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8 

ɼʆʂʃɸɼʓ ʂʆʅʌɽʈɽʅʎʀʀ ʅɸ ʈʋʉʉʂʆʄ ʗɿʓʂɽ 

 

ʉɽʂʎʀʗ 1.  

ɹɽɿʆʇɸʉʅʆʉʊʔ ɾʀɿʅɽɼɽʗʊɽʃʔʅʆʉʊʀ 

ʏɽʃʆɺɽʂɸ, ʇʈʆʄʓʐʃɽʅʅɸʗ ɹɽɿʆʇɸʉʅʆʉʊʔ, 

ʆʍʈɸʅɸ ʊʈʋɼɸ ʀ ʕʂʆʃʆɻʀʗ 

 

ʅɽʁʊʈɸʃʀɿɸʊʆʈ çʉʊɸʊʀʏɽʉʂʆɻʆ ʕʃɽʂʊʈʀʏɽʉʊɺɸè 

ɼʃʗ ʉʀʉʊɽʄ ʇʅɽɺʄʆʊʈɸʅʉʇʆʈʊʀʈʆɺʂʀ 

ɺɿʈʓɺʆ-ʇʆɾɸʈʆʆʇɸʉʅʓʍ ʇʆʈʆʐʂʆʆɹʈɸɿʅʓʍ 

ʇʈʆɼʋʂʊʆɺ 

ɸʙʨʘʤʷʥ ɺʣʘʜʠʤʠʨ ʂʘʟʘʨʦʩʦʚʠʯ 

ʧʨʦʬʝʩʩʦʨ, ʜ-ʨ ʪʝʭʥ. ʥʘʫʢ,  
ɺʦʝʥʥʘʷ ʘʢʘʜʝʤʠʷ ʩʚʷʟʠ,  
ʈʌ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦ ʠʥʪʝʥʩʠʬʠʮʠʨʦʚʘʥʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʧʨʦʮʝʩʩʘʭ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʧʦʪʝʥʮʠʘʣʴʥʦ-ʦʧʘʩʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩ-

ʢʠʝ ʧʨʦʮʝʩʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʠʨʦʚʢʦʡ 

ʚʟʨʳʚʦ-ʧʦʞʘʨʦʦʧʘʩʥʳʭ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ. ʉ ʵʪʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʩʪʨʘʥʝʥʠʷ çʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʵʣʝʢʪʨʠʟʘʮʠʠè, ʢʘʢ 

ʠʩʪʦʯʥʠʢʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʧʘʩʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ, ʥʝ ʚʳʟʳʚʘʝʪ 

ʩʦʤʥʝʥʠʷ. 

ɺ ʪʘʙʣ.1 [1], ʩ ʫʯʝʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʨʝʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʟʘʨʷʜʦʚ ʥʘ ʯʘʩʪʠʮʘʭ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ ‏ʨ 
ʚ ʘʧʧʘʨʘʪʘʭ ʩʦ ʩʢʚʦʟʥʳʤʠ ʧʦʪʦʢʘʤʠ çʛʘʟ-ʪʚʝʨʜʳʝ ʯʘʩʪʠʮʳè ʠ ʪʝʦʨʝ-

ʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʧʨʠʚʦʜʷʪʩʷ ʫʩʣʦʚʠʷ ʚʳʙʦʨʘ ʙʝʟʦʧʘʩʥʳʭ ʨʘʟʤʝʨʦʚ 

ʘʧʧʘʨʘʪʘ (ʨʘʜʠʫʩʘ ʘʧʧʘʨʘʪʘ rʘʧ.ʙ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʨʦʟʥʦʩʪʠ ʩʣʦʷ m 

çʛʘʟ-ʪʚʝʨʜʳʝ ʯʘʩʪʠʮʳè, ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ rʯ 
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ʊʘʙʣʠʮʘ 1.  

ɹʝʟʦʧʘʩʥʳʝ ʟʥʘʯʝʥʠʷ (ʦʪʩʫʪʩʪʚʠʝ ʫʩʣʦʚʠʷ ʧʝʨʝʭʦʜʘ ʨʘʟʨʷʜʘ 

ʚ ʠʩʢʨʦʚʫʶ ʬʦʨʤʫ) ʨʘʜʠʫʩʘ ʘʧʧʘʨʘʪʘ rʘʧ.ʙ (ʤ) 

