʜʘʥʥʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʠʣʠ ʢʘʯʝʩʪʚʝʥʥʦʡ ʧʨʠʨʦʜʳ, ʬʠʦʣʝʪʦʚʳʤ ï ʧʨʦʤʝʞʫ-

ʪʦʯʥʳʝ ʣʦʛʠʯʝʩʢʠʝ ʚʳʚʦʜʳ, ʘ ʢʨʘʩʥʳʤ ï ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʚʢʣʘʜʘ ʦʮʝʥʠʚʘʝʤʦʡ ʜʠʩʮʠʧʣʠʥʳ ʚ ʵʣʝʤʝʥʪ ʦʙʨʘʟʘ ʚ ʥʦʪʘʮʠʠ UGVA. ʄʦʜʝʣʴ 

ʧʦʜʛʦʪʦʚʣʝʥʘ ʚ ʢʦʥʩʪʨʫʢʪʦʨʝ ʵʢʩʧʝʨʪʥʳʭ ʩʠʩʪʝʤ FLM_Builder [10], ʠʩʧʦʣʴ-

ʟʫʷ ʪʝʭʥʦʣʦʛʠʶ drag&drop ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʛʨʘʬʘ ʨʝʰʝʥʠʡ. 

 

 
ʈʠʩ.1. ɻʨʘʬ ʨʝʰʝʥʠʡ ʜʣʷ ʵʢʩʧʝʨʪʥʦʡ ʩʠʩʪʝʤ rçʆʮʝʥʢʘ ʜʠʩʮʠʧʣʠʥʳè 

 

ʅʘʧʨʠʤʝʨ, ʛʠʧʦʪʝʟʘ çʆʙʱʠʡ ʧʨʦʮʝʥʪ ʩʦʚʧʘʜʝʥʠʷ ʢʣʶʯʝʚʳʭ ʩʣʦʚ ʜʠʩ-

ʮʠʧʣʠʥʳ ʩ ʢʣʶʯʝʚʳʤʠ ʩʣʦʚʘʤʠ ʜʠʧʣʦʤʦʚ/ʜʠʩʩʝʨʪʘʮʠʡ ʠ ʩʪʘʪʝʡè ʦʧʠʨʘʝʪʩʷ 

ʥʘ ʧʨʦʮʝʥʪ ʩʦʚʧʘʜʝʥʠʷ ʢʣʶʯʝʚʳʭ ʩʣʦʚ ʜʠʩʮʠʧʣʠʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʲʝʜʠ-

ʥʸʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʢʣʶʯʝʚʳʭ ʩʣʦʚ ʩʪʘʪʝʡ ʠ ʚʳʧʫʩʢʥʳʭ ʢʚʘʣʠʬʠʢʘʮʠʦʥʥʳʭ 

ʨʘʙʦʪ ʜʠʧʣʦʤʥʠʢʦʚ ʟʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʧʝʨʠʦʜ. ɿʥʘʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ 
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ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝʥʥʦʝ (ʚʘʨʠʘʥʪʳ çʥʝʪè / çʤʘʣʦè / çʩʨʝʜ-

ʥʝè / çʤʥʦʛʦè / çʧʦʣʥʦʝ ʩʦʚʧʘʜʝʥʠʝè). ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ (ʬʘʟʠʬʠʢʘʮʠʷ) ʧʨʦʠʟ-

ʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ. ʆʪʚʝʪʳ ʕʉ ʪʘʢʞʝ ʧʦʜʚʝʨ-

ʛʘʶʪʩʷ ʧʝʨʝʚʦʜʫ ʚ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ (ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʘʩʰʪʘʙʠʨʦʚʘ-

ʥʠʷ) ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʬʦʨʤʫʣʘʭ ʚʳʯʠʩʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʦʚ ʦʙʨʘʟʘ ʚ 

ʥʦʪʘʮʠʠ UGVA. 

ʇʦʜʘʚʘʷ ʥʘ ʚʭʦʜ ʕʉ ʧʦ ʦʮʝʥʢʝ ʚʢʣʘʜʘ ʜʠʩʮʠʧʣʠʥʳ ʚ ʵʣʝʤʝʥʪ ʦʙʨʘʟʘ ʩ 

ʨʠʩ. 1 ʙʫʜʝʪ ʩʬʦʨʤʠʨʦʚʘʥ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʦʠʟʚʝʜʝʥʘ ʬʘʟʠʬʠʢʘʮʠʷ ʦʪ-

ʜʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ, ʟʘʪʝʤ, ʧʨʦʠʟʚʝʜʝʥ ʧʨʦʩʯʸʪ ʧʦ ʜʝʨʝʚʫ ʨʝʰʝʥʠʡ. ɸʥʘʣʠ-

ʟʠʨʦʚʘʪʴʩʷ ʙʫʜʫʪ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʪʝ ʧʦʢʘʟʘʪʝʣʠ, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʦʩʦʙʝʥʥʦʩʪʠ ʣʠʯʥʦʡ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʦʩʪʠ ʨʘʙʦʪʥʠʢʘ ʚ ʪʝʭ ʵʣʝʤʝʥʪʘʭ ʫʯʝʙʥʦʛʦ 

ʧʣʘʥʘ, ʢʦʪʦʨʳʝ ʦʥ ʧʨʦʷʚʣʷʝʪ ʢʘʢ ʚ ʫʯʝʙʥʦʡ, ʪʘʢ ʠ ʚ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ. ʈʝʟʫʣʴ-

ʪʘʪʦʤ ʦʪʨʘʙʦʪʢʠ ʕʉ ʙʫʜʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0 

ʜʦ 1.  

ʈʘʩʩʤʦʪʨʠʤ ʧʘʨʘʤʝʪʨʳ ʦʮʝʥʢʠ ʜʠʩʮʠʧʣʠʥ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʨʘʙʦʪʥʠʢʦʚ 

ʤʝʞʠʥʩʪʠʪʫʪʩʢʦʡ ʙʘʟʦʚʦʡ ʢʘʬʝʜʨʳ çʇʨʠʢʣʘʜʥʘʷ ʬʠʟʠʢʘ ʠ ʢʦʩʤʠʯʝʩʢʠʝ ʪʝʭ-

ʥʦʣʦʛʠʠè ʉʠʙʠʨʩʢʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ɺʩʝ ʵʪʠ ʜʠʩʮʠʧʣʠʥʳ ʦʪ-

ʥʦʩʷʪʩʷ ʢ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʝ 09.04.01.03 çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩʪʝ-

ʤ  rʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʠ ʮʝʥʪʨʦʚ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʝʪʘʤʠè. ɺ ʪʘʙʣʠʮʝ 1 

ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʪʦʛʦ, ʢʘʢ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʜʠʩʮʠʧʣʠʥ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʟ-

ʥʳʝ ʦʮʝʥʢʠ (ʩʤ. ʩʪʦʣʙʝʮ 4), ʯʪʦ ʨʘʟʠʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʝʟʫʣʴ-

ʪʘʪʘ, ʨʘʥʝʝ ʠʩʧʦʣʴʟʫʶʱʝʛʦʩʷ ʜʣʷ ʦʮʝʥʢʠ çʚʢʣʘʜʘè ʜʠʩʮʠʧʣʠʥ (ʩʪʦʣʙʝʮ 3) ʚ 

ʵʣʝʤʝʥʪ çʧʣʝʯʠè ʠ çʛʨʫʜʴè ʦʙʨʘʟʘ ʧʦ [6]. 

 
ʊʘʙʣʠʮʘ 1. ʇʨʠʤʝʨʳ ʦʮʝʥʢʠ ʤʘʩʰʪʘʙʠʨʫʶʱʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʅʘʠʤʝʥʦʚʘʥʠʝ ʜʠʩʮʠʧʣʠʥʳ ID ʧʨʝʧʦ-

ʜʘʚʘʪʝʣʷ 

ʂʦʵʬʬʠʮʠʝʥʪ 

ʚʣʠʷʥʠʷ ʙʝʟ ʕʉ 

ɺʳʨʘʙʘʪʳʚʘʝʤʳʡ 

ʕʉ ʢʦʵʬʬʠʮʠʝʥʪ  

ʀʥʪʝʣʣʝʢʪʫʘʣʴʥʳʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ 1 1 1 

ʄʝʪʦʜʦʣʦʛʠʷ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ 1 1 0.8 

ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ 

1 1 0.7 

ʋʧʨʘʚʣʝʥʠʝ ʧʨʦʝʢʪʘʤʠ 2 1 0.4 

ʊʝʭʥʦʣʦʛʠʷ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤ-

ʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

2 1 0.7 

ʆʙʱʠʝ ʧʨʠʥʮʠʧʳ ʧʦʩʪʨʦʝʥʠʷ ʠ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤ 

3 1 0.6 

ʆʩʥʦʚʳ ʫʩʪʨʦʡʩʪʚʘ ʢʦʩʤʠʯʝʩʢʠʭ 

ʘʧʧʘʨʘʪʦʚ 

3 1 0.9 

 

ʇʦʣʫʯʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʢʣʶʯʘʶʪʩʷ ʚ ʬʫʥʢʮʠʶ ʨʘʩʯʸʪʘ ʚʣʠʷʥʠʷ 

ʚʩʝʭ ʜʠʩʮʠʧʣʠʥ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʨʘʙʦʪʥʠʢʘ: ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʨʝʜʥʷʷ ʚʟʚʝ-

ʰʝʥʥʘʷ ʩʫʤʤʘ ʟʥʘʯʝʥʠʡ, ʟʘʪʝʤ ʦʥʘ ʫʤʥʦʞʘʝʪʩʷ ʥʘ ʥʦʨʤʘʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ 

ʨʘʟʤʝʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʘʥʪʨʦʧʦʤʦʨʬʥʦʡ ʬʠʛʫʨʳ (ʚ ʧʠʢʩʝʣʷʭ) ʠ 
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ʟʘʪʝʤ ʬʠʛʫʨʘ-ʵʣʝʤʝʥʪ ʦʪʨʠʩʦʚʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʮʝʣʦʩʪʥʦʛʦ ʦʙʨʘʟʘ. ʂʘʢ ʤʦʞ-

ʥʦ ʟʘʤʝʪʠʪʴ ʠʟ ʩʨʘʚʥʝʥʠʷ ʩʪʦʣʙʮʦʚ 3 ʠ 4, ʩ ʚʥʝʜʨʝʥʠʝʤ ʕʉ ʧʦʢʘʟʘʪʝʣʠ ʩʪʘʣʠ 

ʥʝ ʪʘʢʠʤʠ ʚʳʩʦʢʠʤʠ: ʨʝʘʣʠʩʪʠʯʥʘʷ ʦʮʝʥʢʘ ʜʦʩʪʠʞʝʥʠʡ (ʘʢʪʠʚʥʦʩʪʠ) ʥʘʫʯʥʦ-

ʧʝʜʘʛʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʥʠʢʦʚ ʢʘʬʝʜʨʳ ʪʝʧʝʨʴ ʙʦʣʝʝ ʧʨʠʤʝʥʠʤʘ ʜʣʷ ʦʙʦʩʥʦʚʘ-

ʥʠʷ ʧʨʠʥʷʪʠʷ ʫʧʨʘʚʣʝʥʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʠ ʦʮʝʥʢʠ ʧʦʪʝʥʮʠʘʣʘ ʧʦʜʨʘʟʜʝʣʝʥʠʷ. 

ʇʦʜʚʝʜʝʤ ʠʪʦʛʠ. ɺʥʝʜʨʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʵʢʩʧʝʨʪʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ 

ʧʨʦʜʫʢʮʠʦʥʥʳʭ ʧʨʘʚʠʣ ʦʙʝʩʧʝʯʠʪ ʥʦʚʳʡ ʧʦʜʭʦʜ ʢ ʦʮʝʥʢʝ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ 

ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʦʛʦ ʨʘʙʦʪʥʠʢʘ, ʫʩʪʨʘʥʷʷ ʝʝ ʫʧʨʦʱʝʥʥʦʩʪʴ ʠ ʩʫʙʲʝʢʪʠʚ-

ʥʦʩʪʴ ʦʙʳʯʥʦʛʦ ʢʫʤʫʣʷʪʠʚʥʦʛʦ  ʧʦʜʭʦʜʘ, ʧʦʟʚʦʣʷʷ ʧʣʘʥʠʨʦʚʘʪʴ ʜʘʣʴʥʝʡʰʠʝ 

ʫʧʨʘʚʣʝʥʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʠ ʦʪʩʣʝʞʠʚʘʪʴ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʡ ʨʦʩʪ ʥʘʫʯʥʦ-

ʧʝʜʘʛʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʥʠʢʦʚ. ʇʨʦʩʪʦʪʘ ʚʦʩʧʨʠʷʪʠʷ ʠ ʧʨʦʟʨʘʯʥʦʩʪʴ ʧʨʝʜʦʩʪʘʚ-

ʣʷʝʤʳʭ ʦʮʝʥʦʢ ʜʝʣʘʶʪ ʚʠʟʫʘʣʴʥʳʝ ʦʙʨʘʟʳ ʚ ʥʦʪʘʮʠʠ UGVA ʙʦʣʝʝ ʜʦʩʪʫʧ-

ʥr ʤʠ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʦ ʩʪʦʨʦʥʳ ʣʠʮ, ʧʨʠʥʠʤʘʶʱʠʭ ʨʝʰʝʥʠʷ.   

ɹʣʠʞʘʡʰʠʤʠ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʨʘʟʚʠʪʠʷ ʵʪʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʜʝʪʘʣʴʥʘʷ 

ʧʨʦʨʘʙʦʪʢʘ ʢʘʞʜʦʡ ʙʘʟʳ ʟʥʘʥʠʡ ʠʟ ʫʧʦʤʷʥʫʪʳʭ ʤʦʜʝʣʝʡ ʵʢʩʧʝʨʪʥʳʭ ʩʠʩʪʝʤ, 

ʘ ʪʘʢʞʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʙʥʦʚʣʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʫʧʧʦʚʦʡ 

ʢʘʨʪ rʥʘʫʯʥʦ ʧʝʜʘʛʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʥʠʢʦʚ (ʥʘ ʧʨʠʤʝʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʧʦʜʨʘʟʜʝʣʝʥʠʷ ʚ ʉʠʙʠʨʩʢʦʤ ʬʝʜʝʨʘʣʴʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ [6]). 
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Abstract: This article provides an overview of modern methodological approaches 

to the semiotic representation and analysis of curricula in the context of the specialty ñIn-

formation Securityò. Based on the analysis of existing methods, including unified graphi-

cal activity visualization (UGVA), semantic graphs, semiotic networks and cognitive 

knowledge diagnostic maps, the development of a semiotic method for assessing the bal-

ance and structure of educational programs is proposed. The relevance of the research is 

determined by the need to integrate semiotic models into digital educational systems in 

order to increase the effectiveness of analysis and decision-making.  
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ɻʛʞʝʞʦʡʞ ʡ ʙʣʫʬʙʤʵʦʧʪʫʵ ʨʩʧʚʤʞʥʴ 

ɺ ʫʩʣʦʚʠʷʭ ʮʠʬʨʦʚʠʟʘʮʠʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ ʘʥʘʣʠʟ ʫʯʝʙʥʳʭ 

ʧʣʘʥʦʚ ʧʨʠʦʙʨʝʪʘʝʪ ʩʪʘʪʫʩ ʢʣʶʯʝʚʦʡ ʟʘʜʘʯʠ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ ʢʘʯʝʩʪʚʘ ʧʦʜʛʦ-

ʪʦʚʢʠ ʩʧʝʮʠʘʣʠʩʪʦʚ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʦʙʣʘʩʪʷʭ, ʪʘʢʠʭ ʢʘʢ ñʀʥʬʦʨʤʘʮʠʦʥʥʘʷ 

ʙʝʟʦʧʘʩʥʦʩʪʴò. ʋʯʝʙʥʳʝ ʧʣʘʥʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʣʦʞʥʳʝ ʤʥʦʛʦʧʘʨʘʤʝʪ-

ʨʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʦʭʚʘʪʳʚʘʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʫʯʝʙʥʦʡ ʥʘʛʨʫʟʢʠ ʧʦ 

ʜʠʩʮʠʧʣʠʥʘʤ, ʢʦʤʧʝʪʝʥʮʠʷʤ ʠ ʚʨʝʤʝʥʥʳʤ ʠʥʪʝʨʚʘʣʘʤ, ʯʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠ ʘʥʘʣʠʟʘ. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʧʦʜʭʦʜʳ, ʦʧʠʨʘʶʱʠʝʩʷ ʥʘ ʪʘʙʣʠʯʥʳʝ ʬʦʨʤʳ ʜʘʥʥʳʭ ʠʣʠ ʩʪʘ-

ʪʠʩʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ, ʟʘʯʘʩʪʫʶ ʥʝ ʫʯʠʪʳʚʘʶʪ ʩʝʤʘʥʪʠʯʝʩʢʫʶ ʛʣʫʙʠʥʫ ʠ ʜʠ-

ʥʘʤʠʢʫ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʧʨʠʚʦʜʷ ʢ ʫʪʨʘʪʝ ʠʥʬʦʨʤʘʮʠʠ ʦ ʚʟʘʠʤʦ-

ʩʚʷʟʷʭ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʣʘʥʘ [1]. ɹʦʣʝʝ ʪʦʛʦ, ʪʘʢʠʝ ʤʝʪʦʜʳ ʥʝ ʧʦʟʚʦʣʷ-

ʶʪ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʨʘʩʢʨʳʪʴ ʩʝʤʠʦʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ 

ʜʦʢʫʤʝʥʪʦʚ, ʛʜʝ ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʧʣʘʥʘ ï ʜʠʩʮʠʧʣʠʥʘ, ʤʦʜʫʣʴ ʠʣʠ ʢʦʤʧʝʪʝʥ-

ʮʠʷ ï ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʟʥʘʢ, ʥʝʩʫʱʠʡ ʦʧʨʝʜʝʣʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚ 

ʢʦʥʪʝʢʩʪʝ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʳ ʦʙʫʯʝʥʠʷ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʧʨʦʙʣʝʤʳ ʦʙʫʩʣʦʚʣʝʥʘ ʧʦʚʳʰʝʥʠʝʤ ʪʨʝʙʦʚʘʥʠʡ ʢ ʩʧʝ-

ʮʠʘʣʠʩʪʘʤ ʚ ʩʬʝʨʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʛʜʝ ʙʘʣʘʥʩ ʤʝʞʜʫ ʬʫʥʜʘ-

ʤʝʥʪʘʣʴʥʳʤʠ ʟʥʘʥʠʷʤʠ ʠ ʧʨʠʢʣʘʜʥʳʤʠ ʥʘʚʳʢʘʤʠ ʠʤʝʝʪ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝ-

ʥʠʝ ʜʣʷ ʘʜʘʧʪʘʮʠʠ ʢ ʩʪʨʝʤʠʪʝʣʴʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʷʤ. ʂʘʢ ʜʝ-

ʤʦʥʩʪʨʠʨʫʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʧʣʘʥʦʚ ʯʘʩʪʦ 

ʠʛʥʦʨʠʨʫʶʪ ʩʝʤʠʦʪʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ï ʟʥʘʢʦʚʳʝ ʩʠʩʪʝʤʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʥ-

ʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʡ ʢʦʥʪʝʥʪ ʢʘʢ ʩʝʪʴ ʟʥʘʯʝʥʠʡ ʠ ʦʪʥʦʰʝʥʠʡ [2]. 

ʕʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʥʝʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʝʩʫʨʩʦʚ ʠ ʥʝʩʦʦʪʚʝʪʩʪ-

ʚʠʝ ʬʦʨʤʠʨʫʝʤʳʭ ʢʦʤʧʝʪʝʥʮʠʡ ʨʳʥʦʯʥʳʤ ʧʦʪʨʝʙʥʦʩʪʷʤ. ɺ ʢʦʥʪʝʢʩʪʝ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʠ 

ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ ʩʝʤʠʦʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʣʘ-

ʥʳ ʢʘʢ ʜʠʥʘʤʠʯʝʩʢʠʝ ʟʥʘʢʦʚʳʝ ʩʠʩʪʝʤʳ, ʠʥʪʝʛʨʠʨʫʷ ʤʘʪʝʨʠʘʣʴʥʳʝ ʠ ʩʤʳ-

ʩʣʦʚʳʝ ʘʩʧʝʢʪʳ [3]. 

ʅʘʧʨʠʤʝʨ, ʚ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ñʀʥʬʦʨʤʘʮʠʦʥʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴò ʢʣʶʯʝ-

ʚʳʤʠ ʚʳʟʦʚʘʤʠ ʷʚʣʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʪʝʭʥʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ, ʪʘʢʠʝ ʢʘʢ ʨʘʟʨʘ-

ʙʦʪʢʘ ʩʠʩʪʝʤ ʟʘʱʠʪʳ ʦʪ ʫʛʨʦʟ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʥʦ ʠ ʵʪʠʯʝ-

ʩʢʠʝ, ʧʨʘʚʦʚʳʝ ʠ ʩʦʮʠʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʢʦʪʦʨʳʝ ʪʨʝʙʫʶʪ ʤʝʞʜʠʩʮʠʧʣʠ-

ʥʘʨʥʦʛʦ ʧʦʜʭʦʜʘ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʠʥʩʪʨʫʤʝʥʪʳ, ʬʦʢʫʩʠʨʫʶʱʠʝʩʷ ʥʘ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʤʝʪʨʠʢʘʭ, ʥʝ ʫʯʠʪʳʚʘʶʪ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʩʚʷʟʠ ʵʪʠʯʝʩʢʠʝ 

ʥʦʨʤʳ. ʉʝʤʠʦʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʫʯʝʙʥʳʡ ʧʣʘʥ ʢʘʢ ʩʝʤʠʦʟʠʩ ï ʧʨʦʮʝʩʩ ʧʦʨʦʞʜʝʥʠʷ ʩʤʳʩʣʘ ʯʝʨʝʟ ʟʥʘʢʠ, ʛʜʝ 

ʜʠʩʮʠʧʣʠʥʳ ʚʳʩʪʫʧʘʶʪ ʚ ʨʦʣʠ ʩʠʤʚʦʣʦʚ ʠʣʠ ʠʥʜʝʢʩʦʚ [4]. 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʢ ʩʝʤʠʦʪʠʯʝʩʢʦʤʫ 

ʧʨʝʜʩʪʘʚʣʝʥʠʶ ʠ ʘʥʘʣʠʟʫ ʫʯʝʙʥʳʭ ʧʣʘʥʦʚ, ʘ ʪʘʢʞʝ ʧʦʩʣʝʜʫʶʱʘʷ ʨʘʟʨʘʙʦʪʢʘ 

ʤʝʪʦʜʘ ʩʝʤʠʦʪʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʫʯʝʙʥʳʭ ʧʣʘʥʦʚ ʥʘ ʧʨʠʤʝʨʝ 

ʩʧʝʮʠʘʣʴʥʦʩʪʠ ñʀʥʬʦʨʤʘʮʠʦʥʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴò ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʝʰʝʥʠʝ ʟʘ-
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ʜʘʯʠ ʩʦʟʜʘʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʫʯʠʪʳʚʘʶ-

ʱʝʛʦ ʩʧʝʮʠʬʠʢʫ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʝʨʝʭʦʜʫ 

ʦʪ ʩʪʘʪʠʯʝʩʢʠʭ ʦʧʠʩʘʥʠʡ ʢ ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ, ʚ ʢʦʪʦʨʳʭ ʫʯʝʙʥʳʡ ʧʣʘʥ 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʩʝʤʠʦʪʠʯʝʩʢʘʷ ʩʝʪʴ, ʦʪʨʘʞʘʶʱʘʷ ʩʦʮʠʘʣʴʥʳʝ ʠ ʢʦʛʥʠ-

ʪʠʚʥʳʝ ʘʩʧʝʢʪʳ ʧʨʦʮʝʩʩʘ ʦʙʫʯʝʥʠʷ [5].  

ʇʨʡʪʙʦʡʞ ʥʞʫʧʝʧʤʧʜʡʰʞʪʣʡʮ ʩʞʱʞʦʡʢ 

ʉʨʝʜʠ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʜʣʷ ʘʥʘʣʠʟʘ ʫʯʝʙ-

ʥʳʭ ʧʣʘʥʦʚ ʚʳʜʝʣʷʶʪʩʷ ʧʦʜʭʦʜʳ, ʠʥʪʝʛʨʠʨʫʶʱʠʝ ʚʠʟʫʘʣʠʟʘʮʠʶ ʠ ʩʝʤʠʦʪʠ-

ʢʫ. ʇʝʨʚʳʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʫʥʠʬʠʮʠʨʦʚʘʥʥʦʡ ʛʨʘʬʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʘʢ-

ʪʠʚʥʦʩʪʠ (UGVA), ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʦʮʝʥʢʠ ʙʘʣʘʥʩʘ ʧʣʘʥʦʚ ʚ IT-

ʩʧʝʮʠʘʣʴʥʦʩʪʷʭ. ʄʝʪʦʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʣʘʥʳ ʚ ʬʦʨʤʝ ʘʥʪʨʦʧʦʤʦʨʬʥʳʭ ʦʙʨʘ-

ʟʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʤʝʪʦʜʝ ñʃʠʮʘ ʏʝʨʥʦʚʘò, ʩ ʫʯʝʪʦʤ ʜʠʥʘʤʠʢʠ ʠ ʘʬʬʝʨʝʥʪ-

ʥʦʛʦ ʩʠʥʪʝʟʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝ-

ʩʢʠʝ ʦʙʲʝʢʪʳ, ʪʘʢʠʝ ʢʘʢ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʛʨʫʟʢʠ ʧʦ ʜʠʩʮʠʧʣʠʥʘʤ [6]. ɺ ʨʘʩ-

ʰʠʨʝʥʥʦʤ ʚʘʨʠʘʥʪʝ ʤʝʪʦʜ UGVA ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ 

ʨʝʰʝʥʠʡ, ʩ ʜʝʢʦʤʧʦʟʠʮʠʝʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʩʠʤʤʝʪʨʠʨʦʚʘʥʠʝʤ ʦʙʨʘʟʦʚ, ʯʪʦ 

ʜʝʣʘʝʪ ʝʛʦ ʦʩʦʙʝʥʥʦ ʧʦʣʝʟʥʳʤ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʥʝʩʙʘʣʘʥʩʠʨʦʚʘʥʥʦʩʪʠ ʚ ʧʨʦ-

ʛʨʘʤʤʘʭ [7]. 

ɺʪʦʨʳʤ ʨʝʰʝʥʠʝʤ ʚʳʩʪʫʧʘʶʪ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʛʨʘʬʳ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ 

ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʝʤʘʥʪʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. ɻʨʘʬʳ ʤʦʜʝʣʠʨʫʶʪ ʧʣʘʥʳ ʢʘʢ 

ʫʟʣʳ ʠ ʩʚʷʟʠ, ʦʙʝʩʧʝʯʠʚʘʷ ʬʦʨʤʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, 

ʛʜʝ ʮʝʥʪʨʘʣʴʥʳʡ ʫʟʝʣ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʮʝʩʩʫ, ʩ ʥʘʧʨʘʚʣʝʥʥʳʤʠ ʩʚʷʟʷʤʠ ʜʣʷ 

ʠʝʨʘʨʭʠʠ ʜʠʩʮʠʧʣʠʥ [8]. ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʩʝʤʘʥʪʠʯʝ-

ʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʣʘʥʘ, ʛʜʝ ʛʨʘʬʳ ʤʦʛʫʪ ʚʳʷʚʣʷʪʴ ʣʦ-

ʛʠʯʝʩʢʠʝ ʧʨʦʙʝʣʳ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢʫʨʩʦʚ. 

ʊʨʝʪʴʠʤ ʧʦʜʭʦʜʦʤ ʷʚʣʷʶʪʩʷ ʩʝʤʠʦʪʠʯʝʩʢʠʝ ʩʝʪʠ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ 

ʫʧʨʘʚʣʝʥʠʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʤʠ ʘʛʝʥʪʘʤʠ ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʤʠ ʦʙʲʝʢʪʘ-

ʤʠ. ʉʝʤʠʦʪʠʯʝʩʢʠʝ ʩʝʪʠ ʦʧʠʩʳʚʘʶʪ ʟʥʘʥʠʷ ʘʛʝʥʪʘ ʢʘʢ ʟʥʘʢʦʚʳʝ ʩʠʩʪʝʤʳ ʩ 

ʪʨʝʫʛʦʣʴʥʠʢʦʤ ʌʨʝʛʝ, ʪʠʧʦʣʦʛʠʝʡ ʟʥʘʢʦʚ ʠ ʤʘʪʨʠʮʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʆʥʠ 

ʧʦʟʚʦʣʷʶʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʢʦʤʤʫʥʠʢʘʮʠʶ ʤʝʞʜʫ ʜʠʩʮʠʧʣʠʥʘʤʠ ʢʘʢ ʩʝʤʠʦʟʠʩ, 

ʩ ʦʧʪʠʤʠʟʘʮʠʝʡ ʧʦʚʝʜʝʥʠʷ ʠ ʘʜʘʧʪʘʮʠʝʡ ʢ ʚʥʝʰʥʠʤ ʪʨʝʙʦʚʘʥʠʷʤ [9]. ɺ ʨʘʩ-

ʰʠʨʝʥʥʦʤ ʚʘʨʠʘʥʪʝ ʩʝʪʠ ʠʥʪʝʛʨʠʨʫʶʪʩʷ ʩ ʦʙʨʘʙʦʪʢʦʡ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʷʟʳʢʘ 

ʜʣʷ ʩʫʙʲʝʢʪʠʚʥʳʭ ʤʦʜʝʣʝʡ ʩʠʪʫʘʮʠʡ, ʯʪʦ ʧʦʣʝʟʥʦ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʣʘʥʦʚ 

ʢʘʢ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʛʜʝ ʟʥʘʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʢʦʤʧʝʪʝʥʮʠʠ, ʘ ʩʚʷʟʠ ï ʠʭ 

ʚʟʘʠʤʦʟʘʚʠʩʠʤʦʩʪʠ [10]. 

ʏʝʪʚʝʨʪʳʤ ʨʝʰʝʥʠʝʤ ʩʣʫʞʘʪ ʢʦʛʥʠʪʠʚʥʳʝ ʢʘʨʪʳ ʜʠʘʛʥʦʩʪʠʢʠ ʟʥʘʥʠʡ, 

ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʦʙʫʯʘʶʱʠʭ ʩʠʩʪʝʤʘʭ. ʕʪʠ ʢʘʨʪʳ ʦʪʦʙʨʘʞʘʶʪ ʦʙʨʘʟʦʚʘ-

ʪʝʣʴʥʳʡ ʮʠʬʨʦʚʦʡ ʩʣʝʜ, ʥʘʣʦʞʝʥʳʡ ʥʘ ʛʨʘʬʠʯʝʩʢʫʶ ʩʚʝʨʪʢʫ ʜʘʥʥʳʭ ʦ 

ʩʪʨʫʢʪʫʨʝ ʫʯʝʙʥʦʛʦ ʧʣʘʥʘ (ʩʚʦʜʥʘʷ ʢʘʨʪʘ [11]). 
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ʉʫʱʝʩʪʚʫʝʪ ʝʱʸ ʤʪʝʦʜ ʩʝʤʠʦʪʠʢʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʣʷ, ʛʜʝ ʟʥʘʢʠ 

ʧʨʠʦʙʨʝʪʘʶʪ ʩʚʦʡʪʩʚʦ ʬʫʥʢʮʠʡ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʠʭ ʜʣʷ ʘʥʘʣʠʟʘ 

ʧʣʘʥʦʚ ʢʘʢ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʝʜʠʥʠʮ, ʛʜʝ ʢʘʞʜʳʡ ʤʦʜʫʣʴ ʚʳʩʪʫʧʘʝʪ ʢʘʢ ʟʥʘʢ 

ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʨʦʣʴʶ ʚ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʝ [12].  

ʂʦʛʥʠʪʠʚʥʘʷ ʩʝʤʠʦʪʠʢʘ  ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʨʘʩʰʠʨʝʥʥʦʝ ʦʧʠʩʘʥʠʝ ʦʙʲʝʢ-

ʪʦʚ ʯʝʨʝʟ ʚʠʟʫʘʣʠʟʘʮʠʶ ʦʧʳʪʘ ʠ ʦʩʤʳʩʣʝʥʠʝ, ʧʦʟʚʦʣʷʷ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʣʘʥʳ 

ʢʘʢ ʢʦʛʥʠʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʠʥʪʝʛʨʠʨʫʶʱʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠ ʧʨʠʢʣʘʜ-

ʥʳʝ ʘʩʧʝʢʪʳ [13].  

ʇʝʨʝʦʩʤʳʩʣʝʥʠʝ ʟʥʘʢʦʚ ʧʦʜʯʝʨʢʠʚʘʝʪ ʢʦʥʪʝʢʩʪʫʘʣʴʥʫʶ ʠʥʪʝʨʧʨʝʪʘ-

ʮʠʶ, ʧʨʝʜʣʘʛʘʷ ʚʠʜʝʪʴ ʟʥʘʢʠ ʥʝ ʢʘʢ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʪʠʧʳ, ʘ ʢʘʢ ʦʙʲʝʢʪʳ ʦʪ-

ʥʦʰʝʥʠʡ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʥʪʝʨʧʨʝʪʘʪʦʨʘ [14]. 

ʊʩʙʛʦʡʫʞʤʵʦʴʢ ʙʦʙʤʡʠ ʨʧʝʮʧʝʧʛ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʤʝʪʦʜʦʚ ʙʳʣ ʩʦʩʪʘʚʣʝʥ ʧʝʨʝ-

ʯʝʥʴ ʢʨʠʪʝʨʠʝʚ, ʚʳʙʨʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝʤʠʦʪʠʯʝ-

ʩʢʦʛʦ ʧʦʜʭʦʜʘ ʢ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤ ʩʪʨʫʢʪʫʨʘʤ. ʕʪʠ ʢʨʠʪʝʨʠʠ ʚʢʣʶʯʘʶʪ:  

1. ʉʝʤʘʥʪʠʯʝʩʢʘʷ ʛʣʫʙʠʥʘ ï ʩʪʝʧʝʥʴ ʫʯʝʪʘ ʟʥʘʢʦʚʳʭ ʦʪʥʦʰʝʥʠʡ, ʠʥʪʝʨ-

ʧʨʝʪʘʮʠʠ ʠ ʩʤʳʩʣʦʚʳʭ ʫʨʦʚʥʝʡ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʣʘʥʦʚ; 

2. ɺʠʟʫʘʣʠʟʘʮʠʷ ʜʠʥʘʤʠʢʠ ï ʩʧʦʩʦʙʥʦʩʪʴ ʦʪʦʙʨʘʞʘʪʴ ʠʟʤʝʥʝʥʠʷ ʚʦ 

ʚʨʝʤʝʥʠ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʘʜʘʧʪʘʮʠʠ ʢ ʥʦʚʳʤ ʪʨʝʙʦʚʘʥʠʷʤ);  

3. ʇʨʠʤʝʥʠʤʦʩʪʴ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ñʀʥʬʦʨʤʘʮʠʦʥʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴò ï 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʙʘʣʘʥʩʠʨʦʚʢʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʜʠʩʮʠʧʣʠʥ, ʩ 

ʫʯʝʪʦʤ ʩʧʝʮʠʬʠʢʠ ʵʪʠʯʝʩʢʠʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʘʩʧʝʢʪʦʚ;  

4. ʀʥʪʝʛʨʘʮʠʷ ʩ ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʠʥʪʝʣʣʝʢʪʦʤ ï ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʷ ʚ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʭ, ʚʢʣʶʯʘʷ ʘʛʝʥʪʳ ʠ ʦʙʫʯʘʶʱʠʝ ʧʣʘʪ-

ʬʦʨʤʳ;  

5. ʄʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ ï ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʨʘʙʘʪʳʚʘʪʴ ʙʦʣʴʰʠʝ ʦʙʲʝʤʳ 

ʜʘʥʥʳʭ, ʪʘʢʠʝ ʢʘʢ ʩʨʘʚʥʝʥʠʝ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʧʣʘʥʦʚ ʠʟ ʨʘʟʥʳʭ ʚʫʟʦʚ.  

ɺʳʙʦʨ ʜʘʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʦʙʫʩʣʦʚʣʝʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʦʭʚʘʪʠʪʴ ʢʘʢ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʧʨʘʢʪʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ, ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʤʝʪʦʜʳ ʚ ʢʦʥʪʝʢ-

ʩʪʝ ʨʝʘʣʴʥʳʭ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʟʘʜʘʯ. 

ɼʣʷ ʥʘʛʣʷʜʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʠʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʙʳʣʠ ʩʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʫ 1. ʆʮʝʥʢʠ: ʚʳʩʦʢʘʷ; ʩʨʝʜʥʷʷ; ʥʠʟʢʘʷ ï ʦʩʥʦʚʘ-

ʥʳ ʥʘ ʘʥʘʣʠʟʝ ʣʠʪʝʨʘʪʫʨʳ. ʊʘʙʣʠʮʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʘ ʧʦ ʢʨʠʪʝʨʠʷʤ.  

ʉʞʠʬʤʵʫʙʫʴ ʙʦʙʤʡʠʙ 

ʀʟ ʪʘʙʣʠʮʳ ʩʣʝʜʫʝʪ, ʯʪʦ ʤʝʪʦʜʳ ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦ ʧʦ ʢʨʠ-

ʪʝʨʠʷʤ: ʥʝʢʦʪʦʨʳʝ, ʢʘʢ UGVA, ʩʠʣʴʥʳ ʚ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʧʨʠʤʝʥʠʤʦʩʪʠ, ʥʦ 

ʥʝ ʣʠʜʠʨʫʶʪ ʚ ʩʝʤʘʥʪʠʢʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʨʫʛʠʝ, ʚʨʦʜʝ ʛʣʫʙʦʢʦʡ ʩʝʤʠʦʪʠʢʠ, 

ʧʨʝʜʣʘʛʘʶʪ ʙʦʛʘʪʫʶ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʙʘʟʫ, ʥʦ ʦʛʨʘʥʠʯʝʥʳ ʚ ʧʨʘʢʪʠʢʝ.  
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ʊʘʙʣʠʮʘ 1. ʉʨʘʚʥʠʪʝʣʴʥʘʷ ʪʘʙʣʠʮʘ ʨʝʰʝʥʠʡ  

 

ʉʝʤʘʥʪʠ-

ʯʝʩʢʘʷ 

ʛʣʫʙʠʥʘ 

ɺʠʟʫʘʣʠ-

ʟʘʮʠʷ ʜʠʥʘ-

ʤʠʢʠ 

ʇʨʠʤʝʥʠ-

ʤʦʩʪʴ ʚ 

ʀɹ 

ʀʥʪʝʛʨʘʮʠʷ 

ʩ ʀʀ 

ʄʘʩʰʪʘʙʠ-

ʨʫʝʤʦʩʪʴ 

ʄʝʪʦʜ UGVA ʉʨʝʜʥʷʷ  ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ  ʉʨʝʜʥʷʷ  ɺʳʩʦʢʘʷ  

ʉʝʤʘʥʪʠʯʝʩʢʠʝ 

ʛʨʘʬʳ 
ɺʳʩʦʢʘʷ  ʉʨʝʜʥʷʷ  ʉʨʝʜʥʷʷ  ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ  

ʉʝʤʠʦʪʠʯʝʩʢʠʝ 

ʩʝʪʠ 
ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ ɺʳʩʦʢʘʷ  ʉʨʝʜʥʷʷ  

ʂʦʛʥʠʪʠʚʥʳʝ 

ʢʘʨʪʳ 
ʉʨʝʜʥʷʷ ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ  ɺʳʩʦʢʘʷ 

ʉʝʤʠʦʪʠʢʘ ʠʥ-

ʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʣʷ 

ɺʳʩʦʢʘʷ  ʅʠʟʢʘʷ ʉʨʝʜʥʷʷ ʉʨʝʜʥʷʷ  ʅʠʟʢʘʷ 

ʂʦʛʥʠʪʠʚʥʘʷ ʩʝ-

ʤʠʦʪʠʢʘ 
ɺʳʩʦʢʘʷ  ʉʨʝʜʥʷʷ  ʉʨʝʜʥʷʷ  ɺʳʩʦʢʘʷ  ʉʨʝʜʥʷʷ  

ʇʝʨʝʦʩʤʳʩʣʝʥʠʝ 

ʟʥʘʢʦʚ 
ɺʳʩʦʢʘʷ ʅʠʟʢʘʷ ʅʠʟʢʘʷ ʅʠʟʢʘʷ ʅʠʟʢʘʷ 

 

ʅʘʧʨʠʤʝʨ, ʤʝʪʦʜ UGVA ʧʦʢʘʟʳʚʘʝʪ ʚʳʩʦʢʫʶ ʚʠʟʫʘʣʠʟʘʮʠʶ ʜʠʥʘʤʠʢʠ: 

ʯʝʣʦʚʝʢ, ʘʥʘʣʠʟʠʨʫʷ ʧʣʘʥ, ʤʦʞʝʪ ʩʨʘʟʫ ʦʙʥʘʨʫʞʠʪʴ ʥʝʩʙʘʣʘʥʩʠʨʦʚʘʥʥʦʩʪ,ɹ 

ʥʦ ʫ ʵʪʦʛʦ ʤʝʪʦʜʘ ʩʝʤʘʥʪʠʯʝʩʢʘʷ ʛʣʫʙʠʥʘ ʩʨʝʜʥʷʷ, ʧʦʩʢʦʣʴʢʫ ʦʙʨʘʟʳ ʥʝ ʨʘʩ-

ʢʨʳʚʘʶʪ ʩʣʦʞʥʳʝ ʟʥʘʢʦʚʳʝ ʦʪʥʦʰʝʥʠʷ. ʉʝʤʘʥʪʠʯʝʩʢʠʝ ʛʨʘʬʳ ʚʳʜʝʣʷʶʪʩʷ 

ʚʳʩʦʢʦʡ ʩʝʤʘʥʪʠʢʦʡ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴʶ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʣʘʥ ʤʦʜʝʣʠʨʫ-

ʝʪʩʷ ʢʘʢ ʩʝʪʴ ʫʟʣʦʚ, ʯʪʦ ʧʦʤʦʛʘʝʪ ʚʳʷʚʠʪʴ ʣʦʛʠʯʝʩʢʠʝ ʧʨʦʙʝʣʳ, ʥʦ ʦʪʦʙʨʘʞʝ-

ʥʠʝ ʜʠʥʘʤʠʢʠ ʷʚʣʷʝʪʩʷ ʩʨʝʜʥʝʡ: ʛʨʘʬʳ ʩʪʘʪʠʯʥʳ, ʠ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ 

ʪʨʝʙʫʶʪ ʧʝʨʝʩʪʨʦʡʢʠ. ʉʝʤʠʦʪʠʯʝʩʢʠʝ ʩʝʪʠ ʢʘʞʫʪʩʷ ʥʘʠʙʦʣʝʝ ʩʙʘʣʘʥʩʠʨʦʚʘʥ-

ʥʳʤʠ ï ʚʳʩʦʢʘʷ ʩʝʤʘʥʪʠʢʘ ʯʝʨʝʟ ʪʨʝʫʛʦʣʴʥʠʢ ʌʨʝʛʝ ʧʦʟʚʦʣʷʝʪ ʠʥʪʝʨʧʨʝʪʠ-

ʨʦʚʘʪʴ ʜʠʩʮʠʧʣʠʥʳ ʢʘʢ ʟʥʘʢʠ, ʘ ʜʠʥʘʤʠʢʘ ʠ ʠʥʪʝʛʨʘʮʠʷ ʩ ʀʀ ʧʦʜʜʝʨʞʠʚʘʶʪ 

ʘʜʘʧʪʘʮʠʶ, ʥʦ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ ï ʩʨʝʜʥʷʷ: ʩʝʪʠ ʩʪʘʥʦʚʷʪʩʷ ʛʨʦʤʦʟʜʢʠʤʠ 

ʧʨʠ ʘʥʘʣʠʟʝ ʩʦʪʝʥ ʧʣʘʥʦʚ. ʂʦʛʥʠʪʠʚʥʳʝ ʢʘʨʪʳ ʩʠʣʴʥʳ ʚ ʜʠʥʘʤʠʢʝ ï ʦʥʠ ʧʦ-

ʟʚʦʣʷʶʪ ʦʪʩʣʝʞʠʚʘʪ ɹʧʨʦʛʨʝʩʩ ʧʦ ʮʠʬʨʦʚʦʤʫ ʩʣʝʜʫ, ʥʦ ʩʝʤʘʥʪʠʢʘ ʦʛʨʘʥʠʯʝ-

ʥʘ ʜʠʘʛʥʦʩʪʠʢʦʡ, ʙʝʟ ʛʣʫʙʦʢʦʛʦ ʟʥʘʢʦʚʦʛʦ ʘʥʘʣʠʟʘ. ʉʝʤʠʦʪʠʢʘ ʠʥʬʦʨʤʘʮʠ-

ʦʥʥʦʛʦ ʧʦʣʷ ʧʨʝʜʣʘʛʘʝʪ ʠʥʪʝʨʝʩʥʳʝ ʬʫʥʢʮʠʠ ʟʥʘʢʦʚ, ʥʦ ʥʠʟʢʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʦʪʨʘʟʠʪʴ ʜʠʥʘʤʠʢʫ ʜʝʣʘʝʪ ʝʝ ʤʝʥʝʝ ʧʦʣʝʟʥʦʡ ʜʣʷ ʠʟʤʝʥʷʶʱʠʭʩʷ ʧʣʘʥʦʚ.  

