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ȼɵɜɨɞɵ: 
1. ɋɭɳɟɫɬɜɭɟɬ ɪɟɚɥɶɧɚɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɢ ɨɛɪɵɜɟ ɩɪɨɜɨɞɚ ɜɨɡɞɭɲɧɨɣ ɥɢɧɢɢ ɷɥɟɤɬɪɨɩɟɪɟɞɚɱ 

ɤɚɪɶɟɪɧɵɯ ɪɚɫɩɪɟɞɟɥɢɬɟɥɶɧɵɯ ɫɟɬɟɣ ɨɬɤɥɸɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɞɨ ɩɚɞɟɧɢɹ ɩɪɨɜɨɞɚ ɧɚ ɡɟɦɥɸ. 
2. ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɧɰɢɩɚ ɞɟɣɫɬɜɢɹ ɞɥɹ ɨɛɧɚɪɭɠɟɧɢɹ ɨɛɪɵɜɚ ɮɚɡɧɨɝɨ ɩɪɨɜɨɞɚ ɜ ɜɨɡɞɭɲɧɨɣ Ʌɗɉ 

ɪɚɫɩɪɟɞɟɥɢɬɟɥɶɧɨɣ ɫɟɬɢ ɢ ɪɟɚɥɢɡɚɰɢɢ ɭɫɬɪɨɣɫɬɜɚ ɡɚɳɢɬɧɨɝɨ ɨɬɤɥɸɱɟɧɢɹ ɩɪɢɧɢɦɚɟɦ ɹɜɥɟɧɢɟ 
ɢɫɱɟɡɧɨɜɟɧɢɹ ɢɥɢ ɪɟɡɤɨɝɨ ɢ ɝɥɭɛɨɤɨɝɨ ɫɧɢɠɟɧɢɹ ɬɨɤɚ ɜ ɨɞɧɨɣ ɢɡ ɮɚɡ ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɥɢɧɢɢ. 
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ɆɈȾȿɅɂɊɈȼȺɇɂȿ ɇȺȽɊɍɀȿɇɇɈȽɈ ɊȿɀɂɆȺ ɌəȽɈȼɈɃ ɋȿɌɂ ɒȺɏɌɇɈȽɈ 
ɌɊȺɇɋɉɈɊɌȺ ȼɕɋɈɄɈɑȺɋɌɈɌɇɕɆɂ ɗɅȿɄɌɊɈȼɈɁȺɆɂ 

 
ɋɨɜɪɟɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɭɝɨɥɶɧɵɯ ɲɚɯɬ ɍɤɪɚɢɧɵ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɧɚɥɢɱɢɟɦ ɰɟɥɨɝɨ ɪɹɞɚ ɮɚɤɬɨɪɨɜ, 

ɧɟɝɚɬɢɜɧɨ ɫɤɚɡɵɜɚɸɳɢɯɫɹ ɧɚ ɛɟɡɨɩɚɫɧɨɫɬɢ ɢɯ ɷɤɫɩɥɭɚɬɚɰɢɢ. ȼ ɱɚɫɬɧɨɫɬɢ, ɭɩɨɦɹɧɭɬɵɟ ɩɪɢɱɢɧɵ ɩɪɨɹɜ-
ɥɹɸɬɫɹ ɢ ɜ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɢ ɲɚɯɬɧɨɝɨ ɪɟɥɶɫɨɜɨɝɨ ɬɪɚɧɫɩɨɪɬɚ. ɉɨɷɬɨɦɭ ɩɨɜɵɲɟɧɢɟ ɛɟɡɨɩɚɫɧɨɫɬɢ 
ɷɥɟɤɬɪɨɜɨɡɧɨɣ ɨɬɤɚɬɤɢ ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ. ɉɟɪɫɩɟɤɬɢɜɧɵɦ ɜ ɷɬɨɦ ɨɬɧɨɲɟɧɢɢ ɜɢɞɢɬɫɹ  ɩɪɢɦɟ-
ɧɟɧɢɟ ɛɟɫɤɨɧɬɚɤɬɧɵɯ ɷɥɟɤɬɪɨɜɨɡɨɜ ɩɨɜɵɲɟɧɧɨɣ ɱɚɫɬɨɬɵ, ɨɫɨɛɟɧɧɨ ɧɚ ɝɪɭɡɨɧɚɩɪɹɠɟɧɧɵɯ ɧɚɩɪɚɜɥɟɧɢɹɯ, 
ɩɨɫɤɨɥɶɤɭ ɩɨɡɜɨɥɹɟɬ ɩɨɜɵɫɢɬɶ ɛɟɡɨɩɚɫɧɨɫɬɶ ɬɪɚɧɫɩɨɪɬɢɪɨɜɤɢ ɛɥɚɝɨɞɚɪɹ ɛɟɡɵɫɤɪɨɜɨɦɭ ɬɨɤɨɫɴɟɦɭ. 