              rʯ 

m 
1 ʤʢʤ 0,1 ʤʤ 0,5 ʤʤ 1 ʤʤ 5 ʤʤ 

 ʨ = 3,3Ͻ10-5 ʂʣ/ʤ2‏

0,500 0,001 0,0180 0,0324 0,0467 0,1122 

0,600 0,0023 0,0147 0,0355 0,0524 0,1258 

0,700 0,0026 0,0174 0,0372 0,0616 0,1479 

0,800 0,0035 0,0318 0,0525 0,0758 0,1862 

0,950 0,0071 0,4557 0,1122 0,1622 0,3891 

0,980 0,0114 0,0758 0,1862 0,2692 0,6457 

0,990 0,0189 0,0912 0,2692 0,3890 0,0549 

0,999 0,0603 0,2891 0,9549 0,3803 8,3113 

0,9999 0,1122 1,3803 3,3113 4,786 11,7489 

 ʨ = 10-6 ʂʣ/ʤ2‏

0,500 0,0071 0,087 0,2089 0,3090 0,8818 

0,600 0,0081 0,098 0,2398 0,3467 0,8318 

0,700 0,0093 0,1148 0,2754 0,4074 0,9772 

0,800 0,0117 0,1445 0,3467 0,5129 1,2326 

 ʨ = 3,3Ͻ10-5 ʂʣ/ʤ2‏

0,950 0,0251 0,3090 0,7413 1,0715 0,6938 

0,980 0,0407 0,5128 1,2302 1,7782 4,2609 

0,990 0,0602 0,7413 1,7783 2,5704 6,1659 

0,999 0,2089 2,5708 6,1659 9,1201 21,8706 

0,9999 0,7413 9,1201 21,8776 32,359 77,6247 

 ʨ = 10-7 ʂʣ/ʤ2‏

0,500 0,0251 0,3090 0,7413 1,0715 2,5704 

0,600 0,0282 0,3467 0,08318 1,2022 2,9512 

0,700 0,0331 0,4074 0,9772 1,4125 3,4674 

0,800 0,0407 0,5129 1,2302 1,7788 3,9811 

0,950 0,0801 1,0715 2,5704 3,8019 9,1201 

0,980 0,1445 1,7783 4,2058 6,1699 15,1356 

0,990 0,2039 2,5704 6,1659 9,1201 21,8776 

0,999 0,7413 9,2101 21,877 32,859 77,6247 

0,9999 2,5704 32,859 77,625 112,202 269,1533 

ʇʨʠʤʝʯʘʥʠʝ: ʚ ʨʘʩʯʝʪʘʭ ʧʨʦʙʠʚʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ʚ 
ʩʨʝʜʝ çʛʘʟ-ʪʚʝʨʜʳʝ ʯʘʩʪʠʮʳè ʧʨʠʥʷʪʦ ɽʧʨ = 3.106 ɺ/ʤ. ʆʜʥʘʢʦ, ʧʦ ʜʘʥʥʳʤ [2] 
ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʜʠʫʩʘ ʟʘʨʷʞʝʥʥʦʛʦ ʦʙʣʘʢʘ R ʧʳʣʠ ʟʥʘʯʝʥʠʝ ɽʧʨ ʠʟʤʝʥʷʝʪʩʷ: 
R1 = 0,1 ʤ ɽʧʨ1 = 3.106 ɺ/ʤ; R2 = 1,0 ʤ ɽʧʨ2 = 1,5.106 ɺ/ʤ; R3 = 3,0 ʤ ɽʧʨ3 = 1,0.106 ɺ/ʤ. 
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ʅʘ ʧʨʘʢʪʠʢʝ ʪʨʫʜʥʦ ʩʦʙʣʶʜʘʪʴ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 
ʧʘʨʘʤʝʪʨʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʨʝʢʦʤʝʥʜʫʝʤʳʝ ʚ ʪʘʙʣ. 1. 
ʇʨʦʙʣʝʤʘ ʝʱʝ ʙʦʣʴʰʝ ʦʩʣʦʞʥʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ 
ʦʩʦʙʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʧʨʦʜʫʢʪʦʚ (ʩ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʝʤ ʤʠʥʠʤʘʣʴʥʦʡ 
ʵʥʝʨʛʠʠ ʟʘʞʠʛʘʥʠʷ ʧʳʣʝʛʘʟʦʚʦʡ ʩʤʝʩʠ). ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ, ʩ ʮʝʣʴʶ 
ʫʩʪʨʘʥʝʥʠʷ ʦʧʘʩʥʳʭ ʧʨʦʷʚʣʝʥʠʡ çʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʵʣʝʢʪʨʠʟʘʮʠʠè, 
ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ (ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʝʛʣʘʤʝʥʪʘ) 
ʠʤʝʶʪ ʧʨʠʤʝʥʝʥʠʝ ʜʚʫʭ ʩʧʦʩʦʙʦʚ: ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʧʥʝʚʤʦ-
ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ, ʯʪʦ ʚ ʧʨʠʥʮʠʧʝ ʠʩʢʣʶʯʘʝʪ ʟʘʞʠʛʘʥʠʷ 
ʚʟʨʳʚʦʦʧʘʩʥʦʡ ʧʳʣʝʛʘʟʦʚʦʡ ʩʤʝʩʠ, ʠ ʫʩʪʨʘʥʝʥʠʝ ʩʘʤʦʡ ʵʣʝʢʪʨʠʟʘʮʠʠ 
ʧʨʦʜʫʢʪʘ ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʠʦʥʦʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʛʦ ʟʥʘʢʘ ʚ ʛʘʟʦʚʦʡ 
ʩʨʝʜʝ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ çʛʘʟ-ʪʚʝʨʜʳʝ ʯʘʩʪʠʮʳè. ʇʝʨʚʳʡ ʩʧʦʩʦʙ, 
ʙʝʟʫʩʣʦʚʥʦ, ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʝ ʟʘʪʨʘʪʳ. ʇʦʵʪʦʤʫ ʦʩʪʘʥʦʚʠʤʩʷ ʥʘ ʚʪʦʨʦʤ 
ʩʧʦʩʦʙʝ ʫʩʪʨʘʥʝʥʠʷ ʉʕ ʚ ʩʠʩʪʝʤʘʭ ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʘ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʭ 
ʧʨʦʜʫʢʪʦʚ. 

ɺʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʡ ʛʝʥʝʨʘʪʦʨ ʘʵʨʦʠʦʥʦʚ ʩ ʫʩʪʨʦʡʩʪʚʦʤ ʜʣʷ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ (ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 1016 ʵʣ/ʤ3). 
ɺʳʙʦʨ ʙʘʟʦʚʦʛʦ ʚʘʨʠʘʥʪʘ ʛʝʥʝʨʘʪʦʨʘ ʘʵʨʦʠʦʥʦʚ ʩ ʢʦʨʦʥʠʨʫʶʱʝʡ 
ʩʠʩʪʝʤʦʡ çʦʩʪʨʠʝ-ʩʦʦʩʥʳʡ ʮʠʣʠʥʜʨè ʦʙʫʩʣʦʚʣʝʥ ʭʘʨʘʢʪʝʨʥʳʤ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʦʙʣʘʩʪʠ 
ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 
ʜʠʘʤʝʪʨʘʭ ʟʘʢʨʫʛʣʝʥʠʷ ʢʦʨʦʥʠʨʫʶʱʝʛʦ ʦʩʪʨʠʷ (ʨʠʩ. 1), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 
ʩ ʧʦʤʦʱʴʶ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʠ çʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʝʪʨʘè ʫʚʝʣʠʯʠʪʴ ʚʳʥʦʩ 
ʠʦʥʦʚ ʠʟ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ ʥʝʢʦʨʦʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ ʠ, ʪʝʤ ʩʘʤʳʤ, 
ʫʚʝʣʠʯʠʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʛʝʥʝʨʘʪʦʨʘ.  

 

 

ʈʠʩʫʥʦʢ 1. 



11 

ʉʭʝʤʘʪʠʯʝʩʢʠ ʚʠʜ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩ ʫʩʪʨʦʡʩʪʚʦʤ ʜʣʷ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʘʵʨʦʠʦʥʦʚ ʩ ʧʦʤʦʱʴʶ ʚʦʟʜʝʡʩʪʚʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʦʣʝʥʦʠʜʘ ʥʘ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ ʘʵʨʦʠʦʥʦʚ ʚ 

ʧʨʦʤʝʞʫʪʢʝ ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʩʠʩʪʝʤʝ çʠʛʣʘ ï ʩʦʦʩʥʳʡ ʮʠʣʠʥʜʨè 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ.2.  

 

 

ʈʠʩʫʥʦʢ 2. 1 ï ʘʩʧʠʨʘʮʠʦʥʥʳʡ ʢʦʥʜʝʥʩʘʪʦʨ; 2 ï ʢʘʤʝʨʘ;  

3 ï ʥʘʨʫʞʥʘʷ ʦʙʢʣʘʜʢʘ ʩ ʦʧʣʝʪʢʦʡ ʢʘʙʝʣʷ; 4 ï ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ 

ʚʦʣʴʪʤʝʪʨ ʩ ʥʘʙʦʨʦʤ ʢʦʥʜʝʥʩʘʪʦʨʦʚ; 5 ï ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ 

ʘʩʧʠʨʘʮʠʦʥʥʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ; 6 ï ʚʦʣʴʪʤʝʪʨ 

ʇʨʠʤʝʯʘʥʠʝ: ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʛʝʥʝʨʘʪʦʨʘ ʘʵʨʦʠʦʥʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʢʣʠʤʘʪʘ ʚ ʤʝʜʠʮʠʥʩʢʠʭ ʠʣʠ ʠʥʳʭ ʮʝʣʷʭ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʛʝʥʝʨʘʪʦʨʘ ʘʵʨʦʠʦʥʦʚ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʘʩʧʠʨʘʮʠʦʥʥʳʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ([3], ʈʠʩ. 2). 

 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʛʝʥʝʨʘʪʦʨʘ (ʨʠʩ. 2) ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʦʣʝʥʦʠʜʘ ʘʵʨʦʠʦʥ ʜʚʠʞʝʪʩʷ ʧʦ ʩʧʠʨʘʣʠ, ʧʨʠ ʵʪʦʤ, 

ʥʝ ʧʦʧʘʜʘʷ ʥʘ ʥʝ ʢʦʨʦʥʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʜ ʠʣʠ ʥʘ ʩʪʝʥʢʠ ʩʦʣʝʥʦʠʜʘ. 