ʂʦʛʥʠʪʠʚʥʘʷ ʩʝʤʠʦʪʠʢʘ ʜʦʙʘʚʣʷʝʪ ʦʥʪʦʣʦʛʠʠ ʜʣʷ ʜʠʟʘʡʥʘ ʧʣʘʥʦʚ, ʥʦ ʧʨʠʤʝ-

ʥʠʤʦʩʪʴ ʢ ʢʦʥʢʨʝʪʥʦʡ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ʦʮʝʥʠʚʘʝʪʩʷ ʢʘʢ ʩʨʝʜʥʷʷ, ʧʦʩʢʦʣʴʢʫ 

ʬʦʢʫʩ ʜʝʣʘʝʪʩʷ ʥʘ ʦʙʱʠʭ ʦʥʪʦʣʦʛʠʷʭ, ʘ ʥʝ ʥʘ ʩʧʝʮʠʬʠʢʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ 

ʩʧʝʮʠʘʣʴʥʦʩʪʠ.  ʇʝʨʝʦʩʤʳʩʣʝʥʠʝ ʟʥʘʢʦʚ ʷʚʣʷʶʪʩʷ ʯʠʩʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʧʦʜ-

ʭʦʜʦʤ: ʚʳʩʦʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʩʝʤʘʥʪʠʢʠ, ʥʦ ʥʠʟʢʠʝ ʦʮʝʥʢʠ ʧʦ ʦʩʪʘʣʴʥʳʤ ʢʨʠ-

ʪʝʨʠʷʤ ʩʨʘʚʥʝʥʠʷ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤʠ, ʘ ʥʝ ʦʩʥʦʚʥʳʤʠ ʠʥʩʪʨʫ-

ʤʝʥʪʘʤʠ.  

ɺ ʮʝʣʦʤ, ʪʘʙʣʠʮʘ ʧʦʜʯʝʨʢʠʚʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʤʝʪʦʜʘ: 

ʩʠʣʴʥʳʝ ʩʪʦʨʦʥʳ ʦʜʥʠʭ ʢʦʤʧʝʥʩʠʨʫʶʪ ʩʣʘʙʦʩʪʠ ʜʨʫʛʠʭ, ʥʦ ʜʣʷ ʀɹ ʥʫʞʝʥ 

ʩʠʥʪʝʟ ï ʩʝʪʠ ʜʣʷ ʩʝʤʘʥʪʠʢʠ, ʛʨʘʬʳ ʜʣʷ ʤʘʩʰʪʘʙʘ, UGVA ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ. 
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ʕʪʦ ʥʘʚʦʜʠʪ ʥʘ ʤʳʩʣʴ ʦ ʛʠʙʨʠʜʥʦʤ ʧʦʜʭʦʜʝ, ʛʜʝ ʧʨʦʙʝʣʳ ʚ ʬʫʥʢʮʠʷʭ çʟʘ-

ʧʦʣʥʷʶʪʩʷè ʟʘ ʩʯʸʪ ʠʥʪʝʛʨʘʮʠ. 

ʇʚʲʡʞ ʛʴʛʧʝʴ 

ʇʦʜʚʦʜʷ ʠʪʦʛ ʩʨʘʚʥʠʪʝʣʴʥʦʤʫ ʘʥʘʣʠʟʫ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʩʤʦʪ-

ʨʝʥʥʳʝ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʘʟʥʦʦʙʨʘʟʠʝ ʚ ʩʝʤʠʦʪʠ-

ʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʫʯʝʙʥʳʭ ʧʣʘʥʦʚ, ʥʦ ʥʠ ʦʜʠʥ ʠʟ ʥʠʭ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʦʣʥʦʛʦ ʦʭʚʘʪʘ ʚʳʜʝʣʝʥʳʤ ʢʨʠʪʝʨʠʷʤ, ʦʪʨʘʞʘʶʱʠʤ, ʩʨʝʜʠ ʧʨʦʷʝʛʦ, ʠ ʩʧʝ-

ʮʠʬʠʢʫ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ñʀʥʬʦʨʤʘʮʠʦʥʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴò. ʄʝʪʦʜ UGVA ʠ 

ʢʦʛʥʠʪʠʚʥʳʝ ʢʘʨʪʳ ʚʳʜʝʣʷʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠʤ ʫʢʣʦʥʦʤ ʚ ʚʠʟʫʘʣʠʟʘʮʠ ʁʜʠ-

ʥʘʤʠʢʠ, ʯʪʦ ʧʦʣʝʟʥʦ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʡ ʦʮʝʥʢʠ ʙʘʣʘʥʩʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʝʤʠʦ-

ʪʠʯʝʩʢʠʝ ʩʝʪʠ ʠ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʛʨʘʬʳ ʧʨʝʜʣʘʛʘʶʪ ʙʦʣʝʝ ʛʣʫʙʦʢʠʡ ʩʝʤʘʥʪʠ-

ʯʝʩʢʠʡ ʩʣʦʡ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʟʥʘʢʦʚʳʭ ʦʪʥʦʰʝʥʠʡ ʚ ʢʦʥ-

ʪʝʢʩʪʝ ʫʛʨʦʟ ʠ ʢʦʤʧʝʪʝʥʮʠʡ.  

ɸʥʘʣʠʟ ʪʘʙʣʠʮʳ ʚʳʷʚʠʣ ʢʣʶʯʝʚʦʡ ʧʨʦʙʝʣ: ʦʪʩʫʪʩʪʚʠʝ ʤʝʪʦʜʘ, ʩʦʯʝ-

ʪʘʶʱʝʛʦ ʚʳʩʦʢʫʶ ʩʝʤʘʥʪʠʢʫ ʩ ʜʠʥʘʤʠʢʦʡ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴʶ, ʯʪʦ ʦʩʦ-

ʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʀɹ, ʛʜʝ ʧʣʘʥʳ ʜʦʣʞʥʳ ʘʜʘʧʪʠʨʦʚʘʪʴʩʷ ʢ ʠʟʤʝʥʷʶʱʠʤʩʷ 

ʪʝʭʥʦʣʦʛʠʷʤ, ʧʦʨʦʞʜʘʶʱʠʤ ʫʛʨʦʟʳ ʚ ʩʬʝʨʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ. 

ɻʠʙʨʠʜʥʳʡ ʩʝʤʠʦʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʤʦʛ ʙʳ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʩʠʣʴʥʳʝ ʩʪʦʨʦʥʳ, 

ʥʘʧʨʠʤʝʨ, ʢʦʛʥʠʪʠʚʥʳʭ ʢʘʨʪ ʜʠʘʛʥʦʩʪʠʢʠ ʟʥʘʥʠʡ [15] ʩ ʦʙʨʘʟʘʤʠ ʚ ʥʦʪʘʮʠʠ 

UGVA [16] ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʧʦʚʳʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʥʘʣʠʟʘ. ɺ ʧʝʨʩʧʝʢ-

ʪʠʚʝ, ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʪ ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʦʧʪʠʤʠʟʘʮʠʠ ʧʣʘʥʦʚ, ʦʙʝʩʧʝʯʠ-

ʚʘʷ ʙʘʣʘʥʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʘʩʧʝʢʪʦʚ ʦʙʫʯʝʥʠʷ. 

ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʣʞʥʳ ʙʳʪʴ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʵʤʧʠʨʠʯʝ-

ʩʢʫʶ ʚʝʨʠʬʠʢʘʮʠʶ ʚ ʨʝʘʣʴʥʳʭ ʫʯʝʙʥʳʭ ʧʣʘʥʘʭ ʩʧʝʮʠʘʣʴʥʦʩʪʠ çʀʥʬʦʨʤʘʠ-

ʦʥʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴè, ʚʢʣʶʯʘʷ ʪʝʩʪʠʨʦʚʘʥʠʝ ʥʘ ʜʘʥʥʳʭ ʠʟ ʨʘʟʣʠʯʥʳʭ ʚʫʟʦʚ, ʠ 

ʨʘʟʨʘʙʦʪʢʫ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʩʝʤʠʦʪʠʯʝ-

ʩʢʦʛʦ ʘʥʘʣʠʟʘ. 

 
ʈʘʙʦʪʘ ʧʦʜʛʦʪʦʚʣʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʨʝʜʩʪʚ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʀʀ. 
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ʧʦʣʥʦʪʦʡ ʦʭʚʘʪʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ ʜʘʪʯʠʢʘ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʳʯʠʩʣʝʥʳ 

ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʤʘʪʨʠʮʳ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʠ ʤʘʛʥʠʪʦʪʚʸʨʜʳʭ ʠʩʢʘʞʝʥʠʡ ʠ ʧʨʦʚʝʜʝʥʘ 

ʠʭ ʦʮʝʥʢʘ ʥʘ ʥʝʟʘʚʠʩʠʤʦʤ ʢʦʥʪʨʦʣʴʥʦʤ ʥʘʙʦʨʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʘʯʝʩʪʚʦ ʢʘʣʠʙʨʦʚʢʠ 

ʤʘʛʥʠʪʦʤʝʪʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦʩʪʴʶ ʠ ʧʦʣʥʦʪʦʡ ʦʭʚʘʪʘ ʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʳʭ ʧʦʣʦʞʝʥʠʡ: ʤʠʥʠʤʘʣʴʥʦ ʜʦʩʪʘʪʦʯʥʘʷ ʪʦʯʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʚʨʘʱʝʥʠʠ ʜʘʪ-

ʯʠʢʘ ʧʦ ʪʨʸʤ ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʦʩʷʤ, ʘ ʜʘʣʴʥʝʡʰʝʝ ʧʨʦʠʟʚʦʣʴʥʦʝ ʟʘʧʦʣ-

ʥʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʘʸʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ. 
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ɺʚʝʜʝʥʠʝ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘ-

ʨʘʪʘ (ɹʇʃɸ) ʪʨʝʙʫʝʪʩʷ ʪʦʯʥʦʝ ʢʦʤʧʣʝʢʩʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ ʩ ʝʛʦ ʙʦʨʪʦʚʳʭ 

ʜʘʪʯʠʢʦʚ. ʅʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʦʰʠʙʢʫ ʦʨʠʝʥʪʘʮʠʠ ʜʘʸʪ ʤʘʛʥʠʪʦʤʝʪʨ, ʧʦ-

ʩʢʦʣʴʢʫ ʝʛʦ ʧʦʢʘʟʘʥʠʷ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʠʩʢʘʞʝʥʠʡ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʠ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ɹʇʃɸ [1]. ʇʦʵʪʦʤʫ ʢʘʣʠʙʨʦʚʢʘ ʤʘʛʥʠʪʦ-

ʤʝʪʨʘ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʵʪʘʧʦʤ.  

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤ-

ʧʣʝʢʩʳ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ɹʇʃɸ ï Betaflight, iNav, ArduPilot ʠ PX4 ʨʝʘʣʠʟʫʶʪ 

ʨʘʟʥʳʝ ʤʝʪʦʜʳ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʝ ʧʦʜ ʩʧʝʮʠʬʠʢʫ 

ʧʨʠʤʝʥʝʥʠʷ. ʊʘʢ, ʚ Betaflight ʧʨʠʤʝʥʷʝʪʩʷ ʨʝʢʫʨʩʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʥʘʠʤʝʥʴ-

ʰʠʭ ʢʚʘʜʨʘʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʜʣʷ FPV-ʜʨʦʥʦʚ ʧʨʠʦʨʠʪʝʪʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʪʘ 

ʢʘʣʠʙʨʦʚʢʠ ʠ ʩʢʦʨʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʳʭ ʨʝʩʫʨʩʦʚ. ɺ 

ArduPilot ʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʦʣʝʝ ʪʦʯʥʳʡ ʘʣʛʦʨʠʪʤ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ 

ʤʝʪʦʜʦʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ, ʧʦʟʚʦʣʷʶʱʠʡ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʢʘʢ ʤʘʛ-

ʥʠʪʦʤʷʛʢʠʝ, ʪʘʢ ʠ ʤʘʛʥʠʪʦʪʚʝʨʜʳʝ ʠʩʢʘʞʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺʳʙʦʨ ʵʪʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʦʙʫʩʣʦʚʣʝʥ ʩʧʝʮʠʘʣʠʟʘʮʠʝʡ ArduPilot ʥʘ ʘʚʪʦʥʦʤʥʳʝ ɹʇʃɸ, ʚʳ-

ʧʦʣʥʷʶʱʠʝ ʥʘʚʠʛʘʮʠʦʥʥʳʝ ʟʘʜʘʯʠ, ʛʜʝ ʪʦʯʥʦʩʪʴ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʪʠʯʥʘ, ʘ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ ʠ ʚʨʝʤʷ ʢʘʣʠʙʨʦʚʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʷʚʣʷʶʪʩʷ ʦʛʨʘ-

ʥʠʯʠʚʘʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ. 

ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʩʶ ʚʘʞʥʦʩʪʴ ʢʘʣʠʙʨʦʚʢʠ ʘʚʪʦʥʦʤʥʦʛʦ ɹʇʃɸ, ʜʣʷ 

ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ ʤʝʪʦʜʦʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ ʦʪʩʫʪʩʪʚʫʶʪ 

ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʧʨʦʮʝʜʫʨʝ ʬʠʟʠʯʝʩʢʦʛʦ ʚʨʘʱʝʥʠʷ ʜʘʪʯʠ-

ʢʘ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [2-10], ʧʦʩʚʷʱʸʥʥʳʭ ʨʘʟʨʘʙʦʪʢʝ ʘʣʛʦʨʠʪʤʦʚ ʢʘ-

ʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ ʥʘ ʦʩʥʦʚʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ, ʧʨʦʮʝʜʫʨʘ 

ʩʙʦʨʘ ʜʘʥʥʳʭ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʦʙʱʠʤʠ ʫʢʘʟʘʥʠʷʤʠ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʠʟ-

ʚʦʣʴʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʚʨʘʱʝʥʠʡ ʤʘʛʥʠʪʦʤʝʪʨʘ, ʦʭʚʘʪʳʚʘʶʱʠʭ ʢʘʢ 

ʤʦʞʥʦ ʙʦʣʴʰʠʡ ʥʘʙʦʨ ʝʛʦ ʧʦʣʦʞʝʥʠʡ ʚ ʪʨʸʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʇʨʠ ʵʪʦʤ 

ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢ ʩʪʝʧʝʥʴ ʠ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʟʘʧʦʣʥʝʥʠʷ 

ʚʩʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʧʦʣʦʞʝʥʠʡ ʚʣʠʷʝʪ ʥʘ ʢʘʯʝʩʪʚʦ ʢʘʣʠʙʨʦʚʢʠ. 

ʀʩʭʦʜʷ ʠʟ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʘʥʥʦʛʦ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʛʦ ʘʣʛʦ-

ʨʠʪʤʘ, ʠʤʝʥʥʦ ʵʪʦ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʧʦʣʫʯʝʥʠʷ ʫʩʪʦʡʯʠʚʳʭ ʠ 

ʪʦʯʥʳʭ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʤʘʪʨʠʮ, ʯʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪ ʢʘʯʝʩʪʚʦ 

ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʦʚ ʦʨʠʝʥʪʘʮʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʪʦʯʥʦʩʪʴ ʠ ʥʘʜʸʞʥʦʩʪʴ ʘʚ-

ʪʦʥʦʤʥʦʛʦ ʧʦʣʸʪʘ ɹʇʃɸ.  

ʉ ʫʯʸʪʦʤ ʚʳʰʝʠʟʣʦʞʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʩʪʘʚʣʝ-

ʥʘ ʠ ʨʝʰʝʥʘ ʟʘʜʘʯʘ ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʩʪʝʧʝʥʠ ʦʭʚʘʪʘ ʠ ʨʘʚʥʦʤʝʨʥʦʩʪʠ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʷ ʠʩʭʦʜʥʳʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛ-
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ʥʠʪʦʤʝʪʨʘ ʤʝʪʦʜʦʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ. ʉʘʤ ʘʥʘʣʠʟ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʪʨʠ ʦʩʥʦʚʥʳʭ ʵʪʘʧʘ: 1) ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ ʩ ʨʘʟʣʠʯʥʦʡ ʧʦʣʥʦʪʦʡ 

ʦʭʚʘʪʘ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʧʦʣʦʞʝʥʠʡ ʤʘʛʥʠʪʦʤʝʪʨʘ; 2) ʧʨʠʤʝʥʝ-

ʥʠʝ ʘʣʛʦʨʠʪʤʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ ʢ ʧʦʣʫʯʝʥʥʳʤ ʥʘʙʦʨʘʤ ʜʘʥʥʳʭ 

ʜʣʷ ʧʦʣʫʯʝʥʠʝ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʤʘʪʨʠʮ; 3) ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʣʠʙʨʦʚʢʠ 

ʧʫʪʸʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʥʝʟʘʚʠʩʠʤʦʤ ʥʘʙʦʨʝ ʠʟʤʝ-

ʨʝʥʠʡ, ʦʭʚʘʪʳʚʘʶʱʝʤ ʤʘʢʩʠʤʘʣʴʥʦ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʧʦʣʦʞʝʥʠʡ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ ʩ ʨʘʟʣʠʯʥʳʤ ʦʭʚʘʪʦʤ ʦʨʠʝʥʪʘʮʠʡ 

ɼʣʷ ʘʥʘʣʠʟʘ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʥʘʙʦʨʳ ʜʘʥʥʳʭ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʩʪʝ-

ʧʝʥʴʶ ʦʭʚʘʪʘ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʧʦʣʦʞʝʥʠʡ ʤʘʛʥʠʪʦʤʝʪʨʘ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʦʙʫʩʣʦʚʣʝʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʥʝʧʦʣʥʦʪʳ ʠ ʥʝʦʜʥʦ-

ʨʦʜʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʢʘʯʝʩʪʚʦ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ ʤʝ-

ʪʦʜʦʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ. ʇʦʩʢʦʣʴʢʫ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʦʧʝʨʘʪʦʨ 

ɹʇʃɸ ʥʝ ʚʩʝʛʜʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʚʥʦʤʝʨʥʦʝ ʚʨʘʱʝʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʧʦ ʚʩʝʤ 

ʦʩʷʤ, ʚʘʞʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʠʯʥʳʝ ʠ ʥʝʪʠʧʠʯʥʳʝ ʩʮʝʥʘʨʠʠ ʩʙʦ-

ʨʘ ʜʘʥʥʳʭ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʥʘʙʦʨʳ, ʦʪʨʘʞʘʶʱʠʝ ʨʘʟʣʠʯ-

ʥʳʝ ʚʦʟʤʦʞʥʳʝ ʩʮʝʥʘʨʠʠ ʧʨʦʚʝʜʝʥʠʷ ʢʘʣʠʙʨʦʚʢʠ: ʚʨʘʱʝʥʠʷ ʪʦʣʴʢʦ ʚʦʢʨʫʛ 

ʦʜʥʦʡ, ʜʚʫʭ ʠʣʠ ʪʨʸʭ ʦʩʝʡ; ʘ ʪʘʢʞʝ ʥʘʙʦʨ ʦʭʚʘʪʳʚʘʶʱʠʡ ʤʘʢʩʠʤʘʣʴʥʦ ʰʠʨʦ-

ʢʠʡ ʜʠʘʧʘʟʦʥ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ. ʊʘʢʠʝ ʥʘʙʦʨʳ ʚʨʘʱʘʪʝʣʴʥʳʭ 

ʪʨʘʝʢʪʦʨʠʡ ʧʦʟʚʦʣʷʪʁ ʦʮʝʥʠʪʴ, ʢʘʢʠʝ ʤʠʥʠʤʘʣʴʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʚʨʘʱʝʥʠʶ 

ʤʘʛʥʠʪʦʤʝʪʨʘ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ ʧʦʣʫ-

ʯʝʥʠʷ ʢʦʨʨʝʢʪʥʳʭ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʤʘʪʨʠʮ. 

 

 
ʈʠʩ. 1. ʇʦʣʫʯʝʥʥʳʝ ʥʘʙʦʨʳ ʜʘʥʥʳʭ ʩ ʤʘʛʥʠʪʦʤʝʪʨʘ 
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ʉʙʦʨ ʜʘʥʥʳʭ ʧʨʦʠʟʚʦʜʠʣʩʷ ʩ ʤʘʛʥʠʪʦʤʝʪʨʘ QMC5883L ʩ ʯʘʩʪʦʪʦʡ 

50 ː  ̗ ʚ ʤʝʩʪʥʦʩʪʠ, ʛʜʝ ʬʦʥʦʚʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʩʪʘʚʣʷʣʦ ὄ0 =
57.229 ̍ ̋˟̌.  

ʇʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʣʣʠʧʩʦʠʜʘ ʢ ʧʦʣʫʯʝʥʥʳʤ    

ʥʘʙʦʨʘʤ ʜʘʥʥʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʝ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʤʘʪʨʠʮ 

ɺ ʢʘʯʝʩʪʚʝ ʘʣʛʦʨʠʪʤʘ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ ʙʳʣ ʚʳʙʨʘʥ ʘʣʛʦʨʠʪʤ, 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʘʚʪʦʨʘʤʠ ʩʪʘʪʴʠ [2], ʚ ʢʦʪʦʨʦʤ ʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʦʪʢʘʣʠʙʨʦ-

ʚʘʥʥʳʤ ʚʝʢʪʦʨʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʠ ʠʟ-

ʤʝʨʝʥʥʳʤ ʚʝʢʪʦʨʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʜʘʪʯʠʢʘ ʠʤʝʝʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

  

ὄὶ= ὅ 1 ὄά ὦ, (1) 

 

ʛʜʝ ὄὶ ï ʦʪʢʘʣʠʙʨʦʚʘʥʥʳʡ ʚʝʢʪʦʨʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʩʠʩ-

ʪʝʤʝ ʢʦʦʨʜʠʥʘʪ,  ὄά ï ʠʟʤʝʨʝʥʥʳʤ ʚʝʢʪʦʨʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʩʠʩʪʝʤʝ ʢʦ-

ʦʨʜʠʥʘʪ ʜʘʪʯʠʢʘ, ὅ 1 ï ʤʘʪʨʠʮʘ ʢʦʨʨʝʢʮʠʠ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʠʩʢʘʞʝʥʠʡ ʠ ὦ ï 
ʤʘʪʨʠʮʘ ʤʘʛʥʠʪʦʪʚʝʨʜʳʭ ʠʩʢʘʞʝʥʠʡ.  

 ʇʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʚʳʰʝʫʧʦʤʷʥʫʪʳʡ ʘʣʛʦʨʠʪʤ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛ-

ʥʠʪʦʤʝʪʨʘ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʘʪʨʠʮ rʢʦʨʨʝʢʮʠʠ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʠ ʤʘʛʥʠʪʦʪ-

ʚʝʨʜʳʭ ʠʩʢʘʞʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ (ʩʤ. ʪʘʙʣ. 1). 

 
ʊʘʙʣʠʮʘ 1. ʇʦʣʫʯʝʥʥʳʝ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʤʘʪʨʠʮʳ ʜʣʷ  

ʨʘʟʣʠʯʥʳʭ ʩʮʝʥʘʨʠʝʚ ʚʨʘʱʝʥʠʷ 

ʅʘʙʦʨ ʚʨʘʱʝʥʠʡ ʚʦʢʨʫʛ ʦʩʠ 

ὢ ʠ ʥʝʙʦʣʴʰʦʝ ʢʘʯʝʥʠʝ ʧʦ 

ʦʩʠ ὣ 

ὅ 1 =
1.0962 0.0316 0.0461

0 0.9592 0.0812
0 0 1.2441

 ὦ=
5.8800
10.9711
4.7163

 

ʅʘʙʦʨ ʚʨʘʱʝʥʠʡ ʚʦʢʨʫʛ ʦʩʠ 

ὣ ʠ ʥʝʙʦʣʴʰʦʝ ʢʘʯʝʥʠʝ ʧʦ 

ʦʩʠ ὢ 

ὅ 1 =
1.0052 0.0616 0.0108

0 0.8556 0.0917
0 0 1.1425

 ὦ=
5.6747
14.3213
6.7219

 

ʅʘʙʦʨ ʚʨʘʱʝʥʠʡ ʚʦʢʨʫʛ ʦʩʠ 

ὤ ʠ ʥʝʙʦʣʴʰʦʝ ʢʘʯʝʥʠʝ ʧʦ 

ʦʩʷʤ ὢ,ὣ 

ὅ 1 =
1.0540 0.0770 0.0328

0 0.9241 0.0391
0 0 1.1753

 ὦ=
5.0746
9.9400

7.3309
 

ʅʘʙʦʨ ʚʨʘʱʝʥʠʡ ʚʦʢʨʫʛ 

ʦʩʝʡ ὢ ʠ Y ὅ 1 =
1.0144 0.0400 0.0132

0 0.8979 0.0756
0 0 1.1595

 ὦ=
5.3504
13.5425
6.0806

 

ʅʘʙʦʨ ʚʨʘʱʝʥʠʡ ʚʦʢʨʫʛ 

ʦʩʝʡ ὢ, ὣ ʠ ὤ ὅ 1 =
1.0371 0.0451 0.0059

0 0.9100 0.0751
0 0 1.1834

 ὦ=
5.5021
12.8151
6.0209

 

ʅʘʙʦʨ ʚʨʘʱʝʥʠʡ, ʦʭʚʘʪʳ-

ʚʘʶʱʠʡ ʤʘʢʩʠʤʘʣʴʥʦ ʰʠ-

ʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ 

ὅ 1 =
1.0322 0.0471 0.0073

0 0.9045 0.0768
0 0 1.1796

 ὦ=
5.2376
13.1401
6.0057
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ʆʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʣʠʙʨʦʚʢʠ 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣ ʩʬʦʨʤʠʨʦʚʘʥ ʢʦʥʪʨʦʣʴʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ (ʨʠʩ. 2), 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʨʘʚʥʦʤʝʨʥʦʩʪʠ ʠ ʩʪʝʧʝʥʠ ʦʭʚʘʪʘ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ ʚʩʝʭ ʫʛʣʦʚʳʭ ʧʦʣʦʞʝʥʠʡ ʤʘʛʥʠʪʦʤʝʪʨʘ ʥʘ ʝʛʦ ʠʪʦʛʦʚʫʶ ʪʦʯʥʦʩʪʴ 

ʢʘʣʠʙʨʦʚʢʠ. ʕʪʦʪ ʥʘʙʦʨ ʚʢʣʶʯʘʣ ʠʟʤʝʨʝʥʠʷ, ʦʭʚʘʪʳʚʘʶʱʠʝ ʰʠʨʦʢʠʡ ʜʠʘʧʘ-

ʟʦʥ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ, ʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʥʝʟʘʚʠʩʠʤʦʛʦ 

ʢʦʥʪʨʦʣʴʥʦʛʦ ʥʘʙʦʨʘ ʜʣʷ ʧʨʦʚʝʨʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʞʜʦʡ ʧʘʨʳ ʢʘʣʠʙʨʦʚʦʯ-

ʥr ʭ ʤʘʪʨʠʮ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʵʪʘʧʝ. 

 

 
ʈʠʩ. 2.  ʅʘʙʦʨ ʜʘʥʥʳʭ ʜʣʷ ʘʥʘʣʠʟʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ 

 

ʇʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʤʘʪʨʠʮ ʢ ʵʪʦʤʫ ʥʘʙʦʨʫ ʜʘʥʥʳʭ, ʙr -

ʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ (ʨʠʩ. 3).  

 

 
ʈʠʩ. 3.  ʈʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʤʘʪʨʠʮ ʢ ʢʦʥʪʨʦʣʴʥʦʤʫ ʥʘʙʦʨʫ ʜʘʥʥʳʭ 

 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʣʠʙʨʦʚʢʠ ʚʳʧʦʣʥʝʥ ʯʠʩ-

ʣʝʥʥʳʡ ʘʥʘʣʠʟ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʤʝʪʨʠʢʫ ʩʨʝʜʥʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʦʰʠʙʢʠ ʤʦ-

ʜʫʣʷ ʤʘʛʥʠʪʥʦʛʦ ʚʝʢʪʦʨʘ (ʚ ʧʨʦʮʝʥʪʘʭ ʦʪ ὄ0), ʦʧʨʝʜʝʣʷʝʤʫʶ ʬʦʨʤʫʣʦʡ: 
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‐=
1

ὔ

ᴁὄὭ
ὶᴁ ὄ0

ὄ0

ὔ

Ὥ= 1

ẗ100% 

(2) 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʦʰʠʙʢʠ ʜʣʷ ʢʘʞʜʦʛʦ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʩʮʝʥʘʨʠʷ 

ʚʨʘʱʝʥʠʷ ʧʨʠʚʝʜʝʥʳ (ʩʤ. ʪʘʙʣ. 2), ʯʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʨʘʚʥʠʪʴ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʢʘʣʠʙʨʦʚʢʠ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʧʦʣʥʦʪʝ ʦʭʚʘʪʘ ʦʨʠʝʥʪʘʮʠʡ. 

 
ʊʘʙʣʠʮʘ 2. ʀʪʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʦʰʠʙʢʠ ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʢʘʣʠʙʨʦʚʦʯʥʳʭ   

ʤʘʪʨʠʮ ʢ ʢʦʥʪʨʦʣʴʥʦʤʫ ʥʘʙʦʨʫ ʜʘʥʥʳʭ 

ʉʮʝʥʘʨʠʡ ʚʨʘʱʝʥʠʷ ‐,% 

ɺʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʦʩʠ ὢ ʠ ʥʝʙʦʣʴʰʠʝ ʢʘʯʝʥʠʷ ʧʦ ʦʩʠ ὣ 5.411% 

ɺʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʦʩʠ ὣ ʠ ʥʝʙʦʣʴʰʠʝ ʢʘʯʝʥʠʷ ʧʦ ʦʩʠ ὢ 3.680% 

ɺʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʦʩʠ ὤ ʠ ʥʝʙʦʣʴʰʠʝ ʢʘʯʝʥʠʷ ʧʦ ʦʩʷʤ ὢ,ὣ 3.416% 

ɺʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʦʩʝʡ ὢ ʠ Y 1.899% 

ɺʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʦʩʝʡ ὢ, ὣ ʠ ὤ 1.307% 

ɺʨʘʱʝʥʠʷ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʦʭʚʘʪʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦʣʦʞʝ-

ʥʠʡ 

1.306% 

ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʦʯʥʦʩʪʴ ʢʘʣʠʙʨʦʚʢʠ ʤʘʛʥʠʪʦʤʝʪʨʘ 

ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʥʦʪʳ ʦʭʚʘʪʘ ʝʛʦ ʚʦʟʤʦʞʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦ-

ʣʦʞʝʥʠʡ. ʄʠʥʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʦʩʪʠʛʘʶʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʚʨʘ-

ʱʝʥʠʠ ʤʘʛʥʠʪʦʤʝʪʨʘ ʧʦ ʪʨʸʤ ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʦʩʷʤ, ʧʦʩʢʦʣʴʢʫ 

ʠʤʝʥʥʦ ʵʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʨʨʝʢʪʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʵʣʣʠʧʩʦʠʜʘ ʠʟʤʝʨʝʥʠʡ. 

ʇʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʙʘʟʦʚʳʭ ʚʨʘʱʝʥʠʡ ʧʦ ʪʨʸʤ ʦʩʷʤ ʜʘʣʴʥʝʡʰʝʝ ʧʨʦʠʟʚʦʣʴ-

ʥʦʝ ʜʦʟʘʧʦʣʥʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʧʦʣʦʞʝʥʠʡ ʤʘʛʥʠʪʦʤʝʪʨʘ ʧʦʟʚʦ-

ʣʷʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʠʪʴ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʜʘʥʥʳʭ, ʧʦʯʪʠ ʜʦʩʪʠʛʥʫʚ ʢʘʯʝ-

ʩʪʚʘ ʧʦʣʥʦʩʪʴʶ ʭʘʦʪʠʯʥʳʭ ʚʨʘʱʝʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʪʠʤʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ: ʦʙʷʟʘʪʝʣʴʥʦʝ ʚʨʘʱʝʥʠʝ ʧʦ ʪʨʸʤ ʦʩʷʤ, ʜʦʧʦʣ-

ʥʝʥʥʦʝ ʩʚʦʙʦʜʥʳʤʠ ʜʚʠʞʝʥʠʷʤʠ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʦʩʪʘʚʰʠʭʩʷ ʦʙʣʘʩʪʝʡ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʧʦʣʦʞʝʥʠʡ ʜʘʪʯʠʢʘ. 
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 ONTOLOGICAL  MODEL  FOR  THE  CLASS  OF   
STRUCTURAL  LOAD  CALCULATION  TASKS 

 
Abstract: The article presents an ontological model that formalizes the knowledge 

required for calculating loads on a building structure according to the documents Code of 

Practice (CoP) 20.13330.2016, CoP 14.13330.2018, and CoP 385.13258.2018. The model 

provides a structured representation of load types, their combinations, application condi-

tions, and regulatory formulas, and also links them to regional coefficients from related 

standards. The developed ontology is designed to support engineering calculations and 

automated verification of requirement consistency. The paper describes the method used 

to construct the model and demonstrates its capability to enhance the accuracy and ma-

chine-readability of regulatory data. 
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ɻʛʞʝʞʦʡʞ 
 

ʉʦʚʨʝʤʝʥʥʘʷ ʩʪʨʦʠʪʝʣʴʥʘʷ ʦʪʨʘʩʣʴ ʧʝʨʝʞʠʚʘʝʪ ʵʪʘʧ ʛʣʫʙʦʢʦʡ ʮʠʬʨʦ-

ʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ, ʯʪʦ ʫʩʠʣʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʫʧʨʘʚ-

ʣʝʥʠʶ ʟʥʘʥʠʷʤʠ ʠ ʦʙʨʘʙʦʪʢʝ ʥʦʨʤʘʪʠʚʥʳʭ ʜʦʢʫʤʝʥʪʦʚ. ʋʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝ-

ʩʪʚʘ ɻʆʉʊʦʚ, ʩʚʦʜʦʚ ʧʨʘʚʠʣ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʩʪʘʥʜʘʨʪʦʚ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʦʩ-

ʪʦʤ ʩʣʦʞʥʦʩʪʠ, ʧʝʨʝʩʝʯʝʥʠʝʤ ʪʨʝʙʦʚʘʥʠʡ ʠ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴʶ 

ʬʦʨʤʫʣʠʨʦʚʦʢ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʢʦʨʨʝʢʪʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʥʦʨʤ ʚ ʠʥʞʝʥʝʨʥʦʡ 

ʧʨʘʢʪʠʢʝ [1]. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʣʦʞʥʦʩʪʠ ʚʦʟʥʠʢʘʶʪ ʠʟ-ʟʘ ʤʥʦʛʦʩʫʙʲʝʢʪʥʦʩʪʠ ʧʨʦ-

ʝʢʪʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʥʦʨʦʜʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʩʨʝʜ. ʆʪʩʫʪʩʪ-

ʚʠʝ ʝʜʠʥʦʛʦ ʮʠʬʨʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʨʠʚʦʜʠʪ ʢ ʜʫʙʣʠʨʦʚʘʥʠʶ ʜʘʥʥʳʭ, ʥʝ-

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʚʝʨʩʠʡ ʥʦʨʤʘʪʠʚʦʚ ʠ ʟʘʪʨʫʜʥʷʝʪ ʢʦʥʪʨʦʣʴ ʠʭ ʘʢʪʫʘʣʴʥʦʩʪʠ. 

ʕʪʦ ʧʦʚʳʰʘʝʪ ʦʧʝʨʘʮʠʦʥʥʳʝ ʠʟʜʝʨʞʢʠ ʠ ʨʠʩʢ ʧʨʦʝʢʪʥʳʭ ʦʰʠʙʦʢ [1]. 

