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ɊȿɎȿɊȺɌ 

ȼɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɩɨ ɬɟɦɟ «Ɋɚɡɪɚɛɨɬɤɚ ɫɯɟɦɵ 

ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɚɦɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɫ ɩɨɦɨɳɶɸ CORDIC 

ɩɪɨɰɟɫɫɨɪɚ» ɫɨɞɟɪɠɢɬ 73 ɫɬɪɚɧɢɰɵ ɬɟɤɫɬɨɜɨɝɨ ɞɨɤɭɦɟɧɬɚ, 3 ɬɚɛɥɢɰɵ, 3 

ɩɪɢɥɨɠɟɧɢɹ, 24 ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɋɏȿɆȺ ɋɅȿɀȿɇɂə, ɇȺȼɂȽȺɐɂɈɇɇɕɃ 

ɋɂȽɇȺɅ, CORDIC, ɄɈȾɈȼȺə ɉɈɋɅȿȾɈȼȺɌȿɅɖɇɈɋɌɖ.  

ɐɟɥɶ ȼɄɊ: Ɋɚɡɪɚɛɨɬɤɚ ɬɟɯɧɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ ɫɢɫɬɟɦɵ ɫɥɟɠɟɧɢɹ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɪɟɞɫɬɜ ɧɚɜɢɝɚɰɢɢ. 

Ɂɚɞɚɱɢ ȼɄɊ: 

 ɚɧɚɥɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ ɦɟɬɨɞɨɜ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɨɩɪɟɞɟɥɟɧɢɣ ɢ 

ɚɥɝɨɪɢɬɦɨɜ ɢɯ ɪɟɚɥɢɡɚɰɢɢ; 

 ɪɚɡɪɚɛɨɬɤɚ ɫɬɪɭɤɬɭɪɵ ɫɢɫɬɟɦɵ ɫɥɟɠɟɧɢɹ; 

 ɜɵɛɨɪ ɢɧɫɬɪɭɦɟɧɬɚɪɢɹ ɞɥɹ ɫɨɡɞɚɧɢɹ ɫɢɫɬɟɦɵ; 

 ɪɚɡɪɚɛɨɬɤɚ CORDIC ɩɪɨɰɟɫɫɨɪɚ. 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɜɵɩɨɥɧɟɧɢɹ ȼɄɊ ɛɵɥ ɩɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ 

ɜɚɪɢɚɧɬɨɜ ɪɟɚɥɢɡɚɰɢɢ, ɛɵɥɚ ɪɚɡɪɚɛɨɬɚɧɚ ɫɬɪɭɤɬɭɪɚ ɫɢɫɬɟɦɵ ɫɥɟɠɟɧɢɹ ɧɚ 

ɨɫɧɨɜɟ CORDIC ɩɪɨɰɟɫɫɨɪɚ, ɨɫɭɳɟɫɬɜɥɟɧ ɜɵɛɨɪ ɢɧɫɬɪɭɦɟɧɬɚɪɢɹ ɢ ɩɪɨɜɟɞɟɧɵ 

ɢɫɩɵɬɚɧɢɹ ɩɨɫɪɟɞɫɬɜɨɦ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

Ɋɟɚɥɢɡɨɜɚɧɵ: 

 ɝɟɧɟɪɚɬɨɪ ɩɫɟɜɞɨɫɥɭɱɚɣɧɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɫɢɝɧɚɥɚ; 

 ɤɨɪɪɟɥɹɬɨɪ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɝɧɚɥɨɜ; 

 ɫɭɦɦɚɬɨɪɵ ɪɚɡɥɢɱɧɵɯ ɚɪɯɢɬɟɤɬɭɪ ɞɥɹ ɜɨɡɦɨɠɧɨɣ ɜɚɪɢɚɛɟɥɶɧɨɫɬɢ; 

 ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɧɚ ɨɫɧɨɜɟ 

CORDIC-ɩɪɨɰɟɫɫɨɪɚ. 
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ȼȼȿȾȿɇɂȿ 

Ɇɟɬɨɞɵ ɢ ɫɪɟɞɫɬɜɚ ɚɜɬɨɦɚɬɢɡɚɰɢɢ ɹɜɥɹɸɬɫɹ ɧɟɨɬɴɟɦɥɟɦɨɣ ɱɚɫɬɶɸ 

ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɢ ɜɫɟɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ. ɉɪɢ ɷɬɨɦ ɧɚɪɚɫɬɚɟɬ 

ɩɨɬɪɟɛɧɨɫɬɶ ɜ ɚɜɬɨɦɚɬɢɡɚɰɢɢ ɪɚɡɥɢɱɧɵɯ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɨɛɴɟɤɬɨɜ, ɜ ɬɨɦ 

ɱɢɫɥɟ ɩɨɞɜɢɠɧɵɯ. Ɍɚɤɢɟ ɨɛɴɟɤɬɵ ɦɨɝɭɬ ɩɟɪɟɦɟɳɚɬɶɫɹ ɜ ɞɨɫɬɚɬɨɱɧɨ 

ɧɟɛɨɥɶɲɨɦ ɩɨɦɟɳɟɧɢɢ ɫɪɟɞɢ ɥɸɞɟɣ, ɱɬɨ ɬɪɟɛɭɟɬ ɨɛɟɫɩɟɱɢɬɶ ɧɟɨɛɯɨɞɢɦɨɫɬɶ 

ɛɟɡɚɜɚɪɢɣɧɨɝɨ ɬɚɤɨɝɨ ɩɪɨɰɟɫɫɚ, ɚ ɬɚɤɠɟ ɪɟɚɥɢɡɨɜɚɬɶ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɭɸ 

ɫɢɫɬɟɦɭ ɫɥɟɠɟɧɢɹ ɡɚ ɦɟɫɬɨɩɨɥɨɠɟɧɢɟɦ ɨɛɴɟɤɬɚ. ȼ ɬɚɤɢɯ ɭɫɥɨɜɢɹɯ ɩɪɢɦɟɧɟɧɢɟ 

ɢɡɜɟɫɬɧɵɯ ɦɟɬɨɞɨɜ ɢ ɫɪɟɞɫɬɜ ɧɚɜɢɝɚɰɢɢ ɝɪɚɠɞɚɧɫɤɨɝɨ ɧɚɡɧɚɱɟɧɢɹ ɫ 

ɜɨɡɦɨɠɧɵɦ ɨɬɤɥɨɧɟɧɢɟɦ ɜ 5–15 ɦɟɬɪɨɜ ɡɚɬɪɭɞɧɢɬɟɥɶɧɨ.  

Ɂɚɞɚɱɢ ɚɜɬɨɦɚɬɢɡɚɰɢɢ ɭɩɪɚɜɥɟɧɢɹ ɞɜɢɠɭɳɢɦɢɫɹ ɨɛɴɟɤɬɚɦɢ ɫɜɨɞɹɬɫɹ ɤ 

ɞɢɫɩɟɬɱɟɪɢɡɚɰɢɢ ɢ ɦɨɧɢɬɨɪɢɧɝɭ ɜ ɬɟɯ ɦɟɫɬɚɯ, ɝɞɟ ɷɬɨ ɜɨɡɦɨɠɧɨ, ɫɨ 

ɫɪɚɜɧɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɨɣ ɬɨɱɧɨɫɬɶɸ (ɩɨɪɹɞɤɚ 10 ɦɟɬɪɨɜ). Ɋɚɡɪɚɛɨɬɚɬɶ 

ɩɨɥɧɨɫɬɶɸ ɚɜɬɨɧɨɦɧɭɸ ɫɢɫɬɟɦɭ ɧɟ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɵɦ, ɧɨ ɦɨɠɧɨ 

ɫɞɟɥɚɬɶ ɲɚɝ ɧɚɜɫɬɪɟɱɭ ɤ ɫɨɡɞɚɧɢɸ ɬɚɤɨɣ ɫɢɫɬɟɦɵ ɩɨɫɪɟɞɫɬɜɨɦ ɜɧɟɞɪɟɧɢɹ 

ɧɚɜɢɝɚɰɢɢ ɜ ɫɮɟɪɭ ɚɜɬɨɦɚɬɢɡɚɰɢɢ. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɩɨɬɪɟɛɭɟɬɫɹ ɭɱɟɫɬɶ 

ɡɚɞɟɪɠɤɭ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ, ɜɨɡɧɢɤɚɸɳɭɸ ɡɚ ɫɱёɬ ɫɤɨɪɨɫɬɢ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫɢɝɧɚɥɚ ɨɬ ɢɫɬɨɱɧɢɤɚ, ɬɚɤɠɟ ɧɟ ɫɥɟɞɭɟɬ ɡɚɛɵɜɚɬɶ ɨ ɜɪɟɦɟɧɢ, 

ɧɟɨɛɯɨɞɢɦɨɦ ɫɢɝɧɚɥɭ ɞɥɹ ɩɪɟɨɞɨɥɟɧɢɹ ɩɪɟɩɹɬɫɬɜɢɣ. 

ɂɫɯɨɞɹ ɢɡ ɢɡɥɨɠɟɧɧɨɝɨ, ɚɤɬɭɚɥɶɧɵɦ ɹɜɥɹɟɬɫɹ ɪɚɡɪɚɛɨɬɤɚ ɫɯɟɦɵ 

ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɫ ɩɨɦɨɳɶɸ CORDIC 

ɩɪɨɰɟɫɫɨɪɚ. Ɍɚɤɚɹ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɬɟɯɧɨɥɨɝɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ ɞɨɥɠɧɚ ɨɬɜɟɱɚɬɶ 

ɧɚ ɜɨɩɪɨɫɵ: «Ƚɞɟ ɧɚɯɨɞɢɬɫɹ ɨɛɴɟɤɬ?»  ɢ «Ʉɭɞɚ ɞɜɢɠɟɬɫɹ ɨɛɴɟɤɬ?». CORDIC-

ɩɪɨɰɟɫɫɨɪ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɩɨɡɜɨɥɢɬ ɜɵɱɢɫɥɹɬɶ ɫɥɨɠɧɵɟ ɮɭɧɤɰɢɢ 

ɩɨɫɪɟɞɫɬɜɨɦ ɩɪɨɫɬɵɯ ɨɩɟɪɚɰɢɣ ɫɭɦɦɢɪɨɜɚɧɢɹ ɢ ɫɞɜɢɝɚ. ɋɚɦɚ ɫɢɫɬɟɦɚ ɜ 

ɞɚɥɶɧɟɣɲɟɦ ɦɨɠɟɬ ɛɵɬɶ ɭɫɬɚɧɨɜɥɟɧɚ ɧɚ ɬɟɯɧɢɤɭ, ɧɚɩɪɢɦɟɪ, ɧɚ ɩɨɝɪɭɡɱɢɤ, 

ɤɨɬɨɪɵɣ ɫɦɨɠɟɬ ɜ ɚɜɬɨɦɚɬɢɱɟɫɤɨɦ ɪɟɠɢɦɟ ɞɨɫɬɚɜɥɹɬɶ ɝɨɬɨɜɵɟ ɢɡɞɟɥɢɹ ɧɚ 

ɫɤɥɚɞ, ɚ ɬɚɤɠɟ ɩɪɢɜɨɡɢɬɶ ɧɟɨɛɯɨɞɢɦɵɟ ɡɚɩɱɚɫɬɢ ɫɨ ɫɤɥɚɞɚ ɜ ɰɟɯ. 
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ɉɪɟɞɥɨɠɟɧɧɵɣ ɜ ɞɚɧɧɨɣ ɜɵɩɭɫɤɧɨɣ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ ɦɟɬɨɞ 

ɩɨɡɜɨɥɢɬ: 

1) Ɋɟɚɥɢɡɨɜɚɬɶ ɫɢɫɬɟɦɭ ɫɥɟɠɟɧɢɹ ɜ ɜɢɞɟ ɢɧɬɟɝɪɚɥɶɧɨɣ ɫɯɟɦɵ ɫ 

ɚɪɯɢɬɟɤɬɭɪɨɣ ɤɥɚɫɫɚ «ɋɢɫɬɟɦɚ ɧɚ ɤɪɢɫɬɚɥɥɟ». 

2) ȼɵɛɪɚɬɶ ɧɚɩɪɚɜɥɟɧɢɟ ɨɩɬɢɦɢɡɚɰɢɢ ɪɚɛɨɬɵ ɫɢɫɬɟɦɵ ɫɥɟɠɟɧɢɹ (ɩɨ 

ɜɪɟɦɟɧɢ ɢɥɢ ɩɨ ɪɟɫɭɪɫɚɦ). 

3) ɉɪɨɜɟɫɬɢ ɞɟɤɨɦɩɨɡɢɰɢɸ ɫɢɫɬɟɦɭ ɫ ɰɟɥɶɸ ɚɩɩɚɪɚɬɧɨɣ ɨɩɬɢɦɢɡɚɰɢɢ 

ɪɟɫɭɪɫɨɜ.  

ɐɟɥɶɸ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɪɚɡɪɚɛɨɬɤɚ ɬɟɯɧɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ ɫɯɟɦɵ 

ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɚɦɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɧɚ ɨɫɧɨɜɟ CORDIC 

ɩɪɨɰɟɫɫɨɪɚ. 

Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɨɛɨɡɧɚɱɟɧɧɨɣ ɰɟɥɢ ɫɥɟɞɭɟɬ ɪɟɲɢɬɶ ɡɚɞɚɱɢ: 

1) ȼɵɩɨɥɧɢɬɶ ɚɧɚɥɢɡ ɢ ɞɟɬɚɥɢɡɢɪɨɜɚɬɶ ɬɪɟɛɨɜɚɧɢɣ ɤ ɪɚɡɪɚɛɚɬɵɜɚɟɦɨɣ 

ɫɢɫɬɟɦɟ. 

2) ȼɵɩɨɥɧɢɬɶ ɚɧɚɥɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ ɦɟɬɨɞɨɜ ɢ ɚɥɝɨɪɢɬɦɨɜ ɪɟɲɟɧɢɹ 

ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɡɚɞɚɱɢ, ɩɪɨɜɟɫɬɢ ɫɪɚɜɧɟɧɢɟ ɫ ɬɪɟɛɨɜɚɧɢɹɦɢ. 

3) ȼɵɛɪɚɬɶ ɢɧɫɬɪɭɦɟɧɬɚɪɢɣ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ. 

4) ɉɪɨɜɟɫɬɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɢ ɪɚɡɪɚɛɨɬɚɬɶ ɫɢɫɬɟɦɭ ɫɥɟɠɟɧɢɹ 

ɜ ɰɟɥɨɦ ɢ ɨɬɞɟɥɶɧɵɯ ɟё ɱɚɫɬɟɣ. 

5) ɉɪɨɜɟɫɬɢ ɤɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɫɢɫɬɟɦɵ 

ɫɥɟɠɟɧɢɹ ɫ ɰɟɥɶɸ ɩɨɞɬɜɟɪɠɞɟɧɢɹ ɤɨɪɪɟɤɬɧɨɫɬɢ ɢ ɚɞɟɤɜɚɬɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢɹ 

ɜɵɛɪɚɧɧɵɯ ɩɪɨɟɤɬɧɵɯ ɪɟɲɟɧɢɣ. 
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1 Ⱥɧɚɥɢɡ ɩɪɟɞɦɟɬɧɨɣ ɨɛɥɚɫɬɢ 

1.1 Ɉɛɳɢɟ ɫɜɟɞɟɧɢɹ ɢ ɡɚɞɚɱɢ ɨɩɪɟɞɟɥɟɧɢɹ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ 
ɩɨɞɜɢɠɧɵɯ ɨɛɴɟɤɬɨɜ 

ɋɩɭɬɧɢɤɨɜɵɟ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɟ ɫɢɫɬɟɦɵ ɫɬɚɥɢ ɜɚɠɧɨɣ ɢ 

ɧɟɨɬɴɟɦɥɟɦɨɣ ɱɚɫɬɶɸ ɞɟɹɬɟɥɶɧɨɫɬɢ ɱɟɥɨɜɟɤɚ ɬɚɤɠɟ, ɤɚɤ ɢ ɫɢɫɬɟɦɵ 

ɫɩɭɬɧɢɤɨɜɨɣ ɫɜɹɡɢ. ɋɩɭɬɧɢɤɨɜɚɹ ɧɚɜɢɝɚɰɢɹ ɢ ɤɨɨɪɞɢɧɚɰɢɹ ɜɨ ɜɪɟɦɟɧɢ ɫɬɚɥɢ 

ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɜɨ ɜɫɟɯ ɫɮɟɪɚɯ ɠɢɡɧɢ ɛɭɞɶ ɬɨ ɪɚɡɥɢɱɧɵɟ 

ɬɟɯɧɢɱɟɫɤɢɟ ɫɢɫɬɟɦɵ, ɧɚɭɤɚ, ɨɛɪɚɡɨɜɚɧɢɟ, ɷɤɨɧɨɦɢɤɚ, ɩɪɨɢɡɜɨɞɫɬɜɨ ɬ. ɞ. 

Ƚɥɚɜɧɨɣ ɡɚɞɚɱɟɣ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɫɨɜɪɟɦɟɧɧɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɭɫɬɪɨɣɫɬɜ 

ɹɜɥɹɟɬɫɹ ɫɨɡɞɚɧɢɟ ɚɩɩɚɪɚɬɧɵɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɛɥɨɤɨɜ, ɫɩɨɫɨɛɧɵɯ ɪɚɛɨɬɚɬɶ 

ɧɚ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɢɯ ɫɤɨɪɨɫɬɹɯ 100–200 ɆȽɰ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɜɵɫɨɤɨɣ 

ɬɨɱɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ ɦɟɫɬɨɧɚɯɨɠɞɟɧɢɹ ɨɛɴɟɤɬɚ. Ɉɫɧɨɜɧɨɣ ɩɪɨɛɥɟɦɨɣ ɩɪɢ 

ɷɬɨɦ ɹɜɥɹɟɬɫɹ ɡɚɤɪɵɬɨɫɬɶ ɬɚɤɢɯ ɫɢɫɬɟɦ, ɬɚɤ ɤɚɤ ɞɚɧɧɚɹ ɚɩɩɚɪɚɬɭɪɚ 

ɨɪɢɟɧɬɢɪɨɜɚɧɚ ɧɚ ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɨɟ ɩɪɢɦɟɧɟɧɢɟ. Ʉ ɞɪɭɝɢɦ ɧɟɞɨɫɬɚɬɤɚɦ 

ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɫɬɨɢɦɨɫɬɶ ɪɚɡɪɚɛɨɬɤɢ ɤɚɤ ɫɚɦɨɣ ɚɩɩɚɪɚɬɭɪɵ, ɬɚɤ ɢ ɬɪɟɛɭɟɦɨɝɨ 

ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ. ɇɨ ɩɪɢ ɷɬɨɦ ɞɚɧɧɵɟ ɫɢɫɬɟɦɵ ɩɨɡɜɨɥɹɸɬ 

ɨɬɫɥɟɠɢɜɚɬɶ ɨɛɴɟɤɬ ɫ ɬɨɱɧɨɫɬɶɸ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɦɢɥɥɢɦɟɬɪɨɜ. 

Ɋɟɚɥɢɡɚɰɢɹ ɫɢɫɬɟɦɵ ɫɥɟɠɟɧɢɹ, ɩɪɟɞɥɨɠɟɧɧɚɹ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ, ɦɨɠɟɬ 

ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɚɪɯɢɬɟɤɬɭɪɟ ɤɥɚɫɫɚ «ɋɢɫɬɟɦɚ ɧɚ ɤɪɢɫɬɚɥɥɟ» ɱɬɨ 

ɩɨɡɜɨɥɢɬ ɜɵɩɨɥɧɹɬɶ ɟё ɧɚ ɡɚɤɚɡɧɵɯ ɩɥɚɬɚɯ. Ɍɚɤɠɟ ɜ ɩɪɟɞɥɨɠɟɧɧɨɦ ɦɟɬɨɞɟ 

ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɚɩɩɚɪɚɬɧɚɹ ɨɩɬɢɦɢɡɚɰɢɹ ɢ ɟɟ ɜɚɪɢɚɰɢɹ ɜ ɞɜɭɯ ɧɚɩɪɚɜɥɟɧɢɹɯ: 

ɫɤɨɪɨɫɬɶ ɪɚɫɱёɬɚ ɢɥɢ ɬɪɟɛɭɟɦɵɣ ɨɛɴёɦ ɩɚɦɹɬɢ. 

Ⱦɥɹ ɪɚɛɨɬɵ ɧɚ ɫɤɨɪɨɫɬɹɯ ɛɨɥɟɟ 100 ɆȽɰ ɧɟɨɛɯɨɞɢɦɚ ɪɟɚɥɢɡɚɰɢɹ ɧɚ 

ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɯ ɥɨɝɢɱɟɫɤɢɯ ɫɯɟɦɚɯ ɤɨɧɜɟɣɟɪɧɨɣ ɚɪɯɢɬɟɤɬɭɪɵ, ɤɨɬɨɪɚɹ 

ɢɦɟɟɬ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɢɟ ɪɚɫɯɨɞɵ ɧɚ ɜɵɪɚɜɧɢɜɚɧɢɟ ɡɚɞɟɪɠɟɤ 

ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɛɥɨɤɨɜ. ɇɨ ɟё ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɩɨɫɨɛɫɬɜɭɟɬ: 

 ɤɨɞɢɪɨɜɚɧɢɸ/ɞɟɤɨɞɢɪɨɜɚɧɢɸ ɫɢɝɧɚɥɨɜ ɜ ɪɟɚɥɶɧɨɦ ɜɪɟɦɟɧɢ; 

 ɩɨɧɢɠɟɧɢɸ/ɩɨɜɵɲɟɧɢɸ ɪɚɛɨɱɟɣ ɱɚɫɬɨɬɵ ɫɢɝɧɚɥɚ; 
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 ɨɛɪɚɛɨɬɤɟ ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɫɢɝɧɚɥɨɜ. 

Ⱦɥɹ ɪɚɡɪɚɛɨɬɤɢ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɹ ɩɨɬɪɟɛɭɸɬɫɹ 

ɬɚɤɢɟ ɫɨɫɬɚɜɧɵɟ ɛɥɨɤɢ ɨɛɪɚɛɨɬɤɢ ɤɚɤ: 

1) ɋɯɟɦɚ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɱɚɫɬɨɬɵ. 

2) Ʉɨɪɪɟɥɹɬɨɪ ɩɫɟɜɞɨɫɥɭɱɚɣɧɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ. 

3) ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɫɢɝɧɚɥɨɦ. 

Ʉɨɧɜɟɣɟɪɧɵɣ ɫɭɦɦɚɬɨɪ, ɤɚɤ ɢ ɤɨɧɜɟɣɟɪɧɵɣ ɭɦɧɨɠɢɬɟɥɶ, ɫɨɫɬɚɜɥɹɸɬ 

ɨɫɧɨɜɭ ɞɥɹ ɫɯɟɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɱɚɫɬɨɬ. Ɉɧɢ ɫɩɨɫɨɛɧɵ ɪɚɛɨɬɚɬɶ ɧɚ ɱɚɫɬɨɬɟ 

ɫɜɵɲɟ 100 ɆȽɰ ɢ ɜɵɩɨɥɧɹɬɶ ɜɵɱɢɫɥɟɧɢɹ ɡɚ 1 ɬɚɤɬ. Ɍɚɤɠɟ ɭɦɧɨɠɢɬɟɥɶ 

ɩɪɢɦɟɧɹɟɬɫɹ ɞɥɹ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɨɛɪɚɛɨɬɤɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɧɚ 

ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɱɚɫɬɨɬɟ. ɉɨɫɥɟ ɩɨɧɢɠɟɧɢɹ ɱɚɫɬɨɬɵ ɦɨɠɧɨ ɛɭɞɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ 

ɭɦɧɨɠɢɬɟɥɢ, ɪɚɛɨɬɚɸɳɢɟ ɧɚ ɱɚɫɬɨɬɚɯ ɦɟɧɟɟ 10 ɆȽɰ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɛɭɞɟɬ 

ɞɨɫɬɭɩɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɚɩɩɚɪɚɬɧɨɣ ɚɜɬɨɦɚɬɢɡɚɰɢɢ. 

ɋɨɜɪɟɦɟɧɧɵɟ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɟ ɥɨɝɢɱɟɫɤɢɟ ɢɧɬɟɝɪɚɥɶɧɵɟ ɫɯɟɦɵ ɢɦɟɸɬ 

ɦɧɨɠɟɫɬɜɨ DSP (ɚɧɝɥ. Digital Signal Processing) ɫɥɨёɜ, ɤɨɬɨɪɵɟ ɬɚɤɠɟ 

ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɫɨɫɬɚɜɥɟɧɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɛɥɨɤɨɜ. Ⱦɪɭɝɨɣ ɜɚɠɧɨɣ 

ɫɨɫɬɚɜɥɹɸɳɟɣ ɞɚɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɹɜɥɹɟɬɫɹ ɰɢɮɪɨɜɨɣ ɝɟɧɟɪɚɬɨɪ ɥɢɬɟɪɧɵɯ 

ɱɚɫɬɨɬ. Ɉɧ ɧɭɠɟɧ ɞɥɹ ɩɨɧɢɠɟɧɢɹ ɧɟɫɭɳɟɣ ɱɚɫɬɨɬɵ ɫɢɝɧɚɥɚ. Ɍɚɤɨɣ ɝɟɧɟɪɚɬɨɪ 

ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɧɚ ɨɫɧɨɜɟ ɩɚɪɚɥɥɟɥɶɧɨɣ Flash-ɩɚɦɹɬɢ ɢ CORDIC 

ɩɪɨɰɟɫɫɨɪɚ. 

Ƚɟɧɟɪɚɬɨɪ ɥɢɬɟɪɧɵɯ ɱɚɫɬɨɬ (ȽɅɑ) ɧɚ ɨɫɧɨɜɟ ɩɚɪɚɥɥɟɥɶɧɨɣ Flash-ɩɚɦɹɬɢ 

ɹɜɥɹɟɬɫɹ ɫɚɦɵɦ ɩɪɨɫɬɵɦ ɫɯɟɦɧɵɦ ɪɟɲɟɧɢɟɦ, ɧɨ ɬɚɤ ɤɚɤ ɨɧ ɬɪɟɛɭɟɬ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɝɨ ɫɨɯɪɚɧɟɧɢɹ ɜɫɟɯ ɜɵɛɨɪɨɤ ɪɚɛɨɱɢɯ ɥɢɬɟɪɧɵɯ ɱɚɫɬɨɬ, ɬɨ ɞɥɹ 

ɟɝɨ ɪɟɚɥɢɡɚɰɢɢ ɧɚ ɨɞɢɧ ɱɚɫɬɧɵɣ ɤɚɧɚɥ ɨɬ 100 ɞɨ 200 ɆȽɰ ɬɪɟɛɭɟɬɫɹ ɜɧɟɲɧɹɹ 

ɦɢɤɪɨɫɯɟɦɚ Flash-ɩɚɦɹɬɢ. Ʉɪɨɦɟ ɷɬɨɝɨ, ɬɚɤɨɣ ȽɅɑ ɦɨɠɟɬ ɪɚɛɨɬɚɬɶ ɬɨɥɶɤɨ ɧɚ 

ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɱɚɫɬɨɬɚɯ ɞɥɹ ɤɨɬɨɪɵɯ ɛɵɥɢ ɫɨɯɪɚɧɟɧɵ ɜɵɛɨɪɤɢ. 

ɋɩɨɫɨɛ ɪɟɚɥɢɡɚɰɢɢ ȽɅɑ ɧɚ ɨɫɧɨɜɟ CORDIC ɩɪɨɰɟɫɫɨɪɚ, ɪɚɛɨɬɚɸɳɟɦ ɜ 

ɪɟɠɢɦɟ ɜɪɚɳɟɧɢɹ, ɢɞɟɧɬɢɱɟɧ ɤɨɧɜɟɣɟɪɧɨɦɭ ɭɦɧɨɠɢɬɟɥɸ ɩɨ ɚɩɩɚɪɚɬɧɵɦ 
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ɪɟɫɭɪɫɚɦ, ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɫɨɫɬɚɜɥɹɸɳɢɟ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ SIN ɢ 

COS. ɋɚɦ CORDIC ɪɚɛɨɬɚɟɬ ɩɨ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ: 

 

 

1

1

1

2 ;

2 ;

tan 2 ,

i i i -i
i

i i i -i
i

i i i -i
i

x x - d y

y y - d x

z z - d







 



 

 (1.1) 

 

ɝɞɟ x = cos (z); 

y = sin(z); 

z – ɰɟɥɟɜɨɣ ɭɝɨɥ; 

d ∈ {-1,1}. 

Ɍɚɤɨɣ ɫɩɨɫɨɛ ɫɨɡɞɚёɬ ɩɫɟɜɞɨɜɪɚɳɟɧɢɟ, ɢ ɜɟɤɬɨɪ ɱɚɫɬɨɬ ɩɨɫɥɟ ɜɪɚɳɟɧɢɹ 

ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜ K ɪɚɡ (K=1.64676). ɑɬɨɛɵ ɤɨɦɩɟɧɫɢɪɨɜɚɬɶ ɞɚɧɧɵɣ ɷɮɮɟɤɬ, 

ɞɥɢɧɚ ɩɟɪɜɨɧɚɱɚɥɶɧɨɝɨ ɜɟɤɬɨɪɚ ɜɵɛɢɪɚɟɬɫɹ ɤɚɤ 1/K (0.60725). Ɍɚɤɠɟ 

ɪɟɚɥɢɡɨɜɚɜ CORDIC ɧɚ ɤɨɧɜɟɣɟɪɧɨɣ ɚɪɯɢɬɟɤɬɭɪɟ ɦɨɠɧɨ ɩɨɥɭɱɚɬɶ ɡɧɚɱɟɧɢɹ 

sin(z) ɢ cos(z) ɜɫɟɝɨ ɡɚ ɨɞɢɧ ɬɚɤɬ, ɪɚɛɨɬɚɹ ɩɪɢ ɷɬɨɦ ɧɚ ɱɚɫɬɨɬɚɯ ɫɜɵɲɟ 

100ɆȽɰ [19]. 

Ʉ ɧɟɫɨɦɧɟɧɧɵɦ ɞɨɫɬɨɢɧɫɬɜɚɦ ɫɨɡɞɚɧɢɹ ȽɅɑ ɫ ɩɨɦɨɳɶɸ CORDIC 

ɩɪɨɰɟɫɫɨɪɚ ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɞɢɧɚɦɢɱɟɫɤɨɝɨ ɢɡɦɟɧɟɧɢɹ ɪɚɛɨɱɟɣ ɱɚɫɬɨɬɵ. 

Ɍɚɤɠɟ ɜɨɡɦɨɠɧɨ ɢɡɦɟɧɟɧɢɟ ɧɚɱɚɥɶɧɨɣ ɮɚɡɵ ȽɅɑ ɞɥɹ ɚɩɩɚɪɚɬɧɨɝɨ 

ɜɵɪɚɜɧɢɜɚɧɢɹ ɫɢɝɧɚɥɨɜ ɩɨɫɬɭɩɚɸɳɢɯ ɧɚ ɨɬɞɟɥɶɧɵɟ ɭɱɚɫɬɤɢ ɫɢɫɬɟɦɵ. ɇɨ ɢ 

ɞɚɧɧɚɹ ɪɟɚɥɢɡɚɰɢɹ ɧɟ ɨɛɨɲɥɚɫɶ ɛɟɡ ɧɟɞɨɫɬɚɬɤɨɜ, ɨɫɧɨɜɧɵɦ ɢɡ ɤɨɬɨɪɵɯ 

ɹɜɥɹɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɚɹ ɫɬɨɢɦɨɫɬɶ ɢɡ-ɡɚ ɬɨɝɨ, ɱɬɨ ɧɚ ɱɚɫɬɨɬɚɯ ɛɨɥɟɟ 

100 ɆȽɰ ɟɫɬɶ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɜ ɤɨɧɜɟɣɟɪɢɡɚɰɢɢ ɜɵɱɢɫɥɟɧɢɣ. Ⱦɚɧɧɵɣ 

ɧɟɞɨɫɬɚɬɨɤ ɜɨɡɦɨɠɧɨ ɱɚɫɬɢɱɧɨ ɭɫɬɪɚɧɢɬɶ, ɢɫɩɨɥɶɡɭɹ ɫɥɨɢ DSP, ɤɨɬɨɪɵɯ 

ɬɪɟɛɭɟɬɫɹ ɧɟ ɛɨɥɟɟ 10. 



 
 

10 
 

1.2 Ɇɟɬɨɞɵ ɪɟɲɟɧɢɹ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɡɚɞɚɱ 

Ɉɫɧɨɜɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɡɚɞɚɱɟɣ ɜ ɫɩɭɬɧɢɤɨɜɨɣ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɣ 

ɫɢɫɬɟɦɟ (ɋɊɇɋ) ɹɜɥɹɟɬɫɹ ɨɩɪɟɞɟɥɟɧɢɟ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɤɨɨɪɞɢɧɚɬ ɨɛɴɟɤɬɚ, 

ɟɝɨ ɫɤɨɪɨɫɬɢ, ɚ ɬɚɤɠɟ ɬɟɤɭɳɟɝɨ ɜɪɟɦɟɧɢ. ɉɪɢ ɪɟɲɟɧɢɢ ɞɚɧɧɨɣ ɡɚɞɚɱɢ ɞɨɥɠɟɧ 

ɛɵɬɶ ɨɩɪɟɞɟɥёɧ ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ ɩɨɬɪɟɛɢɬɟɥɹ: 

 

ɉ=|x y z t Vx Vy Vz|ɬ, (1.2) 

 

ɝɞɟ x, y, z – ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɟ ɤɨɨɪɞɢɧɚɬɵ ɨɛɴɟɤɬɚ; 

t – ɬɟɤɭɳɟɟ ɜɪɟɦɹ; 

Vx, Vy, Vz – ɫɨɫɬɚɜɥɹɸɳɢɟ ɜɟɤɬɨɪɚ ɫɤɨɪɨɫɬɢ ɨɛɴɟɤɬɚ. 

ɗɥɟɦɟɧɬɵ ɜɟɤɬɨɪɚ ɉ ɧɟɞɨɫɬɭɩɧɵ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɫ ɩɨɦɨɳɶɸ 

ɪɚɞɢɨɫɪɟɞɫɬɜ. ɍ ɩɪɢɧɹɬɨɝɨ ɫɢɝɧɚɥɚ ɦɨɝɭɬ ɛɵɬɶ ɢɡɦɟɪɟɧɵ ɨɬɞɟɥɶɧɵɟ 

ɩɚɪɚɦɟɬɪɵ, ɬɚɤɢɟ ɤɚɤ ɡɚɞɟɪɠɤɚ ɢɥɢ ɞɨɩɥɟɪɨɜɫɤɨɟ ɫɦɟɳɟɧɢɟ ɱɚɫɬɨɬɵ. 

ɂɡɦɟɪɹɟɦɵɣ ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɩɚɪɚɦɟɬɪ ɪɚɞɢɨɫɢɝɧɚɥɚ ɧɚɡɵɜɚɟɬɫɹ 

ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɦ, ɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɝɟɨɦɟɬɪɢɱɟɫɤɢɣ ɩɚɪɚɦɟɬɪ – 

ɧɚɜɢɝɚɰɢɨɧɧɵɦ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɡɚɞɟɪɠɤɚ ɫɢɝɧɚɥɚ ɬ ɢ ɞɨɩɥɟɪɨɜɫɤɨɟ ɫɦɟɳɟɧɢɟ 

ɱɚɫɬɨɬɵ fɞ ɹɜɥɹɸɬɫɹ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ, ɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 

ɢɦ ɞɚɥɶɧɨɫɬɶ ɞɨ ɨɛɴɟɤɬɚ Ⱦ ɢ ɫɤɨɪɨɫɬɶ Vp ɟɫɬɶ ɧɚɜɢɝɚɰɢɨɧɧɵɟ ɩɚɪɚɦɟɬɪɵ.  

ɋɜɹɡɶ ɦɟɠɞɭ ɞɚɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɫɨɨɬɧɨɲɟɧɢɹɦɢ: 

 

ɞ

Ⱦ ɬ,
λ,p

c

V f


 

   (1.3) 

 

ɝɞɟ с – ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ; 

λ – ɞɥɢɧɚ ɜɨɥɧɵ ɢɡɥɭɱɚɟɦɨɝɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ. 

Ƚɟɨɦɟɬɪɢɱɟɫɤɨɟ ɦɟɫɬɨ ɬɨɱɟɤ ɩɪɨɫɬɪɚɧɫɬɜɚ ɫ ɨɞɢɧɚɤɨɜɵɦ ɡɧɚɱɟɧɢɟɦ 

ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɩɚɪɚɦɟɬɪɚ ɧɚɡɵɜɚɸɬ ɩɨɜɟɪɯɧɨɫɬɶɸ ɩɨɥɨɠɟɧɢɹ. ɉɟɪɟɫɟɱɟɧɢɟ 
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ɞɜɭɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɩɨɥɨɠɟɧɢɹ, ɤɚɠɞɚɹ ɢɡ ɤɨɬɨɪɵɯ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɜɨɟɦɭ 

ɧɚɜɢɝɚɰɢɨɧɧɨɦɭ ɩɚɪɚɦɟɬɪɭ ɫ ɡɚɞɚɧɧɵɦ ɡɧɚɱɟɧɢɟɦ, ɨɩɪɟɞɟɥɹɟɬ ɥɢɧɢɸ 

ɩɨɥɨɠɟɧɢɹ – ɝɟɨɦɟɬɪɢɱɟɫɤɨɟ ɦɟɫɬɨ ɬɨɱɟɤ ɩɪɨɫɬɪɚɧɫɬɜɚ. ɞɥɹ ɤɨɬɨɪɵɯ ɞɜɚ 

ɡɚɞɚɧɧɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɩɚɪɚɦɟɬɪɚ ɢɦɟɸɬ ɨɞɢɧɚɤɨɜɵɟ ɡɧɚɱɟɧɢɹ. 

Ɇɟɫɬɨɩɨɥɨɠɟɧɢɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɨɨɪɞɢɧɚɬɚɦɢ ɬɨɱɤɢ ɩɟɪɟɫɟɱɟɧɢɹ ɬɪɟɯ 

ɩɨɜɟɪɯɧɨɫɬɟɣ ɩɨɥɨɠɟɧɢɹ ɢɥɢ ɞɜɭɯ ɥɢɧɢɣ ɩɨɥɨɠɟɧɢɹ. ȼ ɪɹɞɟ ɫɥɭɱɚɟɜ (ɢɡ-ɡɚ 

ɧɟɥɢɧɟɣɧɨɫɬɢ ɩɨɜɟɪɯɧɨɫɬɟɣ ɩɨɥɨɠɟɧɢɹ) ɞɜɟ ɥɢɧɢɢ ɩɨɥɨɠɟɧɢɹ ɦɨɝɭɬ 

ɩɟɪɟɫɟɤɚɬɶɫɹ ɜ ɞɜɭɯ ɢɥɢ ɛɨɥɟɟ ɬɨɱɤɚɯ. ɉɪɢ ɷɬɨɦ ɨɞɧɨɡɧɚɱɧɨ ɧɚɣɬɢ 

ɦɟɫɬɨɩɨɥɨɠɟɧɢɟ ɦɨɠɧɨ ɬɨɥɶɤɨ, ɢɫɩɨɥɶɡɭɹ ɞɨɩɨɥɧɢɬɟɥɶɧɭɸ ɩɨɜɟɪɯɧɨɫɬɶ 

ɩɨɥɨɠɟɧɢɹ ɢɥɢ ɢɧɭɸ ɢɧɮɨɪɦɚɰɢɸ ɨ ɦɟɫɬɨɩɨɥɨɠɟɧɢɢ ɨɛɴɟɤɬɚ. 

Ⱦɥɹ ɪɟɲɟɧɢɹ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɡɚɞɚɱɢ, ɬ. ɟ. ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ ɜɟɤɬɨɪɚ 

ɩɨɬɪɟɛɢɬɟɥɹ ɉ, ɢɫɩɨɥɶɡɭɸɬ ɮɭɧɤɰɢɨɧɚɥɶɧɭɸ ɫɜɹɡɶ ɦɟɠɞɭ ɧɚɜɢɝɚɰɢɨɧɧɵɦɢ 

ɩɚɪɚɦɟɬɪɚɦɢ ɢ ɤɨɦɩɨɧɟɧɬɚɦɢ ɜɟɤɬɨɪɚ ɩɨɬɪɟɛɢɬɟɥɹ. ɋɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 

ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɢɧɹɬɨ ɧɚɡɵɜɚɬɶ ɧɚɜɢɝɚɰɢɨɧɧɵɦɢ 

ɮɭɧɤɰɢɹɦɢ. Ʉɨɧɤɪɟɬɧɵɣ ɜɢɞ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɮɭɧɤɰɢɣ ɨɛɭɫɥɨɜɥɟɧ ɦɧɨɝɢɦɢ 

ɮɚɤɬɨɪɚɦɢ: ɬɢɩɨɦ ɇɉ, ɯɚɪɚɤɬɟɪɨɦ ɞɜɢɠɟɧɢɹ ɇɋ ɢ ɩɨɬɪɟɛɢɬɟɥɹ, ɜɵɛɪɚɧɧɨɣ 

ɫɢɫɬɟɦɨɣ ɤɨɨɪɞɢɧɚɬ ɢ ɬ. ɞ. 

ɇɚɜɢɝɚɰɢɨɧɧɵɟ ɮɭɧɤɰɢɢ ɞɥɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɤɨɨɪɞɢɧɚɬ ɩɨɬɪɟɛɢɬɟɥɹ 

ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɫ ɩɨɦɨɳɶɸ ɪɚɡɥɢɱɧɵɯ ɪɚɡɧɨɜɢɞɧɨɫɬɟɣ ɞɚɥɶɧɨɦɟɪɧɵɯ, 

ɪɚɡɧɨɫɬɧɨ-ɞɚɥɶɧɨɦɟɪɧɵɯ, ɭɝɥɨɦɟɪɧɵɯ ɦɟɬɨɞɨɜ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ ɢ ɢɯ 

ɤɨɦɛɢɧɚɰɢɣ. Ⱦɥɹ ɡɚɩɢɫɢ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɮɭɧɤɰɢɣ, ɜɤɥɸɱɚɸɳɢɯ 

ɫɨɫɬɚɜɥɹɸɳɢɟ ɜɟɤɬɨɪɚ ɫɤɨɪɨɫɬɢ ɩɨɬɪɟɛɢɬɟɥɹ, ɢɫɩɨɥɶɡɭɸɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 

ɦɟɬɨɞɵ ɨɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨɫɬɢ ɨɛɴɟɤɬɚ 

1.2.1 Ⱦɚɥɶɧɨɦɟɪɧɵɣ ɦɟɬɨɞ 

Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɵɦ, ɨɫɧɨɜɚɧ ɧɚ ɩɚɫɫɢɜɧɵɯ 

ɢɡɦɟɪɟɧɢɹɯ ɪɚɫɫɬɨɹɧɢɹ Ⱦi ɦɟɠɞɭ i-ɦ ɧɚɜɢɝɚɰɢɨɧɧɵɦ ɫɩɭɬɧɢɤɨɦ ɢ ɨɛɴɟɤɬɨɦ. 

ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɦɟɬɨɞɚ ɞɚɥɶɧɨɫɬɶ ɹɜɥɹɟɬɫɹ ɧɚɜɢɝɚɰɢɨɧɧɵɦ ɩɚɪɚɦɟɬɪɨɦ, ɚ 
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ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɥɨɠɟɧɢɹ – ɫɮɟɪɚ ɫ ɪɚɞɢɭɫɨɦ Ⱦi. ɍɪɚɜɧɟɧɢɟ ɬɚɤɨɣ ɫɮɟɪɵ ɦɨɠɧɨ 

ɨɩɢɫɚɬɶ ɭɪɚɜɧɟɧɢɟɦ: 

 

2 2 2ɉ ( ) ( ) ( ) ,i i i| x x y y z z |         (1.4)  

 

ɝɞɟ xi, yi ɢ zi – ɢɡɜɟɫɬɧɵɟ ɤɨɨɪɞɢɧɚɬɵ i-ɝɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ, ɩɪɢɧɢɦɚɹ    

ɜɨ ɜɧɢɦɚɧɢɟ ɜɪɟɦɹ ɧɚ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɫɢɝɧɚɥɚ;  

x, y, z – ɤɨɨɪɞɢɧɚɬɵ ɨɛɴɟɤɬɚ. 

Ʉɨɨɪɞɢɧɚɬɵ x, y, z ɩɨɤɚɡɵɜɚɸɬ ɦɟɫɬɨɩɨɥɨɠɟɧɢɟ ɨɛɴɟɤɬɚ ɢ ɨɩɪɟɞɟɥɹɸɬɫɹ 

ɤɚɤ ɩɟɪɟɫɟɱɟɧɢɟ ɬɪёɯ ɫɮɟɪ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɞɥɹ ɩɪɢɦɟɧɟɧɢɹ ɞɚɥɶɧɨɦɟɪɧɨɝɨ 

ɦɟɬɨɞɚ ɧɭɠɧɨ ɢɡɦɟɪɢɬɶ ɞɚɥɶɧɨɫɬɢ ɞɨ ɬɪёɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ [14]. 