 

ɉɨɫɬɚɧɨɜɤɚ ɩɪɨɛɥɟɦɵ. Ɉɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɬɪɚɧɫɩɨɪɬɚ, ɨɛɟɫɩɟɱɢɜɚ-
ɸɳɢɦ ɧɚɩɪɚɜɥɟɧɧɭɸ ɩɟɪɟɞɚɱɭ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɜɨɡɭ, ɹɜɥɹɟɬɫɹ ɬɹɝɨɜɚɹ ɫɟɬɶ, ɩɚɪɚɦɟɬɪɵ ɪɟɠɢɦɨɜ ɤɨɬɨɪɨɣ 
ɞɨɥɠɧɵ ɫɨɨɬɜɟɬɫɬɜɨɜɚɬɶ ɬɪɟɛɨɜɚɧɢɹɦ ɨɛɥɚɫɬɢ ɩɪɢɦɟɧɟɧɢɹ. Ɋɚɡɧɵɟ ɫɩɨɫɨɛɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɟɠɢɦɨɜ ɫɟ-
ɬɢ ɞɚɸɬ ɪɟɡɭɥɶɬɚɬɵ, ɯɚɪɚɤɬɟɪɧɵɟ ɞɥɹ ɱɚɫɬɧɵɯ ɫɥɭɱɚɟɜ, ɨɞɧɚɤɨ ɜɚɠɧɵɦ ɨɫɬɚɟɬɫɹ ɜɵɛɨɪ ɫɩɨɫɨɛɚ ɦɨɞɟɥɢ-
ɪɨɜɚɧɢɹ, ɤɨɬɨɪɵɣ ɫɦɨɝ ɛɵ ɭɱɟɫɬɶ ɝɥɚɜɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɧɚɝɪɭɠɟɧɧɨɝɨ ɪɟɠɢɦɚ Д1Ж. 

 

Аɧɚɥɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɩɨɫɥɟɞɧɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. ȼ ɪɚɛɨɬɚɯ Д2-4Ж ɪɚɫɫɦɨɬɪɟɧɵ ɨɫɧɨɜɧɵɟ ɡɚɞɚɱɢ ɦɨɞɟ-
ɥɢɪɨɜɚɧɢɹ ɪɟɠɢɦɨɜ ɪɚɛɨɬɵ ɬɪɚɧɫɩɨɪɬɚ ɫ ɢɧɞɭɤɬɢɜɧɨɣ ɩɟɪɟɞɚɱɟɣ ɷɧɟɪɝɢɢ ɢ ɩɨɤɚɡɚɧɵ. ɪɚɡɥɢɱɧɵɟ ɩɨɞɯɨ-
ɞɵ ɤ ɢɯ ɪɟɲɟɧɢɸ. ɂɫɫɥɟɞɨɜɚɧɢɟ ɧɚɝɪɭɠɟɧɧɨɝɨ ɪɟɠɢɦɚ ɬɹɝɨɜɨɣ ɫɟɬɢ ɹɜɥɹɟɬɫɹ ɧɟɩɪɨɫɬɨɣ ɡɚɞɚɱɟɣ ɜ ɫɢɥɭ 
ɨɫɨɛɟɧɧɨɫɬɟɣ ɪɚɛɨɬɵ ɬɪɚɧɫɩɨɪɬɚ, ɱɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɫɥɨɠɧɨɫɬɶɸ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɨɩɢɫɚɧɢɹ ɧɟɫɬɚɰɢɨɧɚɪ-
ɧɨɣ ɧɚɝɪɭɡɤɢ, ɜɤɥɸɱɟɧɧɨɣ ɧɚ ɪɚɛɨɬɚɸɳɭɸ ɜ ɤɜɚɡɢɭɫɬɚɧɨɜɢɜɲɟɦɫɹ ɪɟɠɢɦɟ ɥɢɧɢɸ Д3,4]. 

 

ɐɟɥɶ ɢ ɡɚɞɚɱɢ ɢɫɫɥɟɞɨɜɚɧɢɣ. ȼ ɞɚɧɧɨɣ ɫɬɚɬɶɟ ɫɬɚɜɢɬɫɹ ɡɚɞɚɱɚ ɨɛɨɫɧɨɜɚɧɢɹ ɫɩɨɫɨɛɚ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 
ɧɚɝɪɭɠɟɧɧɨɣ ɬɹɝɨɜɨɣ ɫɟɬɢ.  

 

ɂɡɥɨɠɟɧɢɟ ɨɫɧɨɜɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. Ɋɚɫɫɦɨɬɪɢɦ ɦɨɞɟɥɶ,  ɩɨɥɭɱɟɧɧɭɸ ɧɚ ɨɫɧɨɜɟ ɨɩɢɫɚɧɢɹ ɩɪɨɰɟɫɫɨɜ, 
ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɬɹɝɨɜɨɣ ɫɟɬɢ, ɜ ɜɢɞɟ ɤɥɚɫɫɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ «ɬɟɥɟɝɪɚɮɧɵɯ ɭɪɚɜɧɟɧɢɣ», ɞɨɩɨɥɧɟɧɧɨɣ 
ɷɥɟɦɟɧɬɚɦɢ, ɤɨɬɨɪɵɟ ɭɱɢɬɵɜɚɸɬ ɨɫɨɛɟɧɧɨɫɬɢ ɨɛɴɟɤɬɚ Д2,4Ж: 
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ɝɞɟ ),(1 txF – ɮɭɧɤɰɢɹ, ɤɨɬɨɪɚɹ ɨɬɪɚɠɚɟɬ ɞɥɹ ɤɚɠɞɨɝɨ ɫɟɱɟɧɢɹ ɬɹɝɨɜɨɣ ɫɟɬɢ ɨɫɨɛɟɧɧɨɫɬɢ ɜ ɜɢɞɟ ɜɤɥɸ-