ʆʩʦʙʝʥʥʦ ʟʥʘʯʠʤʳ ʜʘʥʥʳʝ ʚʳʟʦʚʳ ʜʣʷ ʨʘʙʦʪʳ ʩ ʜʦʢʫʤʝʥʪʦʤ ʉʇ 

20.13330.2016 çʅʘʛʨʫʟʢʠ ʠ ʚʦʟʜʝʡʩʪʚʠʷè [2], ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʠʩʭʦʜʥʳʝ ʧʘʨʘ-

ʤʝʪʨʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʚʣʠʷʶʱʝʛʦ ʥʘ ʚʳʙʦʨ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʩʯʸʪ ʢʦʥʩʪʨʫʢ-

ʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʦʙʱʫʶ ʙʝʟʦʧʘʩʥʦʩʪʴ ʩʪʨʦʠʪʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ. ʆʰʠʙʢʠ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʥʦʨʤ ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʩʪʘʨʝʚʰʠʭ ʤʝʪʦʜʠʢ ʤʦʛʫʪ ʧʨʠʚʦ-

ʜʠʪʴ ʢ ʩʝʨʴʸʟʥʳʤ ʧʨʦʝʢʪʥʳʤ ʦʪʢʣʦʥʝʥʠʷʤ ʠ ʩʥʠʞʝʥʠʶ ʥʘʜʸʞʥʦʩʪʠ. ʇʨʠ 

ʵʪʦʤ ʪʨʝʙʦʚʘʥʠʷ ʤʥʦʞʝʩʪʚʘ ʉʇ ʚʟʘʠʤʦʩʚʷʟʘʥʳ, ʠ ʠʟʤʝʥʝʥʠʷ ʚ ʦʜʥʦʤ ʜʦʢʫ-

ʤʝʥʪʝ ʥʝʨʝʜʢʦ ʪʨʝʙʫʶʪ ʘʢʪʫʘʣʠʟʘʮʠʠ ʩʚʷʟʘʥʥʳʭ ʨʘʟʜʝʣʦʚ. 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʮʠʬʨʦʚʳʝ ʠʥʩʪʨʫʤʝʥʪʳ ð ʪʘʢʠʝ ʢʘʢ ʊʝʭʵʢʩʧʝʨʪ, ʂʦʥ-

ʩʫʣʴʪʘʥʪʇʣʶʩ, ɻʘʨʘʥʪ ʠʣʠ NormaCS ï ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʦʠʩʢ ʠ ʥʘʚʠʛʘʮʠʶ, ʥʦ 

ʥʝ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʘʣʴʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ 

ʚʟʘʠʤʦʩʚʷʟʝʡ ʤʝʞʜʫ ʥʦʨʤʘʪʠʚʘʤʠ [3-6]. ʆʥʠ ʥʝ ʨʝʰʘʶʪ ʛʣʘʚʥʦʡ ʟʘʜʘʯʠ ð 

ʩʦʟʜʘʥʠʷ ʝʜʠʥʦʡ ʤʘʰʠʥʦʯʠʪʘʝʤʦʡ ʤʦʜʝʣʠ, ʩʧʦʩʦʙʥʦʡ ʧʦʜʜʝʨʞʠʚʘʪʴ ʘʚʪʦʤʘ-

ʪʠʟʠʨʦʚʘʥʥʳʡ ʘʥʘʣʠʟ ʪʨʝʙʦʚʘʥʠʡ. 

ɸʥʘʣʠʟ ʜʝʡʩʪʚʫʶʱʝʡ ʥʦʨʤʘʪʠʚʥʦʡ ʩʨʝʜʳ ʚʳʷʚʣʷʝʪ ʢʣʶʯʝʚʳʝ ʧʨʦʙʣʝ-

ʤʳ: ʩʣʘʙʘʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʩʪʴ ʪʝʢʩʪʦʚ, ʤʥʦʞʝʩʪʚʝʥʥʦʩʪʴ ʪʨʘʢʪʦʚʦʢ, ʥʝʦʙ-

ʭʦʜʠʤʦʩʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ 

ʜʦʢʫʤʝʥʪʦʚ ʠ ʦʪʩʫʪʩʪʚʠʝ ʬʦʨʤʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʕʪʠ 

ʬʘʢʪʦʨʳ ʟʘʪʨʫʜʥʷʶʪ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʫʶ ʧʨʦʚʝʨʢʫ ʪʨʝʙʦʚʘʥʠʡ ʠ ʠʭ ʠʥʪʝ-

ʛʨʘʮʠʶ ʚ ʮʠʬʨʦʚʳʝ ʧʨʦʮʝʩʩʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. 

ɼʘʞʝ BIM-ʩʠʩʪʝʤʳ, ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ, ʧʦʢʘ ʥʝ-

ʜʦʩʪʘʪʦʯʥʦ ʠʥʪʝʛʨʠʨʦʚʘʥʳ ʩ ʥʦʨʤʘʪʠʚʥʦʡ ʙʘʟʦʡ: ʦʥʠ ʥʝ ʠʥʪʝʨʧʨʝʪʠʨʫʶʪ ʧʦ-

ʣʦʞʝʥʠʷ ʉʇ ʠ ʥʝ ʩʚʷʟʳʚʘʶʪ ʧʘʨʘʤʝʪʨʳ ʦʙʲʝʢʪʦʚ ʩ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʤʠ ʪʨʝ-

ʙʦʚʘʥʠʷʤʠ. ʕʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʝʨʝʭʦʜ ʢ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʤ ʮʠʬʨʦʚʳʤ ʧʨʦ-

ʝʢʪʥʳʤ ʩʨʝʜʘʤ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ [7]. 

ʋʢʘʟʘʥʥʳʝ ʧʨʦʙʣʝʤʳ ʬʦʨʤʠʨʫʶʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʤʝʪʦʜʘʭ ʬʦʨʤʘʣʠʟʘʮʠʠ 

ʥʦʨʤʘʪʠʚʥʳʭ ʜʘʥʥʳʭ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ 

ʦʥʪʦʣʦʛʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʦʟʚʦʣʷʶʱʝʝ ʦʧʠʩʳʚʘʪʴ ʧʨʝʜʤʝʪʥʫʶ ʦʙ-

ʣʘʩʪʴ ʯʝʨʝʟ ʩʫʱʥʦʩʪʠ, ʦʪʥʦʰʝʥʠʷ ʠ ʣʦʛʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ. ʆʥʪʦʣʦʛʠʷ 
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ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʘʰʠʥʦʧʦʥʠʤʘʝʤʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ, ʫʤʝʥʴʰʘʝʪ ʥʝ-

ʦʜʥʦʟʥʘʯʥʦʩʪʴ ʪʨʘʢʪʦʚʦʢ ʠ ʩʦʟʜʘʸʪ ʦʩʥʦʚʫ ʜʣʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʧʨʦʚʝʨʢʠ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʥʦʨʤ [8]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʦʜʭʦʜ ʢ ʧʦʩʪʨʦʝʥʠʶ ʦʥʪʦʣʦʛʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʜʣʷ ʟʘʜʘʯ ʨʘʩʯʸʪʘ ʥʘʛʨʫʟʦʢ ʥʘ ʩʪʨʦʠʪʝʣʴʥʳʡ ʦʙʲʝʢʪ. ʆʩʥʦʚʥʦʝ ʚʥʠ-

ʤʘʥʠʝ ʫʜʝʣʝʥʦ ʬʦʨʤʘʣʠʟʘʮʠʠ ʪʨʝʙʦʚʘʥʠʡ ʉʇ çʅʘʛʨʫʟʢʠ ʠ ʚʦʟʜʝʡʩʪʚʠʷè ʠ 

ʩʚʷʟʘʥʥʳʭ ʜʦʢʫʤʝʥʪʦʚ (ʉʇ 20.13330.2016, ʉʇ 14.13330.2018, ʉʇ 

385.132580.2018). ʈʘʟʨʘʙʘʪʳʚʘʝʤʘʷ ʤʦʜʝʣʴ ʩʪʨʫʢʪʫʨʠʨʫʝʪ ʪʠʧʳ ʥʘʛʨʫʟʦʢ, ʠʭ 

ʩʦʯʝʪʘʥʠʷ, ʫʩʣʦʚʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʘʩʯʸʪʥʳʭ ʩʭʝʤ, ʥʦʨʤʘʪʠʚʥʳʝ ʬʦʨʤʫʣʳ ʠ 

ʩʚʷʟʠ ʩ ʨʝʛʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʆʥʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʦʜʜʝʨʞʢʠ 

ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʸʪʦʚ, ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʧʨʦʚʝʨʢʠ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʪʨʝ-

ʙʦʚʘʥʠʡ ʠ ʠʥʪʝʛʨʘʮʠʠ ʚ ʮʠʬʨʦʚʳʝ ʘʨʭʠʪʝʢʪʫʨʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. 

ʉʦʟʜʘʥʠʝ ʪʘʢʦʡ ʦʥʪʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʰʘʛʦʤ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʝʜʠʥʦʛʦ 

ʮʠʬʨʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʪʨʦʠʪʝʣʴʥʳʭ ʟʥʘʥʠʡ ʠ ʨʘʟʚʠʪʠʶ ʪʝʭʥʦʣʦʛʠʡ ʤʘʰʠ-

ʥʦʯʠʪʘʝʤʳʭ ʥʦʨʤʘʪʠʚʦʚ (SMART-ʜʦʢʫʤʝʥʪʦʚ), ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʧʦʚʳʰʝ-

ʥʠʶ ʢʘʯʝʩʪʚʘ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ [9]. 

ʁʪʨʧʤʵʠʬʞʥʴʞ ʨʧʝʮʧʝʴ ʝʤʸ ʩʙʠʩʙʚʧʫʣʡ ʥʧʝʞʤʡ 

ʈʘʟʨʘʙʦʪʢʘ ʦʥʪʦʣʦʛʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʪʨʦʠʪʝʣʴʥʳʭ ʧʨʘʚʠʣ ʥʘ ʦʩʥʦʚʝ ʉʇ 

çʅʘʛʨʫʟʢʠ ʠ ʚʦʟʜʝʡʩʪʚʠʷè ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦ-

ʣʦʛʠʯʝʩʢʠʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʬʦʨʤʘʣʴʥʦʝ, ʥʝ-

ʧʨʦʪʠʚʦʨʝʯʠʚʦʝ ʠ ʤʘʰʠʥʦʧʦʥʠʤʘʝʤʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʥʦʨʤʘʪʠʚʥʳʭ ʪʨʝʙʦʚʘ-

ʥʠʡ.  

ʆʩʥʦʚʦʡ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʦʥʪʦʣʦʛʠʠ ʩʪʘʣ ʩʠʩʪʝʤʥʳʡ ʨʘʟʙʦʨ ʩʦʜʝʨʞʘ-

ʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʉʇ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ 

ʢʦʥʪʝʥʪ-ʘʥʘʣʠʟʘ, ʚʢʣʶʯʘʶʱʠʡ: 

- ʚʳʜʝʣʝʥʠʝ ʪʝʤʘʪʠʯʝʩʢʠʭ ʨʘʟʜʝʣʦʚ (ʦʙʱʠʝ ʧʦʣʦʞʝʥʠʷ, ʪʨʝʙʦʚʘʥʠʷ, ʤʝ-

ʪʦʜʠʢʠ ʨʘʩʯʸʪʘ, ʧʨʠʣʦʞʝʥʠʷ); 

- ʢʣʘʩʩʠʬʠʢʘʮʠʶ ʪʠʧʦʚ ʥʘʛʨʫʟʦʢ ʠ ʧʘʨʘʤʝʪʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʨʘʩʯʸʪʳ; 

- ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʚʟʘʠʤʦʩʚʷʟʝʡ ʤʝʞʜʫ ʪʨʝʙʦʚʘʥʠʷʤʠ, ʬʦʨʤʫʣʘʤʠ, ʢʦ-

ʵʬʬʠʮʠʝʥʪʘʤʠ ʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʚʳʜʝʣʠʪʴ ʧʝʨʚʠʯʥʳʝ ʩʫʱʥʦʩʪʠ (ʥʘʧʨʠʤʝʨ, 

çʚʨʝʤʝʥʥʳʝ ʥʘʛʨʫʟʢʘè, çʧʦʩʪʦʷʥʥʳʝ ʥʘʛʨʫʟʢʠè, çʦʩʦʙʳʝ ʥʘʛʨʫʟʢʠè ʠ ʪ.ʜ.), ʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʫʩʣʦʚʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʡ ʤʝʪʦʜʦʣʦʛʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʥʪʦʣʦʛʠʠ ʠʩʧʦʣʴʟʦʚʘ-

ʣʠʩʴ ʧʨʠʥʮʠʧʳ ʦʥʪʦʣʦʛʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ɻʨʘʥʪʫ ʠ ɻʨʶʥʙʝʨʛʫ ʠ ʢʣʘʩʩʠʯʝ-

ʩʢʘʷ ʩʭʝʤʘ ʠʥʞʝʥʝʨʠʠ ʟʥʘʥʠʡ Methontology [10]. ʆʥʠ ʦʧʨʝʜʝʣʷʶʪ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦʩʪʴ ʜʝʡʩʪʚʠʡ: ʦʪ ʚʳʜʝʣʝʥʠʷ ʪʝʨʤʠʥʦʚ ʜʦ ʬʦʨʤʘʣʠʟʘʮʠʠ ʦʪʥʦʰʝʥʠʡ ʠ 

ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʝʡ ʚʝʨʭʥʝʛʦ ʫʨʦʚʥʷ. 

ʉ ʠʭ ʫʯʸʪʦʤ ʚʳʧʦʣʥʝʥʦ: 

- ʦʧʨʝʜʝʣʝʥʠʝ ʜʦʤʝʥʥʳʭ ʩʫʱʥʦʩʪʝʡ ʠ ʠʭ ʘʪʨʠʙʫʪʦʚ; 
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- ʚʳʜʝʣʝʥʠʝ ʦʪʥʦʰʝʥʠʡ ʪʠʧʦʚ çʟʘʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝè, çʟʘʚʠʩʠʪ ʦʪè, çʦʛ-

ʨʘʥʠʯʠʚʘʝʪʩʷè, çʚʣʠʷʝʪ ʥʘè, çʧʨʠʤʝʥʷʝʪʩʷ ʧʨʠè; 

- ʬʠʢʩʘʮʠʷ ʣʦʛʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʦʪʨʘʞʘʶʱʠʭ ʫʩʣʦʚʠʷ ʧʨʠʤʝʥʝʥʠʷ 

ʥʦʨʤʘʪʠʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ. 

ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʝ ʬʦʨʤʳ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʟʥʘʥʠʡ: 

1. ʪʘʢʩʦʥʦʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ð ʧʦʩʪʨʦʝʥʠʝ ʠʝʨʘʨʭʠʡ; 

2. ʩʝʤʘʥʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʪʥʦʰʝʥʠʡ ð ʬʠʢʩʘʮʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʝʞʜʫ 

ʚʝʣʠʯʠʥʘʤʠ, ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʠ ʢʦʥʪʝʢʩʪʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʝʨʝʠʩʧʦʣʴʟʫʝʤʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʦʜʝʣʠ ʧʨʠʤʝ-

ʥʝʥʳ ʦʥʪʦʣʦʛʠʯʝʩʢʠʝ ʧʘʪʪʝʨʥʳ: 

- ʧʘʪʪʝʨʥ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʜʣʷ ʛʨʫʧʧʠʨʦʚʢʠ ʪʠʧʦʚ ʥʘʛʨʫʟʦʢ ʠ ʚʦʟʜʝʡʩʪ-

ʚʠʡ; 

- ʧʘʪʪʝʨʥ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʯʠʩʣʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ; 

- ʧʘʪʪʝʨʥ ʨʝʛʠʦʥʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ, ʚʝʪʨʦʚʳʭ ʨʘʡ-

ʦʥʦʚ ʠ ʜʨ.; 

- ʧʘʪʪʝʨʥ ʥʦʨʤʘʪʠʚʥʳʭ ʩʩʳʣʦʢ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʝʞʜʦʢʫʤʝʥʪʥʳʭ ʟʘʚʠʩʠ-

ʤʦʩʪʝʡ. 

ʇʨʠʥʮʠʧʳ ʩʝʤʘʥʪʠʯʝʩʢʦʡ ʷʩʥʦʩʪʠ ʠ ʥʝʜʚʫʩʤʳʩʣʝʥʥʦʩʪʠ ʦʙʝʩʧʝʯʠʚʘʣʠ 

ʢʦʨʨʝʢʪʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʪʝʨʤʠʥʘ ʚ ʢʦʥʪʝʢʩʪʝ ʉʇ. ʂʘʞʜʘʷ ʩʫʱʥʦʩʪʴ ʬʦʨ-

ʤʠʨʦʚʘʣʘʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʪʦʣʢʦʚʘʥʠʷ, ʭʘ-

ʨʘʢʪʝʨʥʫʶ ʜʣʷ ʪʝʢʩʪʦʚʳʭ ʥʦʨʤʘʪʠʚʦʚ. 

ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʉʇ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʩʣʦʞʥʳʭ ʫʩʣʦʚʠʡ ʧʨʠʤʝ-

ʥʠʤʦʩʪʠ ʨʘʩʯʸʪʥʳʭ ʬʦʨʤʫʣ ʠ ʪʨʝʙʦʚʘʥʠʡ. ʇʦʵʪʦʤʫ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʝʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʦʜʭʦʜʳ: 

- rule-based ʤʦʜʝʣʠʨʦʚʘʥʠʷ ð ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʫʩʣʦʚʠʡ (çʝʩʣʠ Ÿ ʪʦè); 

- ʜʝʢʣʘʨʘʪʠʚʥʦʛʦ ʦʧʠʩʘʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ ð ʬʠʢʩʘʮʠʷ ʜʦʧʫʩʪʠʤʳʭ ʜʠʘ-

ʧʘʟʦʥʦʚ ʧʘʨʘʤʝʪʨʦʚ; 

- ʣʦʛʠʢʦ-ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʩʚʷʟʳʚʘʥʠʷ ʬʦʨʤʫʣ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩ ʫʩʣʦ-

ʚʠʷʤʠ ʠʭ ʚʳʙʦʨʘ. 

ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʠʣ ʩʪʨʫʢʪʫʨʠʨʦʚʘʪʴ ʥʦʨʤʘʪʠʚʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʥʘ-

ʧʨʠʤʝʨ, ʚʳʙʦʨ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʘʩʯʝʪʘ ʥʘʛʨʫʟʢʠ ʟʘʚʠʩʠʪ ʦʪ ʚʳʩʦʪʳ ʟʜʘ-

ʥʠʷ ʠ ʚʝʪʨʦʚʦʛʦ ʨʘʡʦʥʘ. 

ʇʦʤʠʤʦ ʚʩʝʛʦ ʧʨʦʯʝʛʦ, ʉʇ 20.13330.2016 ʩʦʜʝʨʞʠʪ ʩʩʳʣʢʠ ʥʘ ɻʆʉʊʳ 

ʠ ʜʨʫʛʠʝ ʉʇ, ʯʪʦ ʧʦʪʨʝʙʦʚʘʣʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʜʭʦʜʦʚ ʤʝʞʦʥʪʦʣʦʛʠʯʝʩʢʦʡ ʠʥ-

ʪʝʛʨʘʮʠʠ: 

- ʬʠʢʩʘʮʠʷ ʠʩʭʦʜʥʳʭ ʠ ʫʪʦʯʥʷʶʱʠʭ ʥʦʨʤʘʪʠʚʥʳʭ ʧʦʣʦʞʝʥʠʡ; 

- ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʫʨʦʚʥʝʡ ʥʦʨʤʘʪʠʚʥʦʡ ʠʝʨʘʨʭʠʠ (çʦʙʱʠʝ ʥʦʨʤʳè Ÿ 

çʩʧʝʮʠʬʠʯʝʩʢʠʝ ʥʦʨʤʳè); 

- ʩʦʟʜʘʥʠʝ ʩʚʷʟʝʡ ʪʠʧʘ refersTo, extends, isSpecifiedBy. 

ʀʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠʥʮʠʧʳ ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʦʡ ʛʨʘʥʫʣʷʨʥʦʩʪʠ, ʧʦʟʚʦʣʷʶ-

ʱʠʝ: 

- ʧʦʜʜʝʨʞʠʚʘʪʴ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʜʝʪʘʣʠʟʘʮʠʠ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ; 

- ʠʟʙʝʛʘʪʴ ʯʨʝʟʤʝʨʥʦʛʦ ʫʩʣʦʞʥʝʥʠʷ ʤʦʜʝʣʠ. 
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ʇʦʫʧʤʧʜʡʰʞʪʣʙʸ ʥʧʝʞʤʵ ʡ ʚʙʠʙ ʠʦʙʦʡʢ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʦʥʪʦʣʦʛʠʯʝʩʢʘʷ (ʩʤ. ʨʠʩ. 1) ʤʦʜʝʣʴ ʦʩʥʦʚʘʥʘ ʥʘ ʩʠʩʪʝʤ-

ʥʦʤ ʘʥʘʣʠʟʝ ʪʝʢʩʪʘ ʉʇ çʅʘʛʨʫʟʢʠ ʠ ʚʦʟʜʝʡʩʪʚʠʷè ʠ ʩʚʷʟʘʥʥʳʭ ʥʦʨʤʘʪʠʚʥʳʭ 

ʜʦʢʫʤʝʥʪʦʚ (ʉʇ 14.13330.2018, ʉʇ 385.1325800.2018). ɸʥʘʣʠʟ ʧʦʟʚʦʣʠʣ ʚʳ-

ʚ̫ʠʪʴ ʢʣʶʯʝʚʳʝ ʩʫʱʥʦʩʪʠ, ʦʪʥʦʰʝʥʠʷ ʠ ʣʦʛʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʥʝʦʙʭʦʜʠ-

ʤʳʝ ʜʣʷ ʬʦʨʤʘʣʠʟʘʮʠʠ ʟʥʘʥʠʡ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʨʘʩʯʸʪʝ ʥʘʛʨʫʟʦʢ ʥʘ ʩʪʨʦʠ-

ʪʝʣʴʥʳʝ ʦʙʲʝʢʪʳ.  

 

 
ʈʠʩ. 1. ʆʥʪʦʣʦʛʠʷ ʉʇ 

 

ʆʥʪʦʣʦʛʠʷ ʠʤʝʝʪ ʜʚʫʭʫʨʦʚʥʝʚʫʶ ʘʨʭʠʪʝʢʪʫʨʫ [11]: 

1. ɹʘʟʦʚʳʡ ʫʨʦʚʝʥʴ ʚʢʣʶʯʘʝʪ ʫʥʠʚʝʨʩʘʣʴʥʳʝ ʩʫʱʥʦʩʪʠ: ʪʠʧʳ ʥʘʛʨʫʟʦʢ, 

ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʠ ʨʝʛʠʦʥʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʦʙ-

ʱʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʥʘʜʝʞʥʦʩʪʠ ʠ ʩʦʯʝʪʘʥʠʡ. ʆʥ ʦʧʠʩʳʚʘʝʪ ʠʥʚʘʨʠʘʥʪʥʫʶ 

ʯʘʩʪʴ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʩʣʫʞʘʱʫʶ ʦʩʥʦʚʦʡ ʜʣʷ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʧʨʠʤʝʥʝ-

ʥʠʷ. 

2. ʇʨʝʜʤʝʪʥʳʡ ʫʨʦʚʝʥʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʥʢʨʝʪʥʳʤ ʧʦʣʦʞʝʥʠʷʤ ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʤʳʭ ʉʇ ʠ ʜʝʪʘʣʠʟʠʨʫʝʪ ʤʝʪʦʜʳ ʨʘʩʯʸʪʘ, ʜʦʧʫʩʪʠʤʳʝ ʟʥʘʯʝʥʠʷ, ʦʛ-

ʨʘʥʠʯʝʥʠʷ, ʫʩʣʦʚʠʷ ʧʨʠʤʝʥʝʥʠʷ ʠ ʧʨʘʚʠʣʘ ʩʦʯʝʪʘʥʠʷ ʥʘʛʨʫʟʦʢ.  
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ʆʙʘ ʫʨʦʚʥʷ ʩʚʷʟʘʥʳ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠ ʪʝʨʤʠʥʦʣʦʛʠʯʝʩʢʠʤʠ ʦʪʥʦʰʝʥʠʷ-

ʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʮʝʣʦʩʪʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʟʥʘʥʠʡ. 

ʅʘ ʵʪʦʤ (ʨʠʩ. 1) ʠ ʘʥʘʣʦʛʠʯʥʦʤ ʨʠʩʫʥʢʝ ʜʘʣʝʝ ʩʠʤʚʦʣ Ÿ ʦʪʨʘʞʘʝʪ 

ʩʪʨʫʢʪʫʨʥʫʶ ʩʚʷʟʥʦʩʪʴ ʤʝʞʜʫ ʦʨʛʨʘʬʘʤʠ ʤʦʜʝʣʝʡ ʦʥʪʦʣʦʛʠʡ, ʘ ʩʠʤʚʦʣ Ż ï 

ʪʝʨʤʠʥʦʣʦʛʠʯʝʩʢʫʶ ʩʚʷʟʥʦʩʪʴ ʤʝʞʜʫ ʚʝʨʰʠʥʘʤʠ ʦʨʛʨʘʬʦʚ ʤʦʜʝʣʝʡ ʦʥʪʦʣʦ-

ʛʠʡ, ʘ ʪʘʢʞʝ ʤʝʞʜʫ ʚʝʨʰʠʥʘʤʠ ʦʨʛʨʘʬʦʚ ʮʝʣʝʚʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʉʠʤʚʦʣ ṧ, 

ʩʪʦʷʱʠʡ ʨʷʜʦʤ ʩ ʤʝʪʢʦʡ ʚʝʨʰʠʥʳ, ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʪʘ ʤʝʪʢʘ ʟʘʠʤʩʪʚʫʝʪʩʷ ʥʝ-

ʢʦʪʦʨʳʤ ʤʥʦʞʝʩʪʚʦʤ ʚʝʨʰʠʥ. ʉʠʤʚʦʣ  ʦʙʦʟʥʘʯʘʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚ ʚʝʨʰʠ-

ʥʫ, ʨʷʜʦʤ ʩ ʤʝʪʢʦʡ ʢʦʪʦʨʦʡ ʦʥ ʦʪʦʙʨʘʞʘʝʪʩʷ, ʚʭʦʜʠʪ ʙʦʣʝʝ ʦʜʥʦʡ ʜʫʛʠ. ɺʝʨ-

ʰʠʥʘ-ʥʘʯʘʣʦ ʪʘʢʦʡ ʜʫʛʠ ʤʦʞʝʪ ʧʨʠʥʘʜʣʝʞʘʪʴ ʢʘʢ ʵʪʦʤʫ ʞʝ, ʪʘʢ ʠ ʜʨʫʛʦʤʫ 

ʦʨʛʨʘʬʫ. ʇʨʠʩʫʪʩʪʚʫʶʱʘʷ ʚ ʦʨʛʨʘʬʘʭ ʤʦʜʝʣʝʡ ʦʥʪʦʣʦʛʠʡ ʨʘʟʤʝʪʢʘ ʪʠʧʘ 

{ʉʇʀʉʆʂ}, (= 'copy'), ([=] 'copymm'), (! 'one'), ([!] 'onemm'), (+ 'set'), ([=] 

'setmm'), (~'proxy'), (new), (ref), (clone), (all) ʠ ʪ.ʜ. ʟʘʜʘʸʪ ʧʨʘʚʠʣʘ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʦʨʛʨʘʬʦʚ ʮʝʣʝʚʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʙʘʟ ʠ ʩʧʨʘʚʦʯʥʠʢʦʚ. ʉʝʤʘʥʪʠʢʘ ʜʘʥ-

ʥʦʡ ʨʘʟʤʝʪʢʠ, ʘ ʪʘʢʞʝ ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʥʝʡ ʧʨʘʚʠʣʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʧʠʩʘʥʳ ʚ 

[12, 13]. 

ɺ ʤʦʜʝʣʴ ʚʢʣʶʯʝʥʳ ʚʩʝ ʦʩʥʦʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʘʚʪʦ-

ʤʘʪʠʟʘʮʠʠ ʥʦʨʤʘʪʠʚʥʳʭ ʨʘʩʯʸʪʦʚ. ʊʠʧʳ ʥʘʛʨʫʟʦʢ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩ ʜʝʪʘʣʠʟʘ-

ʮʠʝʡ ʧʦʩʪʦʷʥʥʳʭ (ʚʝʩ ʢʦʥʩʪʨʫʢʮʠʡ ʠ ʦʪʜʝʣʢʠ, ʧʦʩʪʦʷʥʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 

ʥʘʛʨʫʟʢʠ), ʚʨʝʤʝʥʥʳʭ (ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʝ ð ʩʥʝʛʦʚʳʝ, ʚʝʪʨʦʚʳʝ; ʜʣʠʪʝʣʴʥʳʝ 

ð ʦʪ ʦʙʦʨʫʜʦʚʘʥʠʷ), ʘ ʪʘʢʞʝ ʦʩʦʙʳʭ (ʩʝʡʩʤʠʯʝʩʢʠʝ, ʚʟʨʳʚʥʳʝ, ʘʚʘʨʠʡʥʳʝ). 

ʂʣʠʤʘʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʚʢʣʶʯʘʶʪ ʩʥʝʛʦʚʳʝ ʠ ʚʝʪʨʦʚʳʝ ʨʘʡʦʥʳ, 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʟʦʥʳ ʦʙʣʝʜʝʥʝʥʠʷ ʠ ʦʩʘʜʢʦʚ, ʘ 

ʪʘʢʞʝ ʠʭ ʩʚʷʟʴ ʩ ʨʝʛʠʦʥʘʣʴʥʦʡ ʧʨʠʚʷʟʢʦʡ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʦʧʠʩʳʚʘʶʪʩʷ ʯʝʨʝʟ ʤʘʪʝʨʠʘʣʳ, ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʛʝʦʤʝʪʨʠʶ, ʩʭʝʤʫ ʨʘʙʦʪʳ ʵʣʝʤʝʥʪʘ ʠ ʫʩʣʦʚʠʷ 

ʟʘʢʨʝʧʣʝʥʠʷ. 

ɺ ʦʥʪʦʣʦʛʠʠ ʬʦʨʤʘʣʠʟʦʚʘʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʧʨʠʤʝʥʷʝʤʳʝ ʧʨʠ ʨʘʩʯʸ-

ʪʘʭ: ʢʦʵʬʬʠʮʠʝʥʪʳ ʥʘʜʝʞʥʦʩʪʠ ʧʦ ʥʘʛʨʫʟʢʝ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʦʯʝʪʘʥʠʡ, ʧʦ-

ʧʨʘʚʢʠ ʥʘ ʦʩʦʙʳʝ ʫʩʣʦʚʠʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʣʦʛʠʯʝ-

ʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʥʘʛʨʫʟʢʘʤʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʦʥʩʪʨʫʢʮʠʠ. ʇʨʝʜ-

ʩʪʘʚʣʝʥʳ ʧʨʘʚʠʣʘ ʩʦʯʝʪʘʥʠʷ ʥʘʛʨʫʟʦʢ, ʩʮʝʥʘʨʠʠ ʧʨʠʤʝʥʝʥʠʷ (ʥʦʨʤʘʣʴʥʘʷ, 

ʦʩʦʙʘʷ ʵʢʩʧʣʫʘʪʘʮʠʷ), ʢʨʠʪʠʯʝʩʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ (ʜʦʧʫʩʪʠʤʳʝ ʟʥʘʯʝʥʠʷ ʥʘ-

ʛʨʫʟʦʢ, ʧʨʝʜʝʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ), ʘ ʪʘʢʞʝ ʚʨʝʤʝʥʥʳʝ ʘʪʨʠʙʫʪʳ (ʧʨʦʜʦʣʞʠ-

ʪʝʣʴʥʦʩʪʴ, ʯʘʩʪʦʪʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ). 

ʆʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʥʦʨʤʘʪʠʚʥʳʝ ʬʦʨʤʫʣʳ ʠ ʤʝʪʦʜʠʢʠ, ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʳʝ ʢʘʢ ʦʪʜʝʣʴʥʳʡ ʢʣʘʩʩ ʩʫʱʥʦʩʪʝʡ ʩ ʧʘʨʘʤʝʪʨʘʤʠ, ʪʠʧʘʤʠ ʧʝʨʝʤʝʥʥʳʭ 

ʠ ʫʩʣʦʚʠʷʤʠ ʧʨʠʤʝʥʠʤʦʩʪʠ.  

ɼʣʷ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʨʘʙʦʪʳ ʦʧʠʩʘʥʥʦʛʦ ʨʝʰʝʥʠʷ ʙʳʣʘ ʩʬʦʨʤʫ-

ʣʠʨʦʚʘʥʘ ʟʘʜʘʯʘ, ʮʝʣʴʶ ʢʦʪʦʨʦʡ ï ʚʳʧʦʣʥʝʥʠʝ ʨʘʩʯʝʪʦʚ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʥʘ-

ʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʩʦʦʨʫʞʝʥʠʝ. 
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ɼʣʷ ʨʘʩʯʝʪʦʚ ʙʳʣʦ ʚʳʙʨʘʥʦ ʢʫʧʦʣʴʥʦʝ ʟʜʘʥʠʝ Z10HL ɺʝʩʦʚʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʠ ʢʦʪʦʨʦʛʦ ʦʧʠʩʘʥʳ ʚ ʪʘʙʣʠʮʝ 1. ʄʘʪʝʨʠʘʣ ʢʦʥʩʪʨʫʢʮʠʠ ï ʜʝʨʝʚʦ. 

ʉʪʨʦʠʪʝʣʴʩʪʚʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ VII ʢʣʠʤʘʪʠʯʝʩʢʦʤ ʨʘʡʦʥʝ. 

 
ʊʘʙʣʠʮʘ 1. ɺʝʩʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʅʘʠʤʝʥʦʚʘʥʠʝ ɺʝʩ, ʢʛ 

ɿʜʘʥʠʝ ʙʝʟ ʚʪʦʨʦʛʦ ʵʪʘʞʘ 8 700 

ɹʘʣʢʠ ʠ ʥʘʩʪʠʣ ʚʪʦʨʦʛʦ ʵʪʘʞʘ 3 180 

ʀʊʆɻʆ 11 880 

 

ʌʨʘʛʤʝʥʪ ʩʦʩʪʘʚʣʝʥʥʦʡ ʙʘʟʳ ʟʥʘʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2. 

 

 
ʈʠʩ. 2. ɹʘʟʘ ʟʥʘʥʠʡ ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʦʥʪʦʣʦʛʠʠ 

 

ʂʦʨʨʝʢʪʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʵʢʩʧʝʨʪʦʤ. 

ʇʦ ʠʪʦʛʫ ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʡ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʨʝʟʫʣʴʪʘ-

ʪʳ ʨʘʙʦʪ ʛʦʚʦʨʷʪ ʦ ʪʦʤ, ʯʪʦ ʚʳʙʨʘʥʥʳʡ ʧʦʜʭʦʜ ʘʥʘʣʠʟʘ ʥʦʨʤʘʪʠʚʥʦʡ ʜʦʢʫ-
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ʤʝʥʪʘʮʠʠ ʵʬʬʝʢʪʠʚʝʥ ʠ ʠʤʝʝʪ ʜʘʣʴʥʝʡʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʤʘʩʰʪʘʙʠʨʦʚʘ-

ʥʠʷ. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɸʇʋ ɼɺʆ ʈɸʅ (ʪʝʤʘ ˉ 

FWFW-2021-0004) 
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 INVESTIGATION  OF  MRI  IMAGE  COMPOSITION  METHODS  FOR  
MARKING  THEM  FOR  THE  DIAGNOSIS  OF  MULTIPLE  SCLEROSIS  

 
Abstract: the article discusses the possibility of using methods of composing two 

MRI images obtained using different imaging methods to reduce the time needed to mark 

up the data. 

 

Key words: multiple sclerosis, central vein symptome, automation, diagnostics, da-

ta markup. 

 

 

ʇʝʨʚʦʝ ʜʦʢʫʤʝʥʪʠʨʦʚʘʥʥʦʝ ʫʧʦʤʠʥʘʥʠʝ ʨʘʩʩʝʷʥʥʦʛʦ ʩʢʣʝʨʦʟʘ (ʈʉ) 

ʚʩʪʨʝʯʘʝʪʩʷ ʝʱʝ ʚ ʨʫʢʦʧʠʩʠ ʢʦʥʮʘ XIV  ʚʝʢʘ, ʘ ʩ 1930-ʭ ʛʦʜʦʚ ʫʯʝʥʳʝ ʥʘʯʘʣʠ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʠʟʫʯʘʪʴ ʜʘʥʥʦʝ ʷʚʣʝʥʠʝ. ʈʉ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʫʪʦʠʤʤʫʥ-

ʥʦʝ ʚʦʩʧʘʣʠʪʝʣʴʥʦʝ ʟʘʙʦʣʝʚʘʥʠʝ ʮʝʥʪʨʘʣʴʥʦʡ ʥʝʨʚʥʦʡ ʩʠʩʪʝʤʳ, [1], ʧʨʠ ʵʪʦʤ 

ʪʦʯʥʘʷ ʧʨʠʯʠʥʘ ʝʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʚʳʷʚʣʝʥʘ [2]. 

ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʈʉ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʟʘʙʦʣʝʚʘʥʠʷ ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʣʠʯ-

ʥʳʝ ʙʠʦʤʝʨʢʝʨʳ. ʅʘʧʨʠʤʝʨ, ʚ ʥʘʯʘʣʝ ʵʪʦʛʦ ʚʝʢʘ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʦʨʝʟʦʥʘʥʩ-

ʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʪʘʢʦʡ ʥʝʡʨʦʚʠʟʫʣʷʮʠʦʥʥʳʡ ʙʠʦʤʘʨʢʝʨ, 

ʢʘʢ ʩʠʤʧʪʦʤ ʮʝʥʪʨʘʣʴʥʦʡ ʚʝʥʳ (ʉʎɺ). ʆʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʣʠʯʠʝ ʮʝʥ-

ʪʨʘʣʴʥʦʡ ʚʝʥʳ, ʢʦʪʦʨʘʷ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʦʯʘʛʘʭ ʜʝʤʠʝʣʠʥʠʟʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʜʣʷ 

                                           
É  ʀʚʘʥʦʚʘ ɺ.ɺ., 2025 
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ʪʦʛʦ, ʯʪʦʙʳ ʦʪʜʝʣʠʪʴ ʈʉ ʦʪ ʜʨʫʛʠʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʉʎɺ ʧʨʠ-

ʩʫʪʩʪʚʦʚʘʣ ʙʦʣʝʝ ʯʝʤ ʚ 45% ʦʯʘʛʦʚ ʜʠʤʠʝʣʠʥʠʟʘʮʠʠ [3]. 

ʅʘʣʠʯʠʝ ʦʯʘʛʦʚ ʜʝʤʠʝʣʠʥʠʟʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʄʈʊ ʩ ʠʥʚʝʨʩʠʦʥʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ (FLAIR ï Fluid-Attenuated 

Inversion Recovery), ʘ ʧʨʠʩʫʪʩʪʚʠʝ ʮʝʥʪʨʘʣʴʥʦʡ ʚʝʥʳ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʥʘ ʠʤ-

ʧʫʣʴʩʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ (SWI ï Magnetic Susceptibility Weighted 

Imaging). ʇʨʠ ʵʪʦʤ ʩʥʠʤʢʠ ʩʦʧʦʩʪʘʚʣʷʶʪʩʷ ʠ ʠʩʩʣʝʜʫʶʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʨʘʟʤʝʪʢʠ ʜʘʥʥʳʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʜʚʘ ʥʘʙʦʨʘ ʩʥʠʤʢʦʚ, ʯʪʦ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ 

ʚʨʝʤʝʥʠ.  

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʦʮʝʥʢʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʝʪʦʜʦʚ ʢʦʤʧʦʟʠʮʠʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʥʘʣʠʯʠʷ ʉʎɺ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʙʳ ʚʜʚʦʝ 

ʩʦʢʨʘʪʠʪʴ ʦʙʲʝʤ ʜʘʥʥʳʭ ʜʣʷ ʨʘʟʤʝʪʢʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʚʳʩʪʫʧʘʣʘ ʧʘʨʘ ʩʥʠʤʢʦʚ DICOM, ʧʦʣʫʯʝʥ-

ʥʳʭ ʩ ʧʦʤʦʱʴʶ ʨʘʟʥʳʭ ʨʝʞʠʤʦʚ ʩʲʝʤʢʠ (SWI ʠ FLAIR). ʂʨʦʤʝ ʪʦʛʦ, ʧʦ ʢʦ-

ʣʠʯʝʩʪʚʫ ʩʨʝʟʦʚ ʚ ʩʥʠʤʢʘʭ ʙʳʣ ʩʦʟʜʘʥ ʥʘʙʦʨ ʤʘʩʦʢ ʧʝʨʝʩʝʯʝʥʠʷ, ʫʢʘʟʳʚʘʶ-

ʱʠʭ ʥʘ ʥʘʣʠʯʠʝ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʥʘ ʩʥʠʤʢʝ ʦʯʘʛʘ ʧʦʨʘʞʝʥʠʷ ʠʣʠ ʚʝʥʫʣʳ.  

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʝʥʠʝ ʥʘʣʠʯʠʷ ʈʉ ʥʝ ʷʚʣʷ-

ʣʦʩʴ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʥʘ ʤʘʩʢʘʭ ʠʟʦʙʨʘʞʝʥʠʷ ʙʳʣʠ ʦʪʤʝʯʝʥʳ ʠʩʢʣʶʯʠ-

ʪʝʣʴʥʦ ʪʝ ʦʙʲʝʢʪʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʦʚʘʣʘ ʧʘʨʘ. ʇʨʠ ʵʪʦʤ ʬʦʨʤʘ ʦʙʣʘʩʪʠ 

ʠʥʪʝʨʝʩʘ ʜʣʷ ʦʯʘʛʦʚ ʧʦʨʘʞʝʥʠʷ ʠ ʚʝʥʫʣ ʩʦʚʧʘʜʘʣʘ (ʢʨʫʛ ʜʠʘʤʝʪʨʦʤ 10 ʧʠʢʩʝ-

ʣʝʡ), ʧʦʵʪʦʤʫ ʩʫʱʝʩʪʚʦʚʘʣ ʪʦʣʴʢʦ ʦʜʠʥ ʥʘʙʦʨ ʤʘʩʦʢ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥ 

ʧʨʠʤʝʨ ʧʘʨʳ ʩʨʝʟʦʚ ʠ ʠʭ ʤʘʩʢʠ, ʪʘʢʞʝ ʦʪʤʝʯʝʥʘ ʣʦʢʘʣʠʟʘʮʠʷ ʉʎɺ. 