Ɍɨ ɟɫɬɶ ɞɥɹ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɮɭɧɤɰɢɹ ɹɜɥɹɟɬɫɹ ɫɢɫɬɟɦɨɣ 

ɢɡ ɬɪёɯ ɭɪɚɜɧɟɧɢɣ ɬɢɩɚ (1.4). ɂɡ-ɡɚ ɬɨɝɨ, ɱɬɨ ɞɚɧɧɚɹ ɫɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ 

ɹɜɥɹɟɬɫɹ ɧɟɥɢɧɟɣɧɨɣ, ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ ɧɟɨɞɧɨɡɧɚɱɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ 

ɤɨɨɪɞɢɧɚɬ ɨɛɴɟɤɬɚ, ɨɬ ɤɨɬɨɪɨɣ ɦɨɠɧɨ ɢɡɛɚɜɢɬɶɫɹ ɛɥɚɝɨɞɚɪɹ ɢɡɜɟɫɬɧɨɣ 

ɢɧɮɨɪɦɚɰɢɢ ɨɛ ɨɛɴɟɤɬɟ, ɬɚɤɨɣ ɤɚɤ ɟɝɨ ɪɚɞɢɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ. Ɍɚɤɠɟ ɜ 

ɭɪɚɜɧɟɧɢɢ (1.4) ɩɨɞɪɚɡɭɦɟɜɚɟɬɫɹ, ɱɬɨ ɚɛɫɨɥɸɬɧɨ ɜɫɟ ɜɟɥɢɱɢɧɵ ɞɨɥɠɧɵ ɛɵɬɶ 

ɩɨɥɭɱɟɧɵ ɜ ɨɞɢɧ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t. ɇɨ ɩɪɢ ɩɨɫɬɪɨɟɧɢɢ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɜ 

ɋɊɇɋ ɩɪɨɹɜɥɹɸɬɫɹ ɧɟɤɨɬɨɪɵɟ ɨɫɨɛɟɧɧɨɫɬɢ. ɋɚɦɨɟ ɝɥɚɜɧɨɟ – ɬɨ ɱɬɨ ɞɚɥɶɧɨɫɬɶ 

Ⱦi ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɪɟɡɭɥɶɬɚɬɨɜ ɨɬɫɥɟɠɢɜɚɧɢɹ ɡɚɞɟɪɠɤɢ ɬi ɫɢɝɧɚɥɚ, 

ɨɬɩɪɚɜɥɟɧɧɨɝɨ ɨɬ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ.  

Ɋɚɫɫɦɨɬɪɢɦ ɫɨɫɬɚɜɥɹɸɳɢɟ ɜɟɤɬɨɪɚ ( ) { ( ), ( ), ( )}i i i ix t x t y t z t  ɢ 

( ) { ( ), ( ), ( )}x t x t y t z t . ɉɟɪɜɵɣ – ɜɟɤɬɨɪ ɤɨɨɪɞɢɧɚɬ i-ɝɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɫɩɭɬɧɢɤɚ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t, ɜɬɨɪɨɣ – ɜɟɤɬɨɪ ɤɨɨɪɞɢɧɚɬ ɨɛɴɟɤɬɚ ɜ ɷɬɨɬ ɠɟ 

ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ. ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɨɛɴɟɤɬ ɢ ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɫɩɭɬɧɢɤ 

ɪɚɛɨɬɚɸɬ ɜ ɟɞɢɧɨɣ ɜɪɟɦɟɧɧɨɣ ɲɤɚɥɟ. ɋ ɛɨɪɬɚ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ 

ɩɨɫɵɥɚɟɬɫɹ ɫɢɝɧɚɥ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɣ ɜ ɜɟɪɯɧɟɣ ɱɚɫɬɢ ɪɢɫɭɧɤɚ 1. 



 
 

13 
 

 

Ɋɢɫɭɧɨɤ 1 – ȼɪɟɦɟɧɧɚɹ ɞɢɚɝɪɚɦɦɚ ɢɡɥɭɱɟɧɢɹ  

ɢ ɩɪɢёɦɚ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ 

 

Ⱦɚɧɧɵɣ ɜɢɞ ɨɝɢɛɚɸɳɟɣ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɚɥɶɧɨɦɟɪɧɨɦɭ ɤɨɞɭ ɫɢɝɧɚɥɨɜ, 

ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɫɩɭɬɧɢɤɨɜɨɣ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ. Ⱦɚɥɟɟ ɜɦɟɫɬɨ 

ɨɝɢɛɚɸɳɟɣ ɫɢɝɧɚɥɚ ɛɭɞɟɦ ɝɨɜɨɪɢɬɶ ɨ ɞɚɥɶɧɨɦɟɪɧɨɦ ɤɨɞɟ. ȼ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ 

t1 ɟɫɬɶ ɧɟɤɨɬɨɪɚɹ ɮɚɡɚ ɢɡɥɭɱɚɟɦɨɝɨ ɤɨɞɚ. ȼ ɷɬɨɬ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ 

ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɫɩɭɬɧɢɤ ɢ ɨɛɴɟɤɬ ɢɦɟɸɬ ɤɨɨɪɞɢɧɚɬɵ xi(t1) ɢ x(t1) 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɋɩɭɫɬɹ ɧɟɤɨɬɨɪɵɣ ɩɪɨɦɟɠɭɬɨɤ ɜɪɟɦɟɧɢ, ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t2 

ɫɢɝɧɚɥ ɫ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɮɚɡɨɣ ɞɨɫɬɢɝɚɟɬ ɩɪɢёɦɧɢɤɚ ɨɛɴɟɤɬɚ, ɱɬɨ ɦɨɠɧɨ 

ɭɜɢɞɟɬɶ ɧɚ ɧɢɠɧɟɦ ɝɪɚɮɢɤɟ ɪɢɫɭɧɤɚ 1. ȼ ɷɬɨɬ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɧɚɜɢɝɚɰɢɨɧɧɵɣ 

ɫɩɭɬɧɢɤ ɢ ɨɛɴɟɤɬ ɢɦɟɸɬ ɤɨɨɪɞɢɧɚɬɵ xi(t2) ɢ x(t2) ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ɂɚɞɟɪɠɤɚ ɜ 

ɩɪɢёɦɧɢɤɟ ɢɡɦɟɪɹɟɬɫɹ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t2 ɢ ɩɪɢ ɢɡɜɟɫɬɧɨɦ ɡɧɚɱɟɧɢɢ t1 ɨɧɚ 

ɛɭɞɟɬ ɪɚɜɧɚ: 

 

2 2 1ɬ ( )i t t t   . (1.5) 
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Ɉɞɧɚɤɨ ɜ ɬɨ ɠɟ ɜɪɟɦɹ ɫɢɝɧɚɥ, ɨɬɩɪɚɜɥɟɧɧɵɣ ɫ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ, 

ɩɪɟɨɞɨɥɟɥ ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɬɨɱɤɢ xi(t1) ɞɨ ɬɨɱɤɢ x(t2). ɗɬɨ ɨɡɧɚɱɚɟɬ ɱɬɨ ɜɪɟɦɹ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫɢɝɧɚɥɚ, ɬɨ ɟɫɬɶ ɟɝɨ ɡɚɞɟɪɠɤɚ, ɛɭɞɟɬ ɪɚɜɧɨ: 

 

2 1 2ɬ ( ) ( ) ( ) ,i it || x t x t || / c     (1.6) 

 

ɝɞɟ ||…|| – ɷɜɤɥɢɞɨɜɚ ɧɨɪɦɚ ɜɟɤɬɨɪɚ (ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɜɟɤɬɨɪɚɦɢ (1.4)); 

c – ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ. 

ɉɨɞɫɬɚɜɥɹɹ ɜ ɩɨɥɭɱɢɜɲɟɟɫɹ ɫɨɨɬɧɨɲɟɧɢɟ ɜɵɪɚɠɟɧɢɟ (1.5) ɢ ɡɚɦɟɧɹɹ t2 

ɬɟɤɭɳɟɦ ɜɪɟɦɟɧɟɦ, ɩɨɥɭɱɢɦ ɮɨɪɦɭɥɭ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɡɚɞɟɪɠɤɢ ɫɢɝɧɚɥɚ: 

 

ɬ ( ) ( ɬ ( ) ( ))i i it || x t t x t || / c   .     (1.7) 

 

ɋɨɨɬɧɨɲɟɧɢɟ (1.7) ɹɜɥɹɟɬɫɹ ɧɟɥɢɧɟɣɧɵɦ ɭɪɚɜɧɟɧɢɟɦ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɬi(t) [3]. 

Ⱦɪɭɝɨɣ ɡɧɚɱɢɦɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ, ɤɨɬɨɪɭɸ ɫɥɟɞɭɟɬ ɭɱɢɬɵɜɚɬɶ ɜ 

ɫɩɭɬɧɢɤɨɜɨɣ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ, ɹɜɥɹɟɬɫɹ ɩɪɢɜɹɡɤɚ ɜɪɟɦɟɧɢ 

ɢɡɥɭɱɟɧɢɹ ɫɢɝɧɚɥɚ ɫ ɛɨɪɬɚ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ ɤ ɛɨɪɬɨɜɨɣ ɲɤɚɥɟ 

ɜɪɟɦɟɧɢ. ɉɪɢ ɷɬɨɦ ɨɛɴɟɤɬ ɢɡɦɟɪɹɟɬ ɡɚɞɟɪɠɤɭ ɫɢɝɧɚɥɚ ɩɨ ɫɨɛɫɬɜɟɧɧɨɣ ɲɤɚɥɟ 

ɜɪɟɦɟɧɢ ɩɨɬɪɟɛɢɬɟɥɹ (ɒȼɉ). ɉɪɢ ɧɚɥɢɱɢɢ ɪɚɫɯɨɠɞɟɧɢɹ t' ɲɤɚɥ ɜɪɟɦɟɧɢ 

ɜɨɡɧɢɤɚɟɬ ɫɦɟɳɟɧɢɟ ɢɡɦɟɪɟɧɧɨɣ ɞɚɥɶɧɨɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɢɫɬɢɧɧɨɣ, ɢ 

ɬɨɱɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɩɨɬɪɟɛɢɬɟɥɹ ɩɚɞɚɟɬ.  

ɉɭɫɬɶ t – ɫɢɫɬɟɦɧɚɹ ɲɤɚɥɚ ɜɪɟɦɟɧɢ, tɧɫ – ɲɤɚɥɚ ɜɪɟɦɟɧɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɫɩɭɬɧɢɤɚ, tɩ – ɲɤɚɥɚ ɜɪɟɦɟɧɢ ɩɨɬɪɟɛɢɬɟɥɹ (ɪɢɫɭɧɨɤ 2), ɩɪɢɱɟɦ ɒȼɉ ɫɞɜɢɧɭɬɚ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɛɨɪɬɨɜɨɣ ɲɤɚɥɵ ɜɪɟɦɟɧɢ ɫɩɭɬɧɢɤɚ (Ȼɒȼ) ɧɚ t'. Ɍɨɝɞɚ tɧɫ1 – 

ɦɨɦɟɧɬ ɢɡɥɭɱɟɧɢɹ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɮɚɡɵ ɞɚɥɶɧɨɦɟɪɧɨɝɨ ɤɨɞɚ ɫ ɛɨɪɬɚ ɇɋ ɜ 

Ȼɒȼ, ɤɨɬɨɪɵɣ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɨɦɟɧɬɭ ɜɪɟɦɟɧɢ tɩ1 ɜ ɒȼɉ; tɩ1 – ɦɨɦɟɧɬ 

ɜɪɟɦɟɧɢ ɩɪɢɟɦɚ ɬɨɣ ɠɟ ɮɚɡɵ ɞɚɥɶɧɨɦɟɪɧɨɝɨ ɤɨɞɚ ɩɪɢɟɦɧɢɤɨɦ ɩɨɬɪɟɛɢɬɟɥɹ ɜ 

ɒȼɉ. 
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Ɋɢɫɭɧɨɤ 2 – ȼɪɟɦɟɧɧɚɹ ɞɢɚɝɪɚɦɦɚ ɢɡɥɭɱɟɧɢɹ ɢ ɩɪɢёɦɚ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɫɢɝɧɚɥɚ ɫɨ ɫɞɜɢɝɨɦ ɲɤɚɥ ɜɪɟɦɟɧɢ 

 

ɂɫɬɢɧɧɨɟ ɡɧɚɱɟɧɢɟ ɡɚɞɟɪɠɤɢ ɫɢɝɧɚɥɚ ɬiɢɫɬ = tɩ2 – tɫɧ1, ɚ ɢɡɦɟɪɟɧɧɨɟ 

ɨɛɴɟɤɬɨɦ: 

 

ɢɡɦ ɩ2 ɩ1 ɩ2 ɩ1 ɢɫɬɬ ( ') ɬi it t t t t t' .         (1.8) 

 

Ɍɨ ɟɫɬɶ ɢɡɦɟɪɟɧɧɨɟ ɩɨɬɪɟɛɢɬɟɥɟɦ ɡɧɚɱɟɧɢɟ ɡɚɞɟɪɠɤɢ ɬiɢɡɦ, ɧɚɡɵɜɚɟɦɨɟ 

ɩɫɟɜɞɨɡɚɞɟɪɠɤɨɣ, ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɢɫɬɢɧɧɨɝɨ ɬiɢɫɬ ɧɚ ɜɟɥɢɱɢɧɭ t', ɪɚɜɧɭɸ 

ɫɦɟɳɟɧɢɸ ɲɤɚɥ ɜɪɟɦɟɧɢ (Ȼɒȼ ɢ ɒȼɉ). ɍɦɟɧɶɲɢɬɶ ɜɥɢɹɧɢɟ ɷɬɨɝɨ ɮɚɤɬɨɪɚ 

ɦɨɠɧɨ, ɭɫɬɚɧɨɜɢɜ ɭ ɩɨɬɪɟɛɢɬɟɥɹ ɜɵɫɨɤɨɫɬɚɛɢɥɶɧɵɣ ɷɬɚɥɨɧ ɜɪɟɦɟɧɢ (ɱɚɫɬɨɬɵ) 

ɢ ɩɟɪɢɨɞɢɱɟɫɤɢ ɩɪɨɜɨɞɹ ɟɝɨ ɤɚɥɢɛɪɨɜɤɭ ɩɨ Ȼɒȼ. Ɉɞɧɚɤɨ ɜɵɫɨɤɨɫɬɚɛɢɥɶɧɵɟ 

ɷɬɚɥɨɧɵ ɜɪɟɦɟɧɢ ɞɨɫɬɚɬɨɱɧɨ ɞɨɪɨɝɢ ɢ ɧɟ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɭ 

ɦɚɫɫɨɜɨɝɨ ɩɨɬɪɟɛɢɬɟɥɹ. Ⱦɪɭɝɢɦ ɫɩɨɫɨɛɨɦ ɭɦɟɧɶɲɟɧɢɹ ɜɥɢɹɧɢɹ ɪɚɫɯɨɠɞɟɧɢɹ 

ɲɤɚɥ ɜɪɟɦɟɧɢ ɹɜɥɹɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɩɫɟɜɞɨ-ɞɚɥɶɧɨɦɟɪɧɨɝɨ ɦɟɬɨɞɚ 

ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ. 

1.2.2 ɉɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɵɣ ɦɟɬɨɞ 

ɉɨɞ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɶɸ ɨɬ ɤɚɤɨɝɨ-ɥɢɛɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ ɞɨ 
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ɨɛɴɟɤɬɚ ɩɪɢɧɹɬɨ ɫɱɢɬɚɬɶ ɢɡɜɟɫɬɧɭɸ ɜ ɫɜɨɛɨɞɧɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ ɞɚɥɶɧɨɫɬɶ 

Ⱦ'i = ct' ɞɨ ɷɬɨɝɨ ɫɩɭɬɧɢɤɚ, ɪɚɡɥɢɱɚɸɳɭɸɫɹ ɨɬ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɞɚɥɶɧɨɫɬɢ Ⱦi ɧɚ 

ɧɟɢɡɜɟɫɬɧɭɸ, ɧɨ ɧɟɢɡɦɟɧɹɸɳɭɸɫɹ ɡɚ ɜɪɟɦɹ ɧɚɯɨɠɞɟɧɢɹ ɧɚɜɢɝɚɰɢɨɧɧɵɯ 

ɩɚɪɚɦɟɬɪɨɜ ɜɟɥɢɱɢɧɭ Ⱦ'. Ɍɨ ɟɫɬɶ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɢ ɦɟɠɞɭ 

ɨɛɴɟɤɬɨɦ ɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ ɜɵɝɥɹɞɢɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 

2 2 2Ⱦ Ⱦ Ⱦ ( ) ( ) ( ) Ⱦi i i i i' ' x x y y z z '         . (1.9) 

 

ȼ ɫɩɭɬɧɢɤɨɜɨɣ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɶ Ⱦ'i = ct'i  

ɜɵɱɢɫɥɹɟɬɫɹ ɱɟɪɟɡ ɜɪɟɦɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫɢɝɧɚɥɚ ɨɬ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɫɩɭɬɧɢɤɚ ɞɨ ɨɛɴɟɤɬɚ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ:  
 

ɩ(ɒȼɉ) ɧɫ (ɒȼɉ)ɬ 'i it t  , (1.10) 

 

ɝɞɟ ɩ(ɒȼɉ)t  – ɜɪɟɦɹ ɧɚ ɩɪɢёɦɧɢɤɟ ɫɢɝɧɚɥɚ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɩɪɢɧɹɬɢɹ ɷɬɨɝɨ  

ɫɢɝɧɚɥɚ; 

ɧɫ (ɒȼɉ)it  – ɜɪɟɦɹ ɢɡɥɭɱɟɧɢɹ ɫɢɝɧɚɥɚ ɫɨ ɫɩɭɬɧɢɤɚ.  

ɋɥɟɞɨɜɚɬɟɥɶɧɨ,  

 

Ⱦ'i = cɬ'i,  (1.11) 

 

ɝɞɟ т′ – ɪɚɡɧɢɰɚ ɦɟɠɞɭ ɒȼɉ ɢ Ȼɒȼ [20][21]. 

ɂɡ-ɡɚ ɬɨɝɨ, ɱɬɨ ɩɫɟɜɞɨɞɚɥɶɦɟɪɧɵɣ ɦɟɬɨɞ ɨɫɧɨɜɚɧ ɧɚ ɧɚɯɨɠɞɟɧɢɢ 

ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɟɣ, ɡɚ ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɩɚɪɚɦɟɬɪ ɫɥɟɞɭɟɬ ɩɪɢɧɢɦɚɬɶ Ⱦ'i. 

ɉɨɜɟɪɯɧɨɫɬɶɸ ɩɨɥɨɠɟɧɢɹ ɞɨ ɫɢɯ ɩɨɪ ɫɱɢɬɚɥɚɫɶ ɫɮɟɪɚ ɫ ɰɟɧɬɪɨɦ ɜ ɬɨɱɤɟ ɦɚɫɫ 

ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ, ɨɞɧɚɤɨ ɪɚɞɢɭɫ ɞɚɧɧɨɣ ɫɮɟɪɵ ɢɡɦɟɧёɧ ɧɚ 

ɧɟɢɡɜɟɫɬɧɭɸ ɜɟɥɢɱɢɧɭ Ⱦ'. ɇɚɯɨɠɞɟɧɢɟ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɟɣ ɥɢɲɶ ɞɨ ɬɪёɯ 

ɫɩɭɬɧɢɤɨɜ ɩɪɢɜɨɞɢɬ ɤ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ ɫ ɱɟɬɵɪɶɦɹ ɧɟɢɡɜɟɫɬɧɵɦɢ x, y, z, Ⱦ'. 
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ɉɪɢ ɪɟɲɟɧɢɢ ɬɚɤɨɣ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ ɩɨɥɭɱɚɟɬɫɹ ɧɟɨɩɪɟɞɟɥёɧɧɵɣ ɩɚɪɚɦɟɬɪ 

ɢ ɧɭɠɧɨ ɩɪɨɜɟɫɬɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɪɚɫɱёɬ: ɢɡɦɟɪɢɬɶ ɟɳё ɨɞɧɭ 

ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɶ ɞɨ ɱɟɬɜёɪɬɨɝɨ ɫɩɭɬɧɢɤɚ. Ɍɚɤɚɹ ɫɢɫɬɟɦɚ ɢɡ ɱɟɬɵɪёɯ ɭɪɚɜɧɟɧɢɣ 

ɩɨɡɜɨɥɢɬ ɧɚɣɬɢ ɬɨɱɧɨɟ ɪɟɲɟɧɢɟ, ɬɨ ɟɫɬɶ ɦɟɫɬɨɩɨɥɨɠɟɧɢɟ ɨɛɴɟɤɬɚ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɧɚɯɨɞɢɬɫɹ ɤɚɤ ɬɨɱɤɚ ɩɟɪɟɫɟɱɟɧɢɹ ɱɟɬɵɪёɯ 

ɩɨɜɟɪɯɧɨɫɬɟɣ ɩɨɥɨɠɟɧɢɹ. 

ɉɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɵɣ ɦɟɬɨɞ ɩɪɟɞɨɫɬɚɜɥɹɟɬ ɤɪɚɣɧɟ ɠёɫɬɤɢɟ ɬɪɟɛɨɜɚɧɢɹ 

ɤ ɫɢɫɬɟɦɟ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ, ɬɚɤ ɤɚɤ ɨɧ ɬɪɟɛɭɟɬ ɧɚɯɨɠɞɟɧɢɟ ɜ ɡɨɧɟ 

ɜɢɞɢɦɨɫɬɢ ɜɫɟɯ ɱɟɬɵɪёɯ ɫɩɭɬɧɢɤɨɜ ɱɬɨ ɜɨɡɦɨɠɧɨ ɬɨɥɶɤɨ ɜ ɫɪɟɞɧɟɨɪɛɢɬɚɥɶɧɨɣ 

ɫɩɭɬɧɢɤɨɜɨɣ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɧɢɡɤɨɨɪɛɢɬɚɥɶɧɵɯ 

ɫɩɭɬɧɢɤɨɜɵɯ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ, ɤɚɤ ɩɪɚɜɢɥɨ, ɨɛɟɫɩɟɱɢɜɚɟɬ 

ɩɟɪɢɨɞɢɱɟɫɤɭɸ ɜɢɞɢɦɨɫɬɶ ɥɢɲɶ ɨɞɧɨɝɨ ɢɥɢ ɞɜɭɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ 

ɢɡ-ɡɚ ɱɟɝɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨɥɨɠɟɧɢɟ ɜ ɞɚɧɧɵɯ ɫɢɫɬɟɦɚɯ ɦɨɠɧɨ, ɧɨ ɧɟ ɜ ɪɟɠɢɦɟ 

ɪɟɚɥɶɧɨɝɨ ɜɪɟɦɟɧɢ, ɬɚɤ ɤɚɤ ɢɡɦɟɪɟɧɢɹ ɧɟɫɤɨɥɶɤɢɯ ɥɢɧɢɣ ɩɨɥɨɠɟɧɢɹ ɩɨ 

ɫɢɝɧɚɥɚɦ ɨɞɧɨɝɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ ɩɪɨɜɨɞɹɬɫɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ. 

ɉɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɵɣ ɦɟɬɨɞ ɧɟ ɧɚɤɥɚɞɵɜɚɟɬ ɠёɫɬɤɢɯ ɨɝɪɚɧɢɱɟɧɢɣ ɧɚ 

ɡɧɚɱɟɧɢɟ ɩɨɝɪɟɲɧɨɫɬɢ Ⱦ'i = cɬ'i ɢ ɩɨɡɜɨɥɹɟɬ ɨɞɧɨɜɪɟɦɟɧɧɨ ɫ ɨɩɪɟɞɟɥɟɧɢɟɦ 

ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɜɵɱɢɫɥɹɬɶ ɨɬɤɥɨɧɟɧɢɟ ɲɤɚɥɵ ɜɪɟɦɟɧɢ ɨɛɴɟɤɬɚ. ɉɪɢ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɫɢɝɧɚɥɚ ɨɬ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ ɞɨ ɨɛɴɟɤɬɚ ɜɨɡɧɢɤɚɸɬ 

ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɧɟɤɨɧɬɪɨɥɢɪɭɟɦɵɟ ɡɚɞɟɪɠɤɢ ɫɢɝɧɚɥɚ, ɤɨɬɨɪɵɟ ɬɚɤɠɟ ɦɨɝɭɬ 

ɛɵɬɶ ɨɬɧɟɫɟɧɵ ɤ ɫɨɫɬɚɜɥɹɸɳɟɣ Ⱦ'. 

1.2.3 Ɋɚɡɧɨɫɬɧɨ-ɞɚɥɶɧɨɦɟɪɧɵɣ ɦɟɬɨɞ 

Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɨɫɧɨɜɵɜɚɟɬɫɹ ɧɚ ɢɡɦɟɪɟɧɢɹɯ ɪɚɡɧɨɫɬɢ ɞɚɥɶɧɨɫɬɟɣ ɨɬ 

ɨɛɴɟɤɬɚ ɞɨ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ, ɨɞɧɨɝɨ ɢɥɢ ɫɪɚɡɭ ɧɟɫɤɨɥɶɤɢɯ. Ɉɧ 

ɚɧɚɥɨɝɢɱɟɧ ɩɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɨɦɭ ɦɟɬɨɞɭ, ɬɚɤ ɤɚɤ ɟɝɨ ɪɚɡɭɦɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ 

ɬɨɥɶɤɨ ɜ ɫɥɭɱɚɟ ɮɚɤɬɢɱɟɫɤɨɝɨ ɢɡɦɟɪɟɧɢɹ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɢ. ɗɬɨɬ ɦɟɬɨɞ 

ɢɫɩɨɥɶɡɭɟɬ ɬɪɢ ɪɚɡɧɨɫɬɢ △Ⱦij = Ⱦ'i -Ⱦ'j, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɚɫɫɬɨɹɧɢɹɦ ɞɨ ɬɪɟɯ 

ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ. ɉɪɢ ɭɫɥɨɜɢɢ ɧɟɢɡɦɟɧɧɨɫɬɢ Ⱦ’ ɪɚɡɧɨɫɬɢ 
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ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɟɣ ɨɞɢɧɚɤɨɜɵ ɫ ɪɚɡɧɨɫɬɹɦɢ ɢɫɬɢɧɧɵɯ ɡɧɚɱɟɧɢɣ, ɞɥɹ ɪɚɫɱёɬɚ 

ɤɨɬɨɪɵɯ ɧɟɨɛɯɨɞɢɦɵ ɜɫɟɝɨ ɬɪɢ ɧɟɡɚɜɢɫɢɦɵɯ ɭɪɚɜɧɟɧɢɹ. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ 

ɧɚɜɢɝɚɰɢɨɧɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ɹɜɥɹɟɬɫɹ △Ⱦij. ɉɨɜɟɪɯɧɨɫɬɢ ɩɨɥɨɠɟɧɢɹ ɧɚɯɨɞɹɬɫɹ 

ɛɥɚɝɨɞɚɪɹ ɭɫɥɨɜɢɸ △Ⱦij = const ɢ ɹɜɥɹɸɬɫɹ ɩɨɜɟɪɯɧɨɫɬɹɦɢ ɞɜɭɯɩɨɥɨɫɧɨɝɨ 

ɝɢɩɟɪɛɨɥɨɢɞɚ. Ɍɨɱɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ ɨɛɴɟɤɬɚ ɩɨ ɞɚɧɧɨɦɭ ɦɟɬɨɞɭ 

ɫɨɜɩɚɞɚɟɬ ɫ ɬɨɱɧɨɫɬɶɸ ɩɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɨɝɨ ɦɟɬɨɞɚ. 

1.2.4 Ɋɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɣ (ɞɨɩɥɟɪɨɜɫɤɢɣ) ɦɟɬɨɞ 

Ɇɟɬɨɞ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢɢ ɬɪɟɯ ɪɚɞɢɚɥɶɧɵɯ ɫɤɨɪɨɫɬɟɣ ɩɟɪɟɦɟɳɟɧɢɹ 

ɩɨɬɪɟɛɢɬɟɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɪɟɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ. Ɏɢɡɢɱɟɫɤɨɣ 

ɨɫɧɨɜɨɣ ɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɝɨ ɦɟɬɨɞɚ (ɊɋɆ) ɹɜɥɹɟɬɫɹ ɡɚɜɢɫɢɦɨɫɬɶ 

ɪɚɞɢɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ ɬɨɱɤɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɇɋ ɨɬ ɤɨɨɪɞɢɧɚɬ ɢ 

ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɇɋ. Ⱦɢɮɮɟɪɟɧɰɢɪɭɹ (1.4) ɩɨ ɜɪɟɦɟɧɢ, ɩɨɥɭɱɚɟɦ 

 

ɉ ( )( ) ( )( ) ( )( )i i i i i i= | x x x' x' + y y y' y' + z z z' z' |      ,  (1.12) 

 

ɝɞɟ {( )( )( )}i i ix' x' y' y' z' z'    – ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɜɟɤɬɨɪ ɨɬɧɨɫɢɬɟɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ; 

{( )( )( )}i i ix x y y z z    – ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɤɨɨɪɞɢɧɚɬɵ ɩɨɬɪɟɛɢɬɟɥɹ. 

ɂɡ (1.12) ɫɥɟɞɭɟɬ, ɱɬɨ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬ { x ',  y ',  z '}  ɜɟɤɬɨɪɚ 

ɫɤɨɪɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ: ɜɟɤɬɨɪɵ ɤɨɨɪɞɢɧɚɬ Xi  = {xi, yi, zi} ɢ ɫɤɨɪɨɫɬɢ 

Mi = { x'i,  y'i,  z'i} ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ, ɚ ɬɚɤɠɟ ɤɨɨɪɞɢɧɚɬɵ ɩɨɬɪɟɛɢɬɟɥɹ 

{ x ,  y,  z} . ȼ ɪɟɡɭɥɶɬɚɬɟ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɨɩɪɟɞɟɥɹɸɬɫɹ «ɧɨɜɵɟ ɷɤɜɢɜɚɥɟɧɬ-

ɧɵɟ» ɢɡɦɟɪɟɧɢɹ Ni, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɪɚɡɧɨɫɬɧɨ-ɞɚɥɶɧɨɦɟɪɧɨɦɭ ɦɟɬɨɞɭ, ɧɨ 

ɩɪɢ ɷɬɨɦ ɪɚɡɧɨɫɬɢ ɞɚɥɶɧɨɫɬɟɣ ɮɨɪɦɢɪɭɸɬɫɹ ɞɥɹ ɨɞɧɨɝɨ ɢ ɬɨɝɨ ɠɟ 

ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ ɜ ɪɚɡɥɢɱɧɵɟ ɦɨɦɟɧɬɵ ɜɪɟɦɟɧɢ [16]. 

ɇɟɞɨɫɬɚɬɤɨɦ ɦɟɬɨɞɚ ɹɜɥɹɟɬɫɹ ɧɟɜɨɡɦɨɠɧɨɫɬɶ ɢɯ ɢɡɦɟɪɟɧɢɹ ɤɨɨɪɞɢɧɚɬ 

ɨɛɴɟɤɬɚ ɜ ɪɟɚɥɶɧɨɦ ɦɚɫɲɬɚɛɟ ɜɪɟɦɟɧɢ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɫɪɟɞɧɟɜɵɫɨɬɧɵɯ 
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ɫɩɭɬɧɢɤɨɜɵɯ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦɚɯ ɪɟɚɥɢɡɚɰɢɹ ɪɚɞɢɚɥɶɧɨ-

ɫɤɨɪɨɫɬɧɨɝɨ ɦɟɬɨɞɚ ɡɚɬɪɭɞɧɟɧɚ ɜɜɢɞɭ ɦɟɞɥɟɧɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɪɚɞɢɚɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ. ɗɬɨ ɨɛɭɫɥɨɜɢɥɨ ɩɪɢɦɟɧɟɧɢɟ ɪɚɡɧɨɫɬɧɨ-ɫɤɨɪɨɫɬɧɨɝɨ ɦɟɬɨɞɚ ɜ ɬɚɤɢɯ 

ɫɩɭɬɧɢɤɨɜɵɯ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦɚɯ ɬɨɥɶɤɨ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ 

ɫɨɫɬɚɜɥɹɸɳɢɯ ɫɤɨɪɨɫɬɢ ɩɨɬɪɟɛɢɬɟɥɹ. Ⱦɪɭɝɨɣ ɜɨɡɦɨɠɧɨɫɬɶɸ ɩɨɥɭɱɟɧɢɹ 

ɢɧɮɨɪɦɚɰɢɢ ɨ ɤɨɨɪɞɢɧɚɬɚɯ { x ,  y,  z}  ɹɜɥɹɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɪɚɞɢɚɥɶɧɨ-

ɫɤɨɪɨɫɬɧɨɝɨ ɦɟɬɨɞɚ ɫɨɜɦɟɫɬɧɨ ɫ ɨɞɧɢɦ ɢɡ ɢɡɜɟɫɬɧɵɯ (ɨɩɢɫɚɧɧɵɯ ɜɵɲɟ) 

«ɞɚɥɶɧɨɦɟɪɧɵɯ» ɦɟɬɨɞɨɜ. 

ɇɟɞɨɫɬɚɬɤɨɦ ɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɝɨ ɦɟɬɨɞɚ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɫɤɨɪɨɫɬɢ 

ɩɨɬɪɟɛɢɬɟɥɹ ɹɜɥɹɟɬɫɹ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɧɚɥɢɱɢɹ ɜɵɫɨɤɨɫɬɚɛɢɥɶɧɨɝɨ ɷɬɚɥɨɧɚ 

ɱɚɫɬɨɬɵ, ɬɚɤ ɤɚɤ ɥɸɛɚɹ ɧɟɫɬɚɛɢɥɶɧɨɫɬɶ ɱɚɫɬɨɬɵ ɩɪɢɜɨɞɢɬ ɤ 

ɧɟɤɨɧɬɪɨɥɢɪɭɟɦɨɦɭ ɢɡɦɟɧɟɧɢɸ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɦɟɳɟɧɢɹ ɱɚɫɬɨɬɵ, ɚ, 

ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɤ ɞɨɩɨɥɧɢɬɟɥɶɧɵɦ ɨɲɢɛɤɚɦ ɢɡɦɟɪɟɧɢɹ ɫɨɫɬɚɜɥɹɸɳɢɯ 

ɫɤɨɪɨɫɬɢ ɩɨɬɪɟɛɢɬɟɥɹ. 

1.2.5 ɉɫɟɜɞɨɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɣ ɦɟɬɨɞ  

ɉɫɟɜɞɨɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɣ ɦɟɬɨɞ (ɩɫɟɜɞɨɞɨɩɥɟɪɨɜɫɤɢɣ ɦɟɬɨɞ) 

ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɹɬɶ ɜɟɤɬɨɪ ɫɤɨɪɨɫɬɢ ɩɨɬɪɟɛɢɬɟɥɹ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɧɟɢɡ-

ɜɟɫɬɧɨɝɨ ɫɦɟɳɟɧɢɹ ɱɚɫɬɨɬɵ ɫɢɝɧɚɥɚ, ɧɚɩɪɢɦɟɪ, ɢɡ-ɡɚ ɧɟɫɬɚɛɢɥɶɧɨɫɬɢ ɷɬɚɥɨɧɚ 

ɱɚɫɬɨɬɵ. ɉɪɢ ɧɚɥɢɱɢɢ ɬɚɤɨɝɨ ɫɦɟɳɟɧɢɹ △f=Ⱦ'i/λ, ɚ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɪɚɞɢɚɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ ɞɜɭɯ ɫɥɚɝɚɟɦɵɯ: 

 

( )( ) ( )( ) ( )( )Ⱦ Ⱦ Ⱦ Ⱦ
Ⱦ

i i i i i i
i i i i

i

x x x' x' + y y y' y' + z z z' z'
'' = + ' = + '

     
. (1.13) 

 

Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɜɟɤɬɨɪɚ ɫɤɨɪɨɫɬɢ ɩɨɬɪɟɛɢɬɟɥɹ ɢ ɩɨɩɪɚɜɤɢ Ⱦ'i, 

ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɟɫɬɢ ɢɡɦɟɪɟɧɢɹ ɩɨ ɱɟɬɵɪɟɦ ɇɋ ɢ ɪɟɲɢɬɶ ɫɢɫɬɟɦɭ ɱɟɬɵɪɟɯ 

ɭɪɚɜɧɟɧɢɣ ɜɢɞɚ (1.12). Ⱦɥɹ ɟɟ ɪɟɲɟɧɢɹ ɩɨɬɪɟɛɭɟɬɫɹ ɡɧɚɧɢɟ ɞɚɥɶɧɨɫɬɟɣ Ⱦ'i ɢ 

ɤɨɨɪɞɢɧɚɬ ɩɨɬɪɟɛɢɬɟɥɹ. ɗɬɚ ɢɧɮɨɪɦɚɰɢɹ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɭɱɟɧɚ, ɧɚɩɪɢɦɟɪ, ɢɡ 
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ɩɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɵɯ ɢɡɦɟɪɟɧɢɣ [13]. 

1.2.6 Ɋɚɡɧɨɫɬɧɨ-ɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɣ ɦɟɬɨɞ 

ɋɭɳɧɨɫɬɶ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɬɪɟɯ ɪɚɡɧɨɫɬɟɣ △Ⱦij = Ⱦ'i – Ⱦ'j ɞɜɭɯ ɪɚɞɢɚɥɶɧɵɯ ɫɤɨɪɨɫɬɟɣ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ. ɉɪɢ 

ɷɬɨɦ ɪɚɡɧɨɫɬɢ ɦɨɠɧɨ ɜɵɱɢɫɥɹɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɞɧɨɝɨ ɢɥɢ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɪɚɡɥɢɱɧɵɯ ɫɩɭɬɧɢɤɨɜ. ɉɨ ɫɭɳɟɫɬɜɭ, ɩɪɢ ɜɵɱɢɫɥɟɧɢɢ ɪɚɡɧɨɫɬɟɣ ɦɨɝɭɬ 

ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɢ ɩɫɟɜɞɨ-ɪɚɞɢɚɥɶɧɵɟ ɫɤɨɪɨɫɬɢ Ⱦ''i, ɬɚɤ ɤɚɤ ɩɪɢ ɬɚɤɨɦ 

ɜɵɱɢɬɚɧɢɢ ɤɨɦɩɟɧɫɢɪɭɟɬɫɹ ɧɟɢɡɜɟɫɬɧɨɟ ɫɦɟɳɟɧɢɟ Ⱦ'i (ɜ ɩɪɟɞɩɨɥɨɠɟɧɢɢ, ɱɬɨ 

ɷɬɨ ɫɦɟɳɟɧɢɟ ɨɞɢɧɚɤɨɜɨɟ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɫɩɭɬɧɢɤɨɜ). ɇɚɜɢɝɚɰɢɨɧɧɵɟ 

ɩɚɪɚɦɟɬɪɵ ɧɚɯɨɞɹɬɫɹ ɩɨ ɮɨɪɦɭɥɟ: 

 

( )( ) ( )( ) ( )( )Ⱦ
Ⱦ

( )( ) ( )( ) ( )( )

Ⱦ

i i i i i i
i

i

j j j j j j

j

x x x' x' + y y y' y' + z z z' z'
' =

x x x' x' + y y y' y' + z z z' z'
.

     
 

     


 (1.14) 

 

 ɉɨɜɟɪɯɧɨɫɬɢ ɩɨɥɨɠɟɧɢɹ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɬɟɥɚ 

ɜɪɚɳɟɧɢɹ, ɮɨɤɭɫɚɦɢ ɤɨɬɨɪɵɯ ɹɜɥɹɸɬɫɹ ɤɨɨɪɞɢɧɚɬɵ ɰɟɧɬɪɨɜ ɦɚɫɫ i-ɝɨ 

ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ [15]. 

Ʉɚɤ ɢ ɞɥɹ «ɞɚɥɶɧɨɦɟɪɧɵɯ» ɦɟɬɨɞɨɜ, ɬɨɱɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɫɨɫɬɚɜ-

ɥɹɸɳɢɯ ɜɟɤɬɨɪɚ ɫɤɨɪɨɫɬɢ ɜ ɪɚɡɧɨɫɬɧɨ-ɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɦ ɦɟɬɨɞɟ 

ɫɨɜɩɚɞɚɟɬ ɫ ɬɨɱɧɨɫɬɶɸ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɯ ɠɟ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜ ɩɫɟɜɞɨɪɚɞɢɚɥɶɧɨ-

ɫɤɨɪɨɫɬɧɨɦ ɦɟɬɨɞɟ. Ⱦɨɫɬɨɢɧɫɬɜɨɦ ɪɚɡɧɨɫɬɧɨ-ɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɨɝɨ ɦɟɬɨɞɚ 

ɹɜɥɹɟɬɫɹ ɟɝɨ ɧɟɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɤ ɧɟɫɬɚɛɢɥɶɧɨɫɬɹɦ ɷɬɚɥɨɧɨɜ ɱɚɫɬɨɬɵ ɢ 

ɞɪɭɝɢɦ ɧɟɤɨɧɬɪɨɥɢɪɭɟɦɵɦ ɫɦɟɳɟɧɢɹɦ ɱɚɫɬɨɬɵ, ɚ ɟɝɨ ɧɟɞɨɫɬɚɬɤɨɦ – ɧɟɜɨɡ-

ɦɨɠɧɨɫɬɶ ɨɰɟɧɤɢ ɧɟɫɬɚɛɢɥɶɧɨɫɬɢ ɷɬɚɥɨɧɨɜ ɱɚɫɬɨɬɵ. 
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1.2.7 Ʉɨɦɛɢɧɢɪɨɜɚɧɧɵɟ ɦɟɬɨɞɵ 

ɉɨɦɢɦɨ ɩɟɪɟɱɢɫɥɟɧɧɵɯ ɨɫɧɨɜɧɵɯ ɦɟɬɨɞɨɜ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬ 

ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɩɨɬɪɟɛɢɬɟɥɹ ɉ ɜɨɡɦɨɠɧɵ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɟ ɦɟɬɨɞɵ, 

ɢɫɩɨɥɶɡɭɸɳɢɟ ɤɪɨɦɟ ɋɊɇɋ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɢɡɦɟɪɢɬɟɥɢ ɤɨɨɪɞɢɧɚɬ, 

ɢɦɟɸɳɢɟɫɹ ɭ ɩɨɬɪɟɛɢɬɟɥɹ. Ɍɚɤ, ɜ ɞɚɥɶɧɨɦɟɪɧɨɦ ɦɟɬɨɞɟ ɩɪɢ ɧɚɥɢɱɢɢ ɭ 

ɩɨɬɪɟɛɢɬɟɥɹ ɢɡɦɟɪɢɬɟɥɹ ɜɵɫɨɬɵ ɇ ɦɨɠɧɨ ɜɦɟɫɬɨ ɢɡɦɟɪɟɧɢɣ ɬɪɟɯ ɞɚɥɶɧɨɫɬɟɣ 

ɞɨ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ ɨɝɪɚɧɢɱɢɬɶɫɹ ɢɡɦɟɪɟɧɢɟɦ ɞɜɭɯ ɞɚɥɶɧɨɫɬɟɣ. ȼ 

ɷɬɨɦ ɫɥɭɱɚɟ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɮɭɧɤɰɢɹ ɛɭɞɟɬ ɜɤɥɸɱɚɬɶ ɞɜɚ ɭɪɚɜɧɟɧɢɹ ɜɢɞɚ (1.4), 

ɚ ɬɪɟɬɶɟ ɧɟɨɛɯɨɞɢɦɨɟ ɭɪɚɜɧɟɧɢɟ ɞɚɟɬ ɢɡɦɟɪɢɬɟɥɶ ɜɵɫɨɬɵ: 

 

( )2 2 2 2
3R +H = x + y +z .   (1.15) 

 

Ⱦɪɭɝɨɣ ɜɚɪɢɚɧɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɯ ɦɟɬɨɞɨɜ ɡɚɤɥɸɱɚɟɬɫɹ 

ɜ ɡɚɦɟɧɟ ɫɨɜɨɤɭɩɧɨɫɬɢ ɨɞɧɨɜɪɟɦɟɧɧɵɯ ɢɡɦɟɪɟɧɢɣ ɧɚ ɤɨɦɛɢɧɚɰɢɸ 

ɨɞɧɨɜɪɟɦɟɧɧɵɯ ɢ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ ɢɡɦɟɪɟɧɢɣ ɢɥɢ ɧɚ ɫɨɜɨɤɭɩɧɨɫɬɶ ɬɨɥɶɤɨ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ ɢɡɦɟɪɟɧɢɣ, ɧɚɩɪɢɦɟɪ, ɨɩɪɟɞɟɥɟɧɢɟ ɤɨɨɪɞɢɧɚɬ ɩɨɬɪɟɛɢɬɟɥɹ 

ɪɚɞɢɚɥɶɧɨ-ɫɤɨɪɨɫɬɧɵɦ ɦɟɬɨɞɨɦ (1.11). ȼ ɤɚɱɟɫɬɜɟ ɞɪɭɝɨɝɨ ɩɪɢɦɟɪɚ ɦɨɠɧɨ 

ɩɪɢɜɟɫɬɢ ɩɫɟɜɞɨɞɚɥɶɧɨɦɟɪɧɵɣ ɦɟɬɨɞ, ɤɨɬɨɪɵɣ ɦɨɠɧɨ ɪɟɚɥɢɡɨɜɚɬɶ, ɡɚɦɟɧɢɜ 

ɱɟɬɵɪɟ ɨɞɧɨɜɪɟɦɟɧɧɵɯ ɢɡɦɟɪɟɧɢɹ ɩɨ ɱɟɬɵɪɟɦ ɇɋ ɧɚ ɞɜɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ 

ɢɡɦɟɪɟɧɢɹ ɩɨ ɞɜɭɦ ɇɋ ɢɥɢ ɧɚ ɱɟɬɵɪɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ ɢɡɦɟɪɟɧɢɣ ɞɨ ɨɞɧɨɝɨ 

ɇɋ. Ⱥɧɚɥɨɝɢɱɧɵɟ ɤɨɦɛɢɧɚɰɢɢ ɜɨɡɦɨɠɧɵ ɢ ɞɥɹ ɞɪɭɝɢɯ ɦɟɬɨɞɨɜ [3].   
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2 Ⱥɥɝɨɪɢɬɦɵ ɩɟɪɜɢɱɧɨɣ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ 

2.1 Ⱥɥɝɨɪɢɬɦ ɩɨɢɫɤɚ ɢ ɨɛɧɚɪɭɠɟɧɢɹ 

ɇɚɜɢɝɚɰɢɨɧɧɚɹ ɚɩɩɚɪɚɬɭɪɚ ɩɨɞɜɢɠɧɨɝɨ ɨɛɴɟɤɬɚ ɢɦɟɟɬ ɦɧɨɝɨɤɚɧɚɥɶɧɵɣ 

ɤɨɪɪɟɥɹɬɨɪ, ɬɨ ɟɫɬɶ ɫɨɞɟɪɠɢɬ ɛɨɥɟɟ ɨɞɧɨɝɨ ɤɚɧɚɥɚ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ ɫ 

ɜɢɞɢɦɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ, ɩɨɷɬɨɦɭ ɩɨɢɫɤ ɫɢɝɧɚɥɨɜ ɫɨ ɫɩɭɬɧɢɤɨɜ 

ɦɨɠɟɬ ɛɵɬɶ ɩɚɪɚɥɥɟɥɶɧɵɦ. ɉɨɢɫɤ ɫɢɝɧɚɥɚ ɞɥɹ ɤɚɠɞɨɝɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɫɩɭɬɧɢɤɚ ɹɜɥɹɟɬɫɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦ ɩɪɨɫɦɨɬɪɨɦ ɜɨɡɦɨɠɧɵɯ ɡɧɚɱɟɧɢɣ 

ɡɚɞɟɪɠɟɤ ɢ ɞɨɩɥɟɪɨɜɫɤɢɯ ɡɧɚɱɟɧɢɣ ɱɚɫɬɨɬɵ ɫɢɝɧɚɥɚ. ȼ ɪɟɠɢɦɟ ɩɨɢɫɤɚ 

ɢɫɩɨɥɶɡɭɸɬɫɹ ɤɜɚɞɪɚɬɭɪɧɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ, ɚ ɡɚɞɚɱɚ ɨɛɧɚɪɭɠɟɧɢɹ ɫɢɝɧɚɥɚ ɜ 

ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɟ ɩɨɢɫɤɚ ɪɟɲɚɟɬɫɹ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɚɥɝɨɪɢɬɦɨɦ: 

 

2 2
p pI' +Q' h , (2.1) 

 

ɝɞɟ h – ɩɨɪɨɝ, ɜɵɛɢɪɚɟɦɵɣ ɢɡ ɭɫɥɨɜɢɹ ɨɛɟɫɩɟɱɟɧɢɹ ɡɚɞɚɧɧɨɣ ɜɟɪɨɹɬɧɨɫɬɢ 

ɩɪɚɜɢɥɶɧɨɝɨ ɨɛɧɚɪɭɠɟɧɢɹ [10]. 

