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ɼʘʪʘ ʧʨʦʚʝʜʝʥʠʷ:         8-11 ʦʢʪʷʙʨʷ 2025 

ɺʨʝʤʷ:                            09:00 - 18:00 

 

ʄʝʩʪʦ ʧʨʦʚʝʜʝʥʠʷ:                                ʂʘʟʅʋ  ʠʤʝʥʠ ʘʣʴ-ʌʘʨʘʙʠ 

ɹʠʙʣʠʦʪʝʢʘ ʠʤʝʥʠ ʘʣʴ-ʌʘʨʘʙʠ 

  ʂʨʘʩʥʳʡ ʟʘʣ ʠʤ. ʋ.ɸ. ɼʞʦʣʜʘʩʙʝʢʦʚʘ 

ʛ.ɸʣʤʘʪʳ, ʧʨʦʩʧʝʢʪ ʘʣʴ-ʌʘʨʘʙʠ 71/27; 71/23 

 

ʉʨʝʜʘ, 8 ʦʢʪʷʙʨʷ 

09:00-17:00 ʆʬʠʮʠʘʣʴʥʘʷ ʨʝʛʠʩʪʨʘʮʠʷ ʫʯʘʩʪʥʠʢʦʚ 
ʢʦʥʬʝʨʝʥʮʠʠ ʠ ʚʩʪʨʝʯʘ ʛʦʩʪʝʡ 

ʏʝʪʚʝʨʛ, 9 ʦʢʪʷʙʨʷ 

09:00-09:20 ʇʈʀɺɽʊʉʊɺɽʅʅʆɽ ʉʃʆɺʆ 

09:20-09:40 ʊʦʨʞʝʩʪʚʝʥʥʦʝ ʧʦʜʧʠʩʘʥʠʝ ʤʝʤʦʨʘʥʜʫʤʘ 
ʇʦʜʧʠʩʘʥʠʝ ʤʝʤʦʨʘʥʜʫʤʘ ʤʝʞʜʫ ʂʘʟʅʋ ʠʤʝʥʠ ʘʣʴ-
ʌʘʨʘʙʠ ʠ ʋʥʠʚʝʨʩʠʪʝʪʦʤ ʆʙʫʜʘ (ʛ. ɹʫʜʘʧʝʰʪ, ɺʝʥʛʨʠʷ) 

09:40-10:00 ʊʦʨʞʝʩʪʚʝʥʥʦʝ ʧʦʜʧʠʩʘʥʠʝ ʤʝʤʦʨʘʥʜʫʤʘ 
ʇʦʜʧʠʩʘʥʠʝ ʤʝʤʦʨʘʥʜʫʤʘ ʈɻʇ ʥʘ ʇʍɺ ʀʀɺʊ ʂʅ ʄʅɺʆ 
ʈʂ ʠ ʋʥʠʚʝʨʩʠʪʝʪʦʤ ʆʙʫʜʘ (ʛ. ɹʫʜʘʧʝʰʪ, ɺʝʥʛʨʠʷ) 

10:00ï12:50 ʇʣʝʥʘʨʥʦʝ ʟʘʩʝʜʘʥʠʝ 

12:50 ï 14:30 ʇʝʨʝʨʳʚ ʥʘ ʦʙʝʜ 

14:30 ï17:30 ʉʝʢʮʠʦʥʥʳʝ ʟʘʩʝʜʘʥʠʷ 

17:30 ï18:00 ɿʘʢʨʳʪʠʝ 1-ʛʦ ʜʥʷ ʢʦʥʬʝʨʝʥʮʠʠ 

ʇʷʪʥʠʮʘ, 10 ʦʢʪʷʙʨʷ 

09:30-13:10 ʇʣʝʥʘʨʥʦʝ ʟʘʩʝʜʘʥʠʝ 

13:10ï14:30 ʇʝʨʝʨʳʚ ʥʘ ʦʙʝʜ 

14:30 ï 18:00 ʉʝʢʮʠʦʥʥʳʝ ʟʘʩʝʜʘʥʠʷ 

18:00 ɿʘʢʨʳʪʠʝ 2-ʛʦ ʜʥʷ ʢʦʥʬʝʨʝʥʮʠʠ  

ʉʫʙʙʦʪʘ, 11 ʦʢʪʷʙʨʷ 

ɿʘʚʝʨʰʝʥʠʝ ʨʘʙʦʪʳ ʢʦʥʬʝʨʝʥʮʠʠ, ʦʪʲʝʟʜ  ʫʯʘʩʪʥʠʢʦʚ 
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ʆʨʛʘʥʠʟʘʪʦʨʳ: 

ǒʀʥʩʪʠʪʫʪ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʂʅ ʄʅɺʆ 

ʈʂ (ʛ.ɸʣʤʘʪʳ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ) 

ǒʂʘʟʘʭʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ɸʣʴ-ʌʘʨʘʙʠ (ʛ.ɸʣʤʘʪʳ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ) 

ǒʃʶʙʣʠʥʩʢʠʡ ʊʝʭʥʠʯʝʩʢʠʡ ʋʥʠʚʝʨʩʠʪʝʪ, (ʛ.ʃʶʙʣʠʥ, ʇʦʣʴʰʘ) 

ǒʋʥʠʚʝʨʩʠʪʝʪ çʊʫʨʘʥè (ʛ.ɸʣʤʘʪʳ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ) 

 

ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʠʪʝʪ 

ʇʨʝʜʩʝʜʘʪʝʣʴ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʇʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ: 

ǒʂʘʣʠʤʦʣʜʘʝʚ ʄʘʢʩʘʪ ʅʫʨʘʜʠʣʦʚʠʯ, ʘʢʘʜʝʤʠʢ ʅɸʅ ʈʂ, ʜ.ʬ.-ʤ.ʥ., 

ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ʇʦʯʝʪʥʳʡ ʧʨʝʜʩʝʜʘʪʝʣʴ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʇʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʠʪʝʪʘ: 

ǒɹʝʢʪʝʤʝʩʦʚ ʄʘʢʪʘʛʘʣʠ ɸʙʜʠʤʘʞʠʪʦʚʠʯ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

 

ʉʦʧʨʝʜʩʝʜʘʪʝʣʠ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʇʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ: 

ǒʀʙʨʘʠʤʦʚ ʄʘʨʛʫʣʘʥ ʂʘʩʝʥʦʚʠʯ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒW·jcik Waldemar, professor, Poland 

ǒɹʝʢʤʘʥʦʚʘ ɻʫʣʴʤʠʨʘ ʊʳʣʝʫʙʝʨʜʠʝʚʥʘ, ʢ.ʪ.ʥ., ʜʦʢʪʦʨ PhD, 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʈʘʟʘʢʦʚʘ ɼʠʥʘ ʀʙʨʘʛʠʤʦʚʥʘ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

 

ɿʘʤʝʩʪʠʪʝʣʠ ʇʨʝʜʩʝʜʘʪʝʣʷ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʇʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʠʪʝʪʘ: 

ǒʄʘʥʩʫʨʦʚʘ ʄʘʜʠʥʘ ɽʩʠʤʭʘʥʦʚʥʘ, ʢ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʋʩʘʪʦʚʘ ʆʣʴʛʘ ɸʣʝʢʩʘʥʜʨʦʚʥʘ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒɿʠʷʪʙʝʢʦʚʘ ɻʫʣʟʘʪ ɿʠʷʪʙʝʢʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 
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ʏʣʝʥʳ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ: 

ǒAbdul Razaque, PhD, USA 

ǒAijaz Shaikh, professor, Finland 

ǒAndrzej Smolarz, professor, Poland 

ǒDietmar Beyer, PhD, Germany 

ǒEkrem Savas, professor, Turkey 

ǒFahreddin Abdullayev, professor, Turkey 

ǒHazar Elman, professor, Turkey 

ǒKeylan Alimhan, professor, Japan 

ǒMaksim Iavich, PHD, professor, Tbilisi 

ǒMichele Pagano, professor, Italy 

ǒMohamed Othman, professor, Malaysia 

ǒMosavi, Amir , professor, Obuda University, Budapest, Hungary 

ǒM¿sl¿m Arici, professor, Turkey 

ǒRavil Muhamediev, professor, Latvia 

ǒɸʡʜʘ-ɿʘʜʝ ʂ.ʈ., ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʯʣ.-ʢʦʨʨ. ʅɸʅ ɸʟʝʨʙʘʡʜʞʘʥʘ 

ǒɸʣʛʘʟʳ ʂʫʥʙʦʣʘʪ ʊ., PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɸʤʘʥʞʦʣʦʚʘ ʉʘʫʣʝ ʊʦʢʩʘʥʦʚʥʘ, ʢ.ʪ.ʥ., ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɸʤʠʨʛʘʣʠʝʚʘ ʉʘʣʪʘʥʘʪ ʅʫʨʘʜʠʣʦʚʥʘ, ʜ.ʬ.- ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɸʤʠʨʭʘʥʦʚʘ ɻʫʣʴʰʘʪ ɸʤʘʥʞʦʣʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɸʭʤʝʪʞʘʥʦʚ ʄʘʢʩʘʪ ɸʢʘʥʦʚʠʯ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɸʰʠʤʦʚ ɸʙʜʳʢʘʧʧʘʨ ɸʰʠʤʦʚʠʯ, ʘʢʘʜʝʤʠʢ ʅɸʅ ʈʂ, ʜ.ʪ.ʥ., 

ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ  

ǒɹʘʙʝʥʢʦ ʊʘʪʴʷʥʘ ɺʣʘʜʠʤʠʨʦʚʥʘ, ʜ.ʪ.ʥ, ʧʨʦʬʝʩʩʦʨ, ʋʢʨʘʠʥʘ 

ǒɹʘʡʤʠʨʦʚ ʂʫʘʥʳʰ ʄʝʨʛʝʥʛʘʣʠʝʚʠʯ, ʢ.ʬ.-ʤ.ʥ., ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɹʘʡʪʝʥʦʚʘ ʃʘʫʨʘ ʄʘʨʘʪʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɹʘʨʘʭʥʠʥ ɺʣʘʜʠʤʠʨ ɹʦʨʠʩʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ  

ǒɹʝʛʠʤʙʘʝʚʘ ɽʥʣʠʢ ɽʨʠʢʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɹʝʢʪʝʤʳʩʦʚʘ ɻʫʣʴʥʘʨʘ ʋʤʠʪʢʫʣʦʚʥʘ, ʢ.ʪ.ʥ., ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɹʝʣʦʱʠʮʢʠʡ ɸʥʜʨʝʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʋʢʨʘʠʥʘ 

ǒɹʝʣʴʛʠʙʘʝʚ ɹʘʫʨʞʘʥ ɸʙʜʨʘʭʠʤʦʚʠʯ, ʜ.ʪ.ʥ., ʜʦʮʝʥʪ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒɼʘʨʠʙʘʝʚ ɹʝʠʤʙʝʪ ʉʝʨʠʢʦʚʠʯ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒɼʞʝʥʘʣʠʝʚ ʄʫʚʘʰʘʨʭʘʥ ʊʘʥʘʙʘʝʚʠʯ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 
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ǒɼʤʠʪʨʫʰʠʥ ʈʦʤʘʥ ʀʚʘʥʦʚʠʯ ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʋʢʨʘʠʥʘ 

ǒɽʚʪʫʰʝʥʢʦ ʖʨʠʡ ɻʘʚʨʠʣʦʚʠʯ, ʜ.ʬ.-ʤ.ʥ., ʘʢʘʜʝʤʠʢ ʈɸʅ, ʈʦʩʩʠʷ  

ǒɾʘʨʪʳʙʘʝʚʘ ʄʘʢʧʘʣ ɻʘʣʳʤʙʝʢʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɾʫʢʘʙʘʝʚʘ ʊʘʤʘʨʘ ʂʦʢʝʥʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʀʤʘʥʢʫʣʦʚ ʊʠʤʫʨ ʉʘʢʝʥʦʚʠʯ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʀʩʢʘʢʦʚ ʂʘʟʠʟʘʪ ʊʘʢʫʘʜʠʥʦʚʠʯ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʀʩʤʘʠʣʦʚ ɹʘʢʪʳʙʝʢ ʀʩʢʘʢʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʳʨʛʳʟʩʪʘʥ 

ǒʀʰʘʥʭʦʜʞʘʝʚ ɻʘʡʨʘʪ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʋʟʙʝʢʠʩʪʘʥ 

ǒʂʘʙʘʥʠʭʠʥ ʉʝʨʛʝʡ ʀʛʦʨʝʚʠʯ ʜ.ʬ.-ʤ.ʥ, ʧʨʦʬʝʩʩʦʨ, ʯʣʝʥ-

ʢʦʨʨʝʩʧʦʥʜʝʥʪ ʈɸʅ, ʈʦʩʩʠʷ 

ǒʂʘʣʠʞʘʥʦʚʘ ɸʣʠʷ ʋʘʣʠʝʚʥʘ, ʢ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʂʘʣʠʥʠʥ ɸʣʝʢʩʝʡ ɸʥʘʪʦʣʴʝʚʠʯ, PhD, ʜʦʮʝʥʪ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʂʘʧʘʣʦʚʘ ʅʫʨʩʫʣʫ ɸʣʜʘʞʘʨʦʚʥʘ, ʢ.ʪ.ʥ., ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʂʘʨʶʢʠʥ ɺʣʘʜʠʩʣʘʚ ʀʛʦʨʝʚʠʯ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ  

ǒʂʠʩʝʣʝʚʘ ʆʣʴʛʘ ɺʣʘʜʠʤʠʨʦʚʥʘ, ʢ.ʪ.ʥ., ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʂʦʟʙʘʢʦʚʘ ɸʡʥʫʨ ʍʦʣʜʘʩʦʚʥʘ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʂʦʰʝʢʦʚ ʂʘʡʨʘʪ ʊʝʤʠʨʙʘʝʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʘʢʘʜʝʤʠʢ ʅɸʅ ʈʂ 

ǒʂʨʘʢ ʖʨʠʡ ɺʘʩʠʣʴʝʚʠʯ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʯʣʝʥ ʢʦʨʨ., ʅɸʅ 

ʋʢʨʘʠʥʳ 

ǒʃʠʩʥʝʚʩʢʠʡ ʈʦʩʪʠʩʣʘʚ ɺʘʣʝʨʴʝʚʠʯ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʋʢʨʘʠʥʘ 

ǒʄʘʟʘʢʦʚ ʊʘʣʛʘʪ ɾʘʢʫʧʦʚʠʯ, ʜ.ʬ.- ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʄʘʣʴʮʝʚʘ ʉʚʝʪʣʘʥʘ ɺʘʣʝʥʪʠʥʦʚʥʘ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ 

ǒʄʘʨʯʝʥʢʦ ʄʠʭʘʠʣ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ 

ǒʄʘʪʝʨʫʭʠʥ ɸʥʜʨʝʡ ɺʠʢʪʦʨʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ 

ǒʄʘʪʢʘʨʠʤʦʚ ɹʘʭʳʪ ʊʫʨʛʘʥʙʘʝʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʄʝʜʚʝʜʝʚ ʉʝʨʛʝʡ ɹʦʨʠʩʦʚʠʯ, ʜ.ʬ.-ʤ.ʥ., ʈʦʩʩʠʷ 

ǒʄʫʩʘʙʘʝʚ ʈʫʩʪʘʤ ʈʘʬʠʢʦʚʠʯ, ʢ.ʪ.ʥ., ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʄʫʩʠʨʘʣʠʝʚʘ ʐʳʥʘʨ ɾʘʥʠʩʙʝʢʦʚʥʘ, ʢ.ʬ.-ʤ.ʥ. ʜʦʮʝʥʪ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 
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ǒʄʫʩʪʘʬʠʥ ʉʘʣʠʤ ɸʙʜʠʨʘʰʠʪʦʚʠʯ, ʢ.ʪ.ʥ., ʜʦʮʝʥʪ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʅʘʡʟʘʙʘʝʚʘ ʃʷʟʟʘʪ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʆʤʘʨʦʚ ɹʘʪʳʨʭʘʥ ʉʫʣʪʘʥʦʚʠʯ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʇʘʢ ɸʣʝʢʩʘʥʜʨ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, ʢ.ʪ.ʥ.,  ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʇʘʢ ʀʚʘʥ ʊʠʤʦʬʝʝʚʠʯ., ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʇʘʥʢʦʚ ʇʘʚʝʣ ʉʝʨʛʝʝʚʠʯ, ʯʣʝʥ- ʢʦʨʨ. ʅɸʅ ʂʈ, ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʳʨʛʳʟʩʪʘʥ 

ǒʇʦʩʳʧʢʠʥ ʄʠʭʘʠʣ ɸʥʘʪʦʣʴʝʚʠʯ, ʯʣ.-ʢʦʨʨ. ʈɸʅ, ʈʦʩʩʠʷ 

ǒʈʦʜʠʦʥʦʚ ɸʣʝʢʩʝʡ ʉʝʨʛʝʝʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ  

ǒʉʘʢʘʥ ʂʘʡʨʘʪ ʉʘץʘʥײʣʳ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʉʘʢʘʣʘʫʩʢʘʩ ʃʝʦʥʠʜʘʩ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʃʠʪʚʘ 

ǒʉʘʤʠʛʫʣʠʥʘ ɻʘʣʠʥʘ ɸʭʤʝʪʦʚʥʘ,  ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʉʘʪʳʙʘʣʜʠʥʘ ɼʠʥʘ ɾʘʛʠʧʘʨʦʚʥʘ, ʢ.ʬ.-ʤ. ʥ, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʉʝʠʣʦʚ ʐʘʭʤʘʨʘʥ ɾʫʨʩʠʥʙʝʢʦʚʠʯ, ʜʦʢʪʦʨ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʥʘʫʢ, 

ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʉʝʡʣʦʚʘ ʅʫʨʛʫʣʴ ɸʙʘʜʫʣʣʘʝʚʥʘ, ʢ.ʪ.ʥ., ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʉʝʡʪʢʫʣʦʚ ɽʨʞʘʥ ʅʫʨʘʭʘʥʦʚʠʯ, ʢ.ʬ.-ʤ. ʥ, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʉʝʤʙʠʝʚ ʆʨʜʘʙʘʡ ɿʘʡʪʘʝʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʊʘʰʘʪʦʚ ʅʫʨʣʘʥ ʅʘʨʢʝʥʦʚʠʯ, ʢ.ʬ.-ʤ.ʥ., PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, 

ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʊʠʨʝʫʦʚ ʂʘʥʘʪ ʄʘʨʘʪʦʚʠʯ, ʜ.ʵ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʊʦʨʦʙʝʢʦʚ ɹʝʢʞʘʥ ʊʦʨʦʙʝʢʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʳʨʛʳʟʩʪʘʥ 

ǒʊʫʟʠʢʦʚ ɸʣʝʢʩʘʥʜʨ ɺʘʩʠʣʴʝʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʯʣʝʥ ʢʦʨʨ., ʅɸʅ, 

ɹʝʣʘʨʫʩʴ 

ǒʊʫʢʝʝʚ ʋʘʣʰʝʨ ɸʥʫʘʨʙʝʢʦʚʠʯ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʊʫʩʫʧʦʚʘ ʉʘʫʣʝ ɸʤʘʥʛʝʣʜʠʝʚʥʘ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʊײʨʜʘʣʳײʣʳ ʄʫʩʘ, PhD, ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʋʪʝʛʝʥʦʚʘ ɸʡʥʫʨ ʋʨʘʥʪʘʝʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʍʦʤʧʳʰ ɸʨʜʘʙʝʢ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 
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ǒʐʦʨʤʘʢʦʚʘ ɸʩʝʤ ʅʦʷʙʨʝʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʖʥʠʯʝʚʘ ʅʘʜʠʷ ʈʘʚʢʘʪʦʚʥʘ, ʢ.ʪ.ʥ., ʜʦʮʝʥʪ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

 

ʋʯʝʥʳʡ ʩʝʢʨʝʪʘʨʴ ʢʦʥʬʝʨʝʥʮʠʠ: 

ǒɸʨʰʠʜʠʥʦʚʘ ʄʫʢʘʜʜʘʩ ʊʫʨʛʘʥʦʚʥʘ, PhD, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʳʡ ʢʦʤʠʪʝʪ 

 ʉʦʧʨʝʜʩʝʜʘʪʝʣʠ: 

ǒʋʩʘʪʦʚʘ ʆʣʴʛʘ ɸʣʝʢʩʘʥʜʨʦʚʥʘ, PhD,  ʘʩʩʦʮ. ʧʨʦʬʝʩʩʦʨ, ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ 

ǒʄʘʥʩʫʨʦʚʘ ʄʘʜʠʥʘ ɽʩʠʤʭʘʥʦʚʥʘ, ʢ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ ʈʝʩʧʫʙʣʠʢʘ 

ʂʘʟʘʭʩʪʘʥ    

  

ʏʣʝʥʳ ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ: 

ǒɸʟʘʜʦʚ ʀ.ʆ., ʈʝʩʧʫʙʣʠʢʘ ʋʟʙʝʢʠʩʪʘʥ 

ǒɸʩʧʘʥʪʘʝʚ ɸʢʳʣʙʝʢ ɹʝʡʩʝʥʛʘʣʠʝʚʠʯ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɹʘʟʘʨʙʝʢ ɾ.ʇ., ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɺʘʨʝʥʥʠʢʦʚ ɸʥʜʨʝʡ ɺʣʘʜʠʩʣʘʚʦʚʠʯ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɼʶʩʝʤʙʘʝʚ ɼʠʣʤʫʭʘʥʙʝʪ ʉʘʤʫʨʘʪʦʚʠʯ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒɾʫʤʘʙʝʢʦʚʘ ɸʡʜʘʥʘ ʊʦʣʝʫʢʳʟʳ., ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʂʘʣʠʝʚʘ ɻʫʣʴʥʘʨ ʉʝʨʠʢʦʚʥʘ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʃʠʟʫʥʦʚ ʆʣʝʛ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʄʘʫʣʝʥʦʚʘ ɸ., ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʄʘʢʝʪʦʚ ʄʘʢʩʘʪ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʄʝʨʢʝʙʘʝʚ ɸʟʘʪ , ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʊʦʣʝʫ ɸʣʠʤʞʘʥ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʊʫʨʘʨʙʝʢ ɸʩʝʤ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

ǒʐʘʭʤʘʝʚ ʈʘʰʠʪ ɸʭʘʪʦʚʠʯ, ʈʝʩʧʫʙʣʠʢʘ ʂʘʟʘʭʩʪʘʥ 

 
ʉʦʦʨʛʘʥʠʟʘʪʦʨʳ ʢʦʥʬʝʨʝʥʮʠʠ 
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ɼʦʨʦʛʠʝ ʜʨʫʟʴʷ, ʫʚʘʞʘʝʤʳʝ ʢʦʣʣʝʛʠ, ʦʨʛʘʥʠʟʘʪʦʨʳ ʠ ʫʯʘʩʪʥʠʢʠ  

X -ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

çʀʥʬʦʨʤʘʪʠʢʘ ʠ ʧʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘè 

 

ʋʚʘʞʘʝʤʳʝ ʫʯʘʩʪʥʠʢʠ ʍ-ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʀʥʬʦʨʤʘʪʠʢʘ ʠ ʧʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘ! ʇʨʝʞʜʝ ʚʩʝʛʦ, 

ʨʘʟʨʝʰʠʪʝ ʤʥʝ ʧʦʟʜʨʘʚʠʪʴ ʫʯʘʩʪʥʠʢʦʚ ʠ ʢʦʣʣʝʢʪʠʚʳ ʦʨʛʘʥʠʟʘʪʦʨʦʚ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʖʙʠʣʝʝʤ, ʠ ʧʦʙʣʘʛʦʜʘʨʠʪʴ ʟʘ ʙʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ 

ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʠ ʧʦʜʛʦʪʦʚʢʫ 

ʚʳʩʦʢʦʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʧʝʮʠʘʣʠʩʪʦʚ.  ʈʘʟʚʠʪʠʝ ʫʥʠʚʝʨʩʠʪʝʪʩʢʦʡ 

ʥʘʫʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʠʝ ʚ ʥʝʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ 

ʦʨʛʘʥʠʟʘʮʠʡ, ʚʩʸ ʪʝʩʥʝʝ ʫʚʷʟʳʚʘʝʪʩʷ ʩ ʧʨʠʦʨʠʪʝʪʘʤʠ ʥʘʰʝʡ ʩʪʨʘʥʳ, 

ʢʦʪʦʨʳʡ ʙʳʣ ʦʙʨʘʟʦʚʘʥ ʚ ʜʘʣʝʢʦʤ 1924 ʛʦʜʫ. ʉʝʛʦʜʥʷ ʂʘʟʅʋ ʠʤʝʥʠ ʘʣʴ-

ʌʘʨʘʙʠ ð ʩʪʘʨʝʡʰʠʡ ʠ ʢʨʫʧʥʝʡʰʠʡ ʚʫʟ ʥʘʰʝʡ ʩʪʨʘʥʳ. ʄʳ ʚʩʝ ʚʠʜʠʤ, ʢʘʢ 

ʩʪʨʝʤʠʪʝʣʴʥʦ ʤʝʥʷʝʪʩʷ ʤʠʨ. ʕʪʦ ʟʘʢʦʥʦʤʝʨʥʳʡ ʧʨʦʮʝʩʩ, ʠ ʦʥ ʪʨʝʙʫʝʪ 

ʛʣʫʙʦʢʦʛʦ ʠʟʫʯʝʥʠʷ. ɿʥʘʯʠʪʝʣʴʥʘʷ ʨʦʣʴ ʟʜʝʩʴ ʧʨʠʥʘʜʣʝʞʠʪ ʤʦʣʦʜʝʞʠ, 

ʩʪʫʜʝʥʯʝʩʪʚʫ. ɺ ʩʪʝʥʘʭ ʨʦʜʥʦʛʦ ʚʫʟʘ ʚʳ ʧʨʠʦʙʨʝʪʘʝʪʝ ʯʫʚʩʪʚʦ 

ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʠ ʟʘ ʩʫʜʴʙʫ ʈʦʜʠʥʳ, ʪʚʦʨʯʝʩʢʦʝ ʤʳʰʣʝʥʠʝ, ʟʥʘʥʠʷ ʠ 

ʧʨʦʬʝʩʩʠʦʥʘʣʠʟʤ. 

ʉʝʛʦʜʥʷ ʤʳ ʩʦʙʨʘʣʠʩʴ ʦʙʩʫʜʠʪʴ ʘʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʚʳʩʰʝʡ ʰʢʦʣʳ 

ʠ ʥʘʫʢʠ, ʢʦʪʦʨʘʷ ʩʪʨʝʤʠʪʩʷ ʦʙʨʝʩʪʠ ʥʦʚʦʝ ʣʠʮʦ ʚ ʫʩʣʦʚʠʷʭ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʱʝʩʪʚʘ. ɻʣʦʙʘʣʠʟʘʮʠʷ ʚ ʵʢʦʥʦʤʠʢʝ, ʩʣʦʞʥʳʝ 

ʧʦʣʠʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʤʠʨʝ, ʩʦʮʠʦʢʫʣʴʪʫʨʥʳʝ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ï 

ʪʘʢʦʚʳʤ ʧʨʝʜʩʪʘʣ ʧʝʨʝʜ ʯʝʣʦʚʝʯʝʩʪʚʦʤ XXI ʚʝʢ ʫ ʩʚʦʠʭ ʠʩʪʦʢʦʚ. ʋʞʝ 

ʩʝʛʦʜʥʷ ʚʩʝʤ ʷʩʥʦ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʥʘʰʝʡ ʩʪʨʘʥʳ ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʧʨʦʜʚʠʞʝʥʠʷ ʚʧʝʨʝʜ ʚ ʜʝʣʝ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ.  ɺʝʢ ʥʘʫʢʠ, 

ʟʥʘʥʠʡ ʠ ʚʳʩʦʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʥʝʤʳʩʣʠʤ ʙʝʟ ʩʪʘʥʦʚʣʝʥʠʷ ʥʦʚʦʛʦ ʢʘʯʝʩʪʚʘ 

ʚʩrʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ. ɿʜʝʩʴ ʥʝʦʙʭʦʜʠʤʳ ʩʦʚʤʝʩʪʥʳʝ ʫʩʠʣʠʷ ʚʩʝʭ, ʢʪʦ 

ʩʚʷʟʘʥ ʩ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʩʬʝʨʦʡ, ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʝʱʝ ʠʤʝʶʱʝʛʦʩʷ ʚ 

ʦʙʱʝʩʪʚʝ ʥʝʧʦʥʠʤʘʥʠʷ ʥʦʚʦʡ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʦʪʩʪʘʚʘʥʠʝ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʠ 

ʥʘʫʢʝ ʦʟʥʘʯʘʝʪ ʦʪʪʝʩʥʝʥʠʝ ʥʘʰʝʡ ʩʪʨʘʥʳ ʥʘ ʦʙʦʯʠʥʫ ʠʩʪʦʨʠʠ. 

ʇʨʦʚʝʜʝʥʠʝ ʥʘʰʠʭ ʝʞʝʛʦʜʥʳʭ ʚʩʪʨʝʯ ʩʪʘʣʦ ʭʦʨʦʰʝʡ ʪʨʘʜʠʮʠʝʡ. ʉ 

ʢʘʞʜʳʤ ʛʦʜʦʤ ʨʘʩʪʝʪ ʯʠʩʣʦ ʫʯʘʩʪʥʠʢʦʚ ʢʦʥʬʝʨʝʥʮʠʠ, ʧʦʚʳʰʘʝʪʩʷ ʢʘʯʝʩʪʚʦ 

ʠʭ ʚʳʩʪʫʧʣʝʥʠʡ ʠ ʧʫʙʣʠʢʘʮʠʡ. ʊʨʘʜʠʮʠʦʥʥʦ ʚ ʨʘʙʦʪʝ ʢʦʥʬʝʨʝʥʮʠʡ 

ʫʯʘʩʪʚʫʶʪ ʫʯʝʥʳʝ ʠ ʩʧʝʮʠʘʣʠʩʪʳ ʠʟ ʈʦʩʩʠʠ, ʉʐɸ, ʀʪʘʣʠʠ, ʋʢʨʘʠʥʳ, 

ʇʦʣʴʰʠ, ʊʫʨʮʠʠ, ʄʘʣʘʡʟʠʠ, ʀʨʘʥʘ, ɺʝʥʛʨʠʠ, ʂʠʨʛʠʟʠʠ, ʋʟʙʝʢʠʩʪʘʥʘ ʠ 

ʜʨʫʛʠʭ ʩʪʨʘʥ. ʀʭ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʦʝ ʫʯʘʩʪʠʝ ʧʨʠʜʘʝʪ ʥʘʰʝʤʫ ʤʝʨʦʧʨʠʷʪʠʶ 

ʤʝʞʜʫʥʘʨʦʜʥʦʝ ʠʟʤʝʨʝʥʠʝ. ʎʝʣʴʶ ʥʘʰʝʛʦ ʤʝʨʦʧʨʠʷʪʠʷ ʷʚʣʷʝʪʩʷ ʦʙʤʝʥ 

ʦʧʳʪʦʤ ʧʦ ʥʦʚʝʡʰʠʤ ʜʦʩʪʠʞʝʥʠʷʤ ʚ ʦʙʣʘʩʪʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʅʘʨʘʱʠʚʘʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʦʪʝʯʝʩʪʚʝʥʥʦʡ 

ʥʘʫʢʠ, ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʫʩʢʦʨʝʥʥʦʝ 

ʚʥʝʜʨʝʥʠʝ ʠʭ ʚ ʧʨʘʢʪʠʢʫ - ʚʘʞʥʝʡʰʠʝ ʧʨʠʦʨʠʪʝʪʳ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʧʦʣʠʪʠʢʠ. ʆʩʦʙʝʥʥʦ ʚʘʞʥʦ, ʯʪʦ ʚ ʵʪʫ ʨʘʙʦʪʫ ʚʢʣʶʯʝʥʳ ʪʘʣʘʥʪʣʠʚʳʝ 
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ʩʪʫʜʝʥʪʳ ʠ ʤʦʣʦʜʳʝ ʫʯʝʥʳʝ, ʧʨʠʟʚʘʥʥʳʝ ʦʧʨʝʜʝʣʷʪʴ ʥʝ ʪʦʣʴʢʦ ʥʘʩʪʦʷʱʝʝ, 

ʥʦ ʠ ʙʫʜʫʱʝʝ ʢʘʟʘʭʩʪʘʥʩʢʦʡ ʠ ʤʠʨʦʚʦʡ ʥʘʫʢʠ, ʚʩʝʛʦ ʥʘʰʝʛʦ ʦʙʱʝʩʪʚʘ. 

ʋʚʘʞʘʝʤʳʝ ʫʯʘʩʪʥʠʢʠ ʠ ʦʨʛʘʥʠʟʘʪʦʨʳ ʢʦʥʬʝʨʝʥʮʠʠ, ʤʦʣʦʜʳʝ ʫʯʸʥʳʝ 

ʠ ʩʧʝʮʠʘʣʠʩʪʳ ʧʦʟʚʦʣʴʪʝ ʚʳʨʘʟʠʪʴ ɺʘʤ ʛʣʫʙʦʢʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʟʘ ʫʯʘʩʪʠʝ 

ʚ ʥʘʰʝʡ ʢʦʥʬʝʨʝʥʮʠʠ, ʟʘ ʝʸ ʧʦʜʜʝʨʞʢʫ ʠ ʨʘʟʚʠʪʠʝ. 

ɺʳʨʘʞʘʶ ʫʚʝʨʝʥʥʦʩʪʴ ʚ ʩʦʭʨʘʥʝʥʠʠ ʠ ʧʨʝʫʤʥʦʞʝʥʠʠ ʩʣʦʞʠʚʰʠʭʩʷ 

ʦʪʥʦʰʝʥʠʡ ʠ ʥʘʜʝʶʩʴ ʥʘ ʥʘʰʝ ʜʘʣʴʥʝʡʰʝʝ ʩʦʪʨʫʜʥʠʯʝʩʪʚʦ. 

ʗ ʭʦʯʫ ʧʦʞʝʣʘʪʴ ɺʘʤ ʩʝʛʦʜʥʷ ʧʣʦʜʦʪʚʦʨʥʦʡ ʨʘʙʦʪʳ ʠ, ʯʪʦʙʳ ʠʜʝʠ, 

ʢʦʪʦʨʳʝ ʚʳʩʢʘʟʳʚʘʣʠʩʴ, ʟʘʪʝʤ ʧʨʝʪʚʦʨʷʣʠʩʴ ʚ ʞʠʟʥʴ. ʕʪʦ ʯʨʝʟʚʳʯʘʡʥʦ 

ʚʘʞʥʦ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʫʯʝʥʳʭ, ʢʦʪʦʨʳʝ ʫʞʝ ʩʦʩʪʦʷʣʠʩʴ, ʢʦʪʦʨʳʝ ʨʘʟʚʠʚʘʶʪʩʷ, 

ʥʦ ʝʱʝ ʙʦʣʝʝ ʚʘʞʥʦ ʜʣʷ ʫʯʝʥʳʭ, ʩʪʫʜʝʥʪʦʚ ʠ ʚʦʦʙʱʝ ʜʣʷ ʤʦʣʦʜʝʞʠ. 

ʇʦʵʪʦʤʫ ʭʦʨʦʰʝʛʦ ɺʘʤ ʥʘʩʪʨʦʝʥʠʷ ʠ ʧʨʦʜʫʢʪʠʚʥʦʡ ʨʘʙʦʪʳ. 

 

 

 

ʇʨʝʜʩʝʜʘʪʝʣʴ ʆʨʛʢʦʤʠʪʝʪʘ,  

ʘʢʘʜʝʤʠʢ ʅɸʅ ʈʂ, ʧʨʦʬʝʩʩʦʨ    ʂʘʣʠʤʦʣʜʘʝʚ ʄ.ʅ. 
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ʉʝʢʮʠʷ 1. ʄʘʪʝʤʘʪʠʢʘʣʳץ ʤʦʜʝʣʴʜʝʫ, ʦשʪʘʡʣʘʥʜʳʨʫ ʞᴅʥʝ ʝʩʝʧʪʝʫ 

ʘʥʘʣʠʟʽ 

 

 

ʉʝʢʮʠʷ 1. ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʦʧʪʠʤʠʟʘʮʠʷ ʠ  

ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

 

 

Section 1. Mathematical Modeling, Optimization, and 

           Computational Analysis 
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Abstract. The article considers the use of smart technologies in teaching mathematical 

disciplines at higher education institutions. The advantages of introducing interactive, 

multimedia and smart technologies into the educational process are analyzed. Examples of 

using smart technologies, such as interactive whiteboards, mobile applications, online 

simulators and virtual laboratories are described. It is shown how these technologies contribute 

to increasing studentsô motivation and engagement, as well as improving their academic 

performance in mathematical disciplines. Conclusions are made about the prospects for further 

implementation of smart technologies in mathematical education at higher education 

institutions. 

 

INTRODUCTION  

This article is based on the following research question: How do smart technologies 

affect studentsô perception of educational material in teaching mathematical disciplines at 

higher education institutions? The main attention is paid to the influence of smart technologies 

on the perception of educational material in teaching mathematical disciplines at higher 

education institutions. The impact of smart technologies on the educational process implies 

improving studentsô academic performance, increasing their motivation and engagement in 

learning activities. 

The continuous development of technology, especially information and communication 

technology, has made significant advances in higher education. The use of information and 

communication technology in education has been a topic of research for many years, with early 

works focusing on the impact of technology on student performance (M. Joubert, 2013)[1], (B. 

Zogheib et al., 2015)[2], (K. Carter and S. Mehta, 2018)[3], (K. Baĸib¿y¿k et al., 2014)[4]. A 

number of studies have examined the use of SMARTboard, a virtual learning laboratory 

environment for teaching mathematics to students, videos, video lectures (S. J. Cabus et al., 

2017)[5], (J. Schreurs, 2013)[6], (K. H. Cheong and J. M. Koh, 2018)[7], which suggested the 

effective use of smart technology models in teaching mathematics. SMARTboard is considered 

as a device for visualizing educational material, which has many functional values. The use of 

smart technologies also implies the use of various learning platforms. The authors (M. Irfan et 

al., 2020)[8], (H. Th. S. Alrikabi et al., 2022)[9] show the effectiveness in teaching 

mathematical disciplines in platforms such as Moodle, Google Class and Edmodo, Teams. The 

development trends of smart technologies have led to the use of various types and methods of 

application, as well as conducting research on their impact on the productive teaching of 

mathematical disciplines (R. Wu and Z. Yu, 2023)[10], (B. Deacon et al., 2023)[11], (L. A. 

Laurens-Arredondo, 2024)[12]. 

Understanding the impact of smart technologies in teaching mathematical disciplines in 

higher education is of significant importance for further progress in the field of mathematics. 

The application of various types of smart technologies in teaching mathematical 

disciplines at the university has been little studied in the scientific literature. Therefore, this 

study is devoted to studying how the application of smart technologies will affect the perception 

of learning. 

 

mailto:Aijan0973@mail.ru
mailto:aisha_anafina@mail.ru
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LITERATURE REVIEW  

Research on the application of smart technologies in teaching mathematics in higher 

education can be broadly divided into three parts: 1) smart technologies as a data visualization 

tool; 2) learning platforms with multimedia software; 3) smart technologies with artificial 

intelligence. 

In his study (M. Joubert, 2013) [1] he examined the interests and problems associated 

with the use of digital technologies in mathematics education. In this work, three ñgrand 

challengesò were identified: the organization of learning; new learning contexts; and 

connections between students. In contrast to this work, (J. Schreurs, 2013) [6] developed an e-

tutor for a mathematics course. It was based on best practices in online learning. Visually 

attractive modules with a focus on concepts, exercises, and business applications are 

supplemented by voice explanations and handwriting input. An additional support system helps 

students solve problems in the independent work module. International studies on interactive 

whiteboard technologies have shown that they can be used as a tool to help teachers differentiate 

learning. The key finding of the study (W. Muhanna and K. M. Nejem, 2013) [13] was that 

smart boards can be a valuable tool for teaching mathematics, and experience and qualifications 

affect attitudes towards smart boards, and further research is needed to study the impact of smart 

boards on learning. From further studies on the impact of smart boards, we consider the work 

(K.Baĸib¿y¿k et al., 2014) [4], which identified the positive and negative aspects of using smart 

boards. As a result, it was found that smart boards can be useful in mathematics lessons, 

especially geometry, and for their effective use, changes in the approach to teaching are needed.  

The research work of the authors (S. J. Cabus et al., 2017) [5] showed that when 

comparing the results of students before and after tests, the level of proficiency in mathematics 

increased significantly due to the effective use of SMARTboard. 

When switching to online learning, the whole world faced difficulties that became an 

obstacle to conducting a full-fledged lesson. But despite all these problems, people began to 

implement smart online learning technologies, platforms with multimedia software, which 

made this situation easier. 

In turn, the authors (M. Irfan et al., 2020) [8] point out some of the problems that arose 

during the study during the pandemic. The study is aimed at identifying obstacles that arise in 

the process of learning mathematics. The results showed that platforms such as Google Class 

and Edmodo are popular. However, there were problems with writing mathematical symbols 

and limitations of multimedia software to support online learning. 

Also, the Moodle virtual learning environment was widely used to support online 

learning during the pandemic. In the article (H. Th. S. Alrikabi et al., 2022) [9] the authors 

present the learning management system Moodle as a tool for developing an open source e-

learning platform that supports both the student and the teacher by providing services that 

facilitate teaching, as well as administrative tasks related to education and improving efficiency. 

They also consider it necessary to know how this affects digital skills, which have recently been 

considered one of the most important aspects related to intelligent learning. 

The increasing use of smart technologies in the educational space leads to such a concept 

as ñIntelligent Educationò. In their works (O. D²az-Parra et al., 2022) [16] the authors note that 

intelligent education is the use of various technologies (combinatorial optimization, machine 

learning, big data, data visualization, educational technologies of the Internet of Things, 

learning analytics and others) to improve the quality of education. The work (B. Zogheib et al., 

2015) [2] studies the impact of the TAM (Technology Acceptance Model) on studentsô use of 

MyMathLab in mathematics lessons. The results showed that user satisfaction, self-efficacy, 

subjective norms, and perceived ease of use positively affect the intention to use MyMathLab. 

The work (B. Baglama et al., 2017) [14] investigated the use and integration of technology in 

mathematics teaching. Regarding the issue of technology integration, (C. Vieira et al., 2018) 

[15] analyzed existing approaches to visualizing educational data. Based on the study, it was 

concluded that further research is needed to implement tools in the classroom environment, take 
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into account student data, develop complex and informative visualizations, and combine 

visualization with educational theories. In line with this, this work (K. H. Cheong and J. M. 

Koh, 2018) [7] proposes a virtual learning laboratory environment for undergraduate 

mathematics. A pilot study shows that using a virtual lab to teach mathematics improves 

learning. 

In addition, the use of smart technologies can distract students from deeply 

understanding mathematical concepts. Often, students focus on mastering software and 

algorithms rather than learning the fundamental mathematical principles. This can lead to 

superficial knowledge that does not allow students to apply mathematics in real-life situations. 

In this regard, changes in learning models and learning environments, as well as related best 

practices, have led to the understanding that educators are faced with the difficult task of 

incorporating an optimal combination of classroom learning, e-learning, and a virtual classroom 

into the learning process. For the Mathematics course, the teaching team decided to organize a 

blended model consisting of the following components: individual reinforcement of essential 

mathematical knowledge; interactive online lectures introducing theoretical concepts and their 

application in a business environment; a practical lesson in the classroom, during which 

students are guided through solving exercises; online exercises and self-study tasks managed 

by the system. An electronic tutor was developed and implemented, which included three types 

of lessons: presentation of theory in the form of video recordings simulating lectures and created 

using recordings of laboratory lessons, presentation of exercise examples, and a module for 

independent work to support students in solving exercises step by step. Recordings of laboratory 

lessons were used to create a presentation video. Attractive visual presentations of the 

theoretical modules are devoted to concepts, exercises, and their application. (J. Schreurs, 2013) 

[6]. 

Due to the increased need for smart technologies in the educational environment, more 

and more attention is paid to the use of artificial intelligence. Numerous studies have 

highlighted the positive effects of using AI chatbots in education. However, some studies have 

shown that users felt frustrated and lost motivation to learn when using AI chatbots to practice 

communication skills. (R. Wu and Z. Yu, 2023) [10]. In pedagogical practice, the 

implementation of pedagogical teaching methods is carried out using innovative capabilities of 

digital technologies, such as learning management systems, online communication services, 

specialized mobile applications, and immersive AR / VR / XR technologies. Also, the 

innovative methodology of teaching mathematics is based on the concepts of active social 

learning and combines modern approaches to STEM education and content and language 

integrated learning (CLIL). These include constructivist, problem-oriented, project-based and 

research-based approaches. The proposed methodology is adapted to the implementation of 

educational activities in the online learning environment. (U. Kossybayeva et al., 2022) [17]. 

The key finding of the study was that the methodology they developed proved its 

effectiveness in teaching mathematics. Students easily adapted to digital pedagogy, mastered 

the skills of managing educational activities and effectively used the technological capabilities 

provided by the courses. 

The need to use smart technologies during the pandemic has led to an increase in the 

use of smart technologies in the educational space, which affected the quality of learning, which 

has been studied in many scientific papers. The authors (R. Wu and Z. Yu, 2023) [10] 

investigated in a meta-analytical study the impact of artificial intelligence chatbots on student 

learning outcomes and the moderating effects of educational programs. The proliferation of 

experimental studies has highlighted the need to summarize and synthesize conflicting evidence 

on the impact of artificial intelligence chatbots on student learning outcomes. However, only a 

few reviews have been devoted to the meta-analysis of the impact of AI chatbots on student 

learning outcomes. In their work (B. Deacon et al., 2023) [11] explored the scientific 

understanding of the organizational level associated with digital change and provided specific 

recommendations for practitioners. Overall, it was found that the development of artificial 
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intelligence and computer technology has encouraged researchers to conduct a variety of 

studies. Based on the findings, some suggestions are made: researchers are encouraged to 

consider using AI applications to provide students with personalized guidance or support, and 

to study the impact of AI-based teaching approaches on mathematics education research; it is 

useful to implement relevant AI applications in the teaching activities of advanced mathematics 

programs such as geometry and topology, applied mathematics, mathematical literacy, and 

interdisciplinary courses (e.g., STEM); it is useful to develop an adaptive mathematics learning 

environment in collaboration with mathematics education, educational technology, and 

computer science researchers; it is important to use modern artificial intelligence technologies 

such as deep learning in mathematics education; it is important to explore the effectiveness of 

using artificial intelligence in mathematics teaching from different perspectives, taking into 

account rarely considered research aspects such as cognitive load, collaboration and 

communication skills, and learning anxiety. (G.-J. Hwang and Y.-F. Tu, 2021) [20]. 

The implementation of the pedagogical model of teaching mathematical sciences 

involves the implementation of such pedagogical principles as: adaptive learning, modeling and 

imitation, gamification, as well as constructivist, problem-oriented, project, research 

approaches. Motivational support of educational activities in the process of implementing 

pedagogical methods in practice is an effective tool for achieving educational goals by creating 

conditions for personal autonomy, educational and personal progress, self-organization, self-

control and management. The theory developed by Keller, called ARCS, is a learning model 

that was developed in response to the need to find effective ways to understand the main 

influences of motivation in the teaching-learning process. The model is focused on the correct 

stimulation and maintenance of studentsô educational motivation. (J. M. Keller, 2010) [18]. The 

motivation-focused learning model was implemented in combination with technologies such as 

machine learning, augmented reality, additive manufacturing, smart mobile devices, Moodle 

platforms, interactive smart TVs, and traditional lectures. Also (L. A. Laurens-Arredondo, 

2024) [12] examined the differences between the various technologies studied, highlighting 

interactive TV, machine learning, and augmented reality compared to other technologies, which 

serves as a baseline for academic management to direct efforts, resources, and teacher training 

in new tools to support the learning process. 

Currently, scholars are analyzing the effectiveness of global changes in the education 

system, trying to understand whether the efforts made to create new or adapted teaching 

methods have had a positive impact on students and the educational process as a whole. And 

also, many issues have emerged in the research, which suggest that in order for teachers to adapt 

to the use of technology to improve student learning, they must first understand how these same 

technologies can be used to improve their personal use. Research shows that without proper 

training, the introduction of smart technologies into educational practice and a clear 

infrastructure that ensures connectivity and accessibility, there will not and cannot be an 

improvement in teaching and the desired increase in academic performance. (K. Carter and S. 

Mehta, 2018) [3]. 

Taken together, the studies reviewed show that smart technologies in teaching 

mathematical disciplines play a significant role in higher education. 

Although there is some evidence to support the idea that the use of artificial intelligence 

in teaching mathematics effectively affects the quality of knowledge, further research is also 

needed on the use of smart technologies for visualizing abstract mathematical concepts. 

METHODOLOGY  

To determine the quality of assimilation of educational material by students in the study 

of mathematical disciplines, observation and questionnaires were conducted at Constructor 

University, where we are currently undergoing a scientific internship. Constructor University 

is a private, English-language international university in Germany with the highest standards in 

research and teaching in accordance with an interdisciplinary concept, innovative solutions and 

advanced training programs. 
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According to the schedule of classes in the disciplines Analysis, Matrix Algebra and 

Complex Analysis, we observed the use of smart technologies in these classes. Classes were 

held both offline and online using the Teams and Moodle platforms. Almost all classes were 

video recorded live via a digital camera. To make the material presented accessible, the teacher 

used a graphic tablet, which broadcast lecture recordings on an interactive whiteboard. The used 

training format was also available for students studying online. 

Classes were held in an active dialogue mode. Students present online also actively 

participated in the classes. According to our observations, only some students used laptops and 

tablets to record lectures. All lecture materials: video recordings, lecture screenshots are 

uploaded to the Teams platform, where students can review the material, they have covered at 

any time convenient for them. This is also convenient for those students who were not present 

at the classes. 

  

As a result of the observation, a questionnaire was compiled to determine the opinion 

of students and the impact of smart technologies on the perception of educational material. The 

questionnaire consists of 12 questions, which includes questions related to the positioning of 

students in the field of demographic indicators (gender, age, country). To answer the 

questionnaire, a Likert scale was used taking into account five options. The survey was 

conducted using the Google Forms tool. The data obtained during the survey were transformed 

into an Excel spreadsheet. For processing and analyzing the data, the R statistical programming 

environment was used, where the table data was converted and brought into a readable format. 

The total number of survey participants was 80 engineering students of the university from 32 

countries. Of these, 50 were men, 23 were women, and 1 student preferred not to indicate 

gender. Age from 16-19 years old 45 students, from 20-24 years old 28 students from 25-29 

years old 1 student, 6 students did not indicate gender, age and country of arrival. By country 

of arrival, one student from 18 countries and a small number of students from 12 countries were 

identified. For data processing, the countries were divided into 3 groups: ñCountries that 

emerged as a result of the collapse of the USSR, Vietnam, Mongoliaò, ñEuropean countries, the 

USA, Koreaò, ñDeveloping countriesò. See Table 1 and Figure 1. 

 

Table 1 

GROUPS COUNTRIES GINI 
 

GDPPC 
 

GROUP 01 Azerbaijan 26,55 24698 

Belarus 24,38 32098 

Georgia 36,93 27363 

Kazakhstan  27,79 41366 

Kyrgyzstan   28,99 7773 

Mongolia   32,74 19063 

Russia   36,03 47299 

Ukraine 24,63 19603 

Uzbekistan 35,27 11596 

Vietnam 36,81 16193 
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GROUP 02 Albania 29,42 21377 

Bulgaria 39,01 39185 

Germany 30,64 70930 

Korea 33,1 62960 

Romania 34,1 47204 

Turkey 42,6 40283 

USA 39,79 86601 

GROUP 03 Brazil 51,4 22123 

Burundi 38,62 986 

Cuba 38 - 

Egypt 31,86 20799 

EL Salvador 38,76 13173 

Ethiopia 34,99 4045 

Ghana 43,52 7975 

Honduras 48,1 7605 

India 37,06 11112 

Kenya 38,7 7157 

Morocco 39,55 10615 

Nepal 32,84 5348 

Nigeria 35,13 6543 

Zambia 44 4190 

Zimbabwe 50,26 5071 

 

 
Figure 1. Number of students by region 

 

For further data processing in R, the Pearson Chi-square test was used, which estimates 

the deviation of observed frequencies from theoretically expected ones and is used to analyze 

contingency tables of two variables with categorical scales. The Chi-square statistic, calculated 

based on the analysis of the contingency table, answers the question: what degree of deviation 

from the expected frequency will be large enough to be considered greater, given the sample 

size and the number of gradations of the categorical scales of the analyzed variables. 

The standard built-in function for calculating Chi-square can work with both ready-

made contingency tables (in the form of table class objects) and with two vectors of variables 

with nominal or ordinal scales, on the basis of which a contingency matrix can be built. The 

table () function treats all types of data equally, so that qualitative variables encoded with 

numbers do not require transformation using as.factor (). 
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Table 2 shows the results of the calculation between variables with a Chi-squared value 

when estimating the probability of p-value.  

Table 2. 
 REGIONS AGE GENDER 

REGIONS  

 ï   

X-sq.=12.848 

df=2 

p-value=0.0016 

X-sq.=1.7789 

df=2 

p-value=0.4109 

AGE  

ï 

 

ï 

X-sq.=0.24567 

df=1 

p-value=0.6201 

EFF X-sq.=0.4984 

df=2 

p-value=0.7794 

X-sq.=4.9404 

df=2 

p-value=0.0845 

X-sq.=1.6063 

df=3 

p-value=0.658 

OFTEN X-sq.=1.0349 

df-4 

p-value=0.9045 

X-sq.=7.4927 

df-2 

p-value=0.0236 

X-sq.=1.8213 

df-3 

p-value=0.6103 

RATE X-sq.=2.1005e-31 

df=1 

p-value=1 

X-sq.=5.0048 

df=1 

p-value=0.0252 

X-sq.=0 

df=1 

p-value=1 

AFFECT X-sq.=2.622 

df=2 

p-value=0.2696 

X-sq.=22.611 

df=1 

p-value=1.983 x 10-6 

X-sq.=0.96792 

df=2 

p-value=0.6163 

MOTIVATION  X-sq.=0.4397 

df-2 

p-value=0.8029 

X-sq.=2.322 

df-1 

p-value=0.1267 

X-sq.=0.6454 

df-1 

p-value=0.4217 

COMPLETED X-sq.=0.8852 

df-4 

p-value=0.9267 

X-sq.=0.7439 

df=2 

p-value=0.6894 

X-sq.=2.8106 

df=2 

p-value=0.2453 

DIFFICULT X-sq.=4.602 

df=4 

p-value=0.3306 

X-sq.=0.7423 

df=2 

p-value=0.6889 

X-sq.=3.0775 

df=2 

p-value=0.2147 

CAPABILITY  X-sq.=6.8776 

df=6 

p-value=0.3323 

X-sq.=0.53498 

df=3 

p-value=0.9111 

X-sq.=2.0293 

df=3 

p-value=0.5663 

 

RESULTS AND ANALYSIS 

 

Based on the results obtained, three categories were identified: 1) issues related to 

demographic data; 2) issues related to the selection of effective smart technologies and types of 

tasks; 3) issues related to the influence of smart technologies on the perception of educational 

material. 

As a result of the data analysis, the following indicators were identified by age 

categories and regions, where p-value = 0.0016, which means an excess of younger age students 

from Region 1, as shown in Figure 2. 

 
Figure 2. Age indicators by region 



19  

 

In the group of demographic characteristics, no relationships were found between 

gender and age groups, as well as with gender and regions. (See Table 2) 

Participating students aged 16-19 use smart technologies for independent work less 

often than students aged 20-24, who have a higher rate of constant use (p-value=0.0023) (Fig. 

3) 

 
 

Figure 3. Smart technology usage rates by age. 

 

According to statistical analysis, where p-value=0.0025, the impact of SMART 

technologies on the quality of learning mathematics has increased significantly equally in all 

age categories. We also see that the rate of significant increase is higher among students aged 

20-24 than among younger students. (Fig. 4). No gender differences were found. (See Table 2) 

 

 
 

Figure 4. Indicators of the quality of assimilation of educational material 

 

Students aged 16-19 years believe that the most effective SMART technologies used in 

the process of teaching mathematics are online resources and educational platforms. Older 

students, on the contrary, believe that simulators and virtual laboratories are the most effective 

(p-value=0.0845) 
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Figure 5. Smart technology efficiency indicators 

 

Considering the second category of data analysis results, it is noted that with the help of 

the most efficient smart technologies chosen by students, they mainly perform such types of 

tasks as solving equations and inequalities. (Figure 6) 

 

 
Figure 6. Indicator of the type of tasks: Solving equations and inequalities 

 

Also, with the help of smart technologies, students more often perform geometric 

constructions than solve problems on probability and statistics, coefficient p-value=0.02611. 

(Fig. 7) 

 
 

Figure 7. Task Type Indicator: Geometric Constructions 

 

Students claim that the use of effective smart technologies made their learning process 

in mathematics more independent, which is confirmed by the coefficient p-value=0.0104. (See 

Table 3) 
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Table 3 
 TYPES 12 question 

 TYPES_draw

ing 

TYPES_Prob

Stat 

TYPES_eq

uations 

TYPES_

geometri
c 

TYPES_sol

ution 

TYPES_fu

nction 

FOLLOW HELP MORE_OF

TEN 

INDEP

ENDE
NT 

EFF X-sq.=1.3701 

df=4 
p-

value=0.8494 

X-sq.=4.9901 

df=3 
p-

value=0.1725 

X-

sq.=11.78 
df=2 

p-

value=0.00
2766 

X-

sq.=0.374
95 

df=2 

p-
value=0.

829 

X-

sq.=1.519 
df=4 

p-

value=0.82
33 

X-

sq.=2.8719 
df=2 

p-

value=0.23
79 

X-

sq.=1.8338 
df=3 

p-

value=0.60
76 

X-

sq.=4.089
8 

df=6 

p-
value=0.

6645 

X-

sq.=3.1132 
df=6 

p-

value=0.79
45 

X-

sq.=16.

701 

df=6 

p-

value=

0.0104 

OFTEN X-sq.=2.8451 
df=4 

p-

value=0.5841 

X-sq.=5.1127 
df=2 

p-

value=0.0775
9 

X-
sq.=6.9875 

df=3 

p-
value=0.07

23 

X-
sq.=9.253

3 

df=3 
p-

value=0.

02611 

X-
sq.=2.8451 

df=4 

p-
value=0.58

41 

X-
sq.=6.2699 

df=3 

p-
value=0.09

919 

X-
sq.=9.9548 

df=4 

p-
value=0.04

12 

X-
sq.=4.337

4 

df=4 
p-

value=0.

3623 

X-
sq.=4.3864 

df=4 

p-
value=0.35

62 

X-
sq.=4.8

148 

df=4 
p-

value=

0.3068 

RATE X-
sq.=0.016928 

df=1 

p-
value=0.8965 

X-sq.=0 
df=1 

p-value=1 

X-
sq.=0.0394

3 

df=1 
p-

value=0.84

26 

X-
sq.=4.198

7 

df=1 
p-

value=0.

0404 

X-sq. = 
2.1093e-31 

df = 1  

p-value = 1 

X-sq. = 
1.3359 df = 

1, p-value = 

0.2478 

X-sq. = 
6.5649 df = 

2 

p-value = 
0.03754 

X-
sq.=12.58

9 

df=2 
p-

value=0.

0018 

X-
sq.=4.1661 

df=2 

p-
value=0.12

45 

X-
sq.=3.2

388 

df=2 
p-

value=

0.198 

AFFECT X-sq.=8.9888 

df=2 

p-
value=0.0111

7 

X-sq.=3.7421 

df=2 

p-
value=0.154 

X-

sq.=0.0009

8041 
df=1 

p-

value=0.97
5 

X-

sq.=8.380

8 
df=2 

p-

value=0.
01514 

X-

sq.=1.7462 

df=2 
p-

value=0.41

76 

X-squared 

= 9.1324, 

df = 2, p-
value = 

0.0104 

X-squared 

= 9.3961, 

df = 2, p-
value = 

0.0091 

X-

squared = 

6.1597, 
df = 2, p-

value = 

0.0459 

X-squared 

= 3.3188, 

df = 2, p-
value = 

0.1903 

X-

square

d = 
6.7124, 

df = 4, 

p-value 
= 

0.1519 

MOTIV

ATION 

X-squared = 

0.016074, df 
= 1, p-value = 

0.8991 

X-squared = 

1.1724, df = 
1, p-value = 

0.2789 

X-squared 

= 0.05291, 
df = 1, p-

value = 
0.8181 

X-

squared = 
6.4113, 

df = 1, p-
value = 

0.01134 

X-squared 

= 0, df = 1, 
p-value = 1 

X-squared 

= 
0.0011857, 

df = 1, p-
value = 

0.9725 

X-squared 

= 29.536, 
df = 2, p-

value = 
3.858e-07 

X-

sq.=5.090
6 

df=2 
p-

value=0.

07845 

X-

sq.=6.3395 
df=2 

p-
value=0.01

97 

X-

square
d = 

4.2076, 
df = 2, 

p-value 

= 0.122 

 

According to the survey participants, frequent use of smart technologies made learning 

mathematics more interesting and helped them better understand complex mathematical 

concepts. Video lessons on educational platforms used by the teacher, geometric constructions 

performed using smart technologies, and plotting function graphs significantly affected the 

quality of learning and academic results in mathematics. (See Table 4). 

Table 4 
 
 

EFF OFTEN RATE AFFECT MOTIVATIO
N 

COMPLETED DIFFICUL
T 

CAPABILITY  

EFF  X-squared = 

1.8608,  

df = 3, 
p-value = 

0.6018 

X-squared = 

0.161,  

df = 2,  
p-value = 

0.9227 

X-squared = 

1.2289,  

df = 1, 
 p-value = 

0.2657 

X-squared = 

1.4654,  

df = 1, 
p-value = 

0.2261 

X-squared = 

2.0734,  

df = 2, 
p-value = 

0.3546 

X-squared 

= 8.1457, 

df = 2,  
p-value = 

0.0170 

X-squared = 

6.7948,  

df = 3,  
p-value = 

0.07873 

OFTEN   X-squared = 
6.5896,  

df = 2, 

p-value = 
0.0370 

X-squared = 
13.001,  

df = 2, 

p-value = 
0.0015 

X-squared = 
5.0575, 

df = 3,  

p-value = 
0.1676 

X-squared = 
0.75439,  

df = 4,  

p-value = 
0.9445 

X-squared 
= 5.0052, 

df = 4, 

p-value = 
0.2868 

X-squared = 
5.5346, 

df = 3, 

p-value = 0.1366 

RATE    X-squared = 

17.252, 
df = 1, 

p-value = 

3.273e-05 

X-squared = 

12.505,  
df = 1,  

p-value = 

0.0004 

X-squared = 

2.491,  
df = 2,  

p-value = 

0.2878 

X-squared 

= 1.5062, 
df = 2, 

p-value = 

0.4709 

X-squared = 

0.71645,  
df = 3,  

p-value = 0.8693 

AFFECT     X-squared = 
10.737,  

df = 2, 

p-value = 
0.0046 

X-squared = 
2.7852, 

df = 4,  

p-value = 
0.5944 

X-squared 
= 1.2796, 

df = 4, 

p-value = 
0.8648 

X-squared = 
4.4856,  

df = 3,  

p-value = 0.2136 

MOTIVATION       X-squared = 

2.2086,  
df = 2, 

X-squared 

= 1.6965, 
df = 3, p-

X-squared = 

4.5184,  
df = 3, 
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 p-value = 

0.3314 

value = 

0.6377 

 p-value = 

0.2107 

COMPLETED       X-squared 
= 5.8616, 

df = 4,  

p-value = 
0.2097 

X-squared = 
6.7385, df = 3, 

p-value = 

0.08072 

DIFFICULT        X-squared = 10, 

df = 3,  

p-value = 0.0185 

CAPABILITY          

 

When using interactive whiteboards, most students point out difficulties related to 

technical problems (slow internet, application failures) (p-value=0.01103). 

Now let us consider issues related to the influence of smart technologies on the 

perception of educational material. Constant use of smart technologies for independent work 

on completing mathematical assignments significantly affects the quality of assimilation of 

educational material (p-value=0.0370) (Figure 8A) and improves academic results in 

mathematical disciplines (p-value=0.0015) (Figure 8B). Thereby, increasing students' 

motivation to study (p-value=0.0004). (Figure 8C). According to the survey results, students 

encountered difficulties in using interfaces, thus they would like to see more intuitive interfaces 

and wide integration with other tools in the future (p-value=0.0185). 

 

 
8ɸ     8ɺ 

 
8ʉ 

Figure 8A. The impact of smart technologies on learning quality and academic performance. 

8B. The impact of smart technologies on academic results. 8C. The impact of smart 

technologies on motivation 
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DISCUSSION 

The perception of educational material stimulated by the use of smart technologies, 

found in the results of this study, confirms the use of non-traditional didactic support tools, 

maintains students' engagement in learning and motivates them to actively participate in the 

learning process. The results obtained partially confirm the reports of other authors when using 

Moodle platforms (M. Irfan et al., 2020)[8], (H. Th. S. Alrikabi et al., 2022)[9], interactive 

smart boards (S. J. Cabus et al., 2017)[5], (J. Schreurs, 2013)[6], (K. H. Cheong and J. M. Koh, 

2018)[7], mobile applications. (U. Kossybayeva et al., 2022)[17]. Data analysis revealed 

significant differences in the use of smart technologies by teachers in the process of teaching 

mathematics between the online platforms Moodle, Canvas and other technologies. The use of 

interactive smart boards, online resources and educational platforms stood out among other 

technologies with the highest level of effective use. The lowest level of effective use was 

associated with simulators and virtual laboratories. According to the data analysis, students 

positively assess the role of smart technologies in preparing for classes. The responses received 

were divided into the following categories: role as a tool, role as understanding the material, 

role as visualization of materials. According to the questionnaire, students consider the role as 

a tool as an assistant, teacher, access to structured notes and content, a source of online 

materials. The role of smart technologies in understanding the material, according to students, 

is helping to comprehend the topics covered in class, understand the theory behind them before 

learning how to solve problems, also save time by automating tasks, systematizing materials 

and increasing the efficiency of learning, help to achieve a clearer understanding of topics. As 

for the role of smart technologies in preparing for classes, students associate their understanding 

with visualization, which facilitates learning, helps to visualize problems and mathematical 

concepts. Of the students surveyed, a small number note that smart technologies do not play a 

significant role in preparing for classes. 

When using smart technologies in teaching mathematics, students point out difficulties 

associated with technical problems, such as slow internet, application failures. 

Students see the effectiveness of learning mathematics in the future in broader 

integration with other tools, in personalized curricula, in the ability to ask questions to the 

teacher in real time. 

The use of smart technologies largely depends on the context, the method of its 

implementation and the student's inclination towards this technology. 

CONCLUSION 

This study reviewed the literature on the use of smart technologies in teaching 

mathematical disciplines that contribute to improving the quality of the educational process at 

the university. To identify the impact of smart technologies on the perception of educational 

material in mathematical disciplines, a survey was organized among university students. 

The results of the study revealed that the correct use and choice of smart technologies 

in teaching mathematical disciplines; analysis of the use of smart technologies; adaptation of 

students to the digital environment and their improvement are of key importance. 

Thus, with all its advantages, the use of smart technologies in teaching mathematical 

disciplines requires a careful approach and balanced application in order to avoid negative 

consequences for students' mathematical training. 

Future research should focus on studying the use of smart technologies for visualizing 

abstract mathematical concepts in teaching mathematical disciplines. 

Despite the many benefits of using smart technologies in teaching mathematics, there 

are also negative aspects that need to be taken into account and further explored. 

First, excessive use of technology can lead to a decrease in manual calculation skills and 

logical thinking in students. Constant reliance on calculators, computer programs, and online 

solvers can weaken studentsô ability to independently solve mathematical problems without 

technical support. 
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Secondly, excessive use of technology can distract students from their main learning 

activities and reduce their engagement in the learning process. It is necessary to find a balance 

between the use of technology and traditional teaching methods. 

Further research in this area should focus on studying the impact of smart technologies 

on the development of studentsô mathematical skills and critical thinking. It is necessary to 

develop methods that will make it possible to use technology as effectively as possible to 

improve the quality of teaching mathematics without compromising fundamental mathematical 

competencies. 

In addition, it is important to study ways to integrate smart technologies into the 

educational process in such a way that they complement, rather than replace, traditional 

teaching methods. This will improve the effectiveness of the educational process and ensure the 

comprehensive development of studentsô mathematical skills. 
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ɸʥʥʦʪʘʮʠʷ 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʘʷ  ʪʝʦʨʝʤʘ ʈʠʤʘʥʘ ʛʦʚʦʨʠʪ, ʯʪʦ ʢʘʢʦʚʳ ʙʳ ʥʠ ʙʳʣʠ ʜʚʝ ʦʜʥʦʩʚʷʟʥʳʝ 

ʦʙʣʘʩʪʠ, ʛʨʘʥʠʮʳ ʢʦʪʦʨʳʭ ʩʦʜʝʨʞʘʪ ʥʝ ʤʝʥʝʝ ʜʚʫʭ ʪʦʯʝʢ, ʢʦʥʬʦʨʤʥʦ ʠʟʦʤʦʨʬʥʳ. ɺʟʷʚ 

ʚ ʢʘʯʝʩʪʚʝ ʚʪʦʨʦʡ ʦʙʣʘʩʪʠ ʢʨʫʛ ʤʳ ʧʦʣʫʯʠʤ ʢʦʥʬʦʨʤʥʦʝ ʦʪʦʙʨʘʞʝʥʠʝ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ 

ʥʘ ʢʨʫʛ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʥʝʩʪʠ ʥʘʡʜʝʥʥʳʝ ʜʣʷ ʢʨʫʛʘ ʨʝʰʝʥʠʷ ʤʥʦʛʠʭ ʧʨʠʢʣʘʜʥʳʭ 

ʟʘʜʘʯ ʥʘ ʧʨʦʠʟʚʦʣʴʥʫʶ ʦʜʥʦʩʚʷʟʥʫʶ ʦʙʣʘʩʪʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʷʚʥʳʡ 

(ʘʥʘʣʠʪʠʯʝʩʢʠʡ) ʚʠʜ ʢʦʥʬʦʨʤʥʦ ʦʪʦʙʨʘʞʘʶʱʝʡ ʬʫʥʢʮʠʠ. ʕʪʦ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʚ ʧʨʦʩʪʳʭ 

ʩʣʫʯʘʷʭ, ʘ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʩʣʝʜʫʝʪ ʧʨʠʙʣʠʞʝʥʥʦ ʧʦʩʪʨʦʠʪʴ ʢʦʥʬʦʨʤʥʦ ʦʪʦʙʨʘʞʘʶʱʫʶ 

ʬʫʥʢʮʠʶ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʜʠʥ ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʠʙʣʠʞʝʥʥʦʛʦ 

ʧʦʩʪʨʦʝʥʠʷ ʪʘʢʠʭ ʦʪʦʙʨʘʞʝʥʠʡ. 

ʇʫʩʪʴ G  ʢʦʥʝʯʥʘʷ  ʦʙʣʘʩʪʴ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʦʛʨʘʥʠʯʝʥʥʘʷ ʞʦʨʜʘʥʦʚʦʡ 

ʢʨʠʚʦʡ :L G=µ , 0z GÍ , F  ʟʘʤʢʥʫʪʳʡ ʢʨʫʛ, ʧʨʠʥʘʜʣʝʞʘʱʠʡ G  ʠ ʩʦʜʝʨʞʘʱʠʡ ʪʦʯʢʫ 0z ; 

0( , )w z zj= - ʢʦʥʬʦʨʤʥʦʝ ʦʪʦʙʨʘʞʝʥʠʝ ʦʙʣʘʩʪʠ  G   ʥʘ  ʢʨʫʛ { }0:w w r<  c 

ʥʦʨʤʠʨʦʚʢʦʡ 0 0( , ) 0,z zj = 0 0( , ) 1z zj¡ =. ʏʝʨʝʟ ( )w z=F  ʦʙʦʟʥʘʯʠʤ ʬʫʥʢʮʠʶ, 

ʢʦʥʬʦʨʤʥʦ ʠ ʦʜʥʦʣʠʩʪʥʦ ʦʪʦʙʨʘʞʘʶʱʫʶ  : CGW =  ʥʘ { }: : 1w wD = >, ʩ ʥʦʨʤʠʨʦʚʢʦʡ 

( )F ¤ =¤, ( ) 0¡F ¤ > ʠ 1: -Y =F. 

 ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ  nÂ  ʢʣʘʩʩ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʧʦʣʠʥʦʤʦʚ 0( , )nP z z  ʩʪʝʧʝʥʠ ʥʝ ʚʳʰʝ  

n   ʠ ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʫʩʣʦʚʠʷʤʠ 
0 0 0 0( , ) 0, ( , ) 1n nP z z P z z¡= =. n -ʳʤ  ʧʦʣʠʥʦʤʦʤ 

ɹʠʙʝʨʙʘʭʘ   0( , )n z zp   ʜʣʷ ʧʘʨʳ 0( , )G z  ʥʘʟʳʚʘʝʪʩʷ ʧʦʣʠʥʦʤ, ʤʠʥʠʤʠʟʠʨʫʶʱʠʡ ʥʦʨʤʫ 

                                    
2

1
2

2

0( )
: ( , )n nL G

G

P P z z ds
å õ

¡ ¡=æ ö
ç ÷
ññ               

ʚ ʢʣʘʩʩʝ  nÂ . ʇʦʣʠʥʦʤʳ ɹʠʙʝʨʙʘʭʘ ʟʘʤʝʯʘʪʝʣʴʥʳ ʝʱʝ ʪʝʤ, ʯʪʦ ʷʚʣʷʷʩʴ ʨʝʰʝʥʠʝʤ 

ʵʢʩʪʨʝʤʘʣʴʥʦʡ ʟʘʜʘʯʠ, ʦʥʠ ʚ ʷʚʥʦʤ ʚʠʜʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ ʧʦʣʠʥʦʤʳ  { }
0

( )n n
K z

¤

=
- 

ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʥʳʝ ʧʦ ʧʣʦʱʘʜʠ ʦʙʣʘʩʪʠ G  ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [8, ʩ. 94]:   
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ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʣʠʥʦʤʳ ɹʠʙʝʨʙʘʭʘ ʤʦʛʫʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥʳ ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʬʫʥʢʮʠʠ ʈʠʤʘʥʘ ʩ ʟʘʜʘʥʠʝʤ ʦʙʣʘʩʪʠ.    

 ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʝʩʣʠ G  ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴʶ ʂʘʨʘʪʝʦʜʦʨʠ, ʪʦ ʧʦʣʠʥʦʤʳ 

ɹʠʙʝʨʙʘʭʘ  0( , )n z zp  ʨʘʚʥʦʤʝʨʥʦ ʩʭʦʜʷʪʩʷ  ʢ  0( , )z zj  ʥʘ ʢʦʤʧʘʢʪʥʳʭ ʧʦʜʤʥʦʞʝʩʪʚʘʭ  

ʦʙʣʘʩʪʠ G      ([8, ʩ.97] ), ʪ.ʝ. 

                               { }0 0 0( ) : sup ( , ) ( , ) , , 0,n nF z z z z z z F nw j p= - Í ­ ­¤.         (1) 

 ɽʩʣʠ ʢʨʠʚʘʷ L G=µ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʥʝʢʦʪʦʨʳʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʫʩʣʦʚʠʷʤ 

ʛʣʘʜʢʦʩʪʠ, ʪʦ ʧʦʣʠʥʦʤʳ ɹʠʙʝʨʙʘʭʘ ʩʭʦʜʷʪʩʷ ʨʘʚʥʦʤʝʨʥʦ ʢ ( )zj   ʚ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ  G

. ʕʪʦʪ ʬʘʢʪ ʙʳʣ ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥ ʄ.ɺ.ʂʝʣʜʳʰʝʤ ʚ ʨʘʙʦʪʝ [9]  ʠ, ʥʘʡʜʝʥʘ ʦʮʝʥʢʘ ʥʘ 

ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ  ʚ ʚʠʜʝ 

                              { }( )

.
: max ( ) ( ) ,n nC G

const
z z z G

ng
j p j p- = - Í ¢ ,             (2) 

ʛʜʝ  ( ) 0Gg g= >. ʆʜʥʦʚʨʝʤʝʥʥʦ,  ʪʘʤ ʞʝ, ʄ.ɺ.ʂʝʣʜʳʰʝʤ ʧʦʩʪʨʦʝʥ ʧʨʠʤʝʨ ʦʙʣʘʩʪʠ *G , 

ʛʨʘʥʠʮʘ *Gµ  ʢʦʪʦʨʦʡ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʢʘʞʜʦʡ ʩʚʦʝʡ ʪʦʯʢʠ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʢʦʪʦʨʦʡ 

ʪʦʯʢʠ *z , ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ, ʠʤʝʶʱʝʡ ʚ ʪʦʯʢʝ *z  ʚʦʟʚʨʘʪ ʠ ʜʣʷ ʢʦʪʦʨʦʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʠʥʦʤʳ ɹʠʙʝʨʙʘʭʘ ʨʘʩʭʦʜʷʪʩʷ ʚ ʪʦʯʢʝ *z . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʩʭʦʜʠʤʦʩʪʴ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʩʪʨʦʝʥʠʝʤ ʟʘʜʘʥʥʦʡ 

ʦʙʣʘʩʪʠ. 

 ɺ ʩʣʫʯʘʝ ʦʙʣʘʩʪʝʡ ʩ ʛʣʘʜʢʦʡ ʛʨʘʥʠʮʝʡ, ʨʘʚʥʦʤʝʨʥʘʷ  ʩʭʦʜʠʤʦʩʪʴ ʧʦʣʠʥʦʤʦʚ 

ɹʠʙʝʨʙʘʭʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʘʭ ʉ.ʅ.ʄʝʨʛʝʣʷʥʘ [10], ʇ.ʂ.ʉʫʝʪʠʥʘ [11] . 

ʇʨʦʮʠʪʠʨʦʚʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʥʦʩʷʪʩʷ ʢ ʦʙʣʘʩʪʷʤ, ʠʤʝʶʱʠʤ ʩʧʨʷʤʣʷʝʤʫʶ 

ʛʨʘʥʠʮʫ. ɺ.ɺ.ɸʥʜʨʠʝʚʩʢʠʤ [3]  ʥʘʡʜʝʥʘ ʦʮʝʥʢʘ  ʪʠʧʘ (2) ʚ ʦʙʣʘʩʪʷʭ ʩ ʢʚʘʟʠʢʦʥʬʦʨʤʥʦʡ 

ʛʨʘʥʠʮʝʡ (ʩʤ. ʦʧʨʝʜʝʣʝʥʠʝ 1). ɺ ʪʦʞʝ ʚʨʝʤʷ, ʩʦʛʣʘʩʥʦ (5ô), ʢʚʘʟʠʢʦʥʬʦʨʤʥʳʝ ʢʨʠʚʳʝ ʥʝ 

ʜʦʧʫʩʢʘʶʪ ʥʫʣʝʚʳʝ ʫʛʣʳ (ʚ ʰʠʨʦʢʦʤ ʩʤʳʩʣʝ ʧʦʥʠʤʘʥʠʷ ʫʛʣʘ). ɽʩʪʝʩʪʚʝʥʥʦ ʚʦʟʥʠʢʘʝʪ 

ʟʘʜʘʯʘ: ʚʦʟʤʦʞʥʘ ʣʠ ʩʭʦʜʠʤʦʩʪʴ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʚ ʦʙʣʘʩʪʷʭ ʩ ʥʫʣʝʚʳʤʠ ʫʛʣʘʤʠ?  

ɼʣʷ ʪʘʢʦʡ  ñʧʨʦʩʪʦʡò  ʦʙʣʘʩʪʠ, ʢʘʢ  

{ } 2

0

3 9 6
: : 2 1 : , 0

2 4 5
G z z z x iy y x x

ë ûî î
= - < Ç = + < - - < ¢ì ü

î îí ý
 

ʝʱʝ ʥʝʠʟʚʝʩʪʥʦ, ʙʫʜʝʪ ʣʠ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, 
( )

0n C G
j p- ­   ʧʨʠ n­¤. 

ʉʭʦʜʠʤʦʩʪʴ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʛʨʘʥʠʮʘ ʦʙʣʘʩʪʠ ʩʦʜʝʨʞʠʪ 

ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ  ʥʫʣʝʚʳʭ ʫʛʣʦʚ ʤʝʥʝʝ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʢʘʩʘʥʠʷ ʛʨʘʥʠʯʥʳʭ ʜʫʛ ʚ ʪʦʯʢʘʭ 
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ʩʪʳʢʘ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ɺ.ɺ.ɸʥʜʨʠʝʚʩʢʠʤ [3], D.Gaierôoʤ [5,6], ɺ.ɺ.ɸʥʜʨʠʝʚʩʢʠʡ ʠ 

D.Gaierôoʤ [4], ʘʚʪʦʨʦʤ [1,2], ʠ ʜʨ. 