 

   
ʘ ʙ ʚ 

ʈʠʩ.1. ʉʨʝʟʳ ʩʥʠʤʢʦʚ DICOM ʚ ʨʘʟʥʳʭ ʨʝʞʠʤʘʭ ʩʲʝʤʢʠ: ʘ) ʩʨʝʟ SWI, ʙ) FLAIR, ʚ) ʤʘʩʢʘ 

ʠʟʦʙʨʘʞʝʥʠʷ 

 

ʀʩʧʦʣʴʟʫʝʤʳʝ ʩʧʦʩʦʙʳ ʥʘʣʦʞʝʥʠʷ ʜʚʫʭ ʠʟʦʙʨʘʞʝʥʠʡ ʙʳʣʠ ʚʟʷʪʳ ʠʟ 

ʧʝʨʝʯʥʷ ʨʝʞʠʤʦʚ ʢʦʤʧʦʟʠʮʠʠ ʢʣʘʩʩʘ QPainter [4], ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪ ʤʦ-

ʜʝʣʴ ʦʙʲʝʜʠʥʝʥʠʷ ʧʠʢʩʝʣʝʡ ʦʜʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ (ʠʩʪʦʯʥʠʢʘ) ʩ ʧʠʢʩʝʣʷʤʠ 

ʜʨʫʛʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ (ʮʝʣʝʚʦʛʦ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝʛʦ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʙʦ-

ʣʝʝ 30 ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʢʦʤʧʦʟʠʮʠʠ, ʥʘʯʠʥʘʷ ʦʪ ʧʦʧʘʨʥʦʛʦ ʩʨʘʚʥʝʥʠʷ 

ʧʠʢʩʝʣʝʡ ʧʦ ʢʨʠʪʝʨʠʶ ʷʨʢʦʩʪʠ ʠ ʟʘʢʘʥʯʠʚʘʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ ʬʦʨʤʫʣʘʤʠ. 

ʅʘʧʨʠʤʝʨ, ʚ ʨʝʞʠʤʝ QPainter::CompositionMode_Screen ʠʩʭʦʜʥʳʡ ʠ ʢʦ-

ʥʝʯʥʳʡ ʮʚʝʪʘ ʠʥʚʝʨʪʠʨʫʶʪʩʷ, ʘ ʟʘʪʝʤ ʧʝʨʝʤʥʦʞʘʶʪʩʷ, ʘ ʚ ʨʝʞʠʤʝ 
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QPainter::CompositionMode_Difference ʧʨʦʠʩʭʦʜʠʪ ʚʳʯʠʪʘʥʠʝ ʙʦʣʝʝ ʪʸʤʥʦʛʦ 

ʮʚʝʪʘ ʧʠʢʩʝʣʷ ʠʟ ʙʦʣʝʝ ʩʚʝʪʣʦʛʦ. 

ɼʣʷ ʦʮʝʥʢʠ ʠʪʦʛʦʚʦʛʦ ʢʘʯʝʩʪʚʘ ʤʝʪʦʜʦʚ ʥʘʣʦʞʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʙʳʣ 

ʚʚʝʜʝʥ ʢʨʠʪʝʨʠʡ k, ʚʳʯʠʩʣʷʶʱʠʡʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

k = 1 - æ_loc/sum_loc,     (1) 

ʛʜʝ æ_loc ï ʵʪʦ ʢʦʣʠʯʝʩʪʚʦ ʥʝʩʦʚʧʘʜʝʥʠʡ ʯʠʩʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʚʩʪʨʝʯʘʝʤʦʩʪʠ 

ʉʎɺ ʤʝʞʜʫ ʤʘʩʢʘʤʠ ʧʝʨʝʩʝʯʝʥʠʡ ʠ ʦʙʲʝʜʠʥʝʥʠʡ, sum_loc ï ʵʪʦ ʩʫʤʤʘʨʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʤʘʨʢʝʨʦʚ, ʦʧʨʝʜʝʣʝʥʥʦʝ ʜʣʷ ʤʘʩʦʢ ʧʝʨʝʩʝʯʝʥʠʡ.  

ɺ ʩʣʫʯʘʝ ʝʩʣʠ ʟʥʘʯʝʥʠʝ ʢʨʠʪʝʨʠʷ k ʦʢʘʟʘʣʦʩʴ ʙʦʣʴʰʝ, ʯʝʤ 0.9, ʪʦ ʠʩʩʣʝ-

ʜʫʝʤʳʡ ʤʝʪʦʜ ʢʦʤʧʦʟʠʮʠʠ ʩʥʠʤʢʦʚ ʄʈʊ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʧʨʝʜʲʷʚʣʷʝʤʳʤ ʢ 

ʥʝʤʫ ʪʨʝʙʦʚʘʥʠʷʤ. 

ɺʩʝʛʦ ʙʳʣʦ ʧʨʠʤʝʥʝʥʦ ʙʦʣʝʝ 30 ʩʧʦʩʦʙʦʚ ʥʘʣʦʞʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ 

ʯʝʪʳʨʝʭ ʩʪʝʧʝʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʷʨʢʦʩʪʠ ʧʠʢʩʝʣʝʡ ʮʝʣʝʚʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ 

(0.25, 0.5, 0.75 ʠ 1.0) ʠ ʜʚʫʭ ʩʧʦʩʦʙʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʠ ʮʝʣʝʚʦʛʦ ʠʟʦ-

ʙʨʘʞʝʥʠʷ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥ ʘʣʛʦʨʠʪʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʤʝʪʦʜʘ ʢʦʤʧʦʟʠʮʠʠ ʩ ʮʝʣʴʶ ʨʘʟʤʝʪʢʠ ʜʘʥʥʳʭ. 

 

 
ʈʠʩ.2. ʇʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʦʮʝʥʢʠ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʝʪʦʜʦʚ ʢʦʤʧʦʟʠʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ 

 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʨʘʟʤʝʪʢʠ ʧʦ ʥʘʣʦʞʝʥʥʳʤ ʠʟʦʙʨʘʞʝʥʠʷʤ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʢʦʤʧʦʟʠʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʦʜʥʦʤ ʩʨʝʟʝ  

ʩʥʠʤʢʘ. ɽʩʣʠ ʦʯʘʛʠ ʧʘʪʦʣʦʛʠʠ ʠ ʚʝʥʫʣʳ ʥʘ ʩʦʚʤʝʱʝʥʥʦʤ ʩʥʠʤʢʝ ʙʳʣʠ ʚʠʟʫʘʣʴʥʦ 

ʭʫʞʝ ʨʘʟʣʠʯʠʤʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ, ʪʦ ʤʝʪʦʜ ʥʘʣʦʞʝ-

ʥʠʷ ʧʨʠ ʪʝʢʫʱʠʭ ʧʘʨʘʤʝʪʨʘʭ ʜʘʣʝʝ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ. ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʧʨʠ-

ʤʝʨʳ ʧʦʜʭʦʜʷʱʝʛʦ ʠ ʥʝʧʦʜʭʦʜʷʱʝʛʦ ʤʝʪʦʜʦʚ ʢʦʤʧʦʟʠʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ. 
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ʈʠʩ.3. ʄʝʪʦʜ ʢʦʤʧʦʟʠʮʠʠ: ʘ) ʧʨʦʰʝʜʰʠʡ ʧʝʨʚʠʯʥʳʡ ʦʪʙʦʨ, ʙ) ʥʝʧʨʦʰʝʜʰʠʡ ʧʝʨʚʠʯʥʳʡ 

ʦʪʙʦʨ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʟ 304 ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʥʘʣʦʞʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʙr -

ʣʦ ʦʪʦʙʨʘʥʦ 5. ʆʥʠ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʢʦ ʚʩʝʤ ʩʨʝʟʘʤ ʩʥʠʤʢʦʚ, ʧʦʩʣʝ ʯʝʛʦ 

ʚʨʫʯʥʫʶ ʨʘʟʤʝʯʘʣʠʩʴ ʤʘʩʢʠ ʦʯʘʛʦʚ ʧʦʨʘʞʝʥʠʷ ʠ ʚʝʥʫʣ. ɼʘʣʝʝ ʤʘʩʢʠ ʩ ʦʜʠʥʘ-

ʢʦʚʳʤ ʥʦʤʝʨʦʤ ʥʘʢʣʘʜʳʚʘʣʠʩʴ ʜʨʫʛ ʥʘ ʜʨʫʛʘ, ʦʧʨʝʜʝʣʷʷ ʤʘʩʢʫ ʧʝʨʝʩʝʯʝʥʠʡ 

ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʩʨʝʟʦʚ (ʤʘʩʢʠ ʦʙʲʝʜʠʥʝʥʠʷ).  

ʅʘ ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ ʧʨʦʠʩʭʦʜʠʣʦ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʚʧʘʜʝʥʠʷ ʣʦʢʘʣʠʟʘ-

ʮʠʠ ʤʘʩʦʢ ʧʝʨʝʩʝʯʝʥʠʷ ʠ ʤʘʩʦʢ ʦʙʲʝʜʠʥʝʥʠʷ. ɽʩʣʠ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʤʘʩʦʢ 

ʤʝʪʢʠ ʧʝʨʝʢʨʳʚʘʣʠ ʜʨʫʛ ʜʨʫʛʘ ʙʦʣʝʝ ʯʝʤ ʥʘ 50%, ʪʦ ʩʦʚʧʘʜʝʥʠʝ ʟʘʩʯʠʪʳʚʘ-

ʣʦʩʴ, ʠʥʘʯʝ ï ʥʝʪ.  

ʅʘ ʬʠʥʘʣʴʥʦʤ ʵʪʘʧʝ ʩʦʛʣʘʩʥʦ ʦʧʠʩʘʥʥʦʤʫ ʨʘʥʝʝ ʢʨʠʪʝʨʠʶ ʦʧʨʝʜʝʣʷ-

ʣʘʩʴ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢʘʞʜʦʛʦ ʠʟ ʚʳʙʨʘʥʥʳʭ ʤʝʪʦʜʦʚ. ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝ-

ʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʩʥʠʤʢʦʚ ʄʈʊ. 

 
ʊʘʙʣʠʮʘ 1. ʆʮʝʥʢʘ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʘʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʢʦʤʧʦʟʠʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ 

ʅʘʟʚʘʥʠʝ ʤʝʪʦʜʘ ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

ʥʘʣʦʞʝʥʠʷ 

ʀʩʪʦʯʥʠʢ ɿʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

k 

SourceOver 0.5 FLAIR 0.78 

SourceIn 0.5 FLAIR 0.72 

SourceIn 0.5 SWI 0.72 

Multiply 0.5 FLAIR 0.72 

NotSourceAndNotDestination 0.25 FLAIR 0.67 

 

ʂʘʢ ʤʦʞʥʦ ʩʫʜʠʪʴ ʧʦ ʪʘʙʣʠʮʝ, ʥʘʠʙʦʣʝʝ ʧʨʠʙʣʠʞʝʥʥʦʝ ʢ 1 ʟʥʘʯʝʥʠʝ 

ʢʨʠʪʝʨʠʷ K ʙʳʣʦ ʫ ʤʝʪʦʜʘ  SourceOver ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʥʘʣʦʞʝʥʠʷ 0.5 ʠ 

ʠʟʦʙʨʘʞʝʥʠʝʤ-ʠʩʪʦʯʥʠʢʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ FLAIR. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʙʦʪʳ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʥʫʞʜʘʝʪ-

ʩʷ ʚ ʜʦʨʘʙʦʪʢʝ, ʧʦʩʢʦʣʴʢʫ ʥʠ ʦʜʠʥ ʠʟ ʧʨʠʤʝʥʷʝʤʳʭ ʤʝʪʦʜʦʚ ʢʦʤʧʦʟʠʮʠʡ ʥʝ 

ʧʦʢʘʟʘʣ ʟʥʘʯʝʥʠʝ ʢʨʠʪʝʨʠʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʙʣʠʟʢʦʝ ʢ 0.9. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 

ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʤʝʥʝʥʠʷ ʙʦʣʴʰʠʥʩʪʚʘ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʝ ʤʝʩʪʦʧʦʣʦ-

ʞʝʥʠʷ ʮʝʥʪʨʘʣʴʥʦʡ ʚʝʥʳ ʙʳʣʦ ʟʘʪʨʫʜʥʝʥʦ. ɺ ʢʘʯʝʩʪʚʝ ʜʘʣʴʥʝʡʰʝʛʦ ʫʩʦʚʝʨ-

ʰʝʥʩʪʚʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʠ ʯʝʪʢʦʩʪʠ ʩʥʠʤʢʦʚ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʩʪʠ FLAIR ʧʝʨʝʜ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ ʢʦʤʧʦʟʠʮʠʡ. 
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ɸʥʥʦʪʘʮʠʷ: ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʥʠʤʘʥʠʷ ʨʦʙʦʪʦʤ-ʢʦʤʧʘʥʴʦʥʦʤ ʪʝʢʩʪʘ 

ʥʘ ʝʩʪʝʩʪʚʝʥʥʦʤ ʷʟʳʢʝ ʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʝʩʪʝʩʪʚʝʥʥʦ-ʷʟʳʢʦʚʳʭ ʚʳʚʦʜʦʚ ʠʟ ʪʝʢ-

ʩʪʘ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʧʧʘʨʘʪ ʩʮʝʥʘʨʠʝʚ (ʦʪʥʦʰʝʥʠʡ ʪʠʧʘ çʝʩʣʠ-

ʪʦè), ʛʜʝ ʢʘʞʜʳʡ ʩʮʝʥʘʨʠʡ ʩʚʷʟʳʚʘʝʪ ʩʤʳʩʣʳ ʦʪʜʝʣʴʥʳʭ ʚʳʩʢʘʟʳʚʘʥʠʡ ʠ ʧʦʟʚʦʣʷʝʪ 

ʧʦ ʚʭʦʜʷʱʝʤʫ ʚʳʩʢʘʟʳʚʘʥʠʶ ʧʦʩʪʨʦʠʪʴ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʨʝʧʨʝʟʝʥʪʘʮʠʠ ʩʚʷʟʘʥʥʳʭ 

ʩʠʪʫʘʮʠʡ. ʉ ʧʦʤʦʱʴʶ ʟʘʜʘʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʦʙʦʪ-ʢʦʤʧʘʥʴʦʥ ʌ-2 ʩʪʨʦʠʪ ʛʨʘʬ ʢʦʥ-

ʪʝʢʩʪʘ ʥʘ ʟʘʜʘʥʥʫʶ ʛʣʫʙʠʥʫ, ʦʮʝʥʠʚʘʷ ʥʝʢʦʪʦʨʳʝ ʩʠʪʫʘʮʠʠ ʚ ʵʪʦʤ ʛʨʘʬʝ ʢʘʢ ʵʤʦ-

ʮʠʦʥʘʣʴʥʦ ʟʥʘʯʠʤʳʝ ï ʜʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʜ-ʩʮʝʥʘʨʠʝʚ. ʄʳ ʧʦʢʘʟʳ-

ʚʘʝʤ, ʯʪʦ ʨʝʣʝʚʘʥʪʥʦʝ ʨʝʯʝʚʦʝ ʧʦʚʝʜʝʥʠʝ ʨʦʙʦʪʘ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʠʩʢʦʤ ʧʫʪʠ ʚ 

ʩʝʤʘʥʪʠʯʝʩʢʦʤ ʛʨʘʬʝ ʦʪ ʠʩʭʦʜʥʦʡ ʩʠʪʫʘʮʠʠ (ʩʤʳʩʣʘ ʚʭʦʜʷʱʝʛʦ ʚʳʩʢʘʟʳʚʘʥʠʷ) ʢ 

ʙʣʠʞʘʡʰʝʡ ʵʤʦʮʠʦʥʘʣʴʥʦ ʟʥʘʯʠʤʦʡ ʩʠʪʫʘʮʠʠ (ʜ-ʩʮʝʥʘʨʠʶ). 
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Abstract: We research the problem of natural text understanding by a companion 

robot and constructing natural language inference from the incoming text. To solve the 
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problem, we suggest an apparatus of scenarios (ñif -thenò production), where each scena-

rio connects the meanings of individual statements and allows semantic representations 

of related situations to be constructed based on the incoming statement. Using the given 

mechanism, the F-2 companion robot builds a context graph to a given depth, evaluating 

some situations in this graph as emotionally significant ï a set of d-scenarios is used for 

this purpose. We show that the relevant speech behavior of the robot is provided by 

searching for a path in the semantic graph from the initial situation (the meaning of the 

incoming utterance) to the nearest emotionally significant situation (d-scenario). 

 

Keywords: text comprehension, natural language inference, companion robots, 

emotional computer agents, automatic dialogue maintenance 

 

 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣ-

ʣʝʢʪʘ ʯʘʩʪʦ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʝʨʝʤʝʱʝʥʠʝ ʚ ʢʦʥʮʝʧʪʫʘʣʴʥʦʤ ʛʨʘʬʝ: ʧʨʝʜʧʦʣʘ-

ʛʘʣʦʩʴ, ʯʪʦ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʙʣʝʤʳ ʠ ʮʝʣʝʚʦʝ ʩʦʩʪʦʷʥʠʝ ï ʵʪʦ ʩʦʜʝʨʞʘ-

ʥʠʝ ʟʘʜʘʯʠ, ʘ ʧʦʠʩʢ ʧʫʪʠ ʤʝʞʜʫ ʪʝʢʫʱʠʤ ʠ ʮʝʣʝʚʳʤ ʩʦʩʪʦʷʥʠʝʤ ï ʵʪʦ ʨʝʰʝ-

ʥʠʝ ʟʘʜʘʯʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʟʚʝʩʪʝʥ ʧʦ ʫʥʠʚʝʨʩʘʣʴʥʦʤʫ 

ʨʝʰʘʪʝʣʶ ʟʘʜʘʯ ʅʴʶʵʣʣʘ ʠ ʉʘʡʤʦʥʘ [1]. ɺ ʟʘʜʘʯʝ çʭʘʥʦʡʩʢʠʝ ʙʘʰʥʠè ʪʝʢʫ-

ʱʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʙʘʰʝʥ (ʨʘʩʧʦʣʦʞʝʥʠʝ ʜʠʩʢʦʚ ʥʘ ʩʪʝʨʞʥʷʭ) ʷʚʣʷʝʪʩʷ ʠʩ-

ʭʦʜʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʘ ʢʘʞʜʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʜʠʩʢʘ ʬʦʨʤʠʨʫʝʪ ʥʦʚʫʶ ʢʦʥʬʠ-

ʛʫʨʘʮʠʶ. ʇʨʠ ʵʪʦʤ ʚʩʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʝʨʝʯʠʩʣʠʤʳ ʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʢʘʢ ʫʟʣʳ ʚ ʛʨʘʬʝ, ʘ ʦʪʜʝʣʴʥʘʷ ʦʧʝʨʘʮʠʷ ʧʝʨʝʤʝʱʝʥʠʷ ʜʠʩʢʘ ï ʢʘʢ ʨʝʙʨʦ 

ʤʝʞʜʫ ʜʚʫʤʷ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ. ʇʦʜʦʙʥʳʝ ʤʝʪʦʜʳ ʚʳʚʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠ ʚ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʦʥʠʤʘʥʠʷ ʪʝʢʩʪʘ, ʢʘʢ ʟʘ ʨʫʙʝʞʦʤ 

[2], ʪʘʢ ʠ ʚ ʈʦʩʩʠʠ [3]. ɺ ʦʙʣʘʩʪʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʵʪʦʪ ʧʦʜʭʦʜ ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʚʳʪʝʩʥʝʥ ʨʝʢʫʨʨʝʥʪʥʳʤʠ ʥʝʡʨʦʩʝʪʷʤʠ 

(LLM), ʧʦʟʚʦʣʷʶʱʠʤʠ ʧʨʦʜʦʣʞʘʪʴ ʟʘʜʘʥʥʳʡ ʪʝʢʩʪ (ʫʛʘʜʳʚʘʪʴ ʩʣʝʜʫʶʱʠʡ 

ʪʦʢʝʥ ʪʝʢʩʪʘ) ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʦʠʪʴ ʪʝʢʩʪʦʚʳʝ ʦʪʚʝʪʳ ʧʦ ʠʩʭʦʜʥʦʤʫ ʟʘ-

ʧʨʦʩʫ (ʧʨʦʤʧʪʫ) ʥʘ ʦʩʥʦʚʝ ʤʘʩʰʪʘʙʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘ ʙʦʣʴʰʦʤ ʦʙʲʸʤʝ ʪʝʢ-

ʩʪʦʚ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʚʦʜʘ, ʧʦʜʦʙʥʦʛʦ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ ʠʩʢʫʩʩʪ-

ʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʥʝʡʨʦʩʝʪʝʚʳʭ ʘʨʭʠʪʝʢʪʫʨʘʭ ʥʘʯʠʥʘʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʧʦʜʭʦʜ ʪʠʧʘ Chain-of-Thought, ʢʦʪʦʨʳʡ ʧʦ ʦʜʥʦʤʫ ʬʨʘʛʤʝʥʪʫ 

ʪʝʢʩʪʘ (ʫʟʣʫ ʚ ʛʨʘʬʝ ʚʳʚʦʜʘ) ʩʪʨʦʠʪ ʜʨʫʛʦʡ ʬʨʘʛʤʝʥʪ ʪʝʢʩʪʘ (ʥʦʚʳʡ ʫʟʝʣ ʚ 

ʛʨʘʬʝ ʚʳʚʦʜʘ) [4]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʠʩʭʦʜʠʪ ʯʘʩʪʠʯʥʳʡ ʚʦʟʚʨʘʪ ʢ ʢʣʘʩʩʠ-

ʯʝʩʢʠʤ ʘʨʭʠʪʝʢʪʫʨʘʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʛʨʘʬʘʭ, ʦʜ-

ʥʘʢʦ ʩʚʷʟʴ ʤʝʞʜʫ ʫʟʣʘʤʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʨʝʩʫʨʩʦʸʤʢʠʤʠ ʠ ʥʝʜʝʪʝʨʤʠʥʠʨʦ-

ʚʘʥʥʳʤʠ ʘʨʭʠʪʝʢʪʫʨʘʤʠ LLM. ʕʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʤʦʜʝʣʝʡ 

ʚʦ ʚʩʪʨʘʠʚʘʝʤʳʭ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ. ɼʣʷ ʧʣʘʥʠʨʦʚʘʥʠʷ ʜʝʡʩʪʚʠʡ 

ʨʦʙʦʪʦʚ-ʢʦʤʧʘʥʴʦʥʦʚ ʠ ʤʦʙʠʣʴʥʳʭ ʨʦʙʦʪʦʚ ʢʣʘʩʩʠʯʝʩʢʠʝ ʛʨʘʬʦʚʳʝ ʤʦʜʝʣʠ 

ʧʣʘʥʠʨʦʚʘʥʠʷ ʠ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʚʝʜʝʥʠʷ ï ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʧʦʜʜʝʨʞʘʥʠʠ ʢʦʤ-

ʤʫʥʠʢʘʮʠʠ ʩ ʯʝʣʦʚʝʢʦʤ ï ʤʦʛʫʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʦʧʪʠʤʘʣʴʥʦʝ ʨʝʰʝʥʠʝ. 
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ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʤʳ ʦʪʪʘʣʢʠʚʘʝʤʩʷ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ ʛʨʘʬʦʚʳʭ ʘʨʭʠʪʝʢ-

ʪʫʨ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʦʜʜʝʨʞʘʥʠʷ ʨʦʙʦʪʦʤ-ʢʦʤʧʘʥʴʦʥʦʤ ʝʩʪʝʩʪʚʝʥʥʦʛʦ 

ʢʦʤʤʫʥʠʢʘʪʠʚʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩ ʯʝʣʦʚʝʢʦʤ. ɺ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʨʦʙʦʪʘ-

ʢʦʤʧʘʥʴʦʥʘ ʌ-2 ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʘʨʭʠʪʝʢʪʫʨʘ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʨʦʙʦʪʫ 

ʩʪʨʦʠʪʴ ʨʝʧʨʝʟʝʥʪʘʮʠʶ ʩʤʳʩʣʘ ʧʦʩʪʫʧʠʚʰʠʭ ʚʳʩʢʘʟʳʚʘʥʠʡ (ʠʭ ʩʝʤʘʥʪʠʯʝ-

ʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ), ʜʝʣʘʪʴ ʚʳʚʦʜʳ ʠʟ ʵʪʠʭ ʨʝʧʨʝʟʝʥʪʘʮʠʡ (ʩʪʨʦʠʪʴ ʧʨʦʠʟ-

ʚʦʜʥʳʝ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʨʝʧʨʝʟʝʥʪʘʮʠʠ), ʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʩʣʦʚʘ ʯʝʣʦʚʝʢʘ ʩ ʧʦ-

ʤʦʱʴʶ ʨʝʯʠ ʠ ʞʝʩʪʦʚ, ʩʪʘʚʠʪʴ ʮʝʣʠ ʠ ʧʳʪʘʪʴʩʷ ʜʦʩʪʠʯʴ ʵʪʠʭ ʮʝʣʝʡ ʚ ʢʦʤʤʫ-

ʥʠʢʘʮʠʠ ʩ ʯʝʣʦʚʝʢʦʤ, ʘ ʪʘʢʞʝ ï ʚʳʧʦʣʥʷʪʴ ʧʨʦʩʪʳʝ ʜʝʡʩʪʚʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʧʨʦʤʝʞʫʪʦʯʥʳʤʠ ʫʟʣʘʤʠ (ʨʝʧʨʝʟʝʥʪʘʮʠʷʤʠ) ʚ ʢʘʯʝʩʪʚʝ ʨʝʘʢʮʠʡ ʠʣʠ ʜʣʷ ʜʦʩ-

ʪʠʞʝʥʠʷ ʮʝʣʝʡ [5]. ʈʦʙʦʪ ʌ-2 ʠʩʧʦʣʴʟʫʝʪ ʩʠʥʪʘʢʩʠʯʝʩʢʠʡ ʧʘʨʩʝʨ ʜʣʷ ʩʦʟʜʘ-

ʥʠʷ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ [6]. ʉʝʤʘʥʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʜʥʦʛʦ 

ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʚʭʦʜʷʱʠʭ ʚʳʩʢʘʟʳʚʘʥʠʡ ʧʦʟʚʦʣʷʝʪ ʧʦʩʪʨʦʠʪʴ ʧʨʦʠʟʚʦʜʥʦʝ 

ʩʝʤʘʥʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ï ʝʩʪʝʩʪʚʝʥʥʦ-ʷʟʳʢʦʚʦʡ ʚʳʚʦʜ. ɼʣʷ ʢʦʥʩʪʨʫʠ-

ʨʦʚʘʥʠʷ ʚʳʚʦʜʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʥʚʝʥʪʘʨʴ ʨʘʮʠʦʥʘʣʴʥʳʭ ʩʮʝʥʘʨʠʝʚ (ʨ-

ʩʮʝʥʘʨʠʝʚ) [5] ï ʦʪʥʦʰʝʥʠʡ ʪʠʧʘ çʝʩʣʠ-ʪʦè ʠʣʠ ʧʨʦʜʫʢʮʠʡ. ɺ ʵʪʦʤ ʦʪʥʦʰʝ-

ʥʠʠ ʠʥʚʝʥʪʘʨʴ ʩʮʝʥʘʨʠʝʚ ʥʘʧʦʤʠʥʘʝʪ ʢʣʘʩʩʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʚʳʚʦʜʘ ʪʠʧʘ 

Prolog, ʦʜʥʘʢʦ ʦʥ ʨʘʙʦʪʘʝʪ ʩ ʩʝʤʘʥʪʠʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʧʨʝʜʣʦʞʝʥʠʡ 

ʥʘ ʨʫʩʩʢʦʤ ʷʟʳʢʝ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʠʥʚʝʥʪʘʨʷ ʩʮʝʥʘʨʠʝʚ ʤʳ ʘʥʘʣʠʟʠʨʫʝʤ ʨʝ-

ʟʫʣʴʪʘʪʳ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʘʟʙʦʨʘ ʧʘʨʩʝʨʦʤ ʪʝʢʩʪʦʚ ʥʘ ʨʫʩʩʢʦʤ ʷʟʳʢʝ, ʘ 

ʪʘʢʞʝ ʧʨʠʚʣʝʢʘʝʤ ʨʘʟʤʝʪʯʠʢʦʚ [7]. ɼʣʷ ʠʩʭʦʜʥʦʛʦ ʚʳʩʢʘʟʳʚʘʥʠʷ ï ʧʦʩʳʣʢʠ 

ʩʮʝʥʘʨʠʷ (ʥʘʧʨʠʤʝʨ, ʋʯʝʥʠʢ ʧʦʰʸʣ ʫʪʨʦʤ ʚ ʰʢʦʣʫ) ʨʘʟʤʝʪʯʠʢʠ ʜʦʣʞʥʳ 

ʧʨʝʜʣʦʞʠʪʴ ʦʧʠʩʘʥʠʷ ʩʚʷʟʘʥʥʳʭ ʩʠʪʫʘʮʠʡ ï ʩʣʝʜʩʪʚʠʡ: ʯʪʦ ʙʳʣʦ ʜʦ ʠʣʠ ʷʚʠ-

ʣʦʩʴ ʧʨʠʯʠʥʦʡ ʠʩʭʦʜʥʦʡ ʩʠʪʫʘʮʠʠ (ʩʚʷʟʴ ʪʠʧʘ BEFORE, ʥʘʧʨʠʤʝʨ, ʋʯʝʥʠʢ 

ʩʦʙʨʘʣʩʷ ʚ ʰʢʦʣʫ), ʯʪʦ ʙʳʣʦ ʧʦʩʣʝ (AFTER ï ʋʯʝʥʠʢ ʩʠʜʝʣ ʥʘ ʫʨʦʢʘʭ, ʫʯʝʥʠʢ 

ʧʦʣʫʯʠʣ ʦʮʝʥʢʫ), ʠ ʯʪʦ ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʧʨʝʪʘʮʠʝʡ ʵʪʦʡ ʩʠʪʫʘʮʠʠ (INTERP ï 

ʋʯʝʥʠʢ ʫʯʠʣʩʷ ʚ ʰʢʦʣʝ). ʉʝʡʯʘʩ ʚ ʠʥʚʝʥʪʘʨʝ ʧʨʠʩʫʪʩʪʚʫʝʪ 6693 ʨ-ʩʮʝʥʘʨʠʷ. 

ʀʥʚʝʥʪʘʨʴ ʩʮʝʥʘʨʠʝʚ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʛʨʘʬʳ ʜʚʫʭ ʚʠʜʦʚ: ʦʙʱʠʡ ʧʨʝʜʨʘʩ-

ʩʯʠʪʘʥʥʳʡ ʛʨʘʬ ʟʥʘʥʠʡ ʠ ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʥʪʝʢʩʪʥʳʡ ʛʨʘʬ. ʇʨʝʜʨʘʩʩʯʠʪʘʥ-

ʥʳʡ ʛʨʘʬ ʦʪʨʘʞʘʝʪ ʟʥʘʥʠʝ ʨʦʙʦʪʘ ʦ ʪʠʧʠʯʥʳʭ ʚʘʨʠʘʥʪʘʭ ʨʘʟʚʠʪʠʷ ʩʦʙʳʪʠʡ. 

ʆʥ ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʜʣʷ ʢʘʞʜʦʛʦ ʩʣʝʜʩʪʚʠʷ ʩʮʝʥʘʨʠʷ (ʩʠ-

ʪʫʘʮʠʷ ʪʠʧʘ BEFORE, AFTER ʠʣʠ INTERP) ʤʳ ʟʘʨʘʥʝʝ ʨʘʩʩʯʠʪʳʚʘʝʤ ʩʪʝ-

ʧʝʥʴ ʩʝʤʘʥʪʠʯʝʩʢʦʡ ʙʣʠʟʦʩʪʠ ʩ ʧʦʩʳʣʢʘʤʠ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʩʮʝʥʘʨʠʝʚ. ɽʩʣʠ 

ʩʪʝʧʝʥʴ ʩʝʤʘʥʪʠʯʝʩʢʦʡ ʙʣʠʟʦʩʪʠ ʧʨʝʚʳʰʘʝʪ ʟʘʜʘʥʥʳʡ ʧʦʨʦʛ, ʤʝʞʜʫ ʫʟʣʘʤʠ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʨʝʙʨʦ ʧʝʨʝʭʦʜʘ (ʩʚʷʟʴ ʪʠʧʘ NEAR). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʦʙʦʪʫ 

ʦʙʲʝʜʠʥʠʪʴ ʩʮʝʥʘʨʠʠ ʚ ʦʙʱʠʡ ʛʨʘʬ, ʢʦʪʦʨʳʡ ʩʝʡʯʘʩ ʠʤʝʝʪ ʦʢʦʣʦ 50000 ʚʝʨ-

ʰʠʥ (ʧʦʩʳʣʦʢ, ʘ ʪʘʢʞʝ ʩʣʝʜʩʪʚʠʡ ʪʠʧʘ BEFORE, AFTER ʠ INTERP). ʆʙʱʠʡ 

ʛʨʘʬ ʧʦʟʚʦʣʷʝʪ ʙʳʩʪʨʦ ʚʳʙʠʨʘʪʴ ʮʝʧʦʯʢʠ ʨʘʩʩʫʞʜʝʥʠʡ ʥʘ ʟʘʜʘʥʥʫʶ ʛʣʫʙʠʥʫ, 

ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʨʘʬʘ ʢʦʥʪʝʢʩʪʘ, ʦʪʨʘʞʘʶʱʝʛʦ ʦʞʠʜʘ-

ʥʠʷ ʨʦʙʦʪʘ ʚ ʪʝʢʫʱʝʡ ʩʠʪʫʘʮʠʠ (ʥʘ ʪʝʢʫʱʝʤ ʵʪʘʧʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʣʫʙʠʥʘ 4 

ʰʘʛʘ, ʯʪʦ ʧʦʨʦʞʜʘʝʪ ʧʦʜʛʨʘʬʳ ʨʘʟʤʝʨʦʤ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʫʟʣʦʚ). ʇʨʠ 

ʧʦʩʪʫʧʣʝʥʠʠ ʩʪʠʤʫʣʘ (ʥʘʧʨʠʤʝʨ, ɺʘʩʷ ʧʦʰʸʣ ʚ ʛʠʤʥʘʟʠʶ) ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪ 

ʨʝʣʝʚʘʥʪʥʳʡ ʩʮʝʥʘʨʠʡ (ʥʘʧʨʠʤʝʨ, ʋʯʝʥʠʢ ʧʦʰʸʣ ʫʪʨʦʤ ʚ ʰʢʦʣʫ) ʠ ʟʘʧʦʣʥʷʝʪ 
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ʚʘʣʝʥʪʥʦʩʪʠ ʩʮʝʥʘʨʠʷ ʢʦʥʢʨʝʪʥʳʤʠ ʨʝʬʝʨʝʥʪʘʤʠ ʠʟ ʪʝʢʩʪʘ: óɺʘʩʷô ʠ óʛʠʤʥʘ-

ʟʠʷô. ʇʨʠ ʵʪʦʤ ʨʘʙʦʪʘʝʪ ʤʝʭʘʥʠʟʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʝʬʝʨʝʥʪʦʚ: ʝʩʣʠ ʚ ʩʮʝ-

ʥʘʨʠʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʘʛʝʥʩ ʧʦʩʳʣʢʠ (ʫʯʝʥʠʢ ʧʦʰʸʣé) ʩʦʚʧʘʜʘʝʪ ʩ ʘʛʝʥʩʦʤ 

ʩʣʝʜʩʪʚʠʷ (ʥʘʧʨʠʤʝʨ, ʫʯʝʥʠʢ ʩʠʜʝʣ ʥʘ ʫʨʦʢʝ), ʪʦ ʚ ʛʨʘʬʝ ʢʦʥʪʝʢʩʪʘ ʢʦʥʢʨʝʪ-

ʥʳʡ ʨʝʬʝʨʝʥʪ óɺʘʩʷô ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʟʘʧʦʣʥʷʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʘʣʝʥʪʥʦʩʪʠ 

ʚʦ ʚʩʝʭ ʧʦʨʦʞʜʸʥʥʳʭ ʫʟʣʘʭ ʛʨʘʬʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʙʩʪʨʘʢʪʥʦʝ ʩʣʝʜʩʪʚʠʝ 

ʩʮʝʥʘʨʠʷ ʫʯʝʥʠʢ ʧʦʣʫʯʠʣ ʦʮʝʥʢʫ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʢʦʥʢʨʝʪʥʳʡ ʚʳʚʦʜ ɺʘʩʷ ʧʦ-

ʣʫʯʠʣ ʦʮʝʥʢʫ ï ʨʦʙʦʪ ʙʫʜʝʪ ʦʞʠʜʘʪʴ, ʯʪʦ ʚ ʢʦʥʪʝʢʩʪʝ ʧʦʷʚʠʪʩʷ ʫʪʚʝʨʞʜʝʥʠʝ ʦ 

ʪʦʤ, ʯʪʦ óɺʘʩʷ ʧʦʣʫʯʠʣ ʚ ʰʢʦʣʝ ʥʝʢʦʪʦʨʫʶ ʦʮʝʥʢʫô. ɺʪʦʨʦʝ (ʠ ʧʦʩʣʝʜʫʶʱʠʝ) 

ʧʦʣʫʯʝʥʥʦʝ ʚʳʩʢʘʟʳʚʘʥʠʝ ʜʦʧʦʣʥʷʝʪ ʛʨʘʬ ʢʦʥʪʝʢʩʪʘ: ʝʩʣʠ ʚʪʦʨʳʤ ʧʨʝʜʣʦ-

ʞʝʥʠʝʤ ʪʝʢʩʪʘ ʙʫʜʝʪ ɺʘʩʷ ʧʦʣʫʯʠʣ ʧʷʪʸʨʢʫ, ʪʦ ʦʥʦ ʩʦʧʦʩʪʘʚʠʪʩʷ ʩ ʛʨʘʬʦʤ 

ʢʦʥʪʝʢʩʪʘ, ʘ ʪʘʢʞʝ ʨʘʩʰʠʨʠʪ ʵʪʦʪ ʛʨʘʬ (ʛʨʘʬ ʙʫʜʝʪ ʜʦʧʦʣʥʝʥ ʦʞʠʜʘʥʠʷʤʠ 

BEFORE, AFTER ʠ INTERP ʜʣʷ ʥʦʚʦʛʦ ʚʳʩʢʘʟʳʚʘʥʠʷ). ʆʜʠʥʘʢʦʚʳʝ ʧʨʝʜʠ-

ʢʘʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʥʝʟʘʧʦʣʥʝʥʥʳʤʠ ʨʝʬʝʨʝʥʪʘʤʠ ʚ ʛʨʘʬʝ ʢʦʥʪʝʢʩʪʘ ʩʣʠ-

ʚʘʁʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʜʫʙʣʠʨʦʚʘʥʠʷ.  

ʈ-ʩʮʝʥʘʨʠʠ ʧʦʟʚʦʣʷʶʪ ʨʦʙʦʪʫ ʧʦ ʚʭʦʜʷʱʝʡ ʩʠʪʫʘʮʠʠ ʢʦʥʩʪʨʫʠʨʦʚʘʪʴ 

ʧʨʦʠʟʚʦʜʥʳʝ ʩʠʪʫʘʮʠʠ, ʠ ʜʘʣʝʝ ʦʧʠʩʳʚʘʪʴ ʠʭ ʚ ʨʝʯʠ ʠʣʠ ʦʞʠʜʘʪʴ ʠʭ ʧʦʷʚʣʝ-

ʥʠʷ ʚ ʪʝʢʩʪʝ ʠʣʠ ʧʦʩʣʝʜʫʶʱʠʭ ʥʘʙʣʶʜʘʝʤʳʭ ʨʦʙʦʪʦʤ ʩʦʙʳʪʠʷʭ. ʇʨʠ ʵʪʦʤ 

ʚʦʟʥʠʢʘʝʪ ʧʨʦʙʣʝʤʘ ʨʝʣʝʚʘʥʪʥʦʩʪʠ ʚʳʩʢʘʟʳʚʘʥʠʡ: ʨʦʙʦʪ ʤʦʞʝʪ ʦʧʠʩʳʚʘʪʴ 

ʨʘʟʣʠʯʥʳʝ ʩʠʪʫʘʮʠʠ ʠʟ ʛʨʘʬʘ ʢʦʥʪʝʢʩʪʘ, ʥʦ ʯʝʣʦʚʝʢʫ ʵʪʠ ʩʠʪʫʘʮʠʠ ʥʝ ʙʫʜʫʪ 

ʢʘʟʘʪʴʩʷ ʨʝʣʝʚʘʥʪʥʳʤʠ, ʯʝʣʦʚʝʢ ʥʝ ʙʫʜʝʪ ʧʦʥʠʤʘʪʴ, çʢ ʯʝʤʫ ʨʦʙʦʪ ʵʪʦ ʛʦʚʦ-

ʨʠʪè (ʩʤ. ʨʠʩʫʥʦʢ 1 ʠ ʧʦʩʣʝʜʫʶʱʠʡ ʪʝʢʩʪʦʚʳʡ ʧʨʠʤʝʨ). 