Ⱦɥɢɧɚ ɢɧɬɟɪɜɚɥɚ ɧɚɤɨɩɥɟɧɢɹ ɫɢɝɧɚɥɚ Ɍa ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɜ ɨɞɧɨɣ 

ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɟ ɧɚɩɪɹɦɭɸ ɡɚɜɢɫɢɬ ɨɬ ɫɨɨɬɧɨɲɟɧɢɹ ɫɢɥɵ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ 

qc/n0 ɢ ɜɟɪɨɹɬɧɨɫɬɢ ɩɪɚɜɢɥɶɧɨɝɨ ɨɛɧɚɪɭɠɟɧɢɹ ɢɥɢ ɩɪɨɩɭɫɤɚ ɫɢɝɧɚɥɚ 

T 1 10a    ɦɫ [8]. 

2.2 Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ ɢ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ ɫɢɝɧɚɥɚ 

ɉɪɢ ɤɨɝɟɪɟɧɬɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɚɩɩɚɪɚɬɭɪɵ ɨɛɴɟɤɬɚ ɩɪɨɢɫɯɨɞɢɬ 

ɫɥɟɠɟɧɢɟ ɡɚ ɮɚɡɨɣ ɫɢɝɧɚɥɚ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ. ɋɚɦɚ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ 

ɮɚɡɨɣ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɮɚɡɨɜɨɣ ɞɢɫɤɪɢɦɢɧɚɬɨɪ (ɎȾ), ɫɝɥɚɠɢɜɚɸɳɢɣ ɮɢɥɶɬɪ 

ɢ ɝɟɧɟɪɚɬɨɪ ɨɩɨɪɧɨɝɨ ɫɢɝɧɚɥɚ. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɫɥɨɜɢɣ ɪɚɛɨɬɵ ɬɚɤɨɣ ɫɯɟɦɵ, 

ɧɚɢɥɭɱɲɢɦɢ (ɨɛɟɫɩɟɱɢɜɚɸɳɢɦɢ ɬɪɟɛɭɟɦɵɟ ɬɨɱɧɨɫɬɢ ɫɥɟɠɟɧɢɹ) ɹɜɥɹɸɬɫɹ 

ɪɚɡɧɵɟ ɬɢɩɵ ɮɚɡɨɜɵɯ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ [9]. 
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ɋɜɨɞɤɚ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɮɚɡɨɜɵɯ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɢ ɢɯ ɨɫɧɨɜɧɵɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɪɟɞɫɬɚɜɥɟɧɚ ɜ ɬɚɛɥɢɰɟ 1. ɇɚ ɪɢɫɭɧɤɟ 3 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ 

ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ ɫ ɨɞɧɢɦ ɢɡ ɜɨɡɦɨɠɧɵɯ ɮɚɡɨɜɵɯ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ. Ɍɚɤɚɹ 

ɫɯɟɦɚ ɢɦɟɟɬ ɤɨɪɪɟɥɹɬɨɪɵ ɫɢɧɮɚɡɧɨɣ Ip ɢ ɤɜɚɞɪɚɬɭɪɧɨɣ Qp ɫɨɫɬɚɜɥɹɸɳɢɯ, ɛɥɨɤ 

ɞɢɫɤɪɢɦɢɧɢɪɭɸɳɟɣ ɮɭɧɤɰɢɢ, ɫɝɥɚɠɢɜɚɸɳɢɣ ɮɢɥɶɬɪ ɢ ɛɥɨɤ ɭɩɪɚɜɥɹɸɳɢɯ 

ɫɢɝɧɚɥɨɜ ɞɥɹ ɭɩɪɚɜɥɹɟɦɨɝɨ ɰɢɮɪɨɜɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ. ȼ 

ɤɚɱɟɫɬɜɟ ɫɝɥɚɠɢɜɚɸɳɟɝɨ ɮɢɥɶɬɪɚ ɜ ɫɯɟɦɟ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ ɰɟɥɟɫɨɨɛɪɚɡɧɨ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɮɢɥɶɬɪ ɬɪɟɬɶɟɝɨ ɩɨɪɹɞɤɚ. ɇɨ ɞɥɹ ɫɥɚɛɨ ɞɢɧɚɦɢɱɧɵɯ 

ɩɨɬɪɟɛɢɬɟɥɟɣ ɜ ɫɯɟɦɟ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɢ ɮɢɥɶɬɪ 

ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚɯ [24]. 

 

Ɍɚɛɥɢɰɚ 1 – ɮɚɡɨɜɵɟ ɞɢɫɤɪɢɦɢɧɚɬɨɪɵ ɢ ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ 

(ɞɢɫɤɪɢɦɢɧɢɪɭɸɳɚɹ 

ɮɭɧɤɰɢɹ) 

Ɂɚɜɢɫɢɦɨɫɬɶ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɬ 

ɮɚɡɨɜɨɣ ɨɲɢɛɤɢ 

Ɉɛɳɢɟ ɫɜɨɣɫɬɜɚ 

-th(Ip)Qp − Ɉɩɬɢɦɚɥɶɧɵɣ ɮɚɡɨɜɵɣ 

ɞɢɫɤɪɢɦɢɧɚɬɨɪ ɩɪɢ ɩɪɨɢɡɜɨɥɶɧɵɯ 

ɫɨɨɬɧɨɲɟɧɢɹɯ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. 

Ʉɪɭɬɢɡɧɚ ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ 

ɚɦɩɥɢɬɭɞɟ А. Ɍɪɟɛɭɟɬ ɞɨɫɬɚɬɨɱɧɨ 

ɛɨɥɶɲɢɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɡɚɬɪɚɬ. 

-sign(Ip)Qp sin ሺδφሻ Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ 

ɛɨɥɶɲɨɦ ɫɨɨɬɧɨɲɟɧɢɢ ɫɢɝɧɚɥɚ ɤ 

ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ 

ɚɦɩɥɢɬɭɞɟ А. Ɍɪɟɛɭɟɬ 

ɦɢɧɢɦɚɥɶɧɵɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ 

ɡɚɬɪɚɬ. 
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Ɉɤɨɧɱɚɧɢɟ ɬɚɛɥɢɰɵ 1 

Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ 

(ɞɢɫɤɪɢɦɢɧɢɪɭɸɳɚɹ 

ɮɭɧɤɰɢɹ) 

Ɂɚɜɢɫɢɦɨɫɬɶ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɬ 

ɮɚɡɨɜɨɣ ɨɲɢɛɤɢ 

Ɉɛɳɢɟ ɫɜɨɣɫɬɜɚ 

-IpQp 

 

sin ሺ2δφሻ Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ ɦɚɥɵɯ 

ɡɧɚɱɟɧɢɹɯ ɫɨɨɬɧɨɲɟɧɢɹ ɫɢɝɧɚɥɚ ɤ 

ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ  

ɤɜɚɞɪɚɬɭ ɚɦɩɥɢɬɭɞɵ A2. ɋɪɟɞɧɢɟ 

ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɟ. 

-arctg(Qp/Ip) 

 

δφ Ƚɥɚɜɧɵɣ ɭɝɨɥ ɚɪɤɬɚɧɝɟɧɫɚ. 

Ɉɩɬɢɦɚɥɟɧ ɜ ɫɥɭɱɚɟ ɨɰɟɧɨɤ 

ɦɚɤɫɢɦɭɦɚ ɮɭɧɤɰɢɢ 

ɩɪɚɜɞɨɩɨɞɨɛɢɹ [12]. ɂɫɩɨɥɶɡɭɟɬɫɹ 

ɩɪɢ ɩɪɨɢɡɜɨɥɶɧɵɯ ɫɨɨɬɧɨɲɟɧɢɹɯ 

ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟ ɡɚɜɢɫɢɬ ɨɬ  

ɚɦɩɥɢɬɭɞɵ А. ɂɦɟɟɬ ɫɚɦɵɟ 

ɛɨɥɶɲɢɟ ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɟ. 

 

 

Ɋɢɫɭɧɨɤ 3 – ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ 
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Ⱦɥɹ ɨɩɢɫɚɧɢɹ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ ɨɛɳɟɝɨ ɜɢɞɚ ɜɜɟɞёɦ n-ɦɟɪɧɵɣ 

ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ φ ,kx  ɩɨɥɚɝɚɹ ɩɪɢ ɷɬɨɦ ɬ
φ φφ k ,k' C x' , ɬ

φ 100 0C | ... | . Ɍɨɝɞɚ ɞɥɹ 

ɞɢɫɤɪɟɬɧɨɣ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɫɥɟɞɭɸɳɢɟ ɞɢɫɤɪɟɬɧɵɟ 

ɭɪɚɜɧɟɧɢɹ: 

 

φ φ φ ɞφ
~

,k ,k ,kx' x K u  ,  (2.2) 

 

φ φ φ 1Ɏ~
,k ,kx x'  ,      (2.3) 

 

ɝɞɟ φ ,kx'   – ɬɟɤɭɳɚɹ ɨɰɟɧɤɚ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ; 

φ
~

,kx   – ɷɤɫɬɪɚɩɨɥɢɪɨɜɚɧɧɚɹ ɨɰɟɧɤɚ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ; 

φK   – ɜɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢɹ; 

φɎ   – ɩɟɪɟɯɨɞɧɚɹ ɦɚɬɪɢɰɚ ɫɝɥɚɠɢɜɚɸɳɟɝɨ ɮɢɥɶɬɪɚ ɜ ɤɨɧɬɭɪɟ ɫɥɟɞɹɳɟɣ  

ɫɢɫɬɟɦɵ; 

ɞφ ,ku  – ɩɪɨɰɟɫɫ ɧɚ ɜɵɯɨɞɟ ɎȾ.  

Ɍɚɤ, ɞɥɹ ɫɯɟɦɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 3, ɢɦɟɟɦ: 

 

ɞφ φ 1 φ 1sign,k p,k ,k p,k ,ku (I ( x' ))Q ( x' ).    (2.4) 

 

ɍɪɚɜɧɟɧɢɹ (2.2), (2.3), ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɟ ɤɚɤ ɭɪɚɜɧɟɧɢɹ ɥɢɧɟɣɧɨɝɨ 

ɮɢɥɶɬɪɚ, ɧɚ ɜɯɨɞ ɤɨɬɨɪɨɝɨ ɞɟɣɫɬɜɭɟɬ ɩɪɨɰɟɫɫ ɞφ ,ku , ɨɩɢɫɵɜɚɸɬ ɫɝɥɚɠɢɜɚɸɳɢɣ 

ɮɢɥɶɬɪ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ, ɤɨɬɨɪɵɣ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɩɟɪɟɯɨɞɧɨɣ 

ɦɚɬɪɢɰɟɣ φɎ  ɢ ɜɟɤɬɨɪɨɦ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢɹ φK . ɉɪɢ ɧɚɥɢɱɢɢ 

ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɢɧɮɨɪɦɚɰɢɢ ɨ ɞɨɩɥɟɪɨɜɫɤɨɦ ɫɦɟɳɟɧɢɢ ɱɚɫɬɨɬɵ 

ɩɪɢɧɢɦɚɟɦɨɝɨ ɫɢɝɧɚɥɚ (ɧɚɩɪɢɦɟɪ, ɨɬ ɜɧɟɲɧɢɯ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɞɚɬɱɢɤɨɜ) 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɨɰɟɧɤɚ ɞ
~ω  ɦɨɠɟɬ ɛɵɬɶ ɜɜɟɞɟɧɚ ɜ ɫɝɥɚɠɢɜɚɸɳɟɦ ɮɢɥɶɬɪɟ 
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(ɪɢɫɭɧɨɤ 3), ɱɬɨ ɩɨɡɜɨɥɹɟɬ «ɫɧɹɬɶ» ɱɚɫɬɶ ɞɢɧɚɦɢɱɟɫɤɨɝɨ ɜɨɡɦɭɳɟɧɢɹ, 

ɞɟɣɫɬɜɭɸɳɟɝɨ ɧɚ ɫɯɟɦɭ, ɢ ɫɭɡɢɬɶ ɟɟ ɩɨɥɨɫɭ ɩɪɨɩɭɫɤɚɧɢɹ. Ɍɚɤɚɹ ɩɪɨɰɟɞɭɪɚ 

ɩɨɡɜɨɥɹɟɬ ɩɨɜɵɫɢɬɶ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ. 

2.3 Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ ɢ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚɞɟɪɠɤɨɣ ɫɢɝɧɚɥɚ 

ɋɥɟɞɹɳɚɹ ɫɢɫɬɟɦɚ ɡɚ ɡɚɞɟɪɠɤɨɣ ɫɢɝɧɚɥɚ, ɤɚɤ ɢ ɩɪɟɞɵɞɭɳɚɹ ɫɯɟɦɚ 

ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ, ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɞɢɫɤɪɢɦɢɧɚɬɨɪ, ɮɢɥɶɬɪ ɢ ɝɟɧɟɪɚɬɨɪ 

ɨɩɨɪɧɨɝɨ ɫɢɝɧɚɥɚ. Ⱦɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ 

ɡɚɞɟɪɠɤɨɣ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬ ɨɩɟɪɟɠɚɸɳɢɟ ɢ ɡɚɩɚɡɞɵɜɚɸɳɢɟ ɤɜɚɞɪɚɬɭɪɧɵɟ 

ɫɨɫɬɚɜɥɹɸɳɢɟ IE, QE, IL, QL: 

 

1 ɞɤ 1 1 ɩ 1 1
1

Δ
cosω φ'

2

M

E( L )i ,k k ,l k ,l i( k ),l i k ,l i( k ),l
l

t
I y( t )G ( t ( t' )) ( t )    



    , (2.5) 

 

1 ɞɤ 1 1 ɩ 1 1
1

Δ ω φ'
2

M

E( L )i ,k k ,l k ,l i( k ),l i k ,l i( k ),l
l

t
Q y( t )G ( t ( t' ))sin( t )    



    . (2.6) 

 

Ⱥɥɝɨɪɢɬɦɵ ɪɚɛɨɬɵ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 2. 

 

Ɍɚɛɥɢɰɚ 2 – ɞɢɫɤɪɢɦɢɧɚɬɨɪɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɢ ɢɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ 

(ɞɢɫɤɪɢɦɢɧɢɪɭɸɳɚɹ 

ɮɭɧɤɰɢɹ) 

Ɉɛɳɢɟ ɫɜɨɣɫɬɜɚ 

2 2 2 2
E E L LI Q I Q    Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ ɧɟɤɨɝɟɪɟɧɬɧɨɦ ɩɪɢёɦɟ ɫ 

ɛɨɥɶɲɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɜɢɫɢɬ ɨɬ 

ɚɦɩɥɢɬɭɞɵ A. ɂɦɟɟɬ ɯɨɪɨɲɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɢ 

ɦɨɞɭɥɟ ɨɲɢɛɤɢ ɦɟɧɟɟ 0.5t, ɧɨ ɬɚɤɠɟ ɢɦɟɟɬ ɛɨɥɶɲɢɟ 

ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɹ. 
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Ɉɤɨɧɱɚɧɢɟ ɬɚɛɥɢɰɵ 2 

Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ 

(ɞɢɫɤɪɢɦɢɧɢɪɭɸɳɚɹ 

ɮɭɧɤɰɢɹ) 

Ɉɛɳɢɟ ɫɜɨɣɫɬɜɚ 

2 2 2 2

2 2 2 2

E E L L

E E L L

I Q I Q

I Q I Q

  

  
 

Ʉɪɭɬɢɡɧɚ ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟ 

ɡɚɜɢɫɢɬ ɨɬ ɚɦɩɥɢɬɭɞɵ А. ɂɦɟɟɬ ɯɨɪɨɲɢɟ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɢ ɦɨɞɭɥɟ ɨɲɢɛɤɢ ɦɟɧɟɟ 0.5t, ɢɦɟɟɬ 

ɨɱɟɧɶ ɛɨɥɶɲɢɟ ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɹ. 
2 2 2 2
E E L L( I Q ) ( I Q )    Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ ɧɟɤɨɝɟɪɟɧɬɧɨɦ ɩɪɢёɦɟ ɩɪɢ 

ɦɚɥɵɯ ɫɨɨɬɧɨɲɟɧɢɹɯ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɜɢɫɢɬ ɨɬ 

ɤɜɚɞɪɚɬɚ ɚɦɩɥɢɬɭɞɵ A2. ɂɦɟɟɬ ɯɨɪɨɲɢɟ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɢ ɦɨɞɭɥɟ ɨɲɢɛɤɢ ɦɟɧɟɟ 0.5t, 

ɫɪɟɞɧɢɟ ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɹ. 

E L p E L p( I I )I (Q Q )Q    Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ ɧɟɤɨɝɟɪɟɧɬɧɨɦ ɩɪɢёɦɟ ɩɪɢ 

ɦɚɥɵɯ ɫɨɨɬɧɨɲɟɧɢɹɯ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɜɢɫɢɬ ɨɬ 

ɤɜɚɞɪɚɬɚ ɚɦɩɥɢɬɭɞɵ А2 . ɂɦɟɟɬ ɯɨɪɨɲɢɟ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɢ ɦɨɞɭɥɟ ɨɲɢɛɤɢ ɦɟɧɟɟ 0.5t, 

ɦɢɧɢɦɚɥɶɧɵɟ ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɹ. 

 

ɇɚ ɪɢɫɭɧɤɟ 4 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ 

ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɫ ɨɞɧɢɦ ɢɡ ɬɢɩɨɜ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɡɚɞɟɪɠɤɢ. 
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Ɋɢɫɭɧɨɤ 4 – ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ 

 

ȼ ɫɯɟɦɟ, ɩɪɢɜɟɞɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 4, ɭɩɪɚɜɥɟɧɢɟ ɩɨɥɨɠɟɧɢɟɦ ɨɩɨɪɧɨɝɨ 

ɫɢɝɧɚɥɚ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɪɢɪɚɳɟɧɢɟɦ ɨɰɟɧɤɢ ɡɚɞɟɪɠɤɢ ɫɢɝɧɚɥɚ ɧɚ ɫɨɫɟɞɧɢɯ 

ɬɚɤɬɚɯ ɪɚɛɨɬɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ. ȼ ɤɚɱɟɫɬɜɟ ɫɝɥɚɠɢɜɚɸɳɟɝɨ 

ɮɢɥɶɬɪɚ ɜ ɫɯɟɦɚɯ ɞɚɧɧɨɝɨ ɬɢɩɚ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬ ɮɢɥɶɬɪ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ. 

ɋɥɟɞɹɳɚɹ ɫɢɫɬɟɦɚ ɡɚ ɡɚɞɟɪɠɤɨɣ ɫɢɝɧɚɥɚ ɨɩɢɫɵɜɚɟɬɫɹ ɞɢɫɤɪɟɬɧɵɦɢ 

ɭɪɚɜɧɟɧɢɹɦɢ, ɚɧɚɥɨɝɢɱɧɵɦɢ (3.1), (3.2): 

 

ɞ
~

t ,k t ,k t t ,kx' x K u  , (2.7) 

 

1Ɏ~
t ,k t t ,kx x'  . (2.8)    

 

ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɤɨɦɩɥɟɤɫɧɵɯ ɫɢɫɬɟɦ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɢ ɞɨ-

ɩɥɟɪɨɜɫɤɨɣ ɱɚɫɬɨɬɨɣ ɫɢɝɧɚɥɚ ɜ ɫɝɥɚɠɢɜɚɸɳɟɦ ɮɢɥɶɬɪɟ ɦɨɠɟɬ ɜɜɨɞɢɬɫɹ 

ɨɰɟɧɤɚ ɞɨɩɥɟɪɨɜɫɤɨɣ ɱɚɫɬɨɬɵ ɞ
~ω , ɮɨɪɦɢɪɭɟɦɚɹ ɜ ɫɯɟɦɟ ɫɥɟɠɟɧɢɹ ɡɚ 

ɡɚɞɟɪɠɤɨɣ ɢɥɢ ɜ ɫɯɟɦɟ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ ɫɢɝɧɚɥɚ.  