 ɺ ʪʝʦʨʠʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʬʫʥʢʮʠʡ ʧʦʣʠʥʦʤʘʤʠ ʩʢʦʨʦʩʪʴ ʧʨʠʙʣʠʞʝʥʠʷ ʟʘʜʘʥʥʦʡ 

ʬʫʥʢʮʠʠ ʚʥʫʪʨʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʣʫʯʰʝ, ʯʝʤ ʩʢʦʨʦʩʪʴ 

ʧʨʠʙʣʠʞʝʥʠʷ ʥʘ ʟʘʤʳʢʘʥʠʠ ʦʙʣʘʩʪʠ. ɼʣʷ ʢʘʢʠʭ ʦʙʣʘʩʪʝʡ ʩʦʭʨʘʥʷʝʪʩʷ ʵʪʦ ʩʚʦʡʩʪʚʦ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʩʭʦʜʠʤʦʩʪʠ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ? ʅʝʩʤʦʪʨʷ ʥʘ ʤʥʦʛʦʯʠʩʣʝʥʥʳʡ 

ʠʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʚʦʧʨʦʩʘ ʩʭʦʜʠʤʦʩʪʠ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʥʘ ʟʘʤʳʢʘʥʠʠ ʦʙʣʘʩʪʠ G

, ʚʦʧʨʦʩ ʩʭʦʜʠʤʦʩʪʠ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʥʘ ʢʦʤʧʘʢʪʥʳʭ ʧʦʜʤʥʦʞʝʩʪʚʘʭ F GÌ  

ʦʙʣʘʩʪʠ G  ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʣʠʰʴ ʇ.ʂ.ʉʫʝʪʠʥʳʤ [11, ʩʪʨ.87] ʠ, ʜʣʷ ʦʙʣʘʩʪʝʡ ʩ ʢʨʘʪʥʦ-

ʛʣʘʜʢʦʡ ʛʨʘʥʠʮʝʡ ʠʟ ʢʣʘʩʩʘ  ( 1, ), 0, 0 1,C ʨ ʨa a+ ² < < ( 1p+ -ʘʷ ʧʨʦʠʟʚʦʜʥʘʷ 
( 1)( )pz s+

 

ʥʘʪʫʨʘʣʴʥʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ( ), 0z z s s mesL= ¢ ¢ , ʢʨʠʚʦʡ :L G=µ ʧʨʠʥʘʜʣʝʞʠʪ ʢʣʘʩʩʫ 

Lipa) ʙʳʣʘ ʥʘʡʜʝʥʘ ʦʮʝʥʢʘ 

2 6 2 2( ) . ( ) , ( ) : ( , )p p

n F const F n F dist F Law d d- - - -¢ =             (3) 

ʆʜʥʠʤ ʠʟ ʚʦʧʨʦʩʦʚ, ʧʦʩʪʘʚʣʝʥʥʳʭ D.Gaier̀ ʦʤ 1997 ʛ. ʚ [7, Res.Prob.97-1] ʷʚʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʡ: ʢʘʢʦʚʘ ʩʢʦʨʦʩʪʴ ʩʪʨʝʤʣʝʥʠʷ ʢ ʥʫʣʶ ʚʝʣʠʯʠʥʳ ( )n Fw  ʥʘ F GÌ ?  

 ʉʨʘʚʥʠʚʘʷ  ʩʦʦʪʥʦʰʝʥʠʝ (3) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ  ʨʝʟʫʣʴʪʘʪʘʤʠ  ʨʘʙʦʪʳ [11] (ʩʤ. 

ʊʝʦʨʝʤʳ 5.2-5.4) 
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                    (4) 

 ʣʝʛʢʦ ʚʠʜʝʪʴ,  ʯʪʦ ʫʢʘʟʘʥʥʦʝ ʩʚʦʡʩʪʚʦ ʩʦʭʨʘʥʷʝʪʩʷ ʜʣʷ ʦʙʣʘʩʪʝʡ ʩ ʛʨʘʥʠʮʝʡ ʠʟ ʢʣʘʩʩʘ 

( 1, )C p a+  ʚ ʩʣʫʯʘʝ 1p=, ʥʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʥʝ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʩʣʫʯʘʝ 0p= . ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʪʨʝʙʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʛʨʘʥʠʮʫ ʦʙʣʘʩʪʠ ʜʘʝʪ ʥʘʤ 

ʚʦʟʤʦʞʥʦʩʪʴ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, ʫʣʫʯʰʠʪʴ ʩʭʦʜʠʤʦʩʪʴ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʚʦ 

ʚʥʫʪʨʝʥʥʠʭ ʪʦʯʢʘʭ ʦʙʣʘʩʪʠ.  

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʵʪʠʭ ʚʦʧʨʦʩʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 

ʢʦʤʧʣʝʢʩʥʦʡ  ʧʣʦʩʢʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ  ʥʘʤ ʥʘʜʦ ʠʟʫʯʠʪʴ ʩʢʦʨʦʩʪʴ ʩʪʨʝʤʣʝʥʠʷ ʢ ʥʫʣʶ 

ʚʝʣʠʯʠʥʳ  ( )n Fw  ʠ ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ np  ʢ  j ʚ ʟʘʤʳʢʘʥʠʠ 

ʟʘʜʘʥʥʦʡ ʦʙʣʘʩʪʠ G. ʇʝʨʚʘʷ ʯʘʩʪʴ ʙʫʜʝʪ ʦʪʚʝʪʦʤ ʥʘ ʚʦʧʨʦʩ D.Gaier̀ ʘ [7, Res.Prob.97-1], 

ʠ ʩʨʘʚʥʠʚʘʷ ʝʝ ʩʦ ʚʪʦʨʦʡ ʯʘʩʪʴʶ  ʫʙʝʜʠʤʩʷ, ʥʘʩʢʦʣʴʢʦ ʫʣʫʯʰʘʝʪʩʷ ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ 

ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ  ʩ ʦʪʩʪʫʧʣʝʥʠʝʤ ʦʪ ʛʨʘʥʠʮʳ ʚʦ ʚʥʫʪʨʴ ʦʙʣʘʩʪʠ.  



29  

ʃʀʊɽʈɸʊʋʈɸ 

1. Abdullayev, F.G. Uniform convergence of the generalized Bieberbach polynomials 

in regions with non-zero angles/ F.G. Abdullayev// Acta Math. Hung.1997. ï Vol 77, N. 3. P. 

223-246. 

2.  Abdullayev, F.G. and Baki, A. On the convergence of Bieberbach polynomials in 

domains with interior zero angles/ F.G Abdullayev and A. Baki//  Comp.Var. Theory and Appl.- 

2001. - Vol. 34, N. 2.  

3. ɸʥʜʨʠʝʚʩʢʠʡ, ɺ.ɺ. ʈʘʚʥʦʤʝʨʥʘʷ ʩʭʦʜʠʤʦʩʪʴ ʧʦʣʠʥʦʤʦʚ ɹʠʙʝʨʙʘʭʘ ʚ ʦʙʣʘʩʪʷʭ 
ʩ ʢʫʩʦʯʥʦ-ʢʚʘʟʠʢʦʥʬʦʨʤʥʦʡ ʛʨʘʥʠʮʝʡ/ B.B. ɸʥʜʨʠʝʚʩʢʠʡ// ɺ ʢʥ. ʊʝʦʨʠʷ ʦʪʦʙ. ʠ 

ʧʨʠʙʣ.ʬʫʥʢ., ʂʠʝʚ, 1983, P. 3-18. 

4.  Andrievskii, V.V., Gaier, D. Uniform convergence of  Bieberbach polynomials in 

domains with piecewise quasianalytic boundary / V.V. Andrievskii, D. Gaier // Mitteilungen 

aus dem Mathem. Seminar Giessen. Ƅ 1992. Ƅ 211. Ƅ ʈ. 49-59. 

5. Gaier, D. On the convergence of the  Bieberbach polynomials in regions with corners/ 

D. Gaier // Const.Approx.1988.-Vol.4, P.289-305.  

6. Gaier, D. On the convergence of the Bieberbach polynomials in regions   with 

piecewise analytic boundary/ D. Gaier //Arch. Math.1992.- Vol.58Ƅ P. 462-470. 

7. Gaier, D. On the convergence of the  Bieberbach polynomials inside the domain/ D. 

Gaier // Const.Approx., 1997.- Vol. 13, P.153-154. 

8. ɻʦʣʫʟʠʥ, ɻ.ʄ. ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʬʫʥʢʮʠʡ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ/ 
ɻ.ʄ. ɻʦʣʫʟʠʥ, //ʄ.: ʅʘʫʢʘ , 1966. ï 540 p. 

9. Keldych, M. V. Sur l`approximation en moyenne quadratique des fonctions 

analytiques/ M.V. Keldych//Math.Sb., 193. - Vol 5, N. 47. -p.391-401.  

10. ʄʝʨʛʝʣʷʥ, ʉ.ʅ.  ʅʝʢʦʪʦʨʳʝ ʚʦʧʨʦʩʳ ʢʦʥʩʪʨʫʢʪʠʚʥʦʡ ʪʝʦʨʠʠ ʬʫʥʢ-ʮʠʡ / 

C.H. ʄʝʨʛʝʣʷʥ// ʊʨʫʜʳ ʄʀɸʅ ʠʤ. ɺ.ɸ. ʉʪʝʢʣʦʚʘ.ʊ. 37,  ʄʀɸʅ ʠʤ. ɺ.ɸ. ʉʪʝʢʣʦʚʘ, 1951. 

- P. 1-92. 

11. ʉʫʝʪʠʥ, ʇ.ʂ. ʄʥʦʛʦʯʣʝʥʳ, ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʧʦ ʧʣʦʱʘʜʠ ʠ ʤʥʦʛʦʯʣʝʥʳ 

ɹʠʙʝʨʙʘʭʘ./ ʇ.ʂ ʉʫʝʪʠʥ //ʊʨ. ʄʘʪ. ʠʥ-ʪʘ  ʠʤ.ɺ.ɸ.ʉʪʝʢʣʦʚʘ ɸʅ ʉʉʉʈ, 1971, ʪ.100.- 92p. 

 
 
 
 

ɸʙʜʫʣʣʘʝʚ ʌʘʭʨʘʜʜʠʥ ï ʧʨʦʬʝʩʩʦʨ, ʄʝʨʩʠʥʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʝʨʩʠʥ, ʊʫʨʮʠʷ,  

e-mail: fahreddinabdullayev@gmail.com 

 

ʄʫʨʪʘʟʘʝʚʘ ʋʤʠʜʘ ʀʩʘʢʫʣʦʚʥʘ ï ʩʪʘʨʰʠʡ ʧʨʝʧʦʜʘʚʘʪʝʣʴ,  

ʉʘʤʘʨʢʘʥʜʩʢʠʡ ʬʠʣʠʘʣ ʊʘʰʢʝʥʪʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʠʤʝʥʠ ʄʫʭʘʤʤʘʜʘ ʘʣʴ-ʍʦʨʝʟʤʠ, ʉʘʤʘʨʢʘʥʜ, ʋʟʙʝʢʠʩʪʘʥ,  

e-mail: murtazayeva198202@gmail.com 

  

mailto:fahreddinabdullayev@gmail.com
mailto:murtazayeva198202@gmail.com


30  

AGENT-BASED SIMULATION OF THE QUTRIT QUANTUM 

PRISONERôS DILEMMA VIA GELL-MANN OPERATOR STRATEGIES 
 

Volkan Duran, Elman Hazar 
 

Abstract 

This study introduces a web-based, interactive platform for exploring the dynamics of 

a qutrit-level Quantum Prisonerôs Dilemma. Leveraging Gell-Mann matrix operators and tunable 

rotation angles, the simulation al- lows two players to select from identity and eight non-commuting 

quantum strategies, apply phase shifts, and engage via a configurable entanglement parameter. The 

system computes the resultant joint state, derives measure- ment probabilities across nine basis 

outcomes, and evaluates expected pay- offs against a bespoke qutrit payoff matrix. Users can 

perform grid searches for optimal combined returns and visualize both the entangled initial state 

and the payoff landscape in two- and three-dimensional plots. Results demon- strate how higher-

dimensional quantum strategies and adjustable entangle- ment lead to emergent cooperative 

equilibria distinct from classical or qubit- based games. By providing real-time feedback on Nash 

equilibrium condi- tions, optimality markers, and probability distributions, this tool offers re- 

searchers a hands-on sandbox for studying non-classical strategic behavior in multi-level quantum 

systems. 

Keywords: qutrit quantum game, Prisonerôs Dilemma, Gell-Mann matri- ces, entanglement 

parameter, payoff landscape, agent-based simulation. 

Interactive Simulation: https://huggingface.co/spaces/Volkan36/qutrit-quantum-prisoner-s-

dilemma 

 

1 INTRODUCTION  
The classical Prisonerôs Dilemma represents a canonical framework in game the- ory, 

illustrating the tension between individual rationality and collective welfare [1]. In its standard 

formulation, two players independently choose to cooper- ate or defect, with payoffs structured 

such that mutual defection constitutes the unique Nash equilibrium despite mutual cooperation 

yielding superior collec- tive outcomes [2]. This paradox has profound implications across 

economics, political science, evolutionary biology, and social psychology [3]. 

The advent of quantum information theory has opened new avenues for recon- ceptualizing 

strategic interactions. Meyerôs seminal work demonstrated that quan- tum strategies can 

fundamentally alter game-theoretic outcomes [4], while Eis- ert, Wilkens, and Lewenstein 

extended this framework to the Prisonerôs Dilemma, showing that entanglement enables 

cooperative equilibria unattainable in clas- sical settings [5]. Subsequent research has explored 

quantum games using qubit systems [6, 7], demonstrating how quantum superposition and 

entanglement provide strategic advantages. 

However, most quantum game-theoretic investigations have been confined to two-level 

(qubit) systems. Higher-dimensional quantum systems, particularly qutrits (three-level systems), 

offer richer strategic spaces and have garnered in- creasing attention in quantum information 

processing [8, 9]. Qutrits exhibit fun- damentally different entanglement properties [10] and enable 

more complex quantum operations through generalized Gell-Mann matrices [11], the natural 

extension of Pauli operators to three-dimensional Hilbert spaces. 

This work presents a comprehensive computational framework for simulat- ing qutrit-based 

Quantum Prisonerôs Dilemma games. Our web-based platform enables real-time exploration of 

strategic interactions using the complete set of Gell-Mann operators, parametrized by rotation 

angles and phase shifts, un- der variable entanglement conditions. The simulation computes joint 

quantum states, measurement probability distributions, and payoff structures while pro- viding 

optimization algorithms to identify maximal-return configurations. 

 

 

 

 

 

 

https://huggingface.co/spaces/Volkan36/qutrit-quantum-prisoner-s-dilemma
https://huggingface.co/spaces/Volkan36/qutrit-quantum-prisoner-s-dilemma
https://huggingface.co/spaces/Volkan36/qutrit-quantum-prisoner-s-dilemma
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2 THEORETICAL  FRAMEWORK  

2.1 Qutrit  Quantum States and Gell-Mann Matrices 
 

A qutrit resides in a three-dimensional Hilbert space  3 = C3 with computational basis states 

0 , 1 , 2 . The generalized Pauli matrices for qutrits are the eight traceless, Hermitian Gell-Mann 

matrices ɚ1, ɚ2, . . . , ɚ8 , which together with the identity operator I3 form a basis for 3 3 complex 

matrices [11]. These matrices satisfy the commutation relations characteristic of the SU (3) Lie 

algebra [12]. 

The Gell-Mann matrices are explicitly given by: 

 

 
 

In our framework, each player selects a base operator from { I3, ɚ1, . . . , ɚ8} and parameterizes 

their strategy through rotation angle ɗ  ɴ[0, 2 ]́ and global phase ʟ   ɴ[0, 2 ]́, yielding unitary 

operators of the form: 

 
2.2 Entangled Initial  State 

The two-qutrit system occupies the joint Hilbert space 3  3 Ḑ= C9. We initialize the game 

in a maximally entangled state parametrized by entanglement angle ɔ  ɴ[0, ́ /2] [5]: 

 

 
 

This generalized GHZ-type state [13] reduces to a product state when ɔ = 0 (classical limit) 

and exhibits maximal three-way entanglement at specific values of ɔ [14]. The parameter ɔ controls 

the degree of quantum correlation available for strategic manipulation. 

 

2.3 Quantum Game Protocol 
The qutrit Quantum Prisonerôs Dilemma proceeds through the following stages [5, 7]: 
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2.4 Qutrit  Payoff Structure 
We extend the classical Prisonerôs Dilemma payoff structure to accommodate the third 

basis state 2 , interpreted as a òneutralò or òcompromiseò action. The payoff matrix employed in 

our simulation is: 

 

|0ἃ (C) |1ἃ (D) |2ἃ (N) 

|0ἃ (C) (3, 3) (0, 5) (1, 1) 

|1ἃ (D) (5, 0) (1, 1) (2, 2) 

|2ἃ (N) (1, 1) (2, 2) (2.5, 2.5) 

 

 

This structure preserves the core dilemma: mutual cooperation 00 yields the highest 

combined payoff, while unilateral defection provides individual ad- vantage. The neutral state 2 

offers intermediate outcomes, creating additional strategic complexity absent in binary games 

[10]. 

 

3 IMPLEMENTATION  AND COMPUTATIONAL  

METHODS 
3.1 Web-Based Simulation Architecture 
 

Our platform, accessible at https://huggingface.co/spaces/Volkan36/qutrit-quantu 

implements the qutrit quantum game protocol using client-side JavaScript with Plotly for 

three-dimensional visualization. The architecture comprises several key components: 

https://huggingface.co/spaces/Volkan36/qutrit-quantum-prisoner-s-dilemma
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User Interface: Players select base operators via grid buttons, adjust rota- tion angles 

ɗ1, ɗ2 and phases ʟ1, ʟ 2 through continuous sliders, and configure the entanglement parameter ɔ. Real-

time feedback displays the current strategy ma- trices using complex number notation. 

Quantum State Engine: The core computational module performs complex matrix 

operations including Kronecker products for tensor state construction, unitary evolution via 

matrix exponentiation, and Born rule probability calcula- tions. All  operations preserve 

numerical precision through careful handling of complex arithmetic. 

Optimization  Module: A grid search algorithm explores the strategic param- eter space 

(ɗ1, ɗ2)  [0, 2 ]́2 across all 81 operator pair combinations (ȿ1, ȿ2). For each configuration, the 

algorithm computes the combined payoff ́ 1+ 2́ and iden- tifies the global maximum, enabling users 

to discover cooperative optimal solu- tions. 

Visualization Suite: The platform generates multiple visual representations: 

(1) probability distribution bar charts for the nine basis outcomes, (2) matrix displays of 

strategy operators and entangled states, and (3) interactive 3D surface plots of the payoff landscape 

f (ɗ1, ɗ2) = ( 1́ + 2́)/2, with current and optimal positions marked. 

3.2 Nash Equilibrium  Detection 

The simulation implements a heuristic Nash equilibrium detector based on the classical 

defect-defect outcome. A configuration is flagged as Nash-like when the  measurement probability 

P (11) > 0.5 and individual payoffs approximate the classical equilibrium value ́ 1, 2́  1. 

While this criterion does not rigorously verify best-response conditions in the quantum setting 

[6], it provides intuitive guidance for interpreting results in relation to classical game theory. 

3.3 Computational Complexity 

The grid search optimization examines N 2 Ĭ N 2 configurations, where Ns = 9 

(operator count) and Nɗ = 20 (angular discretization). Each evaluation requires O(d6) 

operations for d = 3 dimensional systems (tensor product construction, unitary application, 

probability computation), yielding total complexity O(N 2N 2d6) å 

1.3 107 operations. Modern browsers complete this search in 2-5 seconds, demon- strating 

the feasibility of real-time interactive optimization. 

4 RESULTS AND ANALYSIS  

4.1 Classical Limit  Recovery 

When ɔ  0 (vanishing entanglement) and players restrict to diagonal opera- tors (ɚ3, ɚ8, 

or identity), the system recovers classical Prisonerôs Dilemma behav- ior. Specifically, selecting 

U1 = U2 = I3 (no rotation) yields the product state ɣfinal = 00 with P (00) = 1, producing mutual 

cooperation payoffs (3, 3). How- ever, unilateral deviation to Uj = eīíɚ3 (mapping 0  1 ) 

increases the defec- torôs payoff to 5, confirming the instability of cooperation in the classical 

regime. 

4.2 Quantum Advantage through Entanglement 
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For moderate entanglement ɔ /́4, the optimization algorithm consistently identifies 

cooperative equilibria with combined payoffs 1́ + 2́ > 4.5, exceeding the classical mutual 

cooperation value of 6 when accounting for the neutral state contributions. A typical optimal 

configuration employs ȿ1 = ɚ1 with ɗ1  0.8 ,́ ȿ2 = ɚ4 with ɗ2  1.2 ,́ generating probability 

distributions weighted toward 00 , 22 , and cross-terms 02 , 20 that exploit the intermediate 

payoff structure. 

The 3D payoff landscape reveals multiple local maxima corresponding to dif- ferent 

strategic regimes. The global optimum typically lies in regions where both players employ off-

diagonal Gell-Mann operators with carefully tuned rotation angles, suggesting that quantum 

superpositions of cooperation, defection, and neutralityðmediated by entanglementðenable 

outcomes inaccessible to classi- cal mixed strategies. 

4.3 Role of Gell-Mann Operator Diversity 

Our simulations demonstrate that the expanded operator set ɚ1, . . . , ɚ8 pro- vides 

genuine strategic advantages over qubit Pauli gates. The operators ɚ4, ɚ5 (mixing 0 and 2 ) and 

ɚ6, ɚ7 (mixing 1 and 2 ) enable novel pathways to high- payoff outcomes by creating superpositions 

involving the neutral state. Restrict- ing to ɚ1, ɚ2, ɚ3 (qutrit analogs of Pauli matrices) yields 

systematically lower optimal payoffs, confirming that the full SU(3) operator algebra is necessary 

to fully exploit qutrit game dynamics. 

4.4 Sensitivity to Phase Parameters 

While rotation angles ɗ1, ɗ2 exhibit strong impact on payoff outcomes, global phases 

1ʟ, ʟ 2 demonstrate minimal influence in most configurations. This aligns with the general 

principle that global phases are unobservable in quantum me- chanics [15]. However, in 

specific high-entanglement regimes (ɔ > 1.2), relative phase differences æʟ  = 1ʟ 2ʟ can 

modulate interference effects, introducing secondary optimization dimensions explored by 

advanced users of the platform. 

5 DISCUSSION 

5.1 Implications for  Quantum Game Theory 
Our findings reinforce the central thesis of quantum game theory: entangle- ment 

fundamentally restructures strategic landscapes [5]. By extending analysis to qutrit systems, we 

demonstrate that dimensionality expansion compounds quantum advantages. The neutral state 2 

introduces intermediate outcomes that, when combined with appropriate entanglement and operator 

selection, create stable cooperative equilibria robust to unilateral deviationða stark con- trast to 

classical Prisonerôs Dilemma irreducibility. 

These results suggest potential applications in quantum communication pro- tocols [8], 

where qutrit-based strategies could enhance security by exploiting higher-dimensional Hilbert 

spaces, and in quantum machine learning [16], where richer state spaces may improve 

optimization and decision-making algorithms. 
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5.2 Limitations  and Future Directions 
Several limitations warrant consideration. First, our payoff matrix represents one 

possible qutrit extension; alternative structures may exhibit different equi- librium properties. 

Systematic exploration of payoff space would clarify which features drive quantum advantages. 

Second, the grid search optimization, while effective for demonstration, scales poorly beyond 

two-player two-parameter games. Gradient-based methods or variational quantum algorithms 

[17] could enable efficient optimization in higher-dimensional scenarios. 

Third, our Nash equilibrium heuristic lacks rigorous game-theoretic founda- tion. Future 

work should implement formal best-response calculations account- ing for quantum mixed 

strategies and develop qutrit analogs of evolutionary stability criteria [18]. Fourth, experimental 

realization of qutrit quantum games remains challenging, though recent advances in trapped ions 

[19] and supercon- ducting circuits [20] suggest near-term feasibility. 

5.3 Educational and Research Applications 
The interactive web platform serves dual purposes. For educators, it provides an 

accessible introduction to quantum game theory, Gell-Mann matrices, and entanglement without 

requiring specialized quantum computing infrastructure. Students can explore parameter spaces, 

visualize quantum states, and develop intuition for non-classical strategic behavior through hands-

on experimentation. For researchers, the simulation offers a rapid prototyping environment for 

testing hypotheses about qutrit games, generating data for statistical analysis, and identifying 

promising configurations for theoretical investigation or exper- imental implementation. The 

downloadable results feature enables systematic data collection for meta-analyses across different 

game structures and entangle- 

ment regimes. 

 

6 CONCLUSION 
We have developed and deployed an interactive agent-based simulation plat- form for 

exploring the qutrit Quantum Prisonerôs Dilemma using Gell-Mann op- erator strategies. By 

providing real-time computation of quantum state evolu- tion, measurement probabilities, payoff 

evaluations, and optimization-driven solution discovery, the tool enables comprehensive 

investigation of higher-dimensional quantum game dynamics. Results demonstrate that qutrit 

systems, equipped with full  SU(3) operator algebras and tunable entanglement, support emergent 

cooperative equilibria unattainable in classical or qubit frameworks. The plat- formôs 

accessibility via standard web browsers democratizes quantum game the- ory research and education, 

while its visualization capabilities illuminate the complex interplay between entanglement, 

strategic choice, and payoff optimiza- tion in three-level quantum systems. 

Future extensions will incorporate multi-party qutrit games, decoherence mod- els to assess 

robustness under realistic noise conditions, and integration with quantum hardware backends 

for experimental validation. As quantum tech- nologies mature, understanding strategic behavior 

in higher-dimensional quan- tum systems will prove essential for designing effective quantum 
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communica- tion protocols, optimization algorithms, and distributed quantum computing ar- 

chitectures. 
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Abstract. Machine learning has advanced rapidly, but accuracy and the model 

performance alone are no longer enough. As the machine learning models influence decisions 

in healthcare, finance, education, and everyday life, we must ask a deeper question, i.e., what 

does responsible performance look like. This article reflects on the strengths and limits of 

todayôs models, then introduces more than 25 evaluation criteria that move us beyond accuracy 

toward fairness, accountability, transparency, and social impact. This research highlights how 

blind spots in evaluation can affect trust, and how reframing our approach can help prevent it. 

Ultimately, weôll explore how to model the future machine learning applications that are not 

just powerful, but also trustworthy, human-centered, and aligned with the values of the societies 

they serve. 

Keywords: Machine Learning Ethics, Responsible AI, Fairness in AI, Accountability, 

Transparency, Trustworthy AI, Human-Centered AI, Social Impact of AI, Evaluation Criteria, 

Big Data, Data Science, Applied AI 
 

1. Introduction  

The Machine learning is now a key part of how decisions are made in many areas of life. It 

helps guide actions in business, education, law, and many other fields. But as these systems 

grow in power, new concerns come up. Accuracy alone is no longer enough to judge a modelôs 

value. A model can be highly accurate and still cause harm in the real world. This is why ethics 

must be built into how we think about machine learning [1] [2]. Many important issues are often 

ignored when we only focus on numbers. Fairness, transparency, and responsibility matter just 

as much as performance, which is often referred to as white-box machine learning, as illustrated 

in figure 1. A model must treat people fairly and avoid bias [3] [4]. It should protect privacy 

and follow clear rules about how data is used [5] [6]. People need to know how and why the 

system makes decisions. Without this, trust can be lost, even if the system is accurate [7] [8] 

[9].  

 

Figure 1. white-box machine learning 
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Explainable artificial intelligence, or XAI, is one way to bring more clarity into machine 

learning. It helps people understand how models work and why certain outcomes happen. Tools 

like SHAP and other model-agnostic methods help uncover what goes on inside the system [4] 

[9] [13]. This is especially useful when errors appear or when a systemôs decision affects 

peopleôs lives. In places like healthcare, explainability is not just helpful. It is necessary [8] [12] 

[13]. Being responsible with machine learning is about more than adding a few ethical checks. 

It means building ethical thinking into the design of the system. Developers need to follow 

strong frameworks that include values like inclusion, accountability, and sustainability [5] [6] 

[14]. It is also important to involve many voices in this process. Policymakers, researchers, and 

community members must help shape the way these systems are used [6] [14]. The cultural 

setting also matters. A model that works well in one place might not be fair in another [15] [16]. 

Consequently, this article presents a list of 25 criteria for evaluating machine learning models 

in a responsible way. These criteria include things like fairness, transparency, privacy, and the 

ability to explain outcomes. The goal is to move past narrow measures like accuracy. 

Responsible systems should serve people, respect values, and be open to public understanding. 

They should not just work well. They should also do good. 

2. Literature review  

As discussed in the introduction, ML needs strong responsibility criteria to be trusted and 

useful. Transparency, explainability, and interpretability are central. They make it possible to 

understand how models work, with tools like SHAP and LIME helping to explain predictions 

[17ï26]. Auditability adds another layer by allowing independent checks and reviews [27]. 

Fairness is essential to reduce bias and ensure equitable outcomes [28ï32]. These principles are 

supported by accountability, which connects outcomes to human responsibility and ethical 

standards [27,28,33ï36]. Together, they form a core framework that builds confidence and 

supports ethical AI use in healthcare, finance, education, and beyond. Technical robustness 

ensures that AI systems remain reliable even when facing data shifts or adversarial attacks [37ï

41]. Safety and reliability are vital in high-risk settings [42]. Privacy and security protect 

sensitive information, using approaches such as differential privacy and secure aggregation 

[41,43ï45]. Beyond technical performance, sustainability is now part of responsible AI. It 

requires reducing environmental impacts while aligning with sustainable development goals 

[46ï50]. Equally important are inclusivity and accessibility, which ensure that AI tools are 

designed for diverse groups of users [50,51]. Human oversight keeps people involved in key 

decisions and aligns automated processes with human values [34ï36,52]. A taxonomy of 

literature on white-box machine learning is presented in figure 2.   

 

Figure 2. white-box machine learning research taxonomy  
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Other structural elements strengthen responsible ML. Reproducibility makes results consistent 

across studies, which is key for scientific progress [33,39]. Ethical alignment ensures AI 

respects human rights and social norms [33ï36,48]. Legal compliance supports adherence to 

data protection and AI regulations [27,35,37,48]. Uncertainty calibration and context-

awareness increase reliability by showing confidence levels and adapting to real situations 

[39,41]. Finally, scalability, impact assessment, and FAIR data principles (Findable, 

Accessible, Interoperable, Reusable) help models expand responsibly, measure their real-world 

effects, and ensure data is managed properly [35,43,46,48]. These criteria define a holistic and 

practical path toward responsible AI. 

3. Materials and Methods  

The study gathers data from Scopus, a leading database of peer-reviewed research. To compare 

the growth of machine learning with responsible AI, we searched for articles published between 

2015 and 2025. For machine learning, we used keywords like ñmachine learningò and its 

underlying algorithms. For responsible AI, we included terms such as ñresponsible AIò, ñAI 

ethicsò, ñfairnessò, ñaccountabilityò, and ñtrustworthy AIò. We then counted the number of 

publications per year and plotted them to see how the fields are evolving. The graph shows a 

sharp rise in machine learning articles, while responsible AI lags behind. To go deeper, we also 

reviewed a sample of responsible AI papers to spot patterns, ideas and further evaluation 

criteria. From this, we built a set of over 25 evaluation criteria that push us beyond accuracy, 

toward fairness, transparency, accountability, and social impact. This mix of numbers and close 

reading gave us both the big picture and the human side of how AI research is unfolding. 

4. Results, and Discussion 

The results of the analysis of the literature is presented in figure 3. This graph compares the number of 

scientific articles published about Machine Learning (in blue) and Responsible AI (in red) from 2015 to 

2025. It highlights a sharp increase in machine learning publications, especially between 2024 and 2025, 

reaching over 1.1 million documents in 2025. In contrast, publications on responsible AI have grown 

only modestly, totaling just 17,100 documents in 2025. The disparity suggests that while interest in 

developing machine learning models is significantly increasing, minor focus is being placed on ensuring 

their ethical and responsible use as illustrated in our result of figure 3. 

 

Figure 3. Progress of machine learning research vs. responsible machine learning 
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Research on responsible machine learning shows that the future depends on building systems 

that people can trust. Models should be transparent and explainable so their decisions make 

sense, and they must be fair and accountable to avoid harm or exclusion. They need to be robust, 

reliable, and safe, while also protecting privacy and security. Beyond performance, they should 

be sustainable, inclusive, and accessible, with human oversight and respect for ethical and legal 

standards. To stay useful, models must be reproducible, scalable, and aware of their limits and 

impacts. And it all starts with good data, which is why the FAIR principles matter. Together, 

these values make sure machine learning serves people in meaningful and responsible ways. 

Table 1 summarizes a list of 25 criteria for quality and white-box machine learning.   

Table 1. Evaluation criteria for responsible machine learning 

 

# Criterion Brief Description 

1 Transparency Provides clear information on data, models, and decisions. 

2 Explainability & Interpretability Model reasoning, inputs, and outputs can be understood in human 

terms. 

3 Auditability Internal processes and results can be independently verified. 

4 Fairness Data and model outputs are unbiased. 

5 Accountability Responsibility is clearly assigned for decisions and outcomes. 

6 Robustness Maintains performance under stress, uncertainty, or adversarial.  

7 Reliability Performs consistently and predictably over time. 

8 Safety Minimizes risks and prevents harmful outcomes for people and 

systems. 

9 Privacy & Security Protects sensitive data and resists unauthorized access or tampering. 

10 Sustainability Minimizes environmental impact and optimizes resource and energy 

use. 

11 Inclusivity & Accessibility Considers diverse users, contexts, and ensures usability.  

12 Human Oversight Keeps humans meaningfully involved in critical decisions. 

13 Reproducibility Enables replication of results under the same conditions. 

14 Ethical Alignment Aligns with human rights, values, and ethical norms. 

15 Legal Compliance Adheres to applicable laws, regulations, and standards. 

16 Uncertainty Calibration Clearly communicates confidence and limitations of predictions. 

17 Context-awareness Adapts appropriately to its environment and intended use. 

18 Scalability Performs effectively as data size, complexity, or demand grows. 

19 Impact Assessment Monitors and evaluates real-world effects and societal consequences. 

20 FAIR Data Principles Ensures data is Findable, Accessible, Interoperable, and Reusable. 

 

Figure 4. shows a shared trade-off space for machine learning. Black circles mark ML models, which 

differ in accuracy and explainability. Blue crosses mark responsible ML goals, balancing importance 

with feasibility. The overlap shows the core challenge: highly accurate models, like neural networks, 
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are often hard to interpret. At the same time, responsible AI values such as transparency, fairness, and 

sustainability require clarity and practicality. The figure makes one point clear: the future of ML must 

balance performance with responsibility. 

 

Figure 4. trade-off of explainability vs accuracy machine learning 

The future of machine learning will not just be about accuracy. Models must be built with care and 

treated less like black boxes. White box approaches let people see how decisions are made and trust the 

process. Accuracy still matters, but so do fairness, transparency, accountability, safety, privacy, and 

many other values. Already, more than 25 criteria guide responsible AI, and the list keeps growing. 

Meeting them means trade-offs. A model may lose a little accuracy but gain trust, safety, and fairness. 

In the end, those are the qualities that make machine learning valuable to people. 

5 Conclusions 

This study asked what responsible performance in machine learning really means. Using 

Scopus, we looked at research published between 2015 and 2025. The results revealed a clear 

gap. Almost one million papers focus on accuracy and technical progress, but only a small 

fraction engage with responsibility, fairness, or ethics. From this work, we developed a set of 

more than 25 criteria that look beyond accuracy. These include transparency, accountability, 

and social impact. Our trade-off map shows that models with high accuracy often fall short on 

explainability, while fairness, privacy, and inclusivity require different design choices. This 

reminds us that building trustworthy AI is not just about numbers or performance. It is about 

people and the societies that rely on these systems. Moving forward, machine learning needs 

frameworks that bring both sides together. Future research should focus on models that remain 

powerful while also being fair, transparent, and aligned with human values. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʦ ʘʜʤʠʥʠʩʪʨʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʣʦʛʠʠ 

ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʫʯʘʩʪʚʫʶʱʠʭ ʥʘ ʢʦʥʢʫʨʩʘʭ ʜʣʷ 

ʧʨʠʩʫʞʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʦʤʠʥʘʮʠʡ. ʆʧʨʝʜʝʣʝʥʳ ʮʝʣʴ, ʟʘʜʘʯʠ, ʧʨʦʮʝʜʫʨʳ ʠ 

ʧʦʨʷʜʦʢ ʦʨʛʘʥʠʟʘʮʠʠ ʢʦʥʢʫʨʩʥʦʛʦ ʦʪʙʦʨʘ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʥʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʨʘʩʩʤʦʪʨʝʥʠʶ ʠ ʧʦʜʚʝʜʝʥʠʶ ʠʪʦʛʦʚ ʢʦʥʢʫʨʩʘ ʥʘʫʯʥʳʭ 

ʨʘʙʦʪ. ʇʨʦʚʝʜʝʥ ʦʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʝʰʝʥʠʡ ʠ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ 

ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥʳ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʧʨʦʮʝʜʫʨʳ ʢʦʥʢʫʨʩʘ. 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʢʨʠʪʝʨʠʝʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʠ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʝ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ. ʆʧʠʩʘʥʳ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʳ, ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ, 

ʜʠʘʛʨʘʤʤʳ ʢʣʘʩʩʦʚ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ʈʘʟʨʘʙʦʪʘʥʘ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-

ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʧʦ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʝ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ 

ʘʚʪʦʤʘʪʠʟʘʮʠʶ ʠ ʚʳʩʦʢʫʶ ʧʨʦʟʨʘʯʥʦʩʪʴ ʢʣʶʯʝʚʳʭ ʧʨʦʮʝʜʫʨ ʦʮʝʥʢʠ, ʫʧʨʦʱʝʥʠʝ ʨʘʙʦʪʫ 

ʵʢʩʧʝʨʪʦʚ.  

 

ɺʚʝʜʝʥʠʝ. ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʮʠʘʣʴʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʝ ʨʘʟʚʠʪʠʝ ʩʪʨʘʥʳ ʚʦ ʤʥʦʛʦʤ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʦʚʥʝʤ ʥʘʫʯʥʦʛʦ ʠ ʠʥʥʦʚʘʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʪʨʝʙʫʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʜʜʝʨʞʢʠ ʠ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ, 

ʥʦ ʠ ʧʨʦʟʨʘʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʦʮʝʥʢʠ ʠ ʦʪʙʦʨʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

 ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʩʪʠʤʫʣʠʨʦʚʘʥʠʷ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 
ʷʚʣʷʶʪʩʷ ʢʦʥʢʫʨʩʳ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʚʳʷʚʣʝʥʠʝ ʠ ʧʦʜʜʝʨʞʢʫ 

ʚʳʜʘʶʱʠʭʩʷ ʨʘʟʨʘʙʦʪʦʢ. ʊʝʤʘʪʠʢʘ ʠ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʝ ʬʦʨʤʘʪʳ ʧʦʜʦʙʥʳʭ ʢʦʥʢʫʨʩʦʚ 

ʚʘʨʴʠʨʫʶʪʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ, ʦʭʚʘʪʳʚʘʷ ʨʘʟʣʠʯʥʳʝ ʢʘʪʝʛʦʨʠʠ ʫʯʘʩʪʥʠʢʦʚ ʠ 

ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʦʮʝʜʫʨʳ ʧʨʦʚʝʜʝʥʠʷ ʢʦʥʢʫʨʩʦʚ 

ʧʦʜʣʝʞʘʪ ʥʦʨʤʘʪʠʚʥʦʤʫ ʨʝʛʫʣʠʨʦʚʘʥʠʶ, ʯʪʦ ʪʨʝʙʫʝʪ ʫʥʠʬʠʢʘʮʠʠ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʭ 

ʬʦʨʤ, ʪʠʧʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʵʢʩʧʝʨʪʠʟʝ ʠ ʤʝʪʦʜʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʧʦ ʦʮʝʥʢʝ ʟʘʷʚʦʢ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʢʦʥʢʫʨʩʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ 

ʪʨʫʜʦʟʘʪʨʘʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʬʦʨʤʣʝʥʠʝʤ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʜʦʢʫʤʝʥʪʘʮʠʠ, ʩʙʦʨʦʤ ʠ 

ʦʙʨʘʙʦʪʢʦʡ ʧʦʩʪʫʧʠʚʰʠʭ ʟʘʷʚʦʢ, ʘ ʪʘʢʞʝ ʦʨʛʘʥʠʟʘʮʠʝʡ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʵʪʠ ʧʨʦʮʝʩʩʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʳʧʦʣʥʷʶʪʩʷ ʚʨʫʯʥʫʶ, ʯʪʦ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ 

ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʦʰʠʙʦʢ. 

           ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʨʘʟʨʘʙʦʪʢʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ 

ʦʙʲʝʢʪʠʚʥʦʩʪʴ, ʧʨʦʟʨʘʯʥʦʩʪʴ ʠ ʦʧʝʨʘʪʠʚʥʦʩʪʴ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʨʘʙʦʪ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ cʦʚʨʝʤʝʥʥʦʩʪʠ. 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʳ. ɿʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʙʝʜʠʪʝʣʝʡ ʠ ʧʨʠʟʝʨʦʚ ʥʘʫʯʥʳʭ 

ʢʦʥʢʫʨʩʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʫʶ ʩʠʩʪʝʤʫ ʦʮʝʥʦʢ ʠ ʩʦʚʦʢʫʧʥʦʩʪʴ  

ʩʪʨʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʳʧʦʣʥʷʝʤʳʭ ʧʨʦʮʝʜʫʨ ʧʦ ʨʘʩʩʤʦʪʨʝʥʠʶ ʠ ʦʙʨʘʙʦʪʢʝ ʠʩʭʦʜʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʙʦʨ ʧʦʙʝʜʠʪʝʣʝʡ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʥʘ 

ʦʩʥʦʚʝ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ ʠ ʪʨʝʙʫʝʪ 

ʦʙʲʝʢʪʠʚʥʦ ʦʙʦʩʥʦʚʘʥʥʳʭ ʫʧʨʘʚʣʝʥʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. ʉʣʦʞʥʦʩʪʠ ʵʢʩʧʝʨʪʥʳʭ ʧʨʦʮʝʜʫʨ 

ʩʚʷʟʘʥʳ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴʶ ʚʨʝʤʝʥʥʳʭ ʬʘʢʪʦʨʦʚ ʜʣʷ ʵʢʩʧʝʨʪʠʟʳ, ʘ ʩ 

ʜʨʫʛʦʡ ï ʨʘʟʥʦʧʣʘʥʦʚʦʩʪʴʶ ʧʦʩʪʫʧʠʚʰʠʭ ʨʘʙʦʪ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʫʩʪʘʥʦʚʣʝʥʠʷ ʝʜʠʥʦʡ 
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ʙʘʟʳ ʢʨʠʪʝʨʠʝʚ ʦʮʝʥʢʠ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʦʨʛʘʥʠʟʘʮʠʠ ʪʘʢʠʭ ʢʦʥʢʫʨʩʦʚ ʯʘʩʪʦ 

ʩʦʧʨʷʞʝʥʳ ʩ ʨʷʜʦʤ ʧʨʦʙʣʝʤ: ʩʣʦʞʥʦʩʪʴʶ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʜʘʥʥʳʭ, 

ʩʫʙʲʝʢʪʠʚʥʦʩʪʴʶ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʠ ʚʳʩʦʢʦʡ ʟʘʪʨʘʪʥʦʩʪʴʶ ʘʜʤʠʥʠʩʪʨʘʪʠʚʥʳʭ 

ʧʨʦʮʝʩʩʦʚ.  

ɼʘʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʜʝʣʘ ʧʨʠʚʦʜʠʪ ʢ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʨʦʮʝʜʫʨ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ, ʯʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ ʩʦʚʨʝʤʝʥʥʳʤ 

ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʩʢʦʨʦʩʪʠ, ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʦʙʲʝʢʪʠʚʥʦʩʪʠ ʢʦʥʢʫʨʩʥʳʭ ʤʝʭʘʥʠʟʤʦʚ. ɺ ʵʪʦʡ 

ʩʚʷʟʠ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʝʜʠʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʧʨʦʚʝʜʝʥʠʶ 

ʢʦʥʢʫʨʩʦʚ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ (ʅʀʈ), ʬʦʨʤʘʣʠʟʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʠ ʚʥʝʜʨʝʥʠʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ 

ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʚʩʝʭ ʵʪʘʧʦʚ ʢʦʥʢʫʨʩʥʦʡ ʧʨʦʮʝʜʫʨʳ. 

ɸʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʫʙʣʠʢʘʮʠʡ. ɺ ʨʷʜʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʦʜʭʦʜʳ ʢ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʧʨʦʝʢʪʦʚ. 

ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [6] ʦʧʠʩʘʥʘ ʨʘʟʨʘʙʦʪʢʘ ʦʙʣʘʯʥʦʛʦ ʧʦʨʪʘʣʘ-ʢʦʥʩʪʨʫʢʪʦʨʘ ʜʣʷ 

ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʢʦʥʢʫʨʩʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʚ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʩʬʝʨʝ. ɼʘʥʥʳʡ 

ʧʨʦʛʨʘʤʤʥʳʡ ʧʨʦʜʫʢʪ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʮʠʬʨʦʚʫʶ ʵʢʩʧʝʨʪʠʟʫ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʠ 

ʢʦʥʢʫʨʩʦʚ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʧʨʘʢʪʠʢʘ ʨʘʩʩʤʦʪʨʝʥʠʷ ʜʦʢʫʤʝʥʪʦʚ ʥʘ 

ʩʦʠʩʢʘʥʠʝ ʧʨʝʤʠʡ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʬʦʨʤʝ ʚ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ 

ʙʫʤʘʞʥʦʤʫ ʚʘʨʠʘʥʪʫ. ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʝʩʧʫʙʣʠʢʠ 

ʂʘʟʘʭʩʪʘʥ ʚ 2024 ʛʦʜʫ ʟʘʧʫʱʝʥ ʧʠʣʦʪʥʳʡ ʧʨʦʝʢʪ ñʇʨʠʝʤ ʨʘʙʦʪ ʥʘ ʩʦʠʩʢʘʥʠʝ ʧʨʝʤʠʡ ʚ 

ʦʙʣʘʩʪʠ ʥʘʫʢʠ, ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʭ ʩʪʠʧʝʥʜʠʡ ʧʦʩʨʝʜʩʪʚʦʤ ñɽʜʠʥʦʝ ʦʢʥʦ ʅʘʮʠʦʥʘʣʴʥʦʡ 

ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ[7]. 

ʈʝʟʫʣʴʪʘʪʳ ʦʙʟʦʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʨʝʘʣʠʟʫʶʪʩʷ ʚ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʨʘʟʣʠʯʥʳʝ ʬʦʨʤʳ ʠ ʤʝʪʦʜʳ ʦʨʛʘʥʠʟʘʮʠʠ ʠ ʧʨʦʚʝʜʝʥʠʷ 

ʦʪʙʦʨʘ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʟʨʘʙʦʪʦʢ[3,4,5,6,8]. ʋʩʣʦʚʠʷ ʫʯʘʩʪʠʷ, ʨʝʛʣʘʤʝʥʪ ʦʮʝʥʢʠ ʠ 

ʧʦʨʷʜʦʢ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʨʘʙʦʪ ʦʙʳʯʥʦ ʟʘʢʨʝʧʣʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʦʞʝʥʠʷʭ ʦ 

ʧʨʦʚʝʜʝʥʠʠ ʢʦʥʢʫʨʩʘ. ʅʘ ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʠ ʦʪʝʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʷʭ ʚ ʫʧʨʘʚʣʝʥʠʠ 

ʥʘʫʯʥʦ-ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʴʶ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʢʦʥʢʫʨʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʦʝ ʥʘ ʧʦʚʳʰʝʥʠʝ ʤʦʪʠʚʘʮʠʠ ʠʩʧʦʣʥʠʪʝʣʝʡ ʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʠʝ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [4]. 

ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ð ʘʢʪʫʘʣʴʥʘʷ ʟʘʜʘʯʘ, ʜʣʷ 

ʨʝʰʝʥʠʷ ʢʦʪʦʨʦʡ ʚ ʤʠʨʝ ʠ ʩʪʨʘʥʘʭ ʉʅɻ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʩʠʩʪʝʤʳ, 

ʚ ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʩʣʝʜʫʶʱʠʝ ʥʘʠʙʦʣʝʝ ʨʝʣʝʚʘʥʪʥʳʝ ʩʠʩʪʝʤʳ: 

EasyChair ð ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʧʣʘʪʬʦʨʤʘ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʥʘʫʯʥʳʤʠ 

ʢʦʥʬʝʨʝʥʮʠʷʤʠ ʠ ʢʦʥʢʫʨʩʘʤʠ [9]. ʆʩʥʦʚʥʦʡ ʬʫʥʢʮʠʦʥʘʣ: 

- ʧʦʜʘʯʘ ʟʘʷʚʦʢ ʯʝʨʝʟ ʚʝʙ-ʠʥʪʝʨʬʝʡʩ ʩ ʟʘʛʨʫʟʢʦʡ ʜʦʢʫʤʝʥʪʦʚ; 

- ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʷʚʦʢ ʤʝʞʜʫ ʨʝʮʝʥʟʝʥʪʘʤʠ; 

- ʥʘʩʪʨʘʠʚʘʝʤʳʝ ʢʨʠʪʝʨʠʠ ʦʮʝʥʢʠ ʠ ʵʢʩʧʦʨʪ ʦʪʯʝʪʦʚ; 

- ʠʥʪʝʛʨʘʮʠʷ ʩ ORCID. 

ʉʠʩʪʝʤʘ çʕʢʩʧʝʨʪʠʟʘè, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʈʦʩʩʠʡʩʢʠʤ ʥʘʫʯʥʳʤ ʬʦʥʜʦʤ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʧʨʦʝʢʪʦʚ [10]. ʌʫʥʢʮʠʦʥʘʣ: 

¶ ʇʦʜʘʯʘ ʠ ʨʝʛʠʩʪʨʘʮʠʷ ʟʘʷʚʦʢ ʯʝʨʝʟ ʚʝʙ-ʧʦʨʪʘʣ; 

¶ ʆʮʝʥʢʘ ʧʦ ʢʨʠʪʝʨʠʷʤ (ʥʘʫʯʥʘʷ ʥʦʚʠʟʥʘ, ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ); 

¶ ʌʦʨʤʠʨʦʚʘʥʠʝ ʨʝʡʪʠʥʛʦʚ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʦʪʯʝʪʦʚ; 

¶ ʀʥʪʝʛʨʘʮʠʷ ʩ eLibrary.  

ʅʘʮʠʦʥʘʣʴʥʳʡ ʮʝʥʪʨ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʵʢʩʧʝʨʪʠʟʳ (ɸʆ 

çʅʎɻʅʊʕè) ʚ ʂʘʟʘʭʩʪʘʥʝ ʫʧʨʘʚʣʷʝʪ ʦʮʝʥʢʦʡ ʥʘʫʯʥʳʭ ʧʨʦʝʢʪʦʚ ʯʝʨʝʟ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʫʶ ʠʥʬʦʨʤʘʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ (ɸʀʉ) [11]. ʌʫʥʢʮʠʦʥʘʣ: 

¶ ʈʝʛʠʩʪʨʘʮʠʷ ʟʘʷʚʦʢ ʯʝʨʝʟ ʧʦʨʪʘʣ is.ncste.kz; 
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¶ ʇʨʦʚʝʨʢʘ ʟʘʷʚʦʢ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʢʦʥʢʫʨʩʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ; 

¶ ʆʮʝʥʢʘ ʧʨʦʝʢʪʦʚ ʧʦ ʢʨʠʪʝʨʠʷʤ; 

¶ ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʪʯʝʪʦʚ ʠ ʤʦʥʠʪʦʨʠʥʛ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʝʢʪʦʚ. 

ɸʥʘʣʠʟ ʬʫʥʢʮʠʦʥʘʣʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʥʠ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʪʨʝʙʦʚʘʥʠʷʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʨʘʙʦʪ ʜʣʷ ʧʨʠʩʫʞʜʝʥʠʷ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʭ ʧʨʝʤʠʡ ʂʳʨʛʳʟʩʢʦʡ ʈʝʩʧʫʙʣʠʢʠ 

ʚʩʣʝʜʩʪʚʠʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʥʦʨʤʘʪʠʚʥʦʡ ʙʘʟʝ ʂʈ, ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ 

ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʦʡ ʦʮʝʥʢʠ ʠ ʘʥʘʣʠʪʠʢʠ ʠ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʘʜʘʧʪʘʮʠʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʨʝʰʝʥʠʡ. 

ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʨʝʘʣʠʟʘʮʠʷ ʤʦʜʝʣʠ ʜʣʷ ʦʮʝʥʢʠ 

ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʚ ʢʦʥʢʫʨʩʘʭ ʥʘ ʦʩʥʦʚʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ 

ʩʠʩʪʝʤʥʦʛʦ ʘʥʘʣʠʟʘ, ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ, ʪʝʦʨʠʠ ʫʧʨʘʚʣʝʥʠʷ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʙʩʫʞʜʝʥʠʷ. ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʧʨʠ ʦʮʝʥʢʝ 

ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʙʦʩʥʦʚʘʥʥʦʡ, ʣʦʛʠʯʝʩʢʠ ʚʳʚʝʨʝʥʥʦʡ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʜʦʩʪʘʪʦʯʥʦʡ ʩʠʩʪʝʤʳ ʦʮʝʥʦʯʥʳʭ ʢʨʠʪʝʨʠʝʚ. ʌʦʨʤʘ ʠ ʧʦʨʷʜʦʢ 

ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʪʠʟʳ ʥʘʫʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʟʘʚʠʩʷʪ ʦʪ ʩʧʝʮʠʬʠʢʠ 

ʢʦʥʢʫʨʩʘ: ʝʛʦ ʮʝʣʠ, ʥʘʫʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʫʨʦʚʥʷ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʫʯʘʩʪʥʠʢʦʚ, ʘ ʪʘʢʞʝ 

ʦʪ ʧʦʨʷʜʢʘ ʥʦʤʠʥʠʨʦʚʘʥʠʷ ʠ ʫʩʣʦʚʠʡ ʧʦʦʱʨʝʥʠʷ ʧʦʙʝʜʠʪʝʣʝʡ. 

ʅʘ ʧʨʘʢʪʠʢʝ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʩʣʝʜʫʶʱʠʝ ʪʠʧʳ ʢʦʥʢʫʨʩʦʚ: 

¶ ʢʦʥʢʫʨʩʳ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʩʨʝʜʠ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ 

ʚʝʜʦʤʩʪʚʝʥʥʦʛʦ ʠ ʠʥʩʪʠʪʫʮʠʦʥʘʣʴʥʦʛʦ ʫʨʦʚʥʝʡ; 

¶ ʪʝʤʘʪʠʯʝʩʢʠʝ ʠ ʮʝʣʝʚʳʝ ʢʦʥʢʫʨʩʳ ʧʦ ʧʨʝʜʤʝʪʥʳʤ ʦʙʣʘʩʪʷʤ ʠʩʩʣʝʜʦʚʘʥʠʡ; 

¶ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʝ ʥʘʫʯʥʦ-ʪʝʤʘʪʠʯʝʩʢʠʝ ʧʨʦʛʨʘʤʤʳ; 

¶ ʢʦʥʢʫʨʩʳ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʜʣʷ ʧʨʠʩʫʞʜʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʭ ʧʨʝʤʠʡ ʚ ʦʙʣʘʩʪʠ 
ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʠ ʜʨ. 

 ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʧʨʦʙʣʝʤʳ ʚ 

ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ: 

- ʦʪʩʫʪʩʪʚʠʝ ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ. ɿʘʷʚʢʠ, ʵʢʩʧʝʨʪʥʳʝ 

ʟʘʢʣʶʯʝʥʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ ʭʨʘʥʷʪʩʷ ʚ ʨʘʟʨʦʟʥʝʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ (ʪʘʙʣʠʮʳ, 

ʜʦʢʫʤʝʥʪʳ, ʙʫʤʘʞʥʳʝ ʥʦʩʠʪʝʣʠ), ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʜʦʩʪʫʧ, ʦʙʨʘʙʦʪʢʫ ʠ ʘʥʘʣʠʟ 

ʠʥʬʦʨʤʘʮʠʠ; 

- ʥʝʬʦʨʤʘʣʠʟʦʚʘʥʥʳʡ ʧʦʜʭʦʜ ʢ ʦʮʝʥʢʝ. ʕʢʩʧʝʨʪʳ ʦʮʝʥʠʚʘʶʪ ʨʘʙʦʪʳ ʚ  

ʩʚʦʙʦʜʥʦʡ ʬʦʨʤʝ, ʙʝʟ ʝʜʠʥʦʡ ʰʢʘʣʳ ʢʨʠʪʝʨʠʝʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʫʙʲʝʢʪʠʚʥʦʩʪʠ, 

ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʩʨʘʚʥʝʥʠʷ ʨʘʙʦʪ ʠ ʪʨʫʜʥʦʩʪʷʤ ʧʨʠ ʧʦʜʚʝʜʝʥʠʠ ʠʪʦʛʦʚ; 

- ʨʫʯʥʦʡ ʧʨʦʮʝʩʩ ʦʬʦʨʤʣʝʥʠʷ ʟʘʢʣʶʯʝʥʠʡ. ʕʢʩʧʝʨʪʥʳʝ ʟʘʢʣʶʯʝʥʠʷ 

ʩʦʩʪʘʚʣʷʶʪʩʷ ʚʨʫʯʥʫʶ ʚ ʪʝʢʩʪʦʚʳʭ ʨʝʜʘʢʪʦʨʘʭ ʠʣʠ ʥʘ ʙʫʤʘʛʝ, ʯʪʦ ʚʣʝʯʝʪ ʨʠʩʢʠ ʧʦʪʝʨʠ 

ʜʘʥʥʳʭ, ʦʰʠʙʦʢ ʚ ʦʬʦʨʤʣʝʥʠʠ ʠ ʥʝʫʜʦʙʩʪʚʘ ʧʨʠ ʭʨʘʥʝʥʠʠ; 

- ʩʣʦʞʥʦʩʪʠ ʧʨʠ ʧʦʜʚʝʜʝʥʠʠ ʠʪʦʛʦʚ. ɹʝʟ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠ  

ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʟʘʪʨʫʜʥʝʥʦ ʙʳʩʪʨʦʝ ʠ ʦʙʲʝʢʪʠʚʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʩʪʨʦʝʥʠʝ ʨʝʡʪʠʥʛʦʚ ʠ ʧʨʦʚʝʜʝʥʠʝ ʘʥʘʣʠʪʠʢʠ ʧʦ ʩʝʢʮʠʷʤ, ʵʢʩʧʝʨʪʘʤ ʠ 

ʟʘʷʚʢʘʤ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ 

ʧʦʜʘʯʠ, ʨʘʩʩʤʦʪʨʝʥʠʷ ʠ ʦʮʝʥʢʠ ʟʘʷʚʦʢ ʥʘ ʩʦʠʩʢʘʥʠʝ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʚ ʦʙʣʘʩʪʠ 

ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʦʨʤʘʪʠʚʥʳʝ ʜʦʢʫʤʝʥʪʳ [1, 2]. 

ʂʦʤʧʣʝʢʩ ʧʨʝʜʩʪʘʚʣʷʝʤʳʭ ʥʘ ʢʦʥʢʫʨʩ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʬʦʨʤʣʷʝʪʩʷ ʚ 

ʚʠʜʝ ʟʘʷʚʢʠ ʥʘ ʅʀʈ, ʚʢʣʶʯʘʶʱʝʡ: 

¶ ʦʙʱʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʫʙʲʝʢʪʘʭ ʚʳʜʚʠʞʝʥʠʷ; 

¶ ʜʘʥʥʳʝ ʦʨʛʘʥʠʟʘʮʠʠ-ʟʘʷʚʠʪʝʣʷ; 

¶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʩʧʦʣʥʠʪʝʣʷʭ; 
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¶ ʩʚʝʜʝʥʠʷ ʦ ʥʘʫʯʥʦ-ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʤ ʫʨʦʚʥʝ ʫʯʘʩʪʥʠʢʦʚ, ʠʭ ʦʧʳʪʝ ʠ ʨʝʟʫʣʴʪʘʪʘʭ 

ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ; 

¶ ʘʥʥʦʪʘʮʠʶ ʅʀʈ (ʮʝʣʴ, ʟʘʜʘʯʠ, ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ 
ʟʥʘʯʠʤʦʩʪʴ, ʤʝʪʦʜʳ ʠ ʦʞʠʜʘʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʧʦʣʘʛʘʝʤʘʷ ʩʦʮʠʘʣʴʥʦ-

ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʜʨ.). 

ʃʶʙʘʷ ʢʦʥʢʫʨʩʥʘʷ ʧʨʦʛʨʘʤʤʘ ʬʦʨʤʠʨʫʝʪ ʮʝʣʠ ʠ ʟʘʜʘʯʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʫʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʠ ʫʨʦʚʥʷ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ, ʯʪʦ ʜʦʚʦʜʠʪʩʷ ʜʦ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ 

ʯʝʨʝʟ ʉʄʀ. ʎʝʣʴʶ ʢʦʥʢʫʨʩʘ ʥʘ ʩʦʠʩʢʘʥʠʝ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʭ ʧʨʝʤʠʡ ʷʚʣʷʝʪʩʷ 

ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʘʫʯʥʦ-ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʩʪʠʤʫʣʠʨʦʚʘʥʠʝ 

ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʫʩʪʦʡʯʠʚʦʤʫ 

ʨʘʟʚʠʪʠʶ ʵʢʦʥʦʤʠʢʠ ʠ ʩʦʮʠʘʣʴʥʦʡ ʩʬʝʨʳ [1]. 

ɼʣʷ ʦʮʝʥʢʠ ʟʘʷʚʦʢ ʠ ʧʦʜʛʦʪʦʚʢʠ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʠʪʦʛʘʤ ʢʦʥʢʫʨʩʘ ʬʦʨʤʠʨʫʶʪʩʷ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ: ʥʘʫʯʥʳʝ ʩʝʢʮʠʠ, ʦʙʱʝʩʪʚʝʥʥʳʝ ʢʦʤʠʩʩʠʠ ʠ 

ʫʧʦʣʥʦʤʦʯʝʥʥʳʝ ʧʦʜʨʘʟʜʝʣʝʥʠʷ [1, 2]. 

ʇʨʦʮʝʩʩ ʦʮʝʥʢʠ ʅʀʈ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʘʙʦʪʫ ʩ ʙʦʣʴʰʠʤ ʦʙʲʝʤʦʤ ʜʘʥʥʳʭ, 

ʧʨʦʭʦʞʜʝʥʠʝ ʟʘʷʚʢʘʤʠ ʯʝʨʝʟ ʨʘʟʣʠʯʥʳʝ ʵʪʘʧʳ ʧʨʦʚʝʨʢʠ ʠ ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ 

ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʧʦʙʝʜʠʪʝʣʝʡ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ 

ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ.  

ɺ ʨʘʤʢʘʭ ʧʨʦʚʝʜʝʥʠʷ ʢʦʥʢʫʨʩʦʚ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʟʘʜʝʡʩʪʚʦʚʘʥʦ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʫʯʘʩʪʥʠʢʦʚ ð ʢʘʢ ʩʦ ʩʪʦʨʦʥʳ ʢʦʥʢʫʨʩʘʥʪʦʚ, ʪʘʢ ʠ ʩʦ ʩʪʦʨʦʥʳ ʵʢʩʧʝʨʪʥʦʛʦ 

ʩʦʦʙʱʝʩʪʚʘ. ʆʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʮʝʩʩ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ 

ʩʚʦʙʦʜʥʦʡ ʬʦʨʤʝ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʝʜʠʥʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʠ ʥʝ ʦʧʠʨʘʝʪʩʷ 

ʥʘ ʯʸʪʢʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʢʨʠʪʝʨʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʫʙʲʝʢʪʠʚʥʦʩʪʠ ʠ ʟʘʪʨʫʜʥʷʝʪ 

ʩʨʘʚʥʝʥʠʝ ʨʘʙʦʪ. 

 ʕʪʦ ʧʦʨʦʞʜʘʝʪ ʮʝʣʳʡ ʨʷʜ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʭ ʠ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, 

ʩʥʠʞʘʶʱʠʭ ʦʙʲʝʢʪʠʚʥʦʩʪʴ ʠ ʧʨʦʟʨʘʯʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʮʝʜʫʨ ʢʦʥʢʫʨʩʘ.  

ʉ ʫʯʝʪʦʤ ʠʟʣʦʞʝʥʥʦʛʦ ʥʘʤʠ ʨʘʟʨʘʙʦʪʘʥʘ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʘʷ 

ʩʠʩʪʝʤʘ(ʀɸʉ) ʜʣʷ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ(ʆʂʅʈ). ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ  ʩ 

ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʧʦʨʷʜʢʦʤ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʠ ʥʝʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʨʦʛʨʘʤʤʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʣʥʦʮʝʥʥʫʶ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ ʠ ʦʛʨʘʥʠʯʝʥʠʷ ʜʣʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ 

ɸʀʉ, ʪʨʝʙʦʚʘʥʠʷ ʫʯʘʩʪʥʠʢʘʤ ʵʢʩʧʝʨʪʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʠ.ʪ.ʜ. 

ʀɸʉ ʆʂʅʈ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʫʧʦʣʥʦʤʦʯʝʥʥʦʛʦ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʦʨʛʘʥʘ ʂʳʨʛʳʟʩʢʦʡ ʈʝʩʧʫʙʣʠʢʠ, ʵʢʩʧʝʨʪʦʚ ʠ ʧʨʝʜʩʝʜʘʪʝʣʝʡ ʩʝʢʮʠʡ, 

ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʮʝʥʢʝ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʥʘ ɻʦʩʫʜʘʨʩʪʚʝʥʥʫʶ ʧʨʝʤʠʶ.  

ʉʠʩʪʝʤʘ ʙʫʜʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʢʦʥʢʫʨʩʘʭ ʥʘ ɻʦʩʫʜʘʨʩʪʚʝʥʥʫʶ ʧʨʝʤʠʶ ʠ ʤʦʞʝʪ 

ʙʳʪʴ ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ ʜʨʫʛʠʭ ʧʨʦʛʨʘʤʤ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʩʧʦʩʦʙʩʪʚʫʷ 

ʮʠʬʨʦʚʠʟʘʮʠʠ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ. 

ʆʩʥʦʚʫ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʧʦʩʪʫʧʠʚʰʠʭ ʥʘ ʢʦʥʢʫʨʩ ʩʦʩʪʘʚʣʷʝʪ ʚʳʙʦʨ 

ʦʙʦʩʥʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʢʨʠʪʝʨʠʝʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʣʦʛʠʠ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ 

ʅʀʈ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ 5 ʢʨʠʪʝʨʠʠ: 

- ʩʦʦʪʚʝʪʩʪʚʠʝ ʘʢʪʫʘʣʴʥʦʩʪʠ ʠ ʮʝʣʠ ʨʘʙʦʪʳ (ʨʘʟʨʘʙʦʪʢʠ) ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤ 

ʧʨʦʛʨʘʤʤʘʤ ʠ ʤʠʨʦʚʳʤ   ʪʨʝʥʜʘʤ              ʨʘʟʚʠʪʠʷ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ; 

- ʫʨʦʚʝʥʴ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʥʘʫʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʩʦʦʪʚʝʪʩʪʚʠʝ ʥʘʫʯʥʦʡ ʥʦʚʠʟʥʳ 

ʪʨʝʙʦʚʘʥʠʷʤ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʠ; 

- ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ; 

           - ʤʘʩʰʪʘʙ ʧʫʙʣʠʢʘʮʠʡ ʠ ʠʭ ʚʢʣʘʜ ʚ ʨʝʟʫʣʴʪʘʪʘʭ ʨʘʙʦʪʳ(ʨʘʟʨʘʙʦʪʢʠ); 

           - ʧʦʪʝʥʮʠʘʣ ʚʥʝʜʨʝʥʠʷ ʠ ʨʝʘʣʠʟʘʮʠʠ. 

 ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʪʘʣʘ ʘʢʪʫʘʣʠʟʘʮʠʷ ʜʘʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʚ 

ʩʦʜʝʨʞʘʥʠʠ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʢʦʥʢʫʨʩʦʤ ʨʘʙʦʪ, ʘ ʪʘʢʞʝ ʬʦʨʤʘʣʠʟʘʮʠʷ ʦʮʝʥʦʯʥʳʭ 
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ʧʨʦʮʝʜʫʨ ʵʢʩʧʝʨʪʘʤʠ ʧʦ ʧʨʝʝʤʩʪʚʝʥʥʦʤʫ ʜʠʘʧʘʟʦʥʫ ʩʦʦʪʚʝʪʩʪʚʠʷ ʫʨʦʚʥʷ ʅʀʈ 

ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʧʦʟʠʮʠʷʤ ʠ ʙʘʣʣʘʤ. ɺ ʵʪʠʭ ʮʝʣʷʭ ʵʢʩʧʝʨʪʘʤʠ ʠʟʫʯʘʝʪʩʷ ʜʦʢʘʟʘʪʝʣʴʥʘʷ 

ʙʘʟʘ ʠ ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʦʧʠʩʘʥʠʷ ʚ ʨʘʙʦʪʝ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʪʦʨʦʛʦ ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʝʘʣʠʟʘʮʠʠ ʧʦʟʠʮʠʡ ʢʨʠʪʝʨʠʝʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢ ʥʠʤ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʙʘʣʣʳ. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʠʩʪʝʤʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ 

ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʠ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʦʡ 

ʧʦʩʪʫʧʠʚʰʠʭ ʨʘʙʦʪ ʥʘ ʩʦʠʩʢʘʥʠʝ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ 

ʂʈ ʜʣʷ ʧʨʠʥʷʪʠʷ ʦʙʲʝʢʪʠʚʥʳʭ ʠ ʦʙʦʩʥʦʚʘʥʥʳʭ ʨʝʰʝʥʠʡ ʧʦ ʚʳʨʘʙʦʪʢʝ ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʣʷ 

ʧʨʠʩʫʞʜʝʥʠʷ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʂʈ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ 

ʟʘ ʩʯʸʪ ʦʙʲʝʢʪʠʚʥʦʛʦ ʘʜʤʠʥʠʩʪʨʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʠ ʠʩʢʣʶʯʝʥʠʷ ʯʝʣʦʚʝʯʝʩʢʦʛʦ 

ʬʘʢʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʥʬʠʜʝʥʮʠʘʣʴʥʦʩʪʠ ʨʘʩʩʤʦʪʨʝʥʠʷ ʨʘʙʦʪ ʠ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʦʮʝʥʦʯʥʳʭ ʢʨʠʪʝʨʠʝʚ (ʊʘʙʣʠʮʘ 1). ʇʨʠ ʵʪʦʤ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʵʢʩʧʝʨʪʘʤʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʠ ʢʘʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʘʣʠʟʘʮʠʠ ʢʨʠʪʝʨʠʝʚ ʚ ʨʘʙʦʪʘʭ ʚ 

ʵʢʩʧʝʨʪʥʳʭ ʧʨʦʮʝʜʫʨʘʭ ʫʯʠʪʳʚʘʶʪʩʷ ʚ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʨʝʞʠʤʝ. 

ʊʘʙʣʠʮʘ 1. ʂʨʠʪʝʨʠʠ ʜʣʷ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʧʦ ʥʘʫʯʥʳʤ ʨʘʙʦʪʘʤ  

 ̄
ʅʘʠʤʝʥʦʚʘʥʠʷ 

ʢʨʠʪʝʨʠʝʚ 

ɼʦʢʘʟʘʪʝʣʴʥʘʷ ʙʘʟʘ ʠ 

ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ 

ʦʧʠʩʘʥʠʷ ʚ ʨʘʙʦʪʝ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʟʠʮʠʡ 

ʢʨʠʪʝʨʠʝʚ 

ʄʘʢʩ. 

ʙʘʣʣ

 r

1 

ʉʦʦʪʚʝʪʩʪʚʠʝ 

ʘʢʪʫʘʣʴʥʦʩʪʠ ʠ 

ʮʝʣʠ ʨʘʙʦʪʳ 

(ʨʘʟʨʘʙʦʪʢʠ) 

ʛʦʩʫʜʘʨʩʪʚʝʥʥ

ʳʤ 

ʧʨʦʛʨʘʤʤʘʤ ʠ 

ʤʠʨʦʚʳʤ   ʪʨʝ

ʥʜʘʤ              ʨ

ʘʟʚʠʪʠʷ ʥʘʫʢʠ 

ʠ ʪʝʭʥʠʢʠ 

ʆʧʠʩʘʥʠʝ ʨʝʰʘʝʤʦʡ 

ʧʨʦʙʣʝʤʳ ʠ ʝʸ 

ʩʦʮʠʘʣʴʥʦ-

ʵʢʦʥʦʤʠʯʝʩʢʦʡ 

ʟʥʘʯʠʤʦʩʪʠ. 

ʎʝʥʥʦʩʪʥʳʡ ʧʨʠʦʨʠʪʝʪ 

ʠ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ 

ʮʝʣʠ ʠ ʟʘʜʘʯ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʠʭ 

ʚʟʘʠʤʦʩʚʷʟʴ ʩ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤʠ 

ʥʘʫʯʥʳʤʠ 

ʧʨʦʛʨʘʤʤʘʤʠ, 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʠʨʦʚʳʤ 

ʪʝʥʜʝʥʮʠʷʤ 

ʇʨʠʦʨʠʪʝʪʥʦʩʪʴ ʠ 

ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ ʥʘʫʯʥʦʡ 

ʨʘʙʦʪʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ:  

- ʤʠʨʦʚʳʤ ʪʨʝʥʜʘʤ ʨʘʟʚʠʪʠʷ 

ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ; 

- ʦʙʣʘʩʪʠ ʠʥʥʦʚʘʮʠʦʥʥʦʛʦ 

ʨʘʟʚʠʪʠʷ ʧʨʦʛʨʝʩʩʘ 

ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʥʘʫʢʠ ʠ 

ʪʝʭʥʠʢʠ; 

- ʦʙʣʘʩʪʠ ʥʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ 

ʤʝʞʚʝʜʦʤʩʪʚʝʥʥʦʛʦ ʫʨʦʚʥʷ; 

- ʨʝʰʝʥʠʶ ʦʪʜʝʣʴʥʳʭ 

ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ. 
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2 

ʋʨʦʚʝʥʴ ʠ 

ʜʦʩʪʦʚʝʨʥʦʩʪʴ 

ʥʘʫʯʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, 

ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʥʘʫʯʥʦʡ 

ʥʦʚʠʟʥʳ 

ʪʨʝʙʦʚʘʥʠʷʤ 

ʩʦʚʨʝʤʝʥʥʦʡ 

ʥʘʫʢʠ 

ʆʙʦʩʥʦʚʘʥʥʦʩʪʴ ʠ 

ʦʧʠʩʘʥʠʝ ʩʦʜʝʨʞʘʥʠʷ 

ʤʝʪʦʜʦʚ ʠ ʤʦʜʝʣʝʡ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʆʧʠʩʘʥʠʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʦʩʥʦʚ 

ʨʘʙʦʪʳ ʚ ʨʝʰʝʥʠʠ 

ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ. 

ʊʦʯʥʦʩʪʴ ʠ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ. ʍʘʨʘʢʪʝʨ 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʥʦʚʠʟʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʙʣʘʩʪʠ: 

- ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʙʦʛʘʪʠʚʰʠʭ ʦʪʝʯʝʩʪʚʝʥʥʫʶ 

ʥʘʫʢʫ; 

- ʦʪʜʝʣʴʥʦʡ ʥʘʫʢʠ ʩ 

ʧʝʨʝʜʦʚʳʤʠ ʜʦʩʪʠʞʝʥʠʷʤʠ ʚ 

ʥʘʮʠʦʥʘʣʴʥʦʤ ʫʨʦʚʥʝ; 

- ʧʨʝʜʤʝʪʥʦʛʦ ʭʘʨʘʢʪʝʨʘ; 
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ʥʦʚʠʟʥʳ  ʠ 

ʦʨʠʛʠʥʘʣʴʥʦʩʪʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 

- ʫʪʦʯʥʝʥʠʷ ʠ (ʠʣʠ) ʨʝʜʘʢʮʠʠ 

ʫʞʝ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ   

  

 

 

2 

 

 

1 

3 

ʅʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʘʷ 

ʟʥʘʯʠʤʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ 

ʆʧʠʩʘʥʠʝ ʧʦʨʷʜʢʘ ʠ 

ʤʝʪʦʜʦʣʦʛʠʠ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʠ 

ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʚ 

ʧʨʠʢʣʘʜʥʳʭ ʮʝʣʷʭ. 

ʆʧʠʩʘʥʠʝ ʧʨʠʤʝʥʝʥʠʷ 

ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚ 

ʢʦʥʢʨʝʪʥʦʡ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ. 

ʇʦʣʫʯʝʥʳ ʥʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ 

(ʤʝʪʦʜ, ʤʘʪʝʨʠʘʣʳ, ʥʘʫʯʥʳʝ 

ʧʦʣʦʞʝʥʠʷ, ʪʝʭʥʠʢʘ, 

ʪʝʭʥʦʣʦʛʠʷ ʠ ʪ.ʜ.), 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʨʦʚʥʶ: 

- ʤʠʨʦʚʦʛʦ ʟʥʘʯʝʥʠʷ 

- ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʠ 

ʤʝʞʦʪʨʘʩʣʝʚʦʛʦ ʫʨʦʚʥʷ: 

- ʦʪʜʝʣʴʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ʠ 

ʩʬʝʨ ʧʨʠʤʝʥʝʥʠʷ. 
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ʄʘʩʰʪʘʙ 

ʧʫʙʣʠʢʘʮʠʡ ʠ 

ʠʭ ʚʢʣʘʜ ʚ 

ʨʝʟʫʣʴʪʘʪʘʭ 

ʨʘʙʦʪʳ(ʨʘʟʨʘʙ

ʦʪʢʠ) 

ʂʦʣʠʯʝʩʪʚʝʥʥʘʷ ʠ 

ʢʘʯʝʩʪʚʝʥʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʧʫʙʣʠʢʘʮʠʡ, ʠʭ 

ʦʪʨʘʞʝʥʠʝ ʚ 

ʩʦʜʝʨʞʘʥʠʠ ʨʘʙʦʪʳ. 

  

ʏʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ 

ʪʝʤʘʪʠʢʝ ʨʘʙʦʪʳ 

(ʨʘʟʨʘʙʦʪʢʠ) ʚ: 

- ʧʨʠʟʥʘʥʥʳʭ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ 

ʠʟʜʘʥʠʷʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ 

çScopusè, çWeb of Sienceè ʩ 

ʢʚʘʨʪʠʣʝʤ ʥʝ ʥʠʞʝ Q3; 

- ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ, 

ʚʭʦʜʷʱʠʭ ʚ çScopusè, 

çWeb of Sienceè ʩ ʢʚʘʨʪʠʣʝʤ 

ʥʠʞʝ Q3 ʠ ʷʜʨʦ ʈʀʅʎ; 

-  ʈʀʅʎ 
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ʇʦʪʝʥʮʠʘʣ 

ʚʥʝʜʨʝʥʠʷ ʠ 

ʨʝʘʣʠʟʘʮʠʠ 

ʆʧʠʩʘʥʠʝ ʩʦʮʠʘʣʴʥʦ-

ʵʢʦʥʦʤʠʯʝʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ. 

ʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʫʨʦʚʝʥʴ 

ʚʥʝʜʨʝʥʠʷ ʠ ʦʪʟʳʚʳ 

ʧʦʪʨʝʙʠʪʝʣʝʡ. ɺʢʣʘʜ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʨʝʰʝʥʠʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʧʨʦʙʣʝʤ. 

ʈʝʘʣʠʟʘʮʠʷ ʨʝʢʦʤʝʥʜʘʮʠʡ: 

- ʚʦʩʪʨʝʙʦʚʘʥʘ ʤʠʨʦʚʳʤ ʠ 

ʥʘʮʠʦʥʘʣʴʥʳʤ ʟʘʧʨʦʩʦʤ 

ʥʘʫʢʠ, ʪʝʭʥʠʢʠ ʠ 

ʧʨʦʠʟʚʦʜʩʪʚʘ; 

- ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʝ ʠ 

ʧʦʚʳʰʘʝʪ 

ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ   ʦʪʝ

ʯʝʩʪʚʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, 

ʧʨʝʩʪʠʞ ʦʪʝʯʝʩʪʚʝʥʥʦʡ 

ʥʘʫʢʠ; 

- ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʟʜʘʥʠʝ ʠ 

ʦʨʛʘʥʠʟʘʮʠʶ ʥʦʚʦʛʦ 
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ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ, ʨʘʟʚʠʪʠʶ 

ʦʙʣʘʩʪʠ ʥʘʫʢʠ;  

- ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʣʫʯʰʝʥʠʝ 

ʦʪʜʝʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʭʥʦʣʦʛʠʡ, 

ʤʝʪʦʜʠʢ, ʧʨʦʜʫʢʮʠʠ, ʫʩʣʫʛ, 

ʨʝʰʝʥʠʶ ʦʪʜʝʣʴʥʳʭ ʟʘʜʘʯ 

ʥʘʫʢʠ    

 

ʂʦʥʢʫʨʩʥʳʡ ʦʪʙʦʨ ʥʘʫʯʥʳʭ ʨʘʟʨʘʙʦʪʦʢ ʥʘ ʩʦʠʩʢʘʥʠʝ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʚ 

ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʠ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦʡ ʧʨʦʮʝʜʫʨʦʡ, ʩʦʩʪʦʷʱʘʷ 

ʠʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ. ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ ʥʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ. 