 

 

ʈʠʩ. 1. ʉʠʪʫʘʮʠʷ ʢʦʤʤʫʥʠʢʘʪʠʚʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʨʦʙʦʪʦʤ ʌ-2 
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ʏʝʣʦʚʝʢ: ʈʦʙʦʪ ʥʨʘʚʠʣʩʷ ʯʝʣʦʚʝʢʫ 

ʈʦʙʦʪ: ʈʦʙʦʪ ʥʨʘʚʠʣʩʷ ʯʝʣʦʚʝʢʫ. ʏʝʣʦʚʝʢ ʚʩʪʨʝʪʠʣ ʨʦʙʦʪʘ. ʏʝʣʦʚʝʢ 

ʧʦʟʥʘʢʦʤʠʣʩʷ ʩ ʨʦʙʦʪʦʤ. ʏʝʣʦʚʝʢ ʚʣʶʙʠʣʩʷ ʨʦʙʦʪʘ.
1
 ʏʝʣʦʚʝʢ ʧʦʜʘʨʠʣ ʮʚʝ-

ʪʦʯʝʢ ʨʦʙʦʪʫ. ʈʦʙʦʪ ʧʨʠʛʣʷʥʫʣʩʷ ʯʝʣʦʚʝʢʫ. 

ʂʘʞʜʦʝ ʚʳʩʢʘʟʳʚʘʥʠʝ ʚ ʨʝʘʣʴʥʦʤ ʜʠʘʣʦʛʝ (ʠ ʢʘʞʜʦʝ ʜʝʡʩʪʚʠʝ ʚ ʧʦʚʝ-

ʜʝʥʠʠ) ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʘʙʣʶʜʘʪʝʣʶ ʥʘʤʝʨʝʥʥʳʤ ʠ ʧʨʝʩʣʝʜʫʶʱʠʤ 

ʦʧʨʝʜʝʣʸʥʥʫʶ ʮʝʣʴ. ɽʩʣʠ ʵʪʘ ʮʝʣʴ ʦʪʩʫʪʩʪʚʫʝʪ, ʪʦ ʨʝʯʝʚʦʝ ʧʦʚʝʜʝʥʠʝ ʚʳʛʣʷ-

ʜʠʪ ʭʘʦʪʠʯʥʳʤ ʠ ʥʝʦʨʛʘʥʠʟʦʚʘʥʥʳʤ, ʜʘʞʝ ʝʩʣʠ ʨʦʙʦʪ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʦʧʠ-

ʩʳʚʘʝʪ ʢʦʥʪʝʢʩʪ ʩʠʪʫʘʮʠʠ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʚʳ-

ʙʠʨʘʪʴ ʪʘʢʠʝ ʧʫʪʠ ʚ ʩʝʤʘʥʪʠʯʝʩʢʦʤ ʛʨʘʬʝ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʵʤʦʮʠʦʥʘʣʴʥʦ 

ʟʥʘʯʠʤʦʡ ʩʠʪʫʘʮʠʠ. ʈʦʙʦʪ ʤʦʞʝʪ ʦʮʝʥʠʚʘʪʴ ʥʝʢʦʪʦʨʳʝ ʩʠʪʫʘʮʠʠ ʚ ʩʚʦʸʤ ʦʢ-

ʨʫʞʝʥʠʠ ʠʣʠ ʧʨʝʜʧʦʣʘʛʘʝʤʳʝ ʩʠʪʫʘʮʠʠ ʢʘʢ ʧʦʟʠʪʠʚʥʳʝ ʠʣʠ ʥʝʛʘʪʠʚʥʳʝ [8]. 

ʆʧʠʩʘʥʠʝ ʧʫʪʝʡ ʚ ʛʨʘʬʝ ʢʦʥʪʝʢʩʪʘ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʵʤʦʮʠʦʥʘʣʴʥʦ-

ʟʥʘʯʠʤʳʤ ʩʠʪʫʘʮʠʷʤ, ʜʦʣʞʥʦ ʩʜʝʣʘʪʴ ʨʝʯʝʚʦʝ ʧʦʚʝʜʝʥʠʝ ʨʦʙʦʪʘ ʥʘʤʝʨʝʥʥʳʤ 

ʩʦ ʩʪʦʨʦʥʳ ʥʘʙʣʶʜʘʪʝʣʷ. ʕʪʦʪ ʤʝʭʘʥʠʟʤ ʙʫʜʝʪ ʥʘʧʦʤʠʥʘʪʴ çʫʥʠʚʝʨʩʘʣʴʥʳʡ 

ʨʝʰʘʪʝʣʴ ʟʘʜʘʯè ʅʴʶʵʣʣʘ ʠ ʉʘʡʤʦʥʘ ʩ ʪʦʡ ʨʘʟʥʠʮʝʡ, ʯʪʦ ʮʝʣʝʚʳʤ ʩʦʩʪʦʷʥʠ-

ʝʤ ʟʘʜʘʯʠ ʙʫʜʝʪ ʥʝʢʦʪʦʨʘʷ ʵʤʦʮʠʦʥʘʣʴʥʘʷ ʩʠʪʫʘʮʠʷ. ʈʦʙʦʪ ʙʫʜʝʪ çʦʞʠʜʘʪʴè 

ʧʦʟʠʪʠʚʥʦʛʦ ʨʘʟʚʠʪʠʷ ʩʦʙʳʪʠʡ (ʠʣʠ ʧʨʝʜʧʨʠʥʠʤʘʪʴ ʜʝʡʩʪʚʠʷ, ʯʪʦʙʳ ʩʪʠʤʫ-

ʣʠʨʦʚʘʪʴ ʪʘʢʦʡ ʠʩʭʦʜ) ʠ çʦʧʘʩʘʪʴʩʷè ʥʝʛʘʪʠʚʥʦʛʦ ʨʘʟʚʠʪʠʷ ʩʦʙʳʪʠʡ. ɼʣʷ 

ʵʤʦʮʠʦʥʘʣʴʥʦʡ ʦʮʝʥʢʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʥʚʝʥʪʘʨʴ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʜʦʤʠʥʘʥʪ-

ʥʳʭ ʩʮʝʥʘʨʠʝʚ (ʠʣʠ ʜ-ʩʮʝʥʘʨʠʝʚ), ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʦʙʨʘʙʦʪʢʫ ʵʤʦʮʠʦʥʘʣʴʥʳʭ 

ʩʠʪʫʘʮʠʡ: óʤʝʥʷ ʥʠʢʪʦ ʥʝ ʣʶʙʠʪô, óʷ ʥʠʢʦʤʫ ʥʝ ʥʫʞʝʥô, óʧʨʦʪʠʚ ʤʝʥʷ ʯʪʦ-ʪʦ 

ʟʘʤʳʰʣʷʶʪô ʠ ʪ. ʜ. ʀʥʚʝʥʪʘʨʴ ʜ-ʩʮʝʥʘʨʠʝʚ ʨʘʟʨʘʙʦʪʘʥ ʥʘ ʦʩʥʦʚʝ ʤʦʥʦʛʨʘʬʠʠ 

[9], ʛʜʝ ʧʨʠʚʝʜʝʥʦ 34 ʜ-ʩʮʝʥʘʨʠʷ, ʥʦ ʚ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪ-

ʩʷ ʦʢʦʣʦ 360 ʜ-ʩʮʝʥʘʨʠʝʚ, ʧʦʩʢʦʣʴʢʫ ʢʘʞʜʘʷ ʩʠʥʪʘʢʪʠʢʦ-ʩʝʤʘʥʪʠʯʝʩʢʘʷ ʩʭʝ-

ʤʘ ʚʳʜʝʣʝʥʘ ʦʪʜʝʣʴʥʦ. 

ʇʨʠ ʧʦʩʪʫʧʣʝʥʠʠ ʚʳʩʢʘʟʳʚʘʥʠʷ ʨʦʙʦʪ (ʘ) ʩʪʨʦʠʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʝ 

ʵʤʦʮʠʦʥʘʣʴʥʳʝ ʨʝʘʢʮʠʠ ʥʘ ʩʦʦʙʱʝʥʠʝ ʩ ʧʦʤʦʱʴʶ ʜ-ʩʮʝʥʘʨʠʝʚ, (ʙ) ʩʪʨʦʠʪ 

ʢʦʥʪʝʢʩʪʥʳʡ ʛʨʘʬ ʝʩʪʝʩʪʚʝʥʥʦ-ʷʟʳʢʦʚʦʛʦ ʚʳʚʦʜʘ ʠʟ ʜʘʥʥʦʛʦ ʩʦʦʙʱʝʥʠʷ ʥʘ 

ʥʝʢʦʪʦʨʫʶ ʛʣʫʙʠʥʫ, (ʚ) ʜʣʷ ʢʘʞʜʦʛʦ ʫʟʣʘ ʚ ʛʨʘʬʝ ʝʩʪʝʩʪʚʝʥʥʦ-ʷʟʳʢʦʚʦʛʦ ʚʳ-

ʚʦʜʘ ʦʮʝʥʠʚʘʝʪ ʙʣʠʟʦʩʪʴ ʵʪʦʛʦ ʫʟʣʘ ʢ ʜ-ʩʮʝʥʘʨʠʷʤ, ʠ (ʛ) ʦʪʙʠʨʘʝʪ ʚ ʛʨʘʬʝ 

ʢʦʥʪʝʢʩʪʘ ʪʘʢʠʝ ʧʫʪʠ, ʢʦʪʦʨʳʝ ʩ ʥʘʠʙʦʣʴʰʝʡ ʙʣʠʟʦʩʪʴʶ ʧʨʠʚʦʜʷʪ ʢ 

ʜ-ʩʮʝʥʘʨʠʷʤ. ʀʟʙʨʘʥʥʳʝ ʧʫʪʠ ʙʫʜʫʪ ʜʣʷ ʨʦʙʦʪʘ ʥʘʠʙʦʣʝʝ ʨʝʣʝʚʘʥʪʥʳʤʠ ʨʘʟ-

ʚʠʪʠʷʤʠ ʩʦʙʳʪʠʡ, ʢʦʪʦʨʳʝ ʦʥ ʜʦʣʞʝʥ ʚʳʨʘʞʘʪʴ ʚ ʨʝʯʠ ʠ ʢʦʪʦʨʳʝ (ʚ ʧʝʨʩʧʝʢ-

ʪʠʚʝ) ʜʦʣʞʥʳ ʚʳʟʳʚʘʪʴ ʜʝʡʩʪʚʠʷ ʨʦʙʦʪʘ. ɺ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʪ 

ʤʝʭʘʥʠʟʤ ʜʝʡʩʪʚʫʝʪ, ʢ ʧʨʠʤʝʨʫ, ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ʏʝʣʦʚʝʢ: ɸʩʧʠʨʘʥʪ ʦʧʠʩʘʣ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʤʝʭʘʥʠʟʤʳ ʚʥʠʤʘʥʠʷ. 

ʈʦʙʦʪ: ʍʦʨʦʰʠʡ ʯʝʣʦʚʝʢ ʥʘʩ ʧʦʥʠʤʘʝʪ [ʧʦʡʤʸʪ]. 

                                           
1
 ʆʪʤʝʯʝʥʥʘʷ ʦʰʠʙʢʘ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʚ ʢʦʤʧʦʥʝʥʪʝ ʩʠʥʪʝʟʘ ʥʝʚʝʨʥʦ ʦʧʠʩʘʥʘ ʤʦʜʝʣʴ ʫʧʨʘʚʣʝʥʠʷ 

ʛʣʘʛʦʣʘ ʚʣʶʙʠʪʩʷ. ʕʪʦʪ ʛʣʘʛʦʣ ʷʚʣʷʝʪʩʷ ʥʝʧʝʨʝʭʦʜʥʳʤ, ʠ ʙʣʠʞʘʡʰʠʡ ʘʢʪʘʥʪ ʧʨʠʩʦʝʜʠʥʷʝʪʩʷ ʢ ʥʝʤʫ ʚ ʚʠʜʝ 

ʧʨʝʜʣʦʞʥʦʡ ʛʨʫʧʧʳ ʚ ʍôʘ (ʥʘʧʨʠʤʝʨ, ʚ ɺʘʩʶ). ɿʜʝʩʴ ʞʝ ʨʦʙʦʪ ʠʩʧʦʣʴʟʫʝʪ ʵʪʦʪ ʛʣʘʛʦʣ ʢʘʢ ʧʝʨʝʭʦʜʥʳʡ. 
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ï ʠʩʭʦʜʥʦʝ ʚʳʩʢʘʟʳʚʘʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʩʦʟʜʘʥʠʶ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʛʨʘʬʘ 

ʥʘ ʛʣʫʙʠʥʫ 1 ʨʝʙʨʦ ʩ ʦʙʱʠʤ ʯʠʩʣʦʤ ʫʟʣʦʚ ï 47. ɼʣʷ ʢʘʞʜʦʛʦ ʫʟʣʘ ʦʮʝʥʠʚʘʝʪ-

ʩʷ ʙʣʠʟʦʩʪʴ ʢ ʜ-ʩʮʝʥʘʨʠʷʤ. ɺʳʙʠʨʘʝʪʩʷ ʚʝʪʚʴ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʦ ʩʮʝʥʘʨʠʶ 

@ʦʧʠʩʳʚʘʪʴʩʷ_14070_34_v3: óʚ ʩʪʘʪʴʝ ʦʧʠʩʳʚʘʣʦʩʴ, ʯʪʦ ʧʨʦʠʟʦʰʣʦô (ʧʦʩʳʣ-

ʢʘ) ï óʯʠʪʘʪʝʣʠ ʧʦʥʷʣʠ, ʯʪʦ ʧʨʦʠʟʦʰʣʦô (ʩʣʝʜʩʪʚʠʝ ʪʠʧʘ AFTER). ʕʪʦ ʩʣʝʜʩʪ-

ʚʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜ-ʩʮʝʥʘʨʠʶ ɺʅʀʄɸʅʀɽ óʧʨʠʷʪʥʦ, ʢʦʛʜʘ ʤʝʥʷ ʧʦʥʠʤʘʶʪô 

(ʩʤ. ʨʠʩ. 2). ʕʪʦʪ ʜ-ʩʮʝʥʘʨʠʡ ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʩʫʙʲʝʢʪ ʦʪʦʞʜʝʩʪʚʣʷʣ ʩʝʙʷ ʩ ʧʘ-

ʮʠʝʥʩʦʤ (ʩ ʪʝʤ, ʢʦʛʦ ʧʦʥʠʤʘʶʪ), ʣʠʙʦ ʩʯʠʪʘʣ óʪʦʛʦ, ʢʦʛʦ ʧʦʥʠʤʘʶʪô ʠ óʪʦʛʦ, 

ʢʪʦ ʥʘʧʠʩʘʣ ʪʝʢʩʪô ï ʧʨʦʪʘʛʦʥʠʩʪʦʤ (ʪʦ ʝʩʪʴ ʧʦʟʠʪʠʚʥʳʤ ʛʝʨʦʝʤ ʪʝʢʩʪʘ, 

çʩʚʦʠʤè). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʠʩʭʦʜʥʦʤʫ ʚʳʩʢʘʟʳʚʘʥʠʶ ʨʦʙʦʪ ʩʪʨʦʠʪ ʚʳʚʦʜ 

óʯʠʪʘʪʝʣʠ ʧʦʥʷʣʠ ʜʠʩʩʝʨʪʘʮʠʶ ʘʩʧʠʨʘʥʪʘô, ʵʤʦʮʠʦʥʘʣʴʥʦ ʦʮʝʥʠʚʘʝʪ ʵʪʦʪ ʚʳ-

ʚʦʜ ʢʘʢ ʥʘʠʙʦʣʝʝ ʨʝʣʝʚʘʥʪʥʳʡ (ʩʨʝʜʠ ʜʨʫʛʠʭ 47 ʫʟʣʦʚ ʛʨʘʬʘ) ʠ ʵʤʦʮʠʦʥʘʣʴʥʦ 

ʚʳʩʢʘʟʳʚʘʝʪʩʷ ʦʙ ʵʪʦʤ ʩʦʙʳʪʠʡ, ʩʯʠʪʘʷ óʘʩʧʠʨʘʥʪʘô çʩʚʦʠʤè (ʠʩʧʦʣʴʟʫʝʪ ʤʝ-

ʩʪʦʠʤʝʥʠʝ ʤ -rʥʘʩ). ʕʪʦ ʵʤʦʮʠʦʥʘʣʴʥʘʷ ʦʮʝʥʢʘ, ʦʪʥʦʩʷʱʘʷʩʷ ʢ ʙʫʜʫʱʝʤʫ (ʥʘ 

ʩʮʝʥʘʨʠʠ ʵʪʦ ʩʦʙʳʪʠʝ ʨʘʟʤʝʯʝʥʦ ʢʘʢ AFTER), ʧʦʟʚʦʣʷʶʱʘʷ ʨʦʙʦʪʫ çʦʞʠ-

ʜʘʪʴè ʠʣʠ çʧʨʝʜʧʦʣʘʛʘʪʴè, ʯʪʦ óʥʘʡʜʫʪʩʷ ʭʦʨʦʰʠʝ ʣʶʜʠ, ʢʦʪʦʨʳʝ ʧʦʡʤʫʪ 

ʜʠʩʩʝʨʪʘʮʠʶ ʘʩʧʠʨʘʥʪʘô. 

 

 
ʈʠʩ. 2. ɺʠʟʫʘʣʠʟʘʮʠʷ ʯʘʩʪʠ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʛʨʘʬʘ ʢʦʥʪʝʢʩʪʘ ʜʣʷ ʚʳʩʢʘʟʳʚʘʥʠʷ ɸʩʧʠʨʘʥʪ 

ʦʧʠʩʘʣ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʤʝʭʘʥʠʟʤʳ ʚʥʠʤʘʥʠʷ 

 

ɺʳʚʦʜʳ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʘʧʧʘʨʘʪʘ ʩʮʝʥʘʨʠʝʚ ʠ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʛʨʘʬʘ 

(ʢʘʢ ʦʙʱʝʛʦ ʛʨʘʬʘ ʟʥʘʥʠʡ, ʪʘʢ ʠ ʛʨʘʬʘ ʢʦʥʪʝʢʩʪʘ) ʧʦʟʚʦʣʷʝʪ ʨʦʙʦʪʫ ʧʦ ʚʳʩʢʘ-

ʟʳʚʘʥʠʶ ʩʪʨʦʠʪʴ ʢʦʥʪʝʢʩʪ ʚ ʚʠʜʝ ʛʨʘʬʘ, ʘ ʪʘʢʞʝ ʦʙʲʝʜʠʥʷʪʴ ʚ ʦʙʱʠʡ ʢʦʥ-

ʪʝʢʩʪ ʥʝʩʢʦʣʴʢʦ ʩʚʷʟʘʥʥʳʭ ʚʳʩʢʘʟʳʚʘʥʠʡ. ɺʚʝʜʝʥʠʝ ʵʤʦʮʠʦʥʘʣʴʥʦʡ ʩʠʪʫʘ-

ʮʠʠ ʢʘʢ ʮʝʣʝʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʧʦʠʩʢʘ ʧʫʪʠ ʚ ʵʪʦʤ ʛʨʘʬʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʮʝʣʝ-

ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ ʢʦʤʤʫʥʠʢʘʪʠʚʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʨʦʙʦʪʘ: ʨʦʙʦʪ ʧʦʣʫʯʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʩʫʞʜʘʪʴ ʚ ʨʝʯʠ ʥʝʛʘʪʠʚʥʳʝ ʩʠʪʫʘʮʠʠ, ʥʘʩʪʫʧʣʝʥʠʷ ʢʦʪʦʨʳʭ 

ʦʥ çʦʧʘʩʘʝʪʩʷè, ʘ ʪʘʢʞʝ ʧʦʟʠʪʠʚʥʳʝ ʩʠʪʫʘʮʠʠ, ʥʘʩʪʫʧʣʝʥʠʷ ʢʦʪʦʨʳʭ ʦʥ 
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çʦʞʠʜʘʝʪè. ʕʪʦ ʪʘʢʞʝ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʛʨʘʬ ʝʩʪʝʩʪʚʝʥʥʦ-

ʷʟʳʢʦʚʦʛʦ ʚʳʚʦʜʘ ʩ ʩʠʩʪʝʤʦʡ ʜʝʡʩʪʚʠʡ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʪ ʨʦʙʦʪʫ ʘʢʪʠʚʥʦ 

ʧʨʝʜʧʨʠʥʠʤʘʪʴ ʜʝʡʩʪʚʠʷ ʜʣʷ ʠʟʙʝʞʘʥʠʷ ʥʝʛʘʪʠʚʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ ʠ ʜʣʷ ʩʪʠ-

ʤʫʣʠʨʦʚʘʥʠʷ ʧʦʟʠʪʠʚʥʳʭ ʠʩʭʦʜʦʚ. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʛʠʙʨʠʜʥʳʡ ʤʝʪʦʜ ʘʥʘʣʠʟʘ ʣʦʛʦʚ KNX-

ʩʠʩʪʝʤ,r ʩʦʯʝʪʘʶʱʠʡ ʠʟʚʣʝʯʝʥʠʝ ʧʨʠʯʠʥʥʦ-ʩʣʝʜʩʪʚʝʥʥʳʭ ʧʨʘʚʠʣ ʠ ʦʙʥʘʨʫʞʝʥʠʝ 

ʚʨʝʤʝʥʥʳʭ ʧʨʠʚʳʯʝʢ ʧʦʣʴʟʦʚʘʪʝʣʷ. ʄʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʛʝʥʝʨʠʨʫʝʪ ʠʥʪʝʨʧʨʝʪʠ-

ʨʫʝʤʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʠʟʤʝʥʝʥʠʶ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʚʢʣʶʯʘʷ ʘʚʪʦʤʘʪʠʟʘʮʠʶ ʩʮʝʥ 

ʧʦ ʨʘʩʧʠʩʘʥʠʶ ʠ ʫʩʪʨʘʥʝʥʠʝ ʘʥʦʤʘʣʠʡ. ʂʘʯʝʩʪʚʦ ʧʨʘʚʠʣ ʦʮʝʥʠʚʘʝʪʩʷ ʙʝʟ ʨʫʯʥʦʡ 

ʨʘʟʤʝʪʢʠ ʥʘ ʦʩʥʦʚʝ ʠʭ ʧʦʚʪʦʨʷʝʤʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥʪ ʥʘ ʨʝʘʣʴʥʳʭ ʜʘʥʥʳʭ (4759 ʩʦ-

ʙʳʪʠʡ ʟʘ 35 ʜʥʝʡ) ʧʦʢʘʟʘʣ ʪʦʯʥʦʩʪʴ ʧʨʘʚʠʣ 95,4% ʠ ʚʳʷʚʠʣ 41 ʠʟʚʣʝʯʸʥʥʦʝ ʧʨʘʚʠ-

ʣʦ, 171 ʥʦʚʳʭ ʩʮʝʥʘʨʠʝʚ ʠ 45 ʧʨʝʜʣʦʞʝʥʠʡ ʧʦ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʩʮʝʥ. ʇʦʜʭʦʜ ʦʨʠʝʥ-

ʪʠʨʦʚʘʥ ʥʘ ʠʥʪʝʛʨʘʮʠʶ ʚ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʫʤʥʦʛʦ ʜʦʤʘ, ʪʘʢʠʝ ʢʘʢ Iridium 

ʠʣʠ Wirenboard.   
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 HYBRID  METHOD  FOR  RULE  AND  TEMPORAL  HABIT  MINING  IN  
KNX  CONFIGURATION  RECOMMENDATION    

 
Abstract: This paper presents a hybrid method for analyzing KNX system logs that 

combines causal rule mining and temporal habit discovery. The method automatically ge-

nerates interpretable configuration recommendations, including time-based scene auto-

mation and anomaly resolution. Rule quality is evaluated without manual labeling by 

measuring consistency across occurrences. Evaluation on real-world data (4759 events 

over 35 days) achieved 95,4% rule precision and yielded 41 rules, 171 new scenarios, and 

45 scene automation proposals. The approach is designed for integration into smart home 

automation systems such as Iridium or Wirenboard.     
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ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʧʨʦʙʣʝʤʝ ʦʪʩʫʪʩʪʚʠʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʘʜʘʧʪʘʮʠʠ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʩʪʘʥʜʘʨʪʘ KNX [1] ʢ ʠʟʤʝʥʷʶʱʝʤʫʩʷ 

ʧʦʚʝʜʝʥʠʶ ʧʦʣʴʟʦʚʘʪʝʣʷ. ʉʦʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʨʷʜʦʤ ʦʛʨʘ-

ʥʠʯʝʥʠʡ: ʦʜʥʠ ʪʨʝʙʫʶʪ ʨʫʯʥʦʡ ʥʘʩʪʨʦʡʢʠ ʠʥʞʝʥʝʨʦʤ, ʜʨʫʛʠʝ ʠʩʧʦʣʴʟʫʶʪ 

ʤʦʜʝʣʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ çʯʸʨʥʦʛʦ ʷʱʠʢʘè, ʯʪʦ ʩʥʠʞʘʝʪ ʜʦʚʝʨʠʝ ʧʦʣʴʟʦ-

ʚʘʪʝʣʝʡ ʠ ʟʘʪʨʫʜʥʷʝʪ ʚʘʣʠʜʘʮʠʶ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʚ ʙʳʪʦʚʳʭ ʠ ʢʨʠʪʠʯʝʩʢʠ 

ʚʘʞʥʳʭ ʩʮʝʥʘʨʠʷʭ [2ï4]. ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʦʜʯʸʨʢʠʚʘʝʪʩʷ ʚʘʞʥʦʩʪʴ ʠʥʪʝʨʧʨʝʪʠ-

ʨʫʝʤʦʩʪʠ ʠ ʧʨʦʟʨʘʯʥʦʩʪʠ ʨʝʰʝʥʠʡ ʜʣʷ ʫʤʥʦʛʦ ʜʦʤʘ, ʛʜʝ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʥʝʧʦ-

ʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʧʨʠʚʳʯʢʠ ʠ ʢʦʤʬʦʨʪ ʞʠʣʴʮʦʚ [3]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʨʘʩ-

ʪʸʪ ʠʥʪʝʨʝʩ ʢ ʛʠʙʨʠʜʥʳʤ ʤʝʪʦʜʘʤ, ʩʦʯʝʪʘʶʱʠʤ ʧʦʥʷʪʥʳʝ ʯʝʣʦʚʝʢʫ ʧʨʘʚʠʣʘ 

ʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ. 

ʄʝʪʦʜ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩʫʥʢʝ 1, ʚʢʣʶʯʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʫʶ ʦʙ-

ʨʘʙʦʪʢʫ KNX-ʣʦʛʦʚ, ʥʘʯʠʥʘʶʱʫʶʩʷ ʩ ʛʝʥʝʨʘʮʠʠ ʩʦʙʳʪʠʡ ʧʫʪʸʤ ʚʳʜʝʣʝʥʠʷ 

ʟʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʩʦʩʪʦʷʥʠʡ ʫʩʪʨʦʡʩʪʚ ʠ ʬʠʣʴʪʨʘʮʠʠ ʥʝʠʥʬʦʨʤʘʪʠʚʥʳʭ 

ʟʥʘʯʝʥʠʡ. ɼʘʣʝʝ ʩʦʙʳʪʠʷ ʛʨʫʧʧʠʨʫʶʪʩʷ ʚʦ ʚʨʝʤʝʥʥʳʝ ʢʣʘʩʪʝʨʳ (çʚʩʧʣʝʩʢʠè) 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 5 ʩʝʢʫʥʜ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʠʧʠʯʥʳʤ ʧʦʣʴʟʦʚʘ-

ʪʝʣʴʩʢʠʤ ʩʮʝʥʘʨʠʷʤ. ʅʘ ʦʩʥʦʚʝ ʚʳʷʚʣʝʥʥʳʭ ʚʩʧʣʝʩʢʦʚ ʬʦʨʤʠʨʫʶʪʩʷ ʠʥʪʝʨ-

ʧʨʝʪʠʨʫʝʤʳʝ ʧʨʘʚʠʣʘ ʚʠʜʘ çʝʩʣʠ A = v, ʪʦ B = v , C = v éè, ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ 

ʢʦʪʦʨʳʭ ʦʮʝʥʠʚʘʶʪʩʷ ʧʦʜʜʝʨʞʢʘ (ʯʘʩʪʦʪʘ ʩʨʘʙʘʪʳʚʘʥʠʷ) ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ 

(ʩʪʘʙʠʣʴʥʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʨʝʘʢʮʠʡ). ʇʘʨʘʣʣʝʣʴʥʦ ʧʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʫʩʪ-

ʨʦʡʩʪʚ, ʥʝ ʦʭʚʘʯʝʥʥʳʭ ʧʨʘʚʠʣʘʤʠ, ʩ ʮʝʣʴʶ ʚʳʷʚʣʝʥʠʷ ʨʝʛʫʣʷʨʥʳʭ ʚʨʝʤʝʥ-

ʥʳʭ ʧʨʠʚʳʯʝʢ, ʪʘʢʠʭ ʢʘʢ ʚʢʣʶʯʝʥʠʝ ʠʣʠ ʚʳʢʣʶʯʝʥʠʝ ʚ ʦʧʨʝʜʝʣʸʥʥʳʝ ʯʘʩʳ 

ʩʫʪʦʢ. ʆʪʜʝʣʴʥʦ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʧʦʚʝʜʝʥʠʝ ʧʦʣʴʟʦʚʘʪʝʣʷ ʚ ʦʪʥʦʰʝʥʠʠ ʩʫʱʝ-

ʩʪʚʫʶʱʠʭ ʩʮʝʥ, ʧʨʠ ʦʙʥʘʨʫʞʝʥʠʠ ʨʝʛʫʣʷʨʥʦʛʦ ʨʫʯʥʦʛʦ ʟʘʧʫʩʢʘ ʩʮʝʥʳ ʬʦʨ-

ʤʠʨʫʝʪʩʷ ʧʨʝʜʣʦʞʝʥʠʝ ʧʦ ʝʸ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʦ ʨʘʩʧʠʩʘʥʠʶ. ʈʝʟʫʣʴʪʘʪʦʤ ʨʘ-

ʙʦʪʳ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʥʘʙʦʨ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʠʟʤʝʥʝʥʠʶ ʢʦʥʬʠʛʫʨʘʮʠʠ 

KNX-ʩʠʩʪʝʤʳ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʥʘ ʠʥʞʝʥʝʨʘ-ʧʨʦʝʢʪʠʨʦʚʱʠʢʘ ʠ ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʳʭ ʚ ʚʠʜʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʪʝʢʩʪʦʚʦʛʦ ʠʣʠ HTML-ʦʪʯʸʪʘ. 

ɼʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʚʘʣʠʜʘʮʠʠ: 

ʧʨʘʚʠʣʦ ʩʯʠʪʘʝʪʩʷ ʜʦʩʪʦʚʝʨʥʳʤ, ʝʩʣʠ ʝʛʦ ʚʳʧʦʣʥʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ Ó 90 % 

ʩʨʘʙʘʪʳʚʘʥʠʡ ʪʨʠʛʛʝʨʘ. ʕʪʦ ʠʩʢʣʶʯʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʫʯʥʦʡ ʨʘʟʤʝʪʢʠ ʘʥʦ-

ʤʘʣʠʡ [3]. 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʝʜʸʥ ʥʘ ʣʦʛʝ KNX-ʩʠʩʪʝʤʳ ʞʠʣʦʛʦ ʜʦʤʘ ʟʘ 30 ʜʥʝʡ 

(4759 ʩʦʙʳʪʠʡ, 120 ʛʨʫʧʧʦʚʳʭ ʘʜʨʝʩʦʚ). ʈʝʟʫʣʴʪʘʪʳ: 

- ʪʦʯʥʦʩʪʴ ʧʨʘʚʠʣ: 95,4 %; 

- ʠʟʚʣʝʯʝʥʦ 41 ʧʨʘʚʠʣʦ; 

- ʚr ʷʚʣʝʥʦ 171 ʥʦʚʳʡ ʩʮʝʥʘʨʠʡ (ʢʘʥʜʠʜʘʪ ʥʘ ʧʨʘʚʠʣʦ); 

- ʩʬʦʨʤʠʨʦʚʘʥʦ 39 ʚʨʝʤʝʥʥʳʭ ʧʨʠʚʳʯʝʢ (ʚʢʣʶʯʝʥʠʝ/ʚʳʢʣʶʯʝʥʠʝ ʧʦ 

ʯʘʩʘʤ); 
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ʈʠʩ. 1. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʚ ʧʨʝʜʣʦʞʝʥʥʦʤ ʤʝʪʦʜʝ 

 

- ʧʨʝʜʣʦʞʝʥʦ 45 ʘʚʪʦʤʘʪʠʟʘʮʠʡ ʩʮʝʥ (ʟʘʧʫʩʢ ʧʦ ʨʘʩʧʠʩʘʥʠʶ). 
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ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʣʘʛʘʝʪʩʷ ʧʨʠʤʝʨ ʨʝʢʦʤʝʥʜʘʮʠʡ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʡ 

ʩʠʩʪʝʤʦʡ.   

 

 
ʈʠʩ. 2. ʌʨʘʛʤʝʥʪ HTML-ʦʪʯʝʪʘ 

 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʚʟʘʠʤʦʩʚʷʟʝʡ ʤʝʞʜʫ ʫʩʪʨʦʡʩʪʚʘʤʠ ʚʳʧʦʣʥʝʥʘ ʚ ʚʠʜʝ ʪʝ-

ʧʣʦʚʦʡ ʢʘʨʪʳ ʫʩʣʦʚʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ (ʩʤ. ʨʠʩ. 3), ʛʜʝ ʷʯʝʡʢʘ (i, j) ʦʪʦʙʨʘʞʘʝʪ 

ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʫʩʪʨʦʡʩʪʚʦ j ʘʢʪʠʚʥʦ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʫʩʪʨʦʡʩʪʚʦ i ʘʢ-

ʪʠʚʥʦ. 

 

 
ʈʠʩ. 3. ʊʝʧʣʦʚʘʷ ʢʘʨʪʘ ʫʩʣʦʚʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʘʢʪʠʚʘʮʠʠ ʫʩʪʨʦʡʩʪʚ 

 

ʇʦʜʭʦʜ ʨʝʘʣʠʟʦʚʘʥ ʥʘ Python ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ pandas, scikit-learn [5] ʠ 

plotly. ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʧʨʦʧʫʩʢʦʚ ʧʨʠʤʝʥʷʣʩʷ SimpleImputer ʩ ʟʘʧʦʣʥʝʥʠʝʤ 

ʥʫʣʷʤʠ, ʯʪʦ ʢʦʨʨʝʢʪʥʦ ʜʣʷ one-hot ʧʨʝʜʩʪʘʚʣʝʥʠʷ.  

ʈʘʙʦʪʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ, ʦʙʲʝʜʠʥʷʶʱʠʡ ʠʟʚʣʝ-

ʯʝʥʠʝ ʧʨʘʚʠʣ ʠ ʦʙʥʘʨʫʞʝʥʠʝ ʚʨʝʤʝʥʥʳʭ ʧʨʠʚʳʯʝʢ, ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʠʥʪʝʨ-

ʧʨʝʪʠʨʫʝʤʫʶ, ʘʜʘʧʪʠʚʥʫʶ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʠʤʝʥʠʤʫʶ ʩʠʩʪʝʤʫ ʜʣʷ KNX. ɺ 

ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʠʥʪʝʛʨʘʮʠʷ ʚ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʫʤʥʦʛʦ ʜʦʤʘ, 

ʪʘʢʠʝ ʢʘʢ Iridium ʠʣʠ Wirenboard, ʯʝʨʝʟ API ʠ ʧʦʜʜʝʨʞʢʘ ʦʥʣʘʡʥ-ʦʙʫʯʝʥʠʷ. 
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ʉʦʚʨʝʤʝʥʥʳʝ ʟʘʜʘʯʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʥʘʣʠʯʠʝʤ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʤʥʦʛʦʤʝʨʥʳʭ ʜʘʥʥʳʭ ʠ ʚʳʩʦʢʦʡ ʧʦʪʨʝʙʥʦʩʪʴʶ ʚ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʘʭ, ʯʪʦ ʩʪʘʚʠʪ ʧʝʨʝʜ ʫʯʝʥʳʤʠ ʚʳʟʦʚʳ ʚ ʦʙʣʘʩʪʠ ʵʬ-

ʬʝʢʪʠʚʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. ʅʘʧʨʠʤʝʨ, ʦʩʪʨʦ ʵʪʠ ʚʳʟʦʚʳ ʧʨʦʷʚʣʷʶʪ-

ʩʷ ʚ ʟʘʜʘʯʘʭ ʢʣʘʩʪʝʨʠʟʘʮʠʠ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚʳʷʚʠʪʴ ʩʢʨʳʪʳʝ ʩʪʨʫʢ-

ʪʫʨʳ ʜʘʥʥʳʭ, ʥʦ ʠ ʚʳʧʦʣʥʠʪʴ ʚ ʨʘʟʫʤʥʳʝ ʩʨʦʢʠ. ʆʜʥʦʡ ʠʟ ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘ-

ʯʠʤʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʝ. 

ɼʠʘʙʝʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʭʨʦʥʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʠ 
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ʨʘʥʥʝʝ ʚʳʷʚʣʝʥʠʝ ʣʠʮ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚ ʛʨʫʧʧʝ ʨʠʩʢʘ, ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʦʡ 

ʟʘʜʘʯʝʡ ʚ ʧʨʦʬʠʣʘʢʪʠʢʝ ʟʘʙʦʣʝʚʘʥʠʷ.  

ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʤʦʜʝʣʝʡ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʛʨʫʧʧʠʨʦʚʢʠ 

ʜʘʥʥʳʭ ʷʚʣʷʝʪʩʷ ʘʣʛʦʨʠʪʤ k-means [1, 2], ʧʨʝʜʣʦʞʝʥʥʳʡ ɻ. ʐʪʝʡʥʛʘʫʟʦʤ [3] 

ʠ ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʠʪʝʨʘʪʠʚʥʦʡ ʬʦʨʤʝ ʉ. ʃʣʦʡʜʦʤ [4].  

ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʦʩʪʦʪʫ ʨʝʘʣʠʟʘʮʠʠ ʠ ʰʠʨʦʢʫʶ ʧʨʠʤʝʥʠʤʦʩʪʴ, ʂʣʘʩʩʠ-

ʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ k-means ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʦʛʨʘʥʠʯʝʥʠʡ. ɸʣʛʦʨʠʪʤ ʯʫʚʩʪʚʠʪʝ-

ʣʝʥ ʢ ʚʳʙʦʨʫ ʥʘʯʘʣʴʥʦʡ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʮʝʥʪʨʦʠʜʦʚ, ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ ʥʘʭʦʞ-

ʜʝʥʠʝ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ 

ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ ʧʨʠ ʨʘʙʦʪʝ ʩ ʙʦʣʴʰʠʤʠ ʦʙʲʸʤʘʤʠ ʜʘʥʥʳʭ. ɺ ʢʘ-

ʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʧʨʝʜʣʦʞʝʥ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ Elkanôs k-

means [5,6], ʠʩʧʦʣʴʟʫʶʱʠʡ ʥʝʨʘʚʝʥʩʪʚʦ ʪʨʝʫʛʦʣʴʥʠʢʘ ʜʣʷ ʩʦʢʨʘʱʝʥʠʷ ʢʦʣʠ-

ʯʝʩʪʚʘ ʚʳʯʠʩʣʝʥʠʡ ʨʘʩʩʪʦʷʥʠʡ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʣʛʦʨʠʪʤʦʚ k-means ʠ Elkanôs k-means ʥʘ ʤʝʜʠʮʠʥʩʢʠʭ ʜʘʥ-

ʥʳʭ, ʘ ʪʘʢʞʝ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʘ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʮʝʥʪʨʦʠʜʦʚ ʥʘ ʢʘʯʝʩʪʚʦ 

ʢʣʘʩʪʝʨʠʟʘʮʠʠ, ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ ʘʣʛʦʨʠʪʤʦʚ. 

ʎʝʣʴʶ ʟʘʜʘʯʠ k-means ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ k ʪʦʯʝʢ (ʮʝʥʪʨʦʚ, ʮʝʥʪʨʦʠʜʦʚ) 

X1,éXk ʚ d-ʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʫʤʤʘ ʢʚʘʜʨʘʪʦʚ ʨʘʩʩʪʦʷʥʠʡ 

ʦʪ ʢʘʞʜʦʡ ʠʟ ʟʘʜʘʥʥʳʭ ʪʦʯʝʢ ʜʘʥʥʳʭ (ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ) A1,é,AN ʜʦ ʙʣʠʞʘʡ-

ʰʝʛʦ ʢ ʥʝʡ ʮʝʥʪʨʦʠʜʘ ʜʦʩʪʠʛʘʣʘ ʤʠʥʠʤʫʤʘ (1): 

 argminF(X1,...,Xk)= Вmin
jᶰ1,k

Xj-Ai
2
. (1) 

ɸʣʛʦʨʠʪʤ k-means ʨʝʰʘʝʪ ʵʪʫ ʟʘʜʘʯʫ ʧʫʪʝʤ ʠʪʝʨʘʪʠʚʥʦʛʦ ʨʘʟʙʠʝʥʠʷ 

ʤʥʦʞʝʩʪʚʘ ʚʝʢʪʦʨʦʚ ʥʘʙʣʶʜʝʥʠʡ ʥʘ k ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʢʣʘʩʪʝʨʦʚ ʉj, j = 

1..k, ʛʜʝ ʢʘʞʜʳʡ ʢʣʘʩʪʝʨ ʉj ʩʦʜʝʨʞʠʪ ʪʦʯʢʠ, ʙʣʠʞʘʡʰʠʝ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ 

ʮʝʥʪʨʦʠʜʫ Xj. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ ɼʞ. ʄʘʢʢʫʠʥʘ [7] ʙʘʟʦʚʳʡ ʘʣʛʦʨʠʪʤ  

k-means, ʠʟʚʝʩʪʥʳʡ ʪʘʢʞʝ ʢʘʢ ʘʣʛʦʨʠʪʤ ʃʣʦʡʜʘ, ʩʦʩʪʦʠʪ ʠʟ ʠʪʝʨʘʪʠʚʥʦʛʦ ʧʦ-

ʚʪʦʨʝʥʠʷ ʩʣʝʜʫʶʱʠʭ ʜʚʫʭ ʰʘʛʦʚ: 

ɼʘʥʦ: k ʠʩʭʦʜʥʳʭ ʢʣʘʩʪʝʨʥʳʭ ʮʝʥʪʨʦʚ (ʮʝʥʪʨʦʠʜʦʚ). 