2.4 Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ ɢ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ ɫɢɝɧɚɥɚ 

ɋɢɫɬɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ ɫɢɝɧɚɥɚ, ɤɨɬɨɪɭɸ ɱɚɫɬɨ ɧɚɡɵɜɚɸɬ ɫɯɟɦɨɣ 
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ɱɚɫɬɨɬɧɨɣ ɚɜɬɨɩɨɞɫɬɪɨɣɤɢ, ɢɫɩɨɥɶɡɭɟɬɫɹ ɧɚ ɩɪɨɦɟɠɭɬɨɱɧɨɦ ɷɬɚɩɟ ɩɪɢ 

ɩɟɪɟɯɨɞɟ ɢɡ ɪɟɠɢɦɚ ɩɨɢɫɤɚ ɫɢɝɧɚɥɚ ɩɨ ɱɚɫɬɨɬɟ ɤ ɪɟɠɢɦɭ ɧɟɩɪɟɪɵɜɧɨɝɨ 

ɫɥɟɠɟɧɢɹ ɩɨ ɮɚɡɟ ɢ ɜ ɧɟɤɨɝɟɪɟɧɬɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɧɚɜɢɝɚɰɢɨɧɧɨɣ 

ɚɩɩɚɪɚɬɭɪɵ ɨɛɴɟɤɬɚ. Ⱦɚɧɧɚɹ ɫɯɟɦɚ ɜɤɥɸɱɚɟɬ ɱɚɫɬɨɬɧɵɣ ɞɢɫɤɪɢɦɢɧɚɬɨɪ, 

ɫɝɥɚɠɢɜɚɸɳɢɣ ɮɢɥɶɬɪ ɢ ɩɟɪɟɫɬɪɚɢɜɚɟɦɵɣ ɝɟɧɟɪɚɬɨɪ. ɑɚɫɬɨɬɧɵɣ 

ɞɢɫɤɪɢɦɢɧɚɬɨɪ ɦɨɠɧɨ ɫɮɨɪɦɢɪɨɜɚɬɶ ɢɡ ɫɢɧɮɚɡɧɨɣ ɢ ɤɜɚɞɪɚɬɭɪɧɨɣ 

ɫɨɫɬɚɜɥɹɸɳɢɯ Ip, Qp , ɫɮɨɪɦɢɪɨɜɚɧɧɵɯ ɞɥɹ ɞɜɭɯ ɦɨɦɟɧɬɨɜ ɜɪɟɦɟɧɢ tk  ɢ tk-1. 

Ⱥɥɝɨɪɢɬɦɵ ɪɚɛɨɬɵ ɱɚɫɬɨɬɧɵɯ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɢ ɢɯ ɤɪɚɬɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 3. 

 

Ɍɚɛɥɢɰɚ 3 – ɞɢɫɤɪɢɦɢɧɚɬɨɪɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ ɢ ɢɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

Ⱥɥɝɨɪɢɬɦ ɪɚɛɨɬɵ 

(ɞɢɫɤɪɢɦɢɧɢɪɭɸɳɚɹ ɮɭɧɤɰɢɹ) 

Ɉɛɳɢɟ ɫɜɨɣɫɬɜɚ 

1 1p p p pI ( k )Q ( k ) I ( k )Q ( k )    Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ ɦɚɥɵɯ 

ɫɨɨɬɧɨɲɟɧɢɹɯ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɜɢɫɢɬ 

ɨɬ ɤɜɚɞɪɚɬɚ ɚɦɩɥɢɬɭɞɵ A2. ɂɦɟɟɬ ɦɢɧɢɦɚɥɶɧɵɟ 

ɜɵɱɢɫɥɢɬɟɥɶɧɵɟ ɡɚɬɪɚɬɵ. 

1 1

sign 1 1
p p p p

p p p p

( I ( k )Q ( k ) I ( k )Q ( k ))*

* ( I ( k )Q ( k ) I ( k )Q ( k ))

  

  
 

Ȼɥɢɡɨɤ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɩɪɢ ɛɨɥɶɲɨɦ 

ɫɨɨɬɧɨɲɟɧɢɢ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɜɢɫɢɬ 

ɨɬ ɤɜɚɞɪɚɬɚ ɚɦɩɥɢɬɭɞɵ A2. ɋɪɟɞɧɢɟ ɡɚɬɪɚɬɵ ɧɚ 

ɜɵɱɢɫɥɟɧɢɹ 
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1 1
p p p p

p p p p

I ( k )Q ( k ) I ( k )Q ( k )

I ( k )Q ( k ) I ( k )Q ( k )

  

  
 

Ƚɥɚɜɧɵɣ ɭɝɨɥ ɚɪɤɬɚɧɝɟɧɫɚ. Ɉɩɬɢɦɚɥɟɧ ɜ 

ɫɦɵɫɥɟ ɦɚɤɫɢɦɭɦɚ ɮɭɧɤɰɢɢ ɩɪɚɜɞɨɩɨɞɨɛɢɹ 

[18]. ɂɫɩɨɥɶɡɭɟɬɫɹ ɩɪɢ ɩɪɨɢɡɜɨɥɶɧɵɯ 

ɫɨɨɬɧɨɲɟɧɢɹɯ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ. Ʉɪɭɬɢɡɧɚ 

ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟ 

ɡɚɜɢɫɢɬ ɨɬ  ɚɦɩɥɢɬɭɞɵ А. ɂɦɟɟɬ ɫɚɦɵɟ ɛɨɥɶɲɢɟ 

ɡɚɬɪɚɬɵ ɧɚ ɜɵɱɢɫɥɟɧɢɟ. 
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ɒɢɪɢɧɚ ɚɩɟɪɬɭɪɵ ɞɢɫɤɪɢɦɢɧɚɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɥɹ 

ɛɨɥɶɲɢɧɫɬɜɚ ɬɢɩɨɜ ɱɚɫɬɨɬɧɵɯ ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɨɛɪɚɬɧɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ 

ɜɪɟɦɟɧɢ ɧɚɤɨɩɥɟɧɢɹ Ɍ ɜ ɤɨɪɪɟɥɹɬɨɪɟ. Ɍɚɤ, ɞɥɹ ɩɟɪɜɨɝɨ ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɜɵɲɟ 

ɬɢɩɨɜ △f = 1/(2Ɍ) ɢ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɲɢɪɢɧɵ ɚɩɟɪɬɭɪɵ ɱɚɫɬɨɬɧɨɝɨ 

ɞɢɫɤɪɢɦɢɧɚɬɨɪɚ △fɱɞ = 500 Ƚɰ ɧɟɨɛɯɨɞɢɦɨ ɜɵɛɢɪɚɬɶ ɜɪɟɦɹ ɧɚɤɨɩɥɟɧɢɹ ɩɪɢ 

ɮɨɪɦɢɪɨɜɚɧɢɢ ɤɜɚɞɪɚɬɭɪɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ Ɍ = –1 ɦɫ. 

ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ ɫ ɨɞɧɢɦ ɢɡ ɬɢɩɨɜ ɱɚɫɬɨɬɧɵɯ 

ɞɢɫɤɪɢɦɢɧɚɬɨɪɨɜ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 5. 

 

 

Ɋɢɫɭɧɨɤ 5 – ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ 

 

Ⱦɢɫɤɪɟɬɧɵɟ ɭɪɚɜɧɟɧɢɹ, ɨɩɢɫɵɜɚɸɳɢɟ ɋɋɑ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɫɨɫɬɨɹɧɢɣ, 

ɢɦɟɸɬ ɜɢɞ: 

 

ω ω ω ɞω
~

,k ,k ,kx' x K u  ,  (2.9) 

 

ω ω ω 1=Ɏ~
,k ,kx x' .  (2.10)    

 

ȼ ɞɚɧɧɨɣ ɫɯɟɦɟ ɜ ɤɚɱɟɫɬɜɟ ɫɝɥɚɠɢɜɚɸɳɟɝɨ ɮɢɥɶɬɪɚ ɨɛɵɱɧɨ ɢɫɩɨɥɶɡɭɸɬ 

ɮɢɥɶɬɪ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ. ȼ ɭɫɬɚɧɨɜɢɜɲɟɦɫɹ ɪɟɠɢɦɟ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ 
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ɱɚɫɬɨɬɨɣ ɨɛɟɫɩɟɱɢɜɚɟɬ ɨɲɢɛɤɭ ɢɡɦɟɪɟɧɢɹ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɦɟɳɟɧɢɹ ɱɚɫɬɨɬɵ 

ɦɟɧɟɟ 50 Ƚɰ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɫɢɫɬɟɦɟ, ɫɥɟɞɹɳɟɣ ɡɚ ɮɚɡɨɣ ɡɚɯɜɚɬɢɬɶ ɫɢɝɧɚɥ ɢ 

ɩɟɪɟɣɬɢ ɧɚ ɭɫɬɨɣɱɢɜɨɟ ɫɥɟɠɟɧɢɟ ɡɚ ɮɚɡɨɣ ɫɢɝɧɚɥɚ. 
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3 ɉɪɨɟɤɬɢɪɨɜɚɧɢɟ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ 

3.1 ɉɪɢɧɰɢɩɵ ɩɨɫɬɪɨɟɧɢɹ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɟɣ 

ɇɚɜɢɝɚɰɢɨɧɧɚɹ ɚɩɩɚɪɚɬɭɪɚ ɩɨɬɪɟɛɢɬɟɥɟɣ ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ 

ɨɩɪɟɞɟɥɟɧɢɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɤɨɨɪɞɢɧɚɬ ɢ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜɟɤɬɨɪɚ ɫɤɨɪɨɫɬɢ 

ɨɛɴɟɤɬɚ, ɬɟɤɭɳɟɝɨ ɜɪɟɦɟɧɢ, ɚ ɬɚɤɠɟ ɢɧɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɩɭɬёɦ 

ɩɪɢёɦɚ ɢ ɨɛɪɚɛɨɬɤɢ ɪɚɞɢɨɫɢɝɧɚɥɚ ɫ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ. 

ɋɨɜɪɟɦɟɧɧɚɹ ɚɩɩɚɪɚɬɭɪɚ ɩɨɬɪɟɛɢɬɟɥɟɣ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɚɧɚɥɨɝɨ-

ɰɢɮɪɨɜɭɸ ɫɢɫɬɟɦɭ. Ɉɛɳɚɹ ɫɯɟɦɚ ɞɚɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ 

ɪɢɫɭɧɤɟ 6. 

 

 

Ɋɢɫɭɧɨɤ 6 – Ɉɛɨɛɳɟɧɧɚɹ ɫɯɟɦɚ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ 

ɩɨɬɪɟɛɢɬɟɥɹ 

 

Ⱥɧɬɟɧɧɚ ɩɪɟɨɛɪɚɡɭɟɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɟ ɜɨɥɧɵ ɜ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɫɢɝɧɚɥ. 

Ʉɨɬɨɪɵɣ ɩɟɪɟɞɚёɬɫɹ ɜ ɪɚɞɢɨɱɚɫɬɨɬɧɵɣ ɛɥɨɤ, ɬɨ ɟɫɬɶ ɪɚɞɢɨɩɪɢёɦɧɢɤ, ɝɞɟ 

ɫɢɝɧɚɥ ɭɫɢɥɢɜɚɟɬɫɹ ɢ ɮɢɥɶɬɪɭɟɬɫɹ ɨɬ ɩɨɦɟɯ. Ⱦɚɥɟɟ ɚɧɚɥɨɝɨ-ɰɢɮɪɨɜɨɣ 

ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ (Ⱥɐɉ) ɬɪɚɧɫɮɨɪɦɢɪɭɟɬ ɚɧɚɥɨɝɨɜɵɣ ɫɢɝɧɚɥ ɫ 

ɪɚɞɢɨɩɪɢёɦɧɢɤɚ ɜ ɰɢɮɪɨɜɨɣ ɢ ɨɬɩɪɚɜɥɹɟɬ ɩɨɥɭɱɢɜɲɢɣɫɹ ɫɢɝɧɚɥ ɜ ɰɢɮɪɨɜɨɣ 

ɜɵɱɢɫɥɢɬɟɥɶ [4]. 
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ɋɢɧɬɟɡɚɬɨɪ ɱɚɫɬɨɬ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɮɨɪɦɢɪɭɟɬ ɧɚɛɨɪ ɝɚɪɦɨɧɢɱɟɫɤɢɯ 

ɤɨɥɟɛɚɧɢɣ, ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɪɚɛɨɬɵ ɪɚɞɢɨɱɚɫɬɨɬɧɨɝɨ ɛɥɨɤɚ, ɲɤɚɥɭ ɜɪɟɦɟɧɢ 

ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɹ ɢ ɬɚɤɬɨɜɵɟ ɫɢɝɧɚɥɵ ɫɢɧɯɪɨɧɢɡɢɪɭɸɳɢɟ ɪɚɛɨɬɵ Ⱥɐɉ 

ɢ ɰɢɮɪɨɜɨɝɨ ɜɵɱɢɫɥɢɬɟɥɹ. 

ɐɢɮɪɨɜɨɣ ɜɵɱɢɫɥɢɬɟɥɶ ɱɚɫɬɨ ɩɪɟɞɫɬɚɜɥɹɸɬ ɜ ɜɢɞɟ ɫɢɝɧɚɥɶɧɨɝɨ 

ɩɪɨɰɟɫɫɨɪɚ, ɤɨɬɨɪɵɣ ɜɵɩɨɥɧɹɟɬ ɡɚɞɚɱɢ ɩɟɪɜɢɱɧɨɣ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ: 

 ɮɨɪɦɢɪɨɜɚɧɢɟ ɨɩɨɪɧɵɯ ɫɢɝɧɚɥɨɜ ɞɚɥɶɧɨɦɟɪɧɨɝɨ ɤɨɞɚ ɢ ɭɩɪɚɜɥɹɟɦɵɯ 

ɨɩɨɪɧɵɯ ɝɟɧɟɪɚɬɨɪɨɜ; 

 ɩɨɢɫɤ ɫɢɝɧɚɥɨɜ ɩɨ ɡɚɞɟɪɠɤɟ ɢ ɱɚɫɬɨɬɟ; 

 ɤɨɪɪɟɥɹɰɢɨɧɧɭɸ ɨɛɪɚɛɨɬɤɭ ɫɢɝɧɚɥɨɜ; 

 ɫɥɟɠɟɧɢɟ ɡɚ ɞɚɥɶɧɨɦɟɪɧɵɦ ɤɨɞɨɦ, ɱɚɫɬɨɬɨɣ ɫɢɝɧɚɥɨɜ ɢ ɮɨɪɦɢɪɨɜɚɧɢɟ 

ɨɰɟɧɨɤ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɢ; 

 ɨɰɟɧɤɚ ɨɬɧɨɲɟɧɢɹ ɫɢɝɧɚɥɚ ɤ ɲɭɦɭ ɢ ɞɪ. 

Ɋɟɚɥɢɡɚɰɢɹ ɰɢɮɪɨɜɨɝɨ ɜɵɱɢɫɥɢɬɟɥɹ ɩɪɟɞɫɬɚɜɥɹɟɬ ɠɟɫɬɤɭɸ ɚɩɩɚɪɚɬɧɭɸ 

ɱɚɫɬɶ (ɦɧɨɝɨɤɚɧɚɥɶɧɵɣ ɤɨɪɪɟɥɹɬɨɪ) ɢ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɣ ɜɵɱɢɫɥɢɬɟɥɶ. 

Ɇɧɨɝɨɤɚɧɚɥɶɧɵɣ ɤɨɪɪɟɥɹɬɨɪ ɤɚɤ ɩɪɚɜɢɥɨ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɨɬɞɟɥɶɧɭɸ 

ɦɢɤɪɨɫɯɟɦɭ, ɜ ɤɨɬɨɪɨɣ ɪɟɚɥɢɡɨɜɚɧɵ ɜɫɟ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɪɚɛɨɬɵ 

ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɹ ɤɨɪɪɟɥɹɬɨɪɵ (ɧɟɫɦɟɳɟɧɧɵɟ, 

ɨɩɟɪɟɠɚɸɳɢɟ ɢ ɡɚɩɚɡɞɵɜɚɸɳɢɟ), ɝɟɧɟɪɚɬɨɪɵ ɞɚɥɶɧɨɦɟɪɧɵɯ ɤɨɞɨɜ, 

ɭɩɪɚɜɥɹɟɦɵɟ ɨɩɨɪɧɵɟ ɝɟɧɟɪɚɬɨɪɵ ɢ ɫɯɟɦɵ ɭɩɪɚɜɥɟɧɢɹ ɪɟɠɢɦɚɦɢ ɪɚɛɨɬɵ 

ɤɨɪɪɟɥɹɬɨɪɚ [17]. 

ȼ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɢɧɬɟɧɫɢɜɧɨ ɪɚɡɜɢɜɚɟɬɫɹ ɧɚɩɪɚɜɥɟɧɢɟ, ɨɫɧɨɜɚɧɧɨɟ ɧɚ 

ɩɨɥɧɨɫɬɶɸ ɩɪɨɝɪɚɦɦɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɰɢɮɪɨɜɨɝɨ ɜɵɱɢɫɥɢɬɟɥɹ. ɉɪɢ ɷɬɨɦ ɨɧ 

ɦɨɠɟɬ ɜɵɩɨɥɧɹɬɶɫɹ ɧɚ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɯ ɩɪɨɰɟɫɫɨɪɚɯ ɨɛɳɟɝɨ ɧɚɡɧɚɱɟɧɢɹ 

(ɧɚɩɪɢɦɟɪ, ɧɚ ɩɟɪɫɨɧɚɥɶɧɵɯ ɗȼɆ) ɢɥɢ ɧɚ ɫɢɝɧɚɥɶɧɵɯ ɩɪɨɰɟɫɫɨɪɚɯ (Digital 

Signal Processor (DSP)). Ɉɫɧɨɜɧɵɦ ɞɨɫɬɨɢɧɫɬɜɨɦ ɬɚɤɨɝɨ ɩɨɞɯɨɞɚ ɹɜɥɹɟɬɫɹ 

ɛɨɥɶɲɚɹ ɝɢɛɤɨɫɬɶ ɩɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɧɨɜɵɯ ɬɢɩɨɜ ɚɩɩɚɪɚɬɭɪɵ. Ⱥ ɧɟɞɨɫɬɚɬɨɤ 

ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɫɤɨɪɨɫɬɶ ɜɵɩɨɥɧɟɧɢɹ ɪɚɫɱёɬɨɜ ɜ ɩɪɨɰɟɫɫɨɪɚɯ ɨɛɳɟɝɨ 

ɧɚɡɧɚɱɟɧɢɹ ɧɟɞɨɫɬɚɬɨɱɧɨ ɜɟɥɢɤɚ ɱɬɨ ɭɯɭɞɲɚɟɬ ɩɚɪɚɦɟɬɪɵ ɬɨɱɧɨɫɬɢ [11]. 
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3.2 ȼɵɛɨɪ ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɵɯ ɫɪɟɞɫɬɜ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 

Ⱦɥɹ ɜɵɩɨɥɧɟɧɢɹ ɡɚɞɚɱɢ ɫɥɟɠɟɧɢɹ ɜ ɪɟɚɥɶɧɨɦ ɜɪɟɦɟɧɢ ɧɟɨɛɯɨɞɢɦɨ 

ɨɛɪɚɛɚɬɵɜɚɬɶ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɢɧɮɨɪɦɚɰɢɢ. ɗɬɨ ɬɪɟɛɭɟɬ ɩɪɢɦɟɧɟɧɢɹ 

ɭɫɬɪɨɣɫɬɜ, ɫɩɨɫɨɛɧɵɯ ɪɚɛɨɬɚɬɶ ɧɚ ɫɤɨɪɨɫɬɢ Ⱥɐɉ, ɬɨ ɟɫɬɶ ɧɚ ɱɚɫɬɨɬɟ ɛɨɥɟɟ 

100 ɆȽɰ. ɂɫɯɨɞɹ ɢɡ ɷɬɨɝɨ, ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɩɨɞɨɛɧɵɯ ɭɫɬɪɨɣɫɬɜ ɩɪɢɦɟɧɹɸɬɫɹ 

ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɟ ɥɨɝɢɱɟɫɤɢɟ ɢɧɬɟɝɪɚɥɶɧɵɟ ɫɯɟɦɵ ɢ ɹɡɵɤɢ ɨɩɢɫɚɧɢɹ 

ɚɩɩɚɪɚɬɭɪɵ. ȼ ɫɜɹɡɢ ɫ ɱɟɦ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ ɢɫɩɨɥɶɡɨɜɚɧ 

ɹɡɵɤ ɨɩɢɫɚɧɢɹ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ VHDL (ɚɧɝɥ. VHSIC (Very high speed 

integrated circuits) Hardware Description Language), ɤɨɬɨɪɵɣ ɹɜɥɹɟɬɫɹ ɛɚɡɨɜɵɦ 

ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɚɩɩɚɪɚɬɭɪɵ ɫɨɜɪɟɦɟɧɧɵɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɫɢɫɬɟɦ [2].  

əɡɵɤ VHDL ɹɜɥɹɟɬɫɹ ɮɚɤɬɢɱɟɫɤɢ ɦɟɠɞɭɧɚɪɨɞɧɵɦ ɫɬɚɧɞɚɪɬɨɦ ɜ ɨɛɥɚɫɬɢ 

ɚɜɬɨɦɚɬɢɡɚɰɢɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɰɢɮɪɨɜɵɯ ɫɢɫɬɟɦ, ɷɬɨ ɜɯɨɞɧɨɣ ɹɡɵɤ ɦɧɨɝɢɯ 

ɫɨɜɪɟɦɟɧɧɵɯ ɫɢɫɬɟɦ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɤɚɤ ɡɚɤɚɡɧɵɯ, ɬɚɤ 

ɢ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɯ ɥɨɝɢɱɟɫɤɢɯ ɫɯɟɦ, ɚ ɬɚɤɠɟ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɯ 

ɩɨɥɶɡɨɜɚɬɟɥɹɦɢ ɜɟɧɬɢɥɶɧɵɯ ɦɚɬɪɢɰ. VHDL ɩɪɟɞɧɚɡɧɚɱɟɧ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, 

ɞɥɹ ɫɩɟɰɢɮɢɤɚɰɢɢ – ɬɨɱɧɨɝɨ ɨɩɢɫɚɧɢɹ ɩɪɨɟɤɬɢɪɭɟɦɵɯ ɫɢɫɬɟɦ ɢ ɢɯ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɧɚ ɧɚɱɚɥɶɧɵɯ ɷɬɚɩɚɯ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ: ɚɥɝɨɪɢɬɦɢɱɟɫɤɨɦ ɢ 

ɥɨɝɢɱɟɫɤɨɦ. ɋ ɩɨɦɨɳɶɸ VHDL ɦɨɠɧɨ ɦɨɞɟɥɢɪɨɜɚɬɶ ɷɥɟɤɬɪɨɧɧɵɟ ɫɯɟɦɵ ɫ 

ɭɱёɬɨɦ ɪɟɚɥɶɧɵɯ ɜɪɟɦɟɧɧɵɯ ɡɚɞɟɪɠɟɤ. ɉɨɫɥɟɞɧɢɟ ɧɟɫɤɨɥɶɤɨ ɥɟɬ ɞɨɜɨɥɶɧɨ 

ɭɫɩɟɲɧɨ ɪɚɡɪɚɛɚɬɵɜɚɸɬɫɹ ɫɢɫɬɟɦɵ ɫɢɧɬɟɡɚ ɫɯɟɦ ɩɨ ɫɩɟɰɢɮɢɤɚɰɢɹɦ ɧɚ ɞɚɧɧɨɦ 

ɹɡɵɤɟ. Ɍɚɤ ɢɫɩɨɥɶɡɭɹ ɫɢɫɬɟɦɭ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 

Foundation Series 3.1i, ɦɨɠɧɨ ɩɪɨɜɟɫɬɢ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɢɫɯɨɞɧɨɝɨ VHDL-

ɨɩɢɫɚɧɢɹ ɫɯɟɦɵ, ɩɨɫɥɟ ɱɟɝɨ, ɫɢɧɬɟɡɢɪɨɜɚɜ ɟё, ɩɨɥɭɱɢɬɶ ɮɚɣɥ ɤɨɧɮɢɝɭɪɚɰɢɢ 

ɦɢɤɪɨɫɯɟɦɵ ɬɢɩɚ FPGA. Ȼɨɥɶɲɢɧɫɬɜɨ ɤɪɭɩɧɟɣɲɢɯ ɮɢɪɦ ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ 

ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ ɞɥɹ ɫɢɫɬɟɦ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 

ɢɫɩɨɥɶɡɭɸ VHDL ɤɚɤ ɨɫɧɨɜɧɨɣ ɹɡɵɤ ɞɥɹ ɢɫɯɨɞɧɨɝɨ ɨɩɢɫɚɧɢɹ ɫɜɨɢɯ ɩɪɨɟɤɬɨɜ. 