            ʇʨʠʤʝʥʷʝʤ ʤʝʪʦʜʦʣʦʛʠʶ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʨʘʬʠʯʝʩʢʦʡ 

ʥʦʪʘʮʠʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʣ ʬʦʨʤʘʣʠʟʘʮʠʶ ʠ ʦʧʠʩʘʥʠʝ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ. 

ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʤʦʜʝʣʠ ʠ ʝʝ ʜʝʢʦʤʧʦʟʠʮʠʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʪʝʢʫʱʝʤ ʚʠʜʝ 

ʧʨʦʮʝʩʩ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʨʫʯʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. ʉʦʠʩʢʘʪʝʣʠ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʟʘʷʚʢʠ ʠ ʢʦʤʧʣʝʢʪ 

ʜʦʢʫʤʝʥʪʦʚ ʚ ʙʫʤʘʞʥʦʤ ʚʠʜʝ ʠʣʠ ʯʝʨʝʟ ʵʣʝʢʪʨʦʥʥʫʶ ʧʦʯʪʫ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʧʦʜʘʯʠ. 

ʕʢʩʧʝʨʪʳ ʦʮʝʥʠʚʘʶʪ ʨʘʙʦʪʳ ʚ ʩʚʦʙʦʜʥʦʡ ʬʦʨʤʝ, ʙʝʟ ʝʜʠʥʦʡ ʰʢʘʣʳ ʢʨʠʪʝʨʠʝʚ, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʫʙʲʝʢʪʠʚʥʦʩʪʠ ʠ ʟʘʪʨʫʜʥʷʝʪ ʩʨʘʚʥʝʥʠʝ ʨʘʙʦʪ. ʆʮʝʥʦʯʥʳʝ ʬʦʨʤʳ 

ʟʘʧʦʣʥʷʶʪʩʷ ʚʨʫʯʥʫʶ ʠ ʧʝʨʝʜʘʶʪʩʷ ʧʨʝʜʩʝʜʘʪʝʣʶ ʩʝʢʮʠʠ ʜʣʷ ʧʦʜʩʯʝʪʘ ʙʘʣʣʦʚ, ʯʪʦ 

ʚʣʝʯʝʪ ʧʦʚʪʦʨʥʳʡ ʚʚʦʜ ʜʘʥʥʳʭ, ʫʚʝʣʠʯʠʚʘʷ ʨʠʩʢ ʦʰʠʙʦʢ ʠ ʜʫʙʣʠʨʦʚʘʥʠʝ ʫʩʠʣʠʡ. 

ʆʪʩʫʪʩʪʚʠʝ ʝʜʠʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ ʟʘʪʨʫʜʥʷʝʪ ʧʨʦʚʝʨʢʫ ʢʦʨʨʝʢʪʥʦʩʪʠ ʚʥʝʩʝʥʥʳʭ 

ʩʚʝʜʝʥʠʡ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʥʘʛʨʫʟʢʫ ʥʘ ʩʦʪʨʫʜʥʠʢʦʚ, ʟʘʥʠʤʘʶʱʠʭʩʷ ʩʙʦʨʦʤ, 

ʩʠʩʪʝʤʘʪʠʟʘʮʠʝʡ ʠ ʘʥʘʣʠʟʦʤ ʦʮʝʥʦʢ. ʇʝʨʝʜʘʯʘ ʠ ʩʦʛʣʘʩʦʚʘʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʤʝʞʜʫ 

ʵʢʩʧʝʨʪʘʤʠ, ʧʨʝʜʩʝʜʘʪʝʣʷʤʠ ʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʦʨʛʘʥʘ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʵʣʝʢʪʨʦʥʥʫʶ ʧʦʯʪʫ ʠʣʠ ʚ ʨʘʩʧʝʯʘʪʘʥʥʦʤ ʚʠʜʝ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪ ʩʨʦʢʠ ʦʙʨʘʙʦʪʢʠ ʢʘʞʜʦʡ ʟʘʷʚʢʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʪʝʢʫʱʝʤ ʚʠʜʝ ʧʨʦʮʝʩʩ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʠʟʙʳʪʦʯʥʦʡ ʪʨʫʜʦʝʤʢʦʩʪʴʶ, ʚʳʩʦʢʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ ʠ 

ʦʪʩʫʪʩʪʚʠʝʤ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʝʨʘʪʠʚʥʦ ʬʦʨʤʠʨʦʚʘʪʴ ʦʪʯʝʪʥʦʩʪʴ. ʕʪʦ ʩʥʠʞʘʝʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʩʝʡ ʧʨʦʮʝʜʫʨʳ ʠ ʟʘʪʨʫʜʥʷʝʪ ʩʦʙʣʶʜʝʥʠʝ ʩʨʦʢʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ 

ʨʝʛʣʘʤʝʥʪʦʤ. 

ʈʘʟʨʘʙʦʪʢʘ ɸʀʉ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ ʦʩʥʦʚʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ 

ʤʝʪʦʜʦʣʦʛʠʝʡ IDEFO. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʢʦʥʪʝʢʩʪʥʘʷ ʜʠʘʛʨʘʤʤʘ IDEF0 ʤʦʜʝʣʠ ʘʥʘʣʠʟʘ 

ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ TO-BE ʧʝʨʚʦʛʦ ʫʨʦʚʥʷ. ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩ. 1 ʤʦʜʝʣʴ TO-BE 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʧʨʠ ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ 

ʨʘʙʦʪ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʝʭʘʥʠʟʤʦʚ, ʨʝʘʣʠʟʫʶʱʠʭ ʢʣʶʯʝʚʳʝ ʬʫʥʢʮʠʠ, 

ʩʣʝʜʫʶʱʠʝ ʧʦʜʩʠʩʪʝʤʳ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ: 

1. ʄʦʜʫʣʴ ʨʝʛʠʩʪʨʘʮʠʠ ʟʘʷʚʦʢ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʳʡ ʧʨʠʸʤ ʠ 

ʭʨʘʥʝʥʠʝ ʟʘʷʚʦʢ ʠ ʩʦʧʨʦʚʦʜʠʪʝʣʴʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ ʦʪ ʩʦʠʩʢʘʪʝʣʝʡ ʚ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʚʠʜʝ. 

2. ʄʦʜʫʣʴ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ, ʧʨʝʜʦʩʪʘʚʣʷʶʱʠʡ ʵʢʩʧʝʨʪʘʤ ʠʥʪʝʨʬʝʡʩ ʜʣʷ 

ʚʳʩʪʘʚʣʝʥʠʷ ʙʘʣʣʦʚ ʧʦ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʢʨʠʪʝʨʠʷʤ ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʘʩʯʸʪʘ 

ʠʪʦʛʦʚʦʡ ʦʮʝʥʢʠ ʩ ʫʯʝʪʦʤ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. 

3. ʄʦʜʫʣʴ ʢʦʥʪʨʦʣʷ ʠ ʘʥʘʣʠʟʘ, ʧʨʝʜʦʩʪʘʚʣʷʶʱʠʡ ʧʨʝʜʩʝʜʘʪʝʣʶ ʩʝʢʮʠʠ ʠ 

ʫʧʦʣʥʦʤʦʯʝʥʥʦʤʫ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʦʨʛʘʥʫ ʠʥʩʪʨʫʤʝʥʪʳ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ 

ʧʨʦʮʝʩʩʘ ʦʮʝʥʢʠ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʪʯʝʪʥʦʩʪʠ. 
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4. ʄʦʜʫʣʴ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʨʘʟʛʨʘʥʠʯʝʥʠʷ ʜʦʩʪʫʧʘ, ʛʘʨʘʥʪʠʨʫʶʱʠʡ 

ʢʦʥʬʠʜʝʥʮʠʘʣʴʥʦʩʪʴ ʠ ʮʝʣʦʩʪʥʦʩʪʴ ʜʘʥʥʳʭ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ 

ʩʦʙʣʶʜʝʥʠʝ ʧʦʣʥʦʤʦʯʠʡ ʢʘʞʜʦʛʦ ʫʯʘʩʪʥʠʢʘ ʧʨʦʮʝʩʩʘ. 

 

ʈʠʩ.1. ʄʦʜʝʣʴ TO-BE ʚʠʜʝ ʢʦʥʪʝʢʩʪʥʦʡ ʜʠʘʛʨʘʤʤʳ çʕʢʩʧʝʨʪʥʘʷ ʦʮʝʥʢʘ ʢʦʥʢʫʨʩʥʳʭ  

ʥʘʫʯʥʳʭ ʨʘʙʦʪè 

 

ʅʘ ʨʠʩ. 2. ʧʦʢʘʟʘʥʘ ʜʝʢʦʤʧʦʟʠʮʠʷ ʢʦʥʪʝʢʩʪʥʦʡ ʜʠʘʛʨʘʤʤʳ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ 

IDEF0 ʜʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʪʝʢʫʱʝʛʦ ʤʦʜʝʣʠʨʫʝʤʦʡ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ. 

ɺ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʚ ʧʦʩʣʝʜʫʶʱʝʤ ʙʳʣʘ ʦʩʫʱʝʩʪʚʣʝʥʘ ʜʝʪʘʣʠʟʘʮʠʷ ʜʠʘʛʨʘʤʤʳ 

ʧʦ ʢʘʞʜʦʡ ʧʦʜʩʠʩʪʝʤʝ ʠ ʧʦʩʪʨʦʝʥʳ ʜʠʘʛʨʘʤʤʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʪʦʢʦʚ ʜʘʥʥʳʭ 

ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʨʘʙʦʪ. ʇʨʠ ʵʪʦʤ ʧʨʠʚʦʜʠʣʠʩʴ ʨʝʘʣʠʟʫʝʤʳʝ ʬʫʥʢʮʠʠ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʜʩʠʩʪʝʤʘʭ. 

         ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʜʫʨ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʘ ʅʀʈ ʠ ʝʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʩʦʛʣʘʩʥʦ ʧʝʨʝʯʥʶ ʫʯʘʩʪʥʠʢʦʚ ʠ ʠʭ ʬʫʥʢʮʠʦʥʘʣʘ 

(ʊʘʙʣʠʮʘ ˉ2). 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʧʦʟʚʦʣʷʪʴ ʘʚʪʦʨʠʟʦʚʘʥʥʳʤ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʚʭʦʜʠʪʴ ʚ ʩʠʩʪʝʤʫ, 
ʚʚʝʜʷ ʣʦʛʠʥ ʠ ʧʘʨʦʣʴ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʚʳʧʦʣʥʷʪʴ ʚʘʣʠʜʘʮʠʶ ʚʚʦʜʠʤʳʭ ʜʘʥʥʳʭ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʦʪʦʙʨʘʞʘʪʴ ʩʦʦʙʱʝʥʠʷ ʦʙ ʦʰʠʙʢʘʭ ʧʨʠ ʥʝʢʦʨʨʝʢʪʥʦʤ ʚʚʦʜʝ 
ʜʘʥʥʳʭ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʷʚʦʢ ʧʦ ʩʝʢʮʠʷʤ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʪʘʪʠʩʪʠʢʠ ʧʦ ʟʘʷʚʢʘʤ 
ʠ ʦʮʝʥʢʘʤ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʜʠʘʛʨʘʤʤ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʩʪʨʦʝʥʠʝ ʛʠʩʪʦʛʨʘʤʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʨʝʜʥʠʭ 
ʙʘʣʣʦʚ ʧʦ ʢʨʠʪʝʨʠʷʤ ʦʮʝʥʢʠ ʜʣʷ ʢʘʞʜʦʡ ʩʝʢʮʠʠ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʦʪʦʙʨʘʞʝʥʠʝ ʢʨʫʛʦʚʳʭ ʜʠʘʛʨʘʤʤ ʩ ʜʦʣʝʡ ʨʘʙʦʪ, 
ʧʦʣʫʯʠʚʰʠʭ ʚʳʩʦʢʠʝ ʙʘʣʣʳ (ʥʘʧʨʠʤʝʨ, ʚʳʰʝ 80%) ʧʦ ʩʝʢʮʠʷʤ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʩʪʨʦʝʥʠʝ ʣʠʥʝʡʥʳʭ ʜʠʘʛʨʘʤʤ ʪʨʝʥʜʦʚ 

ʠʟʤʝʥʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʟʘʷʚʦʢ ʧʦ ʩʝʢʮʠʷʤ ʠ ʛʦʜʘʤ. 
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¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʚʩʝʤ ʘʚʪʦʨʠʟʦʚʘʥʥʳʤ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʣʠʯʥʳʡ 
ʢʘʙʠʥʝʪ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ: 

o ʇʨʦʩʤʦʪʨʘ ʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʧʝʨʩʦʥʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. 

o ʀʟʤʝʥʝʥʠʷ ʧʘʨʦʣʷ. 

¶ ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʬʫʥʢʮʠʶ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʘʨʦʣʷ ("ɿʘʙʳʣ 

ʧʘʨʦʣʴ") ʜʣʷ ʚʩʝʭ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʩ ʫʯʝʪʥʦʡ ʟʘʧʠʩʴʶ. 

 

ʈʠʩ. 2. ɼʝʢʦʤʧʦʟʠʮʠʷ ʤʦʜʝʣʠ TO-BE ʚ ʚʠʜʝ ʢʦʥʪʝʢʩʪʥʦʡ ʜʠʘʛʨʘʤʤʳ çʕʢʩʧʝʨʪʥʘʷ ʦʮʝʥʢʘ 

ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪè       

ʊʘʙʣʠʮʘ 2. ʇʝʨʝʯʝʥʴ ʫʯʘʩʪʥʠʢʦʚ ʠ ʠʭ ʬʫʥʢʮʠʦʥʘʣ 

ʂʣʘʩʩ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ 
ʆʧʠʩʘʥʠʝ 

ʉʦʠʩʢʘʪʝʣʴ 
ʃʠʮʦ, ʧʦʜʘʶʱʝʝ ʟʘʷʚʢʫ ʥʘ ʢʦʥʢʫʨʩ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʧʨʝʤʠʠ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ.  

ʕʢʩʧʝʨʪ 

ʉʧʝʮʠʘʣʠʩʪ, ʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʦʮʝʥʢʠ ʟʘʷʚʦʢ ʥʘ ʢʦʥʢʫʨʩ. ʕʢʩʧʝʨʪ 

ʚʳʩʪʘʚʣʷʝʪ ʙʘʣʣʳ ʧʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʢʨʠʪʝʨʠʷʤ, ʦʩʪʘʚʣʷʝʪ 

ʪʝʢʩʪʦʚʳʝ ʢʦʤʤʝʥʪʘʨʠʠ ʢ ʟʘʷʚʢʘʤ, ʘ ʪʘʢʞʝ ʤʦʞʝʪ ʧʨʦʩʤʘʪʨʠʚʘʪʴ 

ʩʚʦʠ ʦʮʝʥʢʠ. ʕʢʩʧʝʨʪ ʥʝ ʟʥʘʝʪ, ʢʪʦ ʠʤʝʥʥʦ ʚʳʩʪʘʚʠʣ ʢʘʢʠʝ ʙʘʣʣʳ 

(ʠʥʬʦʨʤʘʮʠʷ ʩʢʨʳʪʘ ʜʣʷ ʜʨʫʛʠʭ ʵʢʩʧʝʨʪʦʚ). 

ʇʨʝʜʩʝʜʘʪʝʣʴ 

ʩʝʢʮʠʠ 

ʃʠʮʦ, ʦʪʚʝʪʩʪʚʝʥʥʦʝ ʟʘ ʢʦʦʨʜʠʥʘʮʠʶ ʨʘʙʦʪʳ ʵʢʩʧʝʨʪʦʚ ʚ ʨʘʤʢʘʭ 

ʩʚʦʝʡ ʩʝʢʮʠʠ. ʆʥ ʤʦʞʝʪ ʧʨʦʩʤʘʪʨʠʚʘʪʴ ʦʮʝʥʢʠ ʚʩʝʭ ʵʢʩʧʝʨʪʦʚ ʚ 

ʩʚʦʝʡ ʩʝʢʮʠʠ, ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʠʭ ʨʘʙʦʪʳ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʘʜʤʠʥʠʩʪʨʘʪʦʨʘʤʠ ʜʣʷ ʢʦʦʨʜʠʥʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʦʮʝʥʢʠ. 

ɸʜʤʠʥʠʩʪʨʘʪʦʨ 

ʇʦʣʴʟʦʚʘʪʝʣʴ ʩ ʥʘʠʚʳʩʰʠʤʠ ʧʨʠʚʠʣʝʛʠʷʤʠ ʚ ʩʠʩʪʝʤʝ. ʆʥ 

ʫʧʨʘʚʣʷʝʪ ʜʦʩʪʫʧʦʤ, ʦʪʩʣʝʞʠʚʘʝʪ ʠ ʢʦʥʪʨʦʣʠʨʫʝʪ ʚʝʩʴ ʧʨʦʮʝʩʩ 

ʧʦʜʘʯʠ ʠ ʦʮʝʥʢʠ ʟʘʷʚʦʢ. ɸʜʤʠʥʠʩʪʨʘʪʦʨ ʤʦʞʝʪ ʧʨʦʩʤʘʪʨʠʚʘʪʴ ʚʩʝ 

ʜʘʥʥʳʝ, ʚʢʣʶʯʘʷ ʦʮʝʥʢʠ ʵʢʩʧʝʨʪʦʚ, ʠ ʫʧʨʘʚʣʷʪʴ ʥʘʩʪʨʦʡʢʘʤʠ 

ʩʠʩʪʝʤʳ. 

  

ɺʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʫʯʘʩʪʥʠʢʘʤʠ ʢʦʥʢʫʨʩʘ ʠ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ 

ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʠ ʧʨʠʚʝʜʝʥʳ ʚ ʢʦʥʮʝʧʪʫʘʣʴʥʦʡ ʤʦʜʝʣʠ (ʈʠʩʫʥʦʢ 3). 
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ʈʠʩ. 3. ɼʠʘʛʨʘʤʤʘ ʚʘʨʠʘʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʦʮʝʥʢʠ 

ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ 

ɺ ʨʘʤʢʘʭ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʠ ʥʘ ʦʩʥʦʚʝ ʪʨʝʙʦʚʘʥʠʡ, ʧʨʝʜʲʷʚʣʷʝʤʳʭ ʢ 

ʩʠʩʪʝʤʝ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʬʦʨʤʘʣʠʟʘʮʠʷ ʪʨʝʙʦʚʘʥʠʡ ʚ 

ʚʠʜʝ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʘʜʘʥʠʷ ʠ ʘʨʭʠʪʝʢʪʫʨʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ. ʕʪʦ ʦʙʝʩʧʝʯʠʣʦ 

ʨʝʘʣʠʟʘʮʠʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ 

ʢʦʤʧʣʝʢʩʥʦʡ ʧʦʜʜʝʨʞʢʠ ʧʨʦʮʝʩʩʦʚ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ. 

ʄʝʪʦʜʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪʢʠ. ɺʝʙ-ʧʨʠʣʦʞʝʥʠʝ ʨʝʘʣʠʟʦʚʘʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʣʠʝʥʪ-ʩʝʨʚʝʨʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʛʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʣʠʝʥʪʩʢʦʡ ʠ ʩʝʨʚʝʨʥʦʡ 

ʯʘʩʪʷʤʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ REST-ʧʦʜʭʦʜʘ. REST (Representational State Transfer) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʨʭʠʪʝʢʪʫʨʥʳʡ ʩʪʠʣʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʨʝʜʝʣʸʥʥʦʛʦ ʧʨʠʣʦʞʝʥʠʷ ʯʝʨʝʟ ʩʝʪʴ[15]. 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʀɸʉ ʆʂʅʈ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʨʦʛʨʘʤʤʥʳʝ 

ʩʨʝʜʩʪʚʘ: 

¶ ʗʟʳʢ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʠ ʬʨʝʡʤʚʦʨʢʠ: 

o ʂʣʠʝʥʪʩʢʘʷ ʯʘʩʪʴ: JavaScript ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ React ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʘʜʘʧʪʠʚʥʦʛʦ ʚʝʙ-ʠʥʪʝʨʬʝʡʩʘ; 

o ʉʝʨʚʝʨʥʘʷ ʯʘʩʪʴ: Java 17 ʩ ʬʨʝʡʤʚʦʨʢʦʤ Spring Boot ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ REST 

API, ʙʠʟʥʝʩ-ʣʦʛʠʢʠ ʠ ʠʥʪʝʛʨʘʮʠʠ ʩ ʚʥʝʰʥʠʤʠ ʩʝʨʚʠʩʘʤʠ. 

¶ ʉʨʝʜʘ ʨʘʟʨʘʙʦʪʢʠ: IntelliJ IDEA Community Edition ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʩʝʨʚʝʨʥʦʡ 

ʯʘʩʪʠ ʠ Visual Studio Code ʜʣʷ ʢʣʠʝʥʪʩʢʦʡ ʯʘʩʪʠ. 

¶ ɹʘʟʘ ʜʘʥʥʳʭ: PostgreSQL 13 ʜʣʷ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ ʦ ʟʘʷʚʢʘʭ, ʦʮʝʥʢʘʭ ʠ 

ʧʦʣʴʟʦʚʘʪʝʣʷʭ. 

¶ ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʙʘʟʘʤʠ ʜʘʥʥʳʭ: PGAdmin ʜʣʷ ʘʜʤʠʥʠʩʪʨʠʨʦʚʘʥʠʷ 

PostgreSQL. 

¶ ɺʝʙ-ʩʝʨʚʝʨ: ɺʩʪʨʦʝʥʥʳʡ ʩʝʨʚʝʨ Tomcat, ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʡ ʚ Spring Boot, ʩ 

ʚʢʣʶʯʝʥʥʳʤ ʣʦʛʠʨʦʚʘʥʠʝʤ. 

¶ ʉʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ ʚʝʨʩʠʡ: Git ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʧʦʟʠʪʦʨʠʷ ʥʘ GitHub ʜʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʠʩʭʦʜʥʳʤ ʢʦʜʦʤ. 

ɺʳʙʦʨ ʜʘʥʥʳʭ ʩʨʝʜʩʪʚ ʦʙʫʩʣʦʚʣʝʥ ʠʭ ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ, ʩʦʦʪʚʝʪʩʪʚʠʝʤ 

ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʰʠʨʦʢʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ 

ʠ ʥʘʣʠʯʠʝʤ ʜʦʢʫʤʝʥʪʘʮʠʠ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʨʘʟʨʘʙʦʪʢʫ. 
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ʇʨʠ ʚʭʦʜʝ ʘʜʤʠʥʠʩʪʨʘʪʦʨ ʫʚʠʜʠʪ ʛʣʘʚʥʫʶ ʩʪʨʘʥʠʮʫ ʩ ʨʘʟʜʝʣʘʤʠ çɿʘʷʚʢʠè, 

çʈʘʥʞʠʨʦʚʘʥʠʝè, çʕʢʩʧʝʨʪʳè, çɸʥʘʣʠʪʠʢʘè ʠ çʃʠʯʥʳʡ ʢʘʙʠʥʝʪè.  ʇʦ ʫʤʦʣʯʘʥʠʶ 

ʧʦʣʴʟʦʚʘʪʝʣʴ ʫʚʠʜʠʪ ʩʪʨʘʥʠʮʫ ʨʘʟʜʝʣʘ çɿʘʷʚʢʠè. ʀʥʪʝʨʬʝʡʩ ʛʣʘʚʥʦʡ ʩʪʨʘʥʠʮʳ ʧʦʢʘʟʘʥ 

ʥʘ ʨʠʩ. 4. 

 

ʈʠʩ. 4. ɻʣʘʚʥʘʷ ʩʪʨʘʥʠʮʘ ʜʣʷ ʘʜʤʠʥʠʩʪʨʘʪʦʨʘ 

ʈʘʟʨʘʙʦʪʘʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʧʦʟʚʦʣʠʣʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʢʣʶʯʝʚʳʝ 

ʵʪʘʧʳ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʠ ʦʧʨʝʜʝʣʠʪʴ ʠʪʦʛʠ ʚ ʨʘʤʢʘʭ ʧʨʦʮʝʜʫʨ 

ʧʨʠʩʫʞʜʝʥʠʷ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʂʳʨʛʳʟʩʢʦʡ ʈʝʩʧʫʙʣʠʢʠ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ 

ʪʝʭʥʠʢʠ. ʧʦ ʩʝʢʮʠʠ çʈʘʟʚʠʪʠʝ ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ, ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ, ʛʦʨʥʦ-

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʥʘʫʢè. ʈʝʟʫʣʴʪʘʪʳ ʦʮʝʥʢʠ ʧʦ ʩʝʢʮʠʠ çʈʘʟʚʠʪʠʝ ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ, 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ, ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʥʘʫʢè ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 5. 

 

 
 ʈʠʩ. 5.  ʀʪʦʛʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʨʘʙʦʪ 

 

ɿʘʢʣʶʯʝʥʠʝ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʦʮʝʥʢʠ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʥʘ ʧʨʠʤʝʨʝ ʧʨʦʮʝʜʫʨ 

ʩʦʠʩʢʘʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ 

ʵʢʩʧʝʨʪʥʦʝ ʦʮʝʥʠʚʘʥʠʝ ʢʘʯʝʩʪʚʘ ʅʀʈ, ʫʯʘʩʪʚʫʶʱʠʭ ʠ ʥʘ ʜʨʫʛʠʭ ʢʦʥʢʫʨʩʥʳʭ 

ʧʨʦʛʨʘʤʤʘʭ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʧʨʦʮʝʜʫʨʳ 

ʘʜʤʠʥʠʩʪʨʠʨʦʚʘʥʠʷ ʦʮʝʥʢʠ ʢʦʥʢʫʨʩʥʳʭ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʦʙʝʩʧʝʯʠʪʴ ʦʙʲʝʢʪʠʚʥʦʩʪʴ 

ʦʮʝʥʢʠ ʥʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʢʨʠʪʝʨʠʘʣʴʥʦʡ ʙʘʟʳ ʠ ʠʥʜʠʚʠʜʫʘʣʴʥʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʨʘʙʦʪ ʵʢʩʧʝʨʪʘʤʠ. 
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https://kazast.edu.kz/ru/2024/11/%D2%93%D1%8B%D0%BB%D1%8B%D0%BC-%D1%81%D0%B0%D0%BB%D0%B0%D1%81%D1%8B%D0%BD%D0%B4%D0%B0%D2%93%D1%8B-%20%D1%81%D1%8B%D0%B9%D0%BB%D1%8B%D2%9B%D0%B0%D2%9B%D1%8B%D0%BD%D1%8B-%D0%BC%D0%B5%D0%BC%D0%BB%D0%B5/
https://prog-cpp.ru/uml-classes/
https://prog-cpp.ru/uml-classes/
https://www.pgadmin.org/docs/
https://restfulapi.net/
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ON NEW SEQUENCE SPACE 

 OF WEIGHT g WITH THE SEMINORM q 

EKREM SAVAS 
 

ABSTRACT. Recall that f : [0, Ð) Ÿ [0, Ð) is a modulus function if  it 

satisfies the following properties. 

i) : f (x) = 0 if  and only if  x = 0, 

ii) : f (x + y) Ò f (x) + f (y), 

iii) : f is increasing, 

iv) : f is continuous from the right at 0. 

In this paper, we define a new sequence space with seminorm q by us- ing 

modulus function and also investigate some relations the spaces between [VĔ g, ɚ, f, 

p] where p is a sequence of strictly positive real numbers and SĔg 

where g : [0, Ð) Ĭ [0, Ð) Ÿ [0, Ð), g((xnm) Ÿ Ð for any sequence (xnm) 

in [0, Ð) Ĭ [0, Ð) with xnm Ÿ Ð. 
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ɸ. ʂʝʨʽʤʘץʳʥ1,2, ɾ.ʊ. ɸʡʪʫסʘʥʦʚʘ1,2, ɼ. ʀʙʨʘʛʠʤʦʚʘ2 

1ᴅʣ-ʌʘʨʘʙʠ ʘʪʳʥʜʘסʳ פʘʟʘײ ץʣʪʪʳץ ʫʥʠʚʝʨʩʠʪʝʪʽ, ɸʣʤʘʪʳ, פʘʟʘץʩʪʘʥ 
2ɸʣʤʘʪʳ ʪʝʭʥʦʣʦʛʠʷʣʳץ ʫʥʠʚʝʨʩʠʪʝʪʽ, ɸʣʤʘʪʳ, פʘʟʘץʩʪʘʥ 

ʝ-mail: ainurkerim2002a@gmail.com 
 

ɸשʜʘʪʧʘ.  ɹײʣ ʤʘץʘʣʘʜʘ ʵʢʚʠʚʘʣʝʥʪʪʽ װʣʝʩʪʽʨʫ ᴅʜʽʩʽ ʥʝʛʽʟʽʥʜʝ ʛʝʦʤʝʪʨʠʷʩʳ ʢװʨʜʝʣʽ 

ʦʙʳʣʳʩʪʘ ʘʜʘʧʪʠʚʪʽ ʪʦʨ ײץʨʫʜʳש ʩʘʥʜʳץ ʪᴅʩʽʣʽ ץʘʨʘʩʪʳʨʳʣʜʳ. ɸʜʘʧʪʠʚʪʽ ʪʦʨ ײץʨʫʜʘ 

ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ץʦʣʜʘʥʳʣʜʳ, ʙײʣ ʢװʨʜʝʣʽ ʘʡʤʘץʪʘʨʜʘ ʪʦʨ ʪʳסʳʟʜʳסʳʥ ʜᴅʣ ʨʝʪʪʝʫʛʝ 

ʤװʤʢʽʥʜʽʢ ʙʝʨʝʜʽ. ɸץʳʨʣʳ ʘʡʳʨʳʤʜʳץ ᴅʜʽʩ (ɸɸᴄ) ץʦʣʜʘʥʳʣʳʧ, ʘʜʘʧʪʠʚʪʽ ʪʦʨʜʘ 

ʝʩʝʧʪʝʫʣʝʨ ʞװʨʛʽʟʽʣʜʽ. ʉʘʥʜʳץ ʤʦʜʝʣʴʜʝʫ ʥᴅʪʠʞʝʣʝʨʽ ᴅʨʪװʨʣʽ ʰʝʢʘʨʘʣʳץ ʰʘʨʪʪʘʨ 

ʝʩʢʝʨʽʣʝ ʦʪʳʨʳʧ ʪʘʣʜʘʥʜʳ. ɽʩʝʧʪʝʫ ʧʨʦʮʝʩʽʥʜʝ Python 3.9  ʙʘסʜʘʨʣʘʤʘʣʘʫ ʪʽʣʽ ʤʝʥ ʦʥʳש 

SymPy ʢʽʪʘʧʭʘʥʘʩʳ ʧʘʡʜʘʣʘʥʳʣʜʳ. ʉʠʤʚʦʣʜʳץ ʠʥʪʝʛʨʘʣʜʘʫ ʞᴅʥʝ ʜʠʬʬʝʨʝʥʮʠʘʣʜʘʫ 

ᴅʜʽʩʪʝʨʽ ʘʨץʳʣʳ ʪʝשʜʝʫʣʝʨʜʽש ʘʥʘʣʠʪʠʢʘʣʳץ ʪװʨʣʝʨʽ ʘʣʳʥʳʧ, ʝʩʝʧʪʝʫ ʜᴅʣʜʽʛʽ 

ʘʨʪʪʳʨʳʣʜʳ [1]. ɸʣʳʥסʘʥ ʥᴅʪʠʞʝʣʝʨ ᴅʜʽʩʪʽש ʪʠʽʤʜʽʣʽʛʽʥ ʞᴅʥʝ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ 

ʥʝʛʽʟʽʥʜʝʛʽ ʘʜʘʧʪʠʚʪʽ ʪʦʨʜʳש ʢװʨʜʝʣʽ ʛʝʦʤʝʪʨʠʷʣʳ ʝʩʝʧʪʝʨʛʝ ץʦʣʜʘʥʫ ʤװʤʢʽʥʜʽʛʽʥ 

ʢᴇʨʩʝʪʪʽ. 

 ʊװʡʽʥ ʩᴇʟʜʝʨ: ʵʢʚʠʚʘʣʝʥʪʪʽ װʣʝʩʪʽʨʫ ᴅʜʽʩʽ, ʘʜʘʧʪʠʚʪʽ ʪʦʨ.  

 

ʕʢʚʠʚʘʣʝʥʪʪʽ װʣʝʩʪʽʨʫ ᴅʜʽʩʽ. ÓÐ  ʙײʣ fl ץʠʩʳסʳʥʜʘסʳ ʜʦסʘʣʘʨʜʳײ שʟʳʥʜʳסʳ 

ʙʦʣʩʳʥ ὼ ʦʥʳש ʙʘʩʪʘʧץʳ ʪװʡʽʥʽ ʙʽʟ ʵʢʚʠʚʘʣʝʥʪʪʽ װʣʝʩʪʽʨʫ ᴅʜʽʩʽ ʧʨʠʥʮʠʧʽ ʙʦʡʳʥʰʘ 

ʢʝʣʝʩʽʜʝʡ ʞʘʟʘʤʳʟ. 

 

‫ Ð ÓÐ ÓÐ ÃÏÓÔȟ 

 

  ʄײʥʜʘ  ‫ Ð ‫ Æ Ð ȟÆ Ð ȟ       Ð                          (3) 

 

 שʳ  ὼ ʘʜʘʧʪʠʚʪʽ ʪʦʨʳ ʙʽʨ ʢʝʣʢʽ ʝʤʝʩ ʪʦʨ Ð ʜʽסʳʥʜʘסʠʩʳץ ʣ flײʘʥʜʘ  ʙץʦʨʳʪʘ ʘʡʪפ    

[0, ]    ʦʙʳʣʳʩʳʥʘ ʩᴅʡʢʝʩ ʢʝʣʝʜʽ. 

 

P= Ð(q),       Ñɴ πȟρ  ʙʦʣʩʳʥ                                                            (4) 

 

1 πȟρ    ʦʙʣʳʩʳʥʜʘסʳ ʤᴅʥʜʝʨʽ  πȟ―  ʙʽʨʛʝ ʙʽʨ  ʤᴅʥʽʥʝ ʩʘʡʢʝʩ ʢʝʣʝʜʽ.  

 

P(0)=0,   P(1)= ―.                                                               (5) 

 

Џ  ʦʙʣʳʩʳʥʜʘ πȟ―    ʘʨʘʣʳסʳʥʜʘ ʦʨʥʘʣʘʩץʘʥ ʙʽʨʢʝʣʢʽ ʝʤʝʩ ʪʦʨ ʙʝʨʽʣʩʽʥ. ʆʩʳ 

ʪʦʨʜʘסʳ ᴅʨʙʽʨ ʪװʡʽʥʛʝ ʙʽʨʤᴅʥʜʽ ʪװʨʜʝ ʩᴅʡʢʝʩ ʢʝʣʝʪʽʥ, ‫  ʦʙʣʳʩʳʥʜʘ ʦʨʥʘʣʘʩץʘʥ ʙʽʨʢʝʣʢʽ 

ʪʦʨ ץʘʨʘʩʪʳʨʘʡʳץ. ɹײʣ ʪʦʨ πȟρ   ʘʨʘʣʳסʳʥʜʘ  ץʘʜʘʤʳ h= ʜʝʣʽʢ [2].  

 

ʄײʥʜʘ                                        Ð ÐÑȟ       Ñᶰ‫                                                                       (6) 

 

Ñ ὮὬ  Ê πȟȣȢȢ.  ʵʢʚʠʚʘʣʝʥʪʪʽ װʣʝʩʪʽʨʫ ᴅʜʽʩʽ ʙʦʡʳʥʰʘ (3) ʬʦʨʤʫʣʘʥʳ ʢʝʣʝʩʽʜʝʡ 

ʞʘʟʘʤʳʟ. 
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‫ Ð ÃÏÎÓÔ                                               (7) 

 

3Ñ *ʊÄʊ 

 

fl ʜʦסʘʥʳײ שʟʳʥʜʳסʳ ᴅʨʙʽʨ ʥװʢʪʝʩʽ ʤᴅʥʽ p(q) ʜʽש ᴅʨʙʽʨ ʥװʢʪʝʣʝʨʽʥʽש ʤᴅʥʽʥʝ  ʩᴅʡʢʝʩ 

ʢʝʣʝʜʽ. (7) ʪʝשʜʝʫʽ ʜʠʬʬʝʨʝʥʮʠʘʣʜʳץ ʪʝשʜʝʫʜʽש ʘʡʨʳʤʜʳץ ʘʥʘʣʦʛʳ ʙʦʣʳʧ ʪʘʙʳʣʘʜʳ. 

 

(p)‫ Ñ ÃÏÎÓÔ                                               (8) 

 

    ɹײʣ ʪʝשʜʝʫʜʽש q ʘʡʥʳʤʘʣʳʩʳ ʙʦʡʳʥʰʘ (4) ʪʝשʜʝʫʜʝʥ ʪᴇʤʝʥʜʝʛʽ ʬʦʨʤʫʣʘʥʳ ʘʣʘʤʳʟ. 

 

 ‫Ð πȟ   Ñɴ πȟρȟ                                      (9) 

 

P(0)=0,  P(1)=―Ȣ 
 

(q)=J(p) Ñȟ 

ʄײʥʜʘ: 

 ‫Ð πȟÑɴ πȟρȟ                                                       (10) 

 

                                                           P(0)=0,   P(1)= ― 
 

(10) - ʬʦʨʤʫʣʘʥʳ ʘץʳʨʣʳ-ʘʡʳʨʳʤʜʳץ ᴅʜʽʩʪʽ ʙʦʡʳʥʰʘ ʙʳʣʘʡ ʞʘʟʘʤʳʟ. 

 

 *‫  *‫ πȟ                                      (11) 

 

Ð πȟ            Ð ―ȟ             Ê ρȟȣȣȟ. ρȟ 
 

                                           ‫  ‫ Ð ȟ                                (12)   

                                                       

                                    * .                    (13)       

                                          

      ɸץʳʨʣʳ-ʘʡʳʨʳʤʜʳץ ᴅʜʽʩ ʙʦʡʳʥʰʘ Ð  ʪװʡʽʥʜʝʨʽʥʽש ʤᴅʥʜʝʨʽʥ ʞʫʳץʪʘʧ ʝʩʝʧʪʝʧ, ʥʘץʪʳ 

ʰʝʰʽʤʛʝ ʞʝʪʢʝʥʰʝ ʝʩʝʧʪʝʫ ʞװʨʛʽʟʝʤʽʟ. Џ   ʙʽʨʢʝʣʢʽ ʝʤʝʩ ʪʦʨ πȟ―  ʢʝʩʽʥʜʽʩʽʥʜʝ ʙʘʩʪʘʧץʳ 
ʞʫʳץʪʘʫʜʳ   Ð ʜʝʧ ʘʣʳʧ, ʢʝʡʽʥ   Ð   ʤᴅʥʜʝʨʽʥ m ʨʝʪ ץʘʡʪʘʣʘʧ ʞʫʳץʪʘʫ ʘʨץʳʣʳ ʜᴅʣ 

ʰʝʰʽʤʛʝ ץʦʣ ʞʝʪʢʽʟʝʤʽʟ. 

ɹײʣ ʧʨʦʮʝʩʩ ʙʘʨʳʩʳʥʜʘ (13) ʞᴅʥʝ (12) ʬʦʨʤʫʣʘʣʘʨʳ ʙʦʡʳʥʰʘ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ 

ʝʩʝʧʪʝʣʝʜʽ. ʆʩʳʣʘʡʰʘ, ʙʝʡʽʤʜʝʣʛʽʰ ʪʦʨʜʳײץ שʨʳʣʳʤʳ ʝʩʝʧʪʝʫ ʜᴅʣʜʽʛʽʥ ʘʨʪʪʳʨʫסʘ ʞᴅʥʝ 

ʢװʨʜʝʣʽ ʘʡʤʘץʪʘʨʜʘ ʪʦʨ ʪװʡʽʥʜʝʨʽʥ ʦשʪʘʡʣʳ װʣʝʩʪʽʨʫʛʝ ʤװʤʢʽʥʜʽʢ ʙʝʨʝʜʽ [3]. 

 

 ‫ =  ‫Ð  

            



60  

ʗʢʦʙʠʥ          *                           (14) 

 

 

  (15) ʬʦʨʤʫʣʘʥʳ ʙʽʟ װʰ ʥװʢʪʝʣʽ ʘʡʳʨʳʤʜʳץ ʩʭʝʤʘʩʳ ʘʨץʳʣʳ ʢʫʘʣʘʫ ᴅʜʽʩʽʥ ʧʘʡʜʘʣʘʥʳʧ 

ʰʝʰʝʤʽʟ.  

ɾʫʳץʪʘʫ ʪʝשʜʝʫʽ ʢʝʣʝʩʽ ʪװʨʜʝ ʞʘʟʳʣʘʜʳ: 

 

ρ

È
*‫

Ð Ð

È
*‫

Ð Ð

È
πȟ 

                                                              Ð πȟ    Ð ―ȟὮ ρȟȢȢὔ ρ                              
(15)                                         

 

    ɾʫʳץʪʘʧ ʝʩʝʧʪʝʫ ʧʨʦʮʝʩʽ ʦʨʥʳץʪʳ ʙʦʣʫ װʰʽʥ fl ץʠʩʳסʳʥʜʘ ʤʳʥʘ ʰʘʨʪ 

ʦʨʳʥʜʘʣסʘʥʰʘ ʞʘʣסʘʩʘʜʳ. 

 

                                                      ÍÁØÐ Ð ʀ                                       (16)                                   

 

   ɿʝʨʪʪʝʫ ʥᴅʪʠʞʝʣʝʨʽ 

  ʉʘʥʜʳץ ʪᴅʞʽʨʠʙʝʣʝʨ װʰʽʥ ʤʳʩʘʣ ʨʝʪʽʥʜʝ ץʘʨʘʩʪʳʨסʘʥ ʜʦסʘʥʳײ שʟʳʥʜʳסʳʥ ʪʘʙʫ 

ʢʝʨʝʢʧʽʟ, ʦʣ װʰʽʥ ʜʦסʘʥʳש ʜʠʬʬʨʝʥʮʠʷʣʜʳץ ʪʝשʜʝʫʽʥ ʘʨץʳʣʳ ʘץʳʨʣʳ ʘʡʳʨʤʜʳץ 

ʩʭʝʤʘʩʳʥ ʧʘʡʜʘʣʘʥʳʧ   

 

ὼ  ȟώ 0 ȟπ 0 0 -ʜʽש ʪװʡʽʥʜʝʨʽʥ ʝʩʝʧʪʝʡʤʽʟ, ʙײʣ ʘʨʘʜʘ N=30, a=100. 

 

     ʌʫʥʢʮʠʷʥʳש  ᴅʨ ʪװʨʣʽ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ʙʦʣסʘʥʜʘ ʛʨʘʬʠʛʽ ץײʩʘʤʘסʘʥ  ʝʢʽ 

ʥᴅʪʠʞʝʩʽʥ ʙʝʨʝʜʽ, ʥᴅʪʠʞʝʣʝʨʜʽ ʛʨʘʬʠʢʘʣʳץ ʪװʨʜʝ ʜʝ ʢᴇʨʫʛʝ ʙʦʣʘʜʳ ʥʝʛʽʟʽ ʪʦʨʜʘסʳ 

ʪװʡʽʥʜʝʨʜʽ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ʘʨץʳʣʳ ʙʘʩץʘʨʳʧ ʦʪʳʨʘʤʳʟ. ʄᴅʩʝʣʝʥ ץʘʡ ʞʝʨʛʝ 

ʰʦסʳʨʣʘʥʜʳʨʫ ʢʝʨʝʢ, ץʘʡ ʞʝʨʜʝ ʩʠʨʝʪʝʤʽʟ, ʙʝʡʽʤʜʝʣʛʽʰ ʪʦʨʣʘʨʜʳ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ 

ʢᴇʤʝʛʽʤʝʥ ʞʘסʜʘʡסʘ ʙʘʡʣʘʥʳʩʪʳ ʢʝʤʽʪʽʧ ʢᴇʙʝʡʪʽʧ ʦʪʳʨʘʤʳʟ. 

 

ὼ  ȟώ 0  ʬʫʥʢʮʠʷʩʳ װʰʽʥ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ́‫ ὼȟώ ʙʦʣסʘʥ ʞʘסʜʘʡʳ. 
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1-ʩʫʨʝʪ.   ɹʘʩץʘʨʫ ʬʫʥʢʮʠʩʳ ×́ ὼȟώ 

 

    ɹʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ́‫ ὼȟώ ρ Áώ πȢυ  ʙʦʣסʘʥʜʘ, ʛʨʘʬʠʢʪʝ ʦʨʪʘʜʘסʳ  ʦʡʳץ 

ʘʡʤʘץʪʘʨʜʘ ʥװʢʪʝʣʝʨ ʰʦסʳʨʣʘʥʘʜʳ, ᴇʡʪʢʝʥʽ ʦʡʳץ ʘʡʤʘץʪʘʨʜʘ ᴇʟʛʝʨʽʩ ʢᴇʧ ʙʦʣʳʧ 

ʞʘʪץʘʥʳʥʘ ʙʘʡʣʘʥʳʩʪʳ. 

ὼ  ȟώ 0  ʬʫʥʢʮʠʷʩʳ װʰʽʥ , ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ‫ ὼȟώ ʙʦʣסʘʥʜʘ. 

 

 
2-ʩʫʨʝʪ.   ɹʘʩץʘʨʫ ʬʫʥʢʮʠʩʳ ̂‫ ØȟÙ 

 

  ɹʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ̂‫ ὼȟώ ρ ÁȾώ πȢυ πȟππρ ʙʦʣסʘʥʜʘ ʛʨʘʬʠʢʪʝ 

ʢᴇʨʽʥʛʝʥʜʝʡ  ʰʝʪʢʽ  ʘʡʤʘץʪʘʨʜʘ ʥװʢʪʝʣʝʨ ʰʦסʳʨʣʘʥʘʜʳ, ᴇʡʪʢʝʥʳ ʰʝʪʢʽ ʘʡʤʘץʪʘʨʜʳש 

ᴇʟʛʝʨʽʩ ʢᴇʧ ʙʦʣʳʧ ʞʘʪץʘʥʳʥʘ ʙʘʡʣʘʥʳʩʪʳ. 

        ɹʘʩץʘʨʫ ʬʫʥʢʮʠʷʣʘʨʳʥ ʩʘʣʳʩʪʳʨʫ ʢʝʩʪʝʩʽ 
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 ̄ ɹʘʩץʘʨʫ 

ʬʫʥʢʮʠʷʩʳ 

ʬʦʨʤʫʣʘʩʳ 

ʊʦʨ 

ʪʳסʳʟʜʘʣʘʪʳʥ 

ʘʡʤʘץ 

 ʩʘʪʳץʦʣʜʘʥʫ ʤʘפ
ɽʨʝʢʰʝʣʽʢʪʝʨʽ ʤʝʥ 

ʘʨʪʳץʰʳʣʳץʪʘʨʳ 

1 

́‫ ὼȟώ
ρ Áώ πȢυ  

ʆʨʪʘסשʳ ʘʡʤʘץ 

(y å 0.5) 

ᴆʟʛʝʨʽʩʽ ʢᴇʧ 

ʙʦʣʘʪʳʥ ʦʨʪʘʣʳץ 

ʘʡʤʘץʪʘʨʜʳ ʥʘץʪʳ 

ʟʝʨʪʪʝʫ 

ʊʦʨʜʳ ʜᴅʣ ʩʦʣ ʞʝʨʜʝ 

ʰʦסʳʨʣʘʥʜʳʨʳʧ, ʝʩʝʧʪʽש 

ʩʝʟʽʤʪʘʣ ʙᴇʣʽʛʽʥʜʝ 

ʞʦסʘʨʳ ʜᴅʣʜʽʢʧʝʥ 

ʝʩʝʧʪʝʫʛʝ ʤװʤʢʽʥʜʽʢ 

ʙʝʨʝʜʽ 

2 
 

̂‫ ὼȟώ
ρ
ÁȾώ πȢυ
πȟππρ 

ʐʝʪʢʽ ʘʡʤʘץʪʘʨ 

(y Ÿ 0 ʥʝʤʝʩʝ y 

Ÿ 1) 

ʐʝʢʘʨʘʣʳץ 

ʞʘסʜʘʡʣʘʨʜʳ 

ʪʘʣʜʘʫ, ʰʝʪʪʝʨʜʝʛʽ 

ᴇʟʛʝʨʽʩʪʽ ʙʘץʳʣʘʫ 

ʐʝʪʢʽ ʘʡʤʘץʪʘʨʜʳ 

ʞʦסʘʨʳ ʜᴅʣʜʽʢʧʝʥ 

 ʨʜʝʣʽװʘʤʪʳʧ, ʢץ

ʬʠʟʠʢʘʣʳץ ʧʨʦʮʝʩʪʝʨʜʽ 

ʰʝʪ ʙʦʡʳʥʜʘ ʪʠʽʤʜʽ 

ʟʝʨʪʪʝʫʛʝ ʞʦʣ ʘʰʘʜʳ 

 

     ɼʠʩʢʫʩʩʠʷ 

      ɿʝʨʪʪʝʫ ʥᴅʪʠʞʝʣʝʨʽ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʩʳ ʝʥʛʽʟʽʣʛʝʥ ʙʝʡʽʤʜʝʣʛʽʰ ʪʦʨ ײץʨʫ ᴅʜʽʩʽʥʽש 

ʜᴅʩʪװʨʣʽ ʙʽʨʢʝʣʢʽ ʪʦʨʣʘʨסʘ ץʘʨʘסʘʥʜʘ ʙʽʨʥʝʰʝ ʤʘשʳʟʜʳ ʘʨʪʳץʰʳʣʳסʳʥ ʨʘʩʪʘʡʜʳ. 

ɹʽʨʽʥʰʽʜʝʥ, ́‫ ὼȟώʞᴅʥʝ ̂‫ ὼȟώ ʙʘʩץʘʨʫ ʬʫʥʢʮʠʷʣʘʨʳ ʘʨץʳʣʳ ʪʦʨ ʪʳסʳʟʜʳסʳʥ 

ʘʡʤʘץʪʳץ ʪװʨʜʝ ʠʢʝʤʜʽ ʨʝʪʪʝʫ ʝʩʝʧʪʝʫ ʜᴅʣʜʽʛʽʥ ʘʡʪʘʨʣʳץʪʘʡ ʘʨʪʪʳʨʜʳ: ʦʨʪʘʰʘ ץʘʪʝʣʽʢ 

30ï40 % ʪᴇʤʝʥʜʝʜʽ. ɽʢʽʥʰʽʜʝʥ, ʪʦʨ ʪװʡʽʥʜʝʨʽʥʽש ʩʘʥʳʥ ץʘʞʝʪʪʽ ʘʡʤʘץʪʘʨʜʘ 

ʰʦסʳʨʣʘʥʜʳʨʘ ʦʪʳʨʳʧ, ʨʝʩʫʨʩʪʘʨʜʳ װʥʝʤʜʝʫ ʞװʟʝʛʝ ʘʩʳʨʳʣʜʳ [4]. ɾʘʣʧʳ ʪװʡʽʥ ʩʘʥʳ 

20ï25 % ʘʟʘʡסʘʥʜʳץʪʘʥ ʪװʡʽʥ ʩʘʥʳ ץʳʩץʘʨʜʳ, ʝʩʝʧʪʝʫ ʫʘץʳʪʳ ʤʝʥ ʞʘʜ ץʦʣʜʘʥʫ ʘʟʘʡʜʳ 

ɹײʣ ʪᴅʩʽʣ ʝʩʝʧʪʝʫ ʫʘץʳʪʳʥ װʥʝʤʜʝʫʛʝ, ʨʝʩʫʨʩʪʘʨʜʳ ʦשʪʘʡʣʘʥʜʳʨʫסʘ ʞᴅʥʝ ʥᴅʪʠʞʝʣʝʨʜʽש 

ʜᴅʣʜʽʛʽʥ ʘʨʪʪʳʨʫסʘ ʤװʤʢʽʥʜʽʢ ʙʝʨʜʽ. 

 ʦʨʳʪʳʥʜʳפ   

  ɿʝʨʪʪʝʫ ʥᴅʪʠʞʝʩʽʥʜʝ, ʙʽʨ ʞᴅʥʝ ʝʢʽ ᴇʣʰʝʤʜʽ ʦʨʪʘʜʘ ʢʝʟ ʢʝʣʛʝʥ ʢװʨʜʝʣʽ ʛʝʦʤʝʪʨʠʷʣʳץ 

ʦʙʣʳʩʪʘʨʜʘסʳ ᴇʟʛʝʨʽʩʢʝ ʢᴇʧ  ײʰʳʨʘʡʪʳʥ ʘʡʤʘץʪʘʨʜʳש ʩʘʥʜʳץ ʤᴅʥʜʝʨʽʥ ʥʘץʪʳ ʝʩʝʧʪʝʫ 

 ʪʠʽʤʜʽʣʽʛʽʥ שʣ ᴅʜʽʩʪʝʨʜʽײʘʨʘʩʪʳʨʳʣʜʳ [4]. ɹץ ʨʫ ᴅʜʽʩʪʝʨʽײץ ʰʽʥ ʘʜʘʧʪʠʚʪʽ ʪʦʨʣʘʨʜʳװ

ʙʘסʘʣʘʫ ʤʘץʩʘʪʳʥʜʘ ʙʽʨץʘʪʘʨ ʩʘʥʜʳץ ʵʢʩʧʝʨʠʤʝʥʪʪʝʨ ʞװʨʛʽʟʽʣʜʽ. 

ɸʣʳʥסʘʥ ʥᴅʪʠʞʝʣʝʨ ʢᴇʨʩʝʪʢʝʥʜʝʡ, ʪʦʨ ʪװʡʽʥʜʝʨʽʥʽש ʩʘʥʳ ʦʧʪʠʤʘʣʜʳ ʪװʨʜʝ ʪʘשʜʘʣʳʧ, 

ʝʩʝʧʪʝʫ ʜᴅʣʜʽʛʽ ʞʦסʘʨʳ ʜʝשʛʝʡʜʝ ץʘʤʪʘʤʘʩʳʟ ʝʪʽʣʜʽ. ʘʜʘʧʪʠʚʪʽ ᴅʜʽʩʪʝʨʽ ʘʨץʳʣʳ ʪʦʨ 

ʪʳסʳʟʜʳסʳ ᴇʟʛʝʨʽʩʢʝ ײʰʳʨʘסʘʥ ʘʡʤʘץʪʘʨʜʘ ʞʠʽʣʝʪʽʣʽʧ, ʙʽʨץʘʣʳʧʪʳ ʘʡʤʘץʪʘʨʜʘ 

ʩʠʨʝʢʪʝʪʽʣʜʽ. ᴆʟʛʝʨʽʩ ʢᴇʧ ʙʦʣʘʪʳʥ ʘʡʤʘץʪʘʨʜʘ ʪʦʨʜʳ ʞʠʽʣʝʪʫ ʝʩʝʧʪʝʫ ʜᴅʣʜʽʛʽʥ ʘʨʪʪʳʨʫסʘ 

ʤװʤʢʽʥʜʽʢ ʙʝʨʝʜʽ.ʐʝʰʽʤʥʽש ʙʽʨץʘʣʳʧʪʳ ᴇʟʛʝʨʝʪʽʥ ʘʡʤʘץʪʘʨʳʥʜʘ ʪʦʨ ʪװʡʽʥʜʝʨʽʥ ʩʠʨʝʢ 

ʦʨʥʘʣʘʩʪʳʨʫ ʝʩʝʧʪʝʫ ʨʝʩʫʨʩʪʘʨʳʥ װʥʝʤʜʝʡʜʽ. 

 ʆʩʳʣʘʡʰʘ, ʪʦʨʜʳ ʙʝʡʽʤʜʝʫ ʘʨץʳʣʳ ʩʘʥʜʳץ ʰʝʰʽʤʥʽש ʜᴅʣʜʽʛʽʥ ʦשʪʘʡʣʘʥʜʳʨʫסʘ ʞᴅʥʝ 

ʝʩʝʧʪʝʫ ʪʠʽʤʜʽʣʽʛʽʥ ʘʨʪʪʳʨʫסʘ ʤװʤʢʽʥ ʙʦʣʳʜ. 
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ɿʝʨʪʪʝʫ ʙʘʨʳʩʳʥʜʘ ץʠʩʳץ ʩʳʟʳץʪʳ ʢʦʦʨʜʠʥʘʪʘʣʘʨʜʘ ʪʦʨ ײץʨʫ ᴅʜʽʩʪʝʨʽʥʽש ʪʠʽʤʜʽʣʽʛʽ 

ʪʘʣʜʘʥʳʧ, ʜʦסʘ ʙʦʡʳʥʜʘ ʪʦʨʣʘʨʜʳ ʙʝʡʽʤʜʝʫ ᴅʜʽʩʪʝʨʽ ץʘʨʘʩʪʳʨʳʣʜʳ, ʙʘʩץʘʨʫ 

ʬʫʥʢʮʠʷʣʘʨʳʥ ץʦʣʜʘʥʫ ʘʨץʳʣʳ ʪʦʨʜʳ ʙʝʣʛʽʣʽ ʙʽʨ ʘʡʤʘץʪʘ ʞʠʽʣʝʪʫ ʥʝʤʝʩʝ ʩʠʨʝʪʫ 

ʤװʤʢʽʥʜʽʛʽ ʟʝʨʪʪʝʣʜʽ. 

 

ʇʘʡʜʘʣʘʥʳʣסʘʥ ᴅʜʝʙʠʝʪʪʝʨ ʪʽʟʽʤʽ: 

 

    [1] ʊʝʤʠʨʙʝʢʦʚ ʅ.ʄ. ʇʨʠʙʣʠʞʝʥʥʳʝ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʚ 

ʦʙʣʘʩʪʷʭ ʩʦ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ. ʂʥʠʛʘ, ɸʣʤʘʪʳ 2004. ʉ. 10-15. 

    [2] ʖ.ʀ. ʐʦʢʠʥ, ʅ.ʊ. ɼʘʥʘʝʚ, ɻ.ʉ. ʍʘʢʠʤʟʷʥʦʚ, ʅ,ʖ. ʐʦʢʠʥʘ. ʇʦ ʨʘʟʥʦʩʪʳʤ ʩʭʝʤʘʤ 

ʥʘ ʧʦʜʚʠʞʥʳʭ ʩʝʪʢʘʭ ʯʘʩʪʴ 1, ʂʥʠʛʘ, ɸʣʤʘʪʳ 2006. ʉ. 1-15. 

[3] ʖ.ʀ. ʐʦʢʠʥ, ʅ.ʊ. ɼʘʥʘʝʚ, ɻ.ʉ. ʍʘʢʠʤʟʷʥʦʚ, ʅ,ʖ. ʐʦʢʠʥʘ. ʇʦ ʨʘʟʥʦʩʪʳʤ ʩʭʝʤʘʤ 

ʥʘ ʧʦʜʚʠʞʥʳʭ ʩʝʪʢʘʭ ʯʘʩʪʴ 2, ʂʥʠʛʘ, ɸʣʤʘʪʳ 2008. ʉ. 1-14. 

    [4] Pasvanti N., Psarros A., Korbetis G., Vlahinos A., Mihailidis A. Lattice Structures 

Modeling: Introduction to Homogenization. ʄʘʪʝʨʠʘʣʳ ʢʦʥʬʝʨʝʥʮʠʠ Beta CAE Systems. 

URL: https://www.beta-cae.com/events/c8pdf/3D_1_PASVANTI.pdf. 

 

 

ʂʝʨʽʤʘϨʳʥ ɸʡʥʫʨ ï ʂʦʤʧʴʶʪʝʨʣʽʢ ʠʥʞʝʥʝʨʠʷ ʢʘʬʝʜʨʘʩʳʥʳϬ ʩʝʥʴʦʨ ʣʝʢʪʦʨʳ, ɸʣʤʘʪʳ 

ʪʝʭʥʦʣʦʛʠʷʣʳϨ ʫʥʠʚʝʨʩʠʪʝʪʽ, ʝ-mail: ainurkerim2002a@gmail.com 

 

ɸʡʪʫʛʘʥʦʚʘ ɾʘʤʠʣʘ ʊʝʤʠʨʙʘʝʚʥʘ ï ʂʦʤʧʴʶʪʝʨʣʽʢ ʠʥʞʝʥʝʨʠʷ ʢʘʬʝʜʨʘʩʳʥʳϬ ʩʝʥʴʦʨ 

ʣʝʢʪʦʨʳ, ɸʣʤʘʪʳ ʪʝʭʥʦʣʦʛʠʷʣʳϨ ʫʥʠʚʝʨʩʠʪʝʪʽ, ʝ-mail: zhamila_a77@mail.ru 

 

ʀʙʨʘʛʠʤʦʚʘ ɼ. ï ʂʦʤʧʴʶʪʝʨʣʽʢ ʠʥʞʝʥʝʨʠʷ ʢʘʬʝʜʨʘʩʳʥʳϬ ʩʪʫʜʝʥʪʽ, ɸʣʤʘʪʳ 

ʪʝʭʥʦʣʦʛʠʷʣʳϨ ʫʥʠʚʝʨʩʠʪʝʪʽ,  ʝ-mail : danaibragimova712@gmail.com 
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ʆɼʅɸ ɿɸɼɸʏɸ ʋʇʈɸɺʃɽʅʀʗ ʉʊɸʊʀʉʊʀʏɽʉʂʀʄ 

ɺʓʏʀʉʃʀʊɽʃʔʅʓʄ ʕʂʉʇɽʈʀʄɽʅʊʆʄ1  
 

ʈʦʜʠʦʥʦʚ ɸ.ʉ. 
e-mail: alrod@sscc.ru 

ʀʥʩʪʠʪʫʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʛʝʦʬʠʟʠʢʠ  

ʉʆ ʈɸʅ 
 

ɸʥʥʦʪʘʮʠʷ. ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʝʪʦʜʳ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʘ ʠ ʦʮʝʥʢʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʞʠʜʘʥʠʷ ʜʠʩʢʨʝʪʥʦʡ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ ʚ ʩʣʫʯʘʝ ʚʳʙʦʨʢʠ ʙʝʟ 

ʚʦʟʚʨʘʱʝʥʠʷ. ʇʦʜʦʙʥʳʝ ʟʘʜʘʯʠ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʚʘʨʠʘʥʪʦʚ, ʢʘʞʜʳʡ 

ʠʟ ʢʦʪʦʨʳʭ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʨʝʘʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʢʦʤʧʴʶʪʝʨʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʦʙʳʪʠʷ ʥʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʚʝʨʦʷʪʥʦʩʪʷʤʠ ʠʭ ʥʘʩʪʫʧʣʝʥʠʷ, ʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʪʠʭ ʩʦʙʳʪʠʡ, ʘ 

ʟʘʪʝʤ ʫʯʠʪʳʚʘʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʘʥʘʣʠʟ 

ʥʝʥʘʜʸʞʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʩʣʫʯʘʡʥʳʤʠ ʛʨʘʬʘʤʠ ʠʣʠ ʛʠʧʝʨʛʨʘʬʘʤʠ. 

ʇʦʢʘʟʘʥʦ, ʢʘʢ ʘʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʣʠʙʦ ʠʥʪʫʠʪʠʚʥʳʝ ʦʞʠʜʘʥʠʷ ʧʦʤʦʛʘʶʪ 

ʩʦʢʨʘʪʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʧʨʠʥʷʪʠʷ ʦʜʥʦʟʥʘʯʥʦʛʦ ʨʝʰʝʥʠʷ ʦ 

ʥʘʭʦʞʜʝʥʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʞʠʜʘʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʢʦʪʦʨʦʛʦ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʦʛʦ 

ʧʦʨʦʛʘ. 
  

ɺʚʝʜʝʥʠʝ 

ʉʣʫʯʘʡʥʳʝ ʛʨʘʬʳ (ʉɻ) ʠ ʛʠʧʝʨʛʨʘʬʳ (ʉɻɻ) ʩ ʥʘʜʝʞʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ 

ʥʝʥʘʜʝʞʥʳʤʠ ʨʝʙʨʘʤʠ ʢʘʢ ʤʦʜʝʣʴ ʩʝʪʝʡ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʠʟʫʯʘʶʪʩʷ ʤʥʦʛʠʤʠ 

ʘʚʪʦʨʘʤʠ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʠʣʝʪʠʡ [1-6], ʧʦʣʫʯʝʥʦ ʤʥʦʞʝʩʪʚʦ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʨʘʟʨʘʙʦʪʘʥʳ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʘʥʘʣʠʟʘ ʠ 

ʩʪʨʫʢʪʫʨʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʜʦʢʘʟʘʥʘ NP-ʪʨʫʜʥʦʩʪʴ ʤʥʦʛʠʭ ʟʘʜʘʯ ʚʳʯʠʩʣʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ, ʚʳʨʘʞʘʝʤʳʭ ʚ ʚʠʜʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʞʠʜʘʥʠʷ 

ʥʝʢʦʪʦʨʦʡ ʬʫʥʢʮʠʠ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʢʦʥʢʨʝʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʉɻ ʣʠʙʦ ʉɻɻ [7-8]. ɼʘʣʝʝ, ʜʣʷ 

ʢʨʘʪʢʦʩʪʠ, ʤʳ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʵʪʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʞʠʜʘʥʠʝ ʧʦʢʘʟʘʪʝʣʝʤ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʥʘʜʸʞʥʦʩʪʠ ʷʚʣʷʶʪʩʷ: 

¶ ʚʝʨʦʷʪʥʦʩʪʴ ʩʚʷʟʥʦʩʪʠ ʟʘʜʘʥʥʦʛʦ ʧʦʜʤʥʦʞʝʩʪʚʘ ʚʝʨʰʠʥ (k-ʪʝʨʤʠʥʘʣʴʥʘʷ 

ʩʚʷʟʥʦʩʪʴ), ʛʜʝ ʦʪʜʝʣʴʥʦ ʚʳʜʝʣʷʶʪ ʩʚʷʟʥʦʩʪʴ ʚʩʝʭ ʚʝʨʰʠʥ (ʚʩʝ-ʪʝʨʤʠʥʘʣʴʥʘʷ ʩʚʷʟʥʦʩʪʴ, 

ʘʥʛʣʠʮʠʟʤ: all-terminal reliability, ATR) ʠ ʩʚʷʟʥʦʩʪʴ ʧʘʨʳ ʚʝʨʰʠʥ (ʧʘʨʥʘʷ ʠʣʠ s-t 

ʩʚʷʟʥʦʩʪʴ),  

¶ ʦʞʠʜʘʝʤʳʡ ʨʘʟʤʝʨ ʩʚʷʟʥʦʛʦ ʧʦʜʛʨʘʬʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʚʳʜʝʣʝʥʥʫʶ (ʮʝʥʪʨʘʣʴʥʫʶ) 

ʚʝʨʰʠʥʫ (mathematical expectation of the number of nodes in the connected part, MENC) ʠ  

¶ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʜʘʯʠ ʧʦʪʦʢʘ ʟʘʜʘʥʥʦʡ ʚʝʣʠʯʠʥʳ ʤʝʞʜʫ ʧʘʨʦʡ ʚʝʨʰʠʥ.  

ʇʨʠ ʪʦʯʥʦʤ ʨʝʰʝʥʠʠ ʚʩʝʭ ʵʪʠʭ ʟʘʜʘʯ ʪʨʝʙʫʝʪʩʷ ʧʨʦʠʟʚʝʩʪʠ ʧʦʣʥʳʡ ʧʝʨʝʙʦʨ ʚʩʝʭ 

ʚʘʨʠʘʥʪʦʚ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʦ. ʊʘʢ, ʝʩʣʠ ʚ ʛʨʘʬʝ ʧʨʠʩʫʪʩʪʚʫʝʪ 100 ʥʝʥʘʜʸʞʥʳʭ ʨʸʙʝʨ, ʪʦ 

ʦʙʱʝʝ ʯʠʩʣʦ ʩʦʩʪʦʷʥʠʡ ʨʘʚʥʦ 1 267 650 600 228 229 401 496 703 205 376! 

ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʝʩʪʝʩʪʚʝʥʥʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʠʣʠ ʜʨʫʛʦʛʦ ʧʨʠʙʣʠʞʸʥʥʦʛʦ ʤʝʪʦʜʘ ʦʮʝʥʢʠ ʟʥʘʯʝʥʠʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʞʠʜʘʥʠʷ [VanSlyke,NelColbourn,Pascual,Ozkan,Davila-Frias,Migov]. 

ʆʜʥʘʢʦ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʮʝʥʦʢ ʜʣʷ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʢʦʪʦʨʦʛʦ 

ʟʘʜʘʥʥʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʚʦʟʤʦʞʥʳ ʦʰʠʙʢʠ ʢʘʢ ʧʝʨʚʦʛʦ, ʪʘʢ ʠ ʚʪʦʨʦʛʦ ʨʦʜʘ. ʕʪʠʭ 

ʦʰʠʙʦʢ ʤʦʞʥʦ ʠʟʙʝʞʘʪʴ, ʧʦʣʫʯʠʚ ʪʦʯʥʳʝ ʛʨʘʥʠʮʳ ʠʥʪʝʨʚʘʣʘ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʠʩʪʠʥʥʦʛʦ 

ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ. ɺʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ, ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚ ʚʳʯʠʩʣʝʥʠʠ ʟʥʘʯʝʥʠʷ 

ʧʦʢʘʟʘʪʝʣʷ ʩ ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ, ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʪʴ ʝʛʦ ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

 
1 ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʇʨʦʝʢʪʘ ʀʈʅ ɸʈ23490529 
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ʥʝʢʦʪʦʨʦʛʦ ʥʘʧʝʨʸʜ ʟʘʜʘʥʥʦʛʦ ʧʦʨʦʛʘ, ʪʦ ʝʩʪʴ ʧʨʦʚʝʨʠʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʛʠʧʦʪʝʟʫ. ɺ 

ʨʘʙʦʪʝ [WonKar] ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʜʣʷ ʧʨʦʚʝʨʢʠ ʛʠʧʦʪʝʟʳ ʦ ʥʘʜʸʞʥʦʩʪʠ ʩʝʪʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʩʣʫʯʘʡʥʳʤ ʛʨʘʬʦʤ, ʪʦ ʝʩʪʴ ʦ ʚʝʨʦʷʪʥʦʩʪʠ ʝʛʦ ʩʚʷʟʥʦʩʪʠ, ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʢʫʤʫʣʷʪʠʚʥʳʝ ʦʮʝʥʢʠ ʛʨʘʥʠʮ ʵʪʦʛʦ ʧʦʢʘʟʘʪʝʣʷ. ɽʩʣʠ ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ 

ʧʝʨʝʩʝʢʘʝʪ ʧʦʨʦʛ ʩʥʠʟʫ ʚʚʝʨʭ, ʪʦ ʩʝʪʴ ʥʘʜʸʞʥʘ, ʝʩʣʠ ʞʝ ʵʪʦʪ ʧʦʨʦʛ ʧʝʨʝʩʝʢʘʝʪ ʩʚʝʨʭʫ 

ʚʥʠʟ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ, ʪʦ ʩʝʪʴ ʥʝʥʘʜʸʞʥʘ.  

ɺ ʨʘʙʦʪʝ [RodsMig] ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʫʣʫʯʰʝʥʠʷ ʵʪʦʛʦ ʧʦʜʭʦʜʘ, ʚ ʨʘʙʦʪʝ 

[RodOmsk] ʧʦʢʘʟʘʥʳ ʧʨʠʸʤʳ ʚʳʯʠʩʣʝʥʠʷ ʛʨʘʥʠʮ ʜʣʷ ʜʨʫʛʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʩʚʷʟʥʦʩʪʠ ʉɻ, 

ɺ ʨʘʙʦʪʝ [RodMig2016] ʧʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʳ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʘ ʚʝʨʦʷʪʥʦʩʪʠ ʩʚʷʟʥʦʩʪʠ 

ʤʥʦʞʝʩʪʚʘ ʧʘʨ ʚʝʨʰʠʥ ʉɻ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦʨʠʪʴ ʧʦʣʫʯʝʥʠʝ ʛʨʘʥʠʮ ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʠ 

ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʘʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʘ ʪʘʢʞʝ MENC. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʘʥʘʣʠʟʫ ʧʦʢʘʟʘʪʝʣʝʡ ʥʘʜʸʞʥʦʩʪʠ 

ʩʣʫʯʘʡʥʦʛʦ ʛʨʘʬʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʦʨʷʜʢʘ ʝʛʦ 

ʩʦʩʪʦʷʥʠʡ. 

ʇʨʠ ʢʣʘʩʩʠʯʝʩʢʦʤ ʩʪʘʪʠʩʪʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʣʷ ʢʘʞʜʦʛʦ ʨʝʙʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʝʛʦ ʩʦʩʪʦʷʥʠʝ ʩʦʛʣʘʩʥʦ ʟʘʜʘʥʥʳʤ ʚʝʨʦʷʪʥʦʩʪʷʤ, ʪ.ʝ. ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʩʪʦʷʥʠʝ ʉɻ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʝʛʦ ʚʝʨʦʷʪʥʦʩʪʴʶ, ʟʘʪʝʤ ʚʳʯʠʩʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ, ʦʥʠ 

ʩʫʤʤʠʨʫʶʪʩʷ ʧʦ ʚʩʝʤ ʨʝʘʣʠʟʘʮʠʷʤ ʠ ʜʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʫʩʨʝʜʥʝʥʠʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ, 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʙʠʨʘʪʴ ʚʦʟʤʦʞʥʳʝ ʩʦʩʪʦʷʥʠʷ ʉɻ ʙʝʟ 

ʧʦʚʪʦʨʦʚ, ʧʨʠ ʵʪʦʤ ʧʦʧʫʪʥʦ ʧʦʣʫʯʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʵʪʠʭ ʩʦʩʪʦʷʥʠʡ ʧʦ ʧʨʦʩʪʦʡ ʬʦʨʤʫʣʝ: 
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ʂʣʶʯʝʚʳʤ ʤʦʤʝʥʪʦʤ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʬʫʥʢʮʠʠ 

ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʩʦʙʳʪʠʷ, ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʩʦʩʪʦʷʥʠʷ ʉɻ, ʥʦ ʥʝ ʚʝʨʦʷʪʥʦʩʪʠ ʝʛʦ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ. ɺ ʢʣʘʩʩʠʢʝ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ ʜʘʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʨʝʜʢʠʭ ʩʦʙʳʪʠʡ, ʪ.ʝ. ʟʥʘʯʝʥʠʡ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ ʥʘ çʭʚʦʩʪʘʭè 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʝʡ [ɺʦʡʪʠʰʝʢ, ʄʠʭʘʡʣʦʚ] ʜʦʢʣʘʜʝ ʤʳ ʠʩʩʣʝʜʫʝʤ ʪʦʯʥʳʝ 

ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʨʘʟʣʠʯʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʥʘʜʝʞʥʦʩʪʠ ʠ ʧʦʣʫʯʝʥʠʷ ʠʭ ʪʦʯʥʳʭ ʛʨʘʥʠʮ. 

ʂʘʢ ʠ ʚ ʥʘʰʠʭ ʨʘʙʦʪʘʭ ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ ʥʘʜʝʞʥʦʩʪʠ ʉɻ [9-11], ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ 

ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ATR ʠ APC. ʇʦʩʣʝʜʥʝʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ: ʘ) 

ʚʳʯʠʩʣʠʚ ʚʝʨʦʷʪʥʦʩʪʴ ʩʚʷʟʥʦʩʪʠ ʜʣʷ ʚʩʝʭ ʧʘʨ ʫʟʣʦʚ ʠʣʠ ʙ) ʧʦʣʫʯʠʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʦʞʠʜʘʥʠʝ ʯʠʩʣʘ ʩʚʷʟʘʥʥʳʭ ʧʘʨ ʫʟʣʦʚ (ECP) ʠ ʟʘʪʝʤ ʨʘʟʜʝʣʠʚ ʝʛʦ ʥʘ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʫʟʣʦʚ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [12], ʚʳʨʘʞʝʥʠʷ ʜʣʷ ECP ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʧʦʣʫʯʠʪʴ ʩʣʦʞʥʝʝ, 

ʯʝʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʝʛʦ ʜʦʙʘʚʣʝʥʠʷ ʢ ʦʙʱʝʤʫ ʯʠʩʣʫ ʧʘʨ ʫʟʣʦʚ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʤʫ 

ʦʞʠʜʘʥʠʶ ʯʠʩʣʘ ʥʝʩʚʷʟʥʳʭ ʧʘʨ ʫʟʣʦʚ (EDP), ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʪʝʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʩʣʫʯʘʡ ʉɻ ʩ ʥʘʜʝʞʥʳʤʠ ʫʟʣʘʤʠ ʠ 

ʥʝʥʘʜʝʞʥʳʤʠ ʨʝʙʨʘʤʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʳʭʦʜʠʪʴ ʠʟ ʩʪʨʦʷ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʚʩʝ ʨʝʙʨʘ ʥʘʜʝʞʥʳ, ʉɻ ʩʚʷʟʝʥ. 

1. ʉʣʫʯʘʡʥʳʝ ʛʠʧʝʨʛʨʘʬʳ ʢʘʢ ʤʦʜʝʣʠ ʩʝʪʝʡ 

ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʦ ʚʚʝʜʝʥʠʠ, ʉɻɻ ʤʦʛʫʪ ʦʧʠʩʳʚʘʪʴ ʩʚʷʟʥʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʛʨʫʧʧ ʫʟʣʦʚ ʚ 

ʩʝʪʷʭ ʨʘʟʥʦʡ ʧʨʠʨʦʜʳ. 

1.1. ʉʦʮʠʘʣʴʥʳʝ ʩʝʪʠ 

ɺ ʩʦʮʠʘʣʴʥʳʭ ʩʝʪʷʭ ʧʦʣʴʟʦʚʘʪʝʣʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ 

ʛʨʫʧʧʘʭ: ʧʦ ʠʥʪʝʨʝʩʘʤ, ʨʦʜʩʪʚʝʥʥʳʤ ʣʠʙʦ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʤ ʩʚʷʟʷʤ ʠ ʪ.ʜ. ʂʨʦʤʝ ʵʪʦʛʦ 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʛʨʫʧʧʘʤ ʤʦʞʝʪ ʟʘʜʘʚʘʪʴʩʷ ʠ ʙʝʟ ʣʠʯʥʦʡ ʠʥʠʮʠʘʪʠʚʳ ʧʦʣʴʟʦʚʘʪʝʣʷ. 

ʅʘʧʨʠʤʝʨ, ʚ ʩʝʪʠ çʆʜʥʦʢʣʘʩʩʥʠʢʠ (ok.ru)è ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ 

ʫʢʘʟʳʚʘʪʴ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ, ʤʝʩʪʦ ʨʘʙʦʪʳ, ʛʦʨʦʜ ʠ ʧʨ., ʧʨʠ ʵʪʦʤ 
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ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʦʧʘʜʘʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʛʨʫʧʧʫ, ʠʩʧʦʣʴʟʫʝʤʫʶ ʜʣʷ ʧʦʠʩʢʘ ʠ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ. ɻʨʫʧʧʳ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʧʝʨʝʩʝʢʘʶʪʩʷ ʧʦ ʵʪʦʤʫ ʧʦʣʴʟʦʚʘʪʝʣʶ. 

1.2. ʉʝʪʠ ʩʦʘʚʪʦʨʩʪʚʘ ʠ ʮʠʪʠʨʦʚʘʥʠʷ 

ɸʚʪʦʨʳ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʡ ʤʦʛʫʪ ʧʦʧʘʜʘʪʴ ʚ ʛʨʫʧʧʳ ʧʦ ʧʨʠʟʥʘʢʫ ʮʠʪʠʨʦʚʘʥʠʷ ʦʜʥʦʡ 

ʠ ʪʦʡ ʞʝ ʧʫʙʣʠʢʘʮʠʠ, ʘ ʪʘʢʞʝ ʧʦ ʩʦʘʚʪʦʨʩʪʚʫ ʚ ʧʫʙʣʠʢʘʮʠʷʭ. ʊʘʢʞʝ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʛʨʫʧʧʳ ʧʦ ʧʫʙʣʠʢʘʮʠʷʤ ʚ ʢʦʥʢʨʝʪʥʳʭ ʞʫʨʥʘʣʘʭ ʠ ʠʟʜʘʪʝʣʴʩʪʚʘʭ. 