ʊʝʤ ʩʘʤʳʤ, ʧʨʠ ʧʨʘʚʠʣʴʥʦʤ ʚʳʙʦʨʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʷ, ʠʤʝʝʪ ʤʝʩʪʦ 

ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʦʪʝʨʠ ʘʵʨʦʠʦʥʦʚ ʥʘ ʚʳʭʦʜʝ ʛʝʥʝʨʘʪʦʨʘ. ʇʨʠ ʵʪʦʤ, 

ʠʟʤʝʥʷʷ ʠʥʜʫʢʮʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ᴆˏ, ʠʟʤʝʥʷʝʤ ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ 
ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʘʵʨʦʠʦʥʘ, ʢʦʪʦʨʳʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʚʳʥʦʩ 

ʠ ʬʦʢʫʩʠʨʦʚʢʫ ʧʫʯʢʘ ʘʵʨʦʠʦʥʦʚ, ʪʝʤ ʩʘʤʳʤ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʛʝʥʝʨʘʪʦʨʘ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʛʝʥʝʨʘʪʦʨʘ 

ʪʝʭʥʠʯʝʩʢʠ ʛʦʨʘʟʜʦ ʫʜʦʙʥʝʝ ʩ ʧʦʤʦʱʴʶ ʥʠʟʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ 

ʩʦʣʝʥʦʠʜʘ, ʯʝʤ ʜʨʫʛʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʛʝʥʝʨʘʪʦʨʘ. 
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ʄʘʢʩʠʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʛʝʥʝʨʘʪʦʨʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʣʫʯʘʡ, ʢʦʛʜʘ ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʠʤʝʝʪ ʥʘʠʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʫ ʥʝ ʢʦʨʦʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʜʘ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʚʳʥʦʩʫ ʘʵʨʦʠʦʥʦʚ ʠʟ ʵʪʦʡ ʦʙʣʘʩʪʠ (ʨʠʩ. 1). 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʢʦʥʩʪʨʫʢ-

ʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʛʝʥʝʨʘʪʦʨʘ ʧʨʝʥʝʙʨʝʛʘʝʪʩʷ ʩʪʦʣʢʥʦʚʝʥʠʝʤ ʘʵʨʦʠʦʥʘ 

ʩ ʜʨʫʛʠʤʠ ʘʵʨʦʠʦʥʘʤʠ ʠ ʥʝʡʪʨʘʣʴʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʚʦʟʜʫʭʘ ʚ 

ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ (ʫʩʣʦʚʠʝ ʤʘʛʥʝʪʨʦʥʘ). 

ʇʨʠ dk Ò d,ʛʜʝ dk ï ʜʠʘʤʝʪʨ ʟʘʢʨʫʛʣʝʥʠʷ ʢʦʨʦʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʜʘ, d ï ʜʠʘʤʝʪʨ ʥʝʢʦʨʦʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ, ʦʩʥʦʚʥʦʝ ʠʟʤʝ-

ʥʝʥʠʝ ʩʢʦʨʦʩʪʠ ʘʵʨʦʠʦʥʘ ʧʨʦʠʩʭʦʜʠʪ ʚʙʣʠʟʠ ʢʦʨʦʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ 

ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʪʦ ʝʩʪʴ ʧʨʠʙʣʠʞʝʥʥʦ ʩʯʠʪʘʝʤ, 

ʯʪʦ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʘʵʨʦʠʦʥ ʜʚʠʛʘʝʪʩʷ ʩ 

ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

V=
▲╤

□
, 

ʛʜʝ: U ï ʥʘʧʨʷʞʝʥʠʝ ʢʦʨʦʥʳ, q ï ʟʘʨʷʜ ʘʵʨʦʠʦʥʘ, m ï ʤʘʩʩʘ ʘʵʨʦʠʦʥʘ. 

ʅʘ ʘʵʨʦʠʦʥ, ʜʚʠʞʫʱʠʡʩʷ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʜʝʡʩʪʚʫʝʪ ʩʠʣʘ 

ʃʦʨʝʥʮʘ. 

Ὂᴆʣ = q Ͻ [ὺᴆ ̖ ὄᴆ], 

ʛʜʝ: ὄᴆ ï ʚʝʢʪʦʨ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ. 

ʉʠʣʘ ʃʦʨʝʥʮʘ ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʦʩʪʨʝʤʠʪʝʣʴʥʦʡ ʩʠʣʦʡ 

Fʮ  , 

ʛʜʝ: vy ï ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʢʦʨʦʩʪʠ, R ï ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ 

ʜʚʠʞʝʥʠʷ ʘʵʨʦʠʦʥʘ. 

ʇʝʨʝʤʝʱʝʥʠʝ ʘʵʨʦʠʦʥʘ ʧʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

h = vx T, 

ʛʜʝ: h ï ʰʘʛ ʩʧʠʨʘʣʠ, vx ï ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʢʦʨʦʩʪʠ,  

ʊ ï ʧʝʨʠʦʜ ʦʙʨʘʱʝʥʠʷ ʘʵʨʦʠʦʥʘ ʧʦ ʦʢʨʫʞʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʦ 

ʬʦʨʤʫʣʝ 

T =  

ʇʦ ʧʨʠʚʝʜʝʥʥʳʤ ʬʦʨʤʫʣʘʤ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʪʨʘʝʢʪʦʨʠʶ 

ʜʚʠʞʝʥʠʷ ʘʵʨʦʠʦʥʘ ʥʘ ʚʳʭʦʜʝ ʛʝʥʝʨʘʪʦʨʘ. 
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ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʫʧʨʘʚʣʝʥʠʷ ʨʘʙʦʪʦʡ ʛʝʥʝʨʘʪʦʨʘ ʷʚʣʷʝʪʩʷ 
ʚʳʙʦʨ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʛʝʥʝʨʘʪʦʨʘ, ʢʦʛʜʘ ʧʨʠ ʦʧʨʝʜʝ-

ʣʝʥʥʦʤ ʟʥʘʯʝʥʠʠ ὄᴆ ʪʨʘʝʢʪʦʨʠʷ ʘʵʨʦʠʦʥʘ ʥʝ ʢʘʩʘʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʠ 
ʥʝʢʦʨʦʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ. 

ʊʦʛʜʘ ʪʦʢ ʢʦʨʦʥʳ ʦʪ ʥʝʢʦʨʦʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ ʥʘ ʟʝʤʣʶ ʨʝʟʢʦ 
ʧʘʜʘʝʪ. 

ʇʨʠ ʢʨʠʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʥʘ ʘʵʨʦʠʦʥ ʜʝʡʩʪʚʫʝʪ ʩʠʣʘ ʃʦʨʝʥʮʘ 

qĀvyĀBkp  , 

ʛʜʝ: R ï ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ, ʨʘʚʥʳʡ ʧʦʣʦʚʠʥʝ ʨʘʜʠʫʩʘ ʥʝʢʦʨʦʥʠ-
ʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ. 

ʆʯʝʚʠʜʥʳ ʩʣʝʜʫʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ 

Bkp =ÕʦĀHkp, 

ʛʜʝ: Õʦ = τ“10-7 ɻʥ/ʤ, Hkp ï ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

Hkp = kĀnĀIkp, 

ʛʜʝ: k ï ʢʦɻʬʬʠʮʠʝʥʪ, ʫʯʠʪʳʚʘʶʱʠʡ ʢʦʥʝʯʥʦʩʪʴ ʜʣʠʥʳ ʩʦʣʝʥʦʠʜʘ, 
n ï ʯʠʩʣʦ ʚʠʪʢʦʚ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ ʩʦʣʝʥʦʠʜʘ, Ikp ï ʪʦʢ ʩʦʣʝʥʦʠʜʘ. 