ʐʘʛ 1. ʉʦʟʜʘʥʠʝ ʥʦʚʦʛʦ ʢʣʘʩʪʝʨʘ ʉj, ʥʘʟʥʘʯʝʥʠʝʤ ʢʘʞʜʦʡ ʪʦʯʢʠ ʜʘʥʥʳʭ 

ʙʣʠʞʘʡʰʝʤʫ ʮʝʥʪʨʫ ʢʣʘʩʪʝʨʘ (ʮʝʥʪʨʦʠʜʫ). 

ʐʘʛ 2. ɺʳʯʠʩʣʝʥʠʝ ʥʦʚʳʭ ʢʣʘʩʪʝʨʥʳʭ ʮʝʥʪʨʦʚ. 

ʇʦʚʪʦʨʝʥʠʝ ʰʘʛʦʚ 1 ʠ 2, ʧʦʢʘ ʚʥʫʪʨʠ ʢʘʞʜʦʛʦ ʢʣʘʩʪʝʨʘ ʠʟʤʝʥʝʥʠʷ ʥʝ 

ʧʨʝʢʨʘʪʷʪʩʷ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʘʣʛʦʨʠʪʤʝ k-means ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʢʦʣʠʯʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ (ʛʨʫʧʧ, ʧʦʜʤʥʦʞʝʩʪʚ) ʠ ʧʦʣʫʯʝʥʥʳʡ 

ʨʝʟʫʣʴʪʘʪ ʟʘʚʠʩʠʪ ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʚʳʙʦʨʘ ʮʝʥʪʨʦʠʜʦʚ, ʧʦʩʢʦʣʴʢʫ ʘʣʛʦʨʠʪʤ 

ʨʝʘʣʠʟʫʝʪ ʣʦʢʘʣʴʥʳʡ ʧʦʠʩʢ ʠ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ ʥʘʭʦʞʜʝʥʠʷ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠ-

ʤʫʤʘ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ. ʇʦʵʪʦʤʫ ʦʜʥʦʢʨʘʪʥʳʡ ʟʘʧʫʩʢ ʘʣʛʦʨʠʪʤʘ ʤʦʞʝʪ ʧʨʠ-

ʚʝʩʪʠ ʢ ʩʫʙʦʧʪʠʤʘʣʴʥʦʤʫ ʨʝʰʝʥʠʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʥʦʛʦ-
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ʢʨʘʪʥʦʛʦ ʟʘʧʫʩʢʘ ʘʣʛʦʨʠʪʤʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʜʣʷ ʥʘ-

ʜʝʞʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʘ. 

ʂʣʘʩʩʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ k-means ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʚʳʯʠʩʣʷʝʪ ʨʘʩ-

ʩʪʦʷʥʠʷ ʦʪ ʢʘʞʜʦʡ ʪʦʯʢʠ ʜʘʥʥʳʭ ʜʦ ʚʩʝʭ ʮʝʥʪʨʦʠʜʦʚ, ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ 

ʙʣʠʞʘʡʰʠʡ ʢʣʘʩʪʝʨ. ʇʨʠ ʨʘʙʦʪʝ ʩ ʙʦʣʴʰʠʤʠ ʦʙʲʸʤʘʤʠ ʜʘʥʥʳʭ ʵʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʚʳʩʦʢʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʣʦʞʥʦʩʪʠ O Nkd  ʥʘ ʠʪʝʨʘʮʠʶ (N ï ʢʦʣʠʯʝʩʪʚʦ 

ʦʙʲʝʢʪʦʚ, k ï ʢʦʣʠʯʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ, d ï ʨʘʟʤʝʨʥʦʩʪʴ). 

ɺ ʨʘʙʦʪʝ [5] ʧʨʝʜʣʦʞʝʥʘ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʘʷ ʚʝʨʩʠʷ ʘʣʛʦʨʠʪʤʘ  

k-means, ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʨʘʚʝʥʩʪʚʘ ʪʨʝʫʛʦʣʴʥʠʢʘ ʜʣʷ ʩʦ-

ʢʨʘʱʝʥʠʷ ʯʠʩʣʘ ʚʳʯʠʩʣʝʥʠʡ ʨʘʩʩʪʦʷʥʠʡ. ʀʜʝʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦʙʳ ʠʟ-

ʙʝʛʘʪʴ ʣʠʰʥʠʭ ʚʳʯʠʩʣʝʥʠʡ ʨʘʩʩʪʦʷʥʠʡ, ʝʩʣʠ ʤʦʞʥʦ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʪʦʯʢʘ ʥʝ 

ʤʦʞʝʪ ʧʝʨʝʡʪʠ ʚ ʜʨʫʛʦʡ ʢʣʘʩʪʝʨ. ɺʳʜʝʣʠʤ ʢʣʶʯʝʚʳʝ ʤʦʤʝʥʪʳ Elkanôs  

k-means: 

- ɼʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ Ai ʠ ʢʘʞʜʦʛʦ ʮʝʥʪʨʦʠʜʘ Xj ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʥʠʞʥʷʷ 

ʛʨʘʥʠʮʘ l ij A᷆i-Xj .᷆ ɽʩʣʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʪʝʢʫʱʝʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ Ai ʜʦ ʝʸ ʪʝʢʫ-

ʱʝʛʦ ʮʝʥʪʨʦʠʜʘ Xj*  ʤʝʥʴʰʝ, ʯʝʤ l ij  ʜʣʷ ʣʶʙʦʛʦ ʜʨʫʛʦʛʦ j j*, ʪʦ ʧʝʨʝʩʯʸʪ ʨʘʩ-

ʩʪʦʷʥʠʷ ʜʦ Xjʤʦʞʥʦ ʧʨʦʧʫʩʪʠʪʴ. 

- ʇʦʜʜʝʨʞʠʚʘʝʪʩʷ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ui A᷆i-Xj* .᷆ ɽʩʣʠ ʮʝʥʪʨʦʠʜʳ ʠʟʤʝ-

ʥʠʣʠʩʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʠ ui ʦʩʪʘʸʪʩʷ ʤʝʥʴʰʝ ʚʩʝʭ l ij, ʪʦ ʧʝʨʝʥʘʟʥʘʯʝʥʠʝ ʪʦʯʢʠ 
ʥʝ ʪʨʝʙʫʝʪʩʷ. 

- ʇʨʠ ʦʙʥʦʚʣʝʥʠʠ ʮʝʥʪʨʦʠʜʦʚ ʥʦʚʳʝ ʨʘʩʩʪʦʷʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʮʝʥʝʥʳ 

ʙʝʟ ʧʨʷʤʦʛʦ ʚʳʯʠʩʣʝʥʠʷ (2): 

 A᷆i-Xj
 new᷆ A᷆i-Xj

 old -᷆ A᷆j
 old-Xj

 new. (2) 

ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʥʦʚʣʷʪʴ ʥʠʞʥʠʝ ʠ ʚʝʨʭʥʠʝ ʛʨʘʥʠʮʳ. 

- ɽʩʣʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʮʝʥʪʨʦʠʜʘʤʠ ʚʝʣʠʢʦ, ʪʦ ʥʝʢʦʪʦʨʳʝ 

ʪʦʯʢʠ ʟʘʚʝʜʦʤʦ ʥʝ ʤʦʛʫʪ ʧʝʨʝʡʪʠ ʦʪ ʦʜʥʦʛʦ ʢ ʜʨʫʛʦʤʫ. ʕʪʦ ʧʦʟʚʦʣʷʪ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʯʠʩʣʦ ʧʨʦʚʝʨʦʢ. 

- ʍʨʘʥʝʥʠʝ ʪʦʣʴʢʦ k-1 ʥʠʞʥʠʭ ʛʨʘʥʠʮ ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʜʦ ʚʩʝʭ ʮʝʥ-

ʪʨʦʠʜʦʚ, ʢʨʦʤʝ ʪʝʢʫʱʝʛʦ. 

ɺ ʭʫʜʰʝʤ ʩʣʫʯʘʝ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ Elkanôs k-

means ʦʩʪʘʸʪʩʷ ʪʘʢʦʡ ʞʝ, ʢʘʢ ʫ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ k-means O(Nkd). ʅʦ 
ʥʘ ʧʨʘʢʪʠʢʝ ʘʣʛʦʨʠʪʤ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝ 2-10 ʨʘʟʘ ʠ ʙʦ-

ʣʝʝ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʙʦʣʴʰʦʤ N, ʫʤʝʨʝʥʥʦʤ ʠʣʠ ʤʘʣʦʤ k, ʥʠʟʢʦʡ ʨʘʟʤʝʨʥʦʩʪʠ 
d, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʡ ʢʣʘʩʪʝʨʥʦʡ ʨʘʟʜʝʣʠʤʦʩʪʠ. 

ɸʣʛʦʨʠʪʤ ʦʩʦʙʝʥʥʦ ʵʬʬʝʢʪʠʚʝʥ ʥʘ ʠʪʝʨʘʮʠʷʭ, ʙʣʠʟʢʠʭ ʢ ʩʭʦʜʠʤʦʩʪʠ, 

ʢʦʛʜʘ ʮʝʥʪʨʦʠʜʳ ʧʦʯʪʠ ʥʝ ʤʝʥʷʶʪʩʷ, ʠ ʛʨʘʥʠʮʳ ʧʦʟʚʦʣʷʶʪ ʦʪʩʝʷʪʴ ʧʦʜʘʚ-

ʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʚʳʯʠʩʣʝʥʠʡ. 

ʇʨʦʚʝʜʝʥʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʜʚʫʭ ʧʦʜʚʳʙʦʨʢʘʭ ʥʘʙʦ-

ʨʘ ʜʘʥʥʳʭ ʦ ʧʦʢʘʟʘʪʝʣʷʭ ʟʜʦʨʦʚʴʷ ʨʝʩʧʦʥʜʝʥʪʦʚ ʧʨʠ ʜʠʘʙʝʪʝ, ʩʦʟʜʘʥʥʦʛʦ ʥʘ 

ʦʩʥʦʚʝ ʦʧʨʦʩʘ ʎʝʥʪʨʘ ʧʦ ʢʦʥʪʨʦʣʶ ʠ ʧʨʦʬʠʣʘʢʪʠʢʝ ʟʘʙʦʣʝʚʘʥʠʡ ʉʐɸ 
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(CDC) [8]: Diabetes_5000 (5000 ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ ʨʘʟʤʝʨʥʦʩʪʴʶ 21), 

Diabetes_16000 (16000 ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ ʨʘʟʤʝʨʥʦʩʪʴʶ 21).  

ɺ ʢʘʞʜʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʚ ʢʘʯʝʩʪʚʝ ʤʝʨʳ ʨʘʩʩʪʦʷʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʢʚʘʜʨʘʪ ɽʚʢʣʠʜʦʚʘ ʨʘʩʩʪʦʷʥʠʷ. ʀʥʠʮʠʘʣʠʟʘʮʠʷ ʥʘʯʘʣʴʥʳʭ ʮʝʥʪʨʦʠʜʦʚ ʦʩʫ-

ʱʝʩʪʚʣʷʣʦʩʴ ʪʨʝʤʷ ʩʧʦʩʦʙʘʤʠ: ʩʣʫʯʘʡʥʦ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʡ ʥʘʙʦʨ ʮʝʥʪʨʦʠʜʦʚ 

(random); ʚʳʙʦʨ ʠʩʭʦʜʥʳʭ ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʮʝʥʪʨʦʠ-

ʜʦʚ (point); ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʩʝʭ ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ 

ʧʦ ʢʣʘʩʪʝʨʘʤ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʩʨʝʜʥʝʥʠʝʤ ʢʦʦʨʜʠʥʘʪ ʚʝʢʪʦʨʘ ʚʥʫʪʨʠ ʢʘʞʜʦ-

ʛʦ ʢʣʘʩʪʝʨʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʯʘʣʴʥʳʭ ʮʝʥʪʨʦʠʜʦʚ (average). ʂʘʞʜʳʡ ʵʢʩ-

ʧʝʨʠʤʝʥʪ ʧʦʚʪʦʨʷʣʩʷ 30 ʨʘʟ ʜʣʷ ʢʘʞʜʦʛʦ ʩʧʦʩʦʙʘ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʥʘʯʘʣʴʥʳʭ 

ʮʝʥʪʨʦʠʜʦʚ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʨʨʝʢʪʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʘʣʛʦʨʠʪʤʦʚ k-means ʠ Elkanôs k-means ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠʜʝʥʪʠʯʥʳʝ ʥʘʯʘʣʴ-

ʥʳʝ ʮʝʥʪʨʦʠʜʳ: ʚ ʢʘʞʜʦʤ ʟʘʧʫʩʢʝ ʦʙʘ ʘʣʛʦʨʠʪʤʘ ʩʪʘʨʪʦʚʘʣʠ ʩ ʦʜʥʦʛʦ ʠ ʪʦʛʦ 

ʞʝ ʥʘʙʦʨʘ ʥʘʯʘʣʴʥʳʭ ʮʝʥʪʨʦʠʜʦʚ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʙʲʝʢʪʠʚʥʦ ʩʨʘʚ-

ʥʠʪʴ ʦʙʱʝʝ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʩʪʘʨʪʦʚʳʭ ʫʩʣʦʚʠʷʭ. 

ʇʦ ʢʘʞʜʦʤʫ ʘʣʛʦʨʠʪʤʫ ʨʘʩʩʯʠʪʘʥʳ ʤʠʥʠʤʘʣʴʥʦʝ (Min), ʤʘʢʩʠʤʘʣʴʥʦʝ 

(Max), ʩʨʝʜʥʝʝ (Average), ʤʝʜʠʘʥʥʦʝ (Median) ʟʥʘʯʝʥʠʷ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ 

ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ, ʘ ʪʘʢʞʝ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 

(Std.Dev.), ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚʘʨʠʘʮʠʠ (V) ʠ ʨʘʟʤʘʭʘ(R) ʮʝʣʝʚʦʡ 

ʬʫʥʢʮʠʠ (ʩʤ. ʪʘʙʣ. 1 ʠ 2). ʈʘʟʣʠʯʠʷ ʚ ʟʥʘʯʝʥʠʷʭ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʤʝʞʜʫ  ʘʣ-

ʛʦʨʠʪʤʘʤʠ k-means ʠ Elkanôs k-means ʥʝ ʧʨʝʚʳʰʘʝʪ 0,1%, ʯʪʦ ʥʘʭʦʜʠʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ ʤʘʰʠʥʥʦʡ ʪʦʯʥʦʩʪʠ ʠ ʧʦʜʪʚʝʨʞʜʘʝʪ ʠʭ ʯʠʩʣʝʥʥʫʶ ʵʢʚʠʚʘʣʝʪʥʦʩʪʴ 

ʧʨʠ ʠʜʝʥʪʠʯʥʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. ʆʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʢʣʘʩʪʝʨʦʚ ʜʣʷ Diabetes_16000 ʙʳʣʦ ʥʘʡʜʝʥʦ ʧʦ ʢʨʠʪʝʨʠʶ ʩʠʣʫʵʪʘ [9]. 

 
ʊʘʙʣʠʮʘ 1. ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʥʘʙʦʨʘ ʜʘʥʥʳʭ 

Diabetes_16000 (16000 ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ ʨʘʟʤʝʨʥʦʩʪʴʶ 21), 10 ʢʣʘʩʪʝʨʦʚ 
 k-means Elkanôs k-means 

 random point average random point average 

 ɿʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ 

Min 663530,48 649902,28 649762,95 663441,01 649770,52 649763,32 

Max 749924,17 717618,02 702852,69 729407,89 688289,91 8661955,25 

Average 688653,47 667633,87 664452,66 686134,35 671013,32 1133032,06 

Median 688629,28 667336,03 662483,88 683374,29 667695,75 667695,82 

Std.Dev. 19819,39 11277,35 14233,92 16412,97 10005,20 1794764,50 

V 2,88 1,69 2,14 2,39 1,49 158,40 

R 86393,69 67715,74 53089,74 65966,88 38519,39 8012191,93 

 ɺʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ, ʩʝʢ 

Min 13,82 10,19 16,31 3,17 2,43 4,34 

Max 41,77 51,67 83,01 9,58 7,92 12,25 

Average 27,53 32,18 36,60 5,47 5,54 7,18 

Median 25,43 30,09 32,91 5,10 6,01 7,15 
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ʅʘʠʣʫʯʰʝʝ ʢʘʯʝʩʪʚʦ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʠʥʠʮʠʘʣʠʟʘʮʠʠ 

ʥʘʯʘʣʴʥʳʭ ʮʝʥʪʨʦʠʜʦʚ ʩʧʦʩʦʙʘʤʠ çpointè ʠ çaverageè. ʇʨʠ ʠʥʠʮʠʘʣʠʟʘʮʠʠ 

çrandomè ʥʘʙʣʶʜʘʶʪʩʷ ʥʘʠʙʦʣʴʰʠʝ ʢʦʣʝʙʘʥʠʷ ʟʥʘʯʝʥʠʡ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ 

ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ. ʋ Elkanôs k-means ʚ çaverageè ʟʘʬʠʢʩʠʨʦʚʘʥ ʘʥʦʤʘʣʴ-

ʥʳʡ ʚʳʙʨʦʩ: ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 8661955,25 (ʧʨʠ ʤʝʜʠʘʥʝ 667695,82), 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʤʦʞʥʫʶ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʧʨʠ ʵʪʦʡ ʠʥʠʮʠʘʣʠ-

ʟʘʮʠʠ. 

 
ʊʘʙʣʠʮʘ 2. ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʥʘʙʦʨʘ ʜʘʥʥʳʭ 

Diabetes_5000 (5000 ʚʝʢʪʦʨʦʚ ʜʘʥʥʳʭ ʨʘʟʤʝʨʥʦʩʪʴʶ 21), 3 ʢʣʘʩʪʝʨʘ 
 k-means Elkanôs k-means 

 random point average random point average 

 ɿʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ 

Min 212455,16 479772,12 212453,39 212454,92 479772,12 212453,31 

Max 237559,16 495391,33 237813,45 242864,05 495391,33 258038,61 

Average 222371,45 490705,56 219894,06 222152,50 491226,40 221541,51 

Median 219951,71 495391,33 219363,81 219975,68 495391,33 221431,71 

Std.Dev. 6870,70 7279,98 5894,31 6843,07 7024,83 9032,97 

V 3,09 1,48 2,68 3,08 1,43 4,08 

R 25104,00 15619,21 25360,06 30409,13 15619,21 45585,30 

 ɺʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ, ʩʝʢ 

Min 4,56 0,30 3,56 0,73 0,08 0,98 

Max 28,06 3,63 18,33 3,10 1,10 4,75 

Average 10,66 1,64 9,17 1,57 0,55 2,20 

Median 8,26 1,69 8,09 1,46 0,57 2,14 

 

ʀʥʠʮʠʘʣʠʟʘʮʠʷ çpointè ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦ ʭʫʜʰʝʤʫ ʟʥʘʯʝʥʠʶ ʮʝ-

ʣʝʚʦʡ ʬʫʥʢʮʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ random ʠ average, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʝ-

ʫʜʘʯʥʦʤ ʚʳʙʦʨʝ ʥʘʯʘʣʴʥʳʭ ʮʝʥʪʨʦʚ. Elkanôs k-means ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʫʱʝʩʪ-

ʚʝʥʥʦʝ ʫʩʢʦʨʝʥʠʝ: ʚ ʩʨʝʜʥʝʤ ʚ 3ï6 ʨʘʟ ʙʳʩʪʨʝʝ ʢʣʘʩʩʠʯʝʩʢʦʛʦ k-means ʧʨʠ 

ʩʦʧʦʩʪʘʚʠʤʦʤ ʢʘʯʝʩʪʚʝ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ çpointè). 

ʅʘʠʤʝʥʴʰʝʝ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʫ ʦʙʦʠʭ ʘʣʛʦʨʠʪʤʦʚ ʧʨʠ ʠʥʠʮʠʘʣʠʟʘ-

ʮʠʠ point, ʥʝʩʤʦʪʨʷ ʥʘ ʧʣʦʭʦʝ ʢʘʯʝʩʪʚʦ ʢʣʘʩʪʝʨʠʟʘʮʠʠ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʙʳ-

ʩʪʨʦʡ ʩʭʦʜʠʤʦʩʪʴʶ ʢ ʣʦʢʘʣʴʥʦʤʫ ʤʠʥʠʤʫʤʫ. 

ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʀʥʠʮʠʘʣʠʟʘ-

ʮʠʷ çaverageè ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʝ ʠ ʢʘʯʝʩʪʚʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦ ʟʥʘʯʝʥʠʶ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ (ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʚʘʨʠʘʮʠʠ, ʥʝʙʦʣʴʰʦʡ 

ʨʘʟʤʘʭ), ʦʩʦʙʝʥʥʦ ʥʘ ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ (Diabetes_16000). ʀʥʠʮʠʘʣʠʟʘʮʠʷ 

çpointè ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢʘʢ ʢ ʦʯʝʥʴ ʭʦʨʦʰʠʤ, ʪʘʢ ʠ ʢ ʢʨʘʡʥʝ ʥʝʫʜʘʯʥʳʤ ʨʝ-

ʟʫʣʴʪʘʪʘʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ. ʅʘʧʨʠʤʝʨ, ʥʘ Diabetes_5000 

ʦʥʘ ʜʘʸʪ ʚ 2 ʨʘʟʘ ʭʫʜʰʝʝ ʟʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ, ʯʝʤ ʜʨʫʛʠʝ ʤʝʪʦʜʳ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʚʳʩʦʢʠʤ ʨʠʩʢʦʤ ʚʳʙʦʨʘ ʘʥʦʤʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʥʘ-

ʯʘʣʴʥʳʭ ʮʝʥʪʨʦʚ. ʀʥʠʮʠʘʣʠʟʘʮʠʷ çrandomè ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʤʝʨʝʥʥʫʶ ʩʪʘ-
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ʙʠʣʴʥʦʩʪʴ, ʥʦ ʪʨʝʙʫʝʪ ʙʦʣʴʰʝʛʦ ʚʨʝʤʝʥʠ ʥʘ ʩʭʦʜʠʤʦʩʪʴ ʠ ʜʘʸʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ. ɸʣʛʦʨʠʪʤ Elkanôs k-means ʟʥʘʯʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʝʝ ʧʦ 

ʚʨʝʤʝʥʠ, ʥʦ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʚʳʙʦʨʫ ʠʥʠʮʠʘʣʠʟʘʮʠʠ: ʧʨʠ ʥʝʫʜʘʯʥʦʤ ʩʪʘʨʪʝ 

(ʠʥʠʠʮʘʣʠʟʘʮʠʷ çaverageè ʜʣʷ Diabetes_16000) ʚʦʟʤʦʞʥʳ ʩʙʦʠ ʠʣʠ ʨʝʟʢʠʡ 

ʨʦʩʪ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʢʦʤʝʥʜʫʝʤʦʡ ʩʪʨʘʪʝʛʠʝʡ ʜʣʷ ʤʝʜʠʮʠʥʩʢʠʭ ʜʘʥʥʳʭ ʩ 

ʚʳʨʘʞʝʥʥʳʤ ʜʠʩʙʘʣʘʥʩʦʤ ʠ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʷʚʣʷʝʪʩʷ ʠʥʠʮʠʘʣʠʟʘʮʠʷ 

çaverageè, ʩʦʯʝʪʘʶʱʘʷ ʙʘʣʘʥʩ ʤʝʞʜʫ ʢʘʯʝʩʪʚʦʤ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴʶ. 

ʇʨʦʚʝʜʸʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʪʚʝʨʜʠʣʦ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʧ-

ʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ Elkanôs k-means ʚ ʟʘʜʘʯʘʭ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʙʦʣʴ-

ʰʠʭ ʤʝʜʠʮʠʥʩʢʠʭ ʜʘʪʘʩʝʪʦʚ. ʆʜʥʘʢʦ ʝʛʦ ʧʨʝʠʤʫʱʝʩʪʚʘ ʨʝʘʣʠʟʫʶʪʩʷ ʪʦʣʴʢʦ 

ʧʨʠ ʛʨʘʤʦʪʥʦʤ ʚʳʙʦʨʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ. ʉʪʨʘʪʝʛʠʷ ʠʥʠʮʠʘʣʠʟʘʮʠʠ 

çaverageè, ʧʦʢʘʟʘʣʘ ʥʘʠʣʫʯʰʠʡ ʙʘʣʘʥʩ ʤʝʞʜʫ ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʢʘʯʝʩʪʚʦʤ ʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʠʥʪʝʨʘʢʪʠʚʥʦʛʦ ʦʙʨʘʟʦʚʘʪʝʣʴ-

ʥʦʛʦ ʤʦʜʫʣʷ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ R ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʨʝʡʤʚʦʨʢʘ Shiny. ʄʦʜʫʣʴ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʥʘʯʠʥʘʶʱʠʭ ʘʥʘʣʠʪʠʢʦʚ ʠ ʩʪʫʜʝʥʪʦʚ 

ʠ ʬʦʢʫʩʠʨʫʝʪʩʷ ʥʘ ʦʩʚʦʝʥʠʠ ʙʘʟʦʚʳʭ ʧʨʠʥʮʠʧʦʚ ʠ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʚʨʝʤʝʥʥʳʭ ʨʷ-

ʜʦʚ (ɺʈ). ʈʘʩʩʤʦʪʨʝʥʘ ʩʪʨʫʢʪʫʨʘ ʧʝʨʚʳʭ ʧʷʪʠ ʫʨʦʢʦʚ, ʦʭʚʘʪʳʚʘʶʱʠʭ ʩʪʘʪʠʩʪʠʩʪʠ-

ʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ɺʈ, ʝʛʦ ʚʠʟʫʘʣʠʟʘʮʠʶ, ʤʝʪʦʜʳ ʟʘʧʦʣʥʝʥʠʷ ʧʨʦʧʫʱʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ɺʈ, ʦʙʥʘʨʫʞʝʥʠʝ ʘʥʦʤʘʣʠʡ ʚʦ ɺʈ ʠ ʜʝʢʦʤʧʦʟʠʮʠʶ ɺʈ ʥʘ ʩʦʩʪʘʚʣʷʶʱʠʝ. ʆʩʦʙʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʤʝʪʦʜʠʢʝ ʛʝʡʤʠʬʠʢʘʮʠʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ. 

ʄʝʪʦʜʠʢʘ ʚʢʣʶʯʘʝʪ ʤʠʥʠ-ʠʛʨʳ ʠ ʩʠʩʪʝʤʫ ʥʘʯʠʩʣʝʥʠʷ ʙʘʣʣʦʚ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʚʦʚʣʝ-

ʯʝʥʥʦʩʪʴ ʦʙʫʯʘʝʤʳʭ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʦʙʫʯʝʥʠʷ ʚ ʮʝʣʦʤ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ 

ʪʝʭʥʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʪʴ ʛʠʙʢʫʶ ʠ ʥʘʛʣʷʜʥʫʶ ʩʨʝʜʫ ʜʣʷ ʧʨʘʢʪʠʯʝ-

ʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ ʧʝʨʚʠʯʥʦʛʦ ʘʥʘʣʠʟʘ ɺʈ. 
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 INTERACTIVE  MODULE  BASED  ON  R/SHINY  FOR  LEARNING  
METHODS  OF  PRIMARY  ANALYSIS  OF  TIME  SERIES 

 

Abstract: The article presents a description of an interactive educational module 

developed in the R programming language using the Shiny framework. The module is 

designed for novice analysts and students and focuses on mastering the basic principles 

and methods of time series analysis (TSA). It examines the structure of the first five les-

sons, covering the statistical description of TS, its visualization, methods for filling in 

missing TS values, detecting anomalies in TS, and decomposing TS into components. 

Particular attention is paid to the gamification methodology used in the learning process. 

The methodology includes mini-games and a scoring system, which increases student en-

gagement and the overall effectiveness of the learning process. The technical solutions 

presented allow for the creation of a flexible and intuitive environment for the practical 

application of basic TS analysis methods. 
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ɺ ʫʩʣʦʚʠʷʭ ʮʠʬʨʦʚʦʡ ʵʢʦʥʦʤʠʢʠ ʠ ʧʦʚʩʝʤʝʩʪʥʦʡ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦ-

ʮʝʩʩʦʚ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʘʥʘʣʠʟ ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ (ɺʈ) ʩʪʘʥʦʚʠʪʩʷ ʦʜʥʠʤ ʠʟ 

ʢʣʶʯʝʚʳʭ ʥʘʚʳʢʦʚ ʜʣʷ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ Data Science, ʵʢʦʥʦʤʠʢʠ ʠ 

ʠʥʞʝʥʝʨʠʠ. ʆʜʥʘʢʦ ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʦʙʫʯʝʥʠʷ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʣʝʢʮʠʷʭ 

ʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʪʘʪʠʯʥʳʭ ʧʨʠʤʝʨʦʚ, ʯʘʩʪʦ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʥʝʦʙʭʦʜʠʤʳʡ 

ʫʨʦʚʝʥʴ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʦʩʚʦʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʉʫʱʝʩʪʚʫʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʟʨʘ-

ʙʦʪʢʝ ʠʥʪʝʨʘʢʪʠʚʥʳʭ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʪ 

ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʵʢʩʧʝʨʠʤʝʥʪʠʨʦʚʘʪʴ ʩ ʜʘʥʥʳʤʠ, ʥʝ ʦʪʚʣʝʢʘʷʩʴ ʥʘ ʩʣʦʞʥʦʩʪʠ 

ʥʘʩʪʨʦʡʢʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ [1]. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʦʧʠʩʘʥʠʝ ʘʨʭʠʪʝʢʪʫʨʳ ʠ ʤʝʪʦʜʠʯʝʩʢʦʡ ʦʩʥʦʚʳ ʠʥʪʝʨʘʢʪʠʚʥʦʛʦ ʤʦʜʫʣʷ, ʨʝʘ-

ʣʠ-ʟʦʚʘʥʥʦʛʦ ʥʘ ʙʘʟʝ R/Shiny, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʦʩʚʦʝʥʠʷ ʥʘʯʘʣʴʥʦʛʦ 

ʵʪʘʧʘ ʘʥʘʣʠʟʘ ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ. ʄʦʜʫʣʴ ʩʦʯʝʪʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ, 

ʧʨʘʢʪʠʯʝʩʢʠʝ ʟʘʜʘʥʠʷ ʩ ʤʛʥʦʚʝʥʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ ʠ ʵʣʝʤʝʥʪʳ ʛʝʡʤʠʬʠ-

ʢʘʮʠʠ. 

ʄʦʜʫʣʴ ʨʘʟʨʘʙʦʪʘʥ ʥʘ ʷʟʳʢʝ R [2] ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʬʨʝʡʤʚʦʨʢʘ Shiny 
[3], ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʧʦʣʥʦʮʝʥʥʦʝ ʚʝʙ-ʧʨʠʣʦʞʝʥʠʝ ʩ ʠʥʪʝʨʘʢʪʠʚʥʳʤ 

ʧʦʣʴʟʦʚʘ-ʪʝʣʴʩʢʠʤ ʠʥʪʝʨʬʝʡʩʦʤ, ʠʩʧʦʣʴʟʫʶʱʝʝ ʤʦʱʥʳʝ ʠʥʩʪʨʫʤʝʥʪʳ ʠ 

ʙʠʙʣʠʦʪʝʢʠ R ʜʣʷ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ. 

ɺ ʭʦʜʝ ʨʘʟʨʘʙʦʪʢʠ ʧʨʠʣʦʞʝʥʠʷ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʢʣʶʯʝʚʳʝ 

ʪʝʭʥʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ: 

1. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʨʝʡʤʚʦʨʢʘ Shiny [3]: ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʝʘʢʪʠʚʥʦʩʪʴ, 

ʧʦʟʚʦ-ʣʷʷ ʧʦʣʴʟʦʚʘʪʝʣʶ ʤʛʥʦʚʝʥʥʦ ʚʠʜʝʪʴ ʨʝʟʫʣʴʪʘʪ ʠʟʤʝʥʝʥʠʷ ʚʭʦʜʥʳʭ ʧʘ-

ʨʘʤʝʪʨʦʚ (ʥʘʧʨʠʤʝʨ, ʚʢʣʘʜʘ ʪʨʝʥʜʘ ʠʣʠ ʩʝʟʦʥʥʦʩʪʠ) ʥʘ ʛʨʘʬʠʢʝ. ʕʪʦ ʨʝʘʣʠʟʫ-

ʝʪʩʷ ʯʝʨʝʟ ʬʫʥʢʮʠʠ reactive, renderPlot ʠ observeEvent. 

2. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʠʙʣʠʦʪʝʢ R [2]: ʜʣʷ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʯʘʩʪʠ ʠʩʧʦʣʴʟʫ-

ʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ ʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʧʘʢʝʪʳ: ggplot2 ʠ plotly ʜʣʷ ʚʳʩʦ-

ʢʦʢʘʯʝ-ʩʪʚʝʥʥʦʡ ʠ ʠʥʪʝʨʘʢʪʠʚʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ; dplyr ʠ tidyr ʜʣʷ ʤʘʥʠʧʫʣʷ-

ʮʠʠ ʩ ʜʘʥʥʳʤʠ; forecast ʠ zoo ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʦʚ ʨʘʙʦʪʳ ʩ ʚʨʝʤʝʥ-

ʥʳʤʠ ʨʷʜʘʤʠ (ʜʝʢʦʤʧʦʟʠʮʠʷ, ʠʥʪʝʨʧʦʣʷʮʠʷ). 

3. ʄʦʜʫʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ: ʢʘʞʜʳʡ ʫʨʦʢ ʨʝʘʣʠʟʦʚʘʥ ʢʘʢ ʦʪʜʝʣʴʥʳʡ ʤʦ-

ʜʫʣʴ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʨʘʟʨʘʙʦʪʢʫ, ʪʝʩʪʠʨʦʚʘʥʠʝ ʠ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʧʨʠʣʦʞʝ-

ʥʠʷ. 

ʅʘ ʨʠʩ.1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʱʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʨʝ-

ʘʣʠʟʦʚʘʥʥʥʘʷ ʚ ʤʦʜʫʣʝ. ʆʙʫʯʝʥʠʝ ʚ ʤʦʜʫʣʝ ʩʪʨʦʠʪʩʷ ʧʦ ʧʨʠʥʮʠʧʫ çʊʝʦʨʠʷ  

ʇʨʘʢʪʠʢʘ  ʀʛʨʘè.  

- ʊʝʦʨʠʷ: ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʪʝʢʩʪʦʚʳʭ ʙʣʦʢʦʚ ʩ 

ʧʨʠʤʝʨʘʤʠ, ʬʦʨʤʫʣʘʤʠ (ʠʩʧʦʣʴʟʫʝʪʩʷ MathJax ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʪʦʙʨʘʞʝ-

ʥʠʷ) ʠ ʥʘʛʣʷʜʥʳʤʠ ʤʠʥʠ-ʛʨʘʬʠʢʘʤʠ. 
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ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʤ ʤʦʜʫʣʝ 
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- ʀʥʪʝʨʘʢʪʠʚʥʘʷ ʧʨʘʢʪʠʢʘ: ʧʦʣʴʟʦʚʘʪʝʣʴ ʨʘʙʦʪʘʝʪ ʩʦ ʩʣʘʡʜʝʨʘʤʠ ʠ ʚʳ-

ʧʘʜʘʶʱʠʤʠ ʩʧʠʩʢʘʤʠ, ʠʟʤʝʥʷʷ ʧʘʨʘʤʝʪʨʳ ʚʨʝʤʝʥʥʦʛʦ ʨʷʜʘ ʠʣʠ ʚʳʙʠʨʘʷ ʤʝ-

ʪʦʜʳ ʘʥʘʣʠʟʘ, ʠ ʥʘʙʣʶʜʘʝʪ ʨʝʟʫʣʴʪʘʪ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ. ʅʘʧʨʠʤʝʨ, ʚ ʫʨʦʢʝ 

ʧʦʣʴʟʦʚʘʪʝʣʴ ʛʝʥʝʨʠʨʫʝʪ ʨʷʜ, ʤʝʥʷʷ ʚʢʣʘʜ ʪʨʝʥʜʘ ʠ ʰʫʤʘ (ʩʤ. ʨʠʩ. 2). 

- ɻʝʡʤʠʬʠʢʘʮʠʷ (ʄʠʥʠ-ʠʛʨʳ): ʚ ʢʦʥʮʝ ʢʘʞʜʦʛʦ ʫʨʦʢʘ ʨʝʘʣʠʟʦʚʘʥʘ ʤʠ-

ʥʠ-ʠʛʨʘ, ʟʘ ʧʨʦʭʦʞʜʝʥʠʝ ʢʦʪʦʨʦʡ ʥʘʯʠʩʣʷʶʪʩʷ ʙʘʣʣʳ. ʕʪʦʪ ʵʣʝʤʝʥʪ, ʦʪʩʫʪʩʪ-

ʚʫʶʱʠʡ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʘʢʘʜʝʤʠʯʝʩʢʠʭ ʪʨʝʥʘʞʝʨʦʚ, ʧʦʚʳʰʘʝʪ ʤʦʪʠʚʘʮʠʶ 

ʩʪʫʜʝʥʪʦʚ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʙʲʝʢʪʠʚʥʫʶ ʦʮʝʥʢʫ ʦʩʚʦʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʅʘʯʠʩ-

ʣʝʥʠʝ ʙʘʣʣʦʚ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʧʨʘʚʠʣʴʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʚʳʧʦʣ-

ʥʝʥʠʷ ʟʘʜʘʥʠʷ, ʘ ʩʫʤʤʘʨʥʳʡ ʙʘʣʣ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʚʳʜʘʯʠ ʩʝʨʪʠʬʠʢʘʪʘ. 

 

 
ʈʠʩ. 2. ʌʨʘʛʤʝʥʪ ʠʥʪʝʨʬʝʡʩʘ ʫʨʦʢʘ 1: ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʙʣʦʢ ʠ ʧʨʠʤʝʨʳ ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ 

 

ʇʝʨʚʳʝ ʧʷʪʴ ʫʨʦʢʦʚ ʬʦʨʤʠʨʫʶʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ ʙʘʟʫ ʜʣʷ ʜʘʣʴʥʝʡ-

ʰʝʛʦ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ. 

 
ʊʘʙʣʠʮʘ 1. ʉʪʨʫʢʪʫʨʘ ʠ ʩʦʜʝʨʞʘʥʠʝ ʧʝʨʚʳʭ ʧʷʪʠ ʫʨʦʢʦʚ ʤʦʜʫʣʷ 

ˉ 

ʋʨʦ-

ʢʘ 

ʅʘʟʚʘʥʠʝ 
ʆʩʥʦʚʥʦʝ ʩʦʜʝʨ-

ʞʘʥʠʝ 

ʀʥʪʝʨʘʢʪʠʚʥʘʷ 

ʧʨʘʢʪʠʢʘ 
ʄʠʥʠ-ʠʛʨʘ 

1 ʏʪʦ ʪʘʢʦʝ ʚʨʝ-

ʤʝʥʥʦʡ ʨʷʜ? 

ʆʧʨʝʜʝʣʝʥʠʝ ɺʈ, 

ʢʦʤʧʦʥʝʥʪʳ 

(ʪʨʝʥʜ, ʩʝʟʦʥʥʦʩʪʴ, 

ʰʫʤ). 

ɻʝʥʝʨʘʮʠʷ ʩʠʥʪʝʪʠ-

ʯʝʩʢʦʛʦ ʨʷʜʘ ʩ ʥʘ-

ʩʪʨʦʡʢʦʡ ʧʘʨʘʤʝʪ-

ʨʦʚ (ʚʢʣʘʜ ʪʨʝʥʜʘ, 

ʩʝʟʦʥʥʦʩʪʠ, ʰʫʤʘ). 

ʆʧʨʝʜʝʣʝʥʠʝ ʧʨʝ-

ʦʙʣʘʜʘʶʱʝʡ ʢʦʤ-

ʧʦʥʝʥʪʳ ɺʈ ʧʦ ʢʦ-

ʨʦʪʢʦʤʫ ʛʨʘʬʠʢʫ. 

2 ɺʠʟʫʘʣʠʟʘ- 

ʮʠʷ ʜʘʥʥʳʭ 

ʊʠʧʳ ʛʨʘʬʠʢʦʚ 

(ʣʠʥʝʡʥʳʡ, ʜʠʘ-

ʛʨʘʤʤʘ ʨʘʟʤʘʭʘ, 

ʪʝʧʣʦʚʘʷ ʢʘʨʪʘ), 

ʧʨʘʚʠʣʘ ʠʥʪʝʨʧʨʝ-

ʪʘʮʠʠ ʛʨʘʬʠʢʦʚ. 

ɺʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦ-

ʛʦ ʪʠʧʘ ʚʠʟʫʘʣʠʟʘ-

ʮʠʠ ʜʣʷ ʨʘʟʥʳʭ ʪʠ-

ʧʦʚ ɺʈ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ 

ʛʨʘʬʠʢʘ ʠ ʝʛʦ ʙʠʟ-

ʥʝʩ ʠʥʪʝʨʧʨʝʪʘʮʠʠ. 