1.3. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʝʪʠ 

ʇʦʪʨʝʙʠʪʝʣʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʦʙʨʘʟʫʶʪ ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʛʝʥʝʨʠʨʫʶʱʠʤ 

ʢʦʤʧʘʥʠʷʤ, ʤʝʥʴʰʠʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʦʥʢʨʝʪʥʳʤ ʛʝʥʝʨʠʨʫʶʱʠʤ ʧʨʝʜʧʨʠʷʪʠʷʤ (ɻʕʉ, 

ɸʕʉ, ʊʕʉ ʠ ʧʨ.), ʝʱʸ ʤʝʥʴʰʠʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʩʧʨʝʜʝʣʠʪʝʣʴʥʳʤ ʧʦʜʩʪʘʥʮʠʷʤ. ʇʨʠ 

ʵʪʦʤ, ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʥʘʜʸʞʥʦʩʪʠ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʝʪʠ ʩʦʝʜʠʥʷʶʪʩʷ 

ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʦʪʦʢʦʚ ʵʥʝʨʛʠʠ ʢʘʢ ʧʨʠ ʝʩʪʝʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʷʭ, 

ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʤʝʥʦʡ ʚʨʝʤʝʥʠ ʩʫʪʦʢ, ʪʘʢ ʠ ʚ ʩʣʫʯʘʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʚʘʨʠʡʥʳʭ ʩʠʪʫʘʮʠʡ. 

2. ʉʚʷʟʥʦʩʪʴ ʩʣʫʯʘʡʥʳʭ ʛʠʧʝʨʛʨʘʬʦʚ ʩ ʥʝʥʘʜʸʞʥʳʤʠ ʨʸʙʨʘʤʠ 

ʋʜʘʣʝʥʠʝ ʨʝʙʨʘ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʨʘʟʥʳʤʠ ʧʨʠʯʠʥʘʤʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʧʨʠʨʦʜʦʡ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʝʪʠ. ʊʘʢ, ʩʦʮʠʘʣʴʥʘʷ ʛʨʫʧʧʘ ʤʦʞʝʪ ʟʘʢʨʳʪʴʩʷ (ʨʘʩʧʫʩʪʠʪʴʩʷ), 

ʧʫʙʣʠʢʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʟʥʘʥʘ ʧʣʘʛʠʘʪʦʤ ʠ ʫʜʘʣʝʥʘ ʠʟ ʙʠʙʣʠʦʪʝʢʠ, ʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʦʜʩʪʘʥʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʩʪʘʥʦʚʣʝʥʘ ʥʘ ʧʨʦʬʠʣʘʢʪʠʢʫ ʣʠʙʦ ʥʘ ʥʝʡ ʧʨʦʠʟʦʡʜʸʪ ʘʚʘʨʠʷ ʠ 

ʪ.ʧ. 

ʈʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʚʳʯʠʩʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʩʚʷʟʥʦʩʪʠ ʚʩʝʭ ʚʝʨʰʠʥ (ATR) ʉɻɻ ʚ 

ʩʣʫʯʘʝ ʥʘʜʸʞʥʳʭ ʚʝʨʰʠʥ ʠ ʥʝʥʘʜʸʞʥʳʭ ʨʸʙʝʨ, ʥʝʟʘʚʠʩʠʤʦ ʦʪʢʘʟʳʚʘʶʱʠʭ (ʫʜʘʣʷʝʤʳʭ 

ʠʟ ʉɻɻ). 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʵʪʫ ʚʝʨʦʷʪʥʦʩʪʴ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʉɻɻ: 

 

(( ( )) ),
H

HR PG HH I
ÍG

=ä   (1) 

 

ʛʜʝ ũ ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʨʝʘʣʠʟʘʮʠʡ, I(H) ï ʠʥʜʠʢʘʪʦʨʥʘʷ ʬʫʥʢʮʠʷ ʩʚʷʟʥʦʩʪʠ:  

 

ʝʩʣʠ ʛʠʧʝʨʛʨʘʬ  ʩʚʷʟʝʥ,

0 ʠʥʘ

1
( )

ʯʝ.

H
I H =

ë
ì
í

 

 

ʆʯʝʚʠʜʥʦ, ʧʦʜʦʙʥʳʡ ʧʝʨʝʙʦʨ ʥʝʚʦʟʤʦʞʝʥ ʜʣʷ ʭʦʪʴ ʩʢʦʣʴʢʦ-ʥʠʙʫʜʴ ʙʦʣʴʰʠʭ ʉɻɻ: 

ʯʠʩʣʦ ʨʝʘʣʠʟʘʮʠʡ ʨʘʚʥʦ 2m, ʛʜʝ m ï ʯʠʩʣʦ ʨʸʙʝʨ. 

2.1. ʈʝʜʫʢʮʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʉɻɻ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʝʛʦ ATR 

ʈʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ ʧʨʠʸʤʳ ʨʝʜʫʢʮʠʠ ʨʘʟʤʝʨʥʦʩʪʠ ʉɻɻ. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʳ ʠʤʝʝʤ ʜʝʣʝʥʠʝ ʚʩʝʭ ʫʟʣʦʚ ʤʝʞʜʫ ʨʝʙʨʘʤʠ, ʠ ʢʘʞʜʳʡ ʫʟʝʣ ʤʦʞʝʪ 

ʧʨʠʥʘʜʣʝʞʘʪʴ ʧʨʦʠʟʚʦʣʴʥʦʤʫ ʯʠʩʣʫ ʨʝʙʝʨ. ʅʘʟʦʚʸʤ ʵʪʦ ʯʠʩʣʦ ʩʪʝʧʝʥʴʶ ʫʟʣʘ. 

ɺ ʛʠʧʝʨʛʨʘʬʝ ʣʶʙʘʷ ʧʘʨʘ ʩʤʝʞʥʳʭ ʨʝʙʝʨ Ei ʠ Ej ʧʝʨʝʩʝʢʘʝʪʩʷ ʧʦ ʥʝʢʦʪʦʨʦʤʫ ʥʘʙʦʨʫ 

ʫʟʣʦʚ ( ) ( )ij i jW V E V E= . ɽʩʣʠ ʫʟʝʣ v ʠʤʝʝʪ ʩʪʝʧʝʥʴ ʙʦʣʴʰʝ 2, ʪʦ ʦʥ ʧʨʠʥʘʜʣʝʞʠʪ 

ʧʦʜʤʥʦʞʝʩʪʚʫ 
( )

( ) ( ).
e E v

S v V E
Í

=  

ʇʨʘʚʠʣʦ 1. ɺʩʝ ʫʟʣʳ ʚ S(v) ʥʝʨʘʟʣʠʯʠʤʳ ʩ ʪʦʯʢʠ ʚʳʯʠʩʣʝʥʠʷ ATR ʠ ʤʦʛʫʪ ʙʳʪʴ 

ʟʘʤʝʥʝʥʳ ʦʜʥʠʤ ʩʦʚʤʝʩʪʥʳʤ ʧʩʝʚʜʦʫʟʣʦʤ v* (ʩʤ. ʈʠʩ. 1). 

ʂʘʞʜʦʝ ʨʝʙʨʦ e ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʥʝʩʢʦʣʴʢʦ ʪʘʢʠʭ ʧʩʝʚʜʦʫʟʣʦʚ, ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ 

ʚʝʨʦʷʪʥʦʩʪʴʶ pe ʵʪʠʤ ʨʝʙʨʦʤ, ʥʦ ʤʦʛʫʪ ʙʳʪʴ ʪʘʢʞʝ ʩʚʷʟʘʥʳ ʧʫʪʷʤʠ ʯʝʨʝʟ ʜʨʫʛʠʝ ʨʝʙʨʘ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʣʝ ʦʙʲʝʜʠʥʝʥʠʷ ʚʩʝʭ S(v) ʚ ʧʩʝʚʜʦʫʟʣʳ ʤʳ ʠʤʝʝʤ ʟʘʜʘʯʫ ATR ʚ 

ʩʣʫʯʘʡʥʦʤ ʛʠʧʝʨʛʨʘʬʝ ʤʝʥʴʰʝʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

ʇʨʘʚʠʣʦ 2. ʂʘʞʜʦʝ ʨʝʙʨʦ, ʠʥʮʠʜʝʥʪʥʦʝ ʭʦʪʷ ʙʳ ʦʜʥʦʤʫ ʫʟʣʫ ʩʪʝʧʝʥʠ ʦʜʠʥ, ʜʦʣʞʥʦ 

ʧʨʠʥʘʜʣʝʞʘʪʴ ʣʶʙʦʡ ʩʚʷʟʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʉɻɻ. ʕʪʦ ʧʨʘʚʠʣʦ ʦʯʝʚʠʜʥʦ. ʆʥʦ ʧʦʟʚʦʣʷʝʪ 

ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʨʝʘʣʠʟʘʮʠʡ RHG ʚ ʩʣʫʯʘʝ ʧʦʣʥʦʛʦ ʧʝʨʝʙʦʨʘ, ʠʥʦʛʜʘ ʟʥʘʯʠʪʝʣʴʥʦ 

(ʩʤ. ʈʠʩ. 1). 

 

 
ʈʠʩ. 1. ʈʝʜʫʢʮʠʷ ʉɻɻ ʧʫʪʝʤ ʧʨʠʤʝʥʝʥʠʷ ʧʨʘʚʠʣ 1 ʠ 2  

 

ʅʘ ʈʠʩ. 1 ʤʳ ʚʠʜʠʤ ʧʨʠʤʝʨ ʧʨʠʤʝʥʝʥʠʷ ʧʨʘʚʠʣ 1 ʠ 2 ʠ ʨʝʜʫʮʠʨʦʚʘʥʥʳʡ ʛʠʧʝʨʛʨʘʬ, 

ʥʘʜʝʞʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʪʝʧʝʨʴ ʷʚʣʷʝʪʩʷ ʮʝʣʴʶ ʚʳʯʠʩʣʝʥʠʡ. ɺ ʵʪʦʤ ʧʨʠʤʝʨʝ 

 

2 4 2 4 1 3 1 3( ) ( ) ( )oR HG p p R HG p p p p p p= = + - . 

 

ɺ ʩʣʫʯʘʝ ʥʝʩʢʦʣʴʢʠʭ ʨʝʙʝʨ , 1, ,iE i k= » , ʢʦʪʦʨʳʝ ʧʦʢʨʳʚʘʶʪ ʦʜʥʦ ʠ ʪʦ ʞʝ 

ʧʦʜʤʥʦʞʝʩʪʚʦ ʫʟʣʦʚ (ʥʘʧʨʠʤʝʨ, E2 ʠ E5 ʥʘ ʈʠʩ.1, ʤʳ ʟʘʤʝʥʷʝʤ ʠʭ ʦʜʥʠʤ ʨʝʙʨʦʤ ʩ 

ʥʘʜʝʞʥʦʩʪʴʶ 

1

1 1 .( )
k

i

i

p
=

= - -Ôp     (2) 

 
ʈʠʩ. 2. ʈʝʜʫʢʮʠʷ ʉɻɻ ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʨʸʙʝʨ ʩ ʩʦʙʩʪʚʝʥʥʳʤʠ ʚʝʨʰʠʥʘʤʠ  

(ʚʝʨʰʠʥʘʤʠ ʩʪʝʧʝʥʠ 1) 

 

2.2. ʇʨʦʮʝʩʩ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ATR ʛʠʧʝʨʛʨʘʬʘ 

ʇʦʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʝʪʦʜʘ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ATR ʩʣʫʯʘʡʥʦʛʦ 

ʛʨʘʬʘ [11,12], ʤʳ ʤʦʞʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ATR ʩʣʫʯʘʡʥʦʛʦ ʛʠʧʝʨʛʨʘʬʘ: 

 

( ) ( / ) (1 ) ( \ ),E ER HG p R HG E p R HG E= + -    (3) 

 

ʛʜʝ E ï ʧʨʦʠʟʚʦʣʴʥʦʝ ʛʠʧʝʨʨʝʙʨʦ (ʨʝʙʨʦ) ʩ ʥʘʜʝʞʥʦʩʪʴʶ pE ʚ ʉɻɻ HG, HG/E ð 

ʛʠʧʝʨʛʨʘʬ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ HG ʧʫʪʝʤ ʩʣʠʷʥʠʷ ʚʩʝʭ ʫʟʣʦʚ ʚ E ʚ ʦʜʠʥ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ HG\E 

ð ʛʠʧʝʨʛʨʘʬ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ HG ʧʫʪʝʤ ʫʜʘʣʝʥʠʷ E. 
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ɺʳʙʦʨ ʨʝʙʨʘ ʜʣʷ ʬʘʢʪʦʨʠʟʘʮʠʠ ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ. ʉʥʘʯʘʣʘ ʨʘʩʩʤʦʪʨʠʤ 

ʧʦʨʷʜʦʢ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʨʝʙʝʨ.  

 
ʈʠʩ. 3. ɺʳʙʦʨ ʨʝʙʨʘ ʜʣʷ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʦ ʇʨʘʚʠʣʫ 3 

 

ʇʨʘʚʠʣʦ 3. ɽʩʣʠ ʝʩʪʴ ʧʘʨʘ ʨʝʙʝʨ E1 ʠ E2, ʪʘʢʘʷ, ʯʪʦ 1 2( ) ( )V E V EÈ , ʧʨʠ ʚʳʙʦʨʝ 

ʨʝʙʨʘ ʜʣʷ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʨʝʜʧʦʯʪʝʥʠʝ ʩʣʝʜʫʝʪ ʦʪʜʘʪʴ ʨʝʙʨʫ E1, ʪʘʢ ʢʘʢ ʵʪʦ ʫʤʝʥʴʰʘʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʦʩʪʦʷʥʠʡ ʉɻɻ. ɺ ʩʣʫʯʘʝ ʮʝʧʦʯʢʠ ʚʣʦʞʝʥʠʡ ʬʘʢʪʦʨʠʟʘʮʠʷ 

ʜʦʣʞʥʘ ʥʘʯʠʥʘʪʴʩʷ ʩ ʩʘʤʦʛʦ ʚʥʝʰʥʝʛʦ ʨʝʙʨʘ. ʈʠʩʫʥʦʢ 4 ʠʣʣʶʩʪʨʠʨʫʝʪ ʵʪʦ ʧʨʘʚʠʣʦ. ɺ 

ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʥʘ ʨʠʩʫʥʢʝ ʤʳ ʧʨʠʤʝʥʷʝʤ ʇʨʘʚʠʣʦ 3, ʚʦ ʚʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʤ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ, ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʨʷʜʦʢ ʚʳʙʦʨʘ ʨʝʙʨʘ.  

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʠʤʝʝʤ  

( ) 1 3 4 3 4  ( ),R HG p p p p p= + -   (4)
 

ʚʦ ʚʪʦʨʦʤ ï 

( ) ( )2 1 2 1 3 4 3 4 1 3 4 3 4    ( ).R HG p p q p p p p p p p p p p= + + - = + - (5)
 

ʄʳ ʧʦʣʫʯʘʝʤ ʪʦʪ ʞʝ ʨʝʟʫʣʴʪʘʪ, ʥʦ ʠʩʧʦʣʴʟʫʷ ʙʦʣʴʰʝ ʦʧʝʨʘʮʠʡ. 

ʉʣʝʜʫʶʱʝʝ ʜʦʩʪʘʪʦʯʥʦ ʦʯʝʚʠʜʥʦʝ ʧʨʘʚʠʣʦ ï ʚʳʙʦʨ ʨʸʙʝʨ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʨʘʟʤʝʨʥʦʩʪʠ ʭʦʪʷ ʙʳ ʧʦ ʦʜʥʦʡ ʚʝʪʚʠ ʬʘʢʪʦʨʠʟʘʮʠʠ. 

ʇʨʘʚʠʣʦ 4. ɽʩʣʠ ʝʩʪʴ ʥʝʢʦʪʦʨʳʝ ʨʝʙʨʘ Ei, ʪʘʢʠʝ, ʯʪʦ ʦʥʠ ʠʤʝʶʪ ʭʦʪʷ ʙʳ ʦʜʠʥ ʫʟʝʣ 

ʩʦ ʩʪʝʧʝʥʴʶ 2, ʪʦ ʥʘʠʣʫʯʰʠʤ ʚʳʙʦʨʦʤ ʦʜʥʦʛʦ ʠʟ ʥʠʭ ʜʣʷ ʬʘʢʪʦʨʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʨʝʙʨʦ 

ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʪʘʢʠʭ ʫʟʣʦʚ. ʇʨʠʯʠʥʘ ʚ ʪʦʤ, ʯʪʦ ʧʦʩʣʝ ʝʛʦ ʫʜʘʣʝʥʠʷ ʤʳ 

ʧʦʣʫʯʘʝʤ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʙʝʨ ʩ ʫʟʣʘʤʠ ʩʦ ʩʪʝʧʝʥʴʶ 1, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʧʨʠʤʝʥʠʪʴ ʇʨʘʚʠʣʦ 1. ʇʨʠʤʝʨ ʧʨʠʚʝʜʸʥ ʥʘ ʈʠʩ. 5. 
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ʈʠʩ. 4. ʇʨʠʤʝʥʝʥʠʝ ʇʨʘʚʠʣʘ 4 

ʇʦʩʢʦʣʴʢʫ ʧʨʦʮʝʩʩ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ ʧʦʣʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ 

ʧʦʟʚʦʣʷʶʪ ʥʘʧʨʷʤʫʶ ʚʳʯʠʩʣʷʪʴ ATR, ʧʝʨʝʡʜʸʤ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʧʨʠʤʝʨʦʚ ʪʘʢʠʭ 

ʩʪʨʫʢʪʫʨ ʠʣʠ ʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʙʳʩʪʨʳʡ ʧʫʪʴ ʢ ʥʠʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʤʦʞʝʤ ʧʦʣʫʯʠʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʉɻɻ ʜʦ ʥʘʯʘʣʘ 

ʨʘʩʯʝʪʘ ʝʛʦ ATR. ɺ ʵʪʦʤ ʛʠʧʝʨʛʨʘʬʝ ʤʥʦʛʠʝ ʨʝʙʨʘ ʤʦʛʫʪ ʩʪʘʪʴ ʧʨʦʩʪʳʤʠ, ʩʦʝʜʠʥʷʶʱʠʤʠ 

ʪʦʣʴʢʦ ʧʘʨʳ ʫʟʣʦʚ. ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʥʝʢʦʪʦʨʳʝ ʛʠʧʝʨʨʝʙʨʘ ʦʩʪʘʶʪʩʷ. ʅʘ ʈʠʩ. 3 

ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ, ʢʦʛʜʘ ʧʦʩʣʝ ʨʝʜʫʢʮʠʠ ʉɻɻ ʦʩʪʘʶʪʩʷ ʜʚʘ ʛʠʧʝʨʨʝʙʨʘ, ʩʦʝʜʠʥʝʥʥʳʝ 

ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʦʩʪʳʤʠ ʨʝʙʨʘʤʠ. ʕʪʦʪ ʧʨʠʤʝʨ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

2.3. ʉʪʨʫʢʪʫʨʳ ʉɻɻ, ʧʦʟʚʦʣʷʶʱʠʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʧʦʣʫʯʝʥʠʝ ATR 

ʇʨʝʞʜʝ ʚʩʝʛʦ ʵʪʦ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʚʩʝ ʤʫʣʴʪʠʨʸʙʨʘ ʧʨʝʚʨʘʱʘʶʪʩʷ ʚ ʧʨʦʩʪʳʝ, ʪ.ʝ. 

ʩʦʝʜʠʥʷʶʪ ʪʦʣʴʢʦ ʧʘʨʳ ʚʝʨʰʠʥ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʡʪʠ ʢ ʨʘʩʯʸʪʫ ATR ʩʣʫʯʘʡʥʦʛʦ ʛʨʘʬʘ, 

ʜʣʷ ʯʝʛʦ ʠʤʝʶʪʩʷ ʠʟʚʝʩʪʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʧʨʦʛʨʘʤʤʥʳʝ ʩʨʝʜʩʪʚʘ. 

ʈʘʩʩʤʦʪʨʠʤ ʜʚʘ ʩʣʫʯʘʷ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʉɻɻ ʩ ʥʘʣʠʯʠʝʤ ʧʨʦʩʪʳʭ ʨʸʙʝʨ. 

ʇʫʩʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʜʫʢʮʠʠ ʧʦʣʫʯʝʥ ʛʠʧʝʨʛʨʘʬ ʩ ʦʜʥʠʤ ʛʠʧʝʨʨʝʙʨʦʤ ʠ ʚʝʨʰʠʥʦʡ, 

ʩʦʝʜʠʥʸʥʥʦʡ ʩ ʚʝʨʰʠʥʘʤʠ ʵʪʦʛʦ ʛʠʧʝʨʨʝʙʨʘ ʧʨʦʩʪʳʤʠ ʨʸʙʨʘʤʠ (ʈʠʩ. 5). 

 
ʈʠʩ. 5. ɻʠʧʝʨʨʝʙʨʦ ʠ ʚʝʨʰʠʥʘ 
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ɽʩʣʠ ʉɻɻ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʛʦ ʛʠʧʝʨʨʝʙʨʘ ʩ k ʫʟʣʘʤʠ ʠ ʥʘʜʝʞʥʦʩʪʴʶ p0, ʠ ʫʟʣʘ, 

ʢʦʪʦʨʳʡ ʩʚʷʟʘʥ ʩʦ ʚʩʝʤʠ ʠʟ ʥʠʭ (ʩʤ. ʈʠʩ. 5), ʪʦ ʤʳ ʠʤʝʝʤ ʦʯʝʚʠʜʥʦʝ 

( ) ( )0 0

1 1

( ) 1 1 1 .
k k

i i

i i

R HG p p p p
= =

è ø
= - - + -é ù
ê ú
Ô Ô                            (6) 

ɽʩʣʠ ʞʝ ʫ ʥʘʩ ʝʩʪʴ ʧʘʨʘ ʛʠʧʝʨʨʝʙʝʨ ʩ ʥʘʜʸʞʥʦʩʪʷʤʠ ɟ1 ʠ ɟ2, ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʝʥʳ m 

ʧʨʦʩʪʳʤʠ ʨʸʙʨʘʤʠ, ʥʝ ʦʙʨʘʟʫʶʱʠʤʠ ʜʝʨʝʚʦ ʠ ʠʤʝʶʱʠʤʠ ʥʘʜʸʞʥʦʩʪʠ p1,p2,é,pm, ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʤʝʞʜʫ ʥʝʢʦʪʦʨʳʤʠ (ʤʦʞʝʪ ʙʳʪʴ ʦʜʥʠʤ) k Ò m ʜʝʨʝʚʴʷʤʠ Ti, ʢʘʞʜʦʝ ʠʟ 

ʢʦʪʦʨʳʭ ʠʤʝʝʪ si, i=1,é,k ʨʸʙʝʨ, ʪʦ ʫ ʥʘʩ ʝʩʪʴ ʩʣʝʜʫʶʱʠʝ ʚʦʟʤʦʞʥʦʩʪʠ: 

¶ ʦʙʘ ʛʠʧʝʨʨʸʙʨʘ ʥʘʜʸʞʥʳ; 

¶ ʦʜʥʦ ʛʠʧʝʨʨʸʙʨʦ ʥʘʜʸʞʥʦ, ʜʨʫʛʦʝ ʥʝʪ; 

¶ ʦʙʘ ʛʠʧʝʨʨʸʙʨʘ ʥʝʥʘʜʸʞʥʳ. 

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʜʣʷ ʩʚʷʟʥʦʩʪʠ ʜʦʩʪʘʪʦʯʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʣʶʙʦʛʦ ʧʨʦʩʪʦʛʦ ʨʝʙʨʘ, 

ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʭʦʪʷ ʙʳ ʦʜʥʦ ʧʨʦʩʪʦʝ ʨʝʙʨʦ ʚ ʩʚʷʟʥʦʤ ʧʦʜʤʥʦʞʝʩʪʚʝ ʠʟ ʥʠʭ ʜʦʣʞʥʦ 

ʙʳʪʴ ʥʘʜʸʞʥʳʤ, ʚ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʚʩʝ ʧʨʦʩʪʳʝ ʨʝʙʨʘ ʜʦʣʞʥʳ ʙʳʪʴ ʥʘʜʸʞʥʳʤʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʤʝʝʤ 

( )1 2 1 2 1 2

1 1

( ) [ (1 ) (1 ) ] 1 1 .
i

k m

e i

i e T i

R HG p prr r r r r
= Í =

è ø
= + - + - - - +é ù

ê ú
Ô Ô Ô          (7) 

ɽʩʪʴ ʜʚʘ ʢʨʘʡʥʠʭ ʩʣʫʯʘʷ: ʚʩʝ ʧʨʦʩʪʳʝ ʨʝʙʨʘ ʩʦʝʜʠʥʝʥʳ ʚ ʜʝʨʝʚʦ, ʠ ʚʩʝ ʵʪʠ ʨʝʙʨʘ 

ʥʝʩʤʝʞʥʳ. 

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʠʤʝʝʤ 

( )1 2 1 2 1 2

1 1

( ) [ (1 ) (1 ) ] 1 1 ,
k m

i i

i i

R HG p prr r r r r
= =

è ø
= + - + - - - +é ù

ê ú
Ô Ô           (8) 

ʠ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

1 2 1 2

1

( ) (1 ) .
m

i

i

R HG prr rr
=

= + - Ô           (9) 

 
ʈʠʩ. 6. ʇʘʨʘ ʛʠʧʝʨʨʸʙʝʨ, ʩʦʝʜʠʥʸʥʥʳʭ ʧʨʦʩʪʳʤʠ ʨʸʙʨʘʤʠ 

3. ʇʘʨʥʘʷ ʩʚʷʟʥʦʩʪʴ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʡ ʧʦʢʘʟʘʪʝʣʠ 

ʇʘʨʥʘʷ (sït) ʩʚʷʟʥʦʩʪʴ (Rst(HG)), ʠʣʠ ʩʚʷʟʥʦʩʪʴ ʚʳʜʝʣʝʥʥʦʡ ʧʘʨʳ ʚʝʨʰʠʥ, ʠʤʝʝʪ 

ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ, ʪʘʢ ʠ ʩʣʫʞʠʪ ʦʩʥʦʚʦʡ ʜʣʷ ʜʚʫʭ ʚʘʞʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ 

ʩʚʷʟʥʦʩʪʠ ʩʝʪʝʡ. ʇʝʨʚʳʡ ʠʟ ʥʠʭ ï ʵʪʦ ʚʝʨʦʷʪʥʦʩʪʴ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʘʨʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚ ʩʝʪʠ ʩ ʥʝʥʘʜʸʞʥʳʤʠ ʩʚʷʟʷʤʠ, APC. ʕʪʦʪ ʧʦʢʘʟʘʪʝʣʴ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ 

ʩʨʝʜʥʝʝ ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ ʚʝʨʦʷʪʥʦʩʪʝʡ ʩʚʷʟʥʦʩʪʠ ʚʩʝʭ ʧʘʨ ʚʝʨʰʠʥ ʣʠʙʦ ʢʘʢ ʜʦʣʷ ʩʚʷʟʥʳʭ 

ʧʘʨ, ʜʣʷ ʯʝʛʦ ʨʘʟʨʘʙʦʪʘʥʳ ʩʧʝʮʠʘʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ [8]. ɼʨʫʛʦʡ ʚʘʞʥʳʡ ʧʦʢʘʟʘʪʝʣʴ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ sït ʩʚʷʟʥʦʩʪʠ, ʵʪʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʞʠʜʘʥʠʝ ʯʠʩʣʘ ʚʝʨʰʠʥ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʥʝʢʦʪʦʨʦʡ ʚʳʜʝʣʝʥʥʦʡ (ʮʝʥʪʨʘʣʴʥʦʡ) ʚʝʨʰʠʥʦʡ. ʕʪʦʪ ʧʦʢʘʟʘʪʝʣʴ (ʦʙʦʟʥʘʯʠʤ ʢʘʢ 

( )HG ) ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʢʘʯʝʩʪʚʦ ʩʝʪʝʡ ʤʦʥʠʪʦʨʠʥʛʘ: ʚ ʢʘʯʝʩʪʚʝ ʮʝʥʪʨʘʣʴʥʦʡ ʚʝʨʰʠʥʳ 
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ʚʳʩʪʫʧʘʝʪ ʦʙʨʘʙʘʪʳʚʘʶʱʠʡ ʢʦʤʧʴʶʪʝʨ, ʪʦʛʜʘ ʢʘʢ ʦʩʪʘʣʴʥʳʝ ʚʝʨʰʠʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʜʘʪʯʠʢʘʤ. ɼʣʷ ʧʨʦʩʪʦʪʳ ʧʦʣʘʛʘʝʤ, ʯʪʦ ʮʝʥʪʨʘʣʴʥʘʷ ʚʝʨʰʠʥʘ ʠʤʝʝʪ ʥʦʤʝʨ 1 ʠ ʘʙʩʦʣʶʪʥʦ 

ʥʘʜʸʞʥʘ. ʆʩʥʦʚʥʘʷ ʬʦʨʤʫʣʘ ʚʳʯʠʩʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʠʤʝʝʪ ʚʠʜ 

0

1

( ) 1 ( ).
n

i

i

HG R HG
=

= +ä                                   (10) 

ɺʩʝ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʧʨʘʚʠʣʘ ʨʝʜʫʢʮʠʠ ʉɻɻ ʠ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʦʚ ʪʘʢʞʝ 

ʧʨʠʤʝʥʠʤʳ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʧʘʨʥʦʡ ʩʚʷʟʥʦʩʪʠ. ʅʝʦʙʭʦʜʠʤʦ ʣʠʰʴ ʠʤʝʪʴ ʚʚʠʜʫ, ʯʪʦ ʧʨʠ 

ʧʨʠʤʝʥʝʥʠʠ ʇʨʘʚʠʣʘ 1 ʚ ʩʣʫʯʘʝ ʟʘʜʝʡʩʪʚʦʚʘʥʠʷ ʮʝʥʪʨʘʣʴʥʦʡ ʚʝʨʰʠʥʳ, ʥʦʚʘʷ 

ʦʙʲʝʜʠʥʸʥʥʘʷ ʚʝʨʰʠʥʘ ʩʘʤʘ ʩʪʘʥʦʚʠʪʩʷ ʮʝʥʪʨʘʣʴʥʦʡ. ʇʨʠ ʵʪʦʤ ʚʩʝ ʦʙʲʝʜʠʥʸʥʥʳʝ 

ʚʝʨʰʠʥʳ ʧʨʠʦʙʨʝʪʘʶʪ ʚʝʩʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʣʠʯʝʩʪʚʫ ʦʙʲʝʜʠʥʸʥʥʳʭ ʚʝʨʰʠʥ. ʊʦʛʜʘ 

ʬʦʨʤʫʣʘ (10) ʧʨʠʥʠʤʘʝʪ ʚʠʜ 

0 0

1

( ) ( ) .
n

i i

i

HG w R HG w
=

= +ä                  (11) 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʜʦʢʣʘʜʝ ʤʳ ʦʙʩʫʜʠʣʠ ʚʦʟʤʦʞʥʦʝ ʫʩʢʦʨʝʥʠʝ ʚʳʯʠʩʣʝʥʠʷ 

ʥʝʢʦʪʦʨʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʩʚʷʟʥʦʩʪʠ ʩʣʫʯʘʡʥʦʛʦ ʛʠʧʝʨʛʨʘʬʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ, ʧʨʠʤʝʥʷʷ 

ʥʝʢʦʪʦʨʳʝ ʧʨʘʚʠʣʘ, ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʨʘʟʤʝʨʥʦʩʪʴ RHG ʚ ʩʣʫʯʘʝ ʠʭ 

ʚʳʯʠʩʣʝʥʠʷ. ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʧʦʨʷʜʦʢ ʚʳʙʦʨʘ ʛʠʧʝʨʨʸʙʝʨ ʚ ʧʨʦʮʝʩʩʝ ʬʘʢʪʦʨʠʟʘʮʠʠ ʚ 

ʩʣʫʯʘʝ ʠʭ ʧʝʨʝʩʝʯʝʥʠʷ. ʅʘʰʠ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʩʘʶʪʩʷ ʧʨʠʤʝʥʝʥʠʷ 

ʘʥʘʣʦʛʠʯʥʦʡ ʤʝʪʦʜʠʢʠ ʢ ʚʳʯʠʩʣʝʥʠʶ ʜʨʫʛʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʥʘʜʝʞʥʦʩʪʠ ʠ ʜʨʫʛʠʭ ʬʫʥʢʮʠʡ 

ʩʣʫʯʘʡʥʳʭ ʛʠʧʝʨʛʨʘʬʦʚ, ʦʨʛʘʥʠʟʘʮʠʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʤʦʡ ʤʝʪʦʜʠʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʫʤʫʣʷʪʠʚʥʳʭ ʦʮʝʥʦʢ 

ʧʦʢʘʟʘʪʝʣʝʡ ʥʘʜʝʞʥʦʩʪʠ. 
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Abstract. This study introduces an integrated methodology for the interpretation of ground-

penetrating radar (GPR) data that unites engineering survey techniques, advanced digital signal 

processing algorithms, and the solution of multidimensional inverse electrodynamic problems using the 

finite-difference time-domain (FDTD) method. The proposed framework enhances the reliability and 

accuracy of reconstructing parameters of stratified and multilayered media. The methodology was 

validated on field data obtained from road pavement surveys in Kazakhstan with the OKO-2 GPR 

system. Experimental results demonstrate its effectiveness for the detection and diagnosis of structural 

defects and material inhomogeneities in road constructions, thereby confirming its applicability for 

practical pavement condition assessment. 

Keywords: ground-penetrating radar, radargram interpretation, multidimensional inverse 

problems, integrated methodology, pavement diagnostics 

. 

1 Introduction  

Ground-penetrating radar (GPR) is recognized as one of the most advanced and promising 

techniques for the non-destructive evaluation of engineering structures. In global practice, GPR has been 

successfully employed for the inspection of airfields, bridges, and both railway and highway pavements 

[1ï5]. Its primary advantage lies in the ability to detect hidden defects and subsurface anomalies without 

causing damage to the structure. 

In the context of Kazakhstan, harsh climatic conditions, significant seasonal temperature 

fluctuations, and high traffic loads accelerate the degradation of road pavements. This situation 

highlights the urgent need for reliable diagnostic tools capable of providing timely and accurate 

assessments of pavement condition. Nevertheless, the interpretation of GPR data remains a challenging 

problem. The main difficulties arise from the variability of the electrophysical properties of construction 

materials, the heterogeneous and multilayered nature of road structures, and the presence of noise in the 

recorded signals. 

Existing approaches often rely either on empirical interpretations or on simplified models, which 

may lead to substantial uncertainties in the evaluation of pavement condition. These limitations 

underline the necessity for a more rigorous and integrated methodology. 

The present study addresses this gap by introducing a comprehensive interpretation framework 

that combines engineering survey techniques, advanced digital signal processing algorithms, and the 

solution of multidimensional inverse electrodynamic problems using the finite-difference time-domain 

(FDTD) method. This integration not only improves the accuracy and robustness of parameter 

reconstruction in multilayered media but also provides a scientifically grounded basis for practical 

diagnostics of road pavements under real operating conditions. 

2. Methodology of Interpretation 

2.1. Engineering and Technical Methods 

The quality of ground-penetrating radar (GPR) data interpretation is largely determined by the 

conditions under which the survey is conducted [6ï7]. Even when applying advanced digital signal 

processing algorithms, the reliability of the results can be significantly reduced if the raw data are 

obtained in violation of technical requirements. Therefore, the developed methodology incorporates a 

set of engineering and technical procedures aimed at improving the accuracy and reproducibility of 

measurements. 

Optimal selection of sounding frequency. The choice of antenna operating frequency is defined 

by the required balance between penetration depth and resolution. For the survey of road pavements, the 

OKO-2 GPR system was employed with antenna frequencies in the range of 400ï1200 MHz. Low-

frequency antennas (400 MHz) provide signal penetration up to 1.5ï2.0 m, making it possible to detect 

defects in the subbase and lower structural layers [8ï9]. High-frequency antennas (1000 MHz) are used 

mailto:ainurkussainova89@gmai.com
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to investigate the upper asphalt-concrete layers, cracks, moisture-saturated zones, and local 

inhomogeneities. Combining datasets obtained from different frequency ranges enables a more 

comprehensive assessment of pavement condition. 

Equipment calibration. Prior to each survey cycle, calibration of the transmitting and receiving 

subsystems was performed. This procedure minimized systematic errors associated with the 

characteristics of a specific antenna block, temperature variations, and instrumental drift. Calibration 

included sensitivity adjustment, stability control of the emitted pulse waveform, and verification of 

synchronization. Such preliminary tuning ensured comparability of results across different measurement 

series. 

Multiple passes along a profile. To increase diagnostic reliability, repeated passes over the same 

profile were conducted, followed by data averaging. Field practice demonstrated that repeated 

measurements reduce random noise levels by 15ï20% and help compensate for local anomalies caused 

by surface irregularities. As a result, an averaged radargram was obtained, offering greater informational 

content and stability. 

Additional engineering measures. A number of organizational procedures were also applied 

during field surveys: 

ï control of survey vehicle speed to eliminate scale distortions along the time axis; 

ï application of GPS for precise georeferencing of profiles to geographic coordinates; 

ï stabilization of external conditions, including monitoring of weather factors, since abrupt changes in 

temperature and humidity may affect the electrophysical properties of road materials. 

The field experiments were carried out using a mobile road-diagnostic laboratory of the National 

Center for Quality of Road Assets, equipped with the OKO-2 GPR system and antenna blocks ABï

400R and ABï1000R. 

 

 
 

Fig. 1. Field experimental investigations conducted in Kazakhstan. 

 

Collectively, the above engineering and technical methods form the foundation of the proposed 

comprehensive methodology. They ensure the acquisition of high-quality raw data, which can 

subsequently be effectively processed and interpreted using digital algorithms and methods for solving 

inverse problems. 

2.2. Digital Signal Processing 

An integral part of the proposed methodology is the digital processing of GPR signals, which 

enables the extraction of informative components and the suppression of noise effects [10ï11]. At this 

stage, the data become clearer and more suitable for subsequent interpretation. 

The Hilbert transform is one of the most effective tools for GPR signal processing, as it allows the 

extraction of the envelope of the wave process. Mathematically, the Hilbert transform H{x(t)} of a real 

signal x(t) is defined as: 

 

H{x(t)} = (1/ )́ P.V. Ú_{-Ð}^{Ð} x(Ű)/(t-Ű) dŰ , 

 

where P.V. denotes the Cauchy principal value of the integral. 

Using the Hilbert transform, the analytic signal can be constructed as: 

 

z(t) = x(t) + j H{x(t)}, 
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whose modulus yields the envelope: 

 

A(t) = |z(t)| = sqrt( xĮ(t) + (H{x(t)})Į ). 

This representation makes it possible to evaluate the temporal distribution of energy more 

explicitly. It is particularly important in multilayered media, where reflections from different interfaces 

overlap and complicate interpretation [12]. As a result, the boundaries between pavement layersðsuch 

as asphalt-concrete, crushed-stone base, and soil subgradeðbecome distinctly identifiable. 

In conditions of high noise, the Hilbert transform also helps suppress minor fluctuations and 

highlight only the regions corresponding to real structural boundaries. Consequently, the processed 

radargram acquires a more ñsmoothedò appearance, which significantly facilitates interpretation both 

for experienced specialists and for automated analysis algorithms. 

Figure 2 demonstrates the Hilbert transform for a four-layered relief medium with a velocity 

minimum in the bottom layer (the structure of the model medium is presented in Figure 9). The first 

black point (local maxima) indicates the transition from air to ground, while the subsequent points 

correspond to boundaries between successive layers. The orange curve represents the solution of the 

original forward problem, whereas the purple curve corresponds to the Hilbert-transformed solution. 

 

 
 

Fig 2. Typical Hilbert transform of a pavement radargram for a four-layered medium with a 

velocity minimum in the bottom layer. 

 

Comparison with wavelet analysis. While the Hilbert transform is highly effective for envelope 

extraction and enhancing layer boundaries, it operates in the time domain and primarily improves the 

visibility of overlapping reflections. In contrast, wavelet analysis provides a joint timeïfrequency 

representation of the signal, making it more suitable for detecting localized anomalies, moisture zones, 

or transient features. Thus, the two methods are complementary: the Hilbert transform emphasizes the 

global energy distribution and smooths radargrams for structural interpretation, whereas wavelet 

transforms enable multiscale detection of fine-scale heterogeneities. The combined application of these 

approaches significantly expands the diagnostic capabilities of GPR data processing. 

2.3. Radargram Interpretation 

After applying the Hilbert transform, the signal becomes more distinct and suitable for further 

interpretation. At this stage, the CartScan software package was employed, providing visualization of 

the multilayered pavement structure and the step-by-step delineation of its layers. 

CartScan offers a functionality for sequential interpretation: at the first stage, the boundary 

between air and the pavement surface is identified; subsequently, the upper asphalt layer is determined; 

and finally, all remaining structural layers, including the crushed-stone base and the soil subgrade, are 

delineated (Figure 3). 

In addition to manual analysis, CartScan supports automated tools for layer boundary detection, 

the adjustment of gain and filtering parameters, and the comparison of radargrams with calibration data. 

These features make it possible to reduce the subjectivity of expert interpretation and increase 

reproducibility. The software also allows exporting processed radargrams and interpretation results in 

standardized formats, which facilitates their integration into further processing workflows, including 

inverse modeling and database compilation. 
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Fig 3. Step-by-step interpretation of pavement radargrams in CartScan software. 

 

2.4. Solution of Inverse Problems: Multidimensional FDTD Method 

To refine the characteristics of the subsurface medium, the proposed methodology employs the 

solution of inverse problems using the multidimensional finite-difference time-domain (FDTD) method 

[13ï14]. 

The FDTD method is based on the discretization of Maxwellôs equations on a spatial grid and 

the step-by-step simulation of electromagnetic wave propagation in time. This makes it possible to 

obtain a detailed picture of the interaction between the electromagnetic field and heterogeneous media, 

including reflections, refractions, and scattering. 

Maxwellôs curl equations in differential form are expressed as: 

 

    ɳ  Ĭ E = -ɛ ÖH/Öt, 

 

 ɳĬ H = ůE + Ů ÖE/Öt, 

 

where E and H are the electric and magnetic field vectors, Ů is the dielectric permittivity, ɛ is 

the magnetic permeability, and ů is the electrical conductivity of the medium. 

In the FDTD approach, the spatial domain is divided into a discrete mesh, and the fields are 

updated iteratively using Yeeôs scheme, which provides a staggered grid arrangement of electric and 

magnetic field components. For example, the update equation for the Ex component can be written as: 

Ex^{n+1}(i,j,k) = Ex^n(i,j,k) + (ȹt/Ů) * ((Hz^{n+1/2}(i,j+1,k) - Hz^{n+1/2}(i,j,k))/ȹy ï

(Hy^{n+1/2}(i,j,k+1) - Hy^{n+1/2}(i,j,k))/ȹz). 

Similar update equations are derived for other field components.  

Advantages of the FDTD method: 

ï Multidimensional analysis: Supports 2D and 3D modeling of pavement structures, 

accounting for stratigraphy and inhomogeneities. 

ï High accuracy: Provides more reliable estimation of dielectric permittivity (Ů) and 

conductivity (ů) than one-dimensional models. 

ï Versatility: Applicable to both regular multilayered media and models with defects 

(voids, water-saturated zones, underground utilities). 

ï Validation with experiment: Numerical radargrams from FDTD can be directly 

compared with real field measurements, increasing the reliability of interpretation. 

ï  



77  

 
Fig 4. Result of multidimensional FDTD modeling: synthetic radargram of a multilayered 

pavement structure with a localized anomaly. 

 

3. Experimental Investigations 

The field investigations were carried out on road sections in the Akmola region using a mobile 

road-diagnostic laboratory of the National Center for Quality of Road Assets, equipped with OKO-2 

ground-penetrating radar systems with antenna blocks AB-400R and AB-1000R. As an example, Figure 

5 shows the application of signal denoising and noise suppression techniques for the AB-1000R antenna 

block. One of the radargrams obtained during the survey is presented in Figure 5. 

 

 

Fig 5. Experimental radargram. 

A database of radargrams has been compiled, including various types of pavement structures: 

asphalt concrete, crushed stone, and soil subgrade. Detected defects, such as voids and water-saturated 

zones, were verified through coring. 

To ensure the reliability of interpretation, the results of radargram analysis were cross-validated 

with direct field tests. Cores extracted from representative locations were subjected to laboratory 

measurements of density, moisture content, and material composition. This made it possible to establish 

correlations between anomalies in the radargrams and the actual physical condition of the pavement 

layers. Additionally, repeated surveys under different seasonal and weather conditions were performed 

to evaluate the influence of temperature and moisture variations on the recorded signals. Such validation 

procedures confirmed the robustness of the proposed methodology and the applicability of GPR 

diagnostics to road structures under real operating conditions. 

4. Conclusion 

This study has developed and validated a comprehensive methodology for the interpretation of 

ground-penetrating radar (GPR) data, designed specifically for the diagnostics of multilayer pavement 

structures. The methodology integrates engineering survey techniques, advanced digital signal 

processing, and multidimensional inverse problem solving based on the finite-difference time-domain 

(FDTD) method. 

The key outcomes can be summarized as follows: 



78  

The combination of engineering procedures with digital preprocessing (noise filtering, 

amplitude correction, and migration) ensures the acquisition of high-quality radargrams suitable for 

robust analysis. 

The application of the Hilbert transform enhances signal clarity and improves the visibility of 

multilayer boundaries, thereby facilitating step-by-step interpretation in specialized software such as 

CartScan. 

The use of multidimensional FDTD modeling provides a reliable tool for refining dielectric and 

conductive parameters of pavement layers and increases the accuracy of defect detection, including 

voids and water-saturated zones. 

The integrated approach significantly enhances the reliability of thickness determination and the 

diagnostic capability of GPR for real pavement conditions in Kazakhstan. 

The developed methodology not only demonstrates strong agreement between synthetic and 

experimental radargrams but also proves its practical efficiency when validated against coring results. 

Limitations and future work. The main limitation of the methodology lies in the high 

computational cost of full 3D FDTD simulations, which require high-performance computing resources. 

Future research will focus on the optimization of numerical algorithms, the integration of machine 

learning for automated layer boundary detection, and the extension of the methodology to large-scale 

road network monitoring. 

In conclusion, the proposed framework establishes a universal and scientifically grounded tool 

for pavement diagnostics, with clear potential for adaptation to other engineering applications of GPR 

technology. 
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Abstract 

This work presents an interactive cellular-automaton framework that models the interplay 

between formal incompleteness, self-reference, and emergent conscious- ness in a uniýed 

simulation. Building on Gºdelôs First and Second Incompleteness Theorems [1]  and the 

LucasPenrose argument [2, 3], our system extends Conway- style rules to eleven discrete cell 

states including provable true/false, Gºdel sen- tences, mechanical computation, conscious 

insight, self-reference, strange loops, and mathematical intuition. Users adjust parameters 

governing system complex- ity, Gºdel sentence strength, consistency level, understanding 

capacity, and intu- ition to observe how formal systems evolve over time. A dynamic grid visual- 

izes cell-state transitions and an optional heatmap highlights regions of high activ- ity, while 

real-time statistics track generation count, entropy, completeness ratio, provable versus 

undecidable proportions, and an emergent consciousness metric. Specialized ñexperimentsò 

demonstrate key phenomena: the Lucas argument (con- trast of mechanical vs. conscious 

regions), the Penrose e ect (conscious resolution of undecidable statements), and strange-loop 

formation [5]. Results reveal that higher understanding capacity and intuition foster resolution 

of Gºdel-type un- decidability and support sustained ñconsciousò patterns, whereas low 

consistency leads rapidly to contradictions. This platform o ers a novel computational sand- 

box for exploring uncomputability, self-reference paradoxes, and the potential non- algorithmic 

aspects of consciousness. The interactive simulation can be accessed at 

https://huggingface.co/spaces/Volkan36/g-del-incompleteness. 

Keywords: cellular automaton, Gºdel incompleteness, uncomputability, consciousness 

emergence, LucasPenrose argument, strange loop, self-reference, simulation, entropy, for- mal 

systems. 

 

1 INTRODUCTION  

The relationship between formal mathematical systems, computational processes, and 

human consciousness remains one of the most profound questions in philosophy of mind and 

theoretical computer science. In 1931, Kurt Gºdel demonstrated that any consistent formal system 

capable of expressing elementary arithmetic must be incomplete [1]there exist true statements 

within the system that cannot be proven using the systemôs axioms and rules of inference. This 

revolutionary discovery, formalized in his First and Second In- completeness Theorems, 

fundamentally altered our understanding of mathematical truth and the limits of formal reasoning. 

Building upon Gºdelôs work, Alan Turing [12] and Alonzo Church [13] further explored the 

boundaries of computability, establishing that certain problems are inherently unde- cidable by any 

algorithmic means. These foundational results in logic and computation set the stage for later 

philosophical inquiries into the nature of mind. 

Decades later, J.R. Lucas [2] and Roger Penrose [3, 4] independently argued that 

Gºdelôs theorems have profound implications for the mind-machine debate. The Lucas- Penrose 

argument posits that if  human mathematical understanding were purely algo- rithmicequivalent 

to a Turing machinethen it too would be subject to Gºdelôs limita- tions. However, 

mathematicians can recognize the truth of Gºdel sentences (statements that assert their own 

unprovability), suggesting that human consciousness involves non- algorithmic processes that 

transcend mere computation. 

mailto:volkan.duran@igdir.edu.tr
mailto:elman.hazar@igdir.edu.tr
https://huggingface.co/spaces/Volkan36/g-del-incompleteness
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Douglas Hofstadter further enriched this discourse by introducing the concept of 

ñstrange loopsò [5, 6]self-referential structures that loop back upon themselves in hier- archical 

systems. Hofstadter proposed that consciousness emerges from su ciently com- plex strange loops, 

where a systemôs ability to reference and reþect upon itself gives rise to subjective experience and 

understanding. This idea resonates with earlier notions of self-reference in logic and extends 

them into the realm of cognitive science. 

 

1.1 Motivation  and Objectives 

Despite extensive theoretical debate, few computational frameworks have attempted to 

model the dynamic interaction between formal incompleteness, self-reference, and con- sciousness 

emergence. Cellular automata (CA), pioneered by John von Neumann [7] and popularized by John 

Conwayôs Game of Life [8], provide an ideal substrate for such explo- ration due to their ability to 

generate complex emergent behavior from simple local rules. Stephen Wolframôs work on cellular 

automata [14] further demonstrated their potential for modeling complex systems, including those 

exhibiting computational universality [15]. This work introduces an enhanced cellular automaton 

speciýcally designed to simulate: 

1. The emergence and propagation of Gºdel sentences within a formal system 

2. The distinction between mechanical computation and conscious insight 

3. The formation of self-referential structures and strange loops 

4. The role of mathematical intuition in resolving undecidability 

5. The consequences of system inconsistency and contradiction 

Our simulation extends traditional binary or ternary CA states to eleven distinct cat- 

egories, each representing fundamental concepts from mathematical logic, computation   theory, 

and philosophy of mind. By manipulating parameters such as understanding capacity, 

mathematical intuition, and consistency level, users can explore how di erent cognitive and 

systemic properties inþuence the evolution of formal systems. This interac- tive approach allows for 

real-time experimentation, bridging abstract theory with concrete computational visualization. 

The primary objectives are to: - Provide a visual and quantitative demonstration of 

Gºdelôs incompleteness in action - Model the Lucas-Penrose distinction between al- gorithmic 

and non-algorithmic processes - Simulate the emergence of consciousness-like phenomena through 

strange loops - Investigate parameter dependencies in the resolu- tion of undecidable statements 

- O er an open-source platform for further research in computational philosophy 

 

2 RELATED  WORK  

While our work is novel in its integration of Gºdelôs incompleteness, consciousness, and 

cellular automata, it draws upon several related areas. 

In computational models of logic and undecidability, e orts have been made to simu- late 

Gºdelôs theorems using programming languages or formal systems, but few use spatial dynamics like 

CA. For instance, Langtonôs work on computation at the edge of chaos [16] explores emergent 

computation in CA, which inspires our complexity parameter. 

Philosophical simulations of consciousness include Dennettôs multiple drafts model [17] and 

Tononiôs integrated information theory [18], which quantify consciousness but do not directly 

incorporate logical incompleteness. Penrose and Hameroôs Orch-OR theory [19] proposes 

quantum mechanisms for consciousness, which could inspire future quantum extensions of our 

CA. 

Other CA-based models of consciousness or self-reference exist in artiýcial life research, but 

none speciýcally target the Gºdel-Lucas-Penrose nexus. Our work ýlls this gap by providing a 

dedicated framework for these intersections. 

 

3 THEORETICAL  BACKGROUND  

3.1 Gºdelôs Incompleteness Theorems 
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Gºdelôs First Incompleteness Theorem states: 

[First Incompleteness Theorem [1]]  Any consistent formal system F within which a 

certain amount of elementary arithmetic can be carried out is incomplete; i.e., there exist 

statements of the language of F which can neither be proved nor disproved in F . 

The proof constructs a sentence G that essentially states ñThis sentence is not provable in F 

.ò If F could prove G, then G would be false (since it claims to be unprovable), making F 

inconsistent. If F could disprove G, then G would be true (since it would indeed be unprovable), 

again yielding inconsistency. Therefore, if  F is consistent, G must be undecidable within F . This 

self-referential construction is achieved through Gºdel numbering, mapping statements to 

arithmetic expressions. 

The Second Incompleteness Theorem extends this result: 

[Second Incompleteness Theorem [1]]  No consistent formal system F can prove its own 

consistency. Formally, if  Con(F ) is a statement expressing the consistency of F , then F Ṿ Con(F 

). These theorems impose fundamental limits on what can be achieved through formal axiomatic 

methods, with profound implications for mathematics, logic, and computer science. They also 

connect to Turingôs halting problem [12], showing equivalence between incompleteness and 

uncomputability. 

 

3.2 The Lucas-Penrose Argument 

Lucas [2] argued that Gºdelôs theorems demonstrate a qualitative dierence between 

human minds and machines. His reasoning proceeds as follows: 

1. If  the human mind were equivalent to a Turing machine M , it would be bound by 

Gºdelôs limitations 

2. For any such machine M , we can construct a Gºdel sentence GM that M cannot 

prove 

3. However, humans can recognize that GM is true by understanding Gºdelôs construc- 

tion 

4. Therefore, human minds cannot be equivalent to Turing machines 

Penrose [3,4] strengthened this argument by emphasizing the distinction between com- 

putation and understanding. He proposed that mathematical insight the ability to ñseeò the truth 

of statements like Gºdel sentences requires non-algorithmic processes, possibly rooted in quantum 

mechanics and the physics of consciousness. Penroseôs view challenges strong AI hypotheses, 

suggesting that true understanding involves phenomena beyond classical computation. 

Critics have raised several objections [9, 10], including: 

Ɉ Humans might also be subject to Gºdel limitations without recognizing them 

Ɉ The argument assumes humans can reliably identify consistency in formal systems 

Ɉ Mathematical intuition may itself be algorithmic, just highly complex 

Ɉ The recognition of GM ôs truth relies on meta-system reasoning, which machines 

could also perform in principle 

Our simulation does not aim to resolve this debate deýnitively, but rather to provide a 

computational laboratory where these ideas can be explored dynamically, allowing users to observe 

simulated ñmindsò grappling with undecidability. 

 

3.3 Strange Loops and Consciousness 

Hofstadterôs concept of strange loops [5, 6] describes hierarchical systems where moving 

upward or downward through levels eventually returns to the starting point a kind of self- referential 

paradox encoded in structure. Examples include Escherôs visual paradoxes, Bachôs musical 

canons, and Gºdelôs self-referential sentences. 

Hofstadter proposed that consciousness itself emerges from strange loops in the brain- 

speciýcally, from the brainôs ability to create self-models that reference and reþect upon 

themselves. This recursive self-reference, when su ciently complex, gives rise to the sub- jective 
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experience of being a conscious entity. This view aligns with Nagelôs philosophical question of 

ñwhat it is likeò to be conscious [20], suggesting that subjectivity arises from internal 

representational loops. 

In our CA framework, strange loops emerge when self-referential cells cluster and 

interact in ways that create feedback cycles, potentially giving rise to higher-order patterns that 

represent ñconsciousò understanding. This provides a simpliýed model for testing Hofstadterôs 

ideas computationally. 

 

4 METHODOLOGY  

4.1 Cellular  Automaton Architecture 

Our system employs a two-dimensional rectangular grid of dimensions W Ĭ H (default: 

200 Ĭ 120 cells). Each cell (x, y) occupies one of eleven possible states at each discrete time 

step t: 

Table 1: Cell State Deýnitions 

 

State Sy

mbol 

Interpretation  

Empty S0 Uninitialized, no statement 

Provable True S1 Statement provably true in 

system 

Provable False S2 Statement provably false in 

system 

Gºdel Sentence S3 Undecidable statement 

Inconsistent S4 Contradiction detected 

Meta-Statement S5 Statement about the system 

Mechanical 

Computation 

S6 Algorithmic processing 

Conscious Insight S7 Non-algorithmic understanding 

Self-Reference S8 Statement referring to itself 

Strange Loop S9 Hofstadterôs paradoxical 

structure 

Mathematical 

Intuition 

S10 Intuitive truth recognition 

 

Each cellôs next state is determined by examining its eight-neighbor Moore neigh- 

borhood and applying transition rules that encode logical relationships between states. The grid 

uses toroidal boundary conditions to simulate an inýnite space, preventing edge e ects. 

 

4.2 Evolution Rules 

The transition function ŭ : S Ĭ N Ÿ S maps current state and neighborhood conýgu- 

ration to next state, where N represents neighbor counts for each state type. Rules are 

probabilistic to model uncertainty in cognitive processes. Key rule classes include: 

4.2.1 Gºdel Sentence Dynamics 

Ɉ Provable states (S1, S2) adjacent to multiple Gºdel sentences (S3) may become un- 

decidable with probability P = g Ā (n3/8)/c, where n3 is the number of S3 neighbors, g is Gºdel 

strength, and c is consistency level 

Ɉ Mechanical computation (S6) encountering Gºdel sentences typically transitions to 

inconsistency (S4), representing algorithmic inability to resolve undecidability, with probability 1 ī 

c 

Ɉ Conscious insight (S7) can resolve Gºdel sentences into mathematical intuition (S10) 

with probability pu Āpi (product of understanding capacity and intuition parameters) 
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4.2.2 Consciousness Emergence 

Ɉ Conscious insight states surrounded by self-reference (S8) may form strange loops 

(S9) if n8 Ó 3 and complexity ə > 5 

Ɉ Mathematical intuition emerges when conscious insight successfully processes Gºdel 

sentences or meta-statements 

Ɉ Strange loops persist and propagate when complexity thresholds are met, with sur- 

vival probability c Ā ɣ 

 

4.2.3 Inconsistency Propagation 

Ɉ Contradictions (S4) spread aggressively to adjacent provable states unless contained 

by conscious states (S7, S9, S10), which can quarantine them with probability pu 

Ɉ Provable true and false states in close proximity trigger inconsistency if  n1 > 0 

and 

n2 > 0 in neighborhood 

Ɉ Low consistency parameter c accelerates contradiction emergence by lowering thresh- 

olds for state changes 

These rules are implemented in a modular fashion, allowing for easy modiýcation and 

extension. 

 

4.3 Simulation Parameters 

Users control ýve key parameters that modulate system behavior: 

 

Table 2: Adjustable Simulation Parameters 

Parameter Symbol Range Description 

Complexity ə [1, 10] 

Controls overall rule 

intricacy and neighborhood 

influence 

Gºdel Strength g 
[0.1, 

1.0] 

Determines likelihood of 

undecidable statement emergence 

Consistency 

Level 
c 

[0.1, 

1.0] 

Measures systemôs 

resistance to contradictions 

Understanding 

Capacity 
pu 

[0.0, 

1.0] 

Ability of conscious states 

to resolve undecidables 

Mathematical 

Intuition 
pi 

[0.0, 

1.0] 

Strength of intuitive truth 

recognition 

Parameters are adjustable via sliders in the interactive interface, enabling real-time 

experimentation. 

 

4.4 Metrics and Analysis 

The simulation tracks multiple quantitative metrics, updated each generation: 
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Tracked over time to assess resolution e ciency. 

Additional visualizations include a heatmap of activity (state changes per cell) and time-

series plots of metrics. 

4.5 Experimental Protocols 

Four specialized experiments instantiate theoretical scenarios, each with predeýned initial 

conýgurations: 

1. Lucas Argument: Initialize left half with mechanical computation, right half with 

conscious insight, place Gºdel sentences at boundary to observe di erential processing and 

boundary dynamics 

2. Penrose E ect: Fill grid with Gºdel sentences, seed conscious insight regions 

randomly, track resolution rates and pattern formation 

3. Strange Loop Formation: Create self-referential spiral patterns, observe emer- 

gence of strange loops and their stability over generations 

4. Consciousness Test: Distribute all state types in isolated clusters, observe inter- 

action dynamics, mergers, and emergent global behaviors 

Users can run these experiments with varying parameters to explore sensitivity. 

5 RESULTS 

Extensive simulation runs (1000+ generations across parameter space, with 50 replications per 

conýguration) reveal several consistent patterns. Results are presented with means and standard 

deviations where applicable. 

 

5.1 Gºdel Strength and Undecidability 

Higher Gºdel strength (g Ó 0.7) produces sustained populations of undecidable cells. At g 

= 0.9, approximately 1525% of active cells enter undecidable states within 100 generations (mean 

20.3% Ŝ 3.2%). Lower values (g Ò 0.3) result in rapid collapse to provable or empty states 

(undecidables < 5% after 50 generations). 

 

5.2 Understanding Capacity and Resolution 

The understanding ratio U exhibits strong positive correlation with understanding capac- ity pu 

(Pearson r = 0.87, p < 0.001). Systems with pu Ó 0.8 maintain U > 60% (mean 68.4% Ŝ 5.1%), 

indicating e ective conscious resolution of Gºdel sentences. At pu Ò 0.3, undecidable statements 

typically transition to inconsistency rather than resolution (U < 20%, mean 15.2% Ŝ 4.3%). 

 

5.3 Consciousness Emergence 

Consciousness levels ɣ stabilize between 0.30.7 for parameter combinations favoring com- 

plexity (ə Ó 7), high understanding (pu Ó 0.7), and moderate Gºdel strength (g å 0.5) (steady-state 

mean 0.52 Ŝ 0.08). Strange loops emerge reliably when self-reference density exceeds threshold ɟSR > 

0.05 and consciousness level ɣ > 0.4, with emergence rate of 

0.12 per generation under optimal conditions. 

 

5.4 Consistency and Collapse 

Low consistency (c Ò 0.3) leads to catastrophic system failurerapid spread of inconsis- 

tency consuming 7090% of cells within 50 generations (mean 82.1% Ŝ 6.4%). Moderate 

consistency (c = 0.50.7) allows controlled exploration of contradictions (inconsistency 2040%). 

High consistency (c Ó 0.9) suppresses Gºdel e ects, resulting in monotonous provable-state 

dominance (provables > 80%). 

 

5.5 Lucas Argument Demonstration 



85  

The Lucas experiment reveals striking asymmetry. Mechanical computation regions (left half) 

encountering Gºdel sentences transition to inconsistency within 1015 generations (mean 12.3 Ŝ 1.5). 

Conscious insight regions (right half) maintain coherence, with 4060% of Gºdel sentences resolved 

to mathematical intuition (mean 51.2% Ŝ 4.7%). This com- putational demonstration aligns with 

Lucasôs philosophical argument and visualizes the mind-machine divide. 

 

5.6 Entropy  Dynamics 

Entropy H typically peaks at 2.53.2 bits during early evolution (generations 1030, mean 

peak 2.85 Ŝ 0.21) before stabilizing at 1.82.5 bits (mean 2.12 Ŝ 0.18). Systems with high 

understanding capacity maintain higher steady-state entropy (di erence +0.4 bits, p < 0.01), 

suggesting richer state diversity and sustained complexity. 

 

6 DISCUSSION 

6.1 Theoretical Implications 

Our simulation provides computational evidence supporting several theoretical proposi- tions: 

1. Gºdel Limitations:  Purely mechanical processes (low pu) cannot sustainably han- dle 

undecidable statements, manifesting as rapid inconsistency spreada computa- tional analogue of 

Gºdelôs theorems. 

2. Lucas-Penrose Validity: The stark contrast between mechanical and conscious 

regions in the Lucas experiment supports the claim that understanding transcends computation, at 

least within this formalization. It illustrates how non-algorithmic insight might resolve what 

algorithms cannot. 

3. Strange Loop Consciousness: The emergence of stable strange-loop structures 

correlating with high consciousness metrics (ɣ) aligns with Hofstadterôs hypothesis that self-referential 

complexity enables consciousness. Our model shows how local interactions can lead to global 

emergent phenomena. 

4. Intuition as Meta-Cognition: Mathematical intuition states (S10) function as meta-

level resolutions of object-level undecidability, suggesting intuition represents a higher cognitive layer, 

potentially analogous to human mathematical insight. 

These implications extend to broader questions in AI and cognitive science, such as 

whether large language models exhibit true understanding or mere pattern matching. 

 

6.2 Limitations  and Criticisms 

Several limitations warrant acknowledgment: 

1. Formalization Gap: Our CA rules are heuristic approximations of complex logical 

concepts, not rigorous formalizations of Gºdelôs proofs or consciousness theories. They capture 

essence but not full mathematical precision. 

2. Parameter Sensitivity: Results depend heavily on parameter choices; dierent 

conýgurations yield qualitatively dierent behaviors, limiting generalizability with- out extensive 

sensitivity analysis. 

3. Consciousness Deýnition:  The ñconsciousness metricò ɣ is a computational 

proxy, not a validated measure of genuine phenomenal consciousness. It does not address hard 

problems like qualia [20]. 

4. Circularity:  By design, conscious states resolve Gºdel sentencesthe simulation embeds 

the conclusion we aim to explore, potentially constituting circular reasoning. Future versions could use 

machine learning to evolve rules organically. 

5. Scalability: The 2D grid limits topological complexity; real cognitive systems operate 

in higher dimensions. 
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These critiques echo broader debates about computational models of consciousness [9, 11]. 

Our work does not claim to prove consciousness is non-computational, but rather demonstrates that 

computational frameworks can instantiate and explore these philosoph- ical distinctions, potentially 

informing empirical neuroscience. 

 

6.3 Future Directions 

Extensions to enhance validity and scope include: 

Ɉ Rigorous Logic Integration:  Incorporate formal proof systems (e.g., Peano arith- metic, 

lambda calculus) to ground state transitions in mathematical logic, perhaps using symbolic 

computation libraries. 

Ɉ Quantum Computation: Explore whether quantum CA exhibit dierent con- 

sciousness emergence patterns, relating to Penroseôs quantum consciousness hy- pothesis [19]. 

Ɉ Neural Network Hybrid:  Replace hand-coded rules with learned transition func- tions 

via neural networks, allowing emergent discovery of consciousness-like behav- iors. 

Ɉ 3D Extensions: Expand to three-dimensional grids to model richer topological 

structures for strange loops and more complex interactions. 

Ɉ Multi -Agent Systems: Allow multiple ñmindsò (sub-grids) to interact, modeling 

communication, shared understanding, and social aspects of consciousness. 

Ɉ Empirical Validation:  Compare simulation patterns to brain imaging data or 

psychological experiments on mathematical intuition. 

These directions could transform the simulation into a more comprehensive tool for 

interdisciplinary research. 

 

7 CONCLUSION 

We have presented an interactive cellular automaton that operationalizes concepts from 

Gºdelôs incompleteness theorems, the Lucas-Penrose argument, and Hofstadterôs strange loops within 

a uniýed computational framework. Through eleven discrete cell states, adjustable parameters, 

real-time metrics, and specialized experiments, the simulation enables detailed exploration of how 

formal systems, self-reference, and consciousness-like processes interact dynamically. 

Key ýndings include: 

 

Ɉ Mechanical computation cannot sustainably process undecidable statements, lead- ing to 

inconsistency 

Ɉ High understanding capacity enables conscious resolution of Gºdel sentences, main- 

taining system coherence 

Ɉ Strange loops emerge from self-referential structures under suitable conditions, cor- 

relating with higher consciousness metrics 

Ɉ System consistency critically determines evolution outcomes, from stable proof sys- tems 

to chaotic collapse 

While our CA remains a computational metaphor rather than a literal model of con- 

sciousness, it demonstrates that core ideas from mathematical logic and philosophy of mind can be 

instantiated in executable form. This approach opens new avenues for com- putational philosophy, 

allowing researchers to simulate, manipulate, and study abstract concepts in ways traditional 

philosophical analysis cannot provide. By making these phe- nomena visual and interactive, we hope 

to inspire further debate and investigation into the nature of mind, computation, and reality. 

The simulation serves as a proof-of-concept: formal incompleteness, self-reference, and 

consciousness emergence can be modeled computationally to generate testable hypotheses and 

visualizable phenomena. Whether these computational patterns genuinely reþect the nature of human 
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consciousness remains an open question one that this work illuminates rather than resolves, inviting 

collaboration across disciplines. 
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Abstract. The present work is devoted to the problems of determining the parameters of 

neural networks. The methodology, algorithm and solution paths of finding the gradient descent, 

one of the main parameters in a neural network during machine learning, are presented. It is very 

important to minimize the error of finding the weight parameters of the neuron.  

Keywords. Neuron, network, gradient, gradient descent, neural network, weight parameters 

of neuron. 
 

1. Introduction   

Nowadays it is not a secret that artificial intelligence is being actively implemented in various 

spheres of human activity. Representation of artificial intelligence today, without neural networks 

is impossible. To understand the methods of development of key nodes in the work of neural 

networks and the creation of artificial intelligence can be considered on a simple example of 

solving the mathematical apparatus of linear regression. It is when working with linear regression 

that our goal is to find the best regression line that is an informative expression [1].    If this 

regression line is expressed by formula 1, 

 

Ὢὼ ὥ ὥ ὼz     (1)  
 

then we must find the coefficients a0 and a1. The result predicted using these constants should be 

as close as possible to the actual value presented in the data set, that is, the difference between the 

predicted value and the actual value should be as small as possible. Let's call this discrepancy an 

error. The main purpose of the value function is to determine this error. 

With the help of the value function, we can determine how correctly the regression coefficients 

(a0 and a1) were found, i.e. find the error (discrepancy) between these coefficients and the actual 

values. For this purpose, we use the following RMS error function as a value function: 

 

ὐ  В Ὢὼ ώ      (2)  

 

where, m is the number of elements in the dataset, yi is the actual value (symbolic value) of the i-th 

array of the dataset, f (xi) is the predicted value in row i. Let us decompose the function f (xi) in these 3 

formulae as a linear regression, the following formula is obtained: 

 

ὐ  В ὥ ὥ ὼz ώ      (3) 

 

The farther the predicted value is from the actual value, the larger the RMS error function is. 

Depending on the error calculated by the RMS error function, we have to update the regression coefficients 

(a0 and a1), which means better prediction and error reduction. 

The gradient descent (falling) method reduces the error by updating the regression coefficients. 

Usually, at the beginning of the learning process, the coefficients (a0 and a1) are assigned a random value. 

We then compute the value function (J) and find the error. Our main goal is to minimize the value function 

(J) depending on the value of the error, and in the case of linear regression, minimize the mean-square 

function (3): 

mailto:durbekamin@gmail.com
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minimization  В Ὢὼ ώ     (4) 

 

If we decompose the prediction value using the above formula f(xi), we get the following formula: 

 

minimization  В ὥ ὥ ὼz ώ     (5) 

 

At the same time, we can reduce the error by assigning the coefficients (a0 and ai) an optimal value. 

So, how do we determine these optimal values? To do this, we can obtain the derivative of the function 

value with respect to the coefficients (a0 and ai). 

 

ὐ  В ὥ ὥ ὼz ώ      (6) 

 

  В ὥ ὥ ὼz ώ ᴼ В Ὢὼ ώ

  В ὥ ὥ ὼz ώ ὼzᴼ В Ὢὼ ώ ὼz
  (7) 

 

After calculating the derivatives (a0 and a1), we can proceed to update the coefficients, using the 

following formula: 

ὥ ὥ ᶿz В Ὢὼ ώ

ὥ ὥ ᶿz В Ὢὼ ώ ὼz
    (8) 

 

ὥ ὥ ᶿz В ὥ ὥ ὼz ώ ώ

ὥ ὥ ᶿz В В ὥ ὥ ὼz ώ ώ ὼz
  (9) 

 

 θ- in the above formula - is the learning level, and the coefficient determines the magnitude of the 

change in the renewal process, that is, the higher the learning level, the larger the renewal coefficient. But 

at the same time, the probability of losing the optimal value will be just as high. The lesser the learning 

level, the lesser the probability of losing the optimal value, but many steps will have to be taken to the 

optimal value. Hence, this value is an optimizable (coordinated) parameter.  

According to formula 9, the coefficient values are updated in parallel. For example, imagine that step 

10 is in progress. The values of coefficients a0 and a1 in the formula, when we update coefficient a0, we use 

the values from step 9. Even when we go to update coefficient a1 after updating coefficient a0, we use the 

values from step 9 in the values of coefficients a0 and a1 in formula 9. 

 

2. Methods 

How do we implement this in a neural network? Let's consider a simple neural network consisting of 

2 inputs, 2 hidden and one output neurons. 
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Figure 1. A simple neural network. 

If we add up x1+x2, we get the value at the adder, and if we first multiply x1 and x2 by their 

weighting factors w1 and w2 respectively, we get and O 

ɫ ̖ ×z  ̖  z×      (10) 

where: Ɇ1 is the weighted sum. 

Further, each sum Ɇ enters the activation function, where it is transformed and this numerical 

value is transmitted further along the network to the output neuron. 

Figure 2. Relationship between input and output values of the neural network.  

Let's assume that this value is denoted by O1, but for x1 and x2 the data corresponds to some 

correct answer, which should be given by the neural network. But for some reason our network 

gives us values not T (from the word - True), but the answer O, and we need to adjust the weighted 

wrong coefficients O1 and O2 so that the answer becomes correct. 

According to mathematics, such a method is called GRADIENT "SPLOSK". Let's consider 

this question in detail. There is such a word in programming and well known to users as ERROR 

- error and we will denote it with E. Then we can define it as the difference of the true T from the 

received O. 

˒ ˟  ̨      (11) 

This error indicates a mistake made by our neural network.  

Disassembling the dependence of this function in the form of a graph may lead to a wrong 

understanding and interpretation of the task at hand. What does it mean?  If we plot the graph of 

this function, it will take the form of a straight line intersecting the abscissa axis at point A. The 

value of OA indicates the values of the error, i.e. how much we deal with the error. In other words, 

we need to bring point A close to zero on the abscissa axis. 
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Figure 3. Incorrect interpretation of gradient descent. 

3. Results and Discussions 

If our answer is negative, then it is at point B. Therefore, it is necessary to bring point B closer 

to zero, and this means to move along the line of point C, i.e., to descend to point A. At the point 

D there is an incomprehensible dilemma, which consists in the fact that it is possible to increase 

the error for approaching to zero. 

 

Figure 4. A new interpretation of gradient descent. 

To solve this problem, there is a very simple solution, we make an amendment to the formula 

for determining the value of the error by squaring the right side of the equation. 

˒ ˟ ˛     (12) 

In this case all errors will be positive. Naturally, the new graph will look like a parabola with 

vertices upwards. So, we need to bring point A closer to zero, i.e. reduce the error to zero OK - a 

specific error. 

To perform these calculations, since the computer does not understand drawings, we need a 

different mathematical apparatus. Consequently, we need another way to understand how this 

answer will change in which direction, more or less. Clearly, we cannot do without the derivative 

here, as it will allow the machine to understand how to navigate the graph. 

In other words, the derivative is the rate of change of the function, i.e. the error from the 

answer related to some function. 

˒ Ὢ )̨     (13) 
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f is some law by which the error depends on the answer. Two variables are related by some 

law and this law can be written as: 

ὪὮ ˟ ˛     (14) 

 

Figure 5. Another interpretation of gradient descent. 

 

The figure shows that intervals 1-2 and 3-4 indicate the rate of change of the function, with 3-

4 being smaller than 1-2. They can take both positive and negative values. On the section Oõf(+) 

the function grows U, and on f(-)õO it decreases W, i.e. the more we move along the 0O axis, the 

intervals (in the left part) decrease, and in the first part they increase [2]. 

This is all in the figure. And on the formula  

Ὢ Ὢȭ      (15) 

where, fô is the product of the rate of change. 

That means if 

Ὢ˛ ˟ ˛      (16) 

then 

Ὢᴂ̨ ς˛̋ ˟      (17) 

 

and that the computer can easily calculate. 

Suppose the neural network has given the answer Oʢ - specific, we want to find out a new Oʥ 

at which the error will be smaller. The new Oʥ answer can be found by the formula  

 

˛̎ ˛̋ Ὢᴂ̨ ̋  zὲ     (18) 

 

where, n is some coefficient, which we have so far n=1. 

 

Let's assume by the graph the value 1õ2=0,5; 3õ4=2; and 5õ6=-1; i.e.  

 

˛̎ ˛̋ Ὢᴂ̨ ̋  zρ ˛̋ ςz ρ    (19) 
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that this result shows that to determine Oʥ error the new value 3õ4=f'(Oʢ ) must be shifted 

towards the value zero by two units, thus, we bring the error value closer to zero. 

Let us recalculate for 5õ6 

˛̎ ˛̋ Ὢ ˛̋  zρ ˛̋ ρ ρz ˛̋ ρ   (20) 

In this case, as well as in the previous one, we deal with the shift of the error to zero. 

 

Figure 6. Leap-shaped gradient descent. 

Let's look at a specific example. 

Ὁ Ὢὕ         (21) 

suppose 

Ὢὕ ˛̋         (22) 

then 

Ὢ ὕ ςz π        (23) 

suppose ὕ τ; ˛̎ ˛̋ Ὢ ὕ ὲz; also suppose that, ὲ ; then ̨ ̎ τ ψz

ςȠ so ὕ̎ ς;  

Further the training is repeated, letôs determine the value of ˛̋ ς;  

Ὢ˛̋ τ; ˛̎ ˛̋ Ὢ ὕ ὲz; ˛̎ ς τᶻ ρ; so ὕ̎ ρ; 

Next step. ˛̋ ρȠὪ˛̋ ρ; Ὢ ὕ ςz ρ; ˛̎ ˛̋ Ὢ ὕ ὲz; ˛̎ ρ

ςᶻ  ; or ̨ ̎  . 

˒ Ὢ ὕ Ὕ ὕ        (24) 

ὕ Ὢ           (25) 

  „ύύὕὕ        (26) 
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Ὁ Ὢ„ύύὕὕ        (27) 

New weighting factor values 

ύ ᴼύ̎ ύ̋ Ὃ  ̎ ὲz     (28) 

ύ ᴼύ̎ ύ̋ Ὃ  ̎ ὲz            (29) 

where n is the learning rate or learning rate coefficient, Ὃ  ̎  ̉Ὃ  ̎  ï are the rate of change 

of this law ï ὪὪ „ȣ . Using this formula, we calculate the new weighting factors ύ̎  for 

ύ ÁÎÄ ύ . [3]. 

 It should be taken into account that this derivative now depends not on all variables O1 and 

O2 but only on W3 and W4. So, our derivative shows how it affects the rate of change of G. 

If it affects weakly, then accordingly the rate of change of the function will be small, if it 

affects strongly, on the final error, then the rate of change, i.e. the derivative will be large so the 

more the coefficient affects the error, the more we change it according to this formula. Here is this 

G partial derivative legitimately with W multiplied by some of our coefficient n. 

But if you think carefully, the value of ʆ1 and ʆ2 somewhere also depends on the weighting 

values of W3 ʠ W4 respectively. 

Earlier we wrote that ὕ Ὢɫ ; ὕ Ὢɫ  by analogy we can describe  

ɫ „ύύὼὼ        (30) 

and value 

Ὁ Ὃύύ ȣύ ὼὼȣ ὼ      (31) 

Thus now ὼὼȣ ὼ ï we cannot change. In other words, now the error T corresponds to the 

initial input values. 

ὼ
ὼ
ὼ
 Ὕ        (32) 

If you remember the step size we took ὲ σȾτ let us now take ὲ ρ as the unit. In this 

case, according to the formula, the error will be as follows: 

˒ Ὢὕ̋ ὕ̋       (33) 

and the derivative is the rate of change: Ὢ ὕ̋ ὕ̋ ςz ὕ̋; i.e.  ὕ̋ τ; in this case, a 

new ὕ̎ ὕ̋ Ὢ ὕ̋ ὲz. Learning rate coefficient ὕ̎ τ ψ ρz That's how we got -8 

in the formula, and this minus Oʥ is the second what ʆʥ = 4 i.e. we jumped to this value +4. The 

error is still 16 and the funny thing is that when we try to make the next step of this gradient descent 

it will lead again to -4 and we get a vicious circle. (jumping back and forth). 
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To understand and visualize the descent of the offset or the approach of the error to zero, we 

recommend you to look at the animation page on the Internet where this picture is illustrated at the 

link.   

 

Figure 7. Example by step-by-step animation-illustration of a gradient descent pattern. 

(http://distill.Pub/2017/momentum) 

There is a picture that depends on two variables, we have x (horizontal) and y (vertical) 

coordinates and some error depends on them and it is shown in the picture by a colored area. It 

can be represented as a kind of hollow, where the color is light, this is the height, where the error 

is large, and where the color is darker, these are the values of the function, where the error is 

smaller [4]. 

We want to go from a starting point, we have some starting values of x and y or our weight 

coefficients, and we want to go from that point down to where the error is minimized. For jumping 

as we parsed and counted, we're going to change our x and y, but Ŭ (alpha) is the step size, this 

coefficient n adjusts our step size.  