ʆʯʝʚʠʜʥʦ (ʪʘʙʣ. 1), ʯʪʦ ʧʦʪʝʥʮʠʘʣʴʥʦ ʦʧʘʩʥʳʤ ʫʯʘʩʪʢʦʤ ʚ ʩʠʩʪʝʤʝ 
ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʘ ʷʚʣʷʝʪʩʷ ʮʠʢʣʦʥ ï ʙʫʥʢʝʨ. ʋʩʪʘʥʦʚʢʘ ʛʝʥʝʨʘʪʦʨʘ 
ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʮʠʢʣʦʥʝ ï ʙʫʥʢʝʨʝ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʘ ʧʦ ʩʣʝʜʫʶʱʠʤ 
ʧʨʠʯʠʥʘʤ: ʚʦ-ʧʝʨʚʳʭ, ʥʝʣʴʟʷ ʧʦʣʥʦʩʪʴʶ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʥʝʚʦʟʤʦʞʥʦʩʪʴ 
ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ (ʧʨʠ ʠʟʤʝʥʝʥʠʠ 
ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʨʷʜʥʦʡ ʮʝʧʠ, ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʝ ʧʝʨʝʢʨʳʪʠʷ ʚʢʣʶʯʝʥ-
ʥʦʛʦ ʙʘʣʣʘʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ). ʊʦʛʜʘ ʩʘʤ ʛʝʥʝʨʘʪʦʨ ʤʦʞʝʪ ʩʪʘʪʴ 
ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʚʘʨʠʠ. ɺʦ-ʚʪʦʨʳʭ, ʛʝʥʝʨʘʪʦʨʳ ʵʬʬʝʢʪʠʚʥʳ 
ʣʠʰʴ ʚ ʤʘʣʳʭ ʦʙʲʝʤʘʭ. ʊʘʢ ʢʘʢ ʦʙʲʝʤ ʮʠʢʣʦʥʦʚ ʚʝʣʠʢ, ʪʦ ʧʦʪʨʝʙʦʚʘʣʘʩʴ 
ʙʳ ʫʩʪʘʥʦʚʢʘ ʤʥʦʛʠʭ ʛʝʥʝʨʘʪʦʨʦʚ. ʀʩʭʦʜʷ ʠʟ ʵʪʠʭ ʩʦʦʙʨʘʞʝʥʠʡ, 
ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʫʩʪʘʥʦʚʢʘ ʛʝʥʝʨʘʪʦʨʘ ʥʘ ʪʨʫʙʦʧʨʦʚʦʜʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 
ʧʝʨʝʜ ʮʠʢʣʦʥʦʤ (ʨʠʩ. 3). 

ɹʝʟʦʧʘʩʥʘʷ ʵʢʩʧʣʫʘʪʘʮʠʷ ʛʝʥʝʨʘʪʦʨʦʚ ʧʨʠʦʙʨʝʪʘʝʪ ʦʩʦʙʫʶ ʚʘʞʥʦʩʪʴ 
ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʕʪʘ ʧʨʦʙʣʝʤʘ ʚʢʣʶʯʘʝʪ 
ʜʚʝ ʟʘʜʘʯʠ: ʦʙʝʩʧʝʯʝʥʠʝ ʠʩʢʨʦʙʝʟʦʧʘʩʥʦʩʪʠ ʩʘʤʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʠ ʚʳʙʦʨ 
ʤʝʩʪʘ ʫʩʪʘʥʦʚʢʠ ʛʝʥʝʨʘʪʦʨʘ ʥʘ ʪʘʢʦʤ ʫʯʘʩʪʢʝ ʩʠʩʪʝʤʳ, ʛʜʝ ʚʦʟʤʦʞʥʳʝ 
ʠʩʢʨʦʚʳʝ ʨʘʟʨʷʜʳ ʥʝ ʤʦʛʫʪ ʠʥʠʮʠʠʨʦʚʘʪʴ ʚʟʨʳʚ ʩʨʝʜʳ. ʇʝʨʚʘʷ ʟʘʜʘʯʘ 
ʨʝʘhʝʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ, ʪʦ ʝʩʪʴ ʥʘʜʣʝ-
ʞʘʱʠʤ ʚʳʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʨʷʜʥʦʡ ʮʝʧʠ. ʈʘʩʩʤʦʪʨʝʥʠʝ ʚʦʧʨʦʩʘ 
ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʟʨʷʜʘ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 
ʚʢʣʶʯʝʥʠʷ ʚ ʮʝʧʴ ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʙʦʣʴʰʦʛʦ ʙʘʣʣʘʩʪʥʦʛʦ ʩʦʧʨʦ-
ʪʠʚʣʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 3. ʋʩʪʘʥʦʚʢʘ ʥʝʡʪʨʘʣʠʟʘʪʦʨʘ ʚ ʩʠʩʪʝʤʝ ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʘ: 

1 ï ʛʝʥʝʨʘʪʦʨ ʠʦʥʦʚ; 2 ï ʪʨʫʙʦʧʨʦʚʦʜ; 3 ï ʮʠʢʣʦʥ; 4 ï ʢʘʤʝʨʘ 

ʥʝʡʪʨʘʣʠʟʘʮʠʠ 

 

ɿʥʘʯʝʥʠʝ ʪʦʢʘ ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʧʦʜʦʙʥʳʭ ʛʝʥʝʨʘʪʦʨʘʭ ï 

ʦʙʳʯʥʦ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʘʤʧʝʨ. ʊʘʢ ʢʘʢ ʥʘʯʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʢʦʨʦʥʳ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʢʠʣʦʚʦʣʴʪ, ʪʦ ʙʦʣʴʰʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʧʨʠ ʤʘʣʦʤ ʪʦʢʝ ʤʘʣʦ ʚʣʠʷʶʪ ʥʘ ʵʪʦʪ ʚʠʜ ʨʘʟʨʷʜʘ. ɺ ʩʣʫʯʘʝ ʠʩʢʨʦʚʦʛʦ 

ʨʘʟʨʷʜʘ (ʪʦʢ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ ʠ ʜʝʩʷʪʢʦʚ ʘʤʧʝʨ) ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ 

ʥʘ ʪʘʢʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ ʜʦʣʞʥʦ ʩʦʩʪʘʚʣʷʪʴ ʤʥʦʛʠʝ ʩʦʪʥʠ ʢʠʣʦʚʦʣʴʪ. 

ʀʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ ʢʦʨʦʥʳ ʥʝ ʩʧʦʩʦʙʝʥ ʨʘʟʚʠʪʴ ʪʘʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, 

ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠʩʢʣʶʯʘʝʪʩʷ. ɽʩʣʠ 

ʙʘʣʣʘʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠʤʝʝʪ ʧʦʨʷʜʦʢ 106 ï 107 ʆʤ, ʪʦ ʫʛʦʣ ʥʘʢʣʦʥʘ 

ʣʠʥʠʠ ʥʘʛʨʫʟʢʠ ʚ ʚʦʣʴʪʘʤʧʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ (ʚʦʣʴʪʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʘ ʨʘʟʨʷʜʘ) ʚʝʩʴʤʘ ʤʘʣ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʢʦʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʢʣʶʯʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪ ʪʦʢ 

ʯʝʨʝʟ ʪʝʣʦ ʯʝʣʦʚʝʢʘ ʧʨʠ ʩʣʫʯʘʡʥʦʤ ʧʨʠʢʦʩʥʦʚʝʥʠʠ ʝʛʦ ʢ ʵʣʝʢʪʨʦʜʫ. 
ʇʨʠ ʨʝʰʝʥʠʠ ʚʪʦʨʦʡ ʟʘʜʘʯʠ ï ʚʳʙʦʨʝ ʤʝʩʪʘ ʫʩʪʘʥʦʚʢʠ ʛʝʥʝʨʘʪʦʨʘ 