3 ʈʘʙʦʪʘ ʩ ʧʨʦ- ʊʠʧʳ ʧʨʦʧʫʩʢʦʚ ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴ- ɺʳʙʦʨ ʥʘʠʙʦʣʝʝ 
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ʧʫʱʝʥʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ 

(MCAR, MAR, 

MNAR), ʤʝʪʦʜʳ 

ʠʤʧʫʪʘʮʠʠ (LOCF, 

ʠʥʪʝʨʧʦʣʷʮʠʷ, 

ʩʢʦʣʴʟʷʱʝʝ ʩʨʝʜ-

ʥʝʝ). 

ʪʘʪʦʚ ʠʤʧʫʪʘʮʠʠ 

ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʥʘ ʦʜʥʦʤ ɺʈ. 

ʧʦʜʭʦʜʷʱʝʛʦ ʤʝʪʦ-

ʜʘ ʠʤʧʫʪʘʮʠʠ ʜʣʷ 

ʟʘʜʘʥʥʦʛʦ ʪʠʧʘ 

ʧʨʦʧʫʩʢʘ. 

4 ʆʙʥʘʨʫʞʝ- 

ʥʠʝ ʘʥʦʤʘʣʠʡ 

ʊʠʧʳ ʘʥʦʤʘʣʠʡ 

(ʪʦʯʝʯʥʳʝ, ʚʩʧʣʝ-

ʩʢʠ, ʩʜʚʠʛ ʫʨʦʚʥʷ), 

ʤʝʪʦʜʳ (Z score, 

IQR, ʩʢʦʣʴʟʷʱʝʝ 

ʦʢʥʦ). 

ʇʨʠʤʝʥʝʥʠʝ ʨʘʟ-

ʣʠʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʦʙʥʘʨʫʞʝʥʠʷ ʘʥʦ-

ʤʘʣʠʡ ʚʦ ɺʈ ʩ ʟʘ-

ʜʘʥʥʳʤʠ ʚʳʙʨʦʩʘ-

ʤʠ. 

çʆʭʦʪʥʠʢ ʟʘ ʘʥʦʤʘ-

ʣʠʷʤʠè ð ʢʣʠʢ ʧʦ 

ʚʳʙʨʦʩʘʤ ʥʘ ʛʨʘ-

ʬʠʢʝ. 

5 ɼʝʢʦʤʧʦ- 

ʟʠʮʠʷ ʚʨʝʤʝʥ-

ʥʦʛʦ ʨʷʜʘ 

ɸʜʜʠʪʠʚʥʘʷ ʠ 

ʤʫʣʴʪʠʧʣʠʢʘʪʠʚ-

ʥʘʷ ʤʦʜʝʣʠ, ʤʝʪʦ-

ʜʳ ʜʝʢʦʤʧʦʟʠʮʠʠ 

ɺʳʙʦʨ ʢʦʨʨʝʢʪʥʦʡ 

ʤʦʜʝʣʠ (ʘʜʜʠʪʠʚ-

ʥʘʷ/ ʤʫʣʴʪʠʧʣʠʢʘ-

ʪʠʚʥʘʷ) ʜʣʷ ʠʜʝʥ-

ʪʠʬʠʢʘʮʠʠ ɺʈ ʠ 

ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪ. 

ʋʛʘʜʳʚʘʥʠʝ ʪʠʧʘ 

ʤʦʜʝʣʠ (ʘʜʜʠʪʠʚ-

ʥʘʷ/ ʤʫʣʴʪʠʧʣʠʢʘ-

ʪʠʚʥʘʷ) ʧʦ ʠʩʭʦʜ-

ʥʦʤʫ ɺʈ. 

 

ɺ ʯʝʪʚʝʨʪʦʤ ʫʨʦʢʝ ʨʝʘʣʠʟʦʚʘʥʦ ʩʨʘʚʥʝʥʠʝ ʨʦʙʘʩʪʥʳʭ ʠ ʥʝʨʦʙʘʩʪʥʳʭ 

ʤʝʪʦʜʦʚ ʦʙʥʘʨʫʞʝʥʠʷ ʘʥʦʤʘʣʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʘʜʘʧʪʠʚʥʦʛʦ 

ʧʦʜʭʦʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʩʢʦʣʴʟʷʱʝʛʦ ʦʢʥʘ (Rolling Window), ʢʦʪʦʨʳʡ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʨʷʜʦʚ ʩ ʚʳʨʘʞʝʥʥʳʤ ʪʨʝʥʜʦʤ ʠʣʠ ʩʝʟʦʥʥʦʩʪʴʶ, ʯʝʤ 

ʛʣʦʙʘʣʴʥʳʡ Z-score. ʀʥʪʝʨʬʝʡʩ ʫʨʦʢʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ ʩʘʤʦʩʪʦʷʪʝʣʴ-

ʥʦ ʛʝʥʝʨʠʨʦʚʘʪʴ ʨʷʜ, ʜʦʙʘʚʣʷʪʴ ʘʥʦʤʘʣʠʠ ʨʘʟʣʠʯʥʦʡ ʩʠʣʳ ʠ ʪʠʧʘ, ʘ ʟʘʪʝʤ 

ʧʨʠʤʝʥʷʪʴ ʨʘʟʥʳʝ ʤʝʪʦʜʳ ʦʙʥʘʨʫʞʝʥʠʷ, ʧʦʣʫʯʘʷ ʤʛʥʦʚʝʥʥʫʶ ʦʮʝʥʢʫ ʢʘʯʝʩʪ-

ʚʘ ʧʦ ʤʝʪʨʠʢʘʤ Precision, Recall ʠ F-Score (ʩʤ. ʨʠʩ.3). 

ʇʷʪʳʡ ʫʨʦʢ ʧʦʩʚʷʱʝʥ ʩʨʘʚʥʝʥʠʶ ʘʜʜʠʪʠʚʥʦʡ ʠ ʤʫʣʴʪʠʧʣʠʢʘʪʠʚʥʦʡ 

ʤʦʜʝʣʝʡ ʜʝʢʦʤʧʦʟʠʮʠʠ ɺʈ [1]. ʇʦʣʴʟʦʚʘʪʝʣʴ ʚʳʙʠʨʘʝʪ ʪʠʧ ʤʦʜʝʣʠ ʠ ʥʘʙʣʶ-

ʜʘʝʪ, ʢʘʢ ʵʪʦ ʚʣʠʷʝʪ ʥʘ ʚʳʜʝʣʝʥʠʝ ʩʝʟʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ. ʀʥʪʝʨʘʢʪʠʚʥʦʩʪʴ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ ʧʨʠʤʝʥʠʪʴ ʦʙʝ ʤʦʜʝʣʠ ʢ ʨʷʜʫ ʩ ʨʘʩʪʫʱʝʡ ʘʤʧʣʠʪʫ-

ʜʦʡ ʩʝʟʦʥʥʦʩʪʠ (ʥʘʧʨʠʤʝʨ, AirPassengers) ʠ ʫʚʠʜʝʪʴ, ʯʪʦ ʘʜʜʠʪʠʚʥʘʷ ʤʦʜʝʣʴ 

ʦʩʪʘʚʣʷʝʪ ʥʝʩʣʫʯʘʡʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʚ ʦʩʪʘʪʢʘʭ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʫʣʴʪʠʧʣʠ-

ʢʘʪʠʚʥʘʷ ʤʦʜʝʣʴ ʫʩʧʝʰʥʦ ʠʭ ʫʩʪʨʘʥʷʝʪ (ʩʤ. ʨʠʩ.4). 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʠʥʪʝʨʘʢʪʠʚʥʳʡ ʤʦʜʫʣʴ ʥʘ ʙʘʟʝ R/Shiny ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʵʬʬʝʢʪʠʚʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʦʩʚʦʝʥʠʷ ʤʝʪʦʜʦʚ ʧʝʨʚʠʯʥʦʛʦ ʘʥʘʣʠʟʘ 

ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʚ ʨʘʤʢʘʭ ʤʦʜʫʣʷ ʩʦʯʝʪʘʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʙʘʟʳ, ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʘʙʦʪʳ ʩ ʨʝʘʢʪʠʚʥʳʤʠ ʛʨʘʬʠʢʘʤʠ ʠ ʵʣʝʤʝʥʪʦʚ ʛʝʡʤʠʬʠ-

ʢʘʮʠʠ [4], ʧʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʛʣʫʙʦʢʦʤʫ ʧʦʥʠʤʘʥʠʶ ʤʘʪʝʨʠʘ-

ʣʘ ʠ ʧʦʚʳʰʝʥʠʶ ʚʦʚʣʝʯʝʥʥʦʩʪʠ ʦʙʫʯʘʶʱʠʭʩʷ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʤʦʜʫʣʷ 

ʙʫʜʝʪ ʚʢʣʶʯʘʪʴ ʜʦʙʘʚʣʝʥʠʝ ʫʨʦʢʦʚ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʨʘʟʥʳʭ ʢʣʘʩʩʦʚ ʤʝʪʦ-

ʜʦʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ɺʈ (ARIMA, ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʩʛʣʘʞʠʚʘʥʠʝ, Prophet) ʠ 

ʨʘʩʰʠʨʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʘ ʤʠʥʠ-ʠʛʨ ʜʣʷ ʙʦʣʝʝ ʢʦʤʧʣʝʢʩʥʦʡ ʦʮʝʥʢʠ ʥʘʚʳʢʦʚ. 
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ɸʥʥʦʪʘʮʠʷ: ʇʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ (ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ) ʤʝ-

ʪʘʣʣʦʚ ï ʢʣʶʯʝʚʘʷ ʟʘʜʘʯʘ ʤʝʭʘʥʠʢʠ ʨʘʟʨʫʰʝʥʠʷ, ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʥʘʷ ʩ ʙʝʟʦʧʘʩʥʦ-

ʩʪʴʶ ʢʦʥʩʪʨʫʢʮʠʡ. ʂʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ ὑ1ὅ (ʢʨʠʪʠʯʝʩʢʦʡ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ) ʠ ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʯʥʦʩʪʠ ʪʨʝʙʫʶʪ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʪʘʥ-

ʜʘʨʪʠʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ (ʥʘʧʨʠʤʝʨ, CT (ʇʨʷʤʦʫʛʦʣʴʥʳʡ ʢʦʤʧʘʢʪʥʳʡ ʦʙʨʘʟʝʮ ʩ 

ʢʨʘʝʚʦʡ ʪʨʝʱʠʥʦʡ ʜʣʷ ʠʩʧʳʪʘʥʠʡ ʥʘ ʚʥʝʮʝʥʪʨʝʥʥʦʝ ʨʘʩʪʷʞʝʥʠʝ)/CCT (ʧʣʘʩʪʠʥʘ ʩ 

ʮʝʥʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʦʡ) ʠ ʧʨʦʚʝʜʝʥʠʷ ʨʘʟʨʫʰʘʶʱʠʭ ʠʩʧʳʪʘʥʠʡ. ʕʪʠ ʧʦʜʭʦʜʳ ʭʦ-

ʨʦʰʦ ʦʪʨʘʙʦʪʘʥʳ, ʥʦ ʟʘʯʘʩʪʫʶ ʪʨʫʜʦʸʤʢʠ, ʜʦʨʦʛʠʝ ʠ ʥʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʵʢʩʧʨʝʩʩ-

ʦʮʝʥʢʠ ʩʚʦʡʩʪʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʠʟʜʝʣʠʠ. ɺ ʜʘʥʥʦʤ ʦʙʟʦʨʝ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʩʦ-

ʚʨʝʤʝʥʥʳʝ ʨʘʙʦʪʳ, ʧʦʩʚʷʱʸʥʥʳʝ ʧʨʠʤʝʥʝʥʠʶ ʀʀ ʚ ʤʝʭʘʥʠʢʝ ʨʘʟʨʫʰʝʥʠʷ, ʚʢʣʶ-

ʯʘʷ ʬʠʟʠʯʝʩʢʠ-ʠʥʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʝʡʨʦʩʝʪʠ (PINN), ʢʣʘʩʩʠʯʝʩʢʠʝ ʥʝʡʨʦʩʝʪʝʚʳʝ 

ʤʦʜʝʣʠ (ANN, CNN), ʛʠʙʨʠʜʥʳʡ ʤʝʪʦʜ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ (GMDH) ʠ ʛʠʙʨʠʜʥʳʝ 

ʘʨʭʠʪʝʢʪʫʨʳ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʩʣʫʯʘʷʤ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʨʠʚʳʝ ñʥʘʛʨʫʟʢʘïʫʛʣʫʙʣʝʥʠʝ ʠʥʜʝʥʪʝʨʘò, ʘ ʪʘʢʞʝ ʦʙʲʝʜʠʥʝʥʠʶ 

ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʙʩʫʞʜʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʀʀ-ʧʦʜʭʦʜʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ (J-ʠʥʪʝʛʨʘʣ, ʟʘʢʦʥ ʇʵʨʠʩʘ ʠ 

ʜʨ.) ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʦʯʥʦʩʪʠ, ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ, ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝ-

ʥʠʡ, ʘ ʪʘʢʞʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʢʦʥʮʝʧʮʠʷ ʥʦʚʦʛʦ ʛʠʙʨʠʜʥʦʛʦ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʪʨʝ-

ʱʠʥʦʩʪʦʡʢʦʩʪʠ.  

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʩʩʢʫʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ, ʤʦʜʝʣʠ ʠ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʜʘʥ-

ʥʳʭ, ʥʝʡʨʦʩʝʪʠ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ (ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ) ʤʝʪʘʣ-

ʣʦʚ. 
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Abstract: Predicting the crack resistance (fracture toughness) of metals is a key 

task of fracture mechanics, directly related to the safety of structures. Classical methods 

for determining ὑ1ὅ (critical stress intensity) and other strength characteristics require 

the production of standardized samples (for example, CT (Rectangular compact sample 

with an edge crack for off-center tension tests)/CCT (plate with a central crack) and de-

structive testing. These approaches are well-developed, but they are often time-

consuming, expensive, and not suitable for rapid assessment of properties directly on the 

product. This review analyzes modern works on the application of AI  in the mechanics of 

destruction, including physically informed neural networks (PINN), classical neural net-

work models (ANN, CNN), hybrid data processing method (GMDH) and hybrid architec-

tures. Special attention is paid to cases where ñloadïindenter deepeningò curves are used 

as initial data, as well as combining experimental and numerical modeling data. The ad-

vantages of AI  approaches in comparison with classical methods (J-integral, Paris's law, 

etc.) in terms of accuracy, versatility, interpretability, and limitations are discussed, and 

the concept of a new hybrid method for determining crack resistance is proposed. 

 

Key words: artificial intelligence, models and methods of data analysis, neural 

networks, prediction of crack resistance (fracture toughness) of metals. 

 

 

ɼʣʷ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʦʣ-

ʛʦʚʝʯʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʦʩʦʙʝʥʥʦ ʚ 

ʢʦʥʪʝʢʩʪʝ Physics-Informed Neural Networks (PINNs), ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ 

ʧʨʦʯʥʳʡ ʬʫʥʜʘʤʝʥʪ ʚ ʦʙʣʘʩʪʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ ʨʘʟʨʫʰʝʥʠʷ. 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʃʠʥʝʡʥʦ-ʋʧʨʫʛʘʷ ʄʝʭʘʥʠʢʘ ʈʘʟʨʫʰʝʥʠʷ (LEFM), ʦʩʥʦ-

ʚʘʥʥʘʷ ʥʘ ʢʦʥʮʝʧʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ, ʠʤʝʝʪ ʩʪʨʦ-

ʛʦʝ ʦʛʨʘʥʠʯʝʥʠʝ: ʦʥʘ ʧʨʠʤʝʥʠʤʘ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʧʣʘʩʪʠʯʝʩʢʘʷ ʟʦʥʘ ʚ 

ʚʝʨʰʠʥʝ ʪʨʝʱʠʥʳ ʦʩʪʘʝʪʩʷ ʤʘʣʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʟʤʝʨʘʤʠ ʩʘʤʦʡ ʪʨʝʱʠʥʳ 

ʠ ʜʨʫʛʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʘ [1, 2]. ɺ ʩʣʫʯʘʝ ʚʳʩʦʢʦʧʣʘ-

ʩʪʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʣʠ ʧʨʠ ʙʦʣʴʰʠʭ ʫʨʦʚʥʷʭ ʥʘʛʨʫʟʢʠ ʧʣʘʩʪʠʯʝʩʢʘʷ ʟʦʥʘ 

ʤʦʞʝʪ ʩʪʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ, ʯʪʦʙʳ ʚʣʠʷʪʴ ʥʘ ʚʩʶ ʢʘʨʪʠʥʫ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʠ ʪʦʛʜʘ LEFM ʧʝʨʝʩʪʘʝʪ ʜʘʚʘʪʴ ʢʦʨʨʝʢʪʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ. ɼʣʷ ʘʥʘʣʠʟʘ ʪʘʢʠʭ ʩʠʪʫʘʮʠʡ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʕʣʘʩʪʦʧʣʘʩʪʠʯʝ-

ʩʢʘʷ ʄʝʭʘʥʠʢʘ ʈʘʟʨʫʰʝʥʠʷ (EPFM), ʢʦʪʦʨʘʷ ʦʧʝʨʠʨʫʝʪ ʜʨʫʛʠʤʠ, ʙʦʣʝʝ ʫʥʠ-

ʚʝʨʩʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ J-ʠʥʪʝʛʨʘʣ ʠ Crack Tip Opening 

Displacement (CTOD). 

ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʥʞʝʥʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ ʢʦʥʩʪʨʫʢ-

ʮʠʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʟʥʘʪʴ ʣʠʰʴ ʦ ʢʨʠʪʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ 

ʧʦʥʠʤʘʪʴ, ʢʘʢ ʪʨʝʱʠʥʘ ʨʘʩʪʝʪ ʩʦ ʚʨʝʤʝʥʝʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʮʠʢʣʠʯʝʩʢʠʭ ʥʘ-

ʛʨʫʟʦʢ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʦʧʠʩʳʚʘʝʪʩʷ ʢʨʠʚʦʡ ʨʦʩʪʘ ʪʨʝʱʠʥʳ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ 

ʠʤʝʝʪ S-ʦʙʨʘʟʥʫʶ ʬʦʨʤʫ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʥʘ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʡ ʰʢʘʣʝ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʪʨʝʱʠʥʳ (
Ὠὥ

Ὠὔ
) ʦʪ ʠʟʤʝʥʯʠʚʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ (ȹK) [3]. ʕʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʙʳʣʘ ʵʤʧʠʨʠʯʝʩʢʠ ʫʩʪʘʥʦʚ-
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ʣʝʥʘ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʠʩʘʥʘ ʬʨʘʥʮʫʟʩʢʠʤ ʠʥʞʝʥʝʨʦʤ Paul C. Paris ʚ 1961 

ʛʦʜʫ. ɽʝ ʥʘʟʳʚʘʶʪ ɿʘʢʦʥʦʤ ʇʵʨʠʩʘ (Paris Law) ʠ ʟʘʧʠʩʳʚʘʶʪ ʚ ʚʠʜʝ ʧʨʦʩʪʦʡ 

ʩʪʝʧʝʥʠ: 
Ὠὥ

Ὠὔ
= ὅ(ɝὑ)ά [3, 4]. 

ɿʘʢʦʥ ʇʵʨʠʩʘ ʷʚʣʷʝʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʤʝʭʘʥʠʢʝ 

ʫʩʪʘʣʦʩʪʠ ʠ ʩʣʫʞʠʪ ʦʩʥʦʚʦʡ ʜʣʷ ʤʥʦʛʠʭ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ʦʩʪʘʪʦʯʥʦʛʦ ʨʝʩʫʨ-

ʩʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʙʦʣʝʝ ʩʣʦʞʥʳʭ, ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʧʦ-

ʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʚ EPFM, ʟʘʢʦʥ ʇʵʨʠʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʨʦʩʪʦʝ ʩʪʝʧʝʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʣʝʛʢʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʝʛʦ ʚ ʫʩ-

ʣʦʚʠʷ ʜʣʷ ʧʨʦʠʟʚʦʜʥʳʭ, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʤʦʛʫʪ ʙʳʪʴ ʚʢʣʶʯʝʥʳ ʚ ʬʫʥʢʮʠʶ ʧʦ-

ʪʝʨʴ ʤʦʜʝʣʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ, ʦʙʫʯʘʷʩʴ ʥʘ ʦʛʨʘʥʠʯʝʥʥʦʤ ʥʘ-

ʙʦʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʙʫʜʝʪ ʥʝ ʧʨʦʩʪʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʵʪʠ 

ʜʘʥʥʳʝ, ʘ ʙʫʜʝʪ ʚʳʥʫʞʜʝʥʘ ʩʣʝʜʦʚʘʪʴ ʟʘʜʘʥʥʦʤʫ ʬʠʟʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʠ ʦʙʦʙʱʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʤʦʜʝʣʠ, 

ʦʩʦʙʝʥʥʦ ʧʨʠ ʨʘʙʦʪʝ ʩ ʤʘʣʳʤʠ ʦʙʲʝʤʘʤʠ ʜʘʥʥʳʭ. ʕʪʦʪ ʧʨʠʥʮʠʧ ʣʝʞʠʪ ʚ ʦʩ-

ʥʦʚʝ ʧʦʜʭʦʜʘ Physics-Informed Neural Networks (PINN). 

ʆʙʟʦʨ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʚ 

ʤʝʭʘʥʠʢʫ ʨʘʟʨʫʰʝʥʠʷ ï ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʱʝʝʩʷ ʥʘʧʨʘʚʣʝʥʠʝ, ʩʧʦʩʦʙʥʦʝ ʧʦ-

ʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʮʝʥʢʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʤʝʪʘʣʣʦʚ. ʂʣʘʩ-

ʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ (ὑ1ὅ, J-ʠʥʪʝʛʨʘʣ, ʟʘʢʦʥʳ ʨʦʩʪʘ ʪʨʝʱʠʥ, ʄʂʕ) ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʥʘʜʸʞʥʫʶ ʙʘʟʫ, ʥʦ ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʪʨʝʙʦʚʘʪʝʣʴʥʦʩʪʠ 

ʢ ʠʩʧʳʪʘʥʠʷʤ. ʉʦʚʨʝʤʝʥʥʳʝ ʀʀ-ʧʦʜʭʦʜʳ ï ʦʪ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʥʝʡʨʦʩʝʪʝʡ 

(ANN/CNN) ʜʦ ʬʠʟʠʯʝʩʢʠ-ʠʥʬʦʨʤʠʨʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ (PINN) ï ʧʦʟʚʦʣʷʶʪ 

ʧʨʝʦʜʦʣʝʪʴ ʵʪʠ ʦʛʨʘʥʠʯʝʥʠʷ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʠ ʚʩʪʨʦʝʥʥʳʭ 

ʟʥʘʥʠʡ ʦ ʬʠʟʠʢʝ ʧʨʦʮʝʩʩʘ. ʆʩʦʙʝʥʥʦ ʧʝʨʩʧʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ 

ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ: ʧʨʦʩʪʦʛʦ ʚ ʚʳʧʦʣʥʝʥʠʠ ʪʝʩʪʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʀʀ ʤʦʞʝʪ ñʚʳ-

ʯʠʩʣʠʪʴò ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʨʘʥʝʝ ʜʦʩʪʫʧʥʳʝ ʣʠʰʴ ʯʝʨʝʟ ʨʘʟʨʫʰʠʪʝʣʴʥʳʝ 

ʠʩʧʳʪʘʥʠʷ. ʇʨʠʤʝʨʳ ʨʷʜʘ ʨʘʙʦʪ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʚʣʝʢʘʪʴ ʵʣʘ-

ʩʪʦ-ʧʣʘʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟ ʢʨʠʚʳʭ Pïh ʩ ʧʦʤʦʱʴʶ ʛʣʫʙʦʢʦʛʦ ʦʙʫ-

ʯʝʥʠʷ [5, 6].  

 

 
ʈʠʩ. 1. ʄʝʪʦʜʳ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʳʭ ʟʘʜʘʯ ʧʨʠ ʠʥʩʪʨʫʤʝʥ-

ʪʘʣʴʥʦʤ ʦʩʪʨʦʤ ʚʜʘʚʣʠʚʘʥʠʠ ʩ ʠʟʤʝʨʝʥʠʝʤ ʛʣʫʙʠʥʳ. (A) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʝ-
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ʧʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʜʝʬʦʨʤʘʮʠʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ 

ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ (ʩʣʝʚʘ), ʠ ʪʠʧʠʯʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʛʨʫʟʢʠ (P) ʦʪ ʩʤʝʱʝʥʠʷ (h) ʫʧʨʫ-

ʛʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʤ ʦʩʪʨʦʤ ʚʜʘʚʣʠʚʘʥʠʠ (ʩʧʨʘʚʘ). (BïD) 

ɹʣʦʢ-ʩʭʝʤʳ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʜʣʷ ʨʝʰʝʥʠʷ (B) ʦʙʨʘʪʥʳʭ ʟʘʜʘʯ ʩ ʦʜʥʦʡ ʪʦʯʥʦʩʪʴʶ, ʥʘʧʨʠ-

ʤʝʨ, ʧʨʠ ʦʜʥʦʢʨʘʪʥʦʤ ʠ ʜʚʫʢʨʘʪʥʦʤ/ʤʥʦʛʦʢʨʘʪʥʦʤ ʚʜʘʚʣʠʚʘʥʠʠ, ʘ ʪʘʢʞʝ (C ʠ D) ʦʙʨʘʪ-

ʥʳʭ ʟʘʜʘʯ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʪʦʯʥʦʩʪʷʤʠ, ʚʢʣʶʯʘʶʱʠʭ ʥʘʙʦʨʳ ʜʘʥʥʳʭ ʩ ʨʘʟʥʦʡ ʪʦʯʥʦʩʪʴʶ 

[5] 

 

ʈʘʩʰʠʨʝʥʠʝ ʵʪʦʛʦ ʥʘ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ï ʣʦʛʠʯ-

ʥʳʡ ʰʘʛ, ʪʨʝʙʫʶʱʠʡ ʦʙʲʝʜʠʥʝʥʠʷ ʟʥʘʥʠʡ ʦ ʧʦʚʝʜʝʥʠʠ ʪʨʝʱʠʥ ʩ ʘʥʘʣʠʟʦʤ 

ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ. ɿʜʝʩʴ ʥʘ ʧʦʤʦʱʴ ʧʨʠʭʦʜʷʪ ʛʠʙʨʠʜʥʳʝ ʤʦʜʝʣʠ: ʢʦʤʙʠʥʘʮʠʠ 

ʥʝʡʨʦʩʝʪʝʡ ʩ ʄʂʕ ʠ ʬʠʟʠʯʝʩʢʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ (PINN, phase-field + NN), ʢʦ-

ʪʦʨʳʝ ʫʞʝ ʜʦʢʘʟʘʣʠ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʟʘʜʘʯʘʭ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ 

[7,8]. 

 

 
ʈʠʩ. 2. ʉʪʨʫʢʪʫʨʘ Crack-Net [7] 

 

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʦʜʭʦʜʦʚ ʧʦ ʢʣʶʯʝʚʳʤ ʢʨʠʪʝʨʠʷʤ. ʊʦʯʥʦʩʪʴ ʀʀ-

ʤʦʜʝʣʝʡ ʦʢʘʟʘʣʘʩʴ ʚʳʩʦʢʦʡ, ʩʨʘʚʥʠʤʦʡ ʩ ʵʪʘʣʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʧʨʠ ʫʩʣʦʚʠʠ 
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ʭʦʨʦʰʝʡ ʧʦʜʛʦʪʦʚʢʠ ʜʘʥʥʳʭ ʠ ʬʠʟʠʯʝʩʢʦʡ ʧʦʜʢʨʝʧʣʸʥʥʦʩʪʠ ï ʥʘʧʨʠʤʝʨ, 

ʦʰʠʙʢʘ ʧʨʦʛʥʦʟʘ ὑ1ὅ ʤʝʪʦʜʦʤ GMDH ʥʝ ʧʨʝʚʳʰʘʝʪ 8% [9], ʘ PINN ʤʦʞʝʪ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʢʨʠʚʳʝ ʨʦʩʪʘ ʪʨʝʱʠʥ ʚ ʧʨʝʜʝʣʘʭ ʨʘʟʙʨʦʩʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ [8].  

ʋʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʀʀ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʧʦʩʦʙʥʦʩʪʠ ʦʜʥʦʡ ʤʦʜʝʣʠ ʦʭʚʘʪʳ-

ʚʘʪʴ ʨʘʟʥʳʝ ʨʝʞʠʤʳ ʠ ʛʝʦʤʝʪʨʠʠ, ʪʦʛʜʘ ʢʘʢ ʢʣʘʩʩʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʪʨʝʙʫʝʪ 

ʨʘʟʥʳʭ ʬʦʨʤʫʣ ʜʣʷ ʨʘʟʥʳʭ ʩʣʫʯʘʝʚ [9]. ʀʥʪʝʨʧʨʝʪʠʨʫʝʤʦʩʪʴ ʙʦʣʴʰʝ ʥʝ ʷʚʣʷ-

ʝʪʩʷ ʥʝʧʨʝʦʜʦʣʠʤʦʡ ʧʨʦʙʣʝʤʦʡ: ʚʥʝʜʨʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʝʨʝʤʝʥʥʳʭ ʚ ʤʦʜʝʣʴ 

ʜʝʣʘʝʪ ʚʳʚʦʜ ñʧʨʦʟʨʘʯʥʳʤò ʠ ʩʦʛʣʘʩʫʶʱʠʤʩʷ ʩ ʤʝʭʘʥʠʢʦʡ [8]. ɻʣʘʚʥʳʝ ʚʳ-

ʟʦʚʳ ʀʀ ï ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʜʘʥʥʳʭ ʠ ʛʘʨʘʥʪʠʠ ʵʢʩʪʨʘʧʦʣʷ-

ʮʠʠ ʟʘ ʧʨʝʜʝʣʳ ʦʙʫʯʝʥʥʦʛʦ ï ʨʝʰʘʶʪʩʷ ʯʝʨʝʟ ʤʫʣʴʪʠ-ʬʠʜʝʣʠʪʠ ʦʙʫʯʝʥʠʝ [5], 

data fusion [11] ʠ ʬʠʟʠʯʝʩʢʫʶ ʨʝʛʫʣʷʨʠʟʘʮʠʶ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʨʝʙʫʝʪʩʷ ʜʘʣʴ-

ʥʝʡʰʘʷ ʨʘʙʦʪʘ ʥʘʜ ʩʪʘʥʜʘʨʪʠʟʘʮʠʝʡ, ʚʘʣʠʜʘʮʠʝʡ ʠ ʧʦʚʳʰʝʥʠʝʤ ʜʦʚʝʨʠʷ ʢ 

ʥʦʚʳʤ ʤʝʪʦʜʘʤ. 

ʇʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʦʙʣʘʩʪʠ ʣʝʞʘʪ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʝʱʸ ʙʦʣʝʝ ʪʝʩʥʦʡ 

ʠʥʪʝʛʨʘʮʠʠ ʜʘʥʥʳʭ ʠ ʬʠʟʠʢʠ. ɺ ʙʣʠʞʘʡʰʠʝ ʛʦʜʳ ʩʪʦʠʪ ʦʞʠʜʘʪʴ ʧʦʷʚʣʝʥʠʷ 

ʤʦʜʝʣʝʡ, ʩʧʦʩʦʙʥʳʭ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʦʮʝʥʠʚʘʪʴ ʧʦʚʨʝʞʜʘʝʤʦʩʪʴ 

ʢʦʥʩʪʨʫʢʮʠʠ, ʦʧʠʨʘʷʩʴ ʥʘ ʧʦʪʦʢ ʜʘʥʥʳʭ ʦʪ ʩʝʥʩʦʨʦʚ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʚʳʙʦʨʦʯ-

ʥʳʭ ʪʝʩʪʦʚ, ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʧʨʝʜʩʢʘʟʳʚʘʷ ʤʦʤʝʥʪ ʜʦʩʪʠʞʝʥʠʷ ʢʨʠʪʠʯʝ-

ʩʢʦʡ ʪʨʝʱʠʥʳ. ʌʠʟʠʯʝʩʢʠ-ʠʥʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʝʡʨʦʩʝʪʠ, ʚʝʨʦʷʪʥʦ, ʩʪʘʥʫʪ 

ʩʪʘʥʜʘʨʪʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʘʨʩʝʥʘʣʝ ʠʥʞʝʥʝʨʘ-ʧʨʦʝʢʪʠʨʦʚʱʠʢʘ ʥʘʨʷʜʫ ʩ 

ʄʂʕ, ʧʦʟʚʦʣʷʷ ʙʳʩʪʨʦ ʦʮʝʥʠʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʮʝʥʘʨʠʠ ʥʘʛʨʫʞʝʥʠʷ ʠ ʣʦʢʘʣʠ-

ʟʘʮʠʠ ʜʝʬʝʢʪʦʚ. ɺʩʸ ʵʪʦ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʨʘʟʚʠʪʠʝʤ ʚʳʯʠʩ-

ʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʠ ʤʝʪʦʜʦʚ ʦʙʲʷʩʥʠʤʦʛʦ ʀʀ, ʯʪʦ ʩʥʠʤʝʪ ʧʦʩʣʝʜʥʠʝ 

ʙʘʨʴʝʨʳ ʜʣʷ ʚʥʝʜʨʝʥʠʷ ʪʘʢʠʭ ʤʦʜʝʣʝʡ. 

ʇʦʜʚʦʜʷ ʠʪʦʛ, ʀʀ ʚ ʤʝʭʘʥʠʢʝ ʨʘʟʨʫʰʝʥʠʷ ʥʝ ʟʘʤʝʥʷʝʪ ʧʦʣʥʦʩʪʴʶ ʢʣʘʩ-

ʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʘ ʜʦʧʦʣʥʷʝʪ ʠʭ, ʦʙʨʘʟʫʷ ʥʦʚʫʶ ʧʘʨʘʜʠʛʤʫ ʘʥʘʣʠʟʘ ʧʨʦʯʥʦ-

ʩʪʠ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠʤʝʥʝʥʠʝ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ï ʙʫʜʴ ʪʦ ʧʨʦʩʪʘʷ ʥʝʡʨʦ-

ʩʝʪʴ ʠʣʠ ʩʣʦʞʥʘʷ PINN ï ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ ʩʦʚʦʢʫʧʥʦʩʪʴ ʬʘʢʪʦʨʦʚ, ʥʝʜʦʩ-

ʪʫʧʥʳʭ ʫʯʸʪʫ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʦʨʠʠ, ʠ ʪʝʤ ʩʘʤʳʤ ʚʳʚʝʩʪʠ 

ʦʮʝʥʢʫ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ ʪʦʯʥʦʩʪʠ ʠ ʦʧʝʨʘʪʠʚʥʦʩʪʠ. ʋʞʝ 

ʩʝʛʦʜʥʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʫʩʧʝʰʥʳʝ ʧʨʠʤʝʨʳ ʪʘʢʦʛʦ ʩʠʥʪʝʟʘ 

(ANN + ʵʢʩʧʝʨʠʤʝʥʪ, PINN + FEM ʠ ʜʨ.), ʘ ʟʘʚʪʨʘ ʵʪʠ ʧʦʜʭʦʜʳ ʤʦʛʫʪ ʩʪʘʪʴ 

ʧʨʦʤʳʰʣʝʥʥʳʤ ʩʪʘʥʜʘʨʪʦʤ, ʦʙʝʩʧʝʯʠʚʘʷ ʙʦʣʝʝ ʙʝʟʦʧʘʩʥʫʶ ʠ ʵʬʬʝʢʪʠʚʥʫʶ 

ʵʢʩʧʣʫʘʪʘʮʠʶ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʥʩʪʨʫʢʮʠʡ ʚ ʩʘʤʳʭ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ. 
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ʈʉʇɺʄɾʅʔ ʉɹʀʉɹɺʇʋʃʁ 

ʈʉʁʄʇɿɾʆʁʘ  ɽʄʘ  ɹʆɹʄʁʀɹ  ʋʉɹɾʃʋʇʉʁʁ 

ʈɾʉɾʅɾʒɾʆʁʘ  ɻʀɼʄʘɽɹ  ʈʇ  ʁʀʇɺʉɹɿɾʆʁʘʅ, 

ʈʇʄʌʐɾʆʆʔʅ  ɻ  ʉɾʀʌʄʕʋɹʋɾ  ʃʇɼʆʁʋʁɻʆʇʂ 

ɻʁʀʌɹʄʁʀɹʏʁʁ  ɽɹʆʆʔʎ 
 

ɸʥʥʦʪʘʮʠʷ: ʉʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʬʠʢʩʘʮʠʠ ʪʨʘʝʢʪʦʨʠʠ ʚʟʛʣʷʜʘ ʧʦ ʠʟʦʙʨʘ-

ʞʝʥʠʷʤ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʛʨʘʬʠʯʝʩʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʘʥʥʳʭ ʩʨʝʜʩʪ-

ʚʘʤʠ Data Mining (ʢʦʛʥʠʪʠʚʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ). ɺ ʵʪʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʦʧʫ-

ʣʷʨʥʳʝ ʘʣʛʦʨʠʪʤʳ ʚ ʩʬʝʨʝ ʘʡʪʨʝʢʠʥʛʘ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʠʭ ʥʝʜʦʩʪʘʪʢʠ. ʅʘ ʦʩ-

ʥʦʚʝ ʧʦʣʫʯʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʩʦʟʜʘʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʘʣʛʦʨʠʪʤ (ʤʘʰʠʥʥʦʝ 

ʦʙʫʯʝʥʠʷ ʠ ʩʣʫʯʘʡʥʳʡ ʣʝʩ), ʧʨʠʟʚʘʥʥʳʡ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʳ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝ-

ʪʦʜʦʚ.  
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 CHALLENGES  OF  DEVELOPMENT  OF  AN 
APPLICATION  FOR  ANALYZING  THE  TRAJECTORY  

OF  GAZE  MOVEMENT  BASED  ON 
IMAGES  OBTAINED  AS  A  RESULT  OF  

COGNITIVE  DATA  VISUALIZATION 
 

Abstract: There is a problem of fixing the trajectory of the gaze on images formed 

as a result of graphical concentration of data by means of Data Mining (cognitive visuali-

zation). This article examines popular algorithms in the field of eytracing and analyzes 

their disadvantages. Based on the information received, an experimental algorithm (ma-

chine learning and random trees) has been created to solve the problems of existing me-

thods. 
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ɻʛʞʝʞʦʡʞ 

ɸʡʪʨʝʢʠʥʛ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩ-

ʪʝʤʳ ʤʦʛʣʠ çʧʦʥʷʪʴè ʪʦ, ʢʘʢ ʧʦʣʴʟʦʚʘʪʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʥʠʤʠ, ʢʘʢʠʝ 

ʠʥʪʝʨʬʝʡʩʳ ʠ ʩʨʝʜʩʪʚʘ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʘʠʙʦʣʝʝ ʨʝʟʫʣʴʪʘʪʠʚʥʳ. ɽʩʣʠ ʠʩʭʦʜ-

ʥʳʝ ʜʘʥʥʳʝ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʳ ʥʘ ʜʠʩʧʣʝʝ ʚ ʚʠʜʝ ʢʦʤʧʘʢʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʪʦ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʴ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʧʨʠʥʷʪʠʝ 

ʪʝʭ ʠʣʠ ʠʥʳʭ ʨʝʰʝʥʠʡ ʯʝʣʦʚʝʢʦʤ. ʆʩʦʙʝʥʥʦ ʵʪʦ ʚʘʞʥʦ ʜʣʷ ʣʠʮʘ, ʧʨʠʥʠʤʘʶ-

ʱʝʛʦ ʨʝʰʝʥʠʷ, ʠʣʠ ʩʠʩʪʝʤʳ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʚʳʨʘʙʘʪʳʚʘʶʱʝʛʦ 

ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʜʘʥʥʳʭ ʜʣʷ ʧʦʣʴʟʦʚʘʪʝʣʷ ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ. ʅʘʠʙʦʣʝʝ ʩʣʦʞ-

ʥʦ ʦʙʨʘʙʘʪʳʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʩʪʘʣʠ ʨʝʟʫʣʴʪʘʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʙʦʣʴʰʠʭ ʤʘʩʩʠʚʦʚ ʜʘʥʥʳʭ. ɺ Data Mining ʪʘʢʠʝ ʤʝʪʦʜʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʨʫʧ-

ʧʠʨʫʶʪʩʷ ʚ ʨʘʟʜʝʣʝ Data Visualization [1]. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʣʫʯʰʝʛʦ ʨʝʟʫʣʴʪʘʪʘ (ʚʦʩʧʨʠʷʪʠʷ) ʧʨʠ ʢʦʛʥʠʪʠʚʥʦʡ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ ʪʨʝʙʫʝʪʩʷ ʢʨʠʪʝʨʠʡ ʦʮʝʥʠʚʘʥʠʷ ʵʨʛʦʥʦʤʠʯʥʦʩʪʠ ʨʘʟ-

ʤʝʱʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʦʮʝʥʠʚʘʝʤʦʤ ʠʟʦʙʨʘʞʝʥʠʠ. ɽʩʣʠ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ 

ʠʤʝʪʁʩʷ ʫʩʪʦʡʯʠʚʳʝ ʩʪʨʫʢʪʫʨʳ, ʦʪʨʘʞʘʶʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚ ʠʩʭʦʜʥʳʭ 

ʜʘʥʥʳʭ, ʪʦ ʯʝʤ ʤʝʥʴʰʝ ʧʨʦʡʜʝʥʥʳʡ ʚʟʛʣʷʜʦʤ ʠʩʧʳʪʫʝʤʦʛʦ ʧʫʪʴ ʤʝʞʜʫ ʪʘ-

ʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʪʝʤ ʨʝʟʫʣʴʪʘʪʠʚʥʝʝ ʤʝʪʦʜ ʚʠʟʫʘʣʠʟʘʮʠʠ (ʪʝʤ ʣʝʛʯʝ ʙʫʜʝʪ 

ʚʦʩʧʨʠʥʷʪʴ ʠʥʬʦʨʤʘʮʠʶ, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ). ʅʘʧʨʠʤʝʨ, ʝʩʣʠ 

ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʥʝʪ ʛʣʘʚʥʦʛʦ ʵʣʝʤʝʥʪʘ, ʢʦʪʦʨʳʡ çʧʨʠʪʷʛʠʚʘʝʪè ʚʥʠʤʘʥʠʝ, ʪʦ 

ʚʟʛʣʷʜ ʧʦʣʴʟʦʚʘʪʝʣʷ ʙʫʜʝʪ ʙʝʩʮʝʣʴʥʦ ʙʣʫʞʜʘʪʴ ʧʦ ʵʢʨʘʥʫ, ʧʨʠʚʦʜʷ ʢ ʨʘʩʩʝʠ-

ʚʘʥʠʶ ʚʥʠʤʘʥʠʷ. ʇʨʠ ʥʝʫʜʘʯʥʦʡ ʛʨʫʧʧʠʨʦʚʢʝ ʜʘʥʥʳʭ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ, ʢʦʛʜʘ 

ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʵʣʝʤʝʥʪʳ ʥʘʭʦʜʷʪʩʷ ʥʘ ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ ʜʨʫʛ 

ʦʪ ʜʨʫʛʘ, ʚʟʛʣʷʜ ʙʫʜʝʪ ʙʳʩʪʨʝʝ ʧʨʝʦʜʦʣʝʚʘʪʴ ʫʯʘʩʪʢʠ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʘʤʠ, ʠ 

ʙʫʜʝʪ ʟʘʜʝʨʞʠʚʘʪʴʩʷ ʥʘ ʩʢʦʧʣʝʥʠʷʭ ʧʦʣʝʟʥʳʭ ʵʣʝʤʝʥʪʦʚ [2]. ʏʪʦʙʳ ʚʳʷʚʠʪʴ 

ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʴ ʦʪʦʙʨʘʞʝʥʠʷ ʜʘʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷ, 

ʩʣʝʜʫʝʪ ʧʨʦʚʦʜʠʪʴ ʩʧʝʮʠʘʣʴʥʳʝ ʪʝʩʪʳ ʵʪʠʭ ʛʨʘʬʠʯʝʩʢʠʤʠ ʥʦʪʘʮʠʡ. ʉʨʝʜʠ 

ʪʘʢʠʭ ʪʝʩʪʦʚ ʚʘʞʥʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʝʪ ʤʝʪʦʜ ʘʡʪʨʝʢʠʥʛʘ [3]. ʇʦʵʪʦʤʫ ʵʪʦʪ ʤʝ-

ʪʦʜ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʧʨʦʢʪʦʨʠʥʛʝ [4], ʚ ʦʙʣʘʩ-

ʪʠ ʧʩʠʭʦʣʦʛʠʠ [5] ʠ ʩʧʦʨʪʘ [6]. 