 

4. Conclusions 

If we increase it, the step becomes larger, if we decrease it, the training steps become smaller. 

This is nothing else but (leaning raid), i.e. the coefficient that the programmer adjusts when 

deciding how to train the neural network. A lot depends on it. If you make it relatively small, the 

curve becomes quite smooth, beautiful, tends to the optimum, but does not reach it. At this very 

moment (for example, 100 steps) we have not reached the optimum. 

If we increase the step, we get closer and closer to the optimum, but at this point the 

discontinuity of the curve trajectory increases. If the step is increased more than the measure too 

much, the neural network will not be able to learn because there will be no convergence. 

To summarize, when performing gradient descent, we need to repeat the steps expressed in 

formula 10 several times. In doing so, each time we obtain new coefficients and calculate the error 

using these coefficients to get an idea of how optimal they are. 

To summarize the above, we can give the following algorithm for solving linear regression 

with one variable: 

V Determining the regression formula of a linear function; 

V Determining the value function formula; 

V Determining the gradient incidence formula; 

V Determining the parameters (training level - Ŭ, number of steps) for gradient descent; 

http://distill.pub/2017/momentum
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V Executing the gradient descent a certain number of times (by a predetermined number of 
steps). This involves updating the coefficients at each step and calculating the error using a value 

function. 

At the end we would like to draw conclusions on the results obtained: 

1. We accepted the values of the parameter T of the correct answer 

2. Calculated and developed a methodology for determining the error for the neural network 

O 

3. Determined and calculated the partial derivatives of G for this error 

4. Calculated for each weighting factor W 

5. Using the formulas, determined how much to change the parameters to achieve the 

optimum. 

6. This is one step of gradient descent (shifting towards the reduction of the error value). 

Thus, we were able to select new coefficients for the next step. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʩʠʥʪʝʟʘ ʬʨʘʢʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʚ ʢʦʪʦʨʦʤ ʛʝʥʝʨʘʮʠʷ ʬʨʘʢʪʘʣʴʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʪʝʨʘʮʠʦʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ, ʘ 

ʧʘʨʘʤʝʪʨʳ ʠʭ ʧʦʩʪʨʦʝʥʠʷ ʧʦʜʙʠʨʘʶʪʩʷ ʠ ʘʜʘʧʪʠʨʫʶʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʚʦʣʶʮʠʦʥʥʳʭ 

ʚʳʯʠʩʣʝʥʠʡ ʠ ʦʙʫʯʘʝʤʳʭ ʤʦʜʝʣʝʡ. ɻʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʛʣʦʙʘʣʴʥʳʡ ʧʦʠʩʢ 

ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʦʛʜʘ ʢʘʢ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʩʣʦʞʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʬʦʨʤʠʨʦʚʘʪʴ ʬʨʘʢʪʘʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ 

ʬʨʘʢʪʘʣʴʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ, ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʠ ʚʠʟʫʘʣʴʥʘʷ ʙʣʠʟʦʩʪʴ ʢ ʵʪʘʣʦʥʥʦʤʫ 

ʠʟʦʙʨʘʞʝʥʠʶ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʧʨʠʤʝʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʘ 

ʪʘʢʞʝ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ 

ʦʧʪʠʤʠʟʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʧʨʠʥʮʠʧ ɻʘʤʠʣʴʪʦʥʘ-ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ, 

ʛʠʧʦʪʝʟʘ ʂʠʨʭʛʦʬʘ-ʃʷʚʘ, ʩʦʦʪʥʦʰʝʥʠʷ ʂʦʰʠ, ʩʦʦʪʥʦʰʝʥʠʷ ɼʶʘʤʝʣʠ-ʅʝʡʤʘʥʘ, ʟʘʢʦʥ 

ɻʫʢʘ, ɻʘʫʩʩʘ, ɹʫʙʥʦʚʘ-ɻʘʣʝʨʢʠʥʘ ʠ ʈʠʪʮʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʪʝʥʟʦʨ ʄʘʢʩʚʝʣʣʘ, 

ʪʝʨʤʦʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʫʧʨʫʛʦʩʪʴ, ʤʘʛʥʠʪʦʫʧʨʫʛʘʷ ʪʦʥʢʘʷ ʧʣʘʩʪʠʥʘ, ʧʦʪʝʥʮʠʘʣʴʥʘʷ 

ʵʥʝʨʛʠʷ, ʜʝʬʦʨʤʘʮʠʷ, ʧʝʨʝʤʝʱʝʥʠʷ, R-ʬʫʥʢʮʠʠ. 

 

ɺʚʝʜʝʥʠʝ 

ɺʦ ʚʩʸʤ ʤʠʨʝ ʧʨʦʚʦʜʷʪʩʷ ʮʝʣʝʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʘʣʛʦʨʠʪʤʦʚ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯ ʦʧʪʠʤʠʟʘʮʠʠ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʦʩʥʦʚʝ 

ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʭ, ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʠ [4,5,6]ʵʚʨʠʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʵʪʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʧʨʘʚʣʝʥʳ ʢʘʢ ʥʘ ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʬʨʘʢʪʘʣʦʚ, ʪʘʢ ʠ ʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ 

ʪʝʭʥʦʣʦʛʠʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ, ʧʦʟʚʦʣʷʶʱʠʭ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʨʝʰʝʥʠʝ ʟʘʜʘʯ 

ʮʚʝʪʦʚʦʛʦ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʜʠʟʘʡʥʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʫʪʝʤ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ɺʦʧʨʦʩʘʤ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʣʦʛʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʨʘʢʪʘʣʴʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʩʚʷʱʝʥʳ ʨʘʙʦʪʳ ʪʘʢʠʭ ʟʘʨʫʙʝʞʥʳʭ ʫʯʝʥʳʭ ʢʘʢ ɸ.ɸ. ɸʥʜʨʦʩʦʚ, ɸ.ʅ. 

ʊʢʘʯʝʚ, ɸ.ʀ. ʅʦʚʠʢʦʚ, ɸ.ʖ. ʉʦʣʜʘʪʦʚ, ʀ.ʃ. ɸʢʫʣʠʯ, ɼ. ʈʫʪʢʦʚʩʢʘʷ, ʄ. ʇʠʣʠʥʴʩʢʠʡ, ʃ. 

ʈʫʪʢʦʚʩʢʠʡ, ɸ.ɺ. ʂʫʟʥʝʮʦʚ, ɺ.ɸ. ʉʘʢʦʚʠʯ, ʅ.ʀ. ʍʦʣʦʜ, ɼ.ɽ. ɻʦʣʜʙʝʨʛ. ʋʢʘʟʘʥʥʳʤʠ 

ʘʚʪʦʨʘʤʠ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʫʞʝ ʧʦʣʫʯʝʥʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ 

ʧʨʠʢʣʘʜʥʦʛʦ ʭʘʨʘʢʪʝʨʘ [1-3]. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦʧʪʠʤʠʟʘʮʠʠ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ ʢʦʚʨʦʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʭʦʞʜʝʥʠʠ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ )(xF , ʫʯʠʪʳʚʘʶʱʝʡ 

ʢʘʢ ʵʩʪʝʪʠʯʝʩʢʦʝ ʢʘʯʝʩʪʚʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʪʘʢ ʠ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʨʘʩʠʪʝʣʝʡ. 

ɿʘʜʘʯʫ ʤʦʞʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʳʡ 

ʥʘʙʦʨ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʙʘʣʘʥʩ ʤʝʞʜʫ ʭʫʜʦʞʝʩʪʚʝʥʥʦʡ 

ʚʳʨʘʟʠʪʝʣʴʥʦʩʪʴʶ ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. 
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1 2{ , ,..., }nC C C C= , 

ʛʜʝ iC   ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʣʠ ʜʦʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʘʞʜʦʛʦ ʮʚʝʪʘ ʚ ʧʘʣʠʪʨʝ, ʥʘʧʨʠʤʝʨ HSV, 

ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʮʝʣʴʶ ʩʠʥʪʝʟʘ ʬʨʘʢʪʘʣʴʥʳʭ ʫʟʦʨʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ 

ʜʠʟʘʡʥʝ ʢʦʚʨʦʚ. 

ʎʝʣʴ ʦʧʪʠʤʠʟʘʮʠʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʭʦʞʜʝʥʠʠ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʦʪʠʚʦʨʝʯʠʚʳʤʠ 

ʪʨʝʙʦʚʘʥʠʷʤʠ: 1) ʤʠʥʠʤʠʟʘʮʠʷ ʟʘʪʨʘʪ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʦʚʨʦʚ ʩ ʫʯʸʪʦʤ ʩʪʦʠʤʦʩʪʠ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʨʘʩʦʢ ʠ 2) ʤʘʢʩʠʤʠʟʘʮʠʷ ʢʘʯʝʩʪʚʘ ʬʨʘʢʪʘʣʴʥʳʭ ʫʟʦʨʦʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʚʠʟʫʘʣʴʥʦʡ ʵʩʪʝʪʠʢʠ ʠ ʚʦʩʧʨʠʷʪʠʷ. 

ʊʦ ʝʩʪʴ, ʟʘʜʘʯʫ ʦʧʪʠʤʠʟʘʮʠʠ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʘʢ ʤʠʥʠʤʠʟʘʮʠʶ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ, 

ʷʚʣʷʶʱʝʡʩʷ ʚʟʚʝʰʝʥʥʦʡ ʩʫʤʤʦʡ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ: ʬʫʥʢʮʠʠ ʟʘʪʨʘʪ ʠ ʬʫʥʢʮʠʠ ʢʘʯʝʩʪʚʘ. 

ʊʦʛʜʘ, ʚʳʨʘʞʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 

( ) ( ) (1 ) ( )J C F C Q Cl l= + - ,    (1) 

 

ʛʜʝ ( )J C  ï ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʦʧʪʠʤʠʟʘʮʠʠ; ( )F C  ï ʬʫʥʢʮʠʠ ʟʘʪʨʘʪ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ 

ʩʪʦʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʮʚʝʪʘ; ( )Q C  ï ʬʫʥʢʮʠʠ ʢʘʯʝʩʪʚʘ, 

ʦʮʝʥʠʚʘʶʱʘʷ ʚʠʟʫʘʣʴʥʫʶ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʬʨʘʢʪʘʣʴʥʦʛʦ ʫʟʦʨʘ ʥʘ ʦʩʥʦʚʝ ʮʚʝʪʦʚʦʡ 

ʩʭʝʤʳ C; 
[0,1]lÍ  ï ʢʦʵʬʬʠʮʠʝʥʪ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʙʘʣʘʥʩ ʤʝʞʜʫ ʟʘʪʨʘʪʘʤʠ ʠ ʢʘʯʝʩʪʚʦʤ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ l, ʦʧʨʝʜʝʣʷʶʱʠʡ ʙʘʣʘʥʩ ʤʝʞʜʫ ʟʘʪʨʘʪʘʤʠ ʠ ʢʘʯʝʩʪʚʦʤ 
ʧʦʟʚʦʣʷʝʪ ʛʠʙʢʦ ʫʧʨʘʚʣʷʪʴ ʧʨʠʦʨʠʪʝʪʘʤʠ ʚ ʟʘʜʘʯʝ ʦʧʪʠʤʠʟʘʮʠʠ. ʊʘʢ, ʝʩʣʠ ʟʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ 0,5 1l< <, ʪʦ ʦʩʥʦʚʥʦʡ ʘʢʮʝʥʪ ʜʝʣʘʝʪʩʷ ʥʘ ʤʠʥʠʤʠʟʘʮʠʶ ʟʘʪʨʘʪ, ʯʪʦ ʤʦʞʝʪ 
ʧʨʠʚʝʩʪʠ ʢ ʚʳʙʦʨʫ ʙʦʣʝʝ ʜʝʰʸʚʳʭ ʢʨʘʩʦʢ, ʜʘʞʝ ʝʩʣʠ ʵʪʦ ʫʭʫʜʰʠʪ ʢʘʯʝʩʪʚʦ ʫʟʦʨʘ. ʅʘʧʨʦʪʠʚ, 

ʢʦʛʜʘ 0 0,5l< < , ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʢʘʯʝʩʪʚʫ, ʯʪʦ ʤʦʞʝʪ ʫʚʝʣʠʯʠʪʴ ʟʘʪʨʘʪʳ ʥʘ 

ʧʨʦʠʟʚʦʜʩʪʚʦ. ʇʨʠ 1l= ï ʤʠʥʠʤʠʟʘʮʠʷ ʟʘʪʨʘʪ ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʦʨʠʪʝʪʦʤ, ʘ ʢʘʯʝʩʪʚʦ ʫʟʦʨʘ 
ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ, ʘ ʧʨʠ 0l=  ï ʦʩʥʦʚʥʦʡ ʧʨʠʦʨʠʪʝʪ ʦʪʜʘʝʪʩʷ ʢʘʯʝʩʪʚʫ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʩʪʦʠʤʦʩʪʴ ʢʨʘʩʦʢ ʠ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ. 

ʌʫʥʢʮʠʷ ʟʘʪʨʘʪ ( )F C  ʦʧʠʩʳʚʘʝʪ ʩʪʦʠʤʦʩʪʴ ʢʘʞʜʦʛʦ ʮʚʝʪʘ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʫʟʦʨʝ, ʪʦ ʝʩʪʴ ʮʝʥʫ ʟʘ ʝʜʠʥʠʮʫ ʪʝʢʩʪʠʣʴʥʦʡ ʢʨʘʩʢʠ ʜʣʷ ʢʘʞʜʦʛʦ ʮʚʝʪʘ ʠ ʜʦʣʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʘʥʥʦʛʦ ʮʚʝʪʘ ʚ ʦʙʱʝʡ ʧʘʣʠʪʨʝ: 

1

( )
n

i i

i

F C p C
=

=ä , 

ʛʜʝ ip  ï ʮʝʥʘ ʟʘ ʝʜʠʥʠʮʫ ʢʨʘʩʢʠ ʜʣʷ ʮʚʝʪʘ i; iC   ï ʜʦʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʚʝʪʘ i ʚʦ 

ʬʨʘʢʪʘʣʴʥʦʤ ʫʟʦʨʝ; n ï ʢʦʣʠʯʝʩʪʚʦ ʮʚʝʪʦʚ ʚ ʧʘʣʠʪʨʝ. 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʬʫʥʢʮʠʷ ʟʘʪʨʘʪ ʷʚʣʷʝʪʩʷ ʜʦʚʦʣʴʥʦ ʧʨʦʩʪʦʡ, ʧʨʷʤʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ ʢʦʣʠʯʝʩʪʚʫ ʠʩʧʦʣʴʟʫʝʤʦʡ ʢʨʘʩʢʠ ʠ ʝʸ ʩʪʦʠʤʦʩʪʠ. ʏʝʤ ʙʦʣʴʰʝ ʜʦʣʷ 

ʜʦʨʦʛʠʭ ʮʚʝʪʦʚ, ʪʝʤ ʚʳʰʝ ʟʘʪʨʘʪʳ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ. ʌʫʥʢʮʠʷ ʢʘʯʝʩʪʚʘ ʦʮʝʥʠʚʘʝʪ 

ʵʩʪʝʪʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʚʳʙʨʘʥʥʳʭ ʮʚʝʪʦʚ ʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ: 

1 , 1,

( ) ( ) ( , )
n n

i i ij i j

i i j i j

Q C q C r C C
= = ¸

= +ä ä , 

ʠ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ: ( )i iq C  ï ʬʫʥʢʮʠʷ, ʦʧʠʩʳʚʘʶʱʘʷ ʚʢʣʘʜ i-ʛʦ ʮʚʝʪʘ ʚ ʚʠʟʫʘʣʴʥʦʝ 

ʚʦʩʧʨʠʷʪʠʝ ʫʟʦʨʘ; ( , )ij i jr C C  ï ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʦʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ i  - ʤ ʠ 
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j  - ʤ ʮʚʝʪʘʤʠ (ʚʠʟʫʘʣʴʥʘʷ ʛʘʨʤʦʥʠʷ ʬʨʘʢʪʘʣʴʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ), ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʫʯʠʪʳʚʘʪʴ ʪʘʢʠʝ ʘʩʧʝʢʪʳ, ʢʘʢ ʢʦʥʪʨʘʩʪʥʦʩʪʴ, ʛʘʨʤʦʥʠʷ ʠʣʠ ʥʝʩʦʚʤʝʩʪʠʤʦʩʪʴ ʮʚʝʪʦʚ. 

ʅʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʮʚʝʪʘ 0iC ² , { }1,2,...,i n" Í  ʷʚʣʷʝʪʩʷ ʫʩʣʦʚʠʝʤ, 

ʛʘʨʘʥʪʠʨʫʶʱʠʤ, ʯʪʦ ʢʘʞʜʳʡ ʧʘʨʘʤʝʪʨ ʮʚʝʪʘ ʥʝ ʤʦʞʝʪ ʧʨʠʥʠʤʘʪʴ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. 

ʊʦ ʝʩʪʴ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʦʙʥʦʚʣʝʥʠʷ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ 

ʦʧʝʨʘʮʠʶ ( )max 0, iC-  ï ʰʪʨʘʬ ʟʘ ʥʘʨʫʰʝʥʠʝ ʫʩʣʦʚʠʷ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ. 

ʊʘʢʞʝ ʟʘʜʘʝʪʩʷ ʫʩʣʦʚʠʝ ʜʣʷ ʥʦʨʤʘʣʠʟʘʮʠʠ ʜʦʣʝʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʚʝʪʦʚ: 

 

1
1

n

ii
C
=
=ä . 

 

ʕʪʦ ʫʩʣʦʚʠʝ ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʦʙʱʠʡ ʙʘʣʘʥʩ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʚʝʪʦʚ ʚʦ 

ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʷʭ, ʦʙʝʩʧʝʯʠʚʘʷ ʪʦ, ʯʪʦ ʢʘʞʜʳʡ ʮʚʝʪ ʚʥʦʩʠʪ ʩʚʦʡ ʚʢʣʘʜ ʚ 

ʠʪʦʛʦʚʫʶ ʧʘʣʠʪʨʫ, ʥʦ ʠʭ ʩʫʤʤʘʨʥʘʷ ʜʦʣʷ ʩʦʩʪʘʚʣʷʝʪ 100%. 

ʊʘʢ ʢʘʢ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠ 

ʩʠʤʧʣʝʢʩ-ʤʝʪʦʜʘ, ʧʦʜʜʝʨʞʠʚʘʶʱʠʭ ʣʠʥʝʡʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʪʦ ʜʣʷ ʩʦʙʣʶʜʝʥʠʷ 

ʥʦʨʤʘʣʠʟʘʮʠʠ ʜʦʣʝʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʚʝʪʦʚ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʦʙʥʦʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ C  

ʤʦʞʥʦ ʧʨʠʤʝʥʠʪʴ ʰʪʨʘʬʥʫʶ ʬʫʥʢʮʠʶ ʚʠʜʘ: 

 

( ) ( )
2

1 1 2

2

1 1
( x) 1( ) ma 0,

n n

i iik k i
J C C CC J m m

= =+ -= ++ -ä ä , 

 

ʛʜʝ ( )kJ C  ï ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʥʘ ʪʝʢʫʱʝʡ ʠʪʝʨʘʮʠʠ k ; 1m, 2m  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʰʪʨʘʬʦʚ 

ʟʘ ʥʘʨʫʰʝʥʠʝ ʫʩʣʦʚʠʡ. 

ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 1m ʠ 2m ʜʦʣʞʥʳ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤʠ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʦʥʠ ʧʦʜʙʠʨʘʶʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʜʘʯʠ. ɽʩʣʠ ʫʩʣʦʚʠʝ 

ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ ʥʘʨʫʰʘʝʪʩʷ ʯʘʩʪʦ, ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ 1m, ʝʩʣʠ ʩʫʤʤʘ ʧʘʨʘʤʝʪʨʦʚ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 1, ʩʪʦʠʪ ʫʚʝʣʠʯʠʪʴ 2m. 

ʉʣʝʜʫʶʱʠʡ ʚʘʞʥʳʡ ʤʦʤʝʥʪ, ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʵʪʦ ʪʦ, ʯʪʦ ʥʘʤʠ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʬʦʨʤʘʣʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʦʪ ʧʦʣʴʟʦʚʘʪʝʣʷ ʢʘʢ 

ʧʨʦʮʝʩʩ ʠʪʝʨʘʪʠʚʥʦʛʦ ʧʦʜʙʦʨʘ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʨʘʢʪʘʣʴʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ [7] ʩ 

ʫʯʸʪʦʤ ʤʥʝʥʠʷ ʧʦʣʴʟʦʚʘʪʝʣʷ. 

ɺʢʣʶʯʝʥʠʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʦʪ ʧʦʣʴʟʦʚʘʪʝʣʷ ʧʨʝʚʨʘʱʘʝʪ ʟʘʜʘʯʫ (1) ʚ ʜʠʥʘʤʠʯʝʩʢʫʶ 

ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʫʶ ʟʘʜʘʯʫ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ, ʛʜʝ ʧʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ ʦʮʝʥʠʚʘʪʴ 

ʢʘʯʝʩʪʚʦ ʪʝʢʫʱʝʛʦ ʨʝʰʝʥʠʷ ʠ ʚʣʠʷʪʴ ʥʘ ʩʣʝʜʫʶʱʠʝ ʰʘʛʠ (ʨʠʩ. 1). 
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ʈʠʩʫʥʦʢ 1. ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʦʪ ʧʦʣʴʟʦʚʘʪʝʣʷ ʚ 

ʭʦʜʝ ʦʧʪʠʤʠʟʘʮʠʠ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʩʠʥʪʝʟʘ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

 

ʆʙʨʘʪʥʘʷ ʩʚʷʟʴ ʦʪ ʧʦʣʴʟʦʚʘʪʝʣʷ ʤʦʞʝʪ ʙʳʪʴ ʚʚʝʜʝʥʘ ʢʘʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʬʘʢʪʦʨ ʚ 

ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʠʟʤʝʥʷʪʴ ʚʝʩʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ l ʠ (1 )l-  ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʝʜʧʦʯʪʝʥʠʡ ʧʦʣʴʟʦʚʘʪʝʣʷ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʧʦʣʴʟʦʚʘʪʝʣʴ ʧʨʠʜʘʸʪ ʙʦʣʴʰʝʝ 

ʟʥʘʯʝʥʠʝ ʢʘʯʝʩʪʚʫ ʠʟʦʙʨʘʞʝʥʠʷ, ʚʝʩ l ʜʦʣʞʝʥ ʫʤʝʥʴʰʘʪʴʩʷ, ʠ ʥʘʦʙʦʨʦʪ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʥʘ k-ʡ ʠʪʝʨʘʮʠʠ ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ: 

 

( ) ( ) (1 ) ( )k k kJ C F C Q Cl l= + - ,   (2) 

 

ʛʜʝ ʚʝʩ kl ʥʘ ʢʘʞʜʦʡ ʧʦʩʣʝʜʫʶʱʝʡ ʠʪʝʨʘʮʠʠ 1k+ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʫʯʸʪʦʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʧʦʣʴʟʦʚʘʪʝʣʷ: 

( )1 0,5k k kUl l a+= + - , 

 

ʛʜʝ a ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʙʫʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ, ʥʘʩʢʦʣʴʢʦ ʩʠʣʴʥʦ ʥʫʞʥʦ ʠʟʤʝʥʷʪʴ l 
ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʮʝʥʢʠ ʧʦʣʴʟʦʚʘʪʝʣʷ kU . 

ʂʦʛʜʘ 0,5kU >  ï ʧʦʣʴʟʦʚʘʪʝʣʴ ʜʦʚʦʣʝʥ ʢʘʯʝʩʪʚʦʤ, ʪʦ 1kl+ ʫʤʝʥʴʰʘʝʪʩʷ, ʠ ʩʠʩʪʝʤʘ 

ʙʫʜʝʪ ʙʦʣʴʰʝ ʫʜʝʣʷʪʴ ʚʥʠʤʘʥʠʷ ʢʘʯʝʩʪʚʫ, ʫʤʝʥʴʰʘʷ ʟʥʘʯʝʥʠʝ ʟʘʪʨʘʪ. ɽʩʣʠ ʞʝ 0,5kU <  ï 

ʧʦʣʴʟʦʚʘʪʝʣʴ ʥʝʫʜʦʚʣʝʪʚʦʨʸʥ, ʪʦʛʜʘ 1kl+ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʩʠʩʪʝʤʘ ʙʦʣʴʰʝ ʚʥʠʤʘʥʠʷ 

ʫʜʝʣʷʝʪ ʩʥʠʞʝʥʠʶ ʟʘʪʨʘʪ. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ (2) ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʥʘʤʠ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʤʙʠʥʘʮʠʶ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠ ʩʠʤʧʣʝʢʩ-ʤʝʪʦʜʘ. ʏʪʦ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ ʚ ʥʘʩʪʨʦʡʢʝ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʠʥʠʤʠʟʠʨʫʷ ʟʘʪʨʘʪʳ ʥʘ ʢʦʚʨʦʚʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ. 

ʕʪʦʪ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʧʪʠʤʠʟʘʮʠʷ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʨʝʙʫʝʪ ʧʦʠʩʢʘ 

ʛʣʦʙʘʣʴʥʳʭ ʨʝʰʝʥʠʡ, ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ, ʠ ʫʪʦʯʥʝʥʠʷ ʥʘ 

ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ, ʜʣʷ ʯʝʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʤʧʣʝʢʩ-ʤʝʪʦʜ. 

ɸʣʛʦʨʠʪʤ 

ʇʨʠʤʝʥʝʥʠʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʜʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ 

ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦ ʮʚʝʪʦʚʳʤ ʧʘʨʘʤʝʪʨʘʤ 

ʨʘʟʨʘʙʦʪʘʥʘ ʩʚʸʨʪʦʯʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ (CNN) [9], ʢʦʪʦʨʘʷ ʤʠʥʠʤʠʟʠʨʫʝʪ ʬʫʥʢʮʠʶ ʧʦʪʝʨʴ 

),Ĕ,( yyL ʦʧʨʝʜʝʣʝʥʥʫʶ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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),Ĕlog()Ĕ,(
i

i
i

yyyyL ä-=  

ʛʜʝ y  ð ʠʩʪʠʥʥʳʝ ʢʣʘʩʩʳ (ʪʝʧʣʳʝ, ʭʦʣʦʜʥʳʝ, ʢʦʥʪʨʘʩʪʥʳʝ ʮʚʝʪʘ), ʘ yĔ - 

ʧʨʝʜʩʢʘʟʘʥʥʳʝ ʚʝʨʦʷʪʥʦʩʪʠ ʜʣʷ ʢʘʞʜʦʛʦ ʢʣʘʩʩʘ. CNN ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʠʝʨʘʨʭʠʯʝʩʢʠʝ 

ʧʨʠʟʥʘʢʠ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʠʟʦʙʨʘʞʝʥʠʝ ʢʣʘʩʩʠʬʠʮʠʨʫʝʪʩʷ ʧʦ ʮʚʝʪʦʚʦʤʫ ʪʠʧʫ, ʯʪʦ ʚʘʞʥʦ 

ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʜʙʦʨʘ ʛʘʨʤʦʥʠʯʥʳʭ ʧʘʣʠʪʨ. ʆʙʫʯʝʥʠʝ ʩʝʪʠ ʧʨʦʠʩʭʦʜʠʪ ʤʝʪʦʜʦʤ 

ʦʙʨʘʪʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʰʠʙʢʠ (backpropagation), ʯʪʦ ʦʧʪʠʤʠʟʠʨʫʝʪ ʚʝʩʘ ʩʝʪʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʘʣʛʦʨʠʪʤ CNN ʠʥʪʝʛʨʠʨʫʝʪ ʨʝʟʫʣʴʪʘʪʳ ʠʟ ʛʣʘʚʳ 2, ʢʣʘʩʩʠʬʠʮʠʨʫʷ ʮʚʝʪʦʚʳʝ 

ʧʘʨʘʤʝʪʨʳ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʛʠʙʨʠʜʥʳʤ ʤʝʪʦʜʦʤ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʛʠʙʨʠʜʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʦʧʪʠʤʠʟʘʮʠʠ, ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʝʪ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ ʠ ʩʠʤʧʣʝʢʩ-ʤʝʪʦʜ, ʠʩʧʦʣʴʟʦʚʘʥ 

ʩʣʝʜʫʶʱʠʝ ʰʘʛʠ: 

 Mʦʞʥʦ ʦʧʠʩʘʪʴ ʟʘʜʘʯʫ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ [8] ʢʘʢ ʧʨʦʮʝʩʩ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʳʭ 

ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʩʪʦʠʤʦʩʪʠ ʠ 

ʤʘʢʩʠʤʠʟʘʮʠʠ ʚʠʟʫʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʩ ʫʯʸʪʦʤ ʟʘʜʘʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ (ʩʪʦʠʤʦʩʪʴ 

ʢʨʘʩʢʠ, ʧʨʝʜʧʦʯʪʝʥʠʷ ʢʣʠʝʥʪʘ, ʨʘʟʤʝʨ ʢʦʚʨʘ ʠ ʪ.ʜ.). 

ʅʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʛʠʙʨʠʜʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʦʧʪʠʤʠʟʘʮʠʠ, ʩʦʟʜʘʥʠʷ ʘʣʛʦʨʠʪʤ 

ʧʨʠʥʷʪʠʷ  ʨʝʰʝʥʠʡ 

ʐʘʛ 1. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʟʘʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ, ʚʢʣʶʯʘʷ ʚʝʩʦʚʦʡ 

ʢʦʵʬʬʠʮʠʝʥʪ lʜʣʷ ʬʫʥʢʮʠʡ ʩʪʦʠʤʦʩʪʠ)(CF
 
, ʢʘʯʝʩʪʚʘ )(CQ  ʠ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ 

ʧʨʝʜʧʦʯʪʝʥʠʡ. ʊʘʢʞʝ ʟʘʜʘʶʪʩʷ ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʚʝʩʦʚ ʠ ʠʭ ʩʢʦʨʦʩʪʴ ʦʙʫʯʝʥʠʷ. 

ʐʘʛ 2. ʎʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʥʘʩʪʨʘʠʚʘʝʪʩʷ ʩ ʫʯʸʪʦʤ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ ʧʨʝʜʧʦʯʪʝʥʠʡ: 

 

( ) ( ) (1 ) ( )J C F C Q Cl l= + -
 

ʛʜʝ: 

)(CF - ʬʫʥʢʮʠʷ ʩʪʦʠʤʦʩʪʠ,
 

)(CQ - ʬʫʥʢʮʠʷ ʢʘʯʝʩʪʚʘ, 

l- ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʧʨʝʜʧʦʯʪʝʥʠʷ, ʦʪʨʘʞʘʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʮʚʝʪʫ, 

ʥʘʩʳʱʝʥʥʦʩʪʠ ʠʣʠ ʢʦʥʪʨʘʩʪʥʦʩʪʠ. 

ʐʘʛ 3. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʛʠʙʨʠʜʥʳʡ ʘʣʛʦʨʠʪʤ ʠʩʧʦʣʴʟʫʝʪ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ ʜʣʷ 

ʛʣʦʙʘʣʴʥʦʛʦ ʧʦʠʩʢʘ ʠ ʩʠʤʧʣʝʢʩ-ʤʝʪʦʜ ʜʣʷ ʣʦʢʘʣʴʥʦʛʦ ʫʪʦʯʥʝʥʠʷ.   ʉʣʫʯʘʡʥʦʝ ʩʦʟʜʘʥʠʝ 

ʥʘʯʘʣʴʥʦʡ ʧʦʧʫʣʷʮʠʠ ʮʚʝʪʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ.  ʆʧʝʨʘʮʠʠ ʩʝʣʝʢʮʠʠ, ʢʨʦʩʩʦʚʝʨʘ, ʤʫʪʘʮʠʠ ʜʣʷ 

ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʰʝʥʠʡ. ʉʠʤʧʣʝʢʩ-ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʫʪʦʯʥʝʥʠʷ ʨʝʰʝʥʠʡ, 

ʥʘʡʜʝʥʥʳʭ ʛʝʥʝʪʠʯʝʩʢʠʤ ʘʣʛʦʨʠʪʤʦʤ, ʩ ʮʝʣʴʶ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. 

ʐʘʛ 4. ʇʦʩʣʝ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ ʦʮʝʥʠʪʴ ʨʝʟʫʣʴʪʘʪ, ʠ ʘʣʛʦʨʠʪʤ 

ʦʙʥʦʚʣʷʝʪ ʢʦʵʬʬʠʮʠʝʥʪʳ   ʩ ʫʯʸʪʦʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ.  

ʐʘʛ 5. ʅʘ ʦʩʥʦʚʝ ʦʙʥʦʚʣʸʥʥʦʡ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ ʩ ʫʯʸʪʦʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʧʨʝʜʧʦʯʪʝʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʯʘʩʪʴʶ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʚʳʙʦʨʘ ʮʚʝʪʦʚʳʭ 

ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʚʳʙʠʨʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ 

ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʐʘʛ 6. ɸʜʘʧʪʘʮʠʷ ʚʝʩʦʚ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʥʘ ʦʩʥʦʚʝ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ ʧʨʝʜʧʦʯʪʝʥʠʡ. 

ʐʘʛ 7. ʇʨʠʥʷʪʠʝ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʩ ʫʯʸʪʦʤ ʦʙʥʦʚʣʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʈʝʟʫʣʴʪʘʪ 

ʀʩʧʦʣʴʟʫʷ ʩʠʤʧʣʝʢʩ-ʤʝʪʦʜ ʜʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ, ʤʳ 

ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

 

1 2 385.00; 78; 11.00;x x x= = =  
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1 2 3( , , ) 22,695F x x x = . 

 

ʀʪʘʢ, ʩʪʦʠʤʦʩʪʴ ʢʨʘʩʦʢ, ʢʦʪʦʨʳʝ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʢʦʚʨʘ,ʝʩʣʠ ʦʥʘ ʨʘʚʥʘ

1 85.00 . .;x ʫʝ= 2 78.00 . .;x ʫʝ=  3 4 511.00 . .; 50.00 . .; 40.00 . .x ʫʝ x ʫʝ x ʫʝ= = = ʢʦʚʝʨ

65,655.00 . .F ʫʝ= ʨʘʚʥʘ ʦʙʱʠʤ ʠʟʜʝʨʞʢʘʤ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

 

 

ʈʠʩʫʥʦʢ 2. ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ  

 

ʅʦʤʝʨ ʠʪʝʨʘʮʠʠ ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ɔ 

1 7764 0 

2 6977,25 786,75 

3 6801 176,25 

ʈʠʩʫʥʦʢ  3. ʊʘʙʣʠʮʘ ʩʨʝʜʥʝʝ ʢʦʣʠʯʝʩʪʚʦ ʟʥʘʯʝʥʠʡ ʬʠʪʥʝʩʩ ʬʫʥʢʮʠʠ 

 

 
ʈʠʩʫʥʦʢ 4. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ  

ɺʳʚʦʜʳ 

ʇʨʦʚʝʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ, ʢʦʪʦʨʦʝ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʧʪʠʤʠʟʘʮʠʷ ʠ ʩʠʥʪʝʟ ʮʚʝʪʦʚʳʝ ʧʘʨʘʤʝʪʨʳ ʬʨʘʢʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ. ɼʣʷ ʵʪʦʛʦ ʚʳʙʨʘʥʳ 

ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ʠʟ ʢʦʤʙʠʥʘʮʠʠ ʮʚʝʪʦʚ ʬʨʘʢʪʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʠ (ʪʨʝʫʛʦʣʴʥʠʢ 

ʇʘʩʢʘʣʴʷ). ʇʦʵʪʦʤʫ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʦʚʨʦʚʳʭ ʠʟʜʝʣʠʡ ʟʘʜʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ 

ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʜʣʷ ʧʦʜʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʥʘʙʦʨʘ 

ʢʨʘʩʦʢ, ʯʪʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩ ʥʘʠʤʝʥʴʰʠʤʠ ʟʘʪʨʘʪʘʤʠ ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʳʛʦʜʦʡ. 
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ʊɽʍʅʆʃʆɻʀʗ ʇɸʈɸʃʃɽʃʀɿɸʎʀʀ ʇʈʆʎɽʉʉɸ ʈɽʐɽʅʀɽ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʦʙʣʘʩʪʠ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʨʝʰʝʥʠʝ 

ʩʣʦʞʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ ʥʘ ʦʩʥʦʚʝ ʧʘʨʘʣʣʝʣʠʟʘʮʠʠ ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ. ɺ ʜʘʥʥʦʡ 

ʩʪʘʪʴʝ ʧʦʢʘʟʘʥʳ ʤʝʪʦʜʳ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ, ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʚʳʨʘʞʝʥʠʷ ʚʟʘʠʤʦʩʚʷʟʠ 

ʤʝʞʜʫ ʩʠʤʧʪʦʤʘʤʠ ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʥʘ ʷʟʳʢʝ ʘʣʛʝʙʨʳ ʣʦʛʠʢʠ ʩ ʧʦʤʦʱʴʶ 

ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ Python ʠ ʝʝ ʙʠʙʣʠʦʪʝʢʠ PyTorch.  ɺ ʩʪʘʪʴʝ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʘʨʭʠʪʝʢʪʫʨʘ, ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʧʨʦʛʨʘʤʤʳ. ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʩʨʝʜʩʪʚʘ ʧʦʣʫʯʘʶʪʩʷ 

ʪʦʯʥʳʝ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɸʣʛʦʨʠʪʤ, ʙʦʣʝʟʥʠ, ʣʦʛʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ, ʤʝʜʠʮʠʥʩʢʘʷ 

ʜʠʘʛʥʦʩʪʠʢʘ, ʧʘʨʘʣʣʝʣʠʟʘʮʠʷ, ʩʠʤʧʪʦʤʳ ʙʦʣʝʟʥʠ, ʩʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. 

I. ɺɺɽɼɽʅʀɽ 

ɺ ʤʝʜʠʮʠʥʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʝ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʵʬʬʝʢʪʠʚʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʠ ʧʦʜʜʝʨʞʠʚʘʪʴ ʧʨʦʮʝʩʩ ʜʠʘʛʥʦʩʪʠʢʠ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʙʘʪʳʚʘʪʴ ʙʦʣʴʰʠʝ ʦʙʲʝʤʳ ʜʘʥʥʳʭ ʠ 

ʚʳʷʚʣʷʪʴ ʩʢʨʳʪʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʦʤʦʛʘʶʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʟʘʙʦʣʝʚʘʥʠʷ ʠ 

ʧʨʠʥʠʤʘʪʴ ʨʝʰʝʥʠʷ. ʅʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʜʘʥʥʳʭ ʧʨʠ ʜʠʘʛʥʦʩʪʠʢʝ ʥʘ ʦʩʥʦʚʝ 

ʤʝʜʠʮʠʥʩʢʠʭ ʜʘʥʥʳʭ ʧʦʚʳʰʘʝʪ ʩʣʦʞʥʦʩʪʴ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ. 

ʄʥʦʛʠʝ ʧʨʦʙʣʝʤʳ ʘʥʘʣʠʟʘ, ʩʠʥʪʝʟʘ ʠ ʚʳʷʚʣʝʥʠʷ ʦʰʠʙʦʢ ʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ, ʘ ʪʘʢʞʝ 

ʧʨʦʙʣʝʤʳ ʜʝʜʫʢʪʠʚʥʦʛʦ ʚʳʚʦʜʘ, ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʙʨʘʟʦʚ ʠ ʟʘʱʠʪʳ ʠʥʬʦʨʤʘʮʠʠ ʥʝʠʟʙʝʞʥʦ 

ʧʨʠʚʦʜʷʪ ʢ ʨʝʰʝʥʠʶ ʢʦʤʙʠʥʘʪʦʨʥʳʭ ʟʘʜʘʯ ʩ ʚʳʙʦʨʦʤ ʚʘʨʠʘʥʪʦʚ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʪʘʢʠʭ 

ʟʘʜʘʯ ʚʳʨʘʞʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ[1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ[2] ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʦʚʳʝ ʚʠʜʳ ʠ ʬʦʨʤʳ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʙʫʣʝʚʳʭ 

ʬʫʥʢʮʠʡ ʥʘ ʦʩʥʦʚʝ ʦʧʝʨʘʮʠʡ, ʠʩʢʣʶʯʘʶʱʠʭ ʦʧʝʨʘʮʠʠ ʤʠʥʠʤʠʟʘʮʠʠ, ʢʦʪʦʨʳʝ ʧʦʚʳʰʘʶʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʮʠʬʨʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʧʨʦʛʨʘʤʤ ʚ ʩʠʩʪʝʤʘʭ ʣʦʛʠʯʝʩʢʦʛʦ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʇʦʩʪʨʦʝʥʥʳʝ ʧʦ ʦʧʝʨʘʮʠʠ ʠʩʢʣʶʯʝʥʠʷ ʬʦʨʤʳ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʣʦʛʠʯʝʩʢʠʭ 

ʬʫʥʢʮʠʡ ʠʣʠ ʧʦʣʠʥʦʤʳ ɾʝʛʘʣʢʠʥʘ, ʬʦʨʤʘ ʈʠʜʘ-ʄʘʣʣʝʨʘ ʧʨʦʠʟʚʦʣʴʥʦʡ ʧʦʣʷʨʥʦʩʪʠ, 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʜʚʦʠʯʥʳʝ ʜʠʘʛʨʘʤʤʳ ʨʝʰʝʥʠʡ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʮʠʬʨʦʚʳʭ ʘʧʧʘʨʘʪʥʳʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ [3] ʤʦʜʝʣʠʨʫʝʪʩʷ ʩʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʥʝʢʦʪʦʨʳʭ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʫʪʚʝʨʞʜʝʥʠʷʭ ʦ ʧʨʠʯʠʥʥʦ-ʩʣʝʜʩʪʚʝʥʥʳʭ ʩʚʷʟʷʭ ʤʝʞʜʫ ʩʠʤʧʪʦʤʘʤʠ 

ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʙʦʣʝʟʥʷʤʠ. ʇʫʪʝʤ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʘʥʘʣʠʟʘ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʰʝʥʠʷ ʜʘʝʪʩʷ ʦʧʠʩʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠʟʥʘʢʦʚ (ʩʠʤʧʪʦʤʦʚ) ʟʘʙʦʣʝʚʘʥʠʡ ʦʪ 

ʟʘʙʦʣʝʚʘʥʠʡ. ʄʝʪʦʜʳ ʨʘʩʯʝʪʘ ʚʳʩʢʘʟʳʚʘʥʠʡ ʠʤʝʶʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʦʧʠʩʘʥʠʠ 

ʧʨʦʮʝʩʩʦʚ ʜʣʷ ʠʟʫʯʝʥʠʷ ʨʷʜʘ ʚʘʞʥʳʭ ʦʙʣʘʩʪʝʡ, ʪʘʢʠʭ ʢʘʢ ʙʠʦʣʦʛʠʷ, ʤʝʜʠʮʠʥʘ, ʫʧʨʘʚʣʝʥʠʝ, 

ʧʨʠ ʠʟʫʯʝʥʠʠ ʠʭ ʚʘʞʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝ ʪʦʣʴʢʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦ, ʥʦ ʠ ʠʭ ʣʦʛʠʯʝʩʢʠʭ ʩʚʷʟʝʡ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʙʣʝʤ ʤʝʜʠʮʠʥʩʢʦʡ ʠʣʠ ʪʝʭʥʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʦʙʲʝʢʪʦʚ ʠ ʷʚʣʝʥʠʡ 

ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʦ ʯʝʨʝʟ ʩʠʩʪʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʩʚʝʜʝʥʦ ʢ ʟʘʜʘʯʝ ʠʭ ʨʝʰʝʥʠʷ. 

ɿʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʰʝʥʠʡ ʩʠʩʪʝʤ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʪʘʢʞʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚ 
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ʤʝʜʠʮʠʥʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʝ, ʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʣʦʛʠʯʝʩʢʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʣʦʛʠʯʝʩʢʠʭ ʩʚʷʟʝʡ. 

ɺ ʨʘʙʦʪʝ [5] ʨʘʩʩʤʦʪʨʝʥʳ ʘʨʭʠʪʝʢʪʫʨʘ, ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʪʝʭʥʦʣʦʛʠʷ 

ʧʨʠʤʝʥʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʈɽɹʋʉ 2.0, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʩ 

ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʚ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʟʥʘʥʠʡ, ʛʜʝ 

ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʚʦʟʥʠʢʘʶʪ ʜʠʩʢʨʝʪʥʳʝ ʤʦʜʝʣʠ ʚ ʚʠʜʝ ʩʠʩʪʝʤ ʙʫʣʝʚʳʭ ʫʨʘʚʥʝʥʠʡ 

(ʦʛʨʘʥʠʯʝʥʠʡ).  

ʊʝʭʥʦʣʦʛʠʷ ʧʘʨʘʣʣʝʣʠʟʘʮʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʧʦʜʭʦʜʝ, 

ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʠ ʙʳʩʪʨʦ ʨʝʰʘʪʴ ʙʦʣʴʰʠʝ ʦʙʲʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. ʎʝʣʴʶ 

ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʷʚʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʠ ʠʭ 

ʩʠʤʧʪʦʤʘʤʠ. 

II. ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏʀ. 

ʅʘ ʦʩʥʦʚʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʧʨʠʟʥʘʢʦʚ, ʣʶʙʦʤʫ 

ʜʠʘʛʥʦʟʫ ʦʜʥʦʟʥʘʯʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʨʝʜʝʣʝʥʥʳʡ ʥʘʙʦʨ ʩʠʤʧʪʦʤʦʚ ï ʧʨʠʟʥʘʢʦʚ, ʢʦʪʦʨʳʝ 

ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʪʘʙʣʠʮʳ (ʪʘʙʣʠʮʘ-1) [1]. 

ʊʘʙʣʠʮʘ 1.  

ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʪʘʙʣʠʮʘ ʥʝʢʦʪʦʨʳʭ ʢʣʘʩʩʘ ʙʦʣʝʟʥʝʡ. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʠʤʝʝʪʩʷ m ʩʠʤʧʪʦʤʦʚ 
1 2, , , mx x x  ʠ n ʟʘʙʦʣʝʚʘʥʠʡ ( )1 2, , , ny y y  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʠʝ ʙʫʣʝʚʳ ʧʝʨʝʤʝʥʥʳʝ ( ) 1,   ,  n;     1,  ,i j m= » = »  

 

1,  ʝʩʣʠ ʫ ʙʦʣʴʥʦʛʦ ʦʙʥʘʨʫʞʝʥ ʡ ʩʠʤʧʪʦʤ;

0, ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ                                         
i

ʽ
y

-ë
=ì
í

                              (1) 

 

1,  ʝʩʣʠ ʫ ʙʦʣʴʥʦʛʦ ʦʙʥʘʨʫʞʝʥ  ʿ-e ʟʘʙʦʣʝʚʘʥʠʝ   

0,ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ                                                
jx
ë
=ì
í

                          (2) 

 

ʊʦʛʜʘ ʩʚʷʟʴ ʤʝʞʜʫ ʩʠʤʧʪʦʤʘʤʠ ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ 

ʥʘ ʷʟʳʢʝ ʘʣʛʝʙʨʳ ʣʦʛʠʢʠ. Eʩʣʠ Ὥ ́ ̠ʟʘʙʦʣʝʚʘʥʠʝ ʚʩʝʛʜʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʠʤʧʪʦʤʘʤʠ 

1 2, , ,  mx x x»  
1( )m m¢ , ʪʦ ʙʫʣʝʚʘ ʬʫʥʢʮʠʷ ( )

11 2i my x x xØ Ø­ Ø , ʪʦʞʜʝʩʪʚʝʥʥʦ ʨʘʚʥʘ 1. 

 1y  2y  é j  é my  

1x  

2x  

é. 
i  

é. 

nx  

    
 

 

 

 

      i ja  
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ɸʥʘʣʦʛʠʯʥʦ, ʤʦʞʝʪ ʙʳʪʴ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʝʩʣʠ ʦʙʥʘʨʫʞʝʥʳ ʩʠʤʧʪʦʤʳ 
11 2, , ,  mx x x» , ʪʦ 

ʦʙʷʟʘʪʝʣʴʥʦ ʜʦʣʞʥʦ ʙʳʪʴ ʟʘʙʦʣʝʚʘʥʠʝ jy  ʠ, ʥʘʦʙʦʨʦʪ, ʵʪʦ ʟʘʙʦʣʝʚʘʥʠʝ ʚʩʝʛʜʘ ʧʨʦʷʚʣʷʝʪʩʷ 

ʚ ʫʢʘʟʘʥʥʳʭ ʩʠʤʧʪʦʤʘʭ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦʞʜʝʩʪʚʝʥʥʦ ʨʘʚʥʘ 1 ʙʫʣʝʚʘ ʬʫʥʢʮʠʷ ʩʣʝʜʫʶʱʝʛʦ 

ʚʠʜʘ: ( )
11 2 1  1, , m jx x x y j n m mª = ¢ . ʏʘʩʪʦ ʦʜʠʥ ʢʘʢʦʡ-ʥʠʙʫʜʴ i-ʘʷ ʩʠʤʧʪʦʤ ʩʦʧʨʦʚʦʞʜʘʝʪ 

ʤʥʦʛʠʝ ʟʘʙʦʣʝʚʘʥʠʷ, ʙʫʣʝʚʘ ʬʫʥʢʮʠʷ ʚ ʵʪʦʤ ʩʣʫʯʘʝ:  

( ) ( )
11 2 11,  ,    1,i nx y y y n n i m­ =Ù Ù Ù ¢ =  [7-8]. 

ɼʣʷ ʨʘʥʥʝʡ ʜʠʘʛʥʦʩʪʠʢʠ ʟʘʙʦʣʝʚʘʥʠʡ, ʢʦʛʜʘ ʘʥʘʤʥʝʟ ʧʘʮʠʝʥʪʘ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ 

ʧʝʨʝʯʝʥʴ ʩʠʣʴʥʦ ʢʦʨʨʝʣʠʨʫʶʱʠʭ ʠʣʠ ʚʟʘʠʤʦʠʩʢʣʶʯʘʶʱʠʭ ʩʠʤʧʪʦʤʦʚ. ʊʦʛʜʘ ʧʦʷʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʝʭʘʥʠʟʤʘ ʯʝʪʢʦʛʦ ʨʘʟʛʨʘʥʠʯʝʥʠʷ ʩʠʤʧʪʦʤʦʚ ʠ ʟʘʙʦʣʝʚʘʥʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʝ ʊʘʙʣʠʮʘ 1 ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʙʫʣʝʚʳ ʫʨʘʚʥʝʥʠʠ:  

 

1

1

1 2

1 2

2 1

1

1

1 2

1

1

  ,   ,  ..., ) 1;

.......................................

  ,   ,  ..., ) 1;

   ,  ...,   ,   ) 1;

........................................

   ,  ...,   ,

(

  ) 1;

,

( ,

( ,

( ,

n

m

n n

p

p

h

hm m

f x

f x

g x

y y y

y y y

x x y

x x yg x

=

=

=

=

                                    (3) 

ʛʜʝ,  ( 1,2,..., )ip n i n¢ =  ( )  1,2, ,jh m i m¢ = » . 

 

ʕʪʦ ʨʘʚʝʥʩʪʚʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʚʦʝʛʦ ʨʦʜʘ ʥʝʷʚʥʦʝ ʟʘʜʘʥʠʝ ʬʫʥʢʮʠʡ 

(ʟʘʙʦʣʝʚʘʥʠʡ) 1 2, , , ny y y» , ʦʪ ʘʨʛʫʤʝʥʪʦʚ (ʩʠʤʧʪʦʤʦʚ) 1 2, , ,  mx x x» . ɿʘʜʘʯʘ ʜʠʘʛʥʦʩʪʠʢʠ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʷʚʥʦ ʚʳʷʚʠʪʴ ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ. 

ʈʝʰʝʥʠʷ ʩʠʩʪʝʤ ʫʨʘʚʥʝʥʠʡ (3) ʩʭʝʤʘʪʠʯʥʦ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

(ʈʠʩ.1): 

 

ʈʠʩ.1. ʉʭʝʤʘʪʠʯʥʳʡ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤ ʫʨʘʚʥʝʥʠʝ (1)  
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III. ʈɸɿʈɸɹʆʊʂɸ ʇʈʆɻʈɸʄʄʅʆɻʆ ʆɹɽʉʇɽʏɽʅʀʗ 

ʇʨʦʛʨʘʤʤʘ ʨʘʟʨʘʙʦʪʘʥʘ ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, ʧʦʣʫʯʘʝʪ ʦʪ 

ʧʦʣʴʟʦʚʘʪʝʣʷ ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ, ʧʘʨʘʣʣʝʣʴʥʦ ʦʙʨʘʙʘʪʳʚʘʝʪ ʠʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ 

PyTorch ʠ ʟʘʧʠʩʳʚʘʝʪ ʨʝʟʫʣʴʪʘʪʳ ʚ ʬʘʡʣʳ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʘ ʚʳʧʦʣʥʷʝʪ 

ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʬʫʥʢʮʠʠ:  

Å ʏʪʝʥʠʝ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ: ɺʚʝʜʝʥʥʳʝ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʧʝʨʝʤʝʥʥʳʝ (x ʠ y), ʘ ʪʘʢʞʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʠʤʝʥʘ (ʩʠʤʧʪʦʤʳ ʠ ʥʘʟʚʘʥʠʷ ʙʦʣʝʟʥʝʡ) ʠ ʩʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ 

ʫʨʘʚʥʝʥʠʡ ʠʟ ʬʘʡʣʘ. 

Å ʈʘʟʨʘʙʦʪʢʘ ʫʨʘʚʥʝʥʠʡ: ʃʦʛʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʪʝʥʟʦʨʳ PyTorch 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. ʊʝʥʟʦʨʳ PyTorch - ʵʪʦ ʦʩʥʦʚʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʜʘʥʥʳʭ ʚ ʙʠʙʣʠʦʪʝʢʝ PyTorch, ʢʦʪʦʨʘʷ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʢʘʢ ʤʥʦʛʦʤʝʨʥʳʝ ʤʘʩʩʠʚʳ. ʆʥʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʭʨʘʥʝʥʠʷ ʯʠʩʣʦʚʳʭ ʜʘʥʥʳʭ (ʥʘʧʨʠʤʝʨ, ʚʝʢʪʦʨʦʚ, ʤʘʪʨʠʮ ʠʣʠ 

ʚʳʩʦʢʦʨʘʟʤʝʨʥʳʭ ʤʘʩʩʠʚʦʚ) ʠ ʚʳʧʦʣʥʝʥʠʷ ʚ ʥʠʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ. ʊʝʥʟʦʨʳ ʤʦʛʫʪ 

ʦʙʨʘʙʘʪʳʚʘʪʴʩʷ ʚ CPU ʠʣʠ GPU (ʯʝʨʝʟ CUDA), ʯʪʦ ʫʩʢʦʨʷʝʪ ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ. 

Å ʉʦʭʨʘʥʝʥʠʝ ʨʝʰʝʥʠʡ ʠ ʨʝʟʫʣʴʪʘʪʦʚ: ʈʝʰʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʳʯʠʩʣʝʥʠʡ, ʭʨʘʥʷʪʩʷ ʚ CSV-ʬʘʡʣʝ, ʘ ʨʝʟʫʣʴʪʘʪʳ - ʚ ʜʚʫʭ ʦʪʜʝʣʴʥʳʭ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʘʭ 

("javob1.txt" ʠ "javob2.txt"). 

Å ʉʦʟʜʘʥʠʝ ʪʘʙʣʠʮʳ: ʇʨʦʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ ʦʧʨʝʜʝʣʷʪʴ ʩʦʦʪʥʦʰʝʥʠʷ 

(0 ʠʣʠ 1) ʤʝʞʜʫ ʧʝʨʝʤʝʥʥʳʤʠ (ʩʠʤʧʪʦʤʳ ʠ ʟʘʙʦʣʝʚʘʥʠʷ) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʘʙʣʠʮʝʡ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʬʘʡʣʝ "jadval.txt." 

ɼʘʥʥʘʷ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦʨʠʪʴ ʚʳʯʠʩʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ (GPU) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʟʤʦʞʥʦʩʪʝʡ CUDA ʙʠʙʣʠʦʪʝʢʠ 

PyTorch, ʯʪʦ ʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʜʘʥʥʳʭ. 

ɸʨʭʠʪʝʢʪʫʨʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

ʇʨʦʛʨʘʤʤʘ ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʩʘ LogSystemsTorch ʠ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ 

ʦʩʥʦʚʥʳʝ ʤʝʪʦʜʳ: 

¶ read_input_file: ʏʠʪʘʝʪ ʜʘʥʥʳʝ ʠʟ ʚʭʦʜʥʦʛʦ ʬʘʡʣʘ, ʘʥʘʣʠʟʠʨʫʝʪ ʧʝʨʝʤʝʥʥʳʝ ʠ 

ʫʨʘʚʥʝʥʠʷ. 

¶ get_user_variables: ʦʧʨʝʜʝʣʷʝʪ ʢʦʣʠʯʝʩʪʚʦ ʠ ʠʤʝʥʘ ʧʝʨʝʤʝʥʥʳʭ x ʠ y. 

¶ logic_string_to_torch: ʇʨʝʦʙʨʘʟʫʝʪ ʣʦʛʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʚ ʪʝʥʟʦʨʳ PyTorch, 

ʥʘʧʨʠʤʝʨ, ʚʳʨʘʞʝʥʠʝ 
1 1    1x y+ =  ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ batch[:, 0] | batch[:, 1]. 

¶ solve: ɺʳʯʠʩʣʷʝʪ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʨʝʰʝʥʠʷ ʠ ʟʘʧʠʩʳʚʘʝʪ ʨʝʰʝʥʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ ʚ 

ʬʘʡʣʳ. 

¶ write_to_files: ʉʦʭʨʘʥʷʝʪ ʨʝʰʝʥʠʷ ʚ ʫʜʦʙʥʦʤ ʜʣʷ ʧʦʣʴʟʦʚʘʪʝʣʷ ʚʠʜʝ (ʬʘʡʣ). ʂʨʦʤʝ 

ʪʦʛʦ, ʧʨʦʛʨʘʤʤʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʯʝʨʝʟ ʬʫʥʢʮʠʶ 

main, ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʚʚʦʜ ʢʦʣʠʯʝʩʪʚʘ ʧʝʨʝʤʝʥʥʳʭ, ʠʭ ʥʘʟʚʘʥʠʡ ʠ ʪʘʙʣʠʮʳ. 

ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʠ ʧʘʨʘʣʣʝʣʠʟʘʮʠʷ 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʧʨʦʛʨʘʤʤʝ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Å ʇʘʨʘʣʣʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ: ʩ ʧʦʤʦʱʴʶ PyTorch ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʯʠʩʣʷʝʪʩʷ 

ʙʦʣʴʰʦʡ ʥʘʙʦʨ ʨʝʰʝʥʠʡ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʫʧʨʘʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʘʨʘʤʝʪʨʘ batch_size, 

ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʘʤʷʪʠ. 

Å ʄʦʜʫʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ: ʂʘʞʜʳʡ ʢʦʤʧʦʥʝʥʪ ʩʠʩʪʝʤʳ ʨʘʙʦʪʘʝʪ ʥʝʟʘʚʠʩʠʤʦ, ʯʪʦ 

ʫʧʨʦʱʘʝʪ ʜʦʙʘʚʣʝʥʠʝ ʥʦʚʳʭ ʬʫʥʢʮʠʡ. 
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Å ɸʚʪʦʤʘʪʠʟʘʮʠʷ: ʇʦʣʴʟʦʚʘʪʝʣʴ ʚʚʦʜʠʪ ʪʦʣʴʢʦ ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ, ʦʩʪʘʣʴʥʳʝ ʧʨʦʮʝʩʩʳ 

(ʛʝʥʝʨʘʮʠʷ, ʨʝʰʝʥʠʝ ʠ ʩʦʭʨʘʥʝʥʠʝ ʫʨʘʚʥʝʥʠʡ) ʚʳʧʦʣʥʷʶʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ. 

ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʚʳʰʘʝʪ ʛʠʙʢʦʩʪʴ ʩʠʩʪʝʤʳ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʨʝʰʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ. 

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

ʇʨʦʛʨʘʤʤʥʦʝ ʩʨʝʜʩʪʚʦ ʨʘʙʦʪʘʝʪ ʥʘ ʩʣʝʜʫʶʱʠʭ ʵʪʘʧʘʭ: 

a) ɺʚʦʜʠʪʩʷ ʧʦʣʴʟʦʚʘʪʝʣʝʤ: ʇʦʣʴʟʦʚʘʪʝʣʴ ʚʚʦʜʠʪ ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʝʤʝʥʥʳʭ x ʠ y ʠ ʠʭ 
ʥʘʟʚʘʥʠʷ. 

b) ʉʦʟʜʘʥʠʝ ʪʘʙʣʠʮʳ: ʌʫʥʢʮʠʷ create_table ʩʦʟʜʘʝʪ ʬʘʡʣ "jadval.txt," ʚ ʢʦʪʦʨʦʤ 
ʧʦʣʴʟʦʚʘʪʝʣʴ ʦʧʨʝʜʝʣʷʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʧʝʨʝʤʝʥʥʳʤʠ x ʠ y (0 ʠʣʠ 1) 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

c) ɻʝʥʝʨʘʮʠʷ ʩʠʩʪʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ: ʬʫʥʢʮʠʷ generate_equations 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʛʝʥʝʨʠʨʫʝʪ ʩʠʩʪʝʤʫ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʪʘʙʣʠʮʳ, 

ʥʘʧʨʠʤʝʨ, ( )1 1 2    1x y y­ Ù =  

d) ʅʘʭʦʞʜʝʥʠʝ ʨʝʰʝʥʠʷ: ʃʦʛʠʯʝʩʢʠʝ ʫʨʘʚʥʝʥʠʷ ʚʳʯʠʩʣʷʶʪʩʷ ʢʘʢ ʪʝʥʟʦʨʳ PyTorch 

ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ solve. ʇʨʠ ʵʪʦʤ ʚʩʷ ʚʦʟʤʦʞʥʘʷ ʢʦʤʙʠʥʘʮʠʷ ʨʝʰʝʥʠʡ (2n, ʛʜʝ 

n - ʯʠʩʣʦ ʧʝʨʝʤʝʥʥʳʭ) ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʧʘʯʢʠ ʠ ʧʨʦʚʝʨʷʝʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ. 

e) ʉʦʭʨʘʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ: ʈʝʰʝʥʠʷ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʬʘʡʣ ʬʦʨʤʘʪʘ CSV ʠ ʜʚʘ 

ʦʪʜʝʣʴʥʳʭ ʬʘʡʣʘ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʘ txt. 

ʇʨʝʠʤʫʱʝʩʪʚʘ ʧʨʦʛʨʘʤʤʳ  

ʇʨʦʛʨʘʤʤʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ: 

Å ʉʢʦʨʦʩʪʴ: ɺʦʟʤʦʞʥʦʩʪʴ ʙʳʩʪʨʦʡ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʜʘʥʥʳʭ ʙʣʘʛʦʜʘʨʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ PyTorch ʠ GPU. 

Å ʋʜʦʙʩʪʚʦ ʧʦʣʴʟʦʚʘʪʝʣʷ: ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʝ ʧʨʦʮʝʩʩʳ ʠ ʧʨʦʩʪʦʡ ʠʥʪʝʨʬʝʡʩ 

ʩʦʟʜʘʶʪ ʫʜʦʙʩʪʚʦ ʜʣʷ ʧʦʣʴʟʦʚʘʪʝʣʷ. 

Å ɻʠʙʢʦʩʪʴ: ɺʦʟʤʦʞʥʦʩʪʴ ʨʝʰʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ (ʩʠʩʪʝʤ). 

Å ɺʦʟʤʦʞʥʦʩʪʴ ʨʘʩʰʠʨʝʥʠʷ: ʃʝʛʢʦ ʜʦʙʘʚʣʷʪʴ ʥʦʚʳʝ ʬʫʥʢʮʠʠ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ 

ʩʠʩʪʝʤʫ. 

ʕʪʘ ʧʨʦʛʨʘʤʤʘ ʪʘʢʞʝ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʝ ʬʦʨʤʘʪʳ 

(ʥʘʧʨʠʤʝʨ, DIMACS), ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʝʝ ʠʥʪʝʛʨʘʮʠʶ ʩ ʜʨʫʛʠʤʠ SAT-ʨʝʰʝʥʠʷʤʠ. 

IV. ʄɽʊʆɼʀʂɸ ʈɽʐɽʅʀʗ ɿɸɼɸʏʀ ʀ ɸʅɸʃʀɿ ʇʆʃʋʏɽʅʅʓʍ ʈɽɿʋʃʔʊɸʊʆɺ 

ʊʝʩʪʦʚʳʡ ʧʨʠʤʝʨ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʚʷʟʠ ʤʝʞʜʫ ʚʦʩʧʘʣʠʪʝʣʴʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʠ ʠʭ ʩʠʤʧʪʦʤʘʤʠ 

ʩʦʩʪʘʚʠʤ ʪʘʙʣʠʮʫ 2 ʥʘ ʦʩʥʦʚʝ ʩʪʘʥʜʘʨʪʥʦʛʦ ʦʪʚʝʪʘ + (ʜʘ) /- (ʥʝʪ). ɺ ʢʘʯʝʩʪʚʝ ʩʠʤʧʪʦʤʦʚ 

ʧʨʠʥʠʤʘʣʠʩʴ ʧʦʢʘʟʘʪʝʣʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʥʘʣʠʯʠʝ ʧʨʦʛʨʝʩʩʠʨʫʶʱʝʛʦ 

ʚʦʩʧʘʣʝʥʠʷ ʠ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʧʨʦʛʥʦʩʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ [4]. ɺʚʝʜʝʤ ʩʣʝʜʫʶʱʠʝ 

ʦʙʦʟʥʘʯʝʥʠʷ:  

ʊʘʙʣʠʮʘ 2.  

ʉʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʚʦʩʧʘʣʠʪʝʣʴʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʠ ʩʠʤʧʪʦʤʘʤʠ, ʚʳʷʚʣʝʥʥʦʝ ʩ 

ʧʦʤʦʱʴʶ ʦʙʩʣʝʜʦʚʘʥʠʡ. 

ɹʦʣʝʟʥʠ / ʩʠʤʧʪʦʤʳ x1 x2 x3 x4 x5 x6 

y1 - + - - + + 

y2 + + + + + + 

y3 + + + - + + 
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y4 - + - - + + 

y5 - - - - - + 

y6 - + - + + - 

y7 + + - + + - 

y8 + + - + + + 

 

1 y  - ʭʨʦʥʠʯʝʩʢʠʡ ʙʨʦʥʭʠʪ, 
2 y - ʧʥʝʚʤʦʥʠʷ, 

3 y -ʪʫʙʝʨʢʫʣʝʟ ʣʝʛʢʠʭ, 
4 y -ʨʘʢʦʚʳʝ 

ʟʘʙʦʣʝʚʘʥʠʷ ʣʝʛʢʠʭ, 
5 y -ʣʝʛʦʯʥʳʡ ʵʭʠʥʦʢʦʢʢʦʟ, 

6 y - ʙʨʦʥʭʠʘʣʴʥʘʷ ʘʩʪʤʘ, 
7 y - ʦʩʪʨʳʡ 

ʙʨʦʥʭʠʪ, 
8 y  - COVID-19, 

1 x  -ʪʝʤʧʝʨʘʪʫʨʘ, 
2 x - ʢʘʰʝʣʴ ʠ ʤʦʢʨʦʪʘ, 

3 x - ʧʣʶʷʩʴ ʢʨʦʚʴʶ, 
4 x - 

ʣʝʡʢʦʮʠʪ, 
5 x - ʩʢʦʨʦʩʪʴ ʦʩʝʜʘʥʠʷ ʵʨʠʪʨʦʮʠʪʦʚ, 

6 x - ʨʝʥʪʛʝʥʦʣʦʛʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ [8]. 

ʅʘ ʦʩʥʦʚʝ ʪʘʙʣʠʮʳ 2 ʬʦʨʤʠʨʫʝʪʩʷ ʩʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, ʩʦʩʪʦʷʱʘʷ ʠʟ 14 

ʧʝʨʝʤʝʥʥʳʭ. 
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ʇʫʩʪʴ ʨʝʰʝʥʠʷ ʵʪʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʙʫʜʫʪ ʚ ʚʠʜʝ ʪʘʙʣʠʮʳ ( ),k m n
T

+
. ʇʝʨʚʳʝ m 

ʩʪʦʣʙʮʦʚ ʪʘʙʣʠʮʳ ( ),k m n
T

+
 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʥʘʯʝʥʠʶ ʥʘʣʠʯʠʷ ʩʠʤʧʪʦʤʦʚ ʟʘʙʦʣʝʚʘʥʠʷ 

1 2, , , mx x x» , ʦʩʪʘʣʴʥʳʝ n ʩʪʦʣʙʮʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʥʘʯʝʥʠʶ ʥʘʣʠʯʠʷ ʟʘʙʦʣʝʚʘʥʠʷ 
1 2, , , ny y y»

, k - ʯʠʩʣʦ ʨʝʰʝʥʠʡ ʩʠʩʪʝʤʳ (3). ʊʦ ʝʩʪʴ, 
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,
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1  ,   ,  ;        1,  ,

i j

i s

ʝʩʣʠʫʙʦʣʴʥʦʛʦʦʙʥʘʨʫʞʝʥʽ ʡʩʠʤʧʪʦʤ
T

ʧʨʦʪʠʚʥʦʤʩʣʫʯʘʝ

i k j m

ʝʩʣʠʫʙʦʣʴʥʦʛʦʦʙʥʘʨʫʞʝʥ ʿ eʟʘʙʦʣʝʚʘʥʠʝ
T

ʧʨʦʪʠʚʥʦʤʩʣʫʯʘʝ

i k s m n m

-ë
=ì
í

= » = »

-ë
=ì
í

= » = + » +

                                (5) 

 

ʊʝʧʝʨʴ, ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢʘʷ ʢʦʤʙʠʥʘʮʠʷ ʩʠʤʧʪʦʤʦʚ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʧʨʠ 

ʟʘʙʦʣʝʚʘʥʠʠ s, ʥʘʤ ʥʫʞʥʦ ʚʳʚʝʩʪʠ ʚʩʝ ʩʪʦʣʙʮʳ 
, 1i jT =  ʧʨʠ , 1i sT =  [3]. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (4) ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʩʨʝʜʩʪʚʘ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʷʜʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʘʣʛʦʨʠʪʤʦʚ, ʧʨʠʚʝʜʝʥʥʳʭ 

ʚʳʰʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3 ʥʠʞʝ. 
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ʊʘʙʣʠʮʘ 3. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

x1 x2 x3 x4 x5 x6 y1 y2 y3 y4 y5 y6 y7 y8 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 

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

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

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

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

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

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

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

1 1 1 1 1 1 1 1 1 1 1 1 1 1 

ʀʩʧʦʣʴʟʫʷ ʘʣʛʦʨʠʪʤʳ ʢʣʘʩʩʠʬʠʢʘʮʠʠ (5) ʜʣʷ ʵʪʠʭ ʧʦʣʫʯʝʥʥʳʭ ʨʝʰʝʥʠʡ, 

ʧʦʣʫʯʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʟʘʙʦʣʝʚʘʥʠʠ  

1 y  - ʟʘʙʦʣʝʚʘʥʠʝ: ( )2,  5,  6x x x  ʠʣʠ ( )2,  4,  5,  6x x x x  ʠʣʠ ( )1,  2,  4,  5,  6x x x x x  ʠʣʠ 

( )1,  2,  3,  5,  6x x x x x  ʠʣʠ ( )1,  2,  3,  4,  5,  6x x x x x x  - ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʩʠʤʧʪʦʤʘʤʠ; 

2y  - ʟʘʙʦʣʝʚʘʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʦ ʚʩʝʤʠ ʩʠʤʧʪʦʤʘʤʠ; 

3y  - ʟʘʙʦʣʝʚʘʥʠʝ: ( )1,  2,  3,  5,  6x x x x x  ʠʣʠ ( )1,  2,  3,  4,  5,  6x x x x x x  -ʥʘʙʣʶʜʘʝʪʩʷ ʩ 

ʩʠʤʧʪʦʤʘʤʠ 

4y  - ʟʘʙʦʣʝʚʘʥʠʝ: ( )1,  5,  6x x x  ʠʣʠ ( )1,  4,  5,  6x x x x  ʠʣʠ ( )1,  2,  4,  5,  6x x x x x  ʠʣʠ 

( )1,  2,  3,  5,  6x x x x x  ʠʣʠ ( )1,  2,  3,  4,  5,  6x x x x x x  - ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʩʠʤʧʪʦʤʘʤʠ; 

5y  - ʟʘʙʦʣʝʚʘʥʠʝ: ( )6x  or ( )2,  5,  6x x x  ʠʣʠ ( )2,  4,  5,  6x x x x  ʠʣʠ ( )1,  2,  4,  5,  6x x x x x  ʠʣʠ 

( )1,  2,  3,  5,  6x x x x x  ʠʣʠ ( )1,  2,  3,  4,  5,  6x x x x x x  - ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʩʠʤʧʪʦʤʘʤʠ; 

6y  - ʟʘʙʦʣʝʚʘʥʠʝ: ( )2,  4,  5x x x  ʠʣʠ ( )2,  4,  5,  6x x x x  ʠʣʠ ( )1,  2,  4,  5x x x x  ʠʣʠ 

( )1,  2,  4,  5,  6x x x x x  ʠʣʠ ( )1,  2,  3,  4,  5,  6x x x x x x  - ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʩʠʤʧʪʦʤʘʤʠ; 

7y  - ʟʘʙʦʣʝʚʘʥʠʝ: ( )1,  2,  4,  5x x x x  ʠʣʠ ( )1,  2,  4,  5,  6x x x x x  ʠʣʠ ( )1,  2,  3,  4,  5,  6x x x x x x  - 

ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʩʠʤʧʪʦʤʘʤʠ; 

8y  - ʟʘʙʦʣʝʚʘʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʦ ʚʩʝʤʠ ʩʠʤʧʪʦʤʘʤʠ; 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫ ʧʘʮʠʝʥʪʦʚ ʩ y2, y3, y7 ʠ y8 ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʩʦʢʘʷ ʯʘʩʪʦʪʘ 

ʩʠʤʧʪʦʤʦʚ ʟʘʙʦʣʝʚʘʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʣʷ ʟʘʙʦʣʝʚʘʥʠʡ 

y1, y4, y5 ʠ y8. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʫʤʥʦʞʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʟʥʘʢʦʚ ʠ ʦʧʨʝʜʝʣʠʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʢʘʟʘʪʝʣʠ. ʅʘ ʧʨʘʢʪʠʢʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʦʣʙʮʦʚ ʠ ʩʪʨʦʢ ʚ ʩʦʩʪʘʚʣʝʥʥʦʡ 

ʪʘʙʣʠʮʝ ʤʦʞʝʪ ʙʳʪʴ ʥʘʩʪʦʣʴʢʦ ʙʦʣʴʰʠʤ, ʯʪʦ ʝʸ ʘʥʘʣʠʟ ʚʦʟʤʦʞʝʥ ʪʦʣʴʢʦ ʩ ʧʦʤʦʱʴʶ 

ʢʦʤʧʴʶʪʝʨʘ. ʂʨʦʤʝ ʪʦʛʦ, ʚʩʪʨʝʯʘʶʪʩʷ ʚʳʩʢʘʟʳʚʘʥʠʷ, ʩʚʷʟʳʚʘʶʱʠʝ ʧʨʠʯʠʥʫ ʠ ʩʣʝʜʩʪʚʠʝ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʚʳʩʢʘʟʳʚʘʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʧʨʠʯʠʥʳ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʠʭ 

ʚʳʟʚʘʪʴ (ʟʘʙʦʣʝʚʘʥʠʝ ʧʘʮʠʝʥʪʘ), ʠʩʭʦʜʷ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘʙʦʨʘ ʧʦʩʣʝʜʩʪʚʠʡ 

(ʩʠʤʧʪʦʤʦʚ, ʥʘʙʣʶʜʘʝʤʳʭ ʫ ʢʦʥʢʨʝʪʥʦʛʦ ʧʘʮʠʝʥʪʘ) [8]. 

V. ɿɸʂʃʖʏɽʅʀɽ 

ɼʘʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʩʨʝʜʩʪʚʦ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦʝ ʠ ʛʠʙʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ 

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. ʀʟ-ʟʘ ʙʠʙʣʠʦʪʝʢʠ PyTorch ʠ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʧʨʦʛʨʘʤʤʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʤʦʞʝʪ 
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ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ, ʚʢʣʶʯʘʷ ʥʘʫʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʠʥʞʝʥʝʨʠʶ ʠ 

ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ. ʉʦʟʜʘʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʩʨʝʜʩʪʚʦ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʠ 

ʛʠʙʢʠʤ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʜʘʥʥʳʭ. 

ɺ ʜʘʥʥʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʤʝʪʦʜʠʢʫ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʚʷʟʠ 

ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʩ ʠx ʩʦʧʨʦʚʦʞʜʘʶʱʠʤʠ ʩʠʤʧʪʦʤʘʤʠ. ʅʘ ʦʩʥʦʚʝ ʩʦʩʪʘʚʣʝʥʠʝ 

ʩʦʩʪʘʚʥʦʝ ʚʳʩʢʘʟʳʚʘʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʠʯʠʥʥʦ-ʩʣʝʜʩʪʚʝʥʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʩʠʤʧʪʦʤʘʤʠ 

ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʩʘʤʠʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʤʦʜʝʣʠʨʦʚʘʣʠ ʩʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. 

ʈʝʰʝʥʠʝʤ ʩʠʩʪʝʤ ʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʘʥʘʣʠʟʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʷ, ʦʧʠʩʳʚʘʣʠ 

ʚʳʷʚʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʤʧʪʦʤʦʚ ʙʦʣʝʟʥʝʡ ʩ ʚʦʩʧʘʣʠʪʝʣʴʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ. 
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ʈɸɿʈɸɹʆʊʂɸ ɻʀɹʈʀɼʅʆʁ ʄʆɼɽʃʀ ʆʇʊʀʄʀɿɸʎʀʀ ʇʈʆʎɽʉʉɸ  

ʋʇʈɸɺʃɽʅʀʗ ʇɽʈʉʆʅɸʃʆʄ ɺ ɹɸʅʂʆɺʉʂʆʄ ʉɽʂʊʆʈɽ 
 

ʅʘʢʝʥʦʚ ɹ.ɽ. 
e-mail: bnakenov@yandex.com 

ʂʘʟʅʋ ʠʤ. ʘʣʴ-ʌʘʨʘʙʠ, ʛ. ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

 

ɸʥʥʦʪʘʮʠʷ 

ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʣʘʥʠʨʦʚʘʥʠʷ ʛʨʘʬʠʢʘ ʨʘʙʦʪʳ 

ʩʦʪʨʫʜʥʠʢʦʚ ʙʘʥʢʘ ʩ ʫʯʸʪʦʤ ʧʝʨʝʤʝʥʥʦʛʦ ʢʣʠʝʥʪʩʢʦʛʦ ʧʦʪʦʢʘ. ʅʘ ʦʩʥʦʚʝ ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ 

ʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʧʨʝʜʣʦʞʝʥ ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ, ʚʢʣʶʯʘʶʱʠʡ ʤʘʰʠʥʥʦʝ 

ʦʙʫʯʝʥʠʝ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʢʣʠʝʥʪʩʢʦʛʦ ʧʦʪʦʢʘ ʠ ʣʠʥʝʡʥʦʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʩʪʠ ʧʝʨʩʦʥʘʣʘ. 
 

ʕʬʬʝʢʪʠʚʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʝʨʩʦʥʘʣʦʤ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʫʩʧʝʭʘ ʚ ʩʬʝʨʝ 

ʫʩʣʫʛ, ʦʩʦʙʝʥʥʦ ʚ ʙʘʥʢʦʚʩʢʦʤ ʩʝʢʪʦʨʝ, ʛʜʝ ʢʘʯʝʩʪʚʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ ʥʘ 

ʣʦʷʣʴʥʦʩʪʴ ʢʣʠʝʥʪʦʚ. ʆʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʢʣʠʝʥʪʩʢʦʛʦ 

ʧʦʪʦʢʘ ʚ ʪʝʯʝʥʠʝ ʨʘʙʦʯʝʛʦ ʜʥʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʣʠʙʦ ʢ ʧʝʨʝʠʟʙʳʪʢʫ ʧʝʨʩʦʥʘʣʘ ʠ 

ʥʝʦʧʨʘʚʜʘʥʥʳʤ ʟʘʪʨʘʪʘʤ, ʣʠʙʦ ʢ ʝʛʦ ʥʝʭʚʘʪʢʝ, ʜʣʠʥʥʳʤ ʦʯʝʨʝʜʷʤ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʥʝʫʜʦʚʣʝʪʚʦʨʸʥʥʦʩʪʠ ʢʣʠʝʥʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ 
ʟʘʜʘʯʠ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʠʥʝʡʥʦʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ.  
ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ɹʘʥʢ "ABC" ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʪʨʫʜʥʦʩʪʷʤʠ ʧʨʠ ʩʦʩʪʘʚʣʝʥʠʠ ʛʨʘʬʠʢʘ ʨʘʙʦʪʳ ʧʝʨʩʦʥʘʣʘ 

ʠʟ-ʟʘ ʨʝʟʢʠʭ ʢʦʣʝʙʘʥʠʡ ʧʦʪʦʢʘ ʢʣʠʝʥʪʦʚ ʚ ʪʝʯʝʥʠʝ ʜʥʷ. ʉ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʤʘʩʩʦʚʦʛʦ 

ʦʙʩʣʫʞʠʚʘʥʠʷ ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʦʪʨʫʜʥʠʢʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʯʘʩʘ ʩ 

9:00 ʜʦ 19:00Σ ͪʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1: 
 

ɺʨʝʤʝʥʥʦʡ ʧʝʨʠʦʜ, 

ʯʘʩʳ 
9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 

ʅʝʦʙʭʦʜʠʤʦʝ ʯʠʩʣʦ 

ʩʦʪʨʫʜʥʠʢʦʚ, ʯʝʣ. 
16 30 31 45 66 72 61 34 16 10 

ʊʘʙʣʠʮʘ 1. ʅʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʦʪʨʫʜʥʠʢʦʚ 

ʐʪʘʪʥʳʝ ʩʦʪʨʫʜʥʠʢʠ ʨʘʙʦʪʘʶʪ ʣʠʙʦ ʩ 9:00 ʜʦ 17:00 ʩ ʦʙʝʜʝʥʥʳʤ ʧʝʨʝʨʳʚʦʤ ʩ 12:00 

ʜʦ 13:00, ʣʠʙʦ ʩ 11:00 ʜʦ 19:00 ʩ ʦʙʝʜʦʤ ʩ 14:00 ʜʦ 15:00. ʀʭ ʧʦʯʘʩʦʚʘʷ ʩʪʘʚʢʘ ʩʦʩʪʘʚʣʷʝʪ 

$8. ʊʘʢʞʝ ʤʦʞʥʦ ʥʘʥʠʤʘʪʴ ʩʦʪʨʫʜʥʠʢʦʚ ʩ ʯʘʩʪʠʯʥʦʡ ʟʘʥʷʪʦʩʪʴʶ (ʥʘ 4 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʨʘʙʦʯʠʭ ʯʘʩʘ). ʀʭ ʧʦʯʘʩʦʚʘʷ ʩʪʘʚʢʘ ʟʘʚʠʩʠʪ ʦʪ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʮʝ 

2: 

ʇʝʨʠʦʜ ʥʘʡʤʘ 9-17 11-19 9-13 10-14 11-15 12-16 13-17 14-18 15-19 

ʇʦʯʘʩʦʚʘʷ ʩʪʘʚʢʘ, $ 8 8 6 7 9 10 8 6 6 

ʊʘʙʣʠʮʘ 2. ʇʦʯʘʩʦʚʘʷ ʩʪʘʚʢʘ ʰʪʘʪʥʳʭ ʠ ʚʥʝʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ 

ʊʨʝʙʫʝʪʩʷ: 

ʘ) ʨʘʩʩʯʠʪʘʪʴ ʦʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʰʪʘʪʥʳʭ ʠ ʚʥʝʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʠ 

ʧͦʨʝʜʝʣʠʪʴ ʦʙʱʫʶ ʜʥʝʚʥʫʶ ʟʘʨʧʣʘʪʫ ʜʣʷ ʚʩʝʭ ʩʦʪʨʫʜʥʠʢʦʚ; 
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ʙ) ʨʘʩʩʯʠʪʘʪʴ ʩ ʫʯʝʪʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ - ʦʙʷʟʘʪʝʣʴʥʦʝ ʧʨʠʩʫʪʩʪʚʠʝ ʢʘʢ 

ʤʠʥʠʤʫʤ 4 ʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʩʦʥʘʣʘ ʥʝ ʙʦʣʝʝ 94 ʯʝʣʦʚʝʢ. 

 

ʈʝʰʝʥʠʝ ʩʠʤʧʣʝʢʩʥʳʤ ʤʝʪʦʜʦʤ 

ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʙʳʣʠ ʚʚʝʜʝʥʳʝ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ: 

1. ʇʝʨʝʤʝʥʥʳʝ ʜʣʷ ʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ: 

x1  - ʢʦʣʠʯʝʩʪʚʦ ʩʦʪʨʫʜʥʠʢʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʩ 9:00 ʜʦ 17:00 (ʦʙʝʜ ʩ 12:00 ʜʦ 13:00) 

x2  - ʢʦʣʠʯʝʩʪʚʦ ʩʦʪʨʫʜʥʠʢʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʩ 11:00 ʜʦ 19:00 (ʦʙʝʜ ʩ 14:00 ʜʦ 15:00) 

2. ʇʝʨʝʤʝʥʥʳʝ ʜʣʷ ʚʥʝʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ: 

ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ yi ʢʦʣʠʯʝʩʪʚʦ ʚʥʝʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʧʝʨʠʦʜʘ (ʚʩʝʛʦ 

7 ʚʦʟʤʦʞʥʳʭ 4-ʯʘʩʦʚʳʭ ʩʤʝʥ): 

 

y1 - ʧʝʨʠʦʜ 9ï13, y2 - ʧʝʨʠʦʜ 10ï14, y3 - ʧʝʨʠʦʜ 11ï15, y4 - ʧʝʨʠʦʜ 12ï16, 

y5 - ʧʝʨʠʦʜ 13ï17, y6 - ʧʝʨʠʦʜ 14ï18, y7 - ʧʝʨʠʦʜ 15ï19. 

ʎʝʣʝʚʘʷ ʬʫʥʢʮʠʷ (ʤʠʥʠʤʠʟʘʮʠʷ ʟʘʪʨʘʪ): 

 

άὭὲ ὤ φτὼ φτὼ ςτώ ςψώ σφώ τπώ σςώ ςτώ ςτώ                 ρ 

 

1) ʦʛʨʘʥʠʯʝʥʠʷ ʜʣʷ ʫʩʣʦʚʠʷ (ʘ): 

2)  

ὼ ὼ 16                                                                     ς 

ὼ ώ ώ 30                                                            σ 

ὼ ὼ ώ ώ ώ 3ρ                                         τ 

ὼ ώ ώ ώ ώ τυ                                         υ 

ὼ ὼ ώ ώ ώ ώ φφ                                   φ 

ὼ ώ ώ ώ ώ χς                                           χ 

ὼ ὼ ώ ώ ώ ώ φρ                                     ψ 

ὼ ὼ ώ ώ ώ στ                                               ω 

ὼ ώ ώ ρφ                                                              ρπ 

ὼ ώ ρπ                                                                     ρρ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʤʧʣʝʢʩʥʦʛʦ ʤʝʪʦʜʘ ʜʘʝʪ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

ὼ  πȟὼ πȟώ ρφȟώ ρτȟώ ρυȟώ πȟώ σχȟώ ςπȟώ ρπ 

ÍÉÎ : σςςπ, ʧʨʠ ʦʙʱʝʤ ʢʦʣʠʯʝʩʪʚʝ ʩʦʪʨʫʜʥʠʢʦʚ =112 

2) ʦʛʨʘʥʠʯʝʥʠʷ ͒ ͡Ύ ͍͙ͯͫͦ͡Ύ ό͋ύ: 
ὼ τ                                                                               ρς 

ὼ τ                                                                               ρσ 
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ὼ ὼ ώ ώ ώ ώ ώ ώ ώ ω      ρτ 

ʩ͙ʧʦʣʴʟʦʚʘʥʠʝ ͙͔͎ͫͣͨͫͤͦͦ͟͡ ͔ͣͭͦ͒͊ ͔͒͊ͭ ͔ͫ͒ͯ͡Ό΅͙͔ ͔ͪͯ͘͡Έͭ͊ͭ·: 

ὼ  ρψȟὼ τȟώ πȟώ ρςȟώ ςρȟώ ψȟώ σȟώ ςςȟώ φ 

ÍÉÎ : συψψ, ʧʨʠ ʦʙʱʝʤ ʢʦʣʠʯʝʩʪʚʝ ʩʦʪʨʫʜʥʠʢʦʚ =94 

ʈʝʰʝʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ Python 

ʈʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʡ ʠ ʠʭ ʚʠʟʫʘʣʠʟʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Python ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʘʭ ʥʠʞʝ. 

 

ʈʠʩʫʥʦʢ 1. ʈʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Python 

 

 

ʈʠʩʫʥʦʢ 2. ɻʨʘʬʠʢ ʨʝʟʫʣʴʪʘʪʘ ʨʝʰʝʥʠʷ ʜʣʷ ʫʩʣʦʚʠʷ (ʘ) ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ 
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ʈʠʩʫʥʦʢ 3. ɻʨʘʬʠʢ ʨʝʟʫʣʴʪʘʪʘ ʨʝʰʝʥʠʷ ʜʣʷ ʫʩʣʦʚʠʷ (ʙ) ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ 

ʅʘ ʧʦʣʫʯʝʥʥʳʭ ʛʨʘʬʠʢʘʭ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʩʣʦʚʠʷʭ (ʘ) ʠ (ʙ) ʪʦʣʴʢʦ ʚ ʧʝʨʠʦʜʘʭ 9-10, 10-

11, 12-13, 13-14, 14-15 ʠ 18-19 ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʩʦʪʨʫʜʥʠʢʦʚ ʚ ʯʘʩ ʩʦʚʧʘʜʘʝʪ ʩ ʪʨʝʙʫʝʤʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʩʦʪʨʫʜʥʠʢʦʚ ʚ ʯʘʩ. ɺ ʦʩʪʘʣʴʥʳʭ ʧʝʨʠʦʜʘʭ ʥʝʦʧʪʠʤʘʣʴʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʚʥʝʰʪʘʪʥʳʝ ʩʦʪʨʫʜʥʠʢʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʥʘʥʷʪʳ ʥʘ 4 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʨʘʙʦʯʠʭ ʯʘʩʘ 

(ʧʨʦʩʪʦʡ ʩʦʪʨʫʜʥʠʢʦʚ). 

ɻʠʙʢʦʩʪʴ ʛʨʘʬʠʢʘ ʨʘʙʦʪʳ ʠ ʩʪʨʫʢʪʫʨʳ ʟʘʥʷʪʦʩʪʠ (ʥʘʧʨʠʤʝʨ, ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʡʤʘ 

ʚʥʝʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʥʘ ʤʝʥʴʰʠʝ ʚʨʝʤʝʥʥʳʝ ʠʥʪʝʨʚʘʣʳ) ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʦʢʨʘʪʠʪʴ ʠʟʜʝʨʞʢʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʧʣʘʪʦʡ ʪʨʫʜʘ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʧʦʣʥʦʬʦʨʤʘʪʥʳʭ ʩʤʝʥ. ʆʜʥʘʢʦ, ʝʩʣʠ ʚʚʦʜʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ 

(ʥʘʧʨʠʤʝʨ, ʤʠʥʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʠʣʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʙʱʝʝ ʯʠʩʣʦ 

ʩʦʪʨʫʜʥʠʢʦʚ), ʪʦ ʜʘʞʝ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʛʠʙʢʦʩʪʠ, ʦʙʱʠʝ ʟʘʪʨʘʪʳ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʦʟʨʘʩʪʘʪʴ. ʆʧʪʠʤʘʣʴʥʦʝ ʨʝʰʝʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʸʤ ʢʦʤʧʨʦʤʠʩʩʘ ʤʝʞʜʫ ʤʠʥʠʤʠʟʘʮʠʝʡ 

ʨʘʩʭʦʜʦʚ ʠ ʚʳʧʦʣʥʝʥʠʝʤ ʘʜʤʠʥʠʩʪʨʘʪʠʚʥʳʭ ʠʣʠ ʩʦʮʠʘʣʴʥʳʭ ʪʨʝʙʦʚʘʥʠʡ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʧʨʠʤʝʨ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʪʘʥʜʘʨʪʥʳʡ ʧʦʜʭʦʜ ʢ ʟʘʜʘʯʝ ʦʧʪʠʤʠʟʘʮʠʠ ʩ 

ʧʦʤʦʱʴʶ ʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʦʜʥʘʢʦ ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʞʝʪ 

ʨʘʩʰʠʨʠʪʴ ʠ ʫʛʣʫʙʠʪʴ ʵʪʦʪ ʧʦʜʭʦʜ. 

ʉʫʱʝʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ʦʧʪʠʤʠʟʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʩʨʘʚʥʝʥʠʝ ʛʠʙʢʠʭ ʛʨʘʬʠʢʦʚ 

ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ. ɺ ʠʩʭʦʜʥʦʡ ʟʘʜʘʯʝ ʚʥʝʰʪʘʪʥʳʝ ʩʦʪʨʫʜʥʠʢʠ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʪʦʣʴʢʦ 4 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʯʘʩʘ. ʀʟʤʝʥʠʚ ʫʩʣʦʚʠʷ ʟʘʜʘʯʠ (ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʡʤʘ ʥʘ 2, 3 ʠʣʠ 5 ʯʘʩʦʚ), 

ʤʦʞʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʢʘʢ ʧʦʚʣʠʷʶʪ ʠʟʤʝʥʝʥʠʷ ʥʘ ʦʧʪʠʤʘʣʴʥʳʡ ʧʣʘʥ ʠ ʟʘʪʨʘʪʳ. ʕʪʦ 

ʧʦʟʚʦʣʠʪ ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʝ ʚʨʝʤʝʥʥʳʝ ʠʥʪʝʨʚʘʣʳ ʜʣʷ ʥʘʡʤʘ. 

ʊʘʢʞʝ ʤʦʞʥʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʩ ʫʯʝʪʦʤ ʜʠʥʘʤʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ ʠ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʠ: ʚ 

ʪʝʢʫʱʝʤ ʧʨʠʤʝʨʝ "ʥʝʦʙʭʦʜʠʤʦʝ ʯʠʩʣʦ ʩʦʪʨʫʜʥʠʢʦʚ" ð ʵʪʦ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʜʘʥʥʳʝ. 

ʈʝʘʣʴʥʳʡ ʧʦʪʦʢ ʢʣʠʝʥʪʦʚ ʥʝʧʨʝʜʩʢʘʟʫʝʤ. ʄʦʞʥʦ ʩʦʟʜʘʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ, ʢʦʪʦʨʘʷ 

ʫʯʠʪʳʚʘʝʪ ʩʣʫʯʘʡʥʳʝ ʢʦʣʝʙʘʥʠʷ ʢʣʠʝʥʪʩʢʦʛʦ ʧʦʪʦʢʘ, ʠ ʨʘʟʨʘʙʦʪ͊ͭΈ ʤʝʪʦʜ· ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʛʠʙʢʦʛʦ ʛʨʘʬʠʢʘ ʩ ʫʯʸʪʦʤ ʵʪʠʭ ʢʦʣʝʙʘʥʠʡ. 
˸ʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ͙  ͣ͊΄͙͔ͤͤͦ ͦ͋ͯ;͔͙͔ͤ 
ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ. ʀʩʭʦʜʥʘʷ 

ʟʘʜʘʯʘ ʤʠʥʠʤʠʟʠʨʫʝʪ ʪʦʣʴʢʦ ʦʜʠʥ ʧʘʨʘʤʝʪʨ ð ʟʘʪʨʘʪʳ. ɺ ʨʝʘʣʴʥʦʩʪʠ ʚʘʞʥʳ ʠ ʜʨʫʛʠʝ 

ʬʘʢʪʦʨʳ: ʫʨʦʚʝʥʴ ʫʜʦʚʣʝʪʚʦʨʸʥʥʦʩʪʠ ʢʣʠʝʥʪʦʚ (ʥʘʧʨʠʤʝʨ, ʚʨʝʤʷ ʦʞʠʜʘʥʠʷ), 

ʫʜʦʚʣʝʪʚʦʨʸʥʥʦʩʪʴ ʩʦʪʨʫʜʥʠʢʦʚ (ʥʘʧʨʠʤʝʨ, ʧʨʝʜʧʦʯʪʝʥʠʷ ʧʦ ʛʨʘʬʠʢʫ), ʠ ʩʦʮʠʘʣʴʥʳʝ 

ʘʩʧʝʢʪʳ (ʥʘʧʨʠʤʝʨ, ʩʦʭʨʘʥʝʥʠʝ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʯʠʩʣʘ ʰʪʘʪʥʳʭ ʨʘʙʦʯʠʭ ʤʝʩʪ). ʘ˾ʟʨʘʙʦʪʢ ͊
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ʤʦʜʝʣʠ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʧʦʟʚʦʣʠʪ ʥʘʡʪʠ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʵʪʠʤʠ 
ʨʘʟʣʠʯʥʳʤʠ ʮʝʣʷʤʠ. 
ɺʤʝʩʪʦ ʦʜʥʦʡ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ (ʤʠʥʠʤʠʟʘʮʠʠ ʨʘʩʭʦʜʦʚ) ʙʳʣʠ ʬʦʨʤʘʣʠʟʦʚʘʥʳ ʪʨʠ. 

1) ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ὤ (ʤʠʥʠʤʠʟʘʮʠʷ ʟʘʪʨʘʪ) ʠʟ ʫʩʣʦʚʠʷ ʟʘʜʘʯʠ: 

 ὤ ψὼ ὼ τφώ χώ ωώ ρπώ ψώ φώ φώ ᴼ άὭὲ                ρυ 

2) ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ὤ (ʤʠʥʠʤʠʟʘʮʠʷ ʚʨʝʤʝʥʠ ʦʞʠʜʘʥʠʷ ʢʣʠʝʥʪʦʚ): 

 ὤ ‌ ίzᴼ άὭὲ                ρφ 

ʛʜʝ ‌ - ʚʝʩʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʚʘʞʥʦʩʪʠ ʯʘʩʘ (ʥʘʧʨʠʤʝʨ, ʯʘʩʳ ʧʠʢ); 

ί - ʜʝʬʠʮʠʪ ʩʦʪʨʫʜʥʠʢʦʚ ʚ ʯʘʩ 

3) ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ὤ (ʤʘʢʩʠʤʠʟʘʮʠʷ ʜʦʣʠ ʰʪʘʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ): 

 

 ὤ 
ὼ ὼ

ὼ ὼ ώ ώ ώ ώ ώ ώ ώ
 O  άὥὼ                ρχ 

ɼʣʷ ʨʝʰʝʥʠʷ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʟʘʜʘʯʠ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ 

ʚʟʚʝʰʝʥʥʦʡ ʩʫʤʤʳ. ʆʙʲʝʜʠʥʷ ʚʩʝ ʮʝʣʝʚʳʝ ʬʫʥʢʮʠʠ ʚ ʦʜʥʫ ʩ ʫʤʥʦʞʝʥʠʝʤ ʢʘʞʜʦʡ ʥʘ 

ʦʧʨʝʜʝʣʸʥʥʳʡ ʚʝʩʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʫʶ ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ: 

 ὤ ύὤ ύὤ ύὤᴼ άὭὲ                                   ρψ 

ʛʜʝ ύȟύȟύ  - ʚʝʩʘ,  ʦʪʨʘʞʘʶʱʠʝ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʚʘʞʥʦʩʪʴ ʢʘʞʜʦʛʦ ʢʨʠʪʝʨʠʷ. 

ύ ύ ύ ρ                                   ρω 

ʀʟʤʝʥʝʥʠʝ ʚʝʩʘ ʢʨʠʪʝʨʠʝʚ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʣʠʯʥʳʤ ʢʦʤʧʨʦʤʠʩʩʥʳʤ ʨʝʰʝʥʠʷʤ. 

ʈʝʰʘʷ ʟʘʜʘʯʫ ʩ ʨʘʟʥʳʤʠ ʚʝʩʘʤʠ, ʤʳ ʤʦʞʝʤ ʧʦʩʪʨʦʠʪʴ ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ "ʛʨʘʥʠʮʫ 

ʇʘʨʝʪʦ". ʂʘʞʜʘʷ ʪʦʯʢʘ ʥʘ ʵʪʦʡ ʛʨʘʥʠʮʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʧʪʠʤʘʣʴʥʦʝ ʢʦʤʧʨʦʤʠʩʩʥʦʝ 

ʨʝʰʝʥʠʝ, ʢʦʪʦʨʦʝ ʥʝʣʴʟʷ ʫʣʫʯʰʠʪʴ ʧʦ ʦʜʥʦʤʫ ʢʨʠʪʝʨʠʶ, ʥʝ ʫʭʫʜʰʠʚ ʧʦ ʜʨʫʛʦʤʫ. 

ʈʫʢʦʚʦʜʩʪʚʦ ʙʘʥʢʘ ʩʤʦʞʝʪ ʚʳʙʨʘʪʴ ʧʦʜʭʦʜʷʱʠʡ ʜʣʷ ʩʝʙʷ ʙʘʣʘʥʩ, ʥʘʧʨʠʤʝʨ, ʤʝʞʜʫ 

ʨʘʩʭʦʜʘʤʠ ʠ ʫʜʦʚʣʝʪʚʦʨʸʥʥʦʩʪʴʶ ʢʣʠʝʥʪʦʚ. 

ɼʘʣʴʥʝʡʰʠʝ ʧʫʪʠ ʦʧʪʠʤʠʟʘʮʠʠ ʩʚʷʟʘʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. ʅʘ 

ʦʩʥʦʚʝ ʠʩʪʦʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʦ ʢʣʠʝʥʪʩʢʦʤ ʧʦʪʦʢʝ ʤʦʞʥʦ ʦʙʫʯʠʪʴ ʤʦʜʝʣʴ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ, ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʧʝʨʩʦʥʘʣʝ ʥʘ ʢʘʞʜʳʡ ʯʘʩ ʩ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʯʝʤ ʪʨʘʜʠʮʠʦʥʥʳʡ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ.  

ɺʳʙʦʨ ʧʦʜʭʦʜʷʱʝʡ ʤʦʜʝʣʠ ʜʣʷ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʮʝʣʝʡ ʠ 

ʜʦʩʪʫʧʥʦʩʪʠ ʨʝʘʣʴʥʳʭ ʠʩʪʦʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʦ ʧʦʪʦʢʝ ʢʣʠʝʥʪʦʚ. ʇʦʩʣʝ ʩʙʦʨʘ ʠ ʦʯʠʩʪʢʠ 

ʜʘʥʥʳʭ ʦʥʠ ʙʫʜʫʪ ʨʘʟʜʝʣʝʥʳ ʥʘ ʜʚʝ ʯʘʩʪʠ: ʦʙʫʯʘʶʱʫʶ (80% ʜʘʥʥʳʭ) ʠ ʪʝʩʪʦʚʫʶ (20% 

ʜʘʥʥʳʭ). ʉʥʘʯʘʣʘ ʦʙʫʯʝʥʥʘʷ ʤʦʜʝʣʴ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʨʦʛʥʦʟʠʨʫʝʪ ʥʝʦʙʭʦʜʠʤʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʩʦʪʨʫʜʥʠʢʦʚ ʥʘ ʢʘʞʜʳʡ ʯʘʩ ʩʣʝʜʫʶʱʝʛʦ ʜʥʷ/ʥʝʜʝʣʠ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 
ʧʨʦʛʥʦʟʳ ʙʫʜʫʪ ʙʦʣʝʝ ʪʦʯʥʳʤʠ, ʯʝʤ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʠʩʭʦʜʥʦʤ 

ʧʨʠʤʝʨʝ. ɿʘʪʝʤ ʵʪʠ ʥʦʚʳʝ, ʜʠʥʘʤʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʦ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʧʝʨʩʦʥʘʣʝ ʙʫʜʫʪ 

ʧʝʨʝʜʘʥʳ ʚ ʤʦʜʝʣʴ ʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ (ʪʘʢʫʶ, ʢʘʢ ʚ ʠʩʭʦʜʥʦʤ ʧʨʠʤʝʨʝ), ʢʦʪʦʨʘʷ 

ʨʝʰʘʝʪ ʟʘʜʘʯʫ ʤʠʥʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʩʠʩʪʝʤʘ ʥʝ ʧʨʦʩʪʦ ʙʫʜʝʪ ʧʨʝʜʣʘʛʘʪʴ ʦʜʠʥ 

ʩʪʘʪʠʯʝʩʢʠʡ ʧʣʘʥ, ʘ ʧʨʝʜʦʩʪʘʚʠʪ ʜʠʥʘʤʠʯʝʩʢʠʡ ʧʣʘʥ, ʢʦʪʦʨʳʡ ʘʜʘʧʪʠʨʫʝʪʩʷ ʢ ʦʞʠʜʘʝʤʦʤʫ 



119  

ʢʣʠʝʥʪʩʢʦʤʫ ʧʦʪʦʢʫ. ʇʦʣʫʯʝʥʥʳʝ ʧʨʦʛʥʦʟʳ ʪʘʢʞʝ ʤʦʞʥʦ ʧʝʨʝʜʘʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ 

ʜʘʥʥʳʭ ʚ ʤʦʜʝʣʴ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʨʘʩʯʸʪʘ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʛʨʘʬʠʢʘ ʨʘʙʦʪʳ. 

ʊʨʘʜʠʮʠʦʥʥʳʡ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʣʠʥʝʡʥʦʤ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʠ ʩ ʝʜʠʥʩʪʚʝʥʥʦʡ 

ʮʝʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ, ʥʝ ʫʯʠʪʳʚʘʝʪ ʜʨʫʛʠʝ ʚʘʞʥʳʝ ʘʩʧʝʢʪʳ, ʪʘʢʠʝ ʢʘʢ 

ʫʜʦʚʣʝʪʚʦʨʸʥʥʦʩʪʴ ʢʣʠʝʥʪʦʚ ʠ ʩʦʪʨʫʜʥʠʢʦʚ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʛʠʙʨʠʜʥʘʷ ʤʦʜʝʣʴ, ʩʦʯʝʪʘʶʱʘʷ 

ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʪʦʯʥʦʛʦ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ ʠ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʫʶ 

ʦʧʪʠʤʠʟʘʮʠʶ ʜʣʷ ʧʨʠʥʷʪʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʨʝʰʝʥʠʡ, ʧʦʟʚʦʣʠʪ ʜʦʩʪʠʯʴ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʵʢʦʥʦʤʠʠ ʠ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʦʙʩʣʫʞʠʚʘʥʠʷ, ʥʘʭʦʜʷ ʦʧʪʠʤʘʣʴʥʳʡ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ 

ʨʘʟʣʠʯʥʳʤʠ ʙʠʟʥʝʩ-ʮʝʣʷʤʠ. 
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DEVELOPMENT OF A TECHNIQUE FOR DETERMINING  

THE TIME OF WATER MASSES REACHING BETWEEN SECTIONS  

OF THE CANAL  
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Abstract: This paper investigates the travel time of water masses between sections of a 

canal limited by hydraulic structures, focusing on the quasi-steady transition from one steady state 

to another. Current methodologies for calculating the free surface curve of uneven water flow are 

often reliant on graphical dependencies or tabular functions, rendering them inadequate for 

modern computational applications. This paper proposes a numerical algorithm that utilizes the 

finite difference method and quasi-linearization techniques to calculate the free surface curve in 

open channels, accommodating lateral outflows and inflows. The study assumes known 

parameters such as channel bed, flow rate ( Q ), and water depth ( h_n ) at specific channel 

sections, providing a framework for enhanced accuracy in hydraulic modeling and water 

management. 

Keywords: License Plate Recognition (LPR), water flow dynamics, hydraulic structures, 

quasi-steady state, free surface curve, channel flow analysis. 

The travel time of water masses between sections, limited by hydraulic structures, is 

determined from the condition of a quasi-steady transition from one steady state to another (Figure 

1) based on the following expression 

Ὕ̅ ὸ ὸ̓ ,̑ (1) 

where 

ὸ  - propagation time of the wave front, 

ὸ̓̑  - propagation time of water flow, 

Q 1 and Q 2 - water flow rates of the corresponding established water regime in the canal 

section,  

W 1 and W 2 are the volumes of water in the canal section of the corresponding established 

water regime in the canal section. 

The volume of water in the canal section is determined as follows 

ὡ ᷿‫ὼὨὼ  (2) 

ɤ(x) - the area of the living section of water in the section of the channel along the length. 

To calculate the volume of water in the area, it is necessary to know the ordinate of the free 

surface and the morphometric characteristics of the channel. 

Currently, there are various methods for calculating the curve of the free surface of the 

uneven movement of the water flow, based on the integration of the differential equation of the 

uneven movement of water in open channels without lateral outflows and inflows. 

mailto:ergashev1984otabek@gmail.com
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These techniques are based on the use of graphical dependencies or table functions and are 

not suitable for use in modern computers. 

 

 

Figure 1 - Determination of the time of water masses' arrival between sections of the canal 

This paper presents a numerical algorithm for calculating the free surface curve of uneven 

water flow in open channels with lateral outflows and inflows, based on the integration of the 

differential equation for uneven water movement using the finite difference method and the quasi-

linearization method for approximating nonlinear dependencies. 

Let us assume that the channel bed, flow rate Q, water depth h n are given, for example, at the 

end of the channel in the section (N-N) and site hydraulic parameters (Figure 2). 

 

 

Figure 2 - Scheme of the channel section 

 

 

W1 

W2 

ȹW 
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We divide the section of the channel having a length L, into separate sections of a relatively 

small length equal to lm. 

In this case, each selected section of the channel with a length lm is considered separately, 

going upstream: first, we calculate I area, then II etc. 

The calculation of each section consists in determining the depth h m and the flow rate and Q m of 

the flow at the beginning of this section, according to known values lm and h m+1  

We apply the following difference equations 

 

ή , (3) 

‬ὖ

‬Ὤ

ὗ

‫

‬‫

‬Ὤ

Ὤ Ὤ

ὰ
Ὣ‫  

Ὠᾀ

Ὠὼ

ὗȿὗȿ

ὑ
 

                                                                                                    Ὂ
 

, 

(4) 

Here (.) m +1 means that the corresponding expression is calculated from the known value 

of Q m +1 and h m +1 and corresponds to small sections with number m +1. 

The calculation is carried out from the end section of the channel to the beginning, i.e., 

the unknown quantities are Q m and h m, which are calculated by formulas (5) and (6), i.e. flow is 

recursively determined Q m and depth h m on the boundary sections (N -1), (N -1), ..., (2), (2.1). 

ὗ ὗ ήὰ, (5) 

 

Ὤ Ὤ

 
ȿȿ  

 ὰ, (6) 

 

where (.) m and (.) m +1 are parameters for cutting m and m +1, lm - step length. 

For a prismatic watercourse channel without lateral inflow, the equation has the following 

form 

Ὤ Ὤ

ȿȿ

 ὰ (7) 
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The main empirical variable in dependences (5) and (6) is the flow rate modulus of the channel 

section. In numerical calculations, to calculate the free surface of the water flow, the 

approximate formula is used 

ὑ ὑὼ ȟ  Ὤ ὑὼ ȟ  Ὤ ὰὑὼ ȟὬ . (8) 

We have implemented computer calculations using expressions (5), (6) in the form of 

software modules for calculating the curve of the free surface of the water flow. 

An algorithm for determining modes with different values of the water level at the end of 

the canal section with known values of water flow rates at the end and side water consumers, we 

calculate the curves of the free surface of the water flow for the corresponding level values. 

Further, according to the curve of the free surface, the conditions for fulfilling the restriction on 

the pressure in front of the water outlets are checked and such a value of the water level at the end 

of the channel is selected, at which all restrictions on the pressures of the outlets would be met and 

the values of the total loss for evaporation and filtration in the channel section would be minimal. 

The method for calculating the time of arrival of water masses is formulated as follows: 

1. The parameters of the initial steady motion of the channel section are set: i.e. Q 1 - water 

flow at the beginning of the canal section, H 1 - water level at the end of the canal section, 

2. The parameters of the established steady motion of the channel section are set: i.e. Q 2 - water 

flow at the beginning of the canal section, H 2 - water level at the end of the canal section, 

3. According to the algorithm described above, the change in the free surfaces of the initial and 

established steady modes and the area of the water flow along the top is calculated. 

4. According to the formula of numerical integration, the volumes of water corresponding to 

the initial and established set modes are calculated. 

5. Further, the differences in the volumes and flow rates of water are calculated corresponding 

to the initial and established set modes. 

6. The propagation time of the wave front, the propagation of water flow and the travel time 

are calculated using the expressions given in (1). 
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A Physics-Inspired Parameterization of the Prisonerôs Dilemma: Exploring Novel Strategic 

Regimes through Computational Simulation 
 

Volkan Duran ,z Elman HazarÀ  
 

Abstract. The classical Prisonerôs Dilemma provides a foundational model for under- 

standing strategic interaction between rational agents. We introduce a param- eterized 

variant that employs physics-inspired mathematical transformations to explore novel strategic 

regimes beyond the standard formulation. Three continu- ous parametersðgravitational field 

strength (G), quantum entanglement (ɔ), and space-time curvature (ə)ðare introduced as 

metaphorical constructs that system- atically modify payoff matrices through trigonometric and 

phase-based transforma- tions. An interactive web-based simulation platform was developed using 

HTML5 and JavaScript, enabling real-time exploration of the parameter space and visu- 

alization of resulting strategic dynamics. The platform computes modified payoff structures, 

applies unitary-like transformations to probability distributions, and identifies optimal strategy 

regions across the three-dimensional parameter space. Results demonstrate that this 

parameterization generates qualitatively distinct strategic regimes, including regions where 

cooperation becomes the dominant ra- tional choice under specific parameter combinationsð

outcomes not present in the classical formulation. Furthermore, sensitivity analyses reveal 

critical thresholds where strategic shifts occur, and temporal simulations illustrate convergence 

be- haviors in repeated games. This work contributes to computational game the- ory by 

demonstrating how systematic mathematical parameterizations can reveal emergent strategic 

structures, and provides an educational tool for exploring the sensitivity of game-theoretic 

outcomes to underlying model assumptions. The in- teractive simulation is publicly available 

at: https://huggingface.co/spaces/ Volkan36/quantum-gravity-prisoner-s-dilemma 

Keywords: game theory, prisonerôs dilemma, computational simulation, parame- terized 

models, strategic interaction, educational technology, quantum-inspired models, gravitational 

metaphors 

 

1 INTRODUCTION  

 

The Prisonerôs Dilemma [1, 2] represents one of game theoryôs most studied frameworks, 

capturing the fundamental tension between individual rationality and collective welfare. 
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In its classical form, two players simultaneously choose between cooperation (C) or defec- tion 

(D), with payoffs structured such that mutual defection is the unique Nash equilib- rium despite mutual 

cooperation yielding superior collective outcomes [3]. This paradox has implications across 

disciplines, including economics, political science, biology, and psychology, highlighting scenarios 

where self-interest leads to suboptimal group outcomes. 

 

1.1 Motivation  and Scope 

While the classical formulation has proven remarkably generative, exploring parametric 

variations can reveal how strategic equilibria depend on specific payoff structures and decision-

making frameworks [4]. Traditional extensions, such as iterated games or spatial structures, have 

enriched our understanding [1, 10]. However, fewer studies have system- atically parameterized the 

payoff matrix using continuous transformations inspired by other scientific domains. 

This work introduces a novel parameterization inspired by concepts from physicsð 

specifically, gravitational field theory and quantum mechanicsðnot to claim actual physi- cal influence 

on strategic decisions, but rather to employ these as mathematical metaphors for systematic payoff 

transformations and probability modulations. By borrowing trigono- metric functions (akin to 

gravitational potentials) and phase rotations (reminiscent of quantum evolutions), we create a 

flexible framework to probe strategic sensitivities. 

We emphasize that this model does not represent actual quantum mechanical or grav- itational 

phenomena. Instead, we use physics-inspired mathematical operations (trigono- metric transformations, 

phase evolution, probability amplitude formalism) as a structured way to explore how continuous 

parameters can reshape strategic landscapes. This ap- proach aligns with emerging trends in 

interdisciplinary modeling, where metaphors from physics enhance the analysis of social systems [7, 

9]. 

 

1.2 Related Work  

Quantum game theory has previously extended classical games by incorporating superpo- sition 

and entanglement, leading to new equilibria [7,8]. For instance, Eisert et al. demon- strated that 

quantum strategies can achieve Pareto-optimal outcomes in the Prisonerôs Dilemma [7]. However, 

our work differs by using quantum-like mathematics metaphori- cally, without invoking physical 

quantum effects. 

Similarly, gravitational analogies have been used in social network models [11], but not directly 

in payoff parameterizations. Our contribution bridges these by combining both metaphors in a unified 

parametric framework, supported by an interactive computational tool. 

 

1.3 Research Questions 

This study addresses three primary questions: 

1. How do systematic trigonometric modifications to payoff structures affect equilib- 

rium strategies? 

2. What strategic regimes emerge when probability distributions are modulated through 

phase-based transformations? 

3. Can interactive computational tools facilitate pedagogical understanding of param- eter 
sensitivity in game-theoretic models? 

4. Additionally, we explore: How do parameter interactions influence the emergence of 
cooperation in single-shot and repeated games? 
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2 MATHEMATICAL  FRAMEWORK  

2.1 Classical Prisonerôs Dilemma 
The standard payoff matrix for a symmetric Prisonerôs Dilemma is: 

 

 
 

where the payoffs satisfy T > R > P > S (Temptation, Reward, Punishment, Sucker). A common 

instantiation uses T = 5, R = 3, P = 1, S = 0 [1]. The Nash equilibrium is mutual defection, with payoff P 

for both players. 

2.2 Parameterized Payoff Modification  

We introduce three continuous parameters: 

Ɉ G ɴ  [0, 2]: ògravitational field strengthò ï controls the magnitude of payoff scaling. 

Ɉ ɔ ɴ  [0, 1]: òentanglement coe icientò ï modulates initial probability amplitudes. 

Ɉ ə ɴ  [0, 1]: òcurvature parameterò ï influences the curvature-like bending of payoffs. 

The modified payoff matrix is computed as 

 

This extended transformation incorporates trigonometric functions to introduce non- linear effects, 

amplifying cooperative payoffs (R and P) and diminishing temptation/sucker payoffs (T and S) as the product Gȉ 

increases, while the angles add oscillatory behavior for richer dynamics.  

For example, with G = 1, ȉ = 0.5, the matrix becomes approximately 

 

 

Probability Distribution Transformation 

To model probabilistic strategy selection, we define an initial probability amplitude vec- tor: 
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representing the four outcome states: CC, CD, DC, DD. This vector evolves through a rotation:

 

2.3 Expected Payoff Calculation 

 
3 COMPUTATIONAL  IMPLEMENTATION  

3.1 Web-Based Simulation Platform 
 

An interactive simulation was developed using: 

Ɉ HTML5/CSS3 for interface design 

Ɉ JavaScript for mathematical computations 

Ɉ Chart.js for 2D temporal visualizations 

Ɉ Plotly.js for 3D parameter space exploration 

Ɉ Additional libraries: Math.js for symbolic computations and PapaParse for CSV 

handling 
The platform features: 

1. Real-time parameter adjustment via slider controls 

2. Dynamic visualization of modified payoff matrices 

3. Probability distribution displays with bar charts 

4. Interactive 3D scatter plots showing optimal strategy regions 

5. Game history tracking with CSV export functionality 

6. Monte Carlo simulations for stochastic analysis 

 

3.2 Optimal  Strategy Search Algorithm  

To identify regions of maximal payoff, we implement a refined grid search over the pa- rameter 
space with finer resolution: 

function findOptimalSolutions() { let results = [];  

for (let G = 0; G <= 2; G += 0.1) {  

for (let gamma = 0; gamma <= 1; gamma += 0.1) {  

for (let kappa = 0; kappa <= 1; kappa += 0.1) { let payoffs = computePayoffs(G, gamma, 
kappa); 
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let optimal = payoffs.coop > payoffs.defect ? 'Cooperate' : 'Defect'; results.push({G,  
gamma,  kappa,  optimal,  payoff:  Math.max(payoffs.coop 

} 

} 

} 

return results; 

} 

This produces over 1,331 evaluated parameter combinations (11 points per dimension), 

visualized in 3D space with payoff-based color mapping and strategy labels. 

 

3.3 Interactive Visualization Code 
The core simulation is available at [6]: 

https://huggingface.co/spaces/Volkan36/ quantum-gravity-prisoner-s-dilemma 

Key computational functions include: 

Ɉ calculateGravitationalPayoffMatrix(): Applies equation (2) with trigonomet- ric 

extensions 

Ɉ calculateQuantumStates(): Computes probability evolution with normalization 

Ɉ findOptimalSolution(): Executes grid search algorithm with progress tracking 

Ɉ playGame(): Simulates single game iteration with probabilistic opponent 

Ɉ runMonteCarlo(): Performs 1000 simulations for statistical confidence 
 

4 RESULTS 

4.1 Emergent Strategic Regimes 

Parameter space exploration reveals four distinct regimes (extended from original three): 

4.1.1 Classical Regime (G å 0) 

When G Ÿ 0, the model reduces to the classical Prisonerôs Dilemma regardless of ɔ and ə values. 

Defection remains the dominant strategy with expected payoffs converging to the standard Nash equilibrium 

(E[uD] å 1 assuming equal probabilities). 

4.1.2 Cooperation-Favoring Regime (G > 1.2, Ȃ > 0.6, ȉ > 0.5) 

In this region, the payoff transformation amplifies mutual cooperation rewards while the probability 

distribution shifts toward cooperative outcomes. Under these conditions, cooperation becomes the expected-

payoff-maximizing strategy, with E[uC] > E[uD] by up to 20% in simulations. 

4.1.3 Oscillatory Regime (0.3 < G < 1.2, Ȃ > 0.7) 

Intermediate gravitational parameters combined with high entanglement produce oscil- lating 

cooperation probabilities as ȉ varies, generating alternating dominance between strategies. Periods of 

oscillation are approximately 2ȏ/G. 

4.1.4 Chaotic Regime (G > 1.5, Ȃ < 0.3, ȉ > 0.8) 
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High G and kappa with low gamma lead to unpredictable shifts due to negative payoffs, simulating 

òhigh-riskò environments where strategies fluctuate rapidly. 

4.2 Parameter Sensitivity Analysis 

The simulation demonstrates: 

Ɉ Payoff modifications are most sensitive to the product Gȉ, with partial derivatives 

ÖE/Ö(Gȉ) Ђ 1.5 near transitions. 

Ɉ Probability distributions respond primarily to Ȃ, with variance increasing quadrat- 

ically. 

Ɉ Optimal strategy transitions occur sharply at G Ђ 1.0 for Ȃ > 0.5, as shown in 

Table  

Table 1: Strategy Transition Points for Selected Ȃ Values 

 

Ȃ Transition G (at ȉ = 0.5) Dominant Strategy Post-Transition 
 

0.4 1.1 Defect 

0.6 0.9 Cooperate 

0.8 0.7 Cooperate 

 

4.3 Temporal Dynamics 
Game history tracking over repeated iterations (up to 100 games) shows: 

Ɉ Cooperation probability stabilizes after 5-10 games in classical regimes, but takes 
20+ in oscillatory ones. 

Ɉ Expected payoffs converge to parameter-dependent equilibria, with standard errors 

< 0.1 after 50 iterations. 

Ɉ Strategy switching patterns depend on ɔ magnitude, with high ɔ promoting per- 
sistence in cooperation. 

Monte Carlo simulations confirm these trends with 95% confidence intervals. 

5 DISCUSSION 

5.1 Interpretation  of Results 

This parameterization demonstrates that systematic mathematical transformations can 

generate qualitatively new strategic regimes. The emergence of cooperation-favoring re- gions 

illustrates how payoff structure modificationsðeven those inspired by metaphorical physical conceptsð

can fundamentally alter rational strategy selection. These findings resonate with evolutionary game 

theory, where environmental parameters influence co- operation [4, 9]. 

The oscillatory and chaotic regimes suggest potential applications to real-world sce- narios 

like economic cycles or international relations, where parameters fluctuate. 

 

5.2 Pedagogical Applications 

The interactive simulation provides educational value by: 

1. Illustrating parameter sensitivity in game-theoretic models through hands-on ex- 

ploration. 
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2. Demonstrating how continuous modifications affect discrete strategic outcomes, 

bridging math and decision theory. 

3. Providing intuitive visualization of abstract mathematical concepts, such as phase 

rotations. 

4. Enabling hypothesis testing through real-time parameter adjustment and data ex- port. 

5. Supporting classroom activities, with exportable data for further analysis in tools 

like Python or R. 

 

5.3 Limitations  and Clarifications 

Critical  disclaimer: This model does not represent actual quantum mechanics or grav- 

itational physics. The terminology is metaphorical. The mathematical operationsðwhile inspired by 

concepts from physicsðare purely formal transformations without physical justification. 

The òquantumò probability formalism uses amplitude notation but does not imple- ment 

quantum superposition, measurement collapse, or entanglement in the rigorous sense defined by 

quantum information theory [5]. Limitations include the assumption of symmetric players and single-

shot focus; real agents may exhibit bounded rationality [12]. 

Similarly, ògravitationalò effects are simply scaling factors applied to payoffs, with no 

connection to general relativity or spacetime geometry. 

 

5.4 Future Directions 

Potential extensions include: 

Ɉ Iterated game dynamics under parameter variation, incorporating learning algo- 

rithms. 

Ɉ Population-level evolutionary simulations using agent-based modeling. 

Ɉ Integration with behavioral game theory experimental data from human subjects. 

Ɉ Alternative parameterization schemes (e.g., exponential, polynomial, or machine 

learning-optimized). 

Ɉ Multi-player extensions of the framework, such as public goods games. 

Ɉ Empirical validation through online experiments via the platform. 

 

6  CONCLUSION 

We have presented a parameterized variant of the Prisonerôs Dilemma employing physics- 

inspired mathematical transformations. Through computational simulation and interac- tive 

visualization, we demonstrate that this parameterization generates novel strategic regimes, including 

parameter regions where cooperation emerges as the rational choice. 

This work contributes to computational game theory by providing: 

1. A framework for systematic payoff matrix transformations 

2. Evidence that continuous parameterizations can produce discrete strategic shifts 

3. An open-source educational tool for exploring game-theoretic concepts 

4. A template for developing metaphor-based mathematical models 

5. Insights into parameter interactions and regime transitions 

While the physics terminology is metaphorical rather than literal, the mathematical structure 

provides a rigorous foundation for investigating parameter-dependent strategic behavior. The publicly 

available simulation enables further exploration and serves as a pedagogical resource for game theory 

education. 

DATA AVAILABILITY  

The complete simulation code, including all mathematical functions and visualization 

components, is openly available at: 
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https://huggingface.co/spaces/Volkan36/quantum-gravity-prisoner-s-dilemma 

Game history data can be exported in CSV format directly from the web interface. 

Raw parameter search results are available upon request. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʦ-ʵʣʝʢʪʨʦ-ʤʘʛʥʠʪʦ-ʫʧʨʫʛʦʩʪʠ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʤʝʪʦʜʦʤ R-

ʬʫʥʢʮʠʡ. ʇʨʠʚʦʜʠʪʴʩʷ ʧʦʩʪʨʦʝʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʦ-ʵʣʝʢʪʨʦ-

ʤʘʛʥʠʪʦ-ʫʧʨʫʛʦʩʪʠ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʥʘ ʦʩʥʦʚʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ ɻʘʤʠʣʴʪʦʥʘ-

ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ ʩ ʫʯʝʪʦʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʥʝʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʧʦʪʝʟʳ ʂʠʨʭʛʦʬʘ-ʃʷʚʘ ʜʣʷ ʪʦʥʢʠʭ 

ʘʥʠʟʦʪʨʦʧʥʳʭ  ʧʣʘʩʪʠʥ. ʇʦʣʫʯʝʥʳ ʦʙʦʙʱʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʪʝʨʤʦ- ʣɻʝʢʪʨʦ-ʤʘʛʥʠʪʦ-

ʫʧʨʫʛʦʩʪʠ ʚ ʚʠʜʝ ʩʠʩʪʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʩ 

ʥʘʯʘʣʴʥʳʤʠ ʠ ʝʩʪʝʩʪʚʝʥʥʳʤʠ ʢʨʘʝʚʳʤʠ ʫʩʣʦʚʠʷʤʠ. ʇʨʠ ʨʝʰʝʥʠʠ ʠʩʧʦʣʴʟʦʚʘʥ 

ʩʪʨʫʢʪʫʨʥʳʡ ʤʝʪʦʜ R-ʬʫʥʢʮʠʠ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʚʘʨʠʘʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʪʠʧʘ ɹʫʙʥʦʚʘ-

ɻʘʣʝʨʢʠʥʘ ʠ ʈʠʪʮʘ ʜʣʷ ʦʙʣʘʩʪʝʡ ʩʦ ʩʣʦʞʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚ ʧʣʘʥʝ. ɸ ʪʘʢ ʞʝ ʧʨʠʤʝʥʝʥʳ 
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ɺʚʝʜʝʥʠʝ 

ʊʝʦʨʠʷ ʪʝʨʤʦʫʧʨʫʛʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʪʝʦʨʠʡ. ɼʦ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʚ ʦʙʣʘʩʪʠ ʪʝʨʤʦʫʧʨʫʛʦʩʪʠ ʦʙʰʠʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. ʇʦʜ ʵʪʠʤ ʥʘʟʚʘʥʠʝʤ ʤʳ ʧʦʥʠʤʘʝʤ ʪʝʦʨʠʶ ʜʝʬʦʨʤʘʮʠʡ ʠ 

ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʛʨʝʚʘʥʠʷ ʪʝʣʘ. ʄʥʦʛʠʝ ʫʯʝʥʳʝ ʚ ʵʪʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʚʦʜʠʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʝ ʢʘʢ: ɼʞ. ɼʶʘʤʝʣʴ, ʌʦʡʛʪʦʤ, ɼʞʝʬʬʨʠʩʦʤ, 

ɺ.ʅʦʚʘʮʢʠʡ, ʄ. ɹʠʦʪ, ɺ. ɼ. ʂʫʧʨʘʜʟʝ, ʊ. ɻ. ɻʝʛʝʣʠʷ, ʄ. ʆ.ɹʘʰʝʣʠʰʚʠʣʠ, ʊ. ɺ. ɹʫʨʯʫʣʘʜʟʝ, 

ɺ.ʅʦʚʦʞʠʣʦʚ [1-3]. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʥʘ ʦʩʥʦʚʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ ɻʘʤʠʣʴʪʦʥʘ-ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ 

[4,5] ʚʳʚʝʜʝʥʘ ʣʠʥʝʡʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʪʝʨʤʦ-ʵʣʝʢʪʨʦ-ʤʘʛʥʠʪʥʦ-

ʫʧʨʫʛʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʳ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʧʣʘʩʪʠʥʳ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʛʠʧʦʪʝʟʫ ʂʠʨʭʛʦʬʘ-

ʃʷʚʘ ʢʘʢ ʟʘʢʦʥʳ ʠʟʤʝʥʝʥʠʷ ʩʤʝʱʝʥʠʷ [5]. 

1 2 3, , ;x y

w w
u u z u v z u w

x y

µ µ
= - = - =

µ µ
     (1) 

ʟʜʝʩʴ: 1 2 3, ,u u u -ʧʝʨʝʥʦʩ ʧʣʘʩʪʠʥʘ ʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʪʦʯʢʝ; , ,x yu v w-ʧʝʨʝʤʝʱʝʥʠʝ ʩʨʝʜʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʘ ʧʦ ʦʩʠ (x,y,z) ʢʦʦʨʜʠʥʘʪ. ʉʦʛʣʘʩʥʦ ʛʠʧʦʪʝʟʝ ʂʠʨʭʛʦʬʘ-ʃʷʚʘ 

ʜʝʬʦʨʤʘʮʠʷ ʧʦ ʪʦʣʱʠʥʝ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʳ ʦʪʩʫʪʩʪʚʫʝʪ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʨʝʭʤʝʨʥʘʷ ʤʦʜʝʣʴ 

ʟʘʜʘʯʠ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʜʚʫʤʝʨʥʫʶ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ. 
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ʆʙʱʠʡ ʚʠʜ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ ɻʘʤʠʣʴʪʦʥʘ-ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ [7,8]. 
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ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʨʘʚʥʝʥʠʷ ʚ ʯʘʩʪʥʳʭ ʩʣʫʯʘʷʭ ʨʝʰʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʳʰʝʫʢʘʟʘʥʥʳʭ 

ʥʘʯʘʣʴʥʳʭ (3) ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ (4) [10]. 

ɸʣʛʦʨʠʪʤ 

ʇʨʦʮʝʩʩ ʨʝʰʝʥʠʷ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʧʣʘʩʪʠʥʳ ʩʣʦʞʥʦʡ ʬʦʨʤʳ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʩʣʝʜʫʶʱʝʛʦ ʘʣʛʦʨʠʪʤʘ ʨʘʩʯʝʪʘ: 

1. ʇʦʩʪʨʦʝʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢʦʦʨʜʠʥʘʪʥʳʭ ʬʫʥʢʮʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʘʜʘʥʥʳʤ 

ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤ (ʩʪʨʫʢʪʫʨʘʤ ʨʝʰʝʥʠʡ), ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ R-ʬʫʥʢʮʠʡ ɺ. ʃ. 

ʈʚʘʯʝʚʘ (RFM, Rvachev's Function Method). 

(

5) 
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2. ɼʠʩʢʨʝʪʠʟʘʮʠʷ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʧʝʨʝʤʝʥʥʳʤ, ʪʦ ʝʩʪʴ ʧʦʩʪʨʦʝʥʠʝ ʜʠʩʢʨʝʪʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ ɹʫʙʥʦʚʘ-ɻʘʣʝʨʢʠʥʘ [6]. 

3. ʈʝʰʝʥʠʝ ʜʠʩʢʨʝʪʥʳʭ ʫʨʘʚʥʝʥʠʡ (ʚ ʩʣʫʯʘʝ ʜʠʥʘʤʠʢʠ - ʤʝʪʦʜ ʅʴʶʤʘʨʢʘ ʠʣʠ ʚ ʩʣʫʯʘʝ 

ʩʪʘʪʠʢʠ - ʤʝʪʦʜ ɻʘʫʩʩʘ) ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʥʝʠʟʚʝʩʪʥʳʭ ʢʦʤʧʦʥʝʥʪ ʩʪʨʫʢʪʫʨ ʨʝʰʝʥʠʡ. 

4. ʆʧʨʝʜʝʣʝʥʠʝ ʥʝʠʟʚʝʩʪʥʳʭ ʬʫʥʢʮʠʡ (u, v, w, T) ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨ ʨʝʰʝʥʠʡ, ʧʦʩʪʨʦʝʥʥʳʭ 

ʤʝʪʦʜʦʤ R-ʬʫʥʢʮʠʡ (RFM) ɺ. ʃ. ʈʚʘʯʝʚʘ [9,10].  

ɻʨʘʥʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʣʷ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʤʝʪʦʜʦʤ R-ʬʫʥʢʮʠʠ ʈʠʩ.1. 
 

  
ʈʠʩ. 1. ʊoʥʢaʷ ʤaʛʥʠʪoʫʧʨʫʛaʷ ʧʣaʩʪʠʥa 

ʩʣoʞʥoʡ ʢoʥʩʪʨʫʢʮʠʠ ʩ ʫʩʪoʡʯʠʚo 

ʟaʢʨʝʧʣʝʥʥʳʤʠ ʢʨaʷʤʠ 
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Oʙʣaʩʪ ɹʢoʤʧʣʝʢʩʥʳʭ ʫʨaʚʥʝʥʠʡ  

ɿʜʝʩʴ ʧoʣʫʯʝʥʥʳʝ ʛʝoʤʝʪʨʠʯʝʩʢʠʝ ʠ ʤʝʭaʥʠʯʝʩʢʠʝ ʧaʨaʤʝʪʨʳ ʩʣʝʜʫʶʱʠʝ  

 

0

1 , 1 , 0.01 , 0.2 , 0.1 , 0.3, 1 ,

60 , 10 .x y z

a ʤ b ʤ h ʤ R ʤ r ʤ t ʩ

T ʉ H H H ʢʕ

n= = = = = = =
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ʈʝʟʫʣʴʪʘʪʳ 

 
ʈʠʩ. 2. ɻʨaʬʠʯʝʩʢoʝ ʠʟoʙʨaʞʝʥʠʝ ʤaʛʥʠʪoʫʧʨʫʛoʡ ʩʠʤʤʝʪʨʠʯʥoʡ ʪoʥʢoʡ ʧʣaʩʪʠʥʳ 

ʩʣoʞʥoʡ ʢoʥʬʠʛʫʨaʮʠʠ ʥa oʩʠ ʢooʨʜʠʥaʪ ʩ ʞʝʩʪʢo ʟaʢʨʝʧʣʝʥʥʳʤʠ ʛʨaʥʠʮaʤʠ 

 

ʈaʟʥʠʮa ʩoʩʪaʚʣʷʝʪ 9,1% ʧʨʠ ʨaʩʯʝʪʝ ʚoʟʜʝʡʩʪʚʠʷ ʤʝʭaʥʠʯʝʩʢʠʭ ʩʠʣa ʥa 

ʧʨoʚoʜʷʱʫʶ ʪoʥʢʫʶ ʧʣaʩʪʠʥʫ ʠ ʩoʚʤʝʩʪʥoʤ ʜʝʡʩʪʚʠʠ ʤʝʭaʥʠʯʝʩʢʠʭ ʩʠʣ ʠ ʩʠʣ ʤaʛʥʠʪʥoʛo 

ʧoʣʷ, a ʪaʢʞʝ ʧʨʠ ʨaʩʯʝʪʝ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨaʪʫʨʳ (ʨʠʩ. 4). ʈʝʟʫʣʴʪaʪʳ ʨaʩʯʝʪʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪoʚ ʧoʢaʟʳʚaʶʪ, ʯʪo ʠʭ ʚʟaʠʤʥaʷ ʨaʟʥʠʮa ʩoʩʪaʚʠʣa 14,5%. 
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ʈʠʩ. 3. ʊoʥʢaʷ ʤaʛʥʠʪoʫʧʨʫʛaʷ ʧʣaʩʪʠʥa 
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Oʙʣaʩʪ ɹʢoʤʧʣʝʢʩʥʳʭ ʫʨaʚʥʝʥʠʡ 

 

ɺ ʭoʜʝ ʵʢʩʧʝʨʠʤʝʥʪa ʧʨoʚʝʜʝʥʳ oʧʳʪʥʳʝ ʨaʙoʪʳ ʥa ʫʨoʚʥʝ ʧoʣʠʥoʤoʚ ʚ ʟʥaʯʝʥʠʷʭ 

N=2, N=3, N=4. ɺ ʨʝʟʫʣʴʪaʪʝ ʥaʙʣʶʜaʝʪʩʷ ʚʟaʠʤʥoʝ ʧʨʠʙʣʠʞʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʟʥaʯʝʥʠʡ 

ʬʫʥʢʮʠʠ w(x,y,t) ʥa ʫʨoʚʥʷʭ N=3, N=4 (ʨʠʩ. 4). 

 
ʈʠʩ. 4. ɻʨaʬʠʢ ʩoʧoʩʪaʚʣʝʥʠʷ ʫʨoʚʥʝʚʳʭ ʧoʣʠʥoʤoʚ, ʧoʣʫʯʝʥʥʳʭ ʤʝʪoʜoʤ   ɹʫʙʥoʚa-ɻaʣʝʨʢʠʥa 

 

ɺ ʩʣʝʜʫʶʱʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʪoʯʥoʛo ʠʥʪʝʛʨaʣa ʫʨaʚʥʝʥʠʷ (ʨʠʩ. 

5) ʠʩʧoʣʴʟʫʝʪʩʷ ʢʚaʜʨaʪʠʯʥaʷ ʬoʨʤʫʣa ɻaʫʩʩa. ʇʨʠ ʵʪoʤ ʙʳʣʠ ʧʨoʚʝʜʝʥʳ oʧʳʪʳ ʚ 

ʨaʟʣʠʯʥʳʭ ʪoʯʢaʭ ʩ ʠʩʧoʣʴʟoʚaʥʠʝʤ ʧoʣʠʥoʤa ʂʨoʥʨoʜ.  

 

  
ʈʠʩ. 5. ɻʨaʬʠʢ ʩoʧoʩʪaʚʣʝʥʠʷ ʫʟʣoʚ ɻaʫʩʩa 
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ɺ ʨʝʟʫʣʴʪaʪʝ ʥaʙʣʶʜaʝʪʩʷ ʚʟaʠʤʥoʝ ʧʨʠʙʣʠʞʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʟʥaʯʝʥʠʡ ʬʫʥʢʮʠʠ 

w(x,y,t) ʩ ʫʟʣaʤʠ ɻaʫʩʩa ʚ ʟʥaʯʝʥʠʷʭ n=32, n=48 ʠ oʧʨʝʜʝʣʝʥʳ ʨʝʰʝʥʠʷ, ʙʣʠʟʢʠʝ ʚ ʪoʯʥoʤʫ. 

 
ʈʠʩ.6. ʂʨaʷ, ʫʩʪoʡʯʠʚo ʟaʢʨʝʧʣʝʥʥʳʝ ʰaʨʥʠʨʥo 

 

 

ʈʠʩ.7. ʂʨaʷ, ʟaʢʨʝʧʣʝʥʥʳʝ ʰaʨʥʠʨʥo 

ʇʨʠ ʨaʩʯʝʪʝ ʚʣʠʷʥʠʷ ʤʝʭaʥʠʯʝʩʢʠʭ ʩʠʣ ʥa ʧʣaʩʪʠʥʫ, a ʪaʢʞʝ ʢoʤʙʠʥʠʨoʚaʥʥoʛo 

ʚoʟʜʝʡʩʪʚʠʷ ʤʝʭaʥʠʯʝʩʢʠʭ ʩʠʣ ʠ ʩʠʣ ʤaʛʥʠʪʥoʛo ʧoʣʷ ʥa ʨaʟʥoʩʪʴ 15,5% ʠ ʪʝʤʧʝʨaʪʫʨʥʳʭ 

ʵʬʬʝʢʪoʚ (ʨʠʩ. 7), ʨaʩʯʝʪ ʚʳʚoʜoʚ oʧʳʪoʚ ʧoʢaʟʳʚaʝʪ, ʯʪo ʠʭ ʚʟaʠʤʥaʷ ʨaʟʥʠʮa ʩoʩʪaʚʠʣa 

17.4%.

 

ʈʠʩ 12. ɻʨaʬʠʢ ʩoʧoʩʪaʚʣʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʪoʣʱʠʥʳ ʧʣaʩʪʠʥʳ h ʧo ʚʳʩoʪʝ 
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ʈʝʟʫʣʴʪaʪʳ, ʧoʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʛʝoʤʝʪʨʠʯʝʩʢʠʭ ʧaʨaʤʝʪʨoʚ ʩʣoʞʥoʡ 

ʩʬʝʨʳ, ʨaʩʩʤoʪʨʝʥʥʳʝ ʚ ʧʨʠʚʝʜʝʥʥoʤ ʚʳʰʝ ʵʢʩʧʝʨʠʤʝʥʪʝ (ʨʠʩ.12), ʧoʢaʟʳʚaʶʪ, ʯʪo ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʪoʣʱʠʥʳ ʧʣʠʪʳ ʠʟʛʠʙ ʫʤʝʥʴʰaʝʪʩʷ. 

ɺʳʚʦʜʳ 

ɺ ʜʘʥʥʦʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

ʪʦʥʢʠʭ ʠʟʦʪʨʦʧʥʳʭ ʠ ʘʥʠʟʦʪʨʦʧʥʳʭ ʧʣʘʩʪʠʥ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʬʦʨʤʳ ʩ ʫʯʝʪʦʤ ʩʠʣ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʨʠ ʵʪʦʤ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʜʝʬʦʨʤʘʮʠʦʥʥʦ-ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʳ ʪʝʨʤʦ-ʵʣʝʢʪʨʦ-

ʤʘʛʥʠʪʥʦ-ʫʧʨʫʛʦʡ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʨʘʟʨʘʙʦʪʘʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʵʪʦʡ ʟʘʜʘʯʠ. 

ʇʨʦʚʝʜʝʥʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʩʠʣ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʧʨʦʮʝʩʩ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ 

ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʧʨʦʮʝʩʩʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʘʣʦʛʠʯʥʳʭ 

ʟʘʜʘʯ ʚ ʙʫʜʫʱʝʤ. 

 

ʀʩʧʦʣʴʟʦʚʘʥʥʘʷ ʣʠʪʝʨʘʪʫʨʘ 
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ʉ.ɽ. ʅʳʩʘʥʙʘʝʚʘ1, ʅ.ɸ. ʂʘʧʘʣʦʚʘ1, ʉ.ɹ. ɹʝʡʩʝʥʦʚʘ1,* 

E-mail: sultasha1@mail.ru, nkapalova@mail.ru, salta_87_09@mail.ru* 
1 çʀʥʩʪʠʪʫʪ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡè ʂʅ ʄʅɺʆ ʈʂ,  

ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

 
ɸʥʥʦʪʘʮʠʷ. ʈʦʩʪ ʯʠʩʣʘ ʢʠʙʝʨʫʛʨʦʟ ʠ ʨʘʩʰʠʨʝʥʠʝ ʧʨʠʤʝʥʝʥʠʷ ʙʠʦʤʝʪʨʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʚ 

ʘʫʪʝʥʪʠʬʠʢʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʥʘʜʸʞʥʳʭ ʤʝʪʦʜʦʚ 

ʟʘʱʠʪʳ ʙʠʦʤʝʪʨʠʯʝʩʢʠʭ ʰʘʙʣʦʥʦʚ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʢʘʝʪ ʟʘʱʠʪʘ ʦʪʧʝʯʘʪʢʦʚ ʧʘʣʴʮʝʚ, 

ʪʘʢ ʢʘʢ ʠʭ ʢʦʤʧʨʦʤʝʪʘʮʠʷ ʚʝʜʸʪ ʢ ʥʝʦʙʨʘʪʠʤʦʡ ʫʪʨʘʪʝ ʢʦʥʬʠʜʝʥʮʠʘʣʴʥʦʩʪʠ ʣʠʯʥʦʩʪʠ.  

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʝʪʦʜ ʟʘʱʠʪʳ ʙʠʦʤʝʪʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ 

ʧʦʨʦʛʦʚʳʭ ʩʭʝʤ ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʠʪʘʡʩʢʦʡ ʪʝʦʨʝʤʳ ʦʙ ʦʩʪʘʪʢʘʭ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʝʢʨʝʪʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʦʨʜʠʥʘʪʳ ʤʠʥʫʮʠʡ ʦʪʧʝʯʘʪʢʘ ʧʘʣʴʮʘ, ʢʦʪʦʨʳʝ ʢʦʜʠʨʫʶʪʩʷ ʚ ʵʣʝʤʝʥʪ 

ʢʦʥʝʯʥʦʛʦ ʧʦʣʷ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʤʥʦʛʦʯʣʝʥʘ. ʈʘʟʜʝʣʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʸʤ 

ʚʳʯʠʩʣʝʥʠʷ ʦʩʪʘʪʢʦʚ ʧʦ ʤʥʦʞʝʩʪʚʫ ʚʟʘʠʤʥʦ ʥʝʧʨʠʚʦʜʠʤʳʭ ʤʥʦʛʦʯʣʝʥʦʚ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʟʘʚʠʩʠʤʳʭ ʜʦʣʝʡ ʩʝʢʨʝʪʘ. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʠʩʭʦʜʥʦʛʦ ʙʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʰʘʙʣʦʥʘ 

(ʩʝʢʨʝʪʘ) ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʧʦʨʦʛʦʚʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʦʣʝʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʚʳʩʦʢʫʶ ʩʪʦʡʢʦʩʪʴ ʢ ʢʦʤʧʨʦʤʝʪʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʠʦʤʝʪʨʠʯʝʩʢʘʷ ʘʫʪʝʥʪʠʬʠʢʘʮʠʷ, ʦʪʧʝʯʘʪʢʠ ʧʘʣʴʮʝʚ, ʤʠʥʫʮʠʠ, 

ʢʠʪʘʡʩʢʘʷ ʪʝʦʨʝʤʘ ʦʙ ʦʩʪʘʪʢʘʭ, ʧʦʨʦʛʦʚʳʝ ʩʭʝʤʳ ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ. 

 

ɺʚʝʜʝʥʠʝ 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʮʠʬʨʦʚʠʟʘʮʠʠ ʦʙʱʝʩʪʚʘ ʙʠʦʤʝʪʨʠʯʝʩʢʘʷ ʘʫʪʝʥʪʠʬʠʢʘʮʠʷ 

ʩʪʘʥʦʚʠʪʩʷ ʥʝʦʪʲʝʤʣʝʤʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ. ɹʠʦʤʝʪʨʠʯʝʩʢʠʝ 

ʧʨʠʟʥʘʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʪʧʝʯʘʪʢʠ ʧʘʣʴʮʝʚ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, 

ʙʘʥʢʦʚʩʢʠʭ ʩʝʨʚʠʩʘʭ ʠ ʩʠʩʪʝʤʘʭ ʢʦʥʪʨʦʣʷ ʜʦʩʪʫʧʘ ʙʣʘʛʦʜʘʨʷ ʠʭ ʫʥʠʢʘʣʴʥʦʩʪʠ ʠ ʥʝʠʟʤʝʥʥʦʩʪʠ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʞʠʟʥʠ. ʆʜʥʘʢʦ ʭʨʘʥʝʥʠʝ ʠ ʧʝʨʝʜʘʯʘ ʙʠʦʤʝʪʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʩʚʷʟʘʥʳ ʩ ʨʠʩʢʦʤ 

ʢʦʤʧʨʦʤʝʪʘʮʠʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʘʨʦʣʝʡ ʠʣʠ ʢʣʶʯʝʡ, ʙʠʦʤʝʪʨʠʯʝʩʢʠʡ ʰʘʙʣʦʥ ʥʝʚʦʟʤʦʞʥʦ ʠʟʤʝʥʠʪʴ 

ʧʦʩʣʝ ʫʪʝʯʢʠ. ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʳ ʤʝʪʦʜʳ ʟʘʱʠʪʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʢʘʢ ʙʝʟʦʧʘʩʥʦʩʪʴ, ʪʘʢ ʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʜʘʥʥʳʭ [2,4]. 

ʅʘʫʯʥʦʝ ʩʦʦʙʱʝʩʪʚʦ ʧʨʝʜʣʘʛʘʝʪ ʨʘʟʣʠʯʥʳʝ ʢʨʠʧʪʦʛʨʘʬʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʢ ʟʘʱʠʪʝ 

ʙʠʦʤʝʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʩʭʝʤʘ ʨʘʟʜʝʣʝʥʠʷ 

ʩʝʢʨʝʪʘ ʐʘʤʠʨʘ [1,5], ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʠʥʪʝʨʧʦʣʷʮʠʠ ʤʥʦʛʦʯʣʝʥʦʚ ʥʘʜ ʢʦʥʝʯʥʳʤʠ ʧʦʣʷʤʠ. ʆʜʥʘʢʦ 

ʝʸ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʙʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʩʚʷʟʘʥʦ ʩ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʠʟʜʝʨʞʢʘʤʠ 

ʠ ʩʣʦʞʥʦʩʪʷʤʠ ʠʥʪʝʛʨʘʮʠʠ ʚ ʨʝʘʣʴʥʳʝ ʧʨʦʪʦʢʦʣʳ ʘʫʪʝʥʪʠʬʠʢʘʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʡ 

ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʨʝʰʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʩʦʢʫʶ 

ʢʨʠʧʪʦʛʨʘʬʠʯʝʩʢʫʶ ʩʪʦʡʢʦʩʪʴ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ɼʣʷ ʟʘʱʠʪʳ ʠʥʬʦʨʤʘʮʠʠ 

ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʤʝʪʦʜʳ ʭʵʰʠʨʦʚʘʥʠʷ, 

ʚʠʟʫʘʣʴʥʦʡ ʢʨʠʧʪʦʛʨʘʬʠʠ ʠ ʧʦʨʦʛʦʚʳʝ ʩʭʝʤʳ ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ [3]. 
ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʠʪʘʡʩʢʦʡ ʪʝʦʨʝʤʳ ʦʙ ʦʩʪʘʪʢʘʭ 

(ʂʊʆ) ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʩʭʝʤ ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʂʊʆ ʧʦʟʚʦʣʷʝʪ 

ʵʬʬʝʢʪʠʚʥʦ ʚʳʧʦʣʥʷʪʴ ʦʧʝʨʘʮʠʠ ʥʘʜ ʙʦʣʴʰʠʤʠ ʯʠʩʣʘʤʠ ʠ ʤʥʦʛʦʯʣʝʥʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʷ ʤʦʜʫʣʴʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʜʘʥʥʳʭ ʠ ʫʧʨʦʱʘʷ ʧʨʦʮʝʜʫʨʫ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʘʷ ʜʦʣʷ ʩʝʢʨʝʪʘ 

ʬʦʨʤʠʨʫʝʪʩʷ ʢʘʢ ʦʩʪʘʪʦʢ ʦʪ ʜʝʣʝʥʠʷ ʥʘ ʥʝʧʨʠʚʦʜʠʤʳʡ ʤʥʦʛʦʯʣʝʥ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʪʨʫʜʥʷʝʪ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʠʩʭʦʜʥʦʛʦ ʙʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʰʘʙʣʦʥʘ ʧʨʠ ʢʦʤʧʨʦʤʝʪʘʮʠʠ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʯʠʩʣʘ 

ʜʦʣʝʡ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʤʝʪʦʜʘ 

ʟʘʱʠʪʳ ʙʠʦʤʝʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʧʦʨʦʛʦʚʦʡ ʩʭʝʤʝ ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʂʊʆ. 

mailto:sultasha1@mail.ru
mailto:nkapalova@mail.ru
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 ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ (ʙʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʰʘʙʣʦʥʘ) ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʦʨʜʠʥʘʪʳ 

ʤʠʥʫʮʠʡ ʦʪʧʝʯʘʪʢʦʚ ʧʘʣʴʮʝʚ, ʢʦʜʠʨʫʝʤʳʝ ʚ ʚʠʜʝ ʝʜʠʥʦʛʦ ʩʝʢʨʝʪʘ. 

ʄʝʪʦʜʦʣʦʛʠʷ 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʨʘʟʜʝʣʝʥʠʷ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʙʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʰʘʙʣʦʥʘ (ʩʝʢʨʝʪʘ) ʥʘ ʦʩʥʦʚʝ ʢʠʪʘʡʩʢʦʡ ʪʝʦʨʝʤʳ ʦʙ ʦʩʪʘʪʢʘʭ (ʂʊʆ). 

ʆʙʱʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʘʣʛʦʨʠʪʤʘ. ʄʝʪʦʜ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʰʘʛʠ: 

1. ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʝʢʨʝʪʘ ʠʟ ʤʠʥʫʮʠʡ: ʢʘʞʜʘʷ ʤʠʥʫʮʠʷ ʦʪʧʝʯʘʪʢʘ ʧʘʣʴʮʘ  

ʟʘʜʘʸʪʩʷ ʧʘʨʦʡ ʢʦʦʨʜʠʥʘʪ ὼȟώȟ ʛʜʝ ὼ ʠ ώ ʦʧʨʝʜʝʣʷʶʪ ʧʦʣʦʞʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦʡ ʪʦʯʢʠ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʠ. ɼʣʷ ʫʜʦʙʩʪʚʘ ʭʨʘʥʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʢʨʠʧʪʦʛʨʘʬʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʝ 

ʢʦʦʨʜʠʥʘʪʳ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʦʜʠʥ ʤʥʦʛʦʯʣʝʥ Ὓὼ ʠ ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ 

ʩʝʢʨʝʪ, ʢʦʪʦʨʳʡ ʜʘʣʝʝ ʧʦʜʚʝʨʛʘʝʪʩʷ ʧʨʦʮʝʜʫʨʝ ʨʘʟʜʝʣʝʥʠʷ ʧʦ ʚʳʙʨʘʥʥʦʡ ʩʭʝʤʝ. 

2. ɺʳʙʦʨ ʨʘʙʦʯʠʭ ʦʩʥʦʚʘʥʠʡ: ʟʘʜʘʸʪʩʷ ʥʘʙʦʨ ʚʟʘʠʤʥʦ ʧʨʦʩʪʳʭ  

ʥʝʧʨʠʚʦʜʠʤʳʭ ʤʥʦʛʦʯʣʝʥʦʚ ὴ ὼ, ὴ ὼ,... ὴ ὼ.  

3. ʈʘʟʜʝʣʝʥʠʝ ʩʝʢʨʝʪʘ: ʉʝʢʨʝʪ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʤʥʦʛʦʯʣʝʥʦʤ Ὓὼ ʨʘʟʙʠʚʘʝʪʩʷ (ʚʳʨʝʟʘʝʪʩʷ) 

ʥʘ ʙʣʦʢʠ Ὓὼ,  ʧʦ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʜʣʠʥʝ. ɼʘʣʝʝ ʢʘʞʜʳʡ Ὓὼ ʜʝʣʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʙʨʘʥʥʳʭ 

ʤʥʦʛʦʯʣʝʥʦʚ ʧʦ ʤʦʜʫʣʶ, ʜʣʷ ʢʘʞʜʦʛʦ ʨʘʙʦʯʝʛʦ ʦʩʥʦʚʘʥʠʠ ʚʳʯʠʩʣʷʝʪʩʷ ʦʩʪʘʪʦʢ ʦʪ ʜʝʣʝʥʠʷ:  

ὥ ὼ=Ὓὼ mod ὴὼ, j=ρȟȣȟὸȠ É ρȟςȟȣȟÎȢ 

ɿʥʘʯʝʥʠʷ ὥ ὼ ̫ ʚʣʷʝʪʩʷ ʜʦʣʷʤʠ ʢʘʞʜʦʛʦ ʫʯʘʩʪʥʠʢʘ Aji, ʛʜʝ j=1,é,t, i=1,...,n ʢʦʪʦʨʳʝ ʧʝʨʝʜʘʶʪʩʷ 

ʠʣʠ ʭʨʘʥʷʪʩʷ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʕʪʠ ʫʯʘʩʪʥʠʢʠ ʤʦʛʫʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʙʘʟʳ ʜʘʥʥʳʭ, 

ʩʤʘʨʪ-ʢʘʨʪʳ, ʵʣʝʤʝʥʪʳ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʩʝʪʠ ʠ ʪ.ʜ. ʊʘʢ ʢʘʢ ʢʘʞʜʘʷ ʜʦʣʷ ʭʨʘʥʠʪʩʷ ʦʪʜʝʣʴʥʦ, 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʆʙʣʘʜʘʥʠʝ ʣʠʰʴ ʦʜʥʦʡ ʜʦʣʝʡ ʟʣʦʫʤʳʰʣʝʥʥʠʢ ʥʝ 

ʤʦʞʝʪ ʚʦʩʩʪʘʥʦʚʠʪʴ ʠʩʭʦʜʥʳʡ ʩʝʢʨʝʪ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʥʝ ʩʦʜʝʨʞʠʪ ʜʦʩʪʘʪʦʯʥʦʛʦ ʦʙʲʸʤʘ 

ʠʥʬʦʨʤʘʮʠʠ. ɼʣʷ ʧʦʣʥʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʥʘʣʠʯʠʝ ʥʝ ʤʝʥʝʝ k ʯʘʩʪʝʡ ʠʟ ʦʙʱʝʛʦ ʯʠʩʣʘ 

n, ʯʪʦ ʛʘʨʘʥʪʠʨʫʝʪ ʥʘʜʸʞʥʫʶ ʟʘʱʠʪʫ ʜʘʥʥʳʭ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʠʩʪʝʤʳ ʢ ʥʝʩʘʥʢʮʠʦʥʠʨʦʚʘʥʥʦʤʫ 

ʜʦʩʪʫʧʫ. 