ʘʵʨʦʠʦʥʦʚ, ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʩʪʘʥʦʚʢʠ ʛʝʥʝʨʘʪʦʨʘ ʚ 
ʪʨʫʙʦʧʨʦʚʦʜʝ ʧʝʨʝʜ ʚʭʦʜʦʤ ʚ ʮʠʢʣʦʥ. ʇʦʜʜʝʨʞʘʥʠʝʤ ʠʟʙʳʪʦʯʥʦʛʦ 
ʜʘʚʣʝʥʠʷ ʚʦʟʜʫʭʘ ʚ ʪʨʫʙʢʝ ʛʝʥʝʨʘʪʦʨʘ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ, ʯʪʦʙʳ ʚ 
ʨʘʟʨʷʜʥʫʶ ʦʙʣʘʩʪʴ ʛʝʥʝʨʘʪʦʨʘ ʥʝ ʧʨʦʥʠʢʘʣʘ ʧʳʣʝʛʘʟʦʚʘʷ ʩʤʝʩʴ ʠʟ 
ʪʨʫʙʦʧʨʦʚʦʜʘ. ɼʣʷ ʥʘʜʝʞʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʵʪʦʛʦ ʫʩʣʦʚʠʷ ʥʝʦʙʭʦʜʠʤʦ 
ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʙʣʦʢʠʨʦʚʢʫ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ ʛʝʥʝʨʘ-
ʪʦʨʦʚ. ʂʘʢ ʧʨʘʚʠʣʦ, ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʧʥʝʚʤʦʪʨʘʥʩʧʦʨʪʘ 
ʢʦʥʮʝʥʪʨʘʮʠʷ ʪʨʘʥʩʧʦʨʪʠʨʫʝʤʦʛʦ ʧʨʦʜʫʢʪʘ ʚ ʪʨʫʙʦʧʨʦʚʦʜʝ ʧʨʝʚʳʰʘʝʪ 
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ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʚʟʨʳʚʦʦʧʘʩʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʂ ʪʦʤʫ ʞʝ ʙʦʣʴʰʘʷ 
ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʚʟʨʳʚʦʦʧʘʩʥʦʡ ʩʤʝʩʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʪʦʯʥʠʢʘ 
ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʠʥʠʮʠʠʨʦʚʘʥʠʷ 
ʚʟʨʳʚʘ. ʇʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʘʤ ʥʝʡʪʨʘʣʠʟʘʪʦʨ ʠʟʛʦʪʘʚʣʠʚʘʝʪʩʷ ʚʦ 
ʚʟʨʳʚʦʟʘʱʠʱʝʥʥʦʤ ʠʩʧʦʣʥʝʥʠʠ. 
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1. ɸʙʨʘʤʷʥ ɺ.ʂ. ʉʪʘʪʠʯʝʩʢʦʝ ʵʣʝʢʪʨʠʯʝʩʪʚʦ ʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ çʛʘʟ - 
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ʉɽʂʎʀʗ 2.  

ɻʆʈʅɸʗ ʀ ʉʊʈʆʀʊɽʃʔʅɸʗ ʊɽʍʅʀʂɸ 

ʀ ʊɽʍʅʆʃʆɻʀʀ 

 

ʃɸɹʆʈɸʊʆʈʅʓʁ ʇʈɸʂʊʀʂʋʄ ɺ ɻʆʈʅʆʄ ɼɽʃɽ 

ʑʫʢʠʥʘ ʅʘʪʘʣʠʷ ʆʣʝʛʦʚʥʘ 

ʩʪʫʜʝʥʪ ʤʘʛʠʩʪʨʘʪʫʨʳ,  
ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʦʛʦ ʛʦʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, 

 ʈʌ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

ɹʘʞʠʥ ɺʣʘʜʠʤʠʨ ʖʨʴʝʚʠʯ 

ʜ-ʨ ʪʝʭʥ. ʥʘʫʢ,  
ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ 

 ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʦʛʦ ʛʦʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, 
 ʈʌ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

 

ɺ ɽʚʨʦʧʝʡʩʢʦʡ ʯʘʩʪʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʠʤʝʶʪʩʷ ʫʥʠʢʘʣʴʥʳʝ 
ʟʘʣʝʞʠ ʥʝʙʦʢʩʠʪʦʚʳʭ ʨʫʜ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʢʠʘʥʠʪʦʚʳʤʠ ʩʣʘʥʮʘʤʠ 
ɹʦʣʴʰʠʭ ʂʝʡʚ. ʄʝʩʪʦʨʦʞʜʝʥʠʷ ʂʝʡʚʩʢʦʡ ʛʨʫʧʧʳ ʥʘʭʦʜʷʪʩʷ ʚ ʩʝʚʝʨʦ-
ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʂʦʣʴʩʢʦʛʦ ʧʦʣʫʦʩʪʨʦʚʘ. 

ʂʠʘʥʠʪʦʚʳʝ ʨʫʜʳ ï ʵʪʦ ʩʠʣʠʢʘʪʳ ʘʣʶʤʠʥʠʷ, ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ 
ʢ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʤ ʤʠʥʝʨʘʣʘʤ. ʆʥʠ ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ ʛʣʫʙʠʥʥʦʤ 
ʤʝʪʘʤʦʨʬʠʟʤʝ ʙʦʛʘʪʳʭ ʛʣʠʥʦʟʝʤʦʤ ʦʩʘʜʦʯʥʳʭ ʧʦʨʦʜ ʠ ʪʘʢʞʝ 
ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʢʚʘʨʮʝʚʳʭ ʞʠʣʘʭ ʠ ʢʦʥʪʘʢʪʥʳʭ ʟʦʥʘʭ ʧʝʛʤʘʪʠʪʦʚ. 
ʆʩʦʙʝʥʥʦʩʪʴʶ ʢʝʡʚʩʢʠʭ ʩʣʘʥʮʝʚ ʷʚʣʷʝʪʩʷ ʩʦʯʝʪʘʥʠʝ ʛʣʠʥʦʟʝʤʘ ʩ 
ʫʛʣʝʨʦʜʦʤ, ʩʝʨʦʡ, ʪʠʪʘʥʦʤ, ʨʝʜʢʠʤʠ ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, 
ʟʦʣʦʪʦʤ, ʯʪʦ ʜʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ 
ʧʦʠʩʢʘ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʠʭ ʧʝʨʝʨʘʙʦʪʢʠ [1]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʠʘʥʠʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʢʘʢ 
ʧʨʦʤʳʰʣʝʥʥʦʝ ʩʳʨʴʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʦʛʥʝʫʧʦʨʥʳʭ 
ʠ ʢʠʩʣʦʪʦʫʩʪʦʡʯʠʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʝʛʦ ʧʨʠʤʝʥʷʶʪ ʧʨʠ 
ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟʦʣʷʪʦʨʦʚ, ʪʠʛʣʝʡ ʜʣʷ ʣʠʪʴʷ ʩʪʘʣʠ ʠ ʟʘʧʘʣʴʥʳʭ ʩʚʝʯʝʡ 
ʚ ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʠ.  

ʇʨʝʜʩʪʘʚʣʷʝʪ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʠʟʫʯʝʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ 
ʩʦʩʪʘʚʘ, ʛʨʘʥʫʣʦʤʝʪʨʠʠ ʨʫʜʳ ʠ ʬʠʟʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʦʙʦʛʘʱʝʥʠʷ ʠ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʧʝʨʝʨʘʙʦʪʢʠ 
ʚ ʢʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ ï ʘʣʶʤʦ-ʢʨʝʤʥʠʝʚʳʡ ʩʧʣʘʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 
ʪʨʝʙʦʚʘʥʠʷʤ ʧʦʪʨʝʙʠʪʝʣʷ.  
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʚʦʦʯʝʨʝʜʥʦʡ ʟʘʜʘʯʝʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ 

ʠʟʫʯʝʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʨʫʜʳ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʚʳʧʦʣʥʠʪʴ 

ʧʦʩʪʘʚʣʝʥʥʫʶ ʟʘʜʘʯʫ, ʩʣʦʞʥʦʡ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʨʫʜʳ, ʘ ʠʤʝʥʥʦ 

ʩʥʠʟʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʪʠʪʘʥʘ ʠ ʞʝʣʝʟʘ, ʩʣʝʜʫʝʪ ʧʨʦʚʝʩʪʠ ʢʘʯʝʩʪʚʝʥʥʳʡ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʙʝʟ ʧʨʠʩʫʪʩʪʚʠʷ ʙʦʣʴʰʦʡ ʜʦʣʠ ʨʫʯʥʦʛʦ 