ɺ ʧʨʦʮʝʩʩʝ ʨʝʘʣʠʟʘʮʠʠ ʟʘʜʘʯʠ ʘʡʪʨʝʢʠʥʛʘ ʚʦʟʥʠʢʘʝʪ ʨʷʜ ʩʣʦʞʥʦʩʪʝʡ, 

ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʘʪʴ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ. ʈʘʩʩʤʦʪʨʠʤ ʪʘʢʠʝ ʘʣʛʦʨʠʪʤʳ ʠ 

ʠʭ ʥʝʜʦʩʪʘʪʢʠ, ʦʩʫʱʝʩʪʚʠʚ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʰʝʥʠʡ. ɿʘʪʝʤ ʧʨʝʜʣʦ-

ʞʠʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʝʪʦʜ, ʫʣʫʯʰʘʶʱʠʡ ʧʨʦʮʝʩʩ ʚʳʷʚʣʝʥʠʷ ʪʨʘʝʢʪʦʨʠʠ 

ʚʟʛʣʷʜʘ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ. 

 

 

 



158 

ʈʩʧʚʤʞʥʴ ʩʞʙʤʡʠʙʯʡʡ ʙʤʜʧʩʡʫʥʧʛ ʙʛʫʧʥʙʫʡʰʞʪʣʧʜʧ ʙʢʫʩʞʣʡʦʜʙ 

ɺʳʜʝʣʠʤ ʦʩʥʦʚʥʳʝ ʧʨʦʙʣʝʤʳ, ʢʦʪʦʨʳʝ ʚʳʪʝʢʘʶʪ ʠʟ ʩʘʤʦʡ ʧʦʩʪʘʥʦʚʢʠ 

ʟʘʜʘʯ ʘʡʪʨʝʢʠʥʛʘ [7]: 

1. ɼʚʠʞʝʥʠʝ ʛʦʣʦʚʳ ʧʦʣʴʟʦʚʘʪʝʣʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ 

ʚʟʛʣʷʜʘ ʯʝʣʦʚʝʢʘ ʩ ʧʦʚʸʨʥʫʪʦʡ ʚ ʩʪʦʨʦʥʫ ʛʦʣʦʚʦʡ ʪʨʝʙʫʝʪʩʷ ʥʘʡʪʠ ʫʛʦʣ ʧʦʚʦ-

ʨʦʪʘ ʛʦʣʦʚʳ ʠ ʩʣʦʞʠʪʴ ʝʛʦ ʩ ʫʛʣʦʤ ʧʦʚʦʨʦʪʘ ʛʣʘʟ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʦʡ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʧʝʮʠʘʣʴʥʳʭ ʩʪʘʮʠʦʥʘʨʥʳʭ ʘʡʪʨʝʢʝʨʦʚ. ʏʘʱʝ ʚʩʝʛʦ ʵʪʫ 

ʧʨʦʙʣʝʤʫ ʨʝʰʘʶʪ ʟʘʢʨʝʧʣʝʥʠʝʤ ʛʦʣʦʚʳ ʠʩʧʳʪʫʝʤʦʛʦ ʚ ʦʜʥʦʤ ʧʦʣʦʞʝʥʠʠ ʩ 

ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʳʭ ʧʦʜʩʪʘʚʦʢ, ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʡʪʨʝʢʝʨʦʚ, ʞʝʩʪʢʦ 

ʟʘʢʨʝʧʣʷʝʤʳʭ ʥʘ ʛʦʣʦʚʝ ʠʩʧʳʪʫʝʤʦʛʦ; 

2. ɺʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ. ʅʝʨʘʚʥʦʤʝʨʥʦʝ ʦʩʚʝʱʝʥʠʝ, ʜʣʠʥʥʳʝ 

ʥʘʢʨʘʰʝʥʥʳʝ ʨʝʩʥʠʮʳ, ʧʦʤʫʪʥʝʥʠʝ ʭʨʫʩʪʘʣʠʢʘ (ʢʘʪʘʨʘʢʪʘ), ʜʨʫʛʠʝ ʦʩʦʙʝʥ-

ʥʦʩʪʠ ʧʦʣʴʟʦʚʘʪʝʣʷ - ʚʩʸ ʵʪʦ ʫʭʫʜʰʘʝʪ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ 

ʟʨʘʯʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʛʣʘʟʘ. ʈʝʰʠʪʴ ʵʪʫ ʧʨʦʙʣʝʤʫ ʤʦʞʥʦ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦʡ ʢʘʣʠʙʨʦʚʢʦʡ ʠʣʠ ʫʩʪʨʘʥʝʥʠʝʤ ʵʪʠʭ ʬʘʢʪʦʨʦʚ (ʥʦʨʤʘʣʠʟʘʮʠʷ ʦʩʚʝ-

ʱʝʥʠʷ, ʫʜʘʣʝʥʠʝ ʪʫʰʠ ʩ ʨʝʩʥʠʮ ʠ ʪ.ʜ.); 

3. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʞʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʅʘʠʙʦʣʝʝ 

ʪʦʯʥʳʝ ʤʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʚʦʨʦʪʘ ʛʣʘʟʘ, ʪʘʢʠʝ ʢʘʢ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʠ 

ʬʦʪʦʦʧʪʠʯʝʩʢʠʡ ʤʝʪʦʜʳ, ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝ ʪʦʣʴʢʦ ʚʠʜʝʦʢʘʤʝʨʳ, ʥʦ 

ʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʘʪʝʣʷ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʭ ʟʝʨʢʘʣ. ʊʘʢʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʝʩʪʴ ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʣʘʙʦʨʘʪʦʨʠʷʭ, ʥʦ ʦʥʦ ʥʝ ʜʦʩʪʫʧʥʦ ʜʣʷ ʤʘʩ-

ʩʦʚʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ʕʪʘ ʧʨʦʙʣʝʤʘ ʚʦ ʤʥʦʛʦʤ ʨʝʰʘʝʪʩʷ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʦʙʳʯʥʳʭ ʢʘʤʝʨ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʷ ʪʦʯʥʦʩʪʴ ʬʠʢʩʘʮʠʠ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʘʡʪʨʝʢʠʥʛʘ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʪʦ, ʯʪʦʙʳ ʥʠʚʝʣʠ-

ʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʵʪʠʭ ʧʨʦʙʣʝʤ. 

ʊʩʙʛʦʡʫʞʤʵʦʴʢ ʙʦʙʤʡʠ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʛʣʘʟ ʯʝʣʦʚʝʢʘ ʥʝʦʙʭʦʜʠʤʦ ʧʦʦʯʝ-

ʨʝʜʥʦ ʦʙʨʘʙʦʪʘʪʴ ʢʘʞʜʳʡ ʢʘʜʨ ʧʦʣʫʯʝʥʥʦʡ ʚʠʜʝʦʟʘʧʠʩʠ. ɺʧʦʩʣʝʜʩʪʚʠʠ ʦʙ-

ʨʘʙʦʪʢʠ ʢʘʜʨʘ ʤʳ ʧʦʣʫʯʘʝʤ ʜʚʫʤʝʨʥʫʶ ʢʦʦʨʜʠʥʘʪʫ, ʦʙʦʟʥʘʯʘʶʱʫʶ ʪʦʯʢʫ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʠ ʥʘ ʢʦʪʦʨʫʶ ʚ ʜʘʥʥʳʡ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʩʤʦʪʨʠʪ ʠʩʧʳʪʫʝʤʳʡ. 

ʕʪʠ ʢʦʦʨʜʠʥʘʪʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʷʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ, ʦʙʨʘʟʫʷ ʪʨʘʝʢ-

ʪʦʨʠʶ 

ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ ʢʨʠʪʝʨʠʷ ʩʨʘʚʥʝʥʠʷ 

ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʚʟʛʣʷʜʘ (ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ 

ʚʟʛʣʷʜʘ), ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʚʠʞʝʥʠʷ ʛʦʣʦʚʳ ʠʩʧʳʪʫʝʤʦʛʦ ʠ ʩʣʦʞʥʦʩʪʴ ʢʘʣʠʙ-

ʨʦʚʢʠ. ʈʘʩʩʤʦʪʨʠʤ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʤʝʪʦʜʳ: ʘʜʘʧʪʠʚʥʳʡ ʘʣʛʦ-

ʨʠʪʤ ʠ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ. 

ɸʜʘʧʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʥʘʭʦʞʜʝʥʠʷ ʛʨʘʥʠʮ ʟʨʘʯʢʘ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ [7] 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʚʟʛʣʷʜʘ ʥʘ ʦʩʥʦʚʝ ʩʤʝʱʝʥʠʷ ʟʨʘʯʢʘ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʛʣʘʟʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʯʪʦ ʠʩʧʳʪʫʝʤʳʡ ʙʫʜʝʪ 

ʜʝʨʞʘʪʴ ʛʦʣʦʚʫ ʥʝʧʦʜʚʠʞʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʥʘʯʘʣʴʥʦʡ ʧʦʟʠʮʠʠ ʢʘʣʠʙʨʦʚʢʠ, 
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ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʪʦʯʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʚʦʟʤʦʞʥʫʶ ʤʘʢʩʠʤʘʣʴʥʫʶ ʜʣʠʪʝʣʴ-

ʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʌʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ [8] ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʬʠʢʩʘʮʠʠ ʛʦʣʦʚʳ ʠʩʧʳʪʫʝʤʦʛʦ ʚ ʦʧʨʝʜʝʣʸʥʥʦʤ ʧʦʣʦʞʝʥʠʠ, 

ʥʦ ʧʨʠ ʵʪʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ. 

ʈʘʩʰʠʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʘʡʪʨʝʢʠʥʛʘ ʤʦʞʥʦ ʟʘ ʩʯʸʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʬʠʢʩʘʮʠʠ ʚʩʝʛʦ ʦʚʘʣʘ ʣʠʮʘ ʯʝʣʦʚʝʢʘ. ɺʢʣʶʯʠʤ ʪʘʢʦʡ ʧʦʜʭʦʜ 

ʚ ʩʨʘʚʥʠʪʝʣʴʥʫʶ ʪʘʙʣʠʮʫ ʧʦʜ ʥʘʟʚʘʥʠʝʤ ʈʘʩʰʠʨʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʬʠʢʩʘʮʠʠ 

ʚʟʛʣʷʜʘ. ʀʟ ʥʝʸ ʩʣʝʜʫʝʪ, ʯʪʦ ʥʦʚʳʡ ʘʣʛʦʨʠʪʤ ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʟʚʦʣʠʪ ʦʙʝʩʧʝ-

ʯʠʪʴ ʪʦʯʥʦʩʪʴ ʜʘʞʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʦʣʦʞʝʥʠʷ ʛʦʣʦʚʳ ʠʩʧʳʪʫʝʤʦʛʦ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ. ɼʦʩʪʠʛʘʝʪʩʷ ʵʪʦ ʙʣʘʛʦʜʘʨʷ ʘʥʘʣʠʟʫ ʥʝ ʪʦʣʴʢʦ ʧʦʣʦʞʝʥʠʷ 

ʛʣʘʟ, ʥʦ ʠ ʛʦʣʦʚʳ ʯʝʣʦʚʝʢʘ ʚʦ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

 
ʊʘʙʣʠʮʘ. ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʦʚ ʘʡʪʨʝʢʠʥʛʘ 

ʄʝʪʦʜ ʊʦʯʥʦʩʪʴ ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʚʠ-

ʞʝʥʠʡ ʠʩʧʳʪʫʝʤʦʛʦ 

ʉʣʦʞʥʦʩʪʴ 

ʢʘʣʠʙʨʦʚʢʠ 

ɸʜʘʧʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʥʘʭʦʞʜʝʥʠʷ 

ʛʨʘʥʠʮ ʟʨʘʯʢʘ 

ʩʨʝʜʥʷʷ ʩʨʝʜʥʷʷ ʩʨʝʜʥʷʷ 

ʌʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ  ʚʳʩʦʢʘʷ ʚʳʩʦʢʘʷ ʚʳʩʦʢʘʷ 

ʈʘʩʰʠʨʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʬʠʢʩʘʮʠʠ 

ʚʟʛʣʷʜʘ 

ʩʨʝʜʥʷʷ ʥʠʟʢʘʷ ʩʨʝʜʥʷʷ 

ʈʩʧʞʣʫ ʨʩʡʤʧʟʞʦʡʸ 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʘʣʠʟʘʮʠʶ ʨʘʩʰʠʨʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʬʠʢʩʘʮʠʠ ʚʟʛʣʷʜʘ. ɿʘ 

ʦʩʥʦʚʫ ʚʦʟʴʤʝʤ ʩʫʱʝʩʪʚʫʶʱʠʡ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʛʦʣʦʚʳ 

[9]. ɸʣʛʦʨʠʪʤ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʛʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʠ ʧʷʪʠ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ. 

0. ʉʥʘʯʘʣʘ, ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʧʨʦʚʦʜʠʪʩʷ ʢʘʣʠʙʨʦʚʢʘ ʧʘʨʘʤʝʪʨʦʚ ʘʣ-

ʛʦʨʠʪʤʘ: ʠʟʤʝʨʷʶʪʩʷ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʣʶʯʝʚʳʤʠ ʪʦʯʢʘʤʠ ʣʠʮʘ ʯʝʣʦʚʝʢʘ, 

ʬʦʢʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʠ ʩʪʝʧʝʥʴ ʠʩʢʘʞʝʥʠʷ ʢʘʤʝʨʳ. ʂʘʣʠʙʨʦʚʢʘ ʫʚʝʣʠʯʠʚʘʝʪ 

ʪʦʯʥʦʩʪʴ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ, ʥʦ ʥʝ ʷʚʣʷʝʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ ʰʘʛʦʤ, ʪ.ʢ. ʚ ʙʦʣʴ-

ʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʦʪʢʣʦʥʝʥʠʝ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʦʪ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʧʨʝʥʝʙ-

ʨʝʞʠʪʝʣʴʥʦ ʤʘʣʦ. ʆʙʷʟʘʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʣʠʰʴ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ 

ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʦʣʫʯʝʥʥʦʤ ʩ ʢʘʤʝʨʳ ʠʟʦʙʨʘʞʝʥʠʠ ʚʳʜʝʣʷʝʪʩʷ ʣʠʮʦ 

ʯʝʣʦʚʝʢʘ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʠʩʧʦʣʴʟʫ-

ʝʪʩʷ ʤʝʪʦʜ ʦʧʦʨʥʳʭ ʚʝʢʪʦʨʦʚ ï ʘʣʛʦʨʠʪʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʠʩʧʦʣʴʟʫʝ-

ʤʳʡ ʜʣʷ ʙʳʩʪʨʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʜʘʥʥʳʭ [10-12]. 

1. ɿʘʪʝʤ ʥʘ ʚʳʜʝʣʝʥʥʦʤ ʫʯʘʩʪʢʝ ʠʟʦʙʨʘʞʝʥʠʷ ʚʳʜʝʣʷʶʪʩʷ ʢʣʶʯʝʚʳʝ 

ʪʦʯʢʠ ʣʠʮʘ (ʨʠʩ. 1), ʩ ʧʦʤʦʱʴʶ ʘʥʩʘʤʙʣʷ ʨʝʛʨʝʩʩʠʦʥʥʳʭ ʜʝʨʝʚʴʝʚ (ʪʘʢʞʝ ʠʟ-

ʚʝʩʪʥʳʡ ʧʦʜ ʥʘʟʚʘʥʠʝʤ çʩʣʫʯʘʡʥʳʡ ʣʝʩè) [13]. ʉʘʤ ʤʝʪʦʜ ʨʝʛʨʝʩʩʠʦʥʥʳʭ ʜʝ-

ʨʝʚʴʝʚ ï ʵʪʦ ʘʣʛʦʨʠʪʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʙʦʣʴ-

ʰʦʡ ʥʘʙʦʨ ʨʝʰʘʶʱʠʭ ʜʝʨʝʚʴʝʚ, ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ ʩʘʤʦ ʧʦ ʩʝʙʝ ʜʘʸʪ ʦʯʝʥʴ 

ʥʝʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʥʦ ʟʘ ʩʯʸʪ ʠʭ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʝ-

ʟʫʣʴʪʘʪ ʧʦʣʫʯʘʝʪʩʷ ʭʦʨʦʰʠʤ [14]. 
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ʈʠʩ. 1. ʂʣʶʯʝʚʳʝ ʪʦʯʢʠ ʣʠʮʘ 

 

2. ʀʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʨʘʥʝʝ ʜʘʥʥʳʝ, ʦʮʝʥʠʚʘʝʪʩʷ ʧʦʣʦʞʝʥʠʝ ʣʠʮʘ 

ʯʝʣʦʚʝʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʘʤʝʨʳ. ʈʝʰʠʪʴ ʵʪʫ ʟʘʜʘʯʫ ʤʦʞʥʦ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦ-

ʩʦʙʘʤʠ, ʥʦ ʚ ʥʘʰʝʤ ʘʣʛʦʨʠʪʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʰʝʥʠʝ Direct Linear Transform 

(DLT [15]) ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʝʡ ʃʝʚʝʥʙʝʨʛʘ-ʄʘʨʢʫʘʨʜʪʘ [16], ʪ.ʢ. 

ʦʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʠʙʦʣʴʰʫʶ ʪʦʯʥʦʩʪʴ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʤʳ ʧʦʣʫʯʘʝʤ: 

- Rx, Ry, Rz ï ʧʦʚʦʨʦʪ ʛʦʣʦʚʳ ʚʦʢʨʫʛ ʦʩʝʡ Ox, Oy ʠ Oz ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

- DX, DY, DZ ï ʩʤʝʱʝʥʠʝ ʛʦʣʦʚʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ 

ʧʦ ʦʩʷʤ Ox, Oy ʠ Oz ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

3. ʅʘ ʦʩʥʦʚʝ ʢʣʶʯʝʚʳʭ ʪʦʯʝʢ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʰʘʛʝ 2, ʚʳʜʝʣʷʶʪʩʷ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʠ ʦʙʣʘʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʛʣʘʟ. ɺ ʢʘʞʜʦʡ ʦʙʣʘʩʪʠ ʦʪʜʝʣʴʥʦ ʚʳʜʝ-

ʣʷʝʪʩʷ ʟʨʘʯʦʢ ʛʣʘʟʘ. ʆʥ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʪʸʤʥʳʤ ʵʣʣʠʧʩʦʤ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʢ-

ʨʫʞʘʶʱʝʡ ʝʛʦ ʨʘʜʫʞʥʦʡ ʦʙʦʣʦʯʢʠ, ʧʦʵʪʦʤʫ ʟʨʘʯʦʢ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʛʣʘʟʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʪʸʤʥʦʡ ʦʢʨʫʛʣʦʡ ʦʙʣʘʩʪʠ ʩ ʦʧʨʝʜʝʣʸʥʥʦʡ ʧʣʦʱʘʜʴʶ. 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʦʞʝʥʠʷ ʟʨʘʯʢʘ, ʚʳʯʠʩʣʷʝʪʩʷ ʩʪʝʧʝʥʴ ʝʛʦ ʩʤʝʱʝʥʠ ʦʪʥʦʩʠʪʝʣʴ-

ʥʦ ʛʣʘʟʘ ʧʦ ʬʦʨʤʫʣʘʤ (1). 

Ўὼ=
ὼ ύ/ 2

ύ
,  Ўώ=

ώ Ὤ/ 2

Ὤ
,   (1) 

ʛʜʝ Ўὼ ï ʩʤʝʱʝʥʠʝ ʧʦ ʦʩʠ Ox, w ï ʰʠʨʠʥʘ ʛʣʘʟʘ ʚ ʧʠʢʩʝʣʷʭ, x ï ʢʦʦʨʜʠʥʘʪʘ 

ʟʨʘʯʢʘ ʧʦ ʦʩʠ Ox ʚ ʧʠʢʩʝʣʷʭ, Ўώ ï ʩʤʝʱʝʥʠʝ ʧʦ ʦʩʠ Oy, h ï ʚʳʩʦʪʘ ʛʣʘʟʘ ʚ 

ʧʠʢʩʝʣʷʭ, y ï ʢʦʦʨʜʠʥʘʪʘ ʟʨʘʯʢʘ ʧʦ ʦʩʠ Oy ʚ ʧʠʢʩʝʣʷʭ. 

ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʜʘʶʪ ʟʥʘʯʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ [-1; 1], ʛʜʝ ʦʪʨʠʮʘ-

ʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʦʙʦʟʥʘʯʘʶʪ ʩʤʝʱʝʥʠʝ ʚ ʩʪʦʨʦʥʫ ʧʨʦʪʠʚ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʠ 

ʢʦʦʨʜʠʥʘʪ, ʘ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ï ʚʜʦʣʴ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʩʤʝʱʝʥʠʡ ʚʳʯʠʩʣʷ-

ʝʪʩʷ ʧʦʚʦʨʦʪ ʛʣʘʟʘ ʧʦ ʬʦʨʤʫʣʘʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʜʘʥʥʳʭ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ 

ʘʥʘʪʦʤʠʠ ʯʝʣʦʚʝʢʘ (2) ʠ (3). 

ὶὼ= Ўὼz 50Ј,       (2) 

ʛʜʝ  ὶὼ ï ʧʦʚʦʨʦʪ ʛʣʘʟʘ ʚʦʢʨʫʛ ʦʩʠ Ox ʚ ʛʨʘʜʫʩʘʭ, Ўὼ ï ʩʤʝʱʝʥʠʝ ʟʨʘʯʢʘ ʧʦ 
ʦʩʠ Ox. 
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ὶώ=

ῳώz 30Ј, ῳώ >  0
0,ῳώ= 0

ῳώz 20Ј,ῳώ< 0
,     (3) 

ʛʜʝ  ὶώ ï ʧʦʚʦʨʦʪ ʛʣʘʟʘ ʚʦʢʨʫʛ ʦʩʠ Oy ʚ ʛʨʘʜʫʩʘʭ, ῳώ ï ʩʤʝʱʝʥʠʝ ʟʨʘʯʢʘ ʧʦ 
ʦʩʠ Oy. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʳ ʧʦʣʫʯʘʝʤ ʧʦʚʦʨʦʪ ʛʣʘʟʘ ʚ ʛʨʘʜʫʩʘʭ, ʛʜʝ ʦʪʨʠʮʘ-

ʪʝʣʴʥʳʡ ʫʛʦʣ ʦʙʦʟʥʘʯʘʝʪ ʧʦʚʦʨʦʪ ʧʨʦʪʠʚ ʦʩʠ, ʘ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ï ʚʜʦʣʴ. 

4. ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʘʣʛʦʨʠʪʤʘ ʦʩʪʘʝʪʩʷ ʥʘʡʪʠ ʢʦʦʨʜʠʥʘʪʳ ʪʦʯ-

ʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ʣʠʥʠʠ ʚʟʛʣʷʜʘ ʠ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʏʘʩʪʥʳʤ ʩʣʫʯʘʝʤ 

ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʬʨʦʥʪʘʣʴʥʘʷ ʧʣʦʩʢʦʩʪʴ, ʥʘʧʨʠʤʝʨ, ʢʦʛʜʘ ʧʦʣʴʟʦʚʘʪʝʣʴ ʩʤʦʪ-

ʨʠʪ ʥʘ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʵʢʨʘʥʝ ʢʦʤʧʴʶʪʝʨʘ ʠ ʥʘʢʣʦʥʦʤ ʧʣʦʩʢʦʩʪʠ ʤʦʞʥʦ ʧʨʝ-

ʥʝʙʨʝʯʴ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʷ ʧʨʠʤʫʪ ʚʠʜ (4). 

ὢ= ῳὤὸὥὲ(ὶὼ+ Ὑὼ)  + ῳὢ, ὣ= ῳὤὸὥὲ(ὶώ+ Ὑώ)  + ῳὣ,  (4) 

ʛʜʝ X ï ʢʦʦʨʜʠʥʘʪʘ ʪʦʯʢʠ ʚʟʛʣʷʜʘ ʯʝʣʦʚʝʢʘ ʧʦ ʦʩʠ Ox, ʛʜʝ Y ï ʢʦʦʨʜʠʥʘʪʘ 

ʪʦʯʢʠ ʚʟʛʣʷʜʘ ʯʝʣʦʚʝʢʘ ʧʦ ʦʩʠ Oy 

5. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʘʝʢʪʦʨʠʠ ʚʟʛʣʷʜʘ, ʩʣʝʜʫʝʪ ʧʦʚʪʦʨʠʪʴ ʰʘʛʠ/ʵʪʘʧʳ 1-

5 ʜʣʷ ʤʥʦʞʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʡ-ʢʘʜʨʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʪʦʯʢʠ ʪʨʝʙʫʝʪʩʷ ʩʦʝʜʠ-

ʥʠʪʴ ʚ ʭʨʦʥʦʣʦʛʠʯʝʩʢʦʤ ʧʦʨʷʜʢʝ, ʪʝʤ ʩʘʤʳʤ ʧʦʣʫʯʠʚ ʪʨʘʝʢʪʦʨʠʶ.  

ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʨ. ʇʫʩʪʴ ʜʘʥʦ ʠʟʦʙʨʘʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ʘʡʪʨʝʢʠʥʛʘ, ʚʳʚʦʜʠʤʦʝ ʥʘ ʜʠʩʧʣʝʡ ʧʝʨʩʦʥʘʣʴ-

ʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʢʦʛʥʠʪʠʚʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚʦʟʴʤʸʤ 

ʢʦʛʥʠʪʠʚʥʫʶ ʢʘʨʪʫ ʜʠʘʛʥʦʩʪʠʢʠ ʟʥʘʥʠʡ [17], ʦʪʨʘʞʘʶʱʫʶ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷ-

ʥʠʝ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩʪʫʜʝʥʪʘ ʚ ʩʨʝʜʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʫʯʝʥʠʷ [18]. ʊʨʝʙʫ-

ʝʪʩʷ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ ʛʣʘʟ ʧʦ ʠʟʦʙʨʘʞʝʥʠʶ ʜʣʷ ʜʘʣʴ-

ʥʝʡʰʝʡ ʘʥʘʣʠʪʠʢʠ.  

ʇʨʠ ʢʘʣʠʙʨʦʚʢʝ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʦʙʱʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʦʞʝʥʠʷ 

ʧʦʣʴʟʦʚʘʪʝʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʙ-ʢʘʤʝʨʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮʘ 

(ʩʤ. ʧʨʠʤʝʨ ʥʘ ʨʠʩ. 2, ʩʣʝʚʘ) ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʘʣʦʞʝʥʠʝ ʥʘ ʢʘʜʨ ʜʘʥʥʳʭ ʦ ʧʦ-

ʣʦʞʝʥʠʠ ʛʦʣʦʚʳ ʠ ʥʘʧʨʘʚʣʝʥʠʠ ʚʟʛʣʷʜʘ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ ʚʳʯʠʩʣʷʣʠʩʴ 

ʢʦʦʨʜʠʥʘʪʳ ʵʣʝʤʝʥʪʘ ʢʘʨʪʳ, ʥʘ ʢʦʪʦʨʳʝ ʩʤʦʪʨʝʣ ʠʩʧʳʪʫʝʤʳʡ. ʇʦʩʪʝʧʝʥʥʦ 

ʥʘ ʨʠʩʫʥʢʝ ʦʪʨʘʞʘʣʘʩʴ ʪʨʘʝʢʪʦʨʠʷ ʧʝʨʝʤʝʱʝʥʠʷ ʚʟʛʣʷʜʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʢʘʟʘʣʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʬʠʢʩʘʮʠʠ ʪʨʘʝʢʪʦʨʠʠ ʛʣʘʟ ʠ ʩʙʦʨʘ ʜʘʥʥʳʭ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ 

ʦʙʨʘʙʦʪʢʠ. ʅʠʟʢʦʝ ʢʘʯʝʩʪʚʦ ʨʘʙʦʪʳ ʚ ʪʝʢʫʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚ ʧʝʨʚʫʶ ʦʯʝ-

ʨʝʜʴ ʩʚʷʟʘʥʦ ʩ ʥʠʟʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢʘʤʝʨʳ. ʅʦ ʧʨʠ ʵʪʦʤ 

ʚʣʠʷʥʠʝ ʥʘʢʣʦʥʘ ʠ ʧʦʚʦʨʦʪʘ ʛʦʣʦʚʳ ʫʜʘʣʦʩʴ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʥʠʚʝʣʠ-

ʨʦʚʘʪʴ. ʈʘʙʦʪʘ ʥʘʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʨʠʣʦʞʝʥʠʝʤ ʧʨʦʜʦʣʞʘʝʪʩʷ. ɼʦʧʦʣ-

ʥʠʪʝʣʴʥʦ ʦʪʨʘʙʘʪʳʚʘʝʪʩʷ ʬʦʨʤʘ ʧʨʦʪʦʢʦʣʘ ʬʠʢʩʠʨʫʝʤʳʭ ʩʠʩʪʝʤʦʡ ʜʘʥʥʳʭ, 

ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʥʘʠʙʦʣʝʝ ʨʝʟʫʣʴʪʘʪʠʚʥʦ ʧʦʪʦʤ ʘʥʘʣʠʟʠʨʦʚʘʪʴʩʷ ʠʥʪʝʣʣʝʢʪʫ-

ʘʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʥʘ ʧʨʝʜʤʝʪ ʚʳʜʝʣʝʥʠʷ ʧʘʪʪʝʨʥʦʚ ʠ ʠʭ ʦʮʝʥʢʠ. 
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ʈʠʩ. 2. ʇʨʠʤʝʨ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ: ʠʩʧʳʪʫʝʤʳʡ ʩ ʧʦʢʘʟʘʥʥʳʤʠ ʢʣʶʯʝʚʳʤʠ ʪʦʯʢʘʤʠ ʠ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʚʟʛʣʷʜʘ(ʩʣʝʚʘ) ʠ ʪʨʘʝʢʪʦʨʠʷ ʜʚʠʞʝʥʠʷ ʚʟʛʣʷʜʘ ʧʦ ʠʟʦʙʨʘʞʝʥʠʶ (ʩʧʨʘʚʘ) 

  ɻʴʛʧʝ 

ɸʥʘʣʠʟ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʚʟʛʣʷʜʘ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʜʣʷ ʘʥʘʣʠʟʘ 

ʵʨʛʦʥʦʤʠʯʥʦʩʪʠ ʢʦʛʥʠʪʠʚʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʧʦʜʭʦ-

ʜʳ ʢ ʨʝʘʣʠʘʟʮʠʠ ʘʡʪʨʝʢʠʥʛʘ ʦʙʣʘʜʘʶʪ ʧʨʦʙʣʝʤʘʤʠ, ʚʣʠʷʥʠʝ ʢʦʪʦʨʳʭ ʤʳ ʧʦ-

ʩʪʘʨʘʣʠʩʴ ʫʤʝʥʴʰʠʪʴ ʚ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʧʦʟʚʦʣʠʣ ʫʣʫʯʰʠʪʴ ʨʝʟʫʣʴʪʘʪʳ ʬʠʢʩʘʮʠʠ ʚʟʛʣʷʜʘ ʯʝʣʦʚʝʢʘ, ʩʚʦʙʦʜʥʦ ʜʝʨʞʘ-

ʱʝʛʦ ʛʦʣʦʚʫ, ʧʨʠ ʨʘʩʩʤʘʪʨʠʚʘʥʠʠ ʩʣʦʞʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ. ʈʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ 

ʪʦʯʥʦʩʪʠ ʠ ʩʣʦʞʥʦʩʪʠ ʢʘʣʠʙʨʦʚʢʠ ʷʚʣʷʶʪʩʷ ʧʨʝʜʤʝʪʦʤ ʥʘʰʠʭ ʜʘʣʴʥʝʡʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ 

ʤʦʜʫʣʷ ʜʣʷ ʥʘʣʦʞʝʥʠʷ gpx-ʪʨʝʢʘ ʥʘ ʢʘʨʪʫ ʜʣʷ ʩʧʦʨʪʠʚʥʦʛʦ ʦʨʠʝʥʪʠʨʦʚʘʥʠʷ. ɼʘʥ-

ʥʳʡ ʤʦʜʫʣʴ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ ʩʧʦʨʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. ʈʝʘʣʠ-
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ʧʫʥʢʪʳ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ, ʠ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʧʦʢʘʟʘʪʝʣʠ ʝʸ ʢʘʯʝʩʪʚʘ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʤʧʴʶʪʝʨʥʦʝ ʟʨʝʥʠʝ, ʧʨʝʜʦʙʫʯʝʥʥʳʝ ʤʦʜʝʣʠ, ʧʦʢʘʟʘʪʝʣʠ 

ʦʙʫʯʝʥʥʦʩʪʠ, ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʦʙʲʝʢʪʦʚ. 
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 AN  INTELLIGENT  TRACK  OVERLAY  MODULE  FOR  ORIENTEERING  
 

Abstract: This article discusses the implementation of an intelligent module 

for superimposing a gpx-track on an orienteering map. This module is part of the 

sports activity monitoring system. A computer vision model is implemented that 

makes it possible to recognize checkpoints in an image, and its quality indicators 

are analyzed. 
 

Key words: computer vision, pre-trained models, learning indicators, object recog-

nition 

 

 

ɻʛʞʝʞʦʡʞ 

ʉʧʦʨʪʠʚʥʦʝ ʦʨʠʝʥʪʠʨʦʚʘʥʠʝ ï ʵʪʦ ʚʠʜ ʩʧʦʨʪʘ, ʚ ʢʦʪʦʨʦʤ ʫʯʘʩʪʥʠʢ 

ʜʦʣʞʝʥ ʢʘʢ ʤʦʞʥʦ ʙʳʩʪʨʝʝ ʧʨʦʡʪʠ ʟʘʜʘʥʥʳʡ ʤʘʨʰʨʫʪ ʯʝʨʝʟ ʢʦʥʪʨʦʣʴʥʳʝ 

ʧʫʥʢʪʳ (ʂʇ), ʧʦʣʴʟʫʷʩʴ ʪʦʣʴʢʦ ʢʘʨʪʦʡ ʠ ʢʦʤʧʘʩʦʤ. ʇʨʠ ʵʪʦʤ ʩʧʦʨʪʩʤʝʥʳ ʠʩ-

ʧʦʣʴʟʫʶʪ ʩʦʚʨʝʤʝʥʥʳʝ ʥʦʩʠʤʳʝ ʫʩʪʨʦʡʩʪʚʘ (ʯʘʩʳ, ʥʘʛʨʫʜʥʳʝ ʨʝʤʥʠ, ʠʥʳʝ 

ʜʘʪʯʠʢʠ) ʠ ʦʙʣʘʯʥʳʝ ʩʧʦʨʪʠʚʥʳʝ ʧʣʘʪʬʦʨʤʳ (Garmin, Polar, Suunto, COROS  

ʠ ʪ.ʜ.), ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʠ ʩʦʭʨʘʥʷʪʴ ʙʦʣʴʰʦʡ ʦʙʲʸʤ ʜʘʥ-
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ʥʳʭ: ʧʫʣʴʩ (HR), GPS-ʪʨʝʢʠ, ʤʦʱʥʦʩʪʴ, ʢʘʜʝʥʩ, ʩʠʛʥʘʣʳ ʘʢʩʝʣʝʨʦʤʝʪʨʘ, ʚʘ-

ʨʠʘʙʝʣʴʥʦʩʪʴ ʯʘʩʪʦʪʳ ʧʫʣʴʩʘ (HRV) ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ. 

ɺ ʨʘʤʢʘʭ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʥʘʤʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦ-

ʨʠʥʛʘ ʩʧʦʨʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʩʧʦʨʪʠʚʥʦʤ ʦʨʠʝʥʪʠʨʦʚʘʥʠʠ, ʦʜʥʠʤ  

ʠʟ ʥʝʦʙʭʦʜʠʤʳʭ ʝʝ ʢʦʤʧʦʥʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʤʦʜʫʣʴ ʥʘʣʦʞʝʥʠʷ ʩʦʭʨʘʥʝʥʥʳʭ 

ʪʨʝʢʦʚ ʥʘ ʢʘʨʪʫ. 

ʅʘʣʦʞʝʥʠʝ ʪʨʝʢʦʚ ʥʘ ʩʧʦʨʪʠʚʥʫʶ ʢʘʨʪʫ ʧʦʟʚʦʣʷʝʪ ʩʦʧʦʩʪʘʚʠʪʴ ʪʨʝʢ, 

ʧʨʦʡʜʝʥʥʳʡ ʩʧʦʨʪʩʤʝʥʦʤ ʚʦ ʚʨʝʤʷ ʛʦʥʢʠ ʠʣʠ ʪʨʝʥʠʨʦʚʢʠ, ʩ ʠʟʦʙʨʘʞʝʥʠʝʤ 

ʥʘ ʢʘʨʪʝ. ɼʘʥʥʘʷ ʬʫʥʢʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʘʨʠʘʥʪ ʜʚʠʞʝʥʠʷ,  

ʘ ʪʘʢʞʝ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʠʜʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ 

ʪʘʢʠʝ ʧʦʢʘʟʘʪʝʣʠ, ʢʘʢ ʧʫʣʴʩ, ʪʝʤʧ, ʠʟʤʝʥʝʥʠʝ ʚʳʩʦʪ. ʀʪʦʛʦʤ ʨʘʟʨʘʙʦʪʢʠ ʤʦ-

ʜʫʣʷ ʥʘʣʦʞʝʥʠʷ ʪʨʝʢʘ ʥʘ ʩʧʦʨʪʠʚʥʫʶ ʢʘʨʪʫ ʩʪʘʥʝʪ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ 

ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʦʭʦʞʜʝʥʠʷ ʪʨʘʩʩʳ ʩ ʝʸ ʛʨʘʬʠʯʝ-

ʩʢʠʤ ʦʪʦʙʨʘʞʝʥʠʝʤ. ʆʞʠʜʘʝʤʳʡ ʨʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ ʤʦʜʫʣʷ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥ-

ʢʝ 1. 
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