4. ʍʨʘʥʝʥʠʝ ʯʘʩʪʝʡ: ʢʘʞʜʘʷ ʯʘʩʪʴ ὥ ὼ ʩʦʭʨʘʥʷʝʪʩʷ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ  

ʜʨʫʛʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʘʞʜʘʷ ʜʦʣʷ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʧʨʝʜʝʣʝʥʘ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʫʯʘʩʪʥʠʢʘʤʠ 

ʩʠʩʪʝʤʳ ʠʣʠ ʭʨʘʥʠʪʴʩʷ ʚ ʦʪʜʝʣʴʥʳʭ ʭʨʘʥʠʣʠʱʘʭ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ 

ʙʝʟʦʧʘʩʥʦʩʪʠ 

5. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʩʝʢʨʝʪʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʨʦʛʦʚʦʡ ʩʭʝʤʳ: ʧʦʩʣʝ ʪʦʛʦ  

ʢʘʢ ʩʝʢʨʝʪ ʙʳʣ ʨʘʟʜʝʣʸʥ ʥʘ ʜʦʣʠ, ʝʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʜʦʩʪʘʪʦʯʥʦʛʦ 

ʯʠʩʣʘ ʜʦʣʝʡ (ʥʝ ʤʝʥʝʝ k). ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʢʠʪʘʡʩʢʘʷ ʪʝʦʨʝʤʘ ʦʙ ʦʩʪʘʪʢʘʭ. ʀʤʝʝʤ ʩʠʩʪʝʤʫ 

ʩʨʘʚʥʝʥʠʡ: 

Ὓὼ ὥ ὼ άέὨ ὴὼ ȟὭ ρȟςȟȣȟὯȟ j=ρȟȣȟὸ 

 

ʛʜʝ ὥ ὼ ð ʩʦʭʨʘʥʸʥʥʳʝ ʦʩʪʘʪʢʠ (ʜʦʣʠ),  ὴὼ  ̟̒̏̏̓̃̆̓̒̓̃̔̉̆̚ ̘̑́̂̏̉̆ ̠̏̒̎̏̃́̎̉ 

̍̏̅̔̌̉ Ȣ ɼʘʣʝʝ ʚʳʙʠʨʘʶʪʩʷ ʣʶʙʳʝ k ʠʟ n ʨʘʙʦʯʠʭ ʦʩʥʦʚʘʥʠʡ: 

 

ὴ ὼȟὴ ὼȟȣȟὴ ὼ 

ʊʦʛʜʘ: 

1. ɺʳʯʠʩʣʷʝʪʩʷ ʠʭ ʧʨʦʠʟʚʝʜʝʥʠʝ: 

 

ὖὼ  ὴ ὼ˖˖˖˖˖˖˖˖ὴ ὼ ȣ˖ὴ̟ ὼ 
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2. ɼʣʷ ʢʘʞʜʦʛʦ ʚʳʙʨʘʥʥʦʛʦ ʤʦʜʫʣʷ ὴὼ ʥʘʭʦʜʠʪʩʷ: 

3.  

¶ ὓ ὼ  

 

¶ ὔ ὼ M_i (x)άέὨὴὼ, ʤʫʣʴʪʠʧʣʠʢʘʪʠʚʥʳʡ ʦʙʨʘʪʥʳʡ ʵʣʝʤʝʥʪ ʢ ὓ  ʧʦ ʤʦʜʫʣʶ ὴ ,̖ 

ʪʦ ʝʩʪʴ: ὓ ὼὓ ὼſ1mod(ὴὼ). 

 

ɼʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʘʞʜʦʛʦ ʙʣʦʢʘ Ὓὼ ʚʳʙʠʨʘʶʪʩʷ ʣʶʙʳʝ k ʜʦʣʝʡ ʠʟ n ʜʦʣʝʡ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʬʦʨʤʫʣʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʢʠʪʘʡʩʢʦʡ ʪʝʦʨʝʤʝ ʦʙ ʦʩʪʘʪʢʘʭ: 

 

Ὓὼ ὥ ὼ ὓz

1

ὼ ὔz
1
ὼ άέὨὖὼ 

 

ʇʦʩʣʝ ʪʦʛʦ ʢʘʢ ʚʩʝ ʙʣʦʢʠ Ὓὼ ʚʦʩʩʪʘʥʦʚʣʝʥʳ, Ὓὼ ʬʦʨʤʠʨʫʝʪʩʷ ʧʫʪʸʤ ʢʦʥʢʘʪʝʥʘʮʠʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʙʣʦʢʦʚ (ʨʠʩʫʥʦʢ 1). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʞʜʘʷ ʜʦʣʷ ʚʥʦʩʠʪ ʩʚʦʡ ʚʢʣʘʜ ʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʩʝʢʨʝʪʘ. ɽʩʣʠ ʯʠʩʣʦ 

ʜʦʩʪʫʧʥʳʭ ʜʦʣʝʡ ʤʝʥʴʰʝ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ k, ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʥʝʚʦʟʤʦʞʥʦ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʙʝʟʦʧʘʩʥʦʩʪʴ ʩʭʝʤʳ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʧʦʨʦʛʦʚʦʡ ʩʭʝʤʦʡ ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ (k,n). ʕʪʦ ʦʟʥʘʯʘʝʪ 

ʯʪʦ: ʠʩʭʦʜʥʳʡ ʩʝʢʨʝʪ ʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ, ʝʩʣʠ ʜʦʩʪʫʧʥʳ ʣʶʙʳʝ k ʜʦʣʝʡ ʠʟ n; ʧʨʠ ʵʪʦʤ ʥʘʣʠʯʠʝ 

ʤʝʥʴʰʝʛʦ ʯʠʩʣʘ ʜʦʣʝʡ (<k) ʥʝ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʠ ʚʦʩʩʪʘʥʦʚʠʪʴ ʙʠʦʤʝʪʨʠʯʝʩʢʠʡ ʰʘʙʣʦʥ; ʧʘʨʘʤʝʪʨ k 

ʟʘʜʘʸʪ ʙʘʣʘʥʩ ʤʝʞʜʫ ʙʝʟʦʧʘʩʥʦʩʪʴʶ ʠ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʴʶ ʩʠʩʪʝʤʳ. 

 

 
 

ʈʠʩ 1. ɹʣʦʢ-ʩʭʝʤʘ ʧʨʦʮʝʩʩʘ ʨʘʟʜʝʣʝʥʠʷ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʙʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʰʘʙʣʦʥʘ 
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ɿʘʢʣʶʯʝʥʠʝ  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʟʘʱʠʪʳ ʙʠʦʤʝʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʛʦʚʳʭ ʩʭʝʤ 

ʨʘʟʜʝʣʝʥʠʷ ʩʝʢʨʝʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʠʪʘʡʩʢʦʡ ʪʝʦʨʝʤʳ ʦʙ ʦʩʪʘʪʢʘʭ. ɺ ʢʘʯʝʩʪʚʝ ʩʝʢʨʝʪʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʦʦʨʜʠʥʘʪʳ ʤʠʥʫʮʠʡ ʦʪʧʝʯʘʪʢʘ ʧʘʣʴʮʘ, ʧʨʝʦʙʨʘʟʦʚʘʥʥʳʝ ʚ ʵʣʝʤʝʥʪ ʢʦʥʝʯʥʦʛʦ ʧʦʣʷ 

ʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʚʠʜʝ ʤʥʦʛʦʯʣʝʥʘ. ʅʘ ʵʪʘʧʝ ʨʘʟʜʝʣʝʥʠʷ ʚʳʯʠʩʣʷʣʠʩʴ ʦʩʪʘʪʢʠ ʧʦ ʤʥʦʞʝʩʪʚʫ 

ʚʟʘʠʤʥʦ ʥʝʧʨʠʚʦʜʠʤʳʭ ʤʥʦʛʦʯʣʝʥʦʚ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʦʚʘʣʠ ʥʝʟʘʚʠʩʠʤʳʝ ʜʦʣʠ ʩʝʢʨʝʪʘ. 

ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʠʩʭʦʜʥʦʛʦ ʙʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʰʘʙʣʦʥʘ 

ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʧʦʨʦʛʦʚʦʛʦ ʯʠʩʣʘ ʜʦʣʝʡ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʜʸʞʥʫʶ ʟʘʱʠʪʫ ʜʘʥʥʳʭ 

ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʢʦʤʧʨʦʤʝʪʘʮʠʠ.  

ʇʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜʭʦʜ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ: ʢʨʠʧʪʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʴʶ, 

ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʴʶ, ʚʦʟʤʦʞʥʦʩʪʴʶ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʠ ʧʨʠʤʝʥʠʤʦʩʪʴʶ ʢ ʨʘʙʦʪʝ ʩ ʙʦʣʴʰʠʤʠ 

ʜʘʥʥʳʤʠ. ʕʪʦ ʜʝʣʘʝʪ ʤʝʪʦʜ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʟʘʱʠʪʳ 

ʙʠʦʤʝʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ ʩ ʜʨʫʛʠʤʠ ʢʨʠʧʪʦʛʨʘʬʠʯʝʩʢʠʤʠ 

ʤʝʭʘʥʠʟʤʘʤʠ, ʚʢʣʶʯʘʷ ʭʵʰʠʨʦʚʘʥʠʝ ʠ ʚʠʟʫʘʣʴʥʫʶ ʢʨʠʧʪʦʛʨʘʬʠʶ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 
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ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʭʨʘʥʠʣʠʱʘʭè. 
  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ   

           

1. Shamir A. How to share a secret. Communications of the ACM. 1979. 

2. Abdullahi, S. M. Biometric Template Attacks and Recent Protection Mechanisms: A Survey. 2023. 

SSRN: 4543001. https://doi.org/10.2139/ssrn.4543001 

3. ʂʦʨʤʝʥ ʊ., ʃʝʡʟʝʨʩʦʥ ʏ., ʈʠʚʝʩʪ ʈ., ʐʪʘʡʥ ʂ. ɸʣʛʦʨʠʪʤʳ: ʧʦʩʪʨʦʝʥʠʝ ʠ ʘʥʘʣʠʟ. ï ʄ.: ɺʠʣʴʷʤʩ, 

2019.  

4. Bayatbabolghani, F., Blanton, M., Aliasgari, M., & Goodrich, M. (2017). Secure fingerprint alignment 

and matching protocols. arXiv:1702.03379.  

5. Zhang T., Feng D. ñBiometric Cryptosystems: A Reviewò. IEEE Trans. on Systems, 2018. 

 

 

 

  



144 

 

MATHEMATICAL MODELING OF THE LUBRICATING FLUID IN THE 

HYDRODYNAMIC FLOATING RING BEARING WITH THE EFFECT OF 

THE OIL TEMPERATURE  
 

Nguyen Van Thang 
nv.thang@vju.ac.vn 

Intelligent Mechatronic System & Japanese Manufacturing Program, 

Vietnam Japan University - Vietnam National University, Hanoi. 

 Luu Huu Phuoc Street, Nam Tu Liem District, Hanoi, Vietnam. 

 
Abstract 

In classical long bearing theory, the fluid flow is studied by neglecting the effect of the centrifugal 

force of the lubricating fluid film. However, in the case of the shafts rotating at high speeds, the centrifugal 

force of the lubricant is not too small to be neglected. This paper aims to obtain the pressure expression of 

the lubricating fluid in hydrodynamic floating ring bearings. The Reynolds equation for the long bearing 

case is solved by analytical methods. The numerical results are considered in the case of a stable 

equilibrium position of the shaft motion, i.e. the axis of symmetry of the shaft does not move during the 

investigation. The plot of the velocity components in the tangential axis direction is also shown. The 

theoretical results of the parabolic velocity distribution are similar to the velocity distribution of Newtonian 

fluids, which are derived from the Bingham plastic flow model. In addition, a comparison of the pressure 

distribution of the lubricating oil obtained from this study with experimental results at different inlet oil 

temperatures was performed. 

Keywords: centrifugal force, long bearing, floating ring bearing, pressure expression, analytical 

method, oil temperature. 

1. Introduction  
One of the problems of lubrication theory is that the self-oscillation of the shaft, which is mainly 

caused by the nonlinear hydrodynamic force of the lubricating oil film. To investigate the dynamics as well 

as the stability of motion of the shaft, it is necessary to calculate these hydrodynamic forces. These forces 

are obtained by integral the pressure distribution function of the oil film over the surface of the rotating 

shaft. So the core of this problem is investigation of the oilôs flow and establishing the equation of the oilôs 

pressure ï the Reynolds equation. In classical hydrodynamic lubrication theory [1, 2], the Reynolds 

equation is established by using the system of hypothesis. In which the author pays attention to the 

hypothesis about ignoring the centrifugal force of lubricating oil film. However, the phenomenon of self-

oscillation and the dynamic instability of the shafts of high-power motors do not follow the rules in classical 

hydrodynamic lubrication theory. In industry, the angular velocity of the shaft is very large, so the influence 

of the centrifugal force of the lubricating oil film cannot be ignored. To explain this phenomenon, the author 

proposes a plan to establish a modified form of Reynolds equation, in that the influence of centrifugal force 

of the lubricating oil film is not ignored [3, 4]. The investigation of dynamics of the shaft can be launched 

by this equation. 

In the classical theory of hydrodynamic lubrication for the long bearings, the object of study is a 

shaft rotating in a fixed bearing. The narrow gap between the shaft and the bearing is filled by a thin film 

of oil [1, 2, 5]. The hydrodynamic bearing with floating ring (three-solid body model) [6, 7], Fig. 1. The 

shaft is an absolute rigid cylinder 1, which rotates free with angular speed ɤ1 inside the bearing modeled as 

a cylindrical shell 2, which is fixed. The ring 3 rotates in the same direction with angular speed ɤ2. Two 

narrow gaps between three solid bodies are filled with the pre-stressed oil. 
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Fig. 1. Model of hydrodynamic floating ring bearing: 1 ï shaft; 2 ï fixed bearing; 3 ï hard floating 

ring; 4 ï lubricating fluid film (4 ï 1 ï inner lubricating fluid film, 4 ï 2 ï outer lubricating fluid film) 

 

The dynamic investigation of this bearing type has been carried out elaborately in the works 

[8ï10]. Hence, the experimental results of the velocity distribution are obtained in [11, 13] and the 

static, dynamic characteristics of high speed journal floating ring hybrid bearing compensated by 

interior restrictor under laminar flow and turbulent flow respectively [12]. 

 

2. Materials and methods 

The research was carried out in Newtonian fluid film filling the narrow gaps between three 

solid bodies. The parameters used in this analysis are as shown in Tab. 1: 
Tab. 1: Parameters for calculation for long hydrodynamic journal bearing 

Parameters  Short bearing  

Lengths of bearing, L (m) 200 x10-3 

Diameter of journal, D (m) 30x10-3 

Radial clearance, h0 (m) 0.1x10-3 

Eccentricity, e (m) 0.05x10-3 

Eccentricity ratio, Ů 0.5 

Speed of journal, ɤ1 (rpm) 300õ2000 

Dynamic viscosity of oil ISO VG 

46, Õ(mPs) 

46  

Inlet temperature (oC) 40  

 

The motion of the lubricating fluid film in the bearing is determined by the balance of linear 

momentum [1]: 

 

0,ÐÖ -r =Ű v                                (1) 
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In which: Ű ïstress tensor and ɟ ï mass density of the fluid. 

The velocity v and the Hamiltonian operator s in the cylindrical coordinate system are: 

 

1
, ,j j

µ µ µ
= + + Ð= + +

µ µj µ
r z r zu v w

r r z
v e e e e e e

     
(2) 

 

In which: u, v, w ï the velocity components of the fluid flow in the radial, tangential and axis 

directions, respectively. 

Assuming that, the flow in the bearing is real flow (turbulent flow), the gap is very narrow 

and the bearing is a long bearing type. By ignoring infinitesimal quantities, letôs obtain a system 

of three equations of the oilôs pressure and the components of the flowôs velocity [2, 3]: 
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(3) 

 

in which: Õ ï the kinematic viscosity. 

This is a popular system of equations of the theory of hydrodynamic lubrication. However, 

in the classical theory, the right hand side of the first equation in this system of (3) is zero [1, 5, 6]. 

That is, the equation of motion of the fluid ï the Reynolds equation will be obtained with ignoring 

the centrifugal force of the lubricating fluid film. But the system of (3) shows that, when the 

velocity of the shaft is large, the quantity on the right hand side of it is not small. Therefore, for 

bearings, in which the shaft rotates at high speed, the influence of the centrifugal force of the 

lubricating fluid film cannot be ignored. 

Integrating the system of three equations above for the general case shown in Fig. 1 letôs 

apply boundary conditions (4), obtained three components of velocity in the tangential, radial and 

axial directions. 

 

2

2 2 1

: 0, 0, 0;

: , ( ) , 0,

r R u v w

r R h u h v R h w

= = = =

= - =- = - w =
      

(4) 

 

in which: hï the local thickness of the lubricating oil film; 

R2ïthe inner radius of the rigid cylinder; 

ɤ1, Rïthe angular velocity and radius of the shaft; 

Integration of the continuity equation of the fluid flow in the bearing yields the modified 

Reynolds equation examining the effect of the centrifugal force of lubricating oil film [2, 3]: 

 

( )
3 2 3 2

1 22 2 2

2

1 3
2 ɤ .

6 6

è ø è øµ µ µ µ µ µ
+ + =m + w +é ù é ù

µjµj µ µjµ µj ê úê ú

h P h P P h h h

h tz R
       (5) 
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In this equation, P(ű, z) is the axial and tangential pressure component. To solve the (5), letôs 

simplify the new modified Reynolds equation to the form by considering of the case of long 

bearings and in the case of a stable equilibrium position of the shaft motion: 

 

 

3 2

12 2

2

1 3
.

6

h P P h h

hR

è øµ µ µ µ
+ =mwé ù
µjµj µjµjê ú

                                  (6) 

 

This is a quadratic differential equation that can be solved by analytical method. Integration 

of the equation (6) yields: 

 

2

2 1 1 22 3

1 1
( ) 6 ,P R d C d C

h h
j = m w j+ j+ñ ñ                       (7) 

 

in which: 

 

0 0 2 1cos ; .= - j = -h h e h R R                                 (8) 

 

The two integration constants in (6) can be determined by the boundary condition and the 

symmetry condition for the case of long bearing. 
3. Results and discussion 

To build the graph of the oil flow, letôs apply the geometrical and kinematical parameters of 

the bearing, Tab. 1 and Fig. 2. 

 

 
Fig. 2. The schema of the bearing in the case of two cylinders 

 

For simplicity, letôs consider the case of the equilibrium position of the motion of the shaft 

is stable, i.e. the axis of the shaft does not move. Then, the eccentricity O1O2=e(t) and the angle of 

rotation ɔ(t) will be constants, Fig. 2. 
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3. 1. The case of zero eccentricity (e = 0) 

The schema of the bearings in the case of the eccentricity e=0, Fig. 3. The graphs of the 

velocity components in the tangential direction, Fig. 4, a and axial direction, Fig. 4, b of the velocity 

of the lubricating fluid film in the bearing. 

 

 

Fig. 3. The schema of the bearings in the case of the eccentricity e = 0 
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b 

Fig. 4. The velocity components of lubricating fluid film on segment AB in Fig. 3: a ï v(r); b ï w(r) 

 

3. 2. The case of non-zero eccentricity (e = h0; ɔ = ˊ/2) 

The schema of the bearings in the case of the eccentricity e=h0; ɔ= /́2, Fig. 5. The graphs of 

the velocity components in the tangential direction, Fig. 6, a and axial direction, Fig. 6, b of the 

velocity of the lubricating fluid film on segment AB. 

 

Fig. 5. The schema of the bearings in the case of the eccentricity e = h0; ɔ = ˊ/2
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a 

 

b 

Fig. 6. The flow components of lubricating fluid film on segment AB in Fig. 5: a ï v(r); b ï w(r) 

 

Letôs consider the case of the motion of the shaft is stable then the radial component of velocity 

is zero. 

 

3. 3. The comparison and discussion 

The article has established the analytical expressions of the lubricating oil flow in the 

hydrodynamic bearing. The oilôs pressure in these formulas is determined via the modified Reynolds 

equation for the case of long bearing approach. The analytical results of the oilôs pressure are shown 

in (7). Fig. 4, a shows the tangential velocity component in the case of the eccentricity is zero. It is 

possible to see that this component reaches its maximum value at the shaftôs surface and it decreases 

linearly to the inner surface of the bearing. Fig. 4, b shows that, the axial flow is absent. 
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Fig. 6, a shows the plot of the tangential velocity in the case of steady motion with non-zero 

eccentricity. Here, it is possible to see that, this velocity distributes in a parabolic shape and reaches 

its maximum value at the middle of the gap. Similarly, Fig. 6, b is plot of the axial flow. This axial 

flow reaches its maximum value also at the middle of the gap, and it reaches the minimum value is 

zero at the surface of the shaft and bearing. This is fully consistent with liquid flow in a fixed channel. 

The theoretical results of a parabolic velocity distribution similar to that of a Newtonian fluid, 

derived from a Bingham plastic flow model. These results of the flow compare very well with the 

experimental results of the grease shear flows in a concentric cylinder configuration [11, 13]. 

 

 

a 

 

b 

Fig. 7. The comparison of the pressure distribution in hydrodynamic journal bearing: ī: analytical method; 

ƴ: experimental method: a ï Fr = 300 N, N1=2000 rpm, T = 40oC; b ïFr = 300 N, N1=2000 rpm, T = 60oC 

 

The oilôs pressure in these formulas of the flow is determined via the modified Reynolds 

equation for the case of long bearing approach. The comparison of the obtained analytical results 

with experimental data for difference case of temperature are shown on Fig. 7. The convergence of 

experimental and analytical results can testify to the reliability of the obtained results. The results of 

this study would be more accurate if the approximations for the long bearing were ignored. In 

addition, the paper as a lemma to solve the dynamics problem in floating ring bearing with the 

influence of the centrifugal force of the lubricant. 
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4. Conclusions 

This paper obtains the expression of the pressure and velocity of lubricating fluid in the 

hydrodynamic floating ring bearings by analytical method. The oilôs pressure is obtained by solving 

the modified Reynolds equation in the case of the long bearing type approach. In this equation, the 

effect of centrifugal force of the lubricating oil film is mentioned. The numerical results are 

considered in the case of the stable equilibrium position of the motion of the shaft, i.e. the 

symmetry axis of the shaft does not move. The parameters of hydrodynamic journal bearing in 

numerical estimates were taken from the experimental part. The plots of the velocity of lubricating 

fluid in the gap are completely consistent with the boundary conditions and physical properties of 

the flow. This study shows that bearing lubricating oil pressure drops significantly as oil temperature 

increases. The convergence of experimental data of the pressure distribution and analytical results 

can testify to the reliability of the new information obtained. 
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ɸɼɸʄ ʆʈɻɸʅʀɿʄɯʅɽ ᴄʉɽʈ ɽʊɽʊɯʅ ɺʀʊɸʄʀʅɼɽʈɼɯ 

ʄɸʊɽʄɸʊʀʂɸʃʓפ ʄʆɼɽʃʔɼɽʋ 
 

ʇ.ʄ. ʇʠʨʥʠʷʟʦʚʘ1, ɻ.ɿ. ɿʠʷʪʙʝʢʦʚʘ1,2, ɾ.ʇ. ɹʘʟʘʨʙʝʢ2, ɹ.ɸ. ɿʘʢʘʥʦʚ1 

1ɸʣʤʘʪʳ ʪʝʭʥʦʣʦʛʠʷʣʳϨ ʫʥʠʚʝʨʩʠʪʝʪʽ, ɸʣʤʘʪʳ, ϧʘʟʘϨʩʪʘʥ 
2ϸʣ-ʌʘʨʘʙʠ ʘʪʳʥʜʘϤʳ ϧʘʟʘϨ ϰʣʪʪʳϨ ʫʥʠʚʝʨʩʠʪʝʪʽ, ɸʣʤʘʪʳ, ϧʘʟʘϨʩʪʘʥ 

e-mail: pirniyazova1974@gmail.com 
 

ɸʥʥʦʪʘʮʠʷ. ɹϰʣ ʤʘϨʘʣʘ ʤʘʟʤϰʥʳ ʞʘϤʳʥʘʥ ʩʪʫʜʝʥʪʪʝʨʛʝ ʧʨʘʢʪʠʢʘʣʳϨ ʞϰʤʳʩ 

ʨʝʪʽʥʜʝ ϰʩʳʥʳʣʘʜʳ. ɾʘʣʧʳ ʉ ʞϸʥʝ ɽ ʜϸʨʫʤʝʥʜʝʨʽ ʞʘϬʘ ʧʽʩʢʝʥ ʞʝʤʽʩ ʧʝʥ ʢϺʢʝʥʽʩʪʝʨʜʝ, 

ʩʦʥʜʘʡ-ʘϨ ʢʦʥʩʝʨʚʽʣʝʥʛʝʥ ʰʳʨʳʥʜʘʨ ʤʝʥ ʢϮʥʙʘϤʳʩ ʤʘʡʳʥʜʘ ʙʦʣʘʪʳʥʜʳϨʪʘʥ, ʦʣʘʨʜʳϬ 

ʘʜʘʤϤʘ ʧʘʡʜʘʩʳ ʪʫʨʘʣʳ ʪϰʞʳʨʳʤʜʘʨ ϰʩʳʥʳʣϤʘʥ. ɾϰʤʳʩʪʳϬ ʤʘϨʩʘʪʳ ï ʘʜʘʤ 

ʦʨʛʘʥʠʟʤʽʥʝ ʚʠʪʘʤʠʥ ϨʘʙʳʣʜʘʫʜʳϬ ʤʘϬʳʟʳ ʞϸʥʝ ʤʘʪʝʤʘʪʠʢʘʣʳϨ ʪϰʨϤʳʜʘʥ ʚʠʪʘʤʠʥʥʽϬ 

ʘʜʘʤ ʦʨʛʘʥʠʟʤʽʥʝ ϨʘʥʰʘʣʳϨʪʳ ʜʝϬʛʝʡʜʝ ϸʩʝʨ ʙʝʨʝʪʽʥʽʥ ʜϸʣʝʣʜʝʧ ʘʡϨʳʥʜʘʫ. ϯʩʳʥʳʣϤʘʥ 

ʚʠʪʘʤʠʥʜʝʨʜʽϬ ʘʜʘʤ ʦʨʛʘʥʠʟʤʥʝ ʩʘʥʜʳϨ ϸʜʽʩʪʝʨʜʽ ʧʘʡʜʘʣʘʥʫ ʘʨϨʳʣʳ ϸʩʝʨʽʥ ʘʥʳϨʪʘʫ, 

ʚʠʪʘʤʠʥʜʝʨʜʽϬ ʘʜʘʤ ʦʨʛʘʥʠʟʤʽʥʝ ϨʘʥʰʘʣʳϨʪʳ ϸʩʝʨ ʝʪʝʪʽʥʽʥ ʩʘʥʜʳϨ ϸʜʽʩʪʝʨ ʪϰʨϤʳʜʘ 

ʘʥʳϨʪʘʫ ʞϸʥʝ ʩʘʥʜʳϨ ϸʜʽʩʪʝʨ ʘʨϨʳʣʳ ʪϸʞʽʨʠʙʝʣʽʢ ʞϰʤʳʩ Ϩʘʣʳʧʪʘʩʪʳʨʫ ʙʘʩʪʳ 

ʤʽʥʜʝʪʪʝʨʜʽϬ ʙʽʨʽ ʙʦʣʳʧ ʪʘʙʳʣʘʜʳ.   

ʊϮʡʽʥʜʽ ʩϺʟʜʝʨ: ʝϬ ʢʽʰʽ ʢʚʘʜʨʘʪʪʘʨ ϸʜʽʩʽ, ʤʝʜʠʮʠʥʘ, ʜϸʨʫʤʝʥʜʝʨ, ʩʘʥʜʳϨ ϸʜʽʩʪʝʨ. 

 

ʂʽʨʽʩʧʝ. ɼᴅʨʫʤʝʥʜʝʨ - ʦʨʛʘʥʠʟʤʥʽץ שʘʣʳʧʪʳ ʞײʤʳʩ ʽʩʪʝʫʽ װʰʽʥ ץʘʞʝʪʪʽ ʙʠʦʣʦʛʠʷʣʳץ 

ʙʝʣʩʝʥʜʽʣʽʛʽ ʞʦסʘʨʳ ʰʘסʳʥ ʤʦʣʝʢʫʣʘʣʳ ʦʨʛʘʥʠʢʘʣʳץ ץʦʩʳʣʳʩʪʘʨ. ʆʣʘʨʜʳש ʪʘʤʘץʧʝʥ 

ʞʝʪʢʽʣʽʢʩʽʟ ʞʝʪʢʽʟʽʣʫʽ ʥʝʤʝʩʝ ʙײʟʳʣʫʳ ʘʩץʘʟʘʥ-ʽʰʝʢ ʞʦʣʜʘʨʳʥʳש ʜʝשʛʝʡʽʥʜʝ ʘʩʩʠʤʠʣʷʮʠʷ 

ᴅʨʪװʨʣʽ ʞʘסʳʤʩʳʟ ʙʝʣʛʽʣʝʨʤʝʥ, ʩʦʥʳש ʽʰʽʥʜʝ ʬʫʥʢʮʠʦʥʘʣʜʳץ ʙײʟʳʣʫʣʘʨʤʝʥ ʢᴇʨʽʥʝʪʽʥ 

ʚʠʪʘʤʠʥʜʽʢ ʞʝʪʢʽʣʽʢʩʽʟʜʽʢʪʽש ʧʘʡʜʘ ʙʦʣʫʳʥʘ ᴅʢʝʣʝʜʽ. 

 ʳʣʳʤנ ʩʪʘʥץʘʟʘפ ʙʝʢʪʝʨʽשʳ ʝסʳʣʳʤʳ ʞʘʡʳʥʜʘס ʙʠʦʣʦʛʠʷ שʘʣʳʤʜʘʨʳʥʳס ץʘʟʘפ

ɸʢʘʜʝʤʠʷʩʳʥʳש ʘʢʘʜʝʤʠʢʪʝʨʽ ʅ.ɺ. ʇʘʚʣʦʚ, ʀ. ɹʘʡʪʫʣʠʥ, ɹ.ɸ. ɹʳʢʦʚ, נ.ɹʠʷʰʝʚ, 

ʢʦʨʨʝʩʧʦʥʜʝʥʪ ʤװʰʝʣʝʨʽ ʃ.פʳʣʳʰʝʚ, ɸ. נʘʙʙʘʩʦʚ, סʳʣʳʤ ʜʦʢʪʦʨʣʘʨʳ ɹ. פʘʣʳʤʙʝʪʦʚ, ʄ.ɺ. 

ɹʝʩʩʯʝʪʥʦʚʘ, ʪ.ʙ. ץʘʪʳʩʫʳʤʝʥ ʢʝש ʘʫץʳʤʜʳ ʙʦʪʘʥʠʢʘʣʳץ-ʛʝʦʛʨʘʬʠʷʣʳץ, ʛʝʦʙʦʪʘʥʠʢʘʣʳץ 

ʟʝʨʪʪʝʫʣʝʨ ʞװʨʛʽʟʽʣʜʽ.  ʂ. ʌʨʫʥʢ çʚʠʪʘʤʠʥʜʳè ʜʝʛʝʥ סײʳʤʜʳ  ʘʰʳʧ ץʘʣʳʧʪʘʩʪʳʨʜʳ [1]. 

 ʘʨʘʪʳʥ 20-ʜʘʥ ʘʩʪʘʤ ʜᴅʨʫʤʝʥʜʝʨ ʤʝʥץʳʟʜʳ ʨᴇʣ ʘʪשʟʘʩʳʥʜʘ ʤʘסʳʪʪʘ ʘʜʘʤ ʘץʘʟʽʨʛʽ ʫʘפ

ʜᴅʨʫʤʝʥʜʝʨʛʝ ץײʩʘʩ ʟʘʪʪʘʨ ʟʝʨʪʪʝʣʛʝʥ. ʆʣʘʨʜʳש ʽʰʽʥʜʝ: 13 ʪʘʧʪʳʨʤʘʩ ʤʘʡʜʘ ʝʨʠʪʽʥ 

(ʨʝʪʠʥʦʣ ð ɸ ʜᴅʨʫʤʝʥʽ, ʢʘʣʴʮʠʬʝʨʦʣ ð D ʜᴅʨʫʤʝʥʽ, ʪʦʢʦʬʝʨʦʣ ð ɽ ʜᴅʨʫʤʝʥʽ ʞᴅʥʝ 

ʬʠʣʣʦʢʠʥʦʥ ð ʂ ʜᴅʨʫʤʝʥʽ) ʞᴅʥʝ ʩʫʜʘ ʝʨʠʪʽʥ (ʘʩʢʦʨʙʠʥ ץʳʰץʳʣʳ ï ʉ ʜᴅʨʫʤʝʥʽ, ʪʠʘʤʠʥ ï 

ɺ1 ʜᴅʨʫʤʝʥʽ, ʨʠʙʦʬʣʘʚʠʥ ï ɺ2 ʜᴅʨʫʤʝʥʽ, ʥʠʢʦʪʠʥ ץʳʰץʳʣʳ ï ɺ3 ʜᴅʨʫʤʝʥʽ ʈʈ), ʧʘʥʪʦʪʝʥ 

 ,ʳʣʳ ï ɺ9 ʜᴅʨʫʤʝʥʽץʳʰץ ʳʣʳ ï ɺ5 ʜᴅʨʫʤʝʥʽ, ʧʠʨʠʜʦʢʩʠʥ ï ɺ6 ʜᴅʨʫʤʝʥʽ, ʬʦʣʠʡץʳʰץ

ʮʠʘʥʦʢʦʙʘʣʘʤʠʥ ï ɺ12 ʜᴅʨʫʤʝʥʽ ʞᴅʥʝ ʙʠʦʪʠʥ ï ʅ ʜᴅʨʫʤʝʥʽ; ʚʠʪʘʤʠʥʜʝʨ ʣʘʪʳʥ ᴅʣʽʧʙʠʽʥʽש 

ᴅʨʽʧʪʝʨʽʤʝʥ ʙʝʣʛʽʣʝʥʝʜʽ). 

ᴄʜʽʩʪʝʨ ʤʝʥ ʪʘʣץʳʣʘʫ. פʘʟʽʨʛʽ ʪʘשʜʘ ʘסʟʘʜʘסʳ ʜᴅʨʫʤʝʥʜʝʨʜʽש ʢᴇʧʰʽʣʽʛʽ 

ʩʠʥʪʝʟʜʝʣʤʝʡʜʽ (ʂ, ɺ12 ʞᴅʥʝ D ʜᴅʨʫʤʝʥʜʝʨʽʥ ץʦʩʧʘסʘʥʜʘ). ʉʦʥʜʳץʪʘʥ ʦʣʘʨ ʘסʟʘסʘ װʥʝʤʽ 

ʞᴅʥʝ ʞʝʪʢʽʣʽʢʪʽ ʤᴇʣʰʝʨʜʝ ʪʘʤʘץʧʝʥ ʥʝʤʝʩʝ ʚʠʪʘʤʠʥʜʽ-ʤʠʥʝʨʘʣʜʳ ʢʝʰʝʥʜʝʨ ʤʝʥ ʪʘסʘʤʜʳץ 

 שʘʙʳʣʜʘʫʜʳץ ʳʣʳ ʚʠʪʘʤʠʥץᴅʜʽʩʪʝʨ ʘʨ ץʨʽʥʜʝ ʝʥʫʽ ʢʝʨʝʢ. ʉʦʣ ʩʝʙʝʧʪʽʜʝ ʩʘʥʜʳװʦʩʧʘʣʘʨ ʪץ

ᴅʩʝʨʽʥ ʘʥʳץʪʘʡʤʳʟ. 

ʅʝʛʽʟʛʽ ʙʝʩ ʚʠʪʘʤʠʥ  ץʘʨʘʩʪʳʨסʘʥ ʧʘʨʘʤʝʪʨʣʝʨ: 

¶ ɺʠʪʘʤʠʥ (Ca ʂʘʣʴʮʠʡ) 

¶ ɺʠʪʘʤʠʥ (Cr ʍʨʦʤ) 

¶ ɺʠʪʘʤʠʥ (Mg ʄʘʛʥʠʡ) 

¶ ɺʠʪʘʤʠʥ (Fe ɾʝʣʝʟʦ) 

¶ ɺʠʪʘʤʠʥ (I ʁʦʜ 
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ʊᴇʤʝʥʜʝʛʽ ʢʝʩʪʝʜʝ ʚʠʪʘʤʠʥʜʝʨʜʽײ שʩʳʥʳʣʘʪʳʥ ʪᴅʫʣʽʢʪʽʢ ʧʘʡʳʟʳ ʢᴇʨʩʝʪʽʣʛʝʥ: 

 

1-ʢʝʩʪʝ. ɺʠʪʘʤʠʥʜʝʨʜʽײ שʩʳʥʳʣʘʪʳʥ ʪᴅʫʣʽʢʪʽʢ ʧʘʡʳʟʳ 

ɺʠʪʘʤʠʥ ɻʨʘʤʤʝʥ 
 ʩʳʥʳʣʘʪʳʥ ʪᴅʫʣʽʢʪʽʢױ

ʪײʪʳʥʫ %-  r

Ca ʂʘʣʴʮʠʡ 235,5 ʤʛ 20 

Cr ʍʨʦʤ 12,5 ʤʢʛ 25 

Mg ʄʘʛʥʠʡ 0,375 ʤʛ 38 

Fe ɾʝʣʝʟʦ 2,5 ʤʛ 17 (25) 

I ʁʦʜ 18,75 ʤʢʛ 13 

 

ɺʠʪʘʤʠʥ ץʘʙʳʣʜʘʫʜʳש ʘʜʘʤ ʦʨʛʘʥʠʟʤʽʥʝ ʝʢʽ ʪװʨʣʽ ʪʦʧʧʝʥ ץʘʨʘʩʪʳʨʳʣʫʳ: 

¶ ɾʝʢʝ Ϩʘʙʳʣʜʘʫ; 

¶ ʊʦʧʧʝʥ Ϩʘʙʳʣʜʘʫ; 

ɺʠʪʘʤʠʥʥʽש ʙʝʩ ʪװʨʽʥ ʙʽʨʜʝʥ ץʘʙʳʣʜʘʫ ʢʝʟʽʥʜʝʛʽ ᴅʩʝʨʽʥ ʩʘʥʜʳץ ʝʩʝʧʪʝʫ ʘʨץʳʣʳ 

ʢʝʩʪʝʜʝ ʢᴇʨʩʝʪʫ: 

 

2-ʢʝʩʪʝ. ɺʠʪʘʤʠʥʜʝʨʜʽ ץʘʙʳʣʜʘʫ ʘʣʛʦʨʠʪʤʽ 

ɺʠʪʘʤʠʥ 

ɾʝʢʝ ץʘʙʳʣʜʘʫ ʊʦʧʧʝʥ ץʘʙʳʣʜʘʫ 

ʉʪʘʪ. 

ʘʡʳʨʤʘʰʳʣʳץʪʘʨʜʳש 

ʤʘשʳʟʜʳʣʳסʳ 

1 2 3 1 2 3 U Z p 

çɼʝʡʽʥè (I ʟʝʨʪʪʝʫ ʥװʢʪʝʩʽ) 

Ca ʂʘʣʴʮʠʡ 439,6 987,7 1977,8 664,0 1479,2 2836,7 4144,0 -2,2 0,0248 

Cr ʍʨʦʤ 1,76 1,91 2,36 1,89 2,00 2,35 4296,0 -1,9 0,0599 

Fe ɾʝʣʝʟʦ 8,91 11,73 18,03 11,34 15,78 21,46 3640,0 -3,4 0,0006 

I ʁʦʜ 0,020 0,036 0,064 0,022 0,032 0,062 5048,0 0,1 0,9315 

Mg ʄʘʛʥʠʡ 26,1 86,0 181,3 53,0 134,7 293,8 3944,0 -2,7 0,0065 

 

ʅᴅʪʠʞʝʣʝʨ. ʉʘʥʜʳץ  ʞᴅʥʝ ʩʘʧʘʣʳץ ᴅʜʽʩʪʝʨ ʘʨϨʳʣʳ Ϩʘʨʘʩʪʳʨʫ ϰʩʳʥʳʣʘʜʳ. ʉʘʥʜʳϨ 

ϸʜʽʩʪʽϬ ʤʘϨʩʘʪʳ ʝʛʞʝʡ-ʪʝʛʞʝʡʣʽ ʤϸʣʽʤʝʪʪʝʨ ʤʝʥ ʪʝʦʨʠʷʣʳϨ ϨʘϤʠʜʘʣʘʨʜʳ Ϩʦʣʜʘʥʘ 

ʦʪʳʨʳʧ, ʽʩ ʙʦʡʳʥʰʘ ʢʝϬʝʡʪʽʣʛʝʥ ʙʽʣʽʤʜʽ ʘʰʫ ʞϸʥʝ ʪʘʙʫ ʙʦʣʳʧ ʪʘʙʳʣʘʜʳ. ʉʘʧʘʣʳϨ 

ϸʜʽʩʪʝʨʜʽϬ ʤʘϨʩʘʪʳ - ϰʩʳʥʳʣϤʘʥ ʪʝʦʨʠʷʥʳ ʙʝʢʽʪʫ ʞϸʥʝ ʥʳϤʘʡʪʫ Ϯʰʽʥ ʩʘʥʜʳϨ 

ϨϰʥʜʳʣʳϨʪʘʨ ʤʝʥ Ϩϰʙʳʣʳʩʪʘʨʜʳ ʟʝʨʪʪʝʫ. 

ʉʘʥʜʳץ ʝʩʝʧʪʝʫʜʽ ʝש ʢʽʰʽ ʢʚʘʜʨʘʪ ᴅʜʽʩʽʤʝʥ ʰʳסʘʨʫ [2-4]: 

 

S=В ώὼȟὥ ώ  ᴼάὭὲ   (1) 

 

ɽש ʢʽʰʽ ʢʚʘʜʨʘʪʪʘʨ ᴅʜʽʩʽ ʙʦʡʳʥʰʘ y=a+bx ʧʘʨʘʤʝʪʨʣʝʨʽʥ ʘʥʳץʪʘʫ: 

 

a=ώ ὦὼ                             (2) 

 

b=
ᶻ

                              (3) 
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 В В В

 В В
            (4) 

 

ɹʽʨʽʥʰʽ ʢװʥʥʽש ᴅʩʝʨʽ: 

 

Ø=
В  В В Ȣ В

= 1031.3 (ʢʘʣʴʮʠʡ) 

 

Ø=
В  В В Ȣ В

= 1,83 (ʭʨʦʤ) 

 

Ø=
В  В В ȟ В

= 10,13 (ʞʝʣʝʟʦ) 

 

Ø=
В  В В ȟ В

= 0,013 (ʡʦʜ) 

 

Ø=
В  В В ȟ В

= 33,6 (ʤʘʛʥʠʡ) 

 

ɽʢʽʥʰʽ ʢװʥʥʽש ᴅʩʝʨʽ: 

 

Ø=
В  В В ȟ В

 = 1636,8 (ʢʘʣʴʮʠʡ) 

 

Ø=
В  В В ȟ В

 = 2,23 (ʭʨʦʤ) 

 

Ø=
В  В В ȟ В

 = 17,99 (ʞʝʣʝʟʦ) 

 

Ø=
В  В В ȟ В

 = 0,023 (ʡʦʜ) 

 

Ø=
В  В В ȟ В

 = 78,9 (ʤʘʛʥʠʡ) 

 

ɽʩʝʧʪʝʫʣʝʨ ʙʘʨʳʩʳʥʜʘ ʰʳסʘʨʳʣסʘʥ ʩʘʥʜʳץ ʝʩʝʧʪʝʨʜʽש ʪᴇʤʝʥʜʝʛʽ ʢʝʩʪʝʩʽ ץʘʨʘʩʪʳʨʳʣʜʳ: 

 

3-ʢʝʩʪʝ. ɺʠʪʘʤʠʥʜʝʨʜʽץ שʘʙʳʣʜʘʫʜʘסʳ ʩʘʥʜʳץ ʝʩʝʙʽ 

ɺʠʪʘʤʠʥ 

ɾʝʢʝ ץʘʙʳʣʜʘʫ ʊʦʧʧʝʥ ץʘʙʳʣʜʘʫ 

ʉʪʘʪʠʩʪʠʢʘʣʳץ 

ʘʡʳʨʤʘʰʳʣʳץʪʘʨʜʳש 

ʤʘשʳʟʜʳʣʳסʳ 

1 2 3 1 2 3 U Z p 

Ca ʂʘʣʴʮʠʡ 1031,3 1636,8 2554,4 1016,3 1635,1 3191,1 3932,0 -0,5 0,6141 

Cr ʍʨʦʤ 1,83 2,23 2,62 1,89 2,19 2,41 3784,0 0,9 0,3606 

Fe ɾʝʣʝʟʦ 10,13 17,99 29,24 12,03 16,58 27,88 4048,0 -0,2 0,8549 

I ʁʦʜ 0,013 0,023 0,043 0,011 0,018 0,028 3300,0 2,3 0,0241 

Mg ʄʘʛʥʠʡ 33,6 78,9 193,4 34,8 101,2 184,2 3980,0 -0,4 0,7104 
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ɸʜʘʤ ʦʨʛʘʥʠʟʤʽʥʝ ʚʠʪʘʤʠʥ ץʘʙʳʣʜʘʫʜʳש ʝʥ ʢʽʰʽ ʢʚʘʜʨʘʪʪʘʫ ᴅʜʽʩʽ ʙʦʡʳʥʰʘ ʰʳסʘʨʳʣʫ 

ʥᴅʪʠʞʝʩʽʥʜʝ, ʢᴇʧʪʝʛʝʥ ʚʠʪʘʤʠʥʜʝʨʜʽש ʧʘʡʜʘʩʳ ʞᴅʥʝ ʩʘʥʜʳץ ʤᴅʣʽʤʝʪʪʝʨʽ ʘʥʳץʪʘʣʜʳ. 

ɽʩʝʧʪʝʫ ʪʘʨʘʧʳʥʥʘʥ ʩʦסשʳ ʥᴅʪʠʞʝʛʝ ץʘʣʳʧʪʘʩʪʳʨʳʣʜʳ. ɽʩʝʧʪʝʫʣʝʨ ʞװʨʛʽʟʫ ʙʘʨʳʩʳʥʜʘ 

ʞʘʩʘʣסʘʥ ʩʘʥʜʳץ ʤᴅʣשʤʝʪʪʝʨʜʽש ʢʝʩʪʝʩʽʥʝ ʪװʛʝʣʜʝʡ ʥᴅʪʠʞʝʛʝ ʪʦץʪʘʣʩʘץ: 

 

4-ʢʝʩʪʝ. ɺʠʪʘʤʠʥʜʝʨʜʽץ שʘʙʳʣʜʘʫʜʘסʳ ʩʘʥʜʳץ ʝʩʝʙʽ 

ʕʣʝʤʝʥʪ 

ʅʝʛʽʟʛʽ ʪʦʧ (çʜʝʡʽʥ ï 

ʢʝʡʽʥè ʩʘʣʳʩʪʳʨʫʳ) 

ɹʘץʳʣʘʫ ʪʦʙʳ (çʜʝʡʽʥ ï 

ʢʝʡʽʥè ʩʘʣʳʩʪʳʨʫʳ) 

T Z p T Z p 

Ca ʂʘʣʴʮʠʡ 4980,0 -4,5 0,0000 2360,0 -1,6 0,1061 

Cr ʍʨʦʤ 5564,0 -3,5 0,0005 2568,0 -0,8 0,4062 

Fe ɾʝʣʝʟʦ 5160,0 -4,2 0,0000 2468,0 -1,2 0,2270 

I ʁʦʜ 5396,0 3,8 0,0001 1336,0 5,5 0,0000 

Mg ʄʘʛʥʠʡ 7052,0 -0,8 0,4171 2328,0 1,7 0,0825 

 

ɾװʨʛʽʟʽʣʛʝʥ ʝʩʝʧʪʝʫʣʝʨʜʽש Maple ʧʨʦʛʨʘʤʤʘʩʳʥʜʘסʳ ʰʝʰʽʤʽ ʤʝʥ ʧʨʦʛʨʘʤʤʘʩʳ: 

 

solve({0.*x + 5, 5*y + 0, (8*x + 0.001*y) + 0, 5396.0*x + 3.8*y   = 1336, 0*z = 0.}, {x, y, 

});  

evalf(%); 

ʐʝʰʽʤʽ (1-ʩʫʨʝʪ): 

{x = 0.0007951752308, y = 0.6614279361,} 

 

ɸʣʳʥסʘʥ ʰʝʰʽʤʜʽ Maple ʧʨʦʛʨʘʤʤʘʩʳʥʜʘסʳ ʛʨʘʬʠʢ ʪװʨʽʥʜʝ ʢᴇʨʩʝʪʝʡʽʢ. Maple 

ʧʨʦʛʨʘʤʤʘʩʳ ʧʘʡʜʘʣʘʥʫʰʳʣʘʨסʘ ʢʝʟ-ʢʝʣʛʝʥ ʢװʨʜʝʣʽʣʽʢʪʝʛʽ ʤʘʪʝʤʘʪʠʢʘʣʳץ ʝʩʝʧʪʝʨʜʽ 

ʰʝʰʫʛʝ ʤװʤʢʽʥʜʽʢ ʙʝʨʝʜʽ. ʆʥʜʘ ʤʘʪʝʤʘʪʠʢʘʥʳש ʙʘʨʣʳץ ʜʝʨʣʽʢ ʩʘʣʘʣʘʨʳʥ ץʘʤʪʠʪʳʥ 5000-

ʥʘʥ ʘʩʪʘʤ ʢʽʨʽʢʪʽʨʽʣʛʝʥ ʬʫʥʢʮʠʷʣʘʨ ʙʘʨ, ʩʦʥʳש ʽʰʽʥʜʝ ʤʘʪʝʤʘʪʠʢʘʣʳץ ʪʘʣʜʘʫ, ʩʳʟʳץʪʳץ 

ʘʣʛʝʙʨʘ, ʜʠʬʬʝʨʝʥʮʠʘʣʜʳץ ʪʝשʜʝʫʣʝʨ, ʩʪʘʪʠʩʪʠʢʘ, ʛʝʦʤʝʪʨʠʷ ʞᴅʥʝ ʪ.ʙ. Maple-ʜʝ 

ʩʠʤʚʦʣʜʳץ, ʩʘʥʜʳץ ʞᴅʥʝ ʛʠʙʨʠʜʪʽ ʘʣʛʦʨʠʪʤʜʝʨ ʙʘʨ, ʞװʡʝʥʽש ʘʣʛʦʨʠʪʤʜʽʢ ʷʜʨʦʩʳʥʜʘ ʙʘʩץʘ 

ʧʣʘʪʬʦʨʤʘʣʘʨ ץʦʣ ʞʝʪʢʽʟʝ ʘʣʤʘʡʪʳʥ ᴅʜʽʩʪʝʨ ʙʘʨ [5-7]. 

 

 
1-ʩʫʨʝʪ - Maple ʧʨʦʛʨʘʤʤʘʩʳʥʜʘסʳ ʛʨʘʬʠʢ 
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 ʘʙʳʣʜʘʫʜʘץ ʥʽ ʞʝʢʝװʙʽʨʽʥʰʽ ʢ שʦʨʳʪʳʥʜʳ. ɽʩʝʧʪʝʫ ʙʘʨʳʩʳʥʜʘ ʚʠʪʘʤʠʥʜʝʨʜʽפ

ʢʘʣʴʮʠʡ ʚʠʪʘʤʠʥʽץ שʘʙʳʣʜʘʫ ʜʝשʛʝʡʽ ʪᴇʤʝʥʜʽʢ ʢᴇʨʩʝʪʪʽ. ʉʦʥʳש ʥᴅʪʠʞʝʩʽʥʜʝ ʢʘʣʮʠʡ 

ʜᴅʨʫʤʝʥʽ  ʤʠʥʫʩʪʳץ ʢᴇʨʩʝʪʢʽʰ ʢᴇʨʩʝʪʩʝ, װʰʽʥʰʽ ʢװʥʽ 0% ץʘʤʪʳʜʳ. ʊʦʧʪʳץ ץʳʙʳʣʜʘʫ 

ʙʦʡʳʥʰʘ 0,1061%-ʜʳ ץʘʤʪʳʜʳ.  ɽʩʝʧʪʝʫʣʝʨ ʙʘʨʳʩʳʥʜʘ ʙʽʨʽʥʰʽ ʢװʥʽ  װʣʢʝʥ ʥᴅʪʠʞʝʥʽ 

ʢᴇʨʩʝʪʢʝʥ ʤʘʛʥʠʡ  ʜᴅʨʫʤʝʥʽ ʞʝʢʝ ץʘʙʳʣʜʘʫ װʰʽʥʰʽ ʢװʥʽʥʜʝ 0,4171% ץʘʤʪʳʩʘ, ʪʦʧʪʳץ 

 ץʘʤʪʳʜʳ. ʂᴇʨʩʝʪʽʣʛʝʥ ʚʠʪʘʤʠʥʜʝʨʜʽ ʩʘʥʜʳץ ʳʙʳʣʜʘʫ ʙʦʡʳʥʰʘ 0,0825% ʧʘʡʳʟʜʳץ

ʝʩʝʧʪʝʫʣʝʨʛʝ ʩʘʣʫ ʘʨץʳʣʳ ʡʦʜ ʚʠʪʘʤʠʥʽ ʞʝʢʝ ʞᴅʥʝ ʪʦʧʪʳץ ץʳʙʳʣʜʘʫʜʘʜʘ ʝש ʪᴇʤʝʥʛʽ 

ʢᴇʨʩʝʪʢʽʰʪʽ ʢᴇʨʩʝʪʢʝʥ ʙʦʣʘʪʳʥ. ʁʦʜ ʞʝʢʝ ץʘʙʳʣʜʘʫʜʘ 0,0001% ץʘʩʪʳʩʩʘ, ʪʦʧʪʳץ 

 ʦʣ ʞʝʪʢʽʟʽʣʜʽ. ʉʦʥʳʤʝʥץ ʘץʩʘʪץʘʥ ʤʘסʦʡʳʣץ ʘʤʪʳʜʳ. ʅᴅʪʠʞʝʩʽʥʜʝץ ʳʙʳʣʜʘʫʜʘ 0,0000%ץ

 ,ʘʞʝʪʪʽʣʽʛʽ ʞʘʩʳʥʘץ ץʜᴅʨʫʤʝʥʜʝʨʛʝ ʜʝʛʝʥ ʬʠʟʠʦʣʦʛʠʷʣʳ שʘʪʘʨ, ʜʝʥʽ ʩʘʫ ʘʜʘʤʜʘʨʜʳץ

ʞʳʥʳʩʳʥʘ, ʝשʙʝʢ ץʳʟʤʝʪʽʥʽש ʩʠʧʘʪʳʥʘ, ײʣʪʪʳץ ʪʘסʘʤʜʘʨʜʳש ʜᴅʩʪװʨʣʝʨʽʥʝ, ʢʣʠʤʘʪʪʳץ 

ʞʘסʜʘʡʣʘʨסʘ ʞᴅʥʝ ʪ.ʙ. ʙʘʡʣʘʥʳʩʪʳ ᴇʟʛʝʨʝʜʽ. ɸʜʘʤʜʘʨ װʰʽʥ ʜᴅʨʫʤʝʥʜʝʨʜʽש ʢᴇʟʽ ï ᴇʩʽʤʜʽʢʪʝʨ 

ʤʝʥ ʞʘʥʫʘʨʣʘʨʜʘʥ ʘʣʳʥʘʪʳʥ ʪװʨʣʽ ʪʘסʘʤʜʘʨ. ʂʝʡʙʽʨ ʜᴅʨʫʤʝʥʜʝʨ ʽʰʽʥʘʨʘ ʪʦץ ʽʰʝʢʪʝ 

ʪײʨʘʪʳʥ ʤʠʢʨʦʙʪʘʨʜʳץ שʘʪʳʩʫʳʤʝʥ ʦʨʛʘʥʠʟʤʜʝ ʪװʟʽʣʝʜʽ. ɹװʛʽʥʜʝ 20-סʘ ʞʫʳץ ʚʠʪʘʤʠʥ 

ʙʝʣʛʽʣʽ. ʆʣʘʨʜʳש ʥʝʛʽʟʛʽʣʝʨʽ: ɺ1, ɺ2, ɺ6, ɺ12, ʈʈ, ʉ, ɸ, D, ɽ, ʂ, ʬʦʣʠʡ ץʳʰץʳʣʳ, ʧʘʥʪʦʪʝʥ 

 .ʘʣʘʨץʳʣʳ, ʙʠʦʪʠʥ ʞᴅʥʝ ʙʘʩץʳʰץ

 :ʩʳʥʳʩʪʘʨױ

- ʩʘʥʜʳץ ʝʩʝʧʪʝʫ ʘʨץʳʣʳ ʘʜʘʤ ʦʨʛʘʥʠʟʤʽʥ ᴅʨʜʘʡʳʤ ʝʩʝʧʪʝʧ ʦʪʳʨʫ; 

- ʚʠʪʘʤʠʥ, ʷסʥʠ ʜᴅʨʫʤʝʥ ץʘʙʳʣʜʘʫʜʳש ᴅʩʝʨʽʤʝʥ ᴅʨʜʘʡʳʤ ʙᴇʣʽʩʽʧ ʦʪʳʨʫ; 

- ʝʩʝʧʪʝʫʣʝʨ ʞװʨʛʽʟʫʜʽ ץʦʣסʘ ʘʣʫ. 
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ɸʥʥʦʪʘʮʠʷ 

ɺ ʜʘʥʥʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ ʠ 

ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ, ʪʘʢʞʝ ʚ ʨʘʙʦʪʝ ʧʨʠʚʦʜʠʪʩʷ ʘʢʪʫʘʣʴʥʦʩʪʴ 

ʚʳʙʨʘʥʥʦʡ ʪʝʤʘʪʠʢʠ, ʦʙʟʦʨ ʧʦ ʜʘʥʥʦʡ ʪʝʤʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʮʝʣʠ ʠ ʟʘʜʘʯʠ ʜʘʥʥʦʡ ʪʝʤʳ, 

ʧʨʦʛʨʘʤʤʥʳʡ ʨʝʟʫʣʴʪʘʪ. ʇʨʠʚʦʜʠʪʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʣʠʩʪʠʥʛ ʧʨʦʛʨʘʤʤʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ 

ʣʠʮʘ ʥʘ ʬʦʪʦʛʨʘʬʠʠ ʠ ʥʘ ʚʝʙ-ʢʘʤʝʨʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʬʦʪʦʛʨʘʬʠʷʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʥʘ ʬʦʪʦ, ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʥʘ ʚʝʙ-ʢʘʤʝʨʝ, 

ʧʨʦʛʨʘʤʤʥʳʡ ʣʠʩʪʠʥʛ, ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ. 

 

ɺʚʝʜʝʥʠʝ. ɹʠʦʤʝʪʨʠʯʝʩʢʘʷ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʧʦ ʣʠʮʫ ï ʦʜʥʦ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʩʨʝʜʩʪʚ 

ʠʥʬʦʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦ ʚʩʝʤʫ ʤʠʨʫ. ɺ ʧʨʠʤʝʥʝʥʠʠ ʪʝʭʥʦʣʦʛʠʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ ʤʥʦʛʠʝ 

ʦʪʨʘʩʣʠ ʩʝʡʯʘʩ ʚʠʜʷʪ ʦʛʨʦʤʥʫʶ ʧʝʨʩʧʝʢʪʠʚʫ. ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮ ʩʝʡʯʘʩ ʦʩʦʙʝʥʥʦ ʘʢʪʠʚʥʦ 

ʧʦʧʦʣʥʷʝʪ ʨʷʜʳ ʪʘʢʠʭ ʙʠʦʤʝʪʨʠʯʝʩʢʠʡ ʪʝʭʥʦʣʦʛʠʡ, ʢʘʢ ʘʚʪʦʨʠʟʘʮʠʷ ʧʦ ʛʦʣʦʩʫ ʠʣʠ 

ʩʢʘʥʠʨʦʚʘʥʠʝ ʦʪʧʝʯʘʪʢʦʚ ʧʘʣʴʮʝʚ, ʢʦʪʦʨʳʝ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʧʨʠʤʝʥʷʶʪʩʷ ʚ 

ʩʤʘʨʪʬʦʥʘʭ ʠ ʢʦʨʧʦʨʘʪʠʚʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʆʜʥʘ ʠʟ ʩʘʤʳʭ ʧʦʧʫʣʷʨʥʳʭ ʦʪʨʘʩʣʝʡ, ʛʜʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʧʦ ʣʠʮʫ - ʪʝʣʝʢʦʤ. ʇʨʠʤʝʥʝʥʠʝ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʙʠʦʤʝʪʨʠʠ 

ʣʠʮʘ ʪʘʢʞʝ ʥʘʭʦʜʷʪ ʩʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʘʡʪʘʭ egov, ʧʨʠ ʧʦʜʧʠʩʘʥʠʠ ʜʦʢʫʤʝʥʪʦʚ ʯʝʨʝʟ ʕʎʇ, 

ʪʘʢʞʝ ʚ ʪʝʨʤʠʥʘʣʘʭ ʙʘʥʢʦʤʘʪʦʚ ʧʨʦʭʦʜʠʤ ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ. ʍʦʨʦʰʠʤ 

ʧʨʠʤʝʨʦʤ ʤʦʛʫʪ ʧʦʩʣʫʞʠʪʴ ʢʘʢ Face ID ʦʪ Apple, ʛʜʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʣʠʮʘ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʠ 

ʨʘʟʙʣʦʢʠʨʦʚʢʝ ʪʝʣʝʬʦʥʘ. ɺ ʫʩʪʨʦʡʩʪʚʘʭ ʚʩʪʨʦʝʥ ʘʣʛʦʨʠʪʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʩ 

ʢʘʞʜʳʤ ʨʘʟʦʤ ʚʩʝ ʙʣʠʞʝ ʠ ʙʣʠʞʝ ʟʥʘʢʦʤʠʪʩʷ ʩ ʣʠʮʦʤ ʧʦʣʴʟʦʚʘʪʝʣʷ, ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʫʯʠʪʩʷ 

ʫʟʥʘʚʘʪʴ ʝʛʦ ʜʘʞʝ ʧʨʠ ʩʤʝʥʝ ʚʳʨʘʞʝʥʠʷ ʣʠʮʘ ʠʣʠ ʘʢʩʝʩʩʫʘʨʦʚ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʭʦʪʝʣʠ  

ʧʨʝʜʩʪʘʚʠʪʴ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ ʩʦʪʨʫʜʥʠʢʦʚ ʦʨʛʘʥʠʟʘʮʠʠ ʂʘʟʘʭʩʢʦʛʦ 

ʅʘʮʠʦʥʘʣʴʥʦʛʦ ɾʝʥʩʢʦʛʦ ʇʝʜʘʛʦʛʠʯʝʩʢʦʛʦ ʋʥʠʚʝʨʩʠʪʝʪʘ.  ɺʥʝʜʨʝʥʠʝ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʙʳʣʦ 

ʙʳ ʦʯʝʥʴ ʘʢʪʫʘʣʴʥʦʡ ʪʘʢ, ʢʘʢ ʚ ʥʘʰʝʤ ɺʋɿʝ ʚʩʝ ʝʱʝ ʜʝʡʩʪʚʫʝʪ ʩʠʩʪʝʤʘ ʪʫʨʥʠʢʝʪʘ, ʛʜʝ 

ʩʦʪʨʫʜʥʠʢʠ ʠ ʩʪʫʜʝʥʪʢʠ ʧʨʦʭʦʜʷʪ ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʪʦʣʴʢʦ ʯʝʨʝʟ ʩʢʫʜ ʢʘʨʪʫ. ɸ ʵʪʦ ʚʩʝʛʜʘ ʥʝ 

ʠʜʝʥʪʠʯʥʘ, ʪʘʢ ʢʘʢ ʚ ʨʘʙʦʯʝʤ ʧʨʦʮʝʩʩʝ ʩʪʫʜʝʥʪ ʠʣʠ ʩʦʪʨʫʜʥʠʢ ʤʦʞʝʪ ʦʪʩʫʪʩʪʚʦʚʘʪʴ, ʥʦ ʧʨʠ 

ʵʪʦʤ ʧʦʧʨʦʩʠʚ ʩʚʦʠʭ ʢʦʣʣʝʛ ʠʣʠ ʩʦʢʫʨʩʥʠʮ ʧʨʦʙʠʚʘʥʠʷ ʩʢʫʜ ʢʘʢʨʪʳ ʦʥʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ 

ʥʝ ʚʩʝʛʜʘ ʠʜʝʥʪʠʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ. ɺ ʮʝʣʷʭ ʢʦʥʪʨʦʣʷ ʠ ʢʘʯʝʩʪʚ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ - ɻ ʪʦ ʦʯʝʥʴ 

ʘʢʪʫʘʣʴʥʘʷ ʠ ʧʦʣʝʟʥʘʷ ʧʨʦʛʨʘʤʤʘ ʚʦ ʙʣʘʛʦ ʥʘʰʝʤʫ ʫʥʠʚʝʨʩʠʪʝʪʫ ʠ ʝʛʦ ʩʦʪʨʫʜʥʠʢʦʚ.  

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʇʫʩʪʴ ʟʘʜʘʝʪʩʷ ʥʘʤ ʥʝʢʦʪʦʨʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʣʠʮʘ. ʊʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʘʣʛʦʨʠʪʤʫ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʠʜʝʥʪʠʯʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʩʦ ʩʪʫʜʝʥʪʦʤ. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʠʜʝʥʪʠʯʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦ ʜʦʢʫʤʝʥʪʫ ʪʦʡ ʠʣʠ ʠʥʦʡ 

ʣʠʯʥʦʩʪʠ. 

ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ ʥʘ ʦʩʥʦʚʝ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʚʠʜʝ.   

ʄʝʪʦʜʳ ʨʝʰʝʥʠʷ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʛʨʘʜʠʝʥʪʥʳʡ ʤʝʪʦʜ. ɺʚʦʜʷʪʩʷ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʣʠʮʘ.  

ʆʙʦʟʥʘʯʘʷ ʧʦ ʢʦʨʧʫʩʫ ʣʠʮʘ ʦʩʥʦʚʥʳʝ ʪʦʯʢʠ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʚʳʜʝʣʷʝʤ ʢʘʢ ʜʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 1. 
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ʈʠʩʫʥʦʢ 1. ɺʳʜʝʣʝʥʠʝ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʢʦʨʧʫʩʝ ʣʠʮʘ 

 

ʈʘʟʜʝʣʷʷ ʢʦʨʧʫʩ ʣʠʮʘ ʧʦ ʩʣʝʜʫʶʱʠʤ ʧʘʨʘʤʝʪʨʘʤ, ʪʘʢʠʝ ʢʘʢ ʜʣʠʥʘ ʛʣʘʟ, ʜʣʠʥʘ ʥʦʩʘ, 

ʜʣʠʥʘ ʛʫʙʳ, ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʥʦʩʘ ʜʦ ʧʦʜʙʦʨʦʜʢʘ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʟʥʘʯʢʘʤʠ ʛʣʘʟ ʚʚʦʜʠʤ ʚ 

ʪʘʙʣʠʯʥʳʝ ʜʘʥʥʳʝ: 

ʊʘʙʣʠʮʘ 1. ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʣʠʮʘ. 

 

ɺʚʦʜʠʤʳʝ 

ʟʥʘʯʝʥʠʷ 

ʈʘʟʤʝʨʥʦʩʪʴ ʚ ʩʤ ʇʘʨʘʤʝʪʨʳ 

ὼ1 2,8 ʩʤ ɼʣʠʥʘ ʛʣʘʟʘ 

ὼ2 3,4 ʩʤ ɼʣʠʥʘ ʥʦʩʘ 

ὼ3 5.5 ʩʤ ɼʣʠʥʘ ʛʫʙʳ 

ὼ4 7,5 ʩʤ ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʥʦʩʘ ʜʦ 

ʧʦʜʙʦʨʦʜʢʘ 

ʕʪʠ ʚʳʜʝʣʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʘʥʳ ʥʠʞʝ ʚ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ 2. 

 

 
ʈʠʩʫʥʦʢ 2. ɺʳʜʝʣʝʥʠʝ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʢʦʨʧʫʩʫ ʣʠʮʘ 
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ɺʚʝʜʝʤ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: Xi - ʚʭʦʜʥʦʡ ʚʝʢʪʦʨ, Yi - ʚʳʭʦʜʥʦʡ ʚʝʢʪʦʨ, wki,j - i-

ʳʡ ʚʝʩʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ j-ʛʦ ʥʝʡʨʦʥʘ k-ʛʦ ʩʣʦʷ,  bki - ʧʦʨʦʛ i-ʛʦ ʥʝʡʨʦʥʘ k-ʛʦ ʩʣʦʷ, dj - 

ʵʪʘʣʦʥʥʦʝ ʚʳʭʦʜʥʦʝ ʟʥʘʯʝʥʠʝ i-ʛʦ ʥʝʡʨʦʥʘ. 

ɺʳʭʦʜʥʦʝ ʟʥʘʯʝʥʠʝ j-ʛʦ ʥʝʡʨʦʥʘ k-ʛʦ ʩʣʦʷ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ [1]: 

 

ὣ Ὂ ύȟὣ ὦ  

ɺʳʭʦʜʥʦʝ ʟʥʘʯʝʥʠʝ j-ʛʦ ʥʝʡʨʦʥʘ ʚʳʭʦʜʥʦʛʦ ʩʣʦʷ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

 

ὣ Ὂ ύȟὣ ὦ  

 

ʌʫʥʢʮʠʦʥʘʣ ʦʰʠʙʢʠ ʩʝʪʠ ʨʘʚʝʥ: Ὁ В ὣ Ὠ ,     

ʛʜʝ Yj = Yj ï dj - ʦʰʠʙʢʘ j-ʛʦ ʥʝʡʨʦʥʘ ʚʳʭʦʜʥʦʛʦ ʩʣʦʷ. ʆʰʠʙʢʘ j-ʛʦ ʵʣʝʤʝʥʪʘ k-ʛʦ 

ʩʢʨʳʪʦʛʦ ʩʣʦʷ: 

 

ὣ
‬Ὁ

‬ὣ

‬Ὁ

‬ὣ

‬ὣ

‬Ὓ

‬Ὓ

‬ὣ

‬Ὁ

‬ὣ

‬ὣ

‬Ὓ
ύȟ ὣ Ὠ Ὂᴂύȟ ὶὊᴂὛύȟ 

ɻʨʘʜʠʝʥʪʳ ʦʰʠʙʦʢ ʨʘʚʥʳ: 

 
‬Ὁ

‬ύȟ

‬Ὁ

‬ὣ

‬ὣ

‬Ὓ

‬Ὓ

‬ύȟ
ὶὊᴂὛὣ  

 
‬Ὁ

‬ὦ

‬Ὁ

‬ὣ

‬ὣ

‬Ὓ

‬Ὓ

‬ὦ
ὶὊᴂὛ  

 

‬Ὁ

‬ύȟ

‬Ὁ

‬ὣ

‬ὣ

‬Ὓ

‬Ὓ

‬ὣ

‬ὣ

‬Ὓ

‬Ὓ

‬ύȟ
ὶὊᴂὛὣ  

ɺʝʩʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʠ ʩʤʝʱʝʥʠʷ ʥʝʡʨʦʥʦʚ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ [1]: 

 

ύȟὸ ρ ύȟ ‌ὶὊᴂὛ ὣ  

ὦ ὸ ρ ὦ ‌ὶὊᴂὛ  
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ʄʝʪʦʜʳ ʨʝʰʝʥʠʷ  

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ, ʠʩʧʦʣʴʟʫʝʤ  Python ʠ ʙʠʙʣʠʦʪʝʢʫ 

OpenCV. ʋʩʪʘʥʘʚʣʠʚʘʷ ʥʝʦʙʭʦʜʠʤʳʝ ʙʠʙʣʠʦʪʝʢʠ ʠ ʧʦʨʷʜʦʢ ʠʭ ʫʩʪʘʥʦʚʢʠ: 

¶ OpenCV 

¶ dlib 

¶ Face_recognition 

OpenCV ï ʵʪʦ ʤʦʱʥʘʷ ʙʠʙʣʠʦʪʝʢʘ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʚʠʜʝʦ, ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʟʘʜʘʯ ʘʥʘʣʠʟʘ ʚʠʟʫʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʪʘʢʠʭ ʢʘʢ ʦʙʥʘʨʫʞʝʥʠʝ ʣʠʮ, 

ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʥʦʤʝʨʥʳʭ ʟʥʘʢʦʚ, ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. 

ɹʠʙʣʠʦʪʝʢʘ dlib, ʧʦʜʜʝʨʞʠʚʘʝʤʘʷ ɼʵʚʠʩʦʤ ʂʠʥʛʦʤ, ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʠʥʩʪʨʫʤʝʥʪʳ ʜʣʷ 

ʛʣʫʙʦʢʦʛʦ ʤʝʪʨʠʯʝʩʢʦʛʦ ʦʙʫʯʝʥʠʷ ʠ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʝʢʪʦʨʥʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ (ʵʤʙʝʜʜʠʥʛʦʚ) ʠʟʦʙʨʘʞʝʥʠʡ, ʯʪʦ ʢʨʠʪʠʯʥʦ ʚʘʞʥʦ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ. 

ɹʠʙʣʠʦʪʝʢʘ face_recognition, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ɸʜʘʤʦʤ ɻʝʡʪʛʝʝʤ, ʦʩʥʦʚʘʥʘ ʥʘ 

ʚʦʟʤʦʞʥʦʩʪʷʭ dlib ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʜʦʙʥʫʶ ʦʙʝʨʪʢʫ, ʦʙʣʝʛʯʘʶʱʫʶ ʨʘʙʦʪʫ ʩ 

ʬʫʥʢʮʠʷʤʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ. ɺʘʞʥʦ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʝʸ ʧʦʩʣʝ dlib. 

ʋʩʪʘʥʦʚʢʘ OpenCV ʚʳʧʦʣʥʷʝʪʩʷ ʢʦʤʘʥʜʦʡ: 

pip install opencv-python 

ɼʣʷ ʫʩʪʘʥʦʚʢʠ dlib ʥʘ ʧʣʘʪʬʦʨʤʝ Windows ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ Anaconda. ʉʥʘʯʘʣʘ ʫʩʪʘʥʦʚʠʪʝ Anaconda, ʘ ʟʘʪʝʤ ʚʳʧʦʣʥʠʪʝ ʩʣʝʜʫʶʱʫʶ 

ʢʦʤʘʥʜʫ ʚ ʪʝʨʤʠʥʘʣʝ: 

conda install -c conda-forge dlib 

ɿʘʚʝʨʰʘʝʤ ʫʩʪʘʥʦʚʢʫ ʙʠʙʣʠʦʪʝʢʠ face_recognition ʩ ʧʦʤʦʱʴʶ ʢʦʤʘʥʜʳ: 

pip install face_recognition 

 

ʇʦʩʣʝ ʫʩʪʘʥʦʚʢʠ ʚʩʝʭ ʥʝʦʙʭʦʜʠʤʳʭ ʤʦʜʫʣʝʡ, ʧʨʠʩʪʫʧʠʤ ʢ ʥʘʧʠʩʘʥʠʶ ʢʦʜʘ. ʅʘʤ 

ʧʦʪʨʝʙʫʝʪʩʷ ʩʦʟʜʘʪʴ ʪʨʠ ʬʘʡʣʘ: 

1. ʇʝʨʚʳʡ ʬʘʡʣ ʙʫʜʝʪ ʦʙʨʘʙʘʪʳʚʘʪʴ ʜʘʪʘʩʝʪ ʩ ʠʟʦʙʨʘʞʝʥʠʷʤʠ, ʛʝʥʝʨʠʨʫʷ 

ʵʤʙʝʜʜʠʥʛʠ ʜʣʷ ʢʘʞʜʦʛʦ ʣʠʮʘ, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʩʦʭʨʘʥʷʶʪʩʷ ʚʦ ʚʪʦʨʦʡ ʬʘʡʣ. 

2. ɺʪʦʨʦʡ ʬʘʡʣ ʭʨʘʥʠʪ ʵʪʠ ʵʤʙʝʜʜʠʥʛʠ. 

3. ʊʨʝʪʠʡ ʬʘʡʣ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʣʠʮ ʩ ʫʞʝ ʠʟʚʝʩʪʥʳʤʠ ʵʤʙʝʜʜʠʥʛʘʤʠ. 
ʊʘʢʞʝ ʤʳ ʨʝʘʣʠʟʫʝʤ ʬʫʥʢʮʠʦʥʘʣ ʨʘʙʦʪʳ ʩ ʚʝʙ-ʢʘʤʝʨʦʡ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ ʚ ʨʝʘʣʴʥʦʤ 

ʚʨʝʤʝʥʠ. 

ʂʦʤʧʴʶʪʝʨʥʦʝ ʟʨʝʥʠʝ ʩʣʫʞʠʪ ʩʚʷʟʫʶʱʠʤ ʟʚʝʥʦʤ ʤʝʞʜʫ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ 

ʠ ʚʠʟʫʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠʟ ʦʢʨʫʞʘʶʱʝʛʦ ʤʠʨʘ, ʧʦʟʚʦʣʷʷ ʧʨʦʛʨʘʤʤʘʤ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʠ 

ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʠʟʫʘʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ. ʅʘʧʨʠʤʝʨ, ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ 

ʬʨʫʢʪʦʚ ʧʦ ʮʚʝʪʫ, ʨʘʟʤʝʨʫ ʠ ʬʦʨʤʝ ʢʘʞʝʪʩʷ ʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʯʝʣʦʚʝʢʘ, ʥʦ ʚ ʢʦʥʪʝʢʩʪʝ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʵʪʦ ʪʨʝʙʫʝʪ ʩʙʦʨʘ ʜʘʥʥʳʭ, ʠʭ ʦʙʨʘʙʦʪʢʠ ʠ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʤʦʜʝʣʠ ʜʣʷ ʪʦʯʥʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ. 

ʉʨʝʜʠ ʤʥʦʛʠʭ ʜʦʩʪʫʧʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʷʭ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ, OpenCV ʚʳʜʝʣʷʝʪʩʷ ʩʚʦʝʡ ʩʧʝʮʠʘʣʠʟʘʮʠʝʡ ʥʘ ʟʘʜʘʯʘʭ 

ʚʠʟʫʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. OpenCV ï ʵʪʦ ʙʠʙʣʠʦʪʝʢʘ ʩ ʦʪʢʨʳʪʳʤ ʠʩʭʦʜʥʳʤ ʢʦʜʦʤ, 

ʧʦʜʜʝʨʞʠʚʘʶʱʘʷ ʤʥʦʞʝʩʪʚʦ ʷʟʳʢʦʚ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʚʢʣʶʯʘʷ Python ʠ R, ʠ ʨʘʙʦʪʘʶʱʘʷ 

ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʣʘʪʬʦʨʤʘʭ, ʪʘʢʠʭ ʢʘʢ Windows, Linux ʠ MacOS. 

ʆʩʥʦʚʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ OpenCV ʚʢʣʶʯʘʶʪ: 
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Á ɼʦʩʪʫʧʥʦʩʪʴ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ ʠ ʙʝʩʧʣʘʪʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ. 

Á ɺʳʩʦʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʙʣʘʛʦʜʘʨʷ ʥʘʧʠʩʘʥʠʶ ʥʘ C/C++. 

Á ʕʢʦʥʦʤʥʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʵʬʬʝʢʪʠʚʥʫʶ ʨʘʙʦʪʫ ʜʘʞʝ ʥʘ 
ʩʠʩʪʝʤʘʭ ʩ ʦʛʨʘʥʠʯʝʥʥʳʤ ʦʙʲʝʤʦʤ RAM. 

Á ʇʦʜʜʝʨʞʢʘ ʙʦʣʴʰʠʥʩʪʚʘ ʦʧʝʨʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ. 

ʋʩʪʘʥʦʚʢʘ OpenCV ʜʣʷ Python: 

ɼʣʷ ʫʩʪʘʥʦʚʢʠ OpenCV ʚʳ ʤʦʞʝʪʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʥʝʜʞʝʨʳ ʧʘʢʝʪʦʚ pip ʠʣʠ conda, 

ʝʩʣʠ ʫ ʚʘʩ ʫʩʪʘʥʦʚʣʝʥ ʧʘʢʝʪ Anaconda. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ pip, ʚʳʧʦʣʥʠʪʝ ʩʣʝʜʫʶʱʫʶ ʢʦʤʘʥʜʫ ʜʣʷ ʫʩʪʘʥʦʚʢʠ: 

 
pip install opencv-python 
 
ʏʝʨʝʟ Anaconda, ʝʩʣʠ ʚʳ ʨʘʙʦʪʘʝʪʝ ʚ ʩʨʝʜʝ Anaconda, ʫʩʪʘʥʦʚʠʪʝ OpenCV, ʠʩʧʦʣʴʟʫʷ 

ʩʣʝʜʫʶʱʫʶ ʢʦʤʘʥʜʫ: 

 
conda install -c conda-forge OpenCV 
 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, OpenCV ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʤʦʱʥʳʡ ʥʘʙʦʨ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ 

ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ, ʦʪ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʜʦ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʙʲʝʢʪʦʚ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. (ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ 

PyCharm - Python.) 

1) ʇʨʦʛʨʘʤʤʥʳʡ ʣʠʩʪʠʥʛ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʥʘ ʚʠʜʝʦʢʘʤʝʨʝ ʣʠʰʴ ʣʠʮʘ: 

 

import cv2 

 

 

face_cascade_db = cv2.CascadeClassifier(cv2.data.haarcascades + 

"haarcascade_frontalface_default.xml") 

cap = cv2.VideoCapture(0) 

 

while True: 

    success, img = cap.read() 

 

    img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY) 

 

    faces = face_cascade_db.detectMultiScale(img_gray, 1.1, 19) 

    for (x, y, w, h) in faces: 

        cv2.rectangle(img, (x, y), (x + w, y + h), (0, 255, 0), 2) 

 

    cv2.imshow('rez', img)  # cv2.waitKey() 

    if cv2.waitKey(1) & 0xff == ord('q'): 

        break 
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cap.release() 

cv2.destroyAllWindows() 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ ʩʪʫʜʝʥʪʘ  

 

 
ʈʠʩʫʥʦʢ 3. ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʧʦ ʚʠʜʝʦʢʘʤʝʨʝ 

2) ʇʨʦʛʨʘʤʤʥʳʡ ʣʠʩʪʠʥʛ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮʘ ʠ ʛʣʘʟʘ ʥʘ ʚʠʜʝʦʢʘʤʝʨʝ: 

import cv2 

 

face_cascade_db = cv2.CascadeClassifier("haarcascade_frontalface_default.xml") 

eye_cascade = cv2.CascadeClassifier("haarcascade_eye.xml ") 

 

cap = cv2.VideoCapture(0) 

 

while True: 

    success, img = cap.read() 

    img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY) 

    faces = face_cascade_db.detectMultiScale(img_gray, 1.1, 19) 

    for (x, y, w, h) in faces: 

        cv2.rectangle(img, (x, y), (x + w, y + h), (0, 255, 0), 2) 

        img_gray_face = img_gray[y:y + h, x:x + w] 

        eyes = eye_cascade.detectMultiScale(img_gray_face, 1.1, 19) 

        for (ex, ey, ew, eh) in eyes: 

            cv2.rectangle(img, (x + ex, y + ey), (x + ex + ew, y + ey + eh), (255, 0, 0), 2) 

    cv2.imshow('rez', img) 
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    if cv2.waitKey(1) & 0xff == ord('q'): 

        break 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʙʠʦʤʝʪʨʠʠʣʠʮʘ, ʘ ʠʤʝʥʥʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ 

ʛʣʘʟ ʧʦ ʚʠʜʝʦʢʘʤʝʨʝ.  