ɱɟɧɧɵɯ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ; 0L , 0C , 0R – ɩɟɪɜɢɱɧɵɟ ɪɚɫɩɪɟɞɟɥɟɧɧɵɟ ɩɚɪɚɦɟɬɪɵ ɥɢɧɢɢ. 
ɉɪɟɨɛɪɚɡɨɜɚɧɢɟ ɩɭɬɟɦ ɪɚɡɞɟɥɟɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (1) ɩɪɢɜɨɞɢɬ ɟɺ ɤ ɞɢɮɮɟɪɟɧɰɢ-

ɚɥɶɧɵɦ ɭɪɚɜɧɟɧɢɹɦ ɜ ɱɚɫɬɧɵɯ ɩɪɨɢɡɜɨɞɧɵɯ 2-ɝɨ ɩɨɪɹɞɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɚɩɪɹɠɟɧɢɹ ɢɥɢ ɬɨɤɚ, ɤɨɬɨɪɵɟ 
ɨɬɧɨɫɹɬɫɹ ɤ ɝɢɩɟɪɛɨɥɢɱɟɫɤɨɦɭ ɬɢɩɭ ɢ ɪɟɲɚɸɬɫɹ ɱɢɫɥɟɧɧɵɦɢ ɦɟɬɨɞɚɦɢ, ɩɪɢɱɟɦ ɜɵɛɨɪ ɦɟɬɨɞɚ ɧɚɩɪɹɦɭɸ 
ɡɚɜɢɫɢɬ ɨɬ ɜɢɞɚ ɮɭɧɤɰɢɢ ),(1 txF . 

ȼ ɪɚɛɨɬɚɯ Д2, 3Ж ɡɚɜɢɫɢɦɨɫɬɶ ),(1 txF  ɩɪɟɞɫɬɚɜɥɟɧɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɛɨɛɳɟɧɧɨɣ ɮɭɧɤɰɢɢ 

)( kxx  . ɗɬɨ ɩɨɡɜɨɥɢɥɨ ɨɩɢɫɚɬɶ ɩɪɨɰɟɫɫɵ, ɩɪɨɢɫɯɨɞɹɳɢɟ ɜ ɬɹɝɨɜɨɣ ɫɟɬɢ, ɢɦɟɸɳɟɣ ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɟ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɜ ɜɢɞɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɜɤɥɸɱɟɧɧɵɯ ɤɨɧɞɟɧɫɚɬɨɪɨɜ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ. Ɋɟɲɟɧɢɟ 
ɩɨɥɭɱɟɧɨ ɦɟɬɨɞɨɦ ɩɪɨɝɨɧɤɢ, ɤɨɬɨɪɵɣ ɨɛɥɚɞɚɟɬ ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɩɪɢ ɧɚɥɢɱɢɢ ɪɚɡɪɵɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ, 
ɚ ɬɚɤɠɟ ɞɚɟɬ ɩɨɝɪɟɲɧɨɫɬɶ ɜ ɞɨɩɭɫɬɢɦɵɯ ɩɪɟɞɟɥɚɯ ɩɪɢ ɡɚɞɚɧɧɨɣ ɩɨɫɬɚɧɨɜɤɟ ɡɚɞɚɱɢ. Ɉɞɧɚɤɨ ɨɩɢɫɚɧɧɨɟ 
ɪɟɲɟɧɢɟ ɫɩɪɚɜɟɞɥɢɜɨ ɥɢɲɶ ɞɥɹ ɧɟɧɚɝɪɭɠɟɧɧɨɣ ɬɹɝɨɜɨɣ ɫɟɬɢ, ɬ.ɟ. ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɩɪɨɰɟɫɫɵ 
ɬɨɥɶɤɨ ɩɪɢ ɩɭɫɤɟ ɬɹɝɨɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɱɚɫɬɨɬɵ ɢ ɯɨɥɨɫɬɨɦ ɯɨɞɟ ɥɢɧɢɢ. ɉɨɹɜɥɟɧɢɟ ɧɚɝɪɭɡɤɢ ɜ ɜɢɞɟ 
ɜɧɨɫɢɦɨɝɨ ɨɬ ɷɥɟɤɬɪɨɜɨɡɚ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɭɫɥɨɜɥɢɜɚɟɬ ɜɜɟɞɟɧɢɟ ɧɨɜɨɣ ɮɭɧɤɰɢɢ ),(2 txF , ɤɨɬɨɪɚɹ 
ɨɩɢɫɵɜɚɟɬ ɩɪɨɰɟɫɫɵ ɜ ɧɚɝɪɭɠɟɧɧɨɣ ɬɹɝɨɜɨɣ ɫɟɬɢ. ȼ ɪɚɛɨɬɟ Д3Ж ɩɨɤɚɡɚɧɨ, ɱɬɨ ɬɚɤɚɹ ɮɭɧɤɰɢɹ ɦɨɠɟɬ ɛɵɬɶ 
ɫɮɨɪɦɢɪɨɜɚɧɚ ɫ ɩɨɦɨɳɶɸ ɪɚɡɪɵɜɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ )( ɜɧxx , ɚɧɚɥɨɝɢɱɧɨɝɨ ɬɨɦɭ, ɤɨɬɨɪɵɣ ɭɱɢɬɵɜɚ-
ɟɬ ɜ Д2, 3Ж ɜɥɢɹɧɢɟ ɤɨɧɞɟɧɫɚɬɨɪɨɜ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ. Ɉɞɧɚɤɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɬɚɤɨɣ ɦɨɞɟɥɢ ɩɪɢ 
ɪɚɫɫɦɨɬɪɟɧɢɢ ɷɥɟɤɬɪɨɜɨɡɚ ɜ ɪɚɡɥɢɱɧɵɯ ɬɨɱɤɚɯ ɦɚɪɲɪɭɬɚ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɫ ɭɞɚɥɟɧɢɟɦ ɨɬ ɬɹɝɨɜɨɣ ɩɨɞɫɬɚɧ-
ɰɢɢ ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɞɨ ɧɟɞɨɩɭɫɬɢɦɵɯ ɡɧɚɱɟɧɢɣ.  ɉɨɫɥɟɞɧɟɟ ɨɱɟɜɢɞɧɨ ɨɛɭɫɥɨɜɥɟɧɨ 
ɝɪɨɦɨɡɞɤɨɫɬɶɸ ɨɩɢɫɚɧɢɹ ɜɤɥɸɱɟɧɧɵɯ ɜ ɬɹɝɨɜɭɸ ɫɟɬɶ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɜ ɜɢɞɟ ɞɜɭɯ ɪɚɡɪɵɜɧɵɯ ɮɭɧɤɰɢɣ 