ȼ ɰɟɥɨɦ VHDL ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɨɜɨɤɭɩɧɨɫɬɶ ɥɢɧɝɜɢɫɬɢɱɟɫɤɢɯ 

ɫɪɟɞɫɬɜ, ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɤɨɬɨɪɵɯ ɩɨɡɜɨɥɹɟɬ ɨɩɢɫɵɜɚɬɶ ɩɨɜɟɞɟɧɢɟ ɰɢɮɪɨɜɵɯ 

ɭɫɬɪɨɣɫɬɜ. Ɉɧ ɩɨɡɜɨɥɹɟɬ ɨɩɢɫɵɜɚɬɶ ɩɚɪɚɥɥɟɥɶɧɵɟ ɚɫɢɧɯɪɨɧɧɵɟ ɩɪɨɰɟɫɫɵ 
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ɪɟɝɭɥɹɪɧɵɯ ɫɬɪɭɤɬɭɪ ɩɪɢ ɷɬɨɦ ɢɦɟɟɬ ɜɫɟ ɩɪɢɡɧɚɤɢ ɜɵɫɨɤɨɭɪɨɜɧɟɜɨɝɨ ɹɡɵɤɚ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ. ȼ ɧɚɫɬɨɹɳɢɣ ɦɨɦɟɧɬ ɹɡɵɤ ɪɚɡɜɢɜɚɟɬɫɹ, ɟɦɭ ɩɨɫɜɹɳɚɸɬɫɹ 

ɦɟɠɞɭɧɚɪɨɞɧɵɟ ɤɨɧɮɟɪɟɧɰɢɢ, ɜɵɯɨɞɹɬ ɧɚɭɱɧɵɟ ɩɭɛɥɢɤɚɰɢɢ, ɜ ɤɨɬɨɪɵɯ 

ɢɡɭɱɚɸɬɫɹ ɩɪɨɛɥɟɦɵ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɧɚ ɹɡɵɤɟ VHDL . Ɉɧ ɫɬɚɥ ɹɡɵɤɨɦ 

ɪɚɡɪɚɛɨɬɤɢ ɦɟɠɞɭɧɚɪɨɞɧɵɯ ɩɪɨɟɤɬɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɨɫɭɳɟɫɬɜɥɹɟɦɵɯ ɫ 

ɩɨɦɨɳɶɸ ɜɫɟɦɢɪɧɨɣ ɤɨɦɩɶɸɬɟɪɧɨɣ ɫɟɬɢ Internet. ȼɥɚɞɟɧɢɟ ɞɚɧɧɵɦ ɹɡɵɤɨɦ 

ɧɟɨɛɯɨɞɢɦɨ ɞɥɹ ɷɮɮɟɤɬɢɜɧɨɣ ɪɚɛɨɬɵ ɩɨ ɫɨɡɞɚɧɢɸ ɫɚɦɨɣ ɪɚɡɧɨɨɛɪɚɡɧɨɣ 

ɷɥɟɤɬɪɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɧɚ ɫɨɜɪɟɦɟɧɧɨɣ ɷɥɟɦɟɧɬɧɨɣ ɛɚɡɟ ɫɜɟɪɯɛɨɥɶɲɢɯ 

ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ. 

ȼ ɤɚɱɟɫɬɜɟ ɫɪɟɞɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɪɚɛɨɬɟ ɜɵɛɪɚɧɚ 

ɫɢɫɬɟɦɚ QuestaSim (ɪɢɫɭɧɤɢ 7, 8) ɤɨɦɩɚɧɢɢ Mentor Graphics Corporation, 

ɩɪɟɞɫɬɚɜɥɹɸɳɚɹ ɫɨɛɨɣ ɤɨɦɩɥɟɤɫɧɭɸ ɩɥɚɬɮɨɪɦɭ ɞɥɹ ɜɟɪɢɮɢɤɚɰɢɢ ɢ ɨɬɥɚɞɤɢ 

ɫɥɨɠɧɵɯ ɩɪɨɟɤɬɨɜ, ɜɵɩɨɥɧɟɧɧɵɯ ɧɚ ɉɅɂɋ ɢ ɫɢɫɬɟɦ, ɫɨɡɞɚɧɧɵɯ ɧɚ ɤɪɢɫɬɚɥɥɟ. 

 

 

Ɋɢɫɭɧɨɤ 7 – Ƚɥɚɜɧɨɟ ɨɤɧɨ ɩɪɨɝɪɚɦɦɵ QuestaSim 
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Ɋɢɫɭɧɨɤ 8 – Ɉɤɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ QuestaSim 

 

Ⱦɥɹ ɜɢɡɭɚɥɶɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɨɬɞɟɥɶɧɵɯ ɩɪɨɰɟɫɫɨɜ ɢɫɩɨɥɶɡɭɟɬɫɹ 

ɩɪɨɝɪɚɦɦɧɵɣ ɩɪɨɞɭɤɬ MATLAB (ɪɢɫɭɧɨɤ 9) ɨɬ ɤɨɦɩɚɧɢɢ MathWorks. 

 

 

Ɋɢɫɭɧɨɤ 9 – Ƚɥɚɜɧɨɟ ɨɤɧɨ ɩɪɨɝɪɚɦɦɵ Matlab 

 

Ʌɸɛɨɣ ɫɢɧɬɟɡɢɪɭɟɦɵɣ ɜɵɱɢɫɥɢɬɟɥɶɧɵɣ ɚɥɝɨɪɢɬɦ, ɨɩɢɫɚɧɧɵɣ ɧɚ ɹɡɵɤɟ 

VHDL, ɫɨɫɬɨɢɬ ɢɡ ɫɭɦɦɢɪɨɜɚɧɢɹ ɢ ɫɞɜɢɝɚ ɪɟɝɢɫɬɪɚ. Ɍɚɤ ɤɚɤ ɫɭɳɟɫɬɜɭɟɬ ɬɪɢ 

ɨɫɧɨɜɧɵɟ ɚɪɯɢɬɟɤɬɭɪɵ ɫɭɦɦɚɬɨɪɨɜ, ɜ ɞɚɥɟɟ ɪɚɫɫɦɨɬɪɢɦ ɞɨɫɬɨɢɧɫɬɜɚ ɢ 

ɧɟɞɨɫɬɚɬɤɢ ɤɚɠɞɨɣ ɢɡ ɧɢɯ. 
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3.3 ɋɭɦɦɚɬɨɪɵ 

Ɉɞɧɨɛɢɬɨɜɵɟ ɩɨɥɭɫɭɦɦɚɬɨɪɵ ɢ ɩɨɥɧɵɟ ɫɭɦɦɚɬɨɪɵ – ɷɬɨ ɭɧɢɜɟɪɫɚɥɶɧɵɟ 

«ɫɬɪɨɢɬɟɥɶɧɵɟ ɛɥɨɤɢ», ɤɨɬɨɪɵɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɫɢɧɬɟɡɟ ɦɧɨɝɢɯ ɪɚɡɥɢɱɧɵɯ 

ɚɪɢɮɦɟɬɢɱɟɫɤɢɯ ɫɯɟɦ. ɉɨɥɭɫɭɦɦɚɬɨɪ (HA) ɩɨɥɭɱɚɟɬ ɞɜɚ ɜɯɨɞɧɵɯ ɛɢɬɚ x ɢ y, 

ɫɨɡɞɚɜɚɹ ɫɭɦɦɭ ɛɢɬ ɢ ɛɢɬ ɩɟɪɟɧɨɫɚ: 

 

s = x XOR y = x AND (NOT y) OR (NOT x) AND y,  (3.1) 

 

c = x AND y. (3.2) 

 

ɇɚ ɪɢɫɭɧɤɟ 10 ɢɡɨɛɪɚɠɟɧɵ ɬɪɢ ɢɡ ɦɧɨɝɢɯ ɜɨɡɦɨɠɧɵɯ ɪɟɚɥɢɡɚɰɢɣ 

ɩɨɥɭɫɭɦɦɚɬɨɪɨɜ. ɋɚɦ ɩɨɥɭɫɭɦɦɚɬɨɪ ɦɨɠɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ ɤɚɤ ɨɞɧɨɛɢɬɨɜɵɣ 

ɞɜɨɢɱɧɵɣ ɫɭɦɦɚɬɨɪ, ɤɨɬɨɪɵɣ ɩɪɨɢɡɜɨɞɢɬ ɫɭɦɦɭ ɟɝɨ ɨɞɧɨɛɢɬɨɜɵɯ ɜɯɨɞɨɜ, ɚ 

ɢɦɟɧɧɨ: x + y = (couts)two, ɝɞɟ ɡɧɚɤ ɩɥɸɫɚ ɨɡɧɚɱɚɟɬ ɚɪɢɮɦɟɬɢɱɟɫɤɭɸ ɫɭɦɦɭ [6]. 

 

Ɋɢɫɭɧɨɤ 10 – Ɍɪɢ ɪɟɚɥɢɡɚɰɢɢ ɩɨɥɭɫɭɦɦɚɬɨɪɚ (ɚ- AND/XOR 

ɩɨɥɭɫɭɦɦɚɬɨɪ, ɛ-NOR-gate ɩɨɥɭɫɭɦɦɚɬɨɪ, NAND-gate ɩɨɥɭɫɭɦɦɚɬɨɪ ɫ 

ɞɨɩɨɥɧɟɧɵɦ ɩɟɪɟɧɨɫɨɦ) 
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Ɉɞɧɚɤɨ ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɪɚɫɱёɬɨɜ ɢɫɩɨɥɶɡɭɟɬɫɹ ɨɞɧɨɛɢɬɨɜɵɣ ɩɨɥɧɵɣ 

ɫɭɦɦɚɬɨɪ (FA), ɤɨɬɨɪɵɣ ɜ ɤɚɱɟɫɬɜɟ ɜɯɨɞɧɵɯ ɡɧɚɱɟɧɢɣ ɢɦɟɟɬ ɫɥɚɝɚɟɦɵɟ ɛɢɬɵ 

x,y ɢ ɜɯɨɞɧɨɣ ɛɢɬ ɩɟɪɟɧɨɫɚ cin. ɇɚ ɜɵɯɨɞɟ ɬɚɤɠɟ ɢɦɟɟɬɫɹ ɞɜɨɢɱɧɚɹ ɫɭɦɦɚ ɬɪёɯ 

ɜɯɨɞɧɵɯ ɡɧɚɱɟɧɢɣ ɢ ɛɢɬ ɩɟɪɟɧɨɫɚ ɜ ɫɬɚɪɲɢɣ ɪɚɡɪɹɞ cout , ɤɨɬɨɪɵɟ ɦɨɠɧɨ 

ɪɚɫɫɱɢɬɚɬɶ ɢɫɩɨɥɶɡɭɹ ɮɨɪɦɭɥɵ: 

 

in in in in ins x y c xyc xyc xyc xyc       , (3.4) 

 

out in inc xy xc yc   . (3.5) 

 

ɉɨɥɧɵɣ ɫɭɦɦɚɬɨɪ (FA) ɦɨɠɟɬ ɛɵɬɶ ɪɟɚɥɢɡɨɜɚɧ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɞɜɭɯ 

ɩɨɥɭɫɭɦɦɚɬɨɪɨɜ ɢ ɥɨɝɢɱɟɫɤɨɝɨ ɷɥɟɦɟɧɬɚ ɂɅɂ, ɤɚɤ ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫɭɧɤɟ 11, a. 

Ɉɩɟɪɚɬɨɪ ɂɅɂ ɦɨɠɧɨ ɡɚɦɟɧɢɬɶ ɧɚ NAND, ɟɫɥɢ ɨɛɚ ɩɨɥɭɫɭɦɦɚɬɨɪɚ 

ɪɟɚɥɢɡɨɜɚɧɵ ɩɨ ɫɯɟɦɟ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 10, ɜ. ȼ ɤɚɱɟɫɬɜɟ 

ɚɥɶɬɟɪɧɚɬɢɜɵ ɦɨɠɧɨ ɪɟɚɥɢɡɨɜɚɬɶ ɩɨɥɧɵɣ ɫɭɦɦɚɬɨɪ ɤɚɤ ɞɜɭɯɭɪɨɜɧɟɜɭɸ ɫɯɟɦɭ 

AND-OR / NAND-NAND ɫɨɝɥɚɫɧɨ ɥɨɝɢɱɟɫɤɢɦ ɭɪɚɜɧɟɧɢɹɦ (3.4) ɢ (3.5) 

(ɪɢɫɭɧɨɤ 11, ɛ). 

 

Ɋɢɫɭɧɨɤ 11 – ȼɨɦɡɨɠɧɵɟ ɪɟɚɥɢɡɰɚɢɢ ɩɨɥɧɨɝɨ ɫɭɦɦɚɬɨɪɚ (ɚ-ɨɫɧɨɜɚɧ ɧɚ 

ɩɨɥɭɫɭɦɦɚɬɨɪɚɯ, ɛ- ɞɜɭɯɭɪɨɜɧɟɜɚɹ ɫɯɟɦɚ AND-OR / NAND-NAND) 
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ɂɡ-ɡɚ ɜɚɠɧɨɫɬɢ ɩɨɥɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɤɚɤ ɚɪɢɮɦɟɬɢɱɟɫɤɨɝɨ ɫɬɪɨɢɬɟɥɶɧɨɝɨ 

ɛɥɨɤɚ, ɦɧɨɝɢɟ ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɵɟ ɫɯɟɦɵ FA ɫɭɳɟɫɬɜɭɸɬ ɞɥɹ ɪɚɡɥɢɱɧɵɯ 

ɬɟɯɧɨɥɨɝɢ. ɇɚ ɪɢɫɭɧɤɟ 12 ɩɨɤɚɡɚɧ ɩɨɥɧɵɣ ɫɭɦɦɚɬɨɪ, ɫɨɫɬɨɹɳɢɣ ɢɡ ɫɟɦɢ 

ɢɧɜɟɪɬɨɪɨɜ ɢ ɞɜɭɯ ɦɭɥɶɬɢɩɥɟɤɫɨɪɨɜ 4-ɤ-1 (Mux), ɤɨɬɨɪɵɣ ɩɨɞɯɨɞɢɬ ɞɥɹ 

ɪɟɚɥɢɡɚɰɢɢ ɩɟɪɟɞɚɱɢ ɞɚɧɧɵɯ CMOS. 

 

Ɋɢɫɭɧɨɤ 12 – ɉɨɥɧɵɣ ɫɭɦɦɚɬɨɪ ɞɥɹ ɩɟɪɟɞɚɱɢ ɞɚɧɧɵɯ CMOS 

 

ɉɨɥɧɵɟ ɢ ɩɨɥɭɫɭɦɦɚɬɨɪɵ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ 

ɦɧɨɠɟɫɬɜɚ ɚɪɢɮɦɟɬɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ. ɇɚɩɪɢɦɟɪ, ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɣ ɫɭɦɦɚɬɨɪ 

ɦɨɠɟɬ ɛɵɬɶ ɩɨɫɬɪɨɟɧ ɢɡ ɩɨɥɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɢ ɪɟɝɢɫɬɪɚ ɩɟɪɟɧɨɫɚ [22]. 

3.3.1 ɋɭɦɦɚɬɨɪ ɫ ɫɨɯɪɚɧɟɧɢɟɦ ɩɟɪɟɧɨɫɚ 

ɋɭɦɦɚɬɨɪ ɫ ɫɨɯɪɚɧɟɧɢɟɦ ɩɟɪɟɧɨɫɚ ɹɜɥɹɟɬɫɹ ɫɚɦɨɣ ɩɪɨɫɬɨɣ ɜ ɪɟɚɥɢɡɚɰɢɢ 

ɚɪɯɢɬɟɤɬɭɪɨɣ. Ɉɧɚ ɨɫɧɨɜɚɧɚ ɧɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɦ ɫɭɦɦɢɪɨɜɚɧɢɢ ɨɞɧɨɛɢɬɧɵɯ 

ɱɢɫɟɥ ɫ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟɦ ɛɢɬɚ ɩɟɪɟɧɨɫɚ ɧɚ ɤɚɠɞɵɣ ɫɥɟɞɭɸɳɢɣ ɷɬɚɩ. 

ɋɭɦɦɚɬɨɪ ɫ ɫɨɯɪɚɧɟɧɢɟɦ ɩɟɪɟɧɨɫɚ ɨɫɧɨɜɚɧ ɧɚ ɩɨɥɧɨɦ ɫɭɦɦɚɬɨɪɟ (ɪɢɫɭɧɨɤ 13). 
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Ɋɢɫɭɧɨɤ 13 – ɉɨɥɧɵɣ ɫɭɦɦɚɬɨɪ 

 

Ɉɞɧɚɤɨ ɧɟ ɫɦɨɬɪɹ ɧɚ ɩɪɨɫɬɨɬɭ ɪɟɚɥɢɡɚɰɢɢ ɞɚɧɧɨɝɨ ɫɭɦɦɚɬɨɪɚ. ɋɮɟɪɚ ɟɝɨ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɤɪɚɣɧɟ ɧɟɜɟɥɢɤɚ, ɬɚɤ ɤɚɤ ɫɤɨɪɨɫɬɶ ɪɚɫɱёɬɚ ɧɚɩɪɹɦɭɸ ɡɚɜɢɫɢɬ 

ɨɬ ɪɚɡɪɹɞɧɨɫɬɢ ɫɥɚɝɚɟɦɵɯ. Ɍɚɤ ɤ ɩɪɢɦɟɪɭ, ɞɥɹ ɫɭɦɦɢɪɨɜɚɧɢɹ ɱɟɬɵɪёɯɛɢɬɧɵɯ 

ɱɢɫɟɥ ɩɨɬɪɟɛɭɟɬɫɹ ɦɢɧɢɦɭɦ 4 ɬɚɤɬɚ ɜɪɟɦɟɧɢ, ɚ ɞɥɹ ɲɟɫɬɧɚɞɰɚɬɢ-ɛɢɬɧɨɝɨ 

ɱɢɫɥɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ 16. ɋɯɟɦɚ ɢ ɪɟɡɭɥɶɬɚɬ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɱɟɬɵɪёɯɛɢɬɧɨɝɨ 

ɫɭɦɦɚɬɨɪɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɚɯ 14 ɢ 15 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

 

 

 

Ɋɢɫɭɧɨɤ 14 – ɋɯɟɦɚ ɪɟɚɥɢɡɚɰɢɢ 4-ɛɢɬɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɫ ɫɨɯɪɚɧɟɧɢɟɦ 

ɩɟɪɟɧɨɫɚ 
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Ɋɢɫɭɧɨɤ 15 – Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɤɨɧɜɟɣɟɪɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɫ ɫɨɯɪɚɧɟɧɢɟɦ 

ɩɟɪɟɧɨɫɚ ɜ QuestaSim 

3.3.2 ɋɭɦɦɚɬɨɪ ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ 

Ⱦɚɧɧɚɹ ɚɪɯɢɬɟɤɬɭɪɚ ɫɭɦɦɚɬɨɪɚ ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ ɜɨɫɬɪɟɛɨɜɚɧɧɨɣ ɜ 

ɜɢɞɭ ɬɨɝɨ, ɱɬɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɟɪɟɧɨɫɚ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɩɨ ɫɯɟɦɟ 

Ɇɚɧɱɟɫɬɟɪɚ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɨɱɟɧɶ ɜɚɠɧɵɦɢ, ɹɜɥɹɸɬɫɹ ɩɨɧɹɬɢɹ ɨ ɝɟɧɟɪɚɰɢɢ ɢ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɟɪɟɧɨɫɚ. Ɍɚɤ ɤɚɤ ɨɧɢ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɫɪɚɡɭ ɞɥɹ ɝɪɭɩɩɵ ɛɢɬ, 

ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɞɨɫɬɚɬɨɱɧɨ ɫɢɥɶɧɨ ɭɜɟɥɢɱɢɬɶ ɫɤɨɪɨɫɬɶ ɜɵɱɢɫɥɟɧɢɣ 

(ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɪɚɡɪɹɞɧɨɫɬɢ ɫɥɚɝɚɟɦɵɯ). ɉɪɟɞɜɚɪɢɬɟɥɶɧɵɣ ɪɚɫɱёɬ 

ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɚɦ [3]: 

 

1 0 0 0

2 1 0 1 0 0 1

1 2 1 2 0 1 2 0 0 1 2

1 3 2 3 1 2 3 0 1 2 3 0 0 1 2 3
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,

i i i

i i i

G a * b

P a b

C G P * C

C G G * P C * P * P

C G G * P G * P * P C * P * P * P

C G G * P G * P * P G * P * P * P C * P * P * P * P


  
  
   
    


    

(4.2) 

 

ɝɞɟ ɡɧɚɤ «*» ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɥɨɝɢɱɟɫɤɨɦɭ ɂ; 
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ɡɧɚɤ «+» ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɥɨɝɢɱɟɫɤɨɦɭ ɂɅɂ; 

ɡɧɚɤ «⊕» ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɂɋɄɅɘɑȺɘɓȿɆɍ ɂɅɂ. 

ɋɯɟɦɚ ɫɭɦɦɚɬɨɪɚ ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ ɞɥɹ 4 ɛɢɬ 

ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 16.  

 

 

Ɋɢɫɭɧɨɤ 16 – ɋɯɟɦɚ ɪɟɚɥɢɡɚɰɢɢ 4-ɛɢɬɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ 

ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ 

 

Ɍɚɤɠɟ ɫɭɦɦɚɬɨɪ ɜɨɡɦɨɠɧɨ ɭɫɤɨɪɢɬɶ, ɤɨɧɜɟɣɟɪɢɡɨɜɚɜ ɟɝɨ ɪɚɛɨɬɭ. ɇɚ 

ɪɢɫɭɧɤɟ 17 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ ɤɨɧɜɟɣɟɪɢɡɚɰɢɢ ɫɭɦɦɚɬɨɪɚ ɫ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ, ɚ ɧɚ ɪɢɫɭɧɤɟ 18 – ɪɟɡɭɥɶɬɚɬ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɚɤɨɝɨ ɫɭɦɦɚɬɨɪɚ [23]. 