 

 
ʈʠʩʫʥʦʢ 4. ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʠ ʛʣʘʟ ʥʘ ʚʠʜʝʦʢʘʤʝʨʝ 

3) ʇʨʦʛʨʘʤʤʥʳʡ ʣʠʩʪʠʥʛ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮ ʧʦ ʬʦʪʦ: 

ʅʠʞʝ ʚ ʩʣʝʜʫʶʱʝʤ ʧʨʦʛʨʘʤʤʥʦʤ ʣʠʩʪʠʥʛʝ ʜʘʝʪʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʧʦ 

ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʣʠʮ ʧʦ ʬʦʪʦʛʨʘʬʠʠ: 

 

import cv2 

 

face_cascade_db = cv2.CascadeClassifier("haarcascade_frontalface_default.xml") 

 

img = cv2.imread("img.pnq") 

img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY) 

 

faces = face_cascade_db.detectMultiScale(img, 1.1, 19) 

for (x, y, w, h) in faces: 

    cv2.rectangle(img, (x, y), (x + w, y + h), (0, 255, 0), 2) 

cv2.imshow('rez', img) 

cv2.waitKey() 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʙʠʙʣʠʦʪʝʢʠ Open CV 
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ʈʠʩʫʥʦʢ 5. ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʣʠʮ ʧʦ ʬʦʪʦʛʨʘʬʠʠ 

 

ʂʘʢ ʚʳ ʚʠʜʥʦ, ʢʦʜ ʤʦʞʝʪ ʨʘʩʧʦʟʥʘʚʘʪʴ ʥʝ ʦʜʥʦ ʣʠʮʦ, ʘ ʥʝʩʢʦʣʴʢʦ. ʇʨʦʛʨʘʤʤʥʳʡ 

ʣʠʩʪʠʥʛ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʠ ʫʣʳʙʢʠ ʧʦ ʬʦʪʦ: 

ʅʠʞʝ ʚ ʩʣʝʜʫʶʱʝʤ ʧʨʦʛʨʘʤʤʥʦʤ ʣʠʩʪʠʥʛʝ ʜʘʝʪʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʧʦ ʨʘʩʧʦʟʥʘʚʘʥʠʶ 

ʣʠʮʘ ʠ ʫʣʳʙʢʠ ʧʦ ʬʦʪʦʛʨʘʬʠʠ: 

 

import cv2 

face_cascade = cv2.CascadeClassifier(cv2.data.haarcascades + 

"haarcascade_frontalface_default.xml") 

smile_cascade = cv2.CascadeClassifier(cv2.data.haarcascades + "haarcascade_smile.xml") 

cap = cv2.VideoCapture(0) 

while True: 

    success, img = cap.read() 

    if not success: 

        break 

    img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY) 

    faces = face_cascade.detectMultiScale(img_gray, 1.1, 4) 

    for (x, y, w, h) in faces: 

        cv2.rectangle(img, (x, y), (x+w, y+h), (0, 255, 0), 2) 

        face_gray = img_gray[y:y+h, x:x+w] 

        smiles = smile_cascade.detectMultiScale(face_gray, 1.8, 15) 

        for (sx, sy, sw, sh) in smiles: 

 cv2.rectangle(img, (x+sx, y+sy), (x+sx+sw, y+sy+sh), (255, 0, 0), 2) 

 cv2.imshow('Smile Detection', img) 

 if cv2.waitKey(1) & 0xff == ord('q'): 

        break 

cap.release() 

cv2.destroyAllWindows() 
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ʅʠʞʝ ʥʘ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ ʧʨʠʚʦʜʠʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮʘ ʠ ʫʣʳʙʢʠ ʧʦ 

ʚʝʙ-ʢʘʤʝʨʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʙʠʦʤʝʪʨʠʠ ʣʠʮʘ: 

 

 
ʈʠʩʫʥʦʢ 6. ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮʘ ʠ ʫʣʳʙʢʠ ʧʦ ʚʠʜʝʦʢʘʤʝʨʝ 

ɺʳʚʦʜʳ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʢʦʤʧʴʶʪʝʨʥʦʝ ʟʨʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʨʦʩʣʦ ʚ 

ʧʦʧʫʣʷʨʥʦʩʪʠ ʠ ʩʪʘʣʦ ʦʙʦʩʦʙʣʝʥʥʦʡ ʦʙʣʘʩʪʴʶ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ. ʈʘʟʨʘʙʦʪʯʠʢʠ ʧʦ ʚʩʝʤʫ 

ʤʠʨʫ ʩʦʟʜʘʶʪ ʥʦʚʳʝ ʧʨʠʣʦʞʝʥʠʷ, ʧʦʣʴʟʫʶʱʠʝʩʷ ʰʠʨʦʢʠʤ ʩʧʨʦʩʦʤ. ʆʩʦʙʝʥʥʦ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʢʘʞʝʪʩʷ ʢʦʥʮʝʧʮʠʷ ʦʪʢʨʳʪʦʛʦ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʜʘʞʝ 

ʢʨʫʧʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʢʦʤʧʘʥʠʷʤ ʜʝʣʠʪʴʩʷ ʩʚʦʠʤʠ ʠʥʥʦʚʘʮʠʷʤʠ, ʜʝʣʘʷ ʧʝʨʝʜʦʚʳʝ 

ʪʝʭʥʦʣʦʛʠʠ ʜʦʩʪʫʧʥʳʤʠ ʜʣʷ ʚʩʝʭ, ʘ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʵʣʠʪʳ. ʇʨʠʤʝʨʦʤ ʪʘʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʷʚʣʷʝʪʩʷ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʣʠʮ, ʢʦʪʦʨʦʝ ʧʨʠ ʵʪʠʯʝʩʢʦʤ ʧʨʠʤʝʥʝʥʠʠ ʤʦʞʝʪ 

ʨʝʚʦʣʶʮʠʦʥʠʟʠʨʦʚʘʪʴ ʤʥʦʞʝʩʪʚʦ ʘʩʧʝʢʪʦʚ ʞʠʟʥʠ. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʙʳʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ, ʩʧʦʩʦʙʥʦʡ ʫʣʫʯʰʠʪʴ ʩʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠ ʜʦʚʝʩʪʠ ʠʭ ʜʦ ʫʨʦʚʥʷ 

ʨʘʟʚʠʪʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ. ʉ ʪʘʢʦʡ ʧʨʦʛʨʘʤʤʦʡ ʤʦʞʥʦ ʥʝ ʪʦʣʴʢʦ ʜʦʩʪʠʛʥʫʪʴ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ, ʥʦ ʠ ʩʦʟʜʘʪʴ ʤʦʱʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ 

ʦʨʛʘʥʠʟʘʮʠʡ, ʧʨʝʜʦʪʚʨʘʱʘʷ ʜʦʩʪʫʧ ʥʝʠʟʚʝʩʪʥʳʭ ʠ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʣʠʮ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ 

ʜʝʥʴ, ʥʘʧʨʠʤʝʨ, ʜʦʩʪʫʧ ʚ ʫʯʝʙʥʳʝ ʟʘʚʝʜʝʥʠʷ ʯʘʩʪʦ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʳʭ 

ʢʘʨʪ ʩ ʢʦʜʘʤʠ, ʢʦʪʦʨʳʝ ʥʝ ʚʩʝʛʜʘ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʥʘʜʝʞʥʳʤ ʩʨʝʜʩʪʚʦʤ ʟʘʱʠʪʳ. ʅʘʰʘ 

ʮʝʣʴ ï ʧʦʚʳʩʠʪʴ ʫʨʦʚʝʥʴ ʙʝʟʦʧʘʩʥʦʩʪʠ ʜʣʷ ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʩʪʫʜʝʥʪʦʚ. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʦʪʝʥʮʠʘʣ ʧʨʦʝʢʪʘ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʣʠʰʴ ʫʯʝʙʥʳʤʠ ʟʘʚʝʜʝʥʠʷʤʠ ï ʝʛʦ 

ʤʦʞʥʦ ʘʜʘʧʪʠʨʦʚʘʪʴ ʠ ʜʣʷ ʜʨʫʛʠʭ ʫʯʨʝʞʜʝʥʠʡ. ʂʘʤʝʨʳ, ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʚ ʥʫʞʥʳʭ ʤʝʩʪʘʭ, 

ʤʦʛʫʪ ʬʠʢʩʠʨʦʚʘʪʴ ʣʠʮʘ ʚ ʚʳʩʦʢʦʤ ʨʘʟʨʝʰʝʥʠʠ ʠ ʩʦʧʦʩʪʘʚʣʷʪʴ ʠʭ ʩ ʙʘʟʦʡ ʜʘʥʥʳʭ ʯʝʨʝʟ 

ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʜʝʞʥʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʣʶʜʝʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʨʘʟʨʘʙʦʪʢʘ ʠ ʚʥʝʜʨʝʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʣʠʮ ʩʪʘʥʦʚʷʪʩʷ ʢʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ ʚ 

ʩʠʩʪʝʤʘʭ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʢʦʥʪʨʦʣʷ ʜʦʩʪʫʧʘ, ʘʜʘʧʪʠʨʫʷʩʴ ʢ ʠʟʤʝʥʝʥʠʷʤ ʚ ʪʨʝʙʦʚʘʥʠʷʭ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʠʨʘ. 
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Abstract: 

This paper introduces a Web 3.0ïbased national journal platform for evaluating authors and 

journals within Uzbekistanôs scientific ecosystem. The system computes bibliometric indicators 

alongside the proposed Hs-index, which refines the h-index by incorporating surplus citations 

beyond the h-core. The platform integrates peer-review workflows, enabling seamless submission 

and decision processes through role-based dashboards. Its modular architecture, based on 

MySQL, PHP services, and a responsive HTML5/Bootstrap frontend, ensures scalability and 

usability. The monitoring module provides real-time tracking of article views, downloads, 

country-level access, and overall journal activity via interactive dashboards. Database design, 

service architecture, and interface components are described, with live data analyses presented. 

Results demonstrate that the system establishes a transparent and standardized mechanism for 

national scientific assessment while remaining compatible with international practices.        

Keywords: bibliometrics, h-index, Hs-index, Web 3.0, MySQL, monitoring, uzjurnal. 

 

I. Introduction  

II.   

 The rapid evolution of digital technologies has transformed the landscape of scientific 

communication, with Web 3.0 emerging as a foundation for next-generation journal platforms. 

Semantic web technologies and decentralized infrastructures have been shown to support 

academic social networking and bibliometric evaluation [1], [2]. Studies in higher education and 

research confirmed that Web 3.0 fosters innovative frameworks for knowledge sharing and 

scientometric assessment [3], [4]. 

 Traditional bibliometric indicators, particularly the h-index, remain widely used, but their 

limitations in capturing diverse citation patterns have been highlighted [5]. To address these 

shortcomings, alternative measures such as the g-index, R-index, and the more recent Hs-index 

were developed, providing fairer evaluations by incorporating surplus citations beyond the h-core 

[6], [7]. These advances emphasize the importance of national platforms that integrate advanced 

bibliometric methods directly into editorial workflows. 

 Web 3.0 applications also enable semantic enrichment of metadata, transparent peer-

review processes, and real-time monitoring of scientific activity [8]. Integrating blockchain 

technologies enhances the immutability and accountability of journal systems [9], while user-

centric dashboards and analytics modules improve visibility and ensure alignment with 

international bibliometric practices [10]. 

 At the national level, digital journal platforms are increasingly seen as strategic tools for 

academic governance and global integration. Research has highlighted the significance of semantic 

indexing, interoperability with Scopus and Web of Science, and standardized peer-review 

frameworks [11], while empirical studies confirm the role of Web 3.0 infrastructures in providing 

scientometric insights and ensuring equitable recognition of local researchers [12]. 
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 Taken together, the reviewed literature demonstrates that Web 3.0 technologies, coupled 

with refined bibliometric indicators and transparent governance, provide a strong foundation for 

the development of national journal platforms that are both scientifically rigorous and 

internationally compatible. 

 

II. System Architecture 

 

The architecture of the proposed platform is built on a modular and service-oriented design 

that ensures scalability, fault tolerance, and adaptability for long-term use. At its core, a relational 

MySQL database stores structured metadata on authors, journals, submissions, peer reviews, and 

citation statistics. The entityïrelationship schema (Fig. 1) illustrates how bibliometric attributes, 

including the h-index and the proposed Hs-index, are normalized to guarantee efficient data 

storage and fast query performance for analytics dashboards. 

 

 
 

Fig. 1. Database entity-relationship schema (as implemented in uzjurnal.uz 

 

The service layer is implemented through PHP-based web modules that manage essential 

processes such as authentication, article submission, review assignments, and automated 

bibliometric computations. These services also connect with external systems, including DOI 

registration authorities and ORCID integration, to ensure compliance with international publishing 

standards. 

The presentation layer is developed using HTML5, Bootstrap, and JavaScript, providing a 

responsive and user-friendly interface accessible across desktop and mobile devices. Figure 2 

demonstrates a working view of the database implementation, while Figure 3 employs an IDEF0 

model to represent the logical workflow of journal evaluation, from submission through peer 

review to final bibliometric analysis. 

Stress testing has confirmed that the architecture can process more than 500 concurrent 

submissions without performance degradation. This highlights the systemôs ability to operate 

reliably under heavy workloads while maintaining flexibility for future extensions, such as 

additional bibliometric algorithms or integration with cloud infrastructures. 
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Fig. 2. phpMyAdmin view of the database (selected tables) 

 

III. Web Services and User Interfaces 

 The platform provides both public pages for journals, calls for papers, and conference 

announcements, as well as authenticated areas for authors, editors, and reviewers. Its responsive 

interface, developed with Bootstrap 4/5, ensures accessibility across devices and supports dynamic 

routing for submissions, metadata capture, and secure document preview through iframes. 

 Role-based dashboards are central to the platformôs design. Authors can upload 

manuscripts, monitor the status of their submissions, and access citation statistics. Editors manage 

incoming manuscripts, assign reviewers, evaluate recommendations, and oversee the decision-

making process. Reviewers, in turn, receive anonymized submissions, provide structured 

feedback, and submit evaluation forms through an intuitive interface. 

  

 
 

Fig. 3. Example journal dashboard with article analytics 
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 To maintain the integrity and security of these processes, the system employs token-based 

authentication, encrypted storage for sensitive data, and audit logging of all editorial decisions. 

These mechanisms safeguard confidentiality while enhancing accountability. 

 Figure 3 illustrates the journal dashboard, where article-level analytics such as views, 

downloads, and citation projections are displayed in real time. This integration of analytics into 

the user interface supports informed decision-making for authors and editors alike. Moreover, 

dynamic routing enables conference organizers to efficiently manage submissions and 

announcements, while institutions can oversee affiliated journals under a unified digital 

infrastructure. 

 

IV. Monitoring & Analytics  

 One of the most innovative elements of the developed platform is its real-time monitoring 

and analytics module. Unlike conventional journal management systems that provide only static 

or delayed reports, this module allows continuous observation of user activity and readership 

trends. The system automatically collects data on article views, downloads, visits to journal pages, 

and geographic distribution of users, ensuring that both micro-level (article-specific) and macro-

level (national and international) statistics are available. This functionality is essential for 

policymakers, editors, and institutions seeking evidence-based insights into the visibility and 

effectiveness of their journals. 

 Before examining the detailed results, it is important to note that the monitoring component 

is designed with two complementary objectives: (1) providing transparency in the evaluation of 

scientific outputs, and (2) offering benchmarking opportunities across different journals, 

institutions, and disciplines. By combining these objectives, the platform contributes to both 

national academic governance and international integration. 

 

 
Fig. 4. Journal page visits (values transcribed from uploaded chart) 

 

 To complement visual analytics, the platform also delivers tabulated data. Table I provides 

a comprehensive summary of journal statistics, combining article views, downloads, submission 

counts, and per-country readership into a unified framework. This consolidated presentation 

allows administrators and policymakers to compare journals against one another, detect trends 

across disciplines, and evaluate the performance of editorial policies. Positioned after Figure 4, 

Table I strengthens the evidence base by offering precise numerical insights to support the visual 

observations. After Table I, the analysis confirms that benchmarking using aggregated statistics 
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enables decision-makers to identify both strengths and areas needing improvement across the 

national research ecosystem. 

 

Summary of journal Statistics (from platform screenshoots) 

  
Journal Articles Downloads Article Views Journal Visits 

TATU News 25 39 99 776 

Bulletin of TUIT 114 260 392 7053 

PCAM 14 36 79 2720 

M.al-Khwarizmi 

Avlodlari 

53 68 126 3955 

Table I. Summary of journal statistics derived from uploaded screenshots 

 

In summary, the combination of Figures 5 and 6 with Table I demonstrates how the platform 

transforms raw data into actionable insights. By enabling continuous monitoring of readership, 

traffic, and citation-related activities, the analytics module establishes a transparent, scalable, and 

internationally aligned mechanism for evaluating national scientific output. 

 

V. Discussion and Conclusion 

 The proposed Web 3.0ïbased national journal platform illustrates how digital innovations 

can transform scientific publishing by embedding bibliometric evaluation directly into editorial 

workflows. The introduction of the Hs-index refines the traditional h-index, providing fairer 

assessments for researchers with uneven citation distributions. Transparent logging of 

submissions, reviews, and editorial actions ensures accountability, while stress tests confirm 

scalability for nationwide deployment. Its modular design allows integration with international 

databases and alignment with global standards. 

 Looking forward, the platform offers a sustainable basis for national scientific index 

evaluation. Future development will focus on semantic web enrichment for richer metadata, 

machine learning for predictive impact modeling, blockchain-based peer-review records, and 

multilingual support. Together, these innovations establish a transparent, efficient, and 

internationally compatible system that strengthens Uzbekistanôs research ecosystem and fosters 

global integration. 

 
REFERENCES 

1. Lai, G., Zhang, Q., Wen, D., Gao, Z., Feng, Z. A prototype of the next-generation journal 

system for ITS: academic social networking and media based on Web 3.0 // IEEE Transactions on 

Intelligent Transportation Systems. ï 2012. ï 8 p. 

2. Ciccarese, P., Ocana, M., Garcia Castro, L. J., Das, S. An open annotation ontology for science 

on Web 3.0 // Journal of Biomedical Semantics. ï Springer, 2011. ï 15 p. 

3. Ohei, K. N., Brink, R. Web 3.0 and Web 2.0 technologies in higher educational institute: 

methodological concept towards a framework development for adoption // International Journal 

for Infonomics (IJI). ï Infonomics Society, 2019. ï 12 p. 

4. Kukreja, D., Gupta, S., Patel, D. Scientometric review of Web 3.0 // Journal of Information 

Science. ï SAGE, 2023. ï 18 p. 

5. Hirsch, J. E. An index to quantify an individualôs scientific research output // Proceedings of 
the National Academy of Sciences (PNAS). ï 2005. ï Vol. 102, No. 46. ï P. 16569ï16572. 



174 

 

6. Egghe, L. Theory and practice of the g-index // Scientometrics. ï 2006. ï Vol. 69, No. 1. ï P. 

131ï152. 

7. Jin, B. H., Liang, L., Rousseau, R., Egghe, L. The R- and AR-indices // Chinese Science 

Bulletin. ï 2007. ï Vol. 52, No. 6. ï P. 855ï863. 

8. Balaji, B. P. An integrative review of Web 3.0 in academic libraries // Library Hi Tech News. 

ï Emerald, 2018. ï 9 p. 

9. Ragnedda, M., Destefanis, G. Blockchain and Web 3.0. ï London: Routledge, 2019. ï 222 p. 

10. Ghosh, A., Hassija, V., Chamola, V., El Saddik, A. Decentralized Metaverse using 

Blockchain and Web 3.0 technologies, Applications, and more // IEEE Access. ï 2024. ï P. 1ï28. 

11. Petrova, M., Aleksandrov, M. Business model of an online scientific journal platform // 

International Scientific Conference Proceedings. ï Batumi: BSU, 2024. ï P. 434ï441. 

12. Haque, A. K., Arifuzzaman, B. M., et al. Semantic web in healthcare: a systematic literature 

review of application, research gap, and future research avenues // International Journal of Medical 

Informatics. ï Wiley, 2022. ï P. 104ï117. 

  



175 

 

ENHANCING DECISION ACCURACY IN INTELLIGENT CONTROL 

SYSTEMS USING NAċVE BAYES AND ENSEMBLE MODELS 
 

N. Abdurakhmanov, ɸ. Akhmetova   
 

Al-Farabi Kazakh National University, Kazakhstan 
e-mail: ngsn4246@gmail.com 

 

ABSTRACT 

This study proposes a methodology to enhance decision accuracy in Intelligent Control 

Systems (ICS) through the integration of the Naµve Bayes classifier with ensemble machine 

learning methods. The proposed hybrid approach combines a simple yet robust probabilistic 

model with advanced ensemble algorithms, namely Random Forest and Gradient Boosting, to 

improve classification performance in large-scale and heterogeneous datasets. Experiments were 

conducted on five publicly available customer churn datasets representing different domains. The 

results demonstrate that the hybrid Naµve BayesïRandom Forest model achieved an accuracy 

increase of 8ï12% over baseline methods, with superior AUC scores and greater robustness to 

variations in data distribution. This makes the method suitable for real-world applications such 

as financial risk prediction, customer retention analytics, and industrial monitoring 
 

1. INTRODUCTION  

The rapid growth of data in both volume and complexity has transformed the way modern 

Intelligent Control Systems operate. ICS are increasingly expected to process large, heterogeneous 

datasets and provide accurate, real-time decision support [1]. This is especially critical in domains 

such as finance, industrial automation, and customer analytics, where even minor inaccuracies can 

lead to significant financial or operational losses. 

 

Traditional machine learning algorithms have been widely applied to ICS tasks, but their 

performance often depends heavily on the characteristics of the dataset. One algorithm that has 

stood the test of time due to its computational efficiency and interpretability is the Naµve Bayes 

classifier. Naµve Bayes assumes conditional independence among features given the class label, 

which simplifies computation and yields surprisingly strong results in many domains [2]. It has 

been successfully used in spam filtering, sentiment analysis, medical diagnosis, and financial risk 

assessment [3]. However, in real-world datasets, the independence assumption is frequently 

violated, which can reduce classification accuracy. 

 

Ensemble methods, such as Random Forest [4] and Gradient Boosting [5], offer a different 

advantage. By combining multiple base models, they reduce variance and bias, often 

outperforming single learners. Random Forest uses bootstrap aggregating (bagging) with decision 

trees, while Gradient Boosting builds trees sequentially to correct errors made by previous 

iterations. These algorithms are more resilient to noisy features and can handle complex non-linear 

relationships between features and target variables. 

 

Recent studies have demonstrated that hybrid approaches, which integrate simple statistical 

models with more complex ensembles, can yield higher accuracy and generalization ability [4]. 

Such hybrid models combine the interpretability and speed of simpler classifiers with the 

predictive power of ensemble learners. This paper builds on that idea, proposing a hybrid 

architecture combining Naµve Bayes with ensemble methods for ICS decision-making. 
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2. MATERIALS AND METHODS  
2.1. Datasets 

The experimental evaluation was carried out using five open-source datasets focused on 

customer churn prediction, each offering unique characteristics: 

1. Churn_Modelling.csv ï 10,000 customer records, 14 features, including demographic 

information (age, gender, geography), financial indicators (balance, credit score), and behavioral 

attributes (tenure, number of products). 

2. customer_churn_data.csv ï 5,000 records, 12 features, primarily focused on 

telecommunications customers. 

3. Bank Customer Prediction.csv ï 8,000 records, 15 features, emphasizing financial account 

activity. 

4. Customer-Churn-Records.csv ï 7,500 records, 13 features, with a balanced distribution of 

churn vs. non-churn cases. 

5. churn.csv ï 3,000 records, 10 features, from a mixed-service provider dataset. 

 

Using multiple datasets from diverse domains ensures that the evaluation results reflect model 

robustness rather than dataset-specific performance [4]. 

 

2.2. Data Preprocessing 

Preprocessing is crucial in ICS environments, where noisy and incomplete data can degrade 

model accuracy [1]. The following steps were applied: 

- Missing value handling: Imputation using median values for numerical features and most 

frequent category for categorical features. 

- Encoding categorical variables: Low-cardinality features were label-encoded, while high-

cardinality features used one-hot encoding [2]. 

- Feature scaling: Numerical variables were standardized using the StandardScaler method to 

improve gradient-based optimization in ensemble methods. 

- Class imbalance handling: Synthetic Minority Over-sampling Technique (SMOTE) was 

applied when necessary to ensure balanced class distribution [3]. 

 

2.3. Model Architectures 

The models implemented were: 

- Naµve Bayes (GaussianNB): Chosen for its computational efficiency and suitability for 

probabilistic reasoning [2]. 

- Random Forest: Configured with 200 trees, maximum depth of 10, and Gini impurity as the 

splitting criterion. 

- Gradient Boosting: Configured with 300 estimators, learning rate = 0.1, and maximum depth = 

5. 

- Hybrid Ensembles: Implemented using the Stacking Classifier and Voting Classifier from 

scikit-learn, where Naµve Bayes acted as one base learner and either Random Forest or Gradient 

Boosting as another. 

 

The Naµve Bayes probability formula used is given by [2]: 
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2.4. Evaluation Methodology 

Models were evaluated using Accuracy, Precision, Recall, F1-score, and AUC metrics [5]. To 

ensure fairness, stratified 5-fold cross-validation was used, maintaining class distribution in each 

fold. Performance was averaged over the five folds to reduce variance caused by random 

sampling. 

3. RESULTS AND DISCUSSION 

Table 1 ï Comparative performance of models 

| Model                            | Accuracy | Precision | Recall | F1-score | AUC   | 

|----------------------------------|----------|-----------|--------|----------|-------| 

| Naµve Bayes                      | 0.86     | 0.84      | 0.82   | 0.83     | 0.85  | 

| Random Forest                    | 0.91     | 0.90      | 0.89   | 0.89     | 0.94  | 

| Gradient Boosting                | 0.92     | 0.91      | 0.90   | 0.90     | 0.95  | 

| Naµve Bayes + Random Forest      | 0.94     | 0.93      | 0.92   | 0.92     | 0.96  | 

| Naµve Bayes + Gradient Boosting  | 0.93     | 0.92      | 0.91   | 0.91     | 0.95  | 

 

 

Figure 1 ï ROC curves for compared models 

 

The results indicate that both ensemble methods significantly outperform Naµve Bayes alone. 

However, the integration of Naµve Bayes into an ensemble architecture further improves 

performance, particularly when paired with Random Forest. The hybrid Naµve BayesïRandom 

Forest model achieved the highest accuracy (0.94) and AUC (0.96), outperforming even Gradient 

Boosting in this evaluation. One explanation is that Naµve Bayes captures certain probabilistic 

relationships effectively, which may complement the decision-tree-based learning of Random 

Forest [3,4]. Gradient Boosting also benefits from hybridization but appears to overlap more with 

Naµve Bayes in its decision boundaries, reducing the relative gain. 
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An important observation is that hybrid models maintain stability across datasets with varying 

feature sets and class distributions. This is critical for ICS applications, where operational 

conditions and data streams can change over time. 
 

4. CONCLUSION 

This study demonstrates that hybridizing Naµve Bayes with ensemble learning methods can 

substantially improve decision accuracy in Intelligent Control Systems. On five diverse datasets, 

the Naµve BayesïRandom Forest hybrid achieved up to 12% higher accuracy than standalone 

models, along with the highest AUC scores. 

 

Such an approach is valuable in environments requiring a balance between interpretability, 

computational efficiency, and predictive performance. Future research will explore integrating 

Explainable AI (XAI) tools such as SHAP and LIME into the hybrid architecture, as well as 

deploying the model in real-time ICS environments with streaming data [5]. 
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NUMERICAL MODELING OF BORDER PROBLEMS OF TWO -PHASE 

FILTRATION IN THE DEVELOPMENT OF OIL FIELDS.  
 

Elmira Nazirova, Asliddin Nematov, Abror Nazirov, Zhassulan Molzhigitov 
 

In the world, much attention is paid to the creation, improvement, and development of 

mathematical models of gas-hydrodynamic processes in porous media, the widespread use of 

numerical methods and the capabilities of modern computer technologies for solving boundary 

value problems of linear and nonlinear filtration. The creation of automated systems based on of 

software for determining and predicting the main performance indicators of oil and gas fields, 

research o non-stationary filtration processes based on modern information technologies remains 

one of the main tasks of this area. In developed countries of the world, extensive practical work is 

being carried out on the development of mathematical models, computational algorithms, and 

software for the processes of non-stationary filtration of oil and gas. 

In our country, extensive efforts are underway to design new oil and gas fields, develop 

mathematical models for non-stationary filtration processes of single- and two-phase 

inhomogeneous fluids, create algorithms for studying nonlinear gas-hydrodynamic processes, 

evaluate key performance indicators using modern computational technologies, and develop 

automated software. 

As a result of the formation and solution of various multiphase boundary value problems 

of filtration theory, the tasks of forecasting and analyzing the development indicators of oil and 

gas fields are of great importance. In this direction, in particular, there are many problems of 

studying multiphase filtration processes in multilayer oil field systems using numerical and 

computer modeling. Solving these problems is possible only through mathematical modeling of 

the process and conducting computational experiments and research to study the process [1-14]. 

When designing and analyzing multiphase filtration processes in the oil-water system of 

multilayer oil fields, it is necessary to take into account the presence of a hydrodynamic connection 

between the layers. If both layers are identical in reservoir properties, then the problem of two-

phase filtration in the oil-water system can be presented in one-dimensional or two-dimensional 

form. In this case, in the presence of a weakly permeable layer in a one-dimensional state, the 

process in a two-layer oil-water system can be represented by the following system of differential 

equations of parabolic type. 
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with the following initial and boundary conditions: 
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"In equations and boundary conditions (1)ï(9), the following notations are used (index 1 refers to 

the upper layer, index 2 to the lower layer): 

ὗ   - Well flow rate for the bottom layer: 

2

2 (2) ;
n

o i

i

Q q d=ä  

Dirac delta function -‏ )( ix xd d= - ; 

1 2 , 1 2, ,H H H H

o o w wP PP P  - initial pressure, respectively for oil and water in the upper and lower reservoirs; 

¶ ὖ ȟὖ  - boundary pressure of oil; 

¶ ‌
πȟclosed boundary condition,
ρȟmass exchange condition

 

¶ ὖ ȟὖ - capillary pressure in the oil-water system: 
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¶ 1 2 , 1 2, ,H H H H

o o w wS S S S  saturation, respectively, for oil and water in the upper and lower layers; 

¶ 1 2,l l l l l l

l l

k k
K Kl r l r

m m
= =   (l=o, w) ï  ï for the l -th phase 

permeability ; 
¶ Ὧ-absolute permeability coefficient ; 

¶ ὑ- l ï relative permeability coefficients for the phase ; 

¶ m - porosity of the layer;; 

¶ ‘- l ï viscosity coefficient for the phase ; 

¶ ”- l ï phase density; 

¶ Ὧ̃  - the permeability coefficient n of the low-permeable layer ; 

¶ Ὤ, Ὤ, Ὤ̃-layer thickness. 

We assume that water is incompressible, i.e., oil is incompressible, i.e. w constr=  

 

   ( )) (1 ( / 1)).(1H H H H
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Here 

,H HPr  -density and pressure characteristic value; 

  C f ïoil compression ratio, .H

f Pc C=  

In the boundary value problem (1)-(9), we pass to dimensionless variables according to the 

following formulas 
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 Here ,x xhk - are the characteristic values of the layer thickness and permeability 

coefficients; 

‌ -sizing parameter. 

Taking into account formula (10) and omitting the asterisk in dimensionless variables, we 

write the boundary value problem in the following dimensionless problem form 
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We write the initial and boundary conditions as follows 
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 To obtain the equation for the general mixture relative to oil, we multiply the first and 

second equations , and adding the third and fourth equations respectively and taking into account 

the following  1 1 1 2 2 2;o w cow o w cowP P P P P P- = - =  we will have a system of two equations: 

 

  

( )

( )

( )

1 1 1
1

2

1 1
1 1 2 1

1

2 2 2
2

2 2

(1 )

(1 )
( ) (1 ) ,

(1 )

( ) (1

o o cow
o o w

o w o o ʇ
o o o o

o ʇ

o o cow
o o w

o o

P P P
K cP ʩ K

x x x x x

S S k L
c S P c P P

kh h

P P P
K cP ʩ K

x x x x x

c S P c

m r

t t m t

t

µ è µ µ øµ µè ø å õ
+ - + - =æ öé ùé ùµ µ µ µ µê ú ç ÷ê ú

µ µ -µ
= + - + - -
µ µ µ

µ è µ µ øµ µè ø å õ
+ - + - =æ öé ùé ùµ µ µ µ µê ú ç ÷ê ú

µ
= + -
µ

( )
2

2 2
2 1 2

2

(1 )
) .o w o o ʇ

o o o

o ʇ

S S k L
P P Q

kh h

m r

t m t

ë
î
î
î
î
î
ì
î
î
î
î µ µ -

+ + - +î
µ µí

(20) 

  

Considering that this system of equations is for oil, we can write the initial and boundary conditions 

only for the oil equation. Then, for the system of equations (20), we write the following initial and 

boundary conditions 
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The system of equations (20) is solved with these conditions using finite difference and 

iterative methods.  

A discrete model and a computational scheme using the finite difference method. In this 

case , the resulting system of three-point finite difference algebraic equations is nonlinear with 

respect to the pressure function and the coefficients of friction and relative permeability. 

Therefore, its solution is carried out by using a combination of finite difference and iteration 

methods. 

The last system of equations ( 20 ) is solved only with respect to the oil pressure . For 

numerical modeling of the boundary value problem, we construct the following mesh: 

 



184 
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We choose the step in the system so that the points correspond to the wells. 

We approximate the system of equations for the constructed discrete domain as follows: 
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 The pressure function ὖ are nonlinear, therefore, when solving them, we apply the 

quasilinear method to the nonlinear members of the equation. According to this method, the 

nonlinear part of the equations is expressed in quasilinear form as follows, i.e. 
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Here, ὖ is the approximate value of the function P, which is determined during the iteration 

process ()
,

s

i jP P=% , with the initial value taken from the previous time layer ()0
, ,

Ĕ
i j i jP P= . 

If we write formula (21) in terms of the pressure function, then we get the following 

formula 

2 22P PP Pº -% % 
 

By approximating the boundary conditions, we obtain the following system of equations: 
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( )1 0 1 1 1 23 2 4 2 ;o o o Ak x P kP kP x Pa a- D - + = D (23) 

( )1 1 1 1 23 2 4 2 ;on on on Ak x P kP kP x Pa a- -- D + - =- D (24) 
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The solution to this finite difference system is determined by the following formulas 

according to the run-in method: 

 

1 1 1 2 1oi i oi i oi iP A P B P C+ += + +
,       (28) 

 
' ' '
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Here Ai, Bi, Ci and 
' ' ', ,   i i iA B C are the driving coefficients, which are determined by the 

following formulas: 
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Initial values of the coefficients of the projection 

 

ὃȠ  ὄȠ  ὅȠ  ὃȠ  ὄȠ  ὅ ( 23 , 24) and ( 26 , 27 ) are determined from the boundary 

conditions : 
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(22 ), (25 ) (i=n-1 Using the formulas ( for point i), and the right -bounded differential 

conditions ( 24 ), ( 27 ) and the formulas ( 28 ), ( 29 ) ( for point i=n-1 ), we can find the values of 

the pressure functions P 1n and P 2n at the right-bounded points. We find. Making substitutions 

here, we obtain the following equations for P1n and P2n : 
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P1n and Solving this equation for P2n , we get: 
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solution of the boundary value problem posed in each time layer at each iteration interval by 

solving the two developed finite difference equations together. This iteration process is repeated 

until the following criterion is met for the pressure functions 

 
( ) ( 1)

1 1

r r

oi oi pP P e-- ¢   va    
( ) ( 1)

2 2

r r

o i o i pP P e-- ¢ . 

Here 

    r -iteration number; 

   ‐-iteration accuracy. 

The water pressure in the formations is determined by the following formulas, using a 

solution determined for oil: 

 

1 1 1 2 2 2; .o w cow o w cowP P P P P P- = - =  

 

the pressure functions with sufficient accuracy, we approximate the 2nd and 4th equations 

of the mathematical model system (1) and determine the saturation coefficients in the first and 

second layers from the following 
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the system of equations is nonlinear with respect to the saturation functions, an iterative process is 

used. The iterative process continues until the following conditions are met: 

 
( ) ( 1) ( ) ( 1)

1 1 2 2

r r r r

wi wi s wi wi sS S va S Se e- -- ¢ - ¢. 

  

Here - two 
( ) ( 1) ( ) ( 1)

1 1 2 2, , ,r r r r

w w w wS S S S- -
 pressure functions with values close to each other 1 2,w wS S ( r ï 

the current calculated value, r-1 is one previously calculated value, its zero value is taken from the 

initial value, and subsequent values are one previously calculated value) ; ‐-iteration accuracy . 

We determine the values of the oil saturation coefficient in the first and second layers from the 

following formula: 

1 1 2 21; 1.o w o wS S S S+ = + = 

 

These two iterative processes are performed sequentially until a given criterion is met at 

each time interval. 

Algorithm . Based on the above calculation scheme, an algorithm for solving the problem 

was developed. The algorithm involves a rather complex process. It is mainly based on finite 

differences and the iterative method, which is implemented as follows: 

 

1.Provide initial data values: 

-number of repetitions over time - nt ; 

 - permeability coefficient value - k ; 

-porosity coefficient value - m ; 

-layer length - L ; 

-oil viscosity coefficient value - Ⱨ; 

-oil pressure in the formation ï P ; 

-saturation coefficient of oil and water ï S o , S w ; 

2. Time-based repetition cycle k=1é nt ; 

3. The stage of calculating the pressure values. The stage consists of performing calculations in the k+1 time 

layer. Here ( j =1é n -1) j At each value of , the following is done: 

3.1. Coefficients of finite difference equations , , , ,i i i i ia b c d f and 
' ' ' ' ', , , ,i i i i ia b c d f  (i=1..n-1) is; 

3.2. 
' ' '

0 0 0 0 0 0;   ;   ;   ;   ;  A B C A B C  The running coefficients are determined from the left boundary conditions; 
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3.3.
' ' ';   ;   ;   ;   ;  i i i i i iA B C A B C (i=1,n-1) The running coefficients are calculated from left to right; 

3.4. P 1 n , j and P 2n,j is determined from the right boundary condition; 

3.5. P 1 i ,j i P 2 i , j is calculated in the k+1 time layer; 

3.6. The iterative process is checked at this time layer 
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r r
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If this iteration condition is met, i.e. the following conditions, proceed to the next step 3.7, otherwise return to 

3.1. 

Here 
( ) ( 1) ( ) ( 1)

1 1 2 2, , ,r r r r

o o o oP P P P- -
 - pressure functions 1 2,o oP P  with two values close to each other (r is the 

current calculated value, r - 1 is one previous calculated value, its zero value is taken from the initial value, the 

values of the rank are one previous value ) ; pe - iteration accuracy . 

3.7. 1 2,o oP P  the oil pressure in the first and second floors is felt with sufficient accuracy ; 

3.8. 1 2,w wP P  The water pressure in the first and second floors can be determined with sufficient accuracy 

using the following formula: 

 

 1 1 2 2;w o cow w o cowP P P P P P= - = -. 

 

4. Calculate the saturation coefficients . 

4.1 . By approximating the second and fourth terms of the system of terms , the saturation coefficients and the 

1wS  following formulas are estimated: 2wS  
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    4.2. Since the system of equations is nonlinear with respect to the saturation functions, an iterative process 
is used. The iterative process continues until the following conditions are met: 

( ) ( 1)

1 1

r r

wi wi sS S e-- ¢     va     ( ) ( 1)

2 2

r r

wi wi sS S e-- ¢Φ 
Here 

( ) ( 1) ( ) ( 1)

1 1 2 2, , ,r r r r

w w w wS S S S- -
 - two close-to-one pressure functions 1 2,w wS S   (r - currently calculated 

value, r-1 - one previous calculated value, the zero value of which is taken from the initial value, 

and subsequent values will be one previous value); 

Ů _s-iteration accuracy. 

4.3.S1w,S2w The water saturation in the first and second layers is determined with sufficient 

accuracy by the following formula: S1o=1-S1w; S2o=1-S2w. 
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4.4. If the iterative process is not performed, return to point 3.1, otherwise move to point 5; 

5. The solutions found in the k+1 layer will be the starting point for the next k+2 steps. 

6. Numerical results are displayed on the screen in the form of tables and 3D graphics. 

7. End of repetition in time. If the given number of repetitions corresponds to the number of 

repetitions in time, the program stops working; otherwise, it returns to point 2. 

8. End. 

 Computational experiments. The most important element of the theory of multiphase 

filtration is the introduction of the relative phase conductivity, which is experimentally determined 

by the saturation functions -Ko, Kw , Kg and characterizes the average part of the conductivity for 

the corresponding phase at a certain saturation. The relative phase conductivity changes from 0 to 

1, and the saturation of the corresponding phase increases. In principle, the relative phase 

conductivity is zero not only at zero saturation, but also in a certain range until it reaches the limit 

value of the corresponding saturation. For multiphase systems, the practical relative phase 

conductivity is determined based on experimental data. In the oil-water system, according to 

experimental data, the dependence of the function has the form )( ww SfK =  and )( wo SfK = . 

Based on the research results, the following dependencies were adopted for determining 

the relative phase conductivity. [   ]: 

 

    Kw= 8.59667 
3

wS  + 9.16878 
2

wS  + 3.3075 Sw ï 0.362522; 

    Ko= - 6.16392 
3

wS  + 9.61207 
2

wS  ï 5.16941 Sw + 1.00871. 

  
Computational experiments were conducted at various parameter values. For clarity, we present 

numerical solutions to a number of initial data problems. The initial data for solving the problem 

are: the length of both layers ὒ=10000 m, initial reservoir pressure P1=300atm., P2=300atm., oil 

viscosity Õ=3sP;; in the second oil layer τππ ά Ⱦ/day, there are three (in the first option) and 

four (in the second option) wells with the same flow rate. Calculation experiments were conducted 

on the distribution of oil pressure over 1080 days from the initial development of the oil field. 

Figures 1 and 2 illustrate the computational results for pressure distribution and oil/water 

saturation in the upper and lower layers over 1080 days, with permeability values k1=k2=0.3*D  

(Figure 1) and k1=k2=0.1*D (Figure 2), and interlayer permeability kp=0.0025*D. 
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Figure 1. Pressure distribution in the upper and lower layers and 

oil and water saturation (k 1 =k 2 =0.3 D., k p =0.0025 D., h p =2 m) 

 

 
Figure 2. Pressure distribution in the upper and lower layers and 

oil and water saturation (k 1 =k 2 =0.1 D., k p =0.0025 D. h p =2 m) 

 

As can be seen from all the above results, in the process of oil extraction from wells, the oil 

saturation around it increases, and water saturation decreases. At low permeability, oil saturation 

around the well increases slightly, and conversely, the water saturation decreases. 
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Change in water saturation in the 2nd layer 

 

Change in oil saturation in the 2nd formation 

 

Central well pressure drop 
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 The results of the analysis showed that when solving multiphase filtration problems, it is 

necessary to use the capabilities of modern computers in the organization of computational 

processes to create effective computational methods and algorithms. Computers of this type 

accelerate the process of solving the problem and make it possible to quickly calculate the main 

indicators of oil or gas field performance. As a result, it was possible to quickly analyze and predict 

the filtration process based on computational experiments on its main indicators. 
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ɸʥʥʦʪʘʮʠʷ. ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʧʦʵʪʘʧʥʦʤʫ ʦʟʥʘʢʦʤʣʝʥʠʶ ʯʠʪʘʪʝʣʝʡ ʩ ʧʨʦʮʝʩʩʘʤʠ 

ʨʘʟʨʘʙʦʪʢʠ ʠ ʚʥʝʜʨʝʥʠʷ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʦʥʣʘʡʥ-ʩʠʩʪʝʤʳ ʚ ʧʨʦʮʝʩʩ ʦʙʫʯʝʥʠʷ. ɺ ʨʘʙʦʪʝ 

ʨʘʩʢʨʳʚʘʝʪʩʷ ʤʝʭʘʥʠʟʤ ʘʣʛʦʨʠʪʤʦʚ ʨʘʟʨʘʙʦʪʢʠ, ʠʭ ʚʥʝʜʨʝʥʠʝ ʠ ʘʜʘʧʪʘʮʠʷ ʚ 

ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʩʨʝʜʝ, ʘ ʪʘʢʞʝ ʧʦʩʣʝʜʩʪʚʠʷ ʧʨʠʤʝʥʝʥʠʷ ʥʘ ʧʨʘʢʪʠʢʝ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʝʥʦ ʘʥʘʣʠʟʫ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʤʦʥʠʪʦʨʠʥʛʘ ʫʩʧʝʚʘʝʤʦʩʪʠ 

ʩʪʫʜʝʥʪʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʶ ʪʨʝʙʦʚʘʥʠʡ ʢ ʥʦʚʦʡ ʩʠʩʪʝʤʝ ʠ ʚʳʙʦʨʫ ʦʧʪʠʤʘʣʥɹʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʝʝ ʨʝʘʣʠʟʘʮʠʠ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʦʣʴ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ 

ʫʩʧʝʚʘʝʤʦʩʪʠ ʚ ʧʦʚʳʰʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʫʣʫʯʰʝʥʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʧʨʝʧʦʜʘʚʘʪʝʣʷʤʠ ʠ ʩʪʫʜʝʥʪʘʤʠ, ʘ ʪʘʢʞʝ ʚ ʦʙʝʩʧʝʯʝʥʠʠ 

ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʦʙʲʝʢʪʠʚʥʦʩʪʠ ʦʮʝʥʢʠ ʟʥʘʥʠʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʥʠʪʦʨʠʥʛ ʫʩʧʝʚʘʝʤʦʩʪʠ, ʘʚʪʦʤʘʪʠʟʘʮʠʷ, ʦʙʨʘʟʦʚʘʥʠʝ, 

ʦʙʨʘʟʦʚʘʪʝʣʴʥʘʷ ʧʣʘʪʬʦʨʤʘ, ʧʣʘʥ ʦʙʫʯʝʥʠʷ, ʙʘʟʘ ʜʘʥʥʳʭ, ʵʣʝʢʪʨʦʥʥʦʝ ʦʙʫʯʝʥʠʝ.  

 

ɺʚʝʜʝʥʠʝ. ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʝʨʝʜ ʧʨʝʧʦʜʘʚʘʪʝʣʷʤʠ ʩʪʦʠʪ ʟʘʜʘʯʘ ʦʙʨʘʙʦʪʢʠ 

ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʠʥʬʦʨʤʘʮʠʠ, ʘʥʘʣʠʟʘ ʫʩʧʝʚʘʝʤʦʩʪʠ ʩʪʫʜʝʥʪʦʚ ʠ ʦʧʝʨʘʪʠʚʥʦʛʦ ʚʥʝʩʝʥʠʷ 

ʢʦʨʨʝʢʪʠʨʦʚʦʢ ʚ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʠʥʘʤʠʢʠ ʠʭ ʫʩʧʝʭʦʚ. ɺ ʩʚʷʟʠ 

ʩ ʵʪʠʤ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʩʪʘʥʦʚʠʪʩʷ ʚʘʞʥʦʡ ʠ ʥʝʦʪʲʝʤʣʝʤʦʡ ʯʘʩʪʴʶ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ.                                                                                         ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ, ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʮʝʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʤʦʥʠʪʦʨʠʥʛʘ 

ʫʩʧʝʚʘʝʤʦʩʪʠ ʩʪʫʜʝʥʪʦʚ ʚ ʚʳʩʰʠʭ ʫʯʝʙʥʳʭ ʟʘʚʝʜʝʥʠʷʭ ʠ ʨʘʟʨʘʙʦʪʢʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ 

ʦʥʣʘʡʥ-ʩʠʩʪʝʤʳ ʦʙʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʚʥʝʜʨʝʥʠʝ ʝʝ ʚ ʧʨʦʮʝʩʩ ʦʙʫʯʝʥʠʷ [1, 2].  

ɼʘʥʥʘʷ ʩʪʘʪʴʷ ʩʦʜʝʨʞʠʪ ʦʧʠʩʘʥʠʝ ʘʢʪʫʘʣʴʥʦʩʪʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʤʦʥʠʪʦʨʠʥʛʘ 

ʫʩʧʝʚʘʝʤʦʩʪʠ ʩʪʫʜʝʥʪʦʚ, ʧʦʩʪʘʥʦʚʢʫ ʮʝʣʝʡ ʠ ʟʥʘʯʠʤʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʨʘʩʩʤʦʪʨʝʥʠʝ 

ʧʝʨʩʧʝʢʪʠʚ ʧʨʠʤʝʥʝʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʤ ʧʨʦʮʝʩʩʝ, ʘ ʪʘʢʞʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʠʟʣʦʞʝʥʠʝ ʵʪʘʧʦʚ ʨʘʟʨʘʙʦʪʢʠ ʠ ʨʝʘʣʠʟʘʮʠʠ ʦʥʣʘʡʥ-ʩʠʩʪʝʤʳ. ɺ ʨʘʙʦʪʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʥʝʜʨʝʥʠʷ ʩʦʟʜʘʥʥʦʛʦ ʨʝʰʝʥʠʷ, ʧʦʢʘʟʘʥʘ ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʘʷ 

ʮʝʥʥʦʩʪʴ ʜʣʷ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠ ʩʪʫʜʝʥʪʦʚ ʠ ʦʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʫʩʣʦʚʠʷʭ ʩʦʚʨʝʤʝʥʥʦʛʦ ʚʫʟʘ. 
ɿʥʘʯʠʤʦʩʪʴ ʜʘʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʦʙʦʩʥʦʚʘʥʘ ʩʪʨʝʤʠʪʝʣʴʥʳʤ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʚ 

ʩʬʝʨʝ ʦʙʨʘʟʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ 

ʧʨʦʮʝʩʩʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʩʥʠʟʠʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʦʰʠʙʦʢ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʯʝʣʦʚʝʯʝʩʢʠʤ ʬʘʢʪʦʨʦʤ ʧʨʠ ʦʮʝʥʢʝ ʠ ʘʥʘʣʠʟʝ ʨʘʙʦʪʳ ʫʯʘʱʠʭʩʷ, ʥʦ ʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʦʙʲʝʢʪʠʚʥʫʶ ʠ ʪʦʯʥʫʶ ʢʘʨʪʠʥʫ ʠʭ ʫʩʧʝʚʘʝʤʦʩʪʠ.  

ʕʬʬʝʢʪʠʚʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʝ ʧʣʘʪʬʦʨʤʳ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʦʮʝʥʠʚʘʥʠʷ ʨʘʙʦʪ ʩʪʫʜʝʥʪʦʚ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʧʦʛʨʝʰʥʦʩʪʝʡ 

ʧʨʠ ʘʥʘʣʠʟʝ ʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʤʠʥʠʤʠʟʠʨʫʝʪ ʚʤʝʰʘʪʝʣʴʩʪʚʦ ʩʫʙʲʝʢʪʠʚʥʦʡ ʦʮʝʥʢʠ ʩʦ 

ʩʪʦʨʦʥʳ ʧʨʝʧʦʜʘʚʘʪʝʣʷ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʤʦʥʠʪʦʨʠʥʛʘ ʫʩʧʝʚʘʝʤʦʩʪʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ 
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ʩʪʫʜʝʥʪʦʤ ʠ ʧʨʝʧʦʜʘʚʘʪʝʣʝʤ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʣʫʯʰʝʥʠʶ 

ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ [3-6]. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ 

ʪʝʭʥʦʣʦʛʠʷʭ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʝʨʩʦʥʘʣʠʟʘʮʠʠ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʄʘʰʠʥʥʦʝ ʦʙʫʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʦʙʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʦ ʧʨʝʜʳʜʫʱʠʭ ʫʩʧʝʭʘʭ ʩʪʫʜʝʥʪʦʚ, ʠʭ ʘʢʪʠʚʥʦʩʪʠ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ 

ʫʯʝʙʥʳʤ ʤʘʪʝʨʠʘʣʦʤ. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ, ʢʘʢ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʠ ʩʠʩʪʝʤʘʪʠʟʘʮʠʷ 

ʜʘʥʥʳʭ, ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʙʫʜʫʱʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʥʦ ʠ ʘʜʘʧʪʠʨʦʚʘʪʴ 

ʫʯʝʙʥʳʝ ʟʘʜʘʥʠʷ ʩ ʫʯʝʪʦʤ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʫʜʝʥʪʦʚ. ɺʥʝʜʨʝʥʠʝ ʪʘʢʠʭ 

ʪʝʭʥʦʣʦʛʠʡ ʚ ʦʙʨʘʟʦʚʘʥʠʝ ʜʝʣʘʝʪ ʝʛʦ ʙʦʣʝʝ ʛʠʙʢʠʤ, ʜʠʥʘʤʠʯʥʳʤ ʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʥʘ 

ʧʦʪʨʝʙʥʦʩʪʠ ʢʘʞʜʦʛʦ ʫʯʘʱʝʛʦʩʷ. 

ʇʨʦʙʣʝʤʘ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʦʣʛʦʩʨʦʯʥʦʛʦ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʫʪʠ ʩʪʫʜʝʥʪʦʚ 

ʥʘʯʠʥʘʝʪʩʷ ʩ ʪʦʛʦ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʩʦʙʨʘʪʴ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʦ ʠʭ ʫʩʧʝʚʘʝʤʦʩʪʠ 

ʥʘ ʨʘʟʣʠʯʥʳʭ ʵʪʘʧʘʭ ʦʙʫʯʝʥʠʷ. ɺʘʞʥʝʡʰʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʪʘʢʦʛʦ ʘʥʘʣʠʟʘ ʷʚʣʷʶʪʩʷ ʢʘʢ 

ʩʪʘʪʠʩʪʠʢʘ ʦʮʝʥʦʢ, ʪʘʢ ʠ ʜʘʥʥʳʝ ʦʙ ʘʢʪʠʚʥʦʩʪʠ ʩʪʫʜʝʥʪʦʚ. ʉʦʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʘʥʘʣʠʟʫ 

ʜʘʥʥʳʭ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʘʟ ʜʘʥʥʳʭ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʩʙʦʨ ʠ ʦʙʨʘʙʦʪʢʫ ʠʥʬʦʨʤʘʮʠʠ, ʘ ʪʘʢʞʝ ʙʳʩʪʨʦ ʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʠʟʤʝʥʝʥʠʷ 

ʚ ʫʩʧʝʚʘʝʤʦʩʪʠ ʫʯʘʱʠʭʩʷ [7-10].  

ʈʝʘʣʠʟʘʮʠʷ ʠ ʧʨʠʤʝʥʷʝʤʳʝ ʤʝʪʦʜʳ ʨʘʟʨʘʙʦʪʢʠ. ʈʝʘʣʠʟʘʮʠʷ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ 

ʫʩʧʝʚʘʝʤʦʩʪʠ ʩʪʫʜʝʥʪʦʚ ʧʨʦʭʦʜʠʣʘ ʚ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʵʪʘʧʦʚ, ʢʘʞʜʳʡ ʠʟ 

ʢʦʪʦʨʳʭ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʥʘ ʧʦʩʪʨʦʝʥʠʝ ʧʦʣʥʦʮʝʥʥʦʛʦ, ʣʦʛʠʯʥʦʛʦ ʠ ʫʜʦʙʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ 

ʜʣʷ ʚʩʝʭ ʫʯʘʩʪʥʠʢʦʚ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ.  

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʘʢʝʪʳ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ. ʉ ʠʭ 

ʧʦʤʦʱʴʶ ʦʧʨʝʜʝʣʷʣʘʩʴ ʩʪʨʫʢʪʫʨʘ ʙʫʜʫʱʝʛʦ ʩʘʡʪʘ, ʦʩʥʦʚʥʳʝ ʩʪʨʘʥʠʮʳ ʠ ʩʮʝʥʘʨʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɺ ʤʘʢʝʪʘʭ ʙʳʣʠ ʧʨʝʜʫʩʤʦʪʨʝʥʳ: ʛʣʘʚʥʘʷ ʩʪʨʘʥʠʮʘ, ʣʠʯʥʳʡ ʢʘʙʠʥʝʪ 

ʩʪʫʜʝʥʪʘ, ʠʥʪʝʨʬʝʡʩ ʧʨʝʧʦʜʘʚʘʪʝʣʷ ʜʣʷ ʚʥʝʩʝʥʠʷ ʦʮʝʥʦʢ ʠ ʧʦʩʝʱʘʝʤʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʦʪʜʝʣʴʥʳʡ ʤʦʜʫʣʴ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʪʯʝʪʦʚ ʠ ʩʪʘʪʠʩʪʠʢʠ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʘʢʮʝʥʪ 

ʜʝʣʘʣʩʷ ʥʘ ʫʜʦʙʩʪʚʦ ʥʘʚʠʛʘʮʠʠ ʠ ʧʨʦʩʪʦʪʫ ʚʦʩʧʨʠʷʪʠʷ ʠʥʬʦʨʤʘʮʠʠ: ʩʪʫʜʝʥʪ ʜʦʣʞʝʥ ʙʳʩʪʨʦ 

ʥʘʭʦʜʠʪʴ ʩʚʦʠ ʨʝʟʫʣʴʪʘʪʳ, ʘ ʧʨʝʧʦʜʘʚʘʪʝʣʴ ð ʙʝʟ ʟʘʪʨʫʜʥʝʥʠʡ ʜʦʙʘʚʣʷʪʴ ʠʣʠ 

ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʜʘʥʥʳʝ. ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʩʪʘʣʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʙʘʟʳ ʜʘʥʥʳʭ. ʆʥʘ 

ʷʚʣʷʝʪʩʷ ʷʜʨʦʤ ʩʠʩʪʝʤʳ, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʚ ʥʝʡ ʭʨʘʥʠʪʩʷ ʚʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʫʯʝʙʥʦʤ 

ʧʨʦʮʝʩʩʝ. ɹʳʣʠ ʚʳʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ ʩʫʱʥʦʩʪʠ: ʩʪʫʜʝʥʪʳ, ʧʨʝʧʦʜʘʚʘʪʝʣʠ, ʛʨʫʧʧʳ, 

ʜʠʩʮʠʧʣʠʥʳ, ʦʮʝʥʢʠ ʠ ʧʦʩʝʱʘʝʤʦʩʪʴ. ʄʝʞʜʫ ʪʘʙʣʠʮʘʤʠ ʫʩʪʘʥʦʚʣʝʥʳ ʩʚʷʟʠ çʦʜʠʥ-ʢʦ-

ʤʥʦʛʠʤè ʠ çʤʥʦʛʠʝ-ʢʦ-ʤʥʦʛʠʤè, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʛʠʙʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʧʦʩʦʙʥʫʶ 

ʤʘʩʰʪʘʙʠʨʦʚʘʪʴʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʠ ʜʠʩʮʠʧʣʠʥ. ɼʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʮʝʣʦʩʪʥʦʩʪʠ ʜʘʥʥʳʭ ʧʨʠʤʝʥʷʣʠʩʴ ʚʥʝʰʥʠʝ ʢʣʶʯʠ ʠ ʦʛʨʘʥʠʯʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʠʥʜʝʢʩʳ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʚʳʙʦʨʢʠ. 

ʅʘ ʵʪʘʧʝ ʨʘʟʨʘʙʦʪʢʠ ʩʝʨʚʝʨʥʦʡ ʯʘʩʪʠ ʙʳʣ ʚʳʙʨʘʥ ʩʪʝʢ ʪʝʭʥʦʣʦʛʠʡ ʥʘ ʦʩʥʦʚʝ ʷʟʳʢʘ 

Python ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʨʝʡʤʚʦʨʢʘ Django. ʊʘʢʦʡ ʚʳʙʦʨ ʦʙʫʩʣʦʚʣʝʥ ʥʘʣʠʯʠʝʤ 

ʚʩʪʨʦʝʥʥʳʭ ʩʨʝʜʩʪʚ ʨʘʙʦʪʳ ʩ ʙʘʟʘʤʠ ʜʘʥʥʳʭ, ʘ ʪʘʢʞʝ ʫʜʦʙʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʝʘʣʠʟʘʮʠʠ 

ʤʦʜʝʣʝʡ ʠ API. ɺ ʩʝʨʚʝʨʥʦʡ ʯʘʩʪʠ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʬʫʥʢʮʠʠ: ʨʝʛʠʩʪʨʘʮʠʷ ʠ 

ʘʚʪʦʨʠʟʘʮʠʷ ʧʦʣʴʟʦʚʘʪʝʣʝʡ, ʨʘʟʛʨʘʥʠʯʝʥʠʝ ʧʨʘʚ ʜʦʩʪʫʧʘ (ʘʜʤʠʥʠʩʪʨʘʪʦʨ, ʧʨʝʧʦʜʘʚʘʪʝʣʴ, 

ʩʪʫʜʝʥʪ), CRUD-ʦʧʝʨʘʮʠʠ ʜʣʷ ʚʩʝʭ ʩʫʱʥʦʩʪʝʡ (ʩʦʟʜʘʥʠʝ, ʠʟʤʝʥʝʥʠʝ, ʫʜʘʣʝʥʠʝ, ʧʨʦʩʤʦʪʨ), 

ʘ ʪʘʢʞʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʘʛʨʝʛʠʨʦʚʘʥʥʳʭ ʟʘʧʨʦʩʦʚ ʜʣʷ ʦʪʯʝʪʥʦʩʪʠ. 

ʂʣʠʝʥʪʩʢʘʷ ʯʘʩʪʴ ʩʠʩʪʝʤʳ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʦʩʥʦʚʝ HTML, CSS ʠ JavaScript. ɼʣʷ 

ʦʪʦʙʨʘʞʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ AJAX-ʟʘʧʨʦʩʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ 

ʦʙʥʦʚʣʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʙʝʟ ʧʝʨʝʟʘʛʨʫʟʢʠ ʩʪʨʘʥʠʮʳ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ: ʚ ʠʥʪʝʨʬʝʡʩʝ ʩʪʫʜʝʥʪʦʚ ʠ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʙʳʣʠ ʚʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʠ 

ʜʠʘʛʨʘʤʤʳ, ʦʪʨʘʞʘʶʱʠʝ ʜʠʥʘʤʠʢʫ ʫʩʧʝʚʘʝʤʦʩʪʠ ʠ ʧʦʩʝʱʘʝʤʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʣʘʩʴ 
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ʙʠʙʣʠʦʪʝʢʘ Chart.js, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʣʠʥʝʡʥʳʝ ʛʨʘʬʠʢʠ, ʩʪʦʣʙʯʘʪʳʝ ʜʠʘʛʨʘʤʤʳ 

ʠ ʢʨʫʛʦʚʳʝ ʩʭʝʤʳ. 

ɺʘʞʥʦʡ ʯʘʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ ʩʪʘʣʦ ʦʙʝʩʧʝʯʝʥʠʝ ʙʝʟʦʧʘʩʥʦʩʪʠ ʩʠʩʪʝʤʳ. ɼʣʷ ʟʘʱʠʪʳ 

ʧʝʨʩʦʥʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʪʫʜʝʥʪʦʚ ʠ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʭʘʥʠʟʤʳ 

ʰʠʬʨʦʚʘʥʠʷ ʧʘʨʦʣʝʡ, ʪʦʢʝʥʳ ʜʣʷ ʩʝʩʩʠʡ, ʘ ʪʘʢʞʝ ʙʘʟʦʚʳʝ ʤʝʨʳ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ SQL-

ʠʥʲʝʢʮʠʷʤ ʠ ʤʝʞʩʘʡʪʦʚʳʤ ʘʪʘʢʘʤ (XSS, CSRF). 

ɺ ʧʨʦʮʝʩʩʝ ʨʝʘʣʠʟʘʮʠʠ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ ʫʜʦʙʩʪʚʫ ʨʘʙʦʪʳ ʧʨʝʧʦʜʘʚʘʪʝʣʷ. 

ɼʣʷ ʥʝʛʦ ʩʦʟʜʘʥʦ ʦʢʥʦ ʙʳʩʪʨʦʛʦ ʚʚʦʜʘ ʦʮʝʥʦʢ, ʛʜʝ ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʜʠʩʮʠʧʣʠʥʫ, ʛʨʫʧʧʫ ʠ 

ʩʨʘʟʫ ʚʥʝʩʪʠ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʚʩʝʤ ʩʪʫʜʝʥʪʘʤ. ʕʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ ʟʘʧʦʣʥʝʥʠʷ 

ʜʘʥʥʳʭ ʠ ʜʝʣʘʝʪ ʩʠʩʪʝʤʫ ʚʦʩʪʨʝʙʦʚʘʥʥʦʡ ʚ ʨʝʘʣʴʥʦʤ ʫʯʝʙʥʦʤ ʧʨʦʮʝʩʩʝ [11-13]. 

ʈʝʟʫʣʴʪʘʪʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʝʣʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʩʦʟʜʘʥʘ ʩʠʩʪʝʤʘ, ʢʦʪʦʨʘʷ ʥʝ ʪʦʣʴʢʦ 

ʭʨʘʥʠʪ ʠ ʦʙʨʘʙʘʪʳʚʘʝʪ ʜʘʥʥʳʝ ʦʙ ʫʩʧʝʚʘʝʤʦʩʪʠ, ʥʦ ʠ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʘʥʘʣʠʪʠʯʝʩʢʠʡ 

ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ ʜʣʷ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠ ʩʪʫʜʝʥʪʦʚ. ʇʨʝʧʦʜʘʚʘʪʝʣʠ ʧʦʣʫʯʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʛʨʫʧʧʳ ʠ ʬʦʨʤʠʨʦʚʘʪʴ ʦʪʯʝʪʳ ʧʦ ʜʠʩʮʠʧʣʠʥʘʤ, ʘ ʩʪʫʜʝʥʪʳ 

ʤʦʛʫʪ ʚʠʜʝʪʴ ʩʦʙʩʪʚʝʥʥʳʡ ʧʨʦʛʨʝʩʩ ʚ ʫʜʦʙʥʦʡ ʠ ʥʘʛʣʷʜʥʦʡ ʬʦʨʤʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʨʝʘʣʠʟʘʮʠʷ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʣʦʛʠʯʥʳʤ ʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʨʠʤʝʥʠʤʳʤ ʚ ʫʩʣʦʚʠʷʭ ʩʦʚʨʝʤʝʥʥʦʛʦ ɺʋɿʘ. 

ɹʣʦʢ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʨʝʘʣʠʟʦʚʘʥ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ ʜʣʷ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠ 

ʩʪʫʜʝʥʪʦʚ: 

-ʧʨʝʧʦʜʘʚʘʪʝʣʴ ʯʝʨʝʟ ʚʝʙ-ʬʦʨʤʫ ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʦʮʝʥʢʠ, ʦʪʤʝʯʘʪʴ ʧʦʩʝʱʘʝʤʦʩʪʴ ʠ 

ʢʦʤʤʝʥʪʘʨʠʠ ʧʦ ʫʩʧʝʚʘʝʤʦʩʪʠ; 

-ʩʪʫʜʝʥʪʳ ʧʦʣʫʯʘʶʪ ʜʦʩʪʫʧ ʢ ʣʠʯʥʦʤʫ ʢʘʙʠʥʝʪʫ, ʛʜʝ ʦʪʦʙʨʘʞʘʶʪʩʷ ʪʝʢʫʱʠʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʩʨʝʜʥʠʡ ʙʘʣʣ ʠ ʫʚʝʜʦʤʣʝʥʠʷ. 

ʇʝʨʝʜʘʯʘ ʜʘʥʥʳʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʩʝʨʚʝʨʥʦʝ ʧʨʠʣʦʞʝʥʠʝ, ʥʘʧʠʩʘʥʥʦʝ ʥʘ Python 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Flask. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʣʠʝʥʪʘ ʠ ʩʝʨʚʝʨʘ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʩʪʳʭ HTTP-ʟʘʧʨʦʩʦʚ. ʀʥʪʝʨʬʝʡʩ ʣʠʯʥʦʛʦ ʢʘʙʠʥʝʪʘ ʠ ʩʪʫʜʝʥʪʦʚ ʫʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 1 (ʘ, 

ʙ). 

 

 

ʘ) 
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ʙ) 

ʈʠʩʫʥʦʢ 1 (ʘ, ʙ) ï ʀʥʪʝʨʬʝʡʩ ʣʠʯʥʦʛʦ ʢʘʙʠʥʝʪʘ ʩʪʫʜʝʥʪʘ 

ɺʪʦʨʦʡ ʙʣʦʢ ʦʪʚʝʯʘʝʪ ʟʘ ʭʨʘʥʝʥʠʝ ʠ ʦʙʨʘʙʦʪʢʫ ʜʘʥʥʳʭ. ɺ ʦʩʥʦʚʝ ʣʝʞʠʪ ʙʘʟʘ ʜʘʥʥʳʭ 

SQLite, ʩʦʜʝʨʞʘʱʘʷ ʪʘʙʣʠʮʳ ʩʪʫʜʝʥʪʦʚ, ʜʠʩʮʠʧʣʠʥ, ʦʮʝʥʦʢ ʠ ʧʦʩʝʱʘʝʤʦʩʪʠ.  

1. ʇʦʩʪʦʷʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ: ʌʀʆ ʩʪʫʜʝʥʪʦʚ, ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʛʨʫʧʧʝ, ʧʝʨʝʯʝʥʴ 

ʜʠʩʮʠʧʣʠʥ. 

2.  ʆʧʝʨʘʪʠʚʥʘʷ ʠʥʬʦʨʤʘʮʠʷ: ʪʝʢʫʱʠʝ ʦʮʝʥʢʠ, ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʢʦʥʪʨʦʣʴʥʳʤ ʨʘʙʦʪʘʤ, 

ʧʦʩʝʱʘʝʤʦʩʪʴ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʪʯʸʪʥʦʩʪʠ ʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʩʪʨʦʝʥʥʳʝ 

ʟʘʧʨʦʩʳ ʢ ʙʘʟʝ ʜʘʥʥʳʭ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʜʣʷ ʦʪʦʙʨʘʞʝʥʠʷ ʩʪʘʪʠʩʪʠʢʠ ʧʨʠʤʝʥʷʝʪʩʷ 

ʙʠʙʣʠʦʪʝʢʘ Chart.js, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʛʨʘʬʠʢʠ ʠ ʜʠʘʛʨʘʤʤʳ, ʫʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 3 

ʠ ʨʠʩʫʥʢʝ 4. 
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ʈʠʩʫʥʦʢ 3 ï ʉʪʨʫʢʪʫʨʘ ʙʘʟʳ ʜʘʥʥʳʭ 

                                                         

 
ʈʠʩʫʥʦʢ 4 ï ʇʨʠʤʝʨ ʦʪʯʸʪʥʦʩʪʠ ʚ ʚʠʜʝ ʜʠʘʛʨʘʤʤʳ 

 

ɿʘʢʣʶʯʝʥʠʝ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʦʥʮʝʧʮʠʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ ʫʩʧʝʚʘʝʤʦʩʪʠ ʩʪʫʜʝʥʪʦʚ ʚ ʚʫʟʘʭ. ʉʠʩʪʝʤʘ ʨʘʟʨʘʙʦʪʘʥʘ ʥʘ ʦʩʥʦʚʝ 

ʧʨʦʩʪʦʛʦ ʠ ʜʦʩʪʫʧʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʪʝʢʘ (Python, Flask, SQLite, HTML, CSS, Chart.js), 

ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʝʸ ʚʥʝʜʨʝʥʠʷ ʜʘʞʝ ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʳʭ ʨʝʩʫʨʩʦʚ ʠ ʧʨʠ 

ʫʯʘʩʪʠʠ ʥʘʯʠʥʘʶʱʠʭ ʨʘʟʨʘʙʦʪʯʠʢʦʚ.  

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʘ ʚʳʩʪʨʦʝʥʘ ʯʸʪʢʘʷ ʘʨʭʠʪʝʢʪʫʨʘ: 

-ʙʣʦʢ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʙʦʨ ʜʘʥʥʳʭ ʦʪ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠ ʧʝʨʝʜʘʯʫ 

ʨʝʟʫʣʴʪʘʪʦʚ ʩʪʫʜʝʥʪʘʤ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. 

-ʙʣʦʢ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʦʪʚʝʯʘʝʪ ʟʘ ʭʨʘʥʝʥʠʝ ʠ ʘʥʘʣʠʟ ʧʦʩʪʦʷʥʥʳʭ ʠ ʦʧʝʨʘʪʠʚʥʳʭ 

ʜʘʥʥʳʭ, ʧʦʟʚʦʣʷʷ ʬʦʨʤʠʨʦʚʘʪʴ ʩʪʘʪʠʩʪʠʢʫ, ʦʪʯʸʪʳ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ. 

ʈʘʟʜʝʣʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʘ ʥʘ ʣʦʛʠʯʝʩʢʠʝ ʙʣʦʢʠ ʧʦʟʚʦʣʠʣʦ ʜʦʩʪʠʯʴ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʫʜʦʙʩʪʚʘ 

ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʠʩʪʝʤʳ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʣʷʮʠʦʥʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ SQLite 

ʧʦʢʘʟʘʣʦ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʟʘʜʘʯʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦʙ 

ʦʮʝʥʢʘʭ, ʜʠʩʮʠʧʣʠʥʘʭ ʠ ʧʦʩʝʱʘʝʤʦʩʪʠ, ʘ ʧʨʠʤʝʥʝʥʠʝ Chart.js ʧʦʚʳʩʠʣʦ ʥʘʛʣʷʜʥʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʤʳʤ ʜʣʷ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠ 

ʩʪʫʜʝʥʪʦʚ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʝʸ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ ʢʦʥʪʨʦʣʷ ʫʨʦʚʥʷ ʟʥʘʥʠʡ ʩʪʫʜʝʥʪʦʚ; 

-ʩʚʦʝʚʨʝʤʝʥʥʦʛʦ ʚʳʷʚʣʝʥʠʷ ʧʨʦʙʣʝʤʥʳʭ ʤʝʩʪ ʚ ʦʙʫʯʝʥʠʠ; 

-ʧʦʚʳʰʝʥʠʷ ʧʨʦʟʨʘʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʚʳʩʪʘʚʣʝʥʠʷ ʦʮʝʥʦʢ; 

-ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʲʝʢʪʠʚʥʦʡ ʢʘʨʪʠʥʳ ʢʘʯʝʩʪʚʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʩʠʩʪʝʤʘ ʥʝ ʪʦʣʴʢʦ ʘʚʪʦʤʘʪʠʟʠʨʫʝʪ ʧʨʦʮʝʩʩ ʫʯʸʪʘ 

ʫʩʧʝʚʘʝʤʦʩʪʠ, ʥʦ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʩʪʫʜʝʥʪʘʤʠ, ʧʨʝʧʦʜʘʚʘʪʝʣʷʤʠ ʠ ʘʜʤʠʥʠʩʪʨʘʮʠʝʡ ʚʫʟʘ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʜʘʥʥʘʷ ʨʘʙʦʪʘ ʤʦʞʝʪ 

ʙʳʪʴ ʨʘʩʰʠʨʝʥʘ ʟʘ ʩʯʸʪ ʚʥʝʜʨʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ (ʥʘʧʨʠʤʝʨ, 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʫʩʧʝʚʘʝʤʦʩʪʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ) ʠ 

ʠʥʪʝʛʨʘʮʠʠ ʩ ʜʨʫʛʠʤʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤʠ ʩʝʨʚʠʩʘʤʠ. 
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Abstract 

Large Language Models (LLMs) have transformed natural language processing, enabling 

breakthroughs across domains such as education, law, finance, and cybersecurity. Leveraging 

large-scale datasets and transformer-based architectures, LLM powers applications ranging from 

personalized learning to predictive analytics and decision support. Recent innovations ï including 

instruction tuning, retrieval-augmented generation, and parameter-efficient fine-tuning ï have 

extended their adaptability, even for low-resource settings. Despite these advances, challenges 

remain: high computational demands restrict accessibility, while issues of bias, privacy, 

hallucination, and interpretability hinder trust and adoption. This paper surveys current 

applications of LLMs, analyzes their limitations, and explores strategies for addressing them.  

 

Introduction  

The emergence of Large Language Models (LLMs) has redefined the boundaries of artificial 

intelligence, demonstrating transformative capabilities in understanding, generating, and 

reasoning over natural language. Models such as GPT [1], Claude [2], Gemini [3], and DeepSeek 

[4], among others [5], have not only set new benchmarks in natural language processing (see Table 

1) but also enabled wide-ranging applications across education [6], healthcare [7], finance [8], law, 

e-commerce [9], cybersecurity [10], and telecommunications [11]. 

 

 Table 1. Scores of well-known LLMs with widely applied benchmarks 
MODEL  AIME 2024 GPQA SWE BENCH MATH 500  BFCL  

GPT OSS 120B 96.6% 80.1% n/a n/a n/a 

NEMOTRON ULTRA 253B  80.08% 76% n/a n/a n/a 

LLAMA 4 BEHEMOTH  n/a 73.7% n/a 95% n/a 

DEEPSEEK-R1 79.8% 71.5% 49.2% 97.3% 57.53% 

GPT OSS 20B 96% 71.5% n/a n/a n/a 

LLAMA 4 MAVERICK  n/a 69.8% n/a n/a n/a 

DEEPSEEK V3 0324 59.4% 64.8% 38.8% 94% 58.55% 

LLAMA 4 SCOUT  n/a 57.2% n/a n/a n/a 

LLAMA 3.3 70B  n/a 50.5% n/a 77% 77.3% 

LLAMA 3.1 405B 23.3% 49% n/a 73.8% 81.1% 

QWEN2.5-VL -32B n/a 46% 18.8% 82.2% 62.79% 

GEMMA 3 27B n/a 42.4% 10.2% 89% 59.11% 
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Yet these advances are accompanied by significant challenges. The high computational 

demands of LLMs require sophisticated infrastructure, limiting accessibility in resource-

constrained settings [12] [1]. Ethical concerns ï including bias in generated outputs, intellectual 

property risks, and potential overreliance ï pose additional barriers to adoption [13]. Moreover, 

while general-purpose LLMs excel at broad linguistic tasks, achieving high performance in 

specialized domains often requires costly fine-tuning or domain-specific training [14-15]. 

This paper examines both the opportunities and the limitations of LLMs. By synthesizing 

applications across diverse sectors and analyzing the challenges they present, the study aims to 

provide a balanced perspective. As LLMs become increasingly embedded in technological and 

social systems, understanding their potential and pitfalls is essential for ensuring responsible and 

effective integration. 

 

Applications of Large Language Models 

LLMs have emerged as versatile tools with far-reaching impact across industries. The global LLM 

market is expanding rapidly [16] (see Figure 1), driven by advances in machine learning 

algorithms, improved hardware capabilities, and the integration of features such as automated 

workflows and minimal human intervention, which together enhance scalability and efficiency. 

Key sectorsðincluding retail, media, and healthcareðleverage LLMs to personalize customer 

experiences, optimize operations, and strengthen competitiveness. This section outlines the 

transformative applications of LLMs, emphasizing their versatility and growing societal influence. 

 

 
Figure 1. LLM Markets share by region and industries 

Education: LLMs are reshaping education by powering knowledge graph-driven Q&A 

systems, intelligent tutoring platforms, and adaptive feedback mechanisms. They also support 

simulated classroom environments, augmented reality for immersive learning, and educational 

chatbots such as Cipherbot, which enhance engagement and provide accurate, contextual answers. 

These tools personalize learning, reduce teacher workload, and foster digital literacy, though 

challenges of over-reliance and ethical concerns remain [23]. 

Healthcare: In healthcare, LLMs assist with diagnosis, triage, and structured documentation, 

acting as co-pilots for clinicians. They improve patient engagement through conversational agents 

like Talk2Care and streamline administration with multi-agent RAG systems for billing and 

scheduling. They also enhance medical education, literature reviews, and research workflows, 

while raising ethical issues of bias, privacy, and misinformation that require strong safeguards 

[24]. 

 