),(1 txF  ɢ ),(2 txF . ɇɚɥɢɱɢɟ ɞɜɭɯ ɪɚɡɪɵɜɧɵɯ ɮɭɧɤɰɢɣ ɭɫɥɨɠɧɹɟɬ ɚɥɝɨɪɢɬɦ ɩɨɥɭɱɟɧɢɹ ɪɟɲɟɧɢɹ ɢ ɫɧɢ-
ɠɚɟɬ ɟɝɨ ɬɨɱɧɨɫɬɶ. 

ɉɪɟɞɫɬɚɜɢɦ ɦɨɞɟɥɶ ɬɹɝɨɜɨɣ ɫɟɬɢ ɜ ɧɟɫɤɨɥɶɤɨ ɢɡɦɟɧɟɧɧɨɦ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ Д4Ж ɜɢɞɟ 

  

                                
0 0

0

/ / ( , );

/ / ,

u x L i t R i F x t

i x C u t

       
    
                                                (2) 

 

ɝɞɟ ( , )F x t  – ɮɭɧɤɰɢɹ, ɤɨɬɨɪɚɹ ɨɬɪɚɠɚɟɬ ɞɥɹ ɤɚɠɞɨɝɨ ɫɟɱɟɧɢɹ ɬɹɝɨɜɨɣ ɫɟɬɢ ɜɤɥɸɱɟɧɧɵɟ ɧɟɨɞɧɨ-
ɪɨɞɧɨɫɬɢ (ɤɨɧɞɟɧɫɚɬɨɪɵ ɩɪɨɞɨɥɶɧɨɣ ɟɦɤɨɫɬɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ ɢ ɜɧɨɫɢɦɵɟ ɷɥɟɤɬɪɨɜɨɡɚɦɢ ɫɨɩɪɨɬɢɜɥɟ-
ɧɢɹ). ɉɨɫɥɟ ɬɨɠɞɟɫɬɜɟɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɩɨɥɭɱɢɦ ɫɥɟɞɭɸɳɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ ɞɥɹ ɧɚɩɪɹɠɟɧɢɹ ɢ 
ɬɨɤɚ ɬɹɝɨɜɨɣ ɫɟɬɢ:  

 

 

2 2 2 2

0 0 0 0

2 2 2 2

0 0 0 0

/ / / '( , );

/ / / '( , ).

u x L C u t R C u t F x t

i x L C i t R C i t F x t

            
            
                                  (3) 

 

Ɋɚɫɫɦɨɬɪɢɦ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɜ ɦɨɞɟɥɢ Д2Ж ɩɪɨɞɨɥɶɧɨɣ ɟɦɤɨɫɬɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ ɜ ɜɢɞɟ 

 

                                                        
1

( ),
m

k k

k

u x x


                                                                    (4) 

 

ɝɞɟ uk – ɦɝɧɨɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɩɚɞɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɤɨɧɞɟɧɫɚɬɨɪɟ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ; k – ɧɨɦɟɪ 
ɤɨɦɩɟɧɫɢɪɭɸɳɟɝɨ ɤɨɧɞɟɧɫɚɬɨɪɚ; m – ɱɢɫɥɨ ɤɨɦɩɟɧɫɢɪɭɸɳɢɯ ɤɨɧɞɟɧɫɚɬɨɪɨɜ ɞɨ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɫɟɱɟ-
ɧɢɹ; xk – ɤɨɨɪɞɢɧɚɬɚ ɤɨɦɩɟɧɫɢɪɭɸɳɟɝɨ ɤɨɧɞɟɧɫɚɬɨɪɚ;  δ(б-xk) – ɞɟɥɶɬɚ-ɮɭɧɤɰɢɹ. 

Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɞɟɥɶɬɚ-ɮɭɧɤɰɢɹ ɨɩɢɫɵɜɚɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

 

0 ;

( ) 1 ;

0 .

k

k k

k

    x x

x x     x x

    x x




  



 

 

Ɉɩɢɫɚɧɢɟ ɜ ɦɨɞɟɥɢ Д2Ж ɜɧɨɫɢɦɵɯ ɷɥɟɤɬɪɨɜɨɡɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɬɚɤɠɟ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ 
ɜɜɟɞɟɧɢɹ ɞɟɥɶɬɚ-ɮɭɧɤɰɢɢ, ɬ. ɟ. 
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1

( ),

N
å

ÂÍ ÂÍ ÂÍ
z ³ x x                                                                (5) 

 

ɝɞɟ: iȼɇ – ɦɝɧɨɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɬɨɤɚ ɜ ɫɟɱɟɧɢɢ ɬɹɝɨɜɨɣ ɫɟɬɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɦɟɫɬɨɧɚɯɨɠɞɟɧɢɸ ɷɥɟɤ-
ɬɪɨɜɨɡɚ; ɯȼɇ – ɤɨɨɪɞɢɧɚɬɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɫɟɱɟɧɢɹ; zȼɇ – ɡɧɚɱɟɧɢɟ ɜɧɨɫɢɦɨɝɨ ɷɥɟɤɬɪɨɜɨɡɨɦ ɫɨɩɪɨɬɢɜ-
ɥɟɧɢɹ;  Nɟ – ɱɢɫɥɨ ɷɥɟɤɬɪɨɜɨɡɨɜ. 

ȼɵɪɚɠɟɧɢɟ ȼɇ ȼɇz ɿ  ɜ ɮɨɪɦɭɥɟ (5) ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɚɞɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɜ ɬɹɝɨɜɨɣ ɫɟɬɢ ɜ ɬɨɱɤɟ 
ɜɤɥɸɱɟɧɢɹ ɜɧɨɫɢɦɨɝɨ ɷɥɟɤɬɪɨɜɨɡɨɦ ɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɬ. ɟ. ɜ ɦɟɫɬɟ ɩɨɹɜɥɟɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ. ȼ ɮɨɪɦɭɥɟ 
(4) ɜɟɥɢɱɢɧɚ uk ɬɨɠɟ ɹɜɥɹɟɬɫɹ ɩɚɞɟɧɢɟɦ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ (ɧɚ ɤɨɧɞɟɧɫɚɬɨɪɟ ɩɪɨɞɨɥɶɧɨɣ 
ɤɨɦɩɟɧɫɚɰɢɢ). Ɉɬɫɸɞɚ ɦɨɠɧɨ ɩɪɢɧɹɬɶ ɞɨɩɭɳɟɧɢɟ, ɱɬɨ ɜ ɦɨɞɟɥɢ ɧɚɝɪɭɠɟɧɧɨɣ ɬɹɝɨɜɨɣ ɫɟɬɢ ɧɟɨɞɧɨɪɨɞ-
ɧɨɫɬɢ ɪɚɡɧɨɝɨ ɯɚɪɚɤɬɟɪɚ ɦɨɝɭɬ ɛɵɬɶ ɨɩɢɫɚɧɵ ɨɞɧɨɣ ɢ ɬɨɣ ɠɟ ɨɛɨɛɳɟɧɧɨɣ ɮɭɧɤɰɢɟɣ, ɬ. ɟ. ɮɭɧɤɰɢɹ  

( , )F x t  ɞɨɥɠɧɚ ɚɞɟɤɜɚɬɧɨ ɨɬɨɛɪɚɠɚɬɶ ɢɡɦɟɧɟɧɢɟ ɩɚɪɚɦɟɬɪɚ ɪɟɠɢɦɚ ɫɟɬɢ ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɜɢɞɚ ɜɤɥɸɱɟɧ-
ɧɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ. Ɂɚɩɢɲɟɦ ɮɭɧɤɰɢɸ ( , )F x t  ɜ ɭɪɚɜɧɟɧɢɹɯ (2,3) ɤɚɤ 

 

1

( , ) ( ),
m

Í Î k Í Î k

k

F x t u x x


             (6) 

 

ɝɞɟ  uɇɈk – ɦɝɧɨɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɩɚɞɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ; xɇɈk – ɤɨɨɪɞɢɧɚɬɚ ɫɨɨɬɜɟɬɫɬɜɭ-
ɸɳɟɝɨ ɫɟɱɟɧɢɹ ɬɹɝɨɜɨɣ ɫɟɬɢ. 