 

 

Ɋɢɫɭɧɨɤ 17 – Ʉɨɧɜɟɣɟɪɧɵɣ ɫɭɦɦɚɬɨɪ ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ 

ɩɟɪɟɧɨɫɚ 
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Ɋɢɫɭɧɨɤ 18 – Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɤɨɧɜɟɣɟɪɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɫ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ ɜ QuestaSim 

 

ɋɨɨɬɧɟɫɹ ɪɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɚɯ 15 ɢ 18 ɦɨɠɧɨ ɡɚɦɟɬɢɬɶ, 

ɱɬɨ ɫɤɨɪɨɫɬɶ ɫɭɳɟɫɬɜɟɧɧɨ ɭɜɟɥɢɱɢɥɚɫɶ. ɗɬɨ ɩɪɨɢɡɨɲɥɨ ɢɡ-ɡɚ ɬɨɝɨ, ɱɬɨ ɛɢɬɵ 

ɩɟɪɟɧɨɫɚ ɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɵɱɢɫɥɹɸɬɫɹ ɩɚɪɚɥɥɟɥɶɧɨ ɫɪɚɡɭ ɞɥɹ ɝɪɭɩɩɵ ɢɡ 

ɱɟɬɵɪёɯ ɛɢɬ. ɑɬɨ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɩɨɡɜɨɥɹɟɬ ɫɞɟɥɚɬɶ ɪɚɫɱёɬ ɫɭɦɦɵ ɞɥɹ 4-

ɛɢɬɧɵɯ ɱɢɫɟɥ ɜɫɟɝɨ ɡɚ 2 ɬɚɤɬɚ ɜɪɟɦɟɧɢ. ɇɨ ɡɚ ɬɚɤɭɸ ɫɤɨɪɨɫɬɶ ɧɟɨɛɯɨɞɢɦɨ 

ɛɭɞɟɬ ɩɥɚɬɢɬɶ ɬɚɤ ɤɚɤ ɞɚɧɧɚɹ ɚɪɯɢɬɟɤɬɭɪɚ ɬɪɟɛɭɟɬ ɛɨɥɶɲɢɟ ɚɩɩɚɪɚɬɧɵɟ 

ɡɚɬɪɚɬɵ. 

3.3.3 ɋɭɦɦɚɬɨɪ ɫ ɜɵɛɨɪɨɦ ɩɟɪɟɧɨɫɚ 

Ⱦɚɧɧɚɹ ɚɪɯɢɬɟɤɬɭɪɚ ɩɨɞɪɚɡɭɦɟɜɚɟɬ ɩɚɪɚɥɥɟɥɶɧɵɣ ɪɚɫɱёɬ ɞɥɹ ɛɢɬ 

ɫɬɚɪɲɢɯ ɪɚɡɪɹɞɨɜ ɩɪɢ ɜɯɨɞɧɵɯ 0 ɢ 1 ɢ ɜɵɛɨɪɚ ɪɟɡɭɥɶɬɚɬɚ ɧɚ ɨɫɧɨɜɚɧɢɢ ɪɚɫɱёɬɚ 

ɬɟɤɭɳɟɝɨ ɪɚɡɪɹɞɚ. 

Ɍɚɤɚɹ ɚɪɯɢɬɟɤɬɭɪɚ ɩɨɤɚɡɵɜɚɟɬ ɫɟɛɹ ɥɭɱɲɢɦ ɨɛɪɚɡɨɦ, ɟɫɥɢ ɢɫɩɨɥɶɡɨɜɚɬɶ 

ɟё ɜɦɟɫɬɟ ɫ ɞɪɭɝɢɦɢ ɚɪɯɢɬɟɤɬɭɪɚɦɢ. Ɍɚɤ ɜ ɞɚɧɧɨɦ ɩɪɨɟɤɬɧɨɦ ɪɟɲɟɧɢɢ ɞɥɹ 

ɬɨɝɨ, ɱɬɨɛɵ ɞɨɛɢɬɶɫɹ ɛɨɥɶɲɟɝɨ ɛɵɫɬɪɨɞɟɣɫɬɜɢɹ, ɛɭɞɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ 
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ɝɢɛɪɢɞɧɚɹ ɚɪɯɢɬɟɤɬɭɪɚ ɫɭɦɦɚɬɨɪɚ, ɫɨɫɬɨɹɳɚɹ ɢɡ ɫɭɦɦɚɬɨɪɨɜ ɫ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɢ ɜɵɛɨɪɨɦ ɩɟɪɟɧɨɫɚ. 

ɋɨɡɞɚɧɧɵɣ ɬɚɤɢɦ ɦɟɬɨɞɨɜ ɫɭɦɦɚɬɨɪ ɧɚ 8 ɛɢɬ ɛɭɞɟɬ ɫɱɢɬɚɬɶ ɩɚɪɚɥɥɟɥɶɧɨ 

ɞɜɟ ɩɚɪɵ ɩɨ ɱɟɬɵɪɟ ɛɢɬɚ. ɋɬɨɢɬ ɬɚɤɠɟ ɭɱɢɬɵɜɚɬɶ, ɱɬɨ ɚɩɩɚɪɚɬɧɵɟ ɡɚɬɪɚɬɵ 

ɜɵɪɚɫɬɭɬ, ɬɚɤ ɤɚɤ ɜɬɨɪɚɹ ɱɟɬɜёɪɤɚ ɛɢɬ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɫɪɚɡɭ ɞɥɹ ɞɜɭɯ ɡɧɚɱɟɧɢɣ 

ɛɢɬɚ ɩɟɪɟɧɨɫɚ, ɬɨ ɟɫɬɶ ɞɥɹ 0 ɢ 1. Ɋɟɡɭɥɶɬɚɬ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɚɤɨɣ ɚɪɯɢɬɟɤɬɭɪɵ 

ɫɭɦɦɚɬɨɪɚ ɩɨɤɚɡɚɧ ɧɚ ɪɢɫɭɧɤɟ 19. 

 

 

Ɋɢɫɭɧɨɤ 19 – Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɝɢɛɪɢɞɧɨɝɨ ɤɨɧɜɟɣɟɪɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɫ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ ɢ ɜɵɛɨɪɨɦ ɩɟɪɟɧɨɫɚ ɜ QuestaSim 

 

ɂɬɨɝ ɬɚɤɨɝɨ ɫɭɦɦɢɪɨɜɚɧɢɹ ɩɨɹɜɢɬɫɹ ɧɚ 3 ɬɚɤɬɟ ɜɪɟɦɟɧɢ, ɯɨɬɹ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɨɥɶɤɨ ɫɭɦɦɚɬɨɪɚ ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ 

ɩɨɬɪɟɛɨɜɚɥɨɫɶ ɛɵ 4 ɬɚɤɬɚ. ɉɨɫɥɟɞɭɸɳɚɹ ɪɚɡɧɢɰɚ ɦɟɠɞɭ ɩɨɥɭɱɟɧɢɟɦ 

ɪɟɡɭɥɶɬɚɬɨɜ ɛɭɞɟɬ ɬɨɥɶɤɨ ɭɜɟɥɢɱɢɜɚɬɶɫɹ. Ɍɚɤ ɞɥɹ ɪɚɫɱёɬɚ 16 ɛɢɬ ɞɚɧɧɨɣ 

ɚɪɯɢɬɟɤɬɭɪɟ ɩɨɬɪɟɛɭɟɬɫɹ ɬɚɤɠɟ 3 ɬɚɤɬɚ (ɪɢɫɭɧɨɤ 20), ɤɨɝɞɚ ɚɪɯɢɬɟɤɬɭɪɟ ɫ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ ɞɥɹ ɪɚɫɱёɬɚ ɬɪɟɛɭɟɬɫɹ 8 ɬɚɤɬɨɜ. 
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Ɋɢɫɭɧɨɤ 20 – Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɝɢɛɪɢɞɧɨɝɨ ɤɨɧɜɟɣɟɪɧɨɝɨ ɫɭɦɦɚɬɨɪɚ ɧɚ 16 ɛɢɬ 

ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɩɟɪɟɧɨɫɚ ɢ ɜɵɛɨɪɨɦ ɩɟɪɟɧɨɫɚ ɜ QuestaSim 

 

Ɍɚɤɠɟ ɦɨɠɧɨ ɫɨɟɞɢɧɢɬɶ ɚɪɯɢɬɟɤɬɭɪɭ ɜɵɛɨɪɚ ɩɟɪɟɧɨɫɚ ɫ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦ ɩɟɪɟɧɨɫɨɦ. ɉɨɥɭɱɢɜɲɢɟɫɹ ɫɭɦɦɚɬɨɪ ɛɭɞɟɬ ɛɵɫɬɪɟɣ, ɧɨ ɞɥɹ 

ɟɝɨ ɪɟɚɥɢɡɚɰɢɢ ɧɚ ɉɅɂɋ ɧɟ ɯɜɚɬɢɬ ɪɟɫɭɪɫɨɜ, ɩɨɷɬɨɦɭ ɧɚ ɞɚɧɧɨɣ ɜɟɬɤɟ 

ɪɚɡɜɢɬɢɹ ɧɟ ɛɭɞɟɦ ɡɚɨɫɬɪɹɬɶ ɜɧɢɦɚɧɢɟ. 

3.4 Ʉɨɪɪɟɥɹɬɨɪ 

Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɧɚɜɢɝɚɰɢɨɧɧɵɦ ɫɢɝɧɚɥɨɦ ɧɟɨɛɯɨɞɢɦ 

ɤɨɪɪɟɥɹɬɨɪ, ɤɨɬɨɪɵɣ ɩɨɡɜɨɥɢɬɶ ɞɟɦɨɞɭɥɢɪɨɜɚɬɶ ɧɚɜɢɝɚɰɢɨɧɧɵɟ ɞɚɧɧɵɟ. ɋɚɦ 

ɤɨɪɪɟɥɹɬɨɪ ɫɨɫɬɨɢɬ ɢɡ ɞɟɤɨɞɟɪɚ ɢ ɫɭɦɦɚɬɨɪɚ ɪɚɛɨɬɚɸɳɟɝɨ ɩɨ ɩɪɢɧɰɢɩɭ 

ɫɭɦɦɢɪɨɜɚɧɢɹ «ɩɢɪɚɦɢɞɨɣ» (ɪɢɫɭɧɨɤ 21). 

 

 

Ɋɢɫɭɧɨɤ 21 – ɉɪɢɧɰɢɩ ɫɭɦɦɢɪɨɜɚɧɢɹ «ɩɢɪɚɦɢɞɨɣ» 
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Ⱦɥɹ ɟɝɨ ɩɨɫɬɪɨɟɧɢɹ ɜɨɫɩɨɥɶɡɭɟɦɫɹ 30-ɛɢɬɧɵɦɢ ɫɭɦɦɚɬɨɪɚɦɢ, 

ɢɦɟɸɳɢɦɢ ɝɢɛɪɢɞɧɭɸ ɚɪɯɢɬɟɤɬɭɪɭ, ɫɨɫɬɚɜɥɟɧɧɭɸ ɢɡ ɫɭɦɦɚɬɨɪɨɜ ɫ 

ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɪɚɫɱёɬɨɦ ɢ ɜɵɛɨɪɨɦ ɩɟɪɟɧɨɫɚ. Ⱦɚɧɧɚɹ ɚɪɯɢɬɟɤɬɭɪɚ ɛɵɥɚ 

ɜɵɛɪɚɧɚ ɜɜɢɞɭ ɟё ɛɵɫɬɪɨɞɟɣɫɬɜɢɹ. Ɍɚɤɠɟ ɞɚɧɧɵɣ ɩɪɨɟɤɬ ɩɨɞɞɟɪɠɢɜɚɟɬ ɡɚɦɟɧɭ 

ɞɚɧɧɨɣ ɚɪɯɢɬɟɤɬɭɪɵ ɧɚ ɥɸɛɭɸ ɞɪɭɝɭɸ ɛɟɡ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɢɧɵɯ ɢɡɦɟɧɟɧɢɣ ɜ 

ɫɬɪɭɤɬɭɪɟ ɢɥɢ ɜɧɭɬɪɢ ɤɨɞɚ ɩɪɨɝɪɚɦɦɵ. 

ɂɡɧɚɱɚɥɶɧɚɹ ɉɋɉ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɞɥɹ ȽɅɈɇȺɋɋ ɫɨɫɬɚɜɥɹɟɬ 511 

ɡɧɚɱɟɧɢɣ (ɱɢɩɨɜ). Ⱦɥɹ ɭɜɟɥɢɱɟɧɢɹ ɬɨɱɧɨɫɬɢ ɤɚɠɞɵɣ ɱɢɩ ɪɚɡɞɟɥɢɦ ɧɚ 8 ɬɨɱɟɤ, 

ɬɨ ɟɫɬɶ ɩɪɨɞɭɛɥɢɪɭɟɦ ɤɚɠɞɨɟ ɡɧɚɱɟɧɢɟ 8 ɪɚɡ, ɢɬɨɝɨ ɜ ɰɟɥɨɦ ɧɟɨɛɯɨɞɢɦɨ 

ɩɪɨɫɭɦɦɢɪɨɜɚɬɶ 4088 ɡɧɚɱɟɧɢɣ 1 ɢ −1 ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 12 ɭɪɨɜɧɹɦ 

ɫɭɦɦɢɪɨɜɚɧɢɹ. Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɭɛɟɞɢɬɶɫɹ, ɱɬɨ ɫɭɦɦɚɬɨɪ ɫɱɢɬɚɟɬ ɩɪɚɜɢɥɶɧɨ 

ɩɨɞɚɞɢɦ ɧɚ ɧɟɝɨ 4088 ɡɧɚɱɟɧɢɣ ɪɚɜɧɵɯ 1 ɢ ɟɳё 4088 ɡɧɚɱɟɧɢɣ −1 (ɪɢɫɭɧɨɤ 22). 

 

Ɋɢɫɭɧɨɤ 22 – ɉɪɨɜɟɪɤɚ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɫɭɦɦɚɬɨɪɚ ɤɨɪɪɟɥɹɬɨɪɚ. 

 

Ʉɨɞ ɩɪɨɝɪɚɦɦɵ ɤɨɪɪɟɥɹɬɨɪɚ ɩɪɟɞɫɬɚɜɥɟɧ ɜ ɩɪɢɥɨɠɟɧɢɢ Ⱥ. 

ɉɨɦɢɦɨ ɤɨɪɪɟɥɹɬɨɪɚ ɬɚɤɠɟ ɩɨɬɪɟɛɭɟɬɫɹ ɝɟɧɟɪɚɬɨɪ ɦ-

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ. 
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3.5 Ƚɟɧɟɪɚɬɨɪ Ɇ-ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 

Ɇ-ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɢɥɢ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɦɚɤɫɢɦɚɥɶɧɨɣ ɞɥɢɧɵ – 

ɩɫɟɜɞɨɫɥɭɱɚɣɧɚɹ ɞɜɨɢɱɧɚɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ, ɩɨɪɨɠɞɟɧɧɚɹ ɪɟɝɢɫɬɪɨɦ 

ɫɞɜɢɝɚ ɫ ɥɢɧɟɣɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜɹɡɶɸ ɢ ɢɦɟɸɳɚɹ ɦɚɤɫɢɦɚɥɶɧɵɣ ɩɟɪɢɨɞ. Ɇ-

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɩɪɢɦɟɧɹɸɬɫɹ ɜ ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɫɢɫɬɟɦɚɯ ɫɜɹɡɢ. Ⱦɥɹ 

ɩɨɫɬɪɨɟɧɢɹ ɞɚɧɧɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ 

ɮɨɪɦɭɥɚɦɢ: 

 

0 4 8

7

 XOR ;

.out

x x x

x x


 

             (4.3) 

 

Ɍɚɤɠɟ ɫɥɟɞɭɟɬ ɭɱɟɫɬɶ, ɱɬɨ ɞɚɧɧɚɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɩɨɫɬɨɹɧɧɨ 

ɫɞɜɢɝɚɟɬɫɹ ɜɩɪɚɜɨ. 

Ʉɨɞ ɝɟɧɟɪɚɬɨɪɚ Ɇ-ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɩɪɟɞɫɬɚɜɥɟɧ ɜ ɩɪɢɥɨɠɟɧɢɢ Ȼ. 

3.6 ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɫ 
ɩɨɦɨɳɶɸ CORDIC-ɩɪɨɰɟɫɫɨɪɚ 

ȼ ɰɟɥɨɦ CORDIC ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɢɬɟɪɚɰɢɨɧɧɵɣ ɦɟɬɨɞ ɫɜɟɞɟɧɢɹ 

ɩɪɹɦɵɯ ɜɵɱɢɫɥɟɧɢɣ ɫɥɨɠɧɵɯ ɮɭɧɤɰɢɣ ɤ ɜɵɩɨɥɧɟɧɢɸ ɩɪɨɫɬɵɯ ɨɩɟɪɚɰɢɣ 

ɫɥɨɠɟɧɢɹ ɢ ɫɞɜɢɝɚ. Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɜɟɫɶɦɚ ɩɨɥɟɡɟɧ ɩɪɢ ɜɵɱɢɫɥɟɧɢɢ ɮɭɧɤɰɢɣ 

ɧɚ ɩɪɢɛɨɪɚɯ ɢ ɭɫɬɪɨɣɫɬɜɚɯ ɫ ɨɝɪɚɧɢɱɟɧɧɵɦɢ ɪɟɫɭɪɫɚɦɢ, ɧɚɩɪɢɦɟɪ, 

ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪɵ ɢ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɟ ɥɨɝɢɱɟɫɤɢɟ ɢɧɬɟɝɪɚɥɶɧɵɟ ɫɯɟɦɵ. 

Ɍɚɤɠɟ ɜ ɜɢɞɭ ɬɨɝɨ ɱɬɨ ɛɨɥɶɲɢɧɫɬɜɨ ɲɚɝɨɜ ɨɞɧɨɬɢɩɧɵɟ, ɢɯ ɦɨɠɧɨ ɪɟɚɥɢɡɨɜɚɬɶ 

ɤɨɧɜɟɣɟɪɧɨɣ ɚɪɯɢɬɟɤɬɭɪɨɣ ɩɪɢ ɚɩɩɚɪɚɬɧɨɣ ɪɟɚɥɢɡɚɰɢɢ. 

ȼ ɞɚɧɧɨɦ ɤɨɧɤɪɟɬɧɨɦ ɫɥɭɱɚɟ ɞɥɹ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ 

ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ, ɚ ɢɦɟɧɧɨ ɤɨɞɨɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 

ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɭɫɥɨɜɢɹɦɢ: 
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4 4

4 4

4 4
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     

   (4.4) 

 

Ⱦɚɧɧɵɟ ɭɫɥɨɜɢɹ ɜ ɨɬɥɢɱɢɢ ɨɬ ɫɬɚɧɞɚɪɬɧɨɝɨ ɩɪɟɞɫɬɚɜɥɟɧɢɹ CORDIC, ɬɨ 

ɟɫɬɶ ɱɟɪɟɡ ɭɦɧɨɠɢɬɟɥɶ, ɩɨɡɜɨɥɹɬ ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɡɚɬɪɚɬɵ ɪɟɫɭɪɫɨɜ ɩɪɢ ɷɬɨɦ 

ɫɨɯɪɚɧɢɜ ɫɤɨɪɨɫɬɶ ɪɚɫɱёɬɚ. 

ɉɪɨɟɤɬɧɨɟ ɪɟɲɟɧɢɟ ɧɚ ɨɫɧɨɜɟ CORDIC ɩɪɨɰɟɫɫɨɪɚ ɩɨɞɪɚɡɭɦɟɜɚɟɬ 

ɫɥɟɠɟɧɢɟ ɡɚ ɡɚɞɟɪɠɤɨɣ ɤɨɞɨɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ, ɬɚɤ ɤɚɤ ɷɬɨ ɩɨɡɜɨɥɢɬ 

ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɜɥɢɹɧɢɟ ɭɪɨɜɧɹ ɫɢɝɧɚɥɚ, ɩɨɫɬɭɩɚɸɳɟɝɨ ɫɨ ɫɩɭɬɧɢɤɚ. 

Ⱦɥɹ ɫɨɫɬɚɜɥɟɧɢɹ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɤɨɞɨɜɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɧɟɨɛɯɨɞɢɦɨ ɜ ɩɪɚɜɢɥɶɧɨɦ 

ɩɨɪɹɞɤɟ ɫɨɟɞɢɧɢɬɶ ɜɫɟ ɫɨɫɬɚɜɥɹɸɳɟɟ ɫɨɝɥɚɫɧɨ ɫɯɟɦɟ: 

 

Ɋɢɫɭɧɨɤ 23 – ɋɯɟɦɚ ɫɥɟɠɟɧɢɹ ɧɚ ɨɫɧɨɜɟ CORDIC-ɩɪɨɰɟɫɫɨɪɚ 
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ȼ ɞɚɧɧɨɣ ɫɯɟɦɟ ɞɟɦɨɞɭɥɹɬɨɪ ɞɟɤɨɞɢɪɭɟɬ ɨɫɧɨɜɧɭɸ ɤɨɞɨɜɭɸ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɞɜɢɧɭɬɵɯ, ɬɚɤ ɱɬɨ ɟɫɥɢ ɜ ɫɞɜɢɧɭɬɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɫɬɨɢɬ 0, ɬɨ ɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦ ɛɢɬɟ ɧɟ ɫɞɜɢɧɭɬɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɨɫɬɚёɬɫɹ ɬɨɠɟ ɫɚɦɨɟ ɡɧɚɱɟɧɢɟ 1 ɢɥɢ –1, ɢɧɚɱɟ ɡɧɚɱɟɧɢɹ 

ɢɧɜɟɪɬɢɪɭɸɬɫɹ. Ɍɚɤɚɹ ɫɬɪɭɤɬɭɪɚ ɨɫɧɨɜɚɧɚ ɧɚ ɩɪɨɰɟɫɫɨɪɟ CORDIC ɬɨɥɶɤɨ ɞɥɹ 

ɫɥɟɠɟɧɢɹ ɡɚ ɤɨɞɨɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶɸ [5, 7]. 

ȼɜɢɞɭ ɬɨɝɨ ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɚɹ ɜ ɞɚɧɧɨɦ ɩɪɨɟɤɬɟ ɫɯɟɦɚ ɨɩɢɫɚɧɚ ɧɚ ɭɪɨɜɧɟ 

ɪɟɝɢɫɬɪɨɜ ɨɧɚ ɦɨɠɟɬ ɛɵɬɶ ɪɟɚɥɢɡɨɜɚɧɚ ɧɚ ɤɪɢɫɬɚɥɥɟ. Ɍɚɤɠɟ ɞɚɧɧɨɟ ɩɪɨɟɤɬɧɨɟ 

ɪɟɲɟɧɢɟ ɩɨɡɜɨɥɹɟɬ ɧɟ ɩɪɢɜɹɡɵɜɚɬɶɫɹ ɤ ɤɨɦɭ-ɥɢɛɨ ɩɪɨɢɡɜɨɞɢɬɟɥɸ, ɫɯɟɦɚ 

ɦɨɠɟɬ ɛɵɬɶ ɪɟɚɥɢɡɨɜɚɧɚ ɤɚɤ ɧɚ ɡɚɤɚɡɧɵɯ, ɬɚɤ ɢ ɧɚ ɭɫɬɪɨɣɫɬɜɚɯ ɤɪɭɩɧɨɣ ɫɟɪɢɢ. 