ʪʨʫʜʘ, ʛʜʝ ʜʣʷ ʵʪʦʛʦ ʚʳʧʦʣʥʷʝʪʩʷ ʜʨʦʙʣʝʥʠʝ, ʠʟʤʝʣʴʯʝʥʠʝ, ʠʩʪʠʨʘʥʠʝ ʚ 

ʩʪʫʧʢʝ, ʦʪʙʦʨ ʧʨʦʙʳ ʥʘ ʜʝʣʠʪʝʣʝ ɼʞʦʥʩʦʥʘ, ʘ ʜʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʘʚʪʦʤʘ-

ʪʠʟʠʨʦʚʘʥʥʦʝ ʨʘʟʤʝʱʝʥʠʝ, ʧʦʵʪʦʤʫ ʜʘʥʥʳʝ ʧʨʦʧʦʦʪʙʦʨ ʠ ʧʨʦʙʦʧʦʜ-

ʛʦʪʦʚʢʫ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʢʦʤʧʣʝʢʩʝ [2]. 

ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʣʘʙʦʨʘʪʦʨʥʳʡ ʢʦʤʧʣʝʢʩ ʚʳʧʦʣʥʷʶʱʠʡ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʘʢʫʶ ʩʭʝʤʫ (ʨʠʩ. 1). 
 

 

ʈʠʩʫʥʦʢ 1. ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʣʘʙʦʨʘʪʦʨʥʳʡ ʢʦʤʧʣʝʢʩ 
 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʦʛʦ ʧʦʣʫʧʨʦʜʫʢʪʘ ʢʠʘʥʠʪʦʚʘʷ ʨʫʜʘ ʜʦʣʞʥʘ 

ʧʨʦʡʪʠ ʧʨʦʮʝʩʩ ʪʦʥʢʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʧʦʢʘʞʝʪ ʦ ʥʘʧʨʘʚʣʝʥ-

ʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʝʧʘʨʘʮʠʠ ʥʘ ʫʯʘʩʪʢʝ ʦʙʦʛʘʱʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʠʪ 

ʩʥʠʟʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ. ɼʘʣʝʝ ʦʧʨʝʜʝʣʠʪʴ ʛʨʘʥʫʣʦʤʝʪʨʠʶ, ʘ ʪʘʢ ʞʝ 

ʧʦʩʤʦʪʨʝʪʴ, ʢʘʢ ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʭʠʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʚ ʤʘʩʩʘʭ.  
ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʩʝʭ ʦʧʝʨʘʮʠʡ, ʦʮʝʥʢʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʠ ʧʦʣʫʯʝʥʥʦʛʦ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠʥʠʤʘʝʪʩʷ ʨʝʰʝʥʠʝ: ʢʫʜʘ, 
ʥʘ ʢʘʢʠʝ ʧʝʨʝʜʝʣʳ ʠ ʢʘʢ ʨʫʜʫ ʧʝʨʝʨʘʙʘʪʳʚʘʪʴ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʪʙʦʨ ʧʨʦʙ ʜʝʣʘʝʪʩʷ ʚ ʨʫʯʥʫʶ, ʥʝʪ ʥʠʢʘʢʦʡ 
ʟʘʚʠʩʠʤʦʩʪʠ, ʪʦ ʝʩʪʴ ʥʝʪ ʩʫʱʝʩʪʚʫʶʱʝʡ ʧʝʨʠʦʜʠʢʠ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 
ʯʪʦ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʙʦʦʪʙʦʨʘ ʠ ʘʥʘʣʠʟʘ ʦʯʝʥʴ ʚʝʣʠʢʘ, ʥʦ ʩʫʱʝʩʪʚʫʶʪ 
ʩʦʚʨʝʤʝʥʥʳʝ ʧʨʠʙʦʨʳ. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʩʪʨʦʡʩʪʚʦ 
ʜʠʬʨʘʢʪʦʤʝʪʨʘ çɼʠʬʨʝʡ-402è ʠ ʘʥʘʣʠʟʘʪʦʨ çʈɽɸʅè ʧʨʝʜʧʨʠʷʪʠʷ 
ɿɸʆ çʅʘʫʯʥʳʝ ʧʨʠʙʦʨʳè. 
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ɼʘʥʥʳʝ ʧʨʠʙʦʨʳ ʦʩʥʦʚʘʥʳ ʥʘ ʦʜʥʠʭ ʠʟ ʥʘʠʙʦʣʝʝ ʤʦʱʥʳʭ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʝʪʦʜʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ. ʄʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʬʘʟʦʚʳʡ ʢʘʯʝʩʪʚʝʥʥʳʡ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚʳ 

ʚʝʱʝʩʪʚʘ, ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʢʨʠʩʪʘʣʣʦʚ, ʚʝʣʠʯʠʥʫ 

ʤʘʢʨʦ- ʠ ʤʠʢʨʦʠʩʢʘʞʝʥʠʡ, ʜʝʬʝʢʪʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ, ʨʘʟʤʝʨʳ 

ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʦʨʠʝʥʪʠʨʦʚʢʫ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ 

ʫʨʦʚʝʥʴ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ, ʠʩʩʣʝʜʦʚʘʪʴ 

ʪʝʢʩʪʫʨʳ. ʊʘʢʞʝ ʥʘ ʜʘʥʥʳʡ ʧʨʠʙʦʨʘʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʝʪʦʜ ʥʝʨʘʟʨʫ-

ʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʦʪ ʘʥʘʣʦʛʦʚ ʜʨʫʛʠʭ 

ʢʦʤʧʘʥʠʡ. ʕʪʠ ʧʨʠʙʦʨʳ ʧʦʟʚʦʣʷʶʪ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦ ʠ ʢʘʯʝʩʪʚʝʥʥʦ 

ʦʧʨʝʜʝʣʷʪʴ ʟʘʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʠ ʘʚʪʦ-

ʤʘʪʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ [3]. 

ɺ ʭʦʜʝ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʙʳʣ ʚʳʷʚʣʝʥ ʩʣʝʜʫʶʱʠʡ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.  

 

 

ʈʠʩʫʥʦʢ 2. ʈʝʟʫʣʴʪʘʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ 
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ʊʘʙʣʠʮʘ 1.  

ʈʝʟʫʣʴʪʘʪʳ 

ʀʩʢʦʤʳʝ ʬʘʟʳ 2ʪʝʪʘ ʈʘʩʩʯʠʪʘʥʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

Iron Silicon Fe2 Si Hapkeite, 

syn 
16 17 

Nickel Zinc Ni Zn  6 5 

Iron Zirconium S Zr2 Fe3 Si  6 5 

Iron Silicon Fe5 Si3  90 73 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 

ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʫʜʘʣʦʩʴ ʜʦʩʪʠʛʥʫʪʴ ʧʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʠ ʩʦʢʨʘʪʠʪʴ ʜʦʣʶ ʨʫʯʥʦʛʦ ʪʨʫʜʘ ʠ ʚʣʠʷʥʠʝ 

ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ 

ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʷ ʥʘ 20-30 %. 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. ʄʦʨʦʟʦʚ ɺ.ɺ., ʊʦʧʯʘʝʚ ɺ.ʇ ʈʘʟʨʘʙʦʪʢʘ ʠ ʧʨʠʤʝʥʝʥʠʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʦʙʦʛʘʱʝʥʠʷ ʧʦʣʝʟʥʳʤʠ ʠʩʢʦʧʘʝʤʳʤʠ. - 

ʄ: ʈʫʜʘ ʠ ʤʝʪʘʣʣʳ, 2013. 

2. ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʫʧʨʘʚʣʝʥʠʷ ʛʦʨʥʳʤʠ ʦʙʦʛʘʪʠʪʝʣʴʥʳʤʠ ʬʘʙʨʠʢʘʤʠ // 

ʧʦʜ ʦʙʱ.ʨʝʜ. ɹ.ɼ. ʂʦʰʘʨʩʢʦʛʦ ʠ ɸ.ʗ. ʉʠʪʢʦʚʩʢʦʛʦ. ï ʄ.: ʅʝʜʨʘ, 1977, - 527 ʩ. 

3. ɸʆ çʅʘʫʯʥʳʝ ʧʨʠʙʦʨʳè [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]: http://www.sinstr.ru. 
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ʉɽʂʎʀʗ 3.  

ʀʅʌʆʈʄɸʊʀʂɸ, ɺʓʏʀʉʃʀʊɽʃʔʅɸʗ ʊɽʍʅʀʂɸ 

ʀ ʋʇʈɸɺʃɽʅʀɽ 

 

ɿɸɼɸʏɸ ʉʆɿɼɸʅʀʗ ʉʀʉʊɽʄʓ ʀʄʀʊɸʎʀʆʅʅʆɻʆ 

ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʅɸ ʂʃɸʉʊɽʈɽ 

ɺʝʥʜʠʥ ɸʣʝʢʩʘʥʜʨ ʉʝʨʛʝʝʚʠʯ 

ʘʩʧʠʨʘʥʪ,  
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

 çɺʳʩʰʘʷ ʰʢʦʣʘ ʵʢʦʥʦʤʠʢʠè, 
 ʈʌ, ʛ. ʄʦʩʢʚʘ 

 

ʆʙʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʠʩʪʝʤʝ ʀʄ. ʉʦʟʜʘʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʀʄ ʜʦʣʞʥʘ 

ʙʳʪʴ ʭʦʨʦʰʦ ʤʘʩʰʪʘʙʠʨʫʝʤʘ. ʉʠʩʪʝʤʘ ʜʦʣʞʥʘ ʫʤʝʪʴ ʧʨʦʚʦʜʠʪʴ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʣʘʩʪʝʨʦʚ. ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝʤ 

ʢʦʜʘ ʠ ʝʛʦ ʩʠʥʭʨʦʥʠʟʘʮʠʝʡ ʜʦʣʞʥʘ ʟʘʥʠʤʘʪʴʩʷ ʩʠʩʪʝʤʘ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ, 

ʙʝʟ ʫʯʘʩʪʠʷ ʧʦʣʴʟʦʚʘʪʝʣʷ [1]. 

ʆʩʥʦʚʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʠʩʪʝʤʝ ʀʄ ʩʦʩʪʦʷʪ ʚ ʩʣʝʜʫʶʱʝʤ. 

ʉʠʩʪʝʤʘ ʀʄ ʜʦʣʞʥʘ ʫʤʝʪʴ ʧʦʜʜʝʨʞʠʚʘʪʴ ʦʧʨʝʜʝʣʝʥʥʳʡ ʬʫʥʢ-

ʮʠʦʥʘʣ, ʩʚʦʡʩʪʚʝʥʥʳʡ ʜʣʷ ʘʛʝʥʪʥʳʭ ʩʠʩʪʝʤ, ʠ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʜʘʥʥʳʡ 

ʬʫʥʢʮʠʦʥʘʣ ʚ ʚʠʜʝ ʙʠʙʣʠʦʪʝʢ.  

ɺʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʘʛʝʥʪʘ, ʛʨʫʧʧʳ ʘʛʝʥʪʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʤʝʞʜʫ ʘʛʝʥʪʘʤʠ. ɼʦʙʘʚʣʝʥʠʝ ʩʨʝʜʳ ʚ ʤʦʜʝʣʴ, ʫʩʪʘʥʦʚʢʘ ʟʘʢʦʥʦʚ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʨʝʜʦʡ, ʫʩʪʘʥʦʚʢʘ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʚʨʝʤʝʥʠ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʥʝʢʦʪʦʨʳʭ ʙʘʟʦʚʳʭ ʤʝʭʘʥʠʟʤʦʚ ʩʦʮʠ-

ʘʣʴʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʠ ʩʪʨʫʢʪʫʨ. ʇʦʜʜʝʨʞʢʘ, ʜʦʧʦʣʥʝʥʠʷ ʠ ʨʘʩʰʠʨʝʥʠʷ 

ʪʘʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʢʘʢ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʧʩʠʭʠʯʝʩʢʠʝ ʨʘʟʣʠʯʠʷ, ʜʠʬ-

ʬʝʨʝʥʮʠʘʮʠʷ ʬʫʥʢʮʠʡ ʠ ʪ. ʧ. 

ʉʦʟʜʘʥʠʝ ʤʦʜʝʣʝʡ ʚʥʫʪʨʝʥʥʝʛʦ ʠ ʚʥʝʰʥʝʛʦ ʤʠʨʘ ʘʛʝʥʪʘ. 

ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʩʠʩʪʝʤʝ ʀʄ. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʙʠʙʣʠʦʪʝʢʝ 

(ʠʣʠ ʩʨʝʜʝ) ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʢʦʣʣʝʢʪʠʚʦʚ ʩ ʩʦʮʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʚ ʦʙʣʘʩʪʠ ʨʦʙʦʪʦʪʝʭʥʠʢʠ:  

¶ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ, ʧʨʦʚʝʜʝʥʠʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʧʦʜʜʝʨʞʢʘ ʩʦ 

ʩʪʦʨʦʥʳ ʙʠʙʣʠʦʪʝʢʠ (ʠʥʬʦʨʤʘʮʠʷ ʧʨʦ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʢʦʜʘ ʠ ʝʛʦ 
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ʩʠʥʭʨʦʥʠʟʘʮʠʷ ʩʢʨʳʪʘ ʦʪ ʧʦʣʴʟʦʚʘʪʝʣʷ. ʇʦʣʴʟʦʚʘʪʝʣʴ ʥʝ ʜʦʣʞʝʥ 

ʧʨʠʥʠʤʘʪʴ ʫʯʘʩʪʠʝ ʚ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʠ ʚʳʯʠʩʣʝʥʠʡ); 

¶ ʧʦʜʜʝʨʞʢʘ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ ʘʛʝʥʪʥʳʭ ʩʠʩʪʝʤ. 

ʆʬʦʨʤʣʝʥʠʝ ʪʘʢʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ ʚ ʚʠʜʝ ʙʠʙʣʠʦʪʝʢ ʩ ʧʦʜʜʝʨʞʢʦʡ 

ʘʛʝʥʪʘ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʘʛʝʥʪʘʤʠ, ʧʦʜʜʝʨʞʢʘ ʩʨʝʜʳ, ʟʘʢʦʥʦʚ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʨʝʜʦʡ, ʧʦʜʜʝʨʞʢʘ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʚʨʝʤʝʥʠ; 

¶ ʨʝʘʣʠʟʘʮʠʷ ʙʘʟʦʚʳʭ ʤʝʭʘʥʠʟʤʦʚ ʩʦʮʠʘʣʴʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʠ 

ʩʪʨʫʢʪʫʨ, ʠʭ ʧʦʜʜʝʨʞʢʘ. ɼʦʧʦʣʥʝʥʠʝ ʠ ʨʘʩʰʠʨʝʥʠʝ ʪʘʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, 

ʢʘʢ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʧʩʠʭʠʯʝʩʢʠʝ ʨʘʟʣʠʯʠʷ, ʜʠʬʬʝʨʝʥʮʠʘʮʠʷ ʬʫʥʢʮʠʡ 

ʠ ʪ. ʧ.;  

¶ ʧʦʜʜʝʨʞʢʘ ʩʦʟʜʘʥʠʷ ʤʦʜʝʣʝʡ ʚʥʫʪʨʝʥʥʝʛʦ ʠ ʚʥʝʰʥʝʛʦ ʤʠʨʘ 

ʘʛʝʥʪʘ;  

¶ ʧʦʜʜʝʨʞʢʘ ʤʦʜʝʣʠ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʢʦʣ-

ʣʝʢʪʠʚʦʚ.  

ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʚʳʜʝʣʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʪʨʝʙʦ-

ʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʚʘʞʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʨʘʟʣʠʯʥʳʤʠ ʛʨʫʧʧʘʤʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ:  

¶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ ʢʦʜʘ ʚ ʩʪʦʨʦʥʥʠʡ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʡ 

ʛʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ, ʨʝʘʣʠʟʘʮʠʷ ʙʘʟʦʚʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʜʣʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʠʩʪʝʤʦʡ ʀʄ, ʚʠʟʫʘʣʠʟʘʮʠʷ ʜʘʥʥʳʭ, ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʚ ʤʦʜʝʣʠ; 

¶ ʵʢʩʧʦʨʪ ʜʘʥʥʳʭ ʚ ʦʪʢʨʳʪʳʝ ʬʦʨʤʘʪʳ (CSV, GraphML ʠ ʪ. ʧ.) 
ʜʣʷ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʜʨʫʛʠʭ 

ʠʥʩʪʨʫʤʝʥʪʘʭ; 

¶ ʨʝʘʣʠʟʘʮʠʷ ʧʨʦʝʢʪʘ ʚ (Open source [2]). ʉʦʙʣʶʜʝʥʠʝ ʩʪʠʣʝʡ ʧʨʠ 

ʥʘʧʠʩʘʥʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ, ʩʦʟʜʘʥʠʝ ʧʦʜʨʦʙʥʦʡ ʠʩʯʝʨʧʳʚʘʶʱʝʡ 

ʜʦʢʫʤʝʥʪʘʮʠʠ ʠ ʘʥʘʣʦʛʠʯʥʦʝ ʦʧʠʩʘʥʠʝ API ʩ ʦʧʠʩʘʥʠʝʤ ʦʙʱʝʛʦ 

ʫʩʪʨʦʡʩʪʚʘ, ʘʨʭʠʪʝʢʪʫʨʳ, ʧʨʠʤʝʥʷʝʤʳʭ ʢʦʥʮʝʧʮʠʡ ʠ ʪʝʭʥʦʣʦʛʠʡ: 

¶ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʠʬʠʢʘʮʠʠ ʢʦʜʘ ʩ ʧʦʜʜʝʨʞʢʦʡ ʧʣʘʛʠʥʦʚ ʠʣʠ 

ʠʥʳʭ ʩʪʘʥʜʘʨʪʥʳʭ ʩʧʦʩʦʙʦʚ ʨʘʩʰʠʨʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʠ ʠʩʧʨʘʚʣʝʥʠʷ 

ʦʰʠʙʦʢ. ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʩʰʠʨʝʥʠʷ ʜʦ ʙʦʣʴʰʝʛʦ ʢʣʘʩʩʘ ʧʦʜʜʝʨʞʠʚʘʝʤʳʭ 

ʩʠʩʪʝʤ [2]. 

ɼʣʷ ʘʥʘʣʠʟʘ ʚʟʷʪ ʨʷʜ ʩʠʩʪʝʤ. ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʧʨʠʚʝʜʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 1. 
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ʊʘʙʣʠʮʘ 1. 

ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʠʩʪʝʤ ʠʤʠʪʘʮʠʦʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʉʠʩʪʝʤʘ 
ʤʦʜʝʣʠʨʦʚʘʥʠʷ  

StarLogo 
Nova[3] 

Swarm 
[4] 

Mason 
[5]  

TeamBots 
[6] 

Ascape 
[7] 

Stage 
[8] 

V-REP 
[9] 

ʀʤʠʪʘʮʠʷ 
ʬʠʟʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʦʙʲʝʢʪʘ 

- - - - - - - 

ʈʝʘʣʠʟʘʮʠʷ 
ʙʠʙʣʠʦʪʝʢ 

ʵʣʝʤʝʥʪʦʚ ʨʦʙʦʪʘ  

- - - + - + + 

ʅʘʣʠʯʠʝ 
ʧʦʜʜʝʨʞʢʠ 
ʢʦʤʤʫʥʠʢʘʮʠʠ 
ʤʝʞʜʫ ʘʛʝʥʪʘʤʠ 

+ + + + + + - 

ʇʦʜʜʝʨʞʢʘ 
ʙʦʣʴʰʦʛʦ ʢʦʣʠ-
ʯʝʩʪʚʘ ʘʛʝʥʪʦʚ 

+ + + + + + - 

ʋʨʦʚʝʥʴ 
ʧʦʜʜʝʨʞʢʠ 

+ - +- - +- + + 

ʇʦʜʜʝʨʞʢʘ 
ʚʳʯʠʩʣʝʥʠʡ ʥʘ 
ʢʣʘʩʪʝʨʘʭ  

- - - - - - - 

ʅʘʣʠʯʠʝ 
ʩʦʮʠʘʣʴʥʦ 
ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 
ʙʠʙʣʠʦʪʝʢ 

- - - - - - - 

 

ɿʘʜʘʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ ʥʠ ʦʜʥʘ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʠʩʪʝʤ ʥʝ 
ʫʜʦʚʣʝʪʚʦʨʷʝʪ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʵʪʠ ʩʠʩʪʝʤʳ 
ʥʝ ʧʦʜʜʝʨʞʠʚʘʶʪ ʚʳʯʠʩʣʝʥʠʷ ʥʘ ʢʣʘʩʪʝʨʘʭ. 

ʉʦʟʜʘʥʠʝ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʳ ʩʠʩʪʝʤʳ ʀʄ. ʉʘʤʘʷ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ 
ʷʜʨʘ ʩʠʩʪʝʤʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʨʠʩ. 1) (ʉʄ) ï ʵʪʦ ʝʸ ʨʘʩʯʝʪʥʳʡ ʤʦʜʫʣʴ, 
ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʤʦʜʝʣʠ. ʇʝʨʝʨʘʩʯʝʪ 
ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʪʝʭ ʘʣʛʦʨʠʪʤʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʟʘʣʦʞʝʥʳ 
ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʳʭ. ʀʩʭʦʜʷ ʠʟ ʪʨʝʙʦʚʘʥʠʡ ʢ ʉʄ ʚ ʨʘʩʯʝʪʥʳʡ ʤʦʜʫʣʴ 
ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʟʘʢʣʘʜʳʚʘʝʪʩʷ ʧʦʜʜʝʨʞʢʘ ʤʥʦʛʦʧʦʪʦʯʥʦʛʦ ʧʨʦʛʨʘʤ-
ʤʠʨʦʚʘʥʠʷ ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ 
ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʰʠʥʳ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ 
ʚʳʯʠʩʣʝʥʠʡ, ʝʩʣʠ ʉʄ ʙʫʜʝʪ ʨʘʟʚʝʨʥʫʪʘ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʝʪʠ. ʄʦʜʫʣʴ 
ʘʛʝʥʪʦʚ ʙʫʜʝʪ ʦʪʚʝʯʘʪʴ ʟʘ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʚ ʩʠʩʪʝʤʝ ʵʣʝʤʝʥʪʘʨʥʳʭ 
ʨʦʙʦʪʦʚ, ʤʦʜʫʣʴ ʩʨʝʜʳ/ʧʨʦʩʪʨʘʥʩʪʚʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʙʫʜʝʪ ʦʪʚʝʯʘʪʴ 
ʟʘ ʧʦʣʦʞʝʥʠʝ ʘʛʝʥʪʦʚ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 
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