Ɍɨɝɞɚ  ɫɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ, ɦɨɞɟɥɢɪɭɸɳɚɹ ɬɹɝɨɜɭɸ ɫɟɬɶ, ɫ ɭɱɟɬɨɦ (6), ɡɚɩɢɲɟɬɫɹ ɬɚɤ 
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                                       (7) 

 

Ⱦɥɹ ɪɟɲɟɧɢɹ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (7) ɜɨɡɦɨɠɧɨ ɩɪɢɦɟɧɟɧɢɟ ɬɚɤɨɝɨ ɠɟ ɫɩɨɫɨɛɚ, ɤɚɤ  ɢ ɞɥɹ ɫɢɫɬɟɦɵ 
(1). ɉɨɫɥɟ ɬɨɠɞɟɫɬɜɟɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɩɨɥɭɱɚɟɬɫɹ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɜ ɱɚɫɬɧɵɯ ɩɪɨɢɡ-
ɜɨɞɧɵɯ ɞɥɹ ɧɚɩɪɹɠɟɧɢɹ 
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m
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k
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                                         (8) 

 

ɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ – ɞɥɹ ɬɨɤɚ.  
ɉɪɟɞɫɬɚɜɢɦ ɭɪɚɜɧɟɧɢɟ (8) ɜ ɤɨɧɟɱɧɨ-ɪɚɡɧɨɫɬɧɨɦ ɜɢɞɟ 
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1
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m

xõ tt t Í Î k Í Î k

k

u L C u R C u u x x


                                             (9) 

 

ɝɞɟ   – ɪɚɡɧɨɫɬɧɵɣ ɨɩɟɪɚɬɨɪ; xxu  – ɪɚɡɧɨɫɬɧɚɹ ɚɩɩɪɨɤɫɢɦɚɰɢɹ 2-ɣ ɩɪɨɢɡɜɨɞɧɨɣ ɩɨ ɩɟɪɟɦɟɧɧɨɣ x; ttu – 

ɪɚɡɧɨɫɬɧɚɹ  ɚɩɩɪɨɤɫɢɦɚɰɢɹ  2-ɣ ɩɪɨɢɡɜɨɞɧɨɣ ɩɨ ɩɟɪɟɦɟɧɧɨɣ t; tu – ɰɟɧɬɪɚɥɶɧɚɹ ɤɨɧɟɱɧɚɹ ɪɚɡɧɨɫɬɶ ɩɨ 

ɩɟɪɟɦɟɧɧɨɣ t; uɇɈk – ɧɚɩɪɹɠɟɧɢɟ ɜ ɬɨɱɤɟ ɜɤɥɸɱɟɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t; ~– ɪɚɡɧɨɫɬɧɚɹ 
ɚɩɩɪɨɤɫɢɦɚɰɢɹ 1-ɣ ɩɪɨɢɡɜɨɞɧɨɣ δ-ɮɭɧɤɰɢɢ. 
 

ɋɨɝɥɚɫɧɨ Д5Ж ɢɦɩɭɥɶɫɧɵɟ ɨɛɨɛɳɟɧɧɵɟ ɮɭɧɤɰɢɢ, ɜ ɱɚɫɬɧɨɫɬɢ δ-ɮɭɧɤɰɢɹ, ɦɨɝɭɬ ɛɵɬɶ ɚɩɩɪɨɤɫɢɦɢɪɨ-
ɜɚɧɵ ɤɨɧɟɱɧɨ-ɪɚɡɧɨɫɬɧɵɦɢ ɮɭɧɤɰɢɹɦɢ. Ɉɛɵɱɧɨ δ-ɮɭɧɤɰɢɹ ɚɩɩɪɨɤɫɢɦɢɪɭɟɬɫɹ ɰɟɧɬɪɚɥɶɧɨɣ ɤɨɧɟɱɧɨɣ 
ɪɚɡɧɨɫɬɶɸ: 

     1 1 / 2 /x h x h h             0h , 

 

ɝɞɟ 1(ɯ+h) ɢ 1(ɯ-h) – ɟɞɢɧɢɱɧɵɟ ɫɬɭɩɟɧɱɚɬɵɟ ɮɭɧɤɰɢɢ. 
Ɍɨɝɞɚ ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ, ɱɬɨ 
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HOk

HOk

HOk

x x h
x x h

x x h

     
  

ɉɟɪɜɚɹ ɩɪɨɢɡɜɨɞɧɚɹ δ-ɮɭɧɤɰɢɢ ɬɚɤɠɟ ɚɩɩɪɨɤɫɢɦɢɪɭɟɬɫɹ ɤɨɧɟɱɧɨ-ɪɚɡɧɨɫɬɧɵɦ ɜɵɪɚɠɟɧɢɟɦ ɜɢɞɚ 

          2
1 2 1 1 /

HOk HOk HOk HOk
x x x õ h x õ x õ h h            , 

ɝɞɟ 

  0 ;
1

1 .

HOk

HOk

HOk

x x
x x

x x

  
  

Ⱦɥɹ ɡɚɩɢɫɢ ɭɪɚɜɧɟɧɢɹ (9) ɜ ɤɨɧɟɱɧɵɯ ɪɚɡɧɨɫɬɹɯ ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɲɚɛɥɨɧɨɦ ɧɚ ɫɟɬɤɟ ωСτ ɫ ɲɚɝɚɦɢ h ɩɨ 
ɩɟɪɟɦɟɧɧɨɣ ɯ ɢ Ĳ ɩɨ ɩɟɪɟɦɟɧɧɨɣ t. ɉɪɢ ɪɟɲɟɧɢɢ ɪɚɡɧɨɫɬɧɵɯ ɡɚɞɚɱ ɞɥɹ ɭɪɚɜɧɟɧɢɣ ɝɢɩɟɪɛɨɥɢɱɟɫɤɨɝɨ ɬɢɩɚ 
ɪɚɡɧɨɫɬɧɵɣ ɨɩɟɪɚɬɨɪ xxu ɦɨɠɟɬ ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧ ɬɚɤ ɧɚɡɵɜɚɟɦɨɣ ɫɯɟɦɨɣ ɫ ɜɟɫɚɦɢ Д5,6Ж: 

 

  1 2
xx

u u u u             ,                                        (10) 

 

ɝɞɟ 1
  kuu ; 1

  kuu ; kuu  – ɡɧɚɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɧɚ (k+1), (k-1) ɢ k-ɦ ɜɪɟɦɟɧɧɵɯ ɫɥɨɹɯ ɫɨɨɬɜɟɬ-
ɫɬɜɟɧɧɨ. 

Ⱦɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɪɚɡɧɨɫɬɧɨɣ ɫɯɟɦɵ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɭɫɥɨɜɢɟ ı > 0 Д6Ж. ɉɪɢ 
ɩɨɞɫɬɚɧɨɜɤɟ ɜ ɜɵɪɚɠɟɧɢɟ (10) ɡɧɚɱɟɧɢɹ ı = 1/2 ɩɨɥɭɱɚɟɬɫɹ: 

  / 2 / 2
xx

u u u
     .                                                       (11) 

 

ɂɡ ɬɟɨɪɢɢ ɪɚɡɧɨɫɬɧɵɯ ɫɯɟɦ Д6Ж ɢɡɜɟɫɬɧɨ, ɱɬɨ ɩɨɝɪɟɲɧɨɫɬɶ ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɪɚɡɧɨɫɬɧɨɣ ɫɯɟɦɵ (10) 
ɩɪɢ ɥɸɛɨɦ ɡɧɚɱɟɧɢɢ ı (ı ɧɟ ɡɚɜɢɫɢɬ ɨɬ Ĳ ɢ h) ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ ɜɟɥɢɱɢɧɟ Ɉ(Ĳ2

+h
2
). 

Ɋɚɡɧɨɫɬɧɵɣ ɨɩɟɪɚɬɨɪ xxu  ɫ ɭɱɟɬɨɦ (11) ɡɚɩɢɲɟɬɫɹ ɬɚɤ: 
    2

1, 1 , 1 1, 1 1, 1 , 1 1, 1
2 2 / 2

xx i k i k i k i k i k i k
u u u u u u u h                   ,     (12) 

 

ɝɞɟ i, k – ɬɟɤɭɳɢɟ ɤɨɨɪɞɢɧɚɬɵ ɭɡɥɨɜ ɫɟɬɤɢ ωСĲ. 

ɉɪɚɜɚɹ ɱɚɫɬɶ ɭɪɚɜɧɟɧɢɹ (9) ɜ ɤɨɧɟɱɧɵɯ ɪɚɡɧɨɫɬɹɯ ɚɩɩɪɨɤɫɢɦɢɪɭɟɬɫɹ: 
 

 
0 0 0 0

1

m

tt t HOk HOk

k

L C u R C u x x u


        ~ 

~    2

, 1 , , 1 0 0 , 1 , 1
2 / / 2 /

i k i k i k i k i k
u u u R C u u                            (13) 

       2

,

1

1 2 1 1 / .
m

HOk HOk HOk i k

k

x x h x x x x h u h


           

 

Ɍɨɝɞɚ ɭɪɚɜɧɟɧɢɟ (9) ɫ ɭɱɟɬɨɦ (12,13) ɩɪɢɦɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 
    2 2

1, 1 , 1 1, 1 1, 1 , 1 1, 1
2 / 2 / 2 / 2 /

i k i k i k i k i k i k
u u u h u u u h                  
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       2

,

1

2 1 2 1 1 / 2 /
m

HOk HOk HOk i k

k

x x h x x x x h u h


                  (14) 

   2 2

0 0 , 1 , , 1 0 0 , 1 , 1
2 2 / 2 / / 2 /

i k i k i k i k i k
L C u u u R C u u                 . 

 

ɉɨɫɥɟ ɬɨɠɞɟɫɬɜɟɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɢɡ (14) ɩɨɥɭɱɚɟɦ ɭɪɚɜɧɟɧɢɟ ɜɢɞɚ 
    2 2

0 1, 1 1, 1 1 , 1 3 , 4 2 , 1 0 1, 1 1, 1i k i k i k i k i k i k i k
a u u a u a u a a u a u u                     ,    (15) 

 

ɝɞɟ: 
2

0 2
a

h

 ; 

2

1 0 0 0 0
2 2a R C L C         ; 

2

2 0 0 0 0
2 2a R C L C         ; 

3 0 0
4a L C   ; 

      2

4 ,

1

2 1 2 1 1
m

HOk HOk HOk i k

k

a x x h x x x x h u


            . 

 

ȼ ɭɪɚɜɧɟɧɢɢ (15) ɜ ɥɟɜɨɣ ɱɚɫɬɢ ɫɨɞɟɪɠɚɬɫɹ ɱɥɟɧɵ, ɢɦɟɸɳɢɟ ɢɧɞɟɤɫɵ (k-1) ɢ (k), ɚ ɜ ɩɪɚɜɨɣ ɱɚɫɬɢ – 

(k+1). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɧɚɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɤɚɠɞɨɦ ɜɪɟɦɟɧɧɨɦ ɫɥɨɟ ɡɚɜɢɫɹɬ ɨɬ ɡɧɚɱɟɧɢɣ ɧɚɩɪɹɠɟɧɢɹ 
ɧɚ ɞɜɭɯ ɩɪɟɞɵɞɭɳɢɯ ɫɥɨɹɯ, ɬ. ɟ. ɢɦɟɟɬɫɹ ɧɟɹɜɧɚɹ ɬɪɺɯɫɥɨɣɧɚɹ ɪɚɡɧɨɫɬɧɚɹ ɫɯɟɦɚ. ȿɫɥɢ ɨɛɨɡɧɚɱɢɬɶ ɥɟɜɭɸ 
ɱɚɫɬɶ ɭɪɚɜɧɟɧɢɹ (15) ɱɟɪɟɡ ɧɟɤɨɬɨɪɭɸ ɮɭɧɤɰɢɸ Rk,i, ɬɨ ɪɚɡɧɨɫɬɧɚɹ ɡɚɞɚɱɚ ɡɚɩɢɲɟɬɫɹ ɬɚɤ: 

  2

0 1, 1 1, 1 2 , 1 ,i k i k i k k i
a u u a u R          ;  2

, 0 1, 1 1, 1 1 , 1 3 , 4k i i k i k i k i k
R a u u a u a u a            . 

 

Ɋɟɲɟɧɢɟ ɩɨɞɨɛɧɨɣ ɡɚɞɚɱɢ, ɤɚɤ ɭɤɚɡɵɜɚɥɨɫɶ ɜɵɲɟ, ɭɞɨɛɧɨ ɩɨɥɭɱɢɬɶ ɫ ɩɨɦɨɳɶɸ ɦɟɬɨɞɚ ɩɪɨɝɨɧɤɢ, 
ɤɚɤ ɷɬɨ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɪɚɧɟɟ Д2Ж ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɭɫɤɨɜɨɝɨ ɪɟɠɢɦɚ ɬɹɝɨɜɨɣ ɫɟɬɢ. Ɍɟɦ ɧɟ ɦɟɧɟɟ ɪɟɚ-
ɥɢɡɚɰɢɹ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɨɩɪɟɞɟɥɟɧɧɭɸ ɫɥɨɠɧɨɫɬɶ, ɨɛɭɫɥɨɜɥɟɧɧɭɸ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɜɵɱɢɫɥɟɧɢɹ ɧɚ 
ɤɚɠɞɨɦ ɲɚɝɟ ɩɨ ɩɟɪɟɦɟɧɧɨɣ ɯ ɡɧɚɱɟɧɢɣ ɪɚɡɪɵɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ, ɤɨɬɨɪɵɟ ɡɚɜɢɫɹɬ ɧɟ ɬɨɥɶɤɨ ɨɬ ɤɨɨɪ-
ɞɢɧɚɬɵ ɩɨ ɪɚɫɫɬɨɹɧɢɸ, ɧɨ ɢ ɨɬ ɜɢɞɚ ɧɚɯɨɞɹɳɟɣɫɹ ɜ ɞɚɧɧɨɣ ɬɨɱɤɟ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ. 
 
ȼɵɜɨɞɵ. ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɧɚɝɪɭɠɟɧɧɨɝɨ ɪɟɠɢɦɚ ɬɹɝɨɜɨɣ ɫɟɬɢ, ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɜ ɜɢɞɟ ɟɦɤɨɫɬɧɨɣ 
ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ ɢ ɜɜɨɞɢɦɨɝɨ ɷɥɟɤɬɪɨɜɨɡɚɦɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɨɝɭɬ ɛɵɬɶ ɨɩɢɫɚɧɵ ɟɞɢɧɨɣ ɨɛɨɛ-
ɳɟɧɧɨɣ ɮɭɧɤɰɢɟɣ. 

Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ ɬɚɤɨɣ ɦɨɞɟɥɢ ɧɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɚɥɝɨɪɢɬɦ ɜɵɱɢɫɥɟɧɢɹ ɪɚɡɪɵɜɧɵɯ ɤɨɷɮɮɢɰɢ-
ɟɧɬɨɜ, ɤɨɬɨɪɵɣ ɩɨɡɜɨɥɢɬ ɨɞɧɨɜɪɟɦɟɧɧɨ ɭɱɟɫɬɶ ɜɥɢɹɧɢɟ ɪɚɡɧɵɯ ɨɞɧɨɪɨɞɧɨɫɬɟɣ. 
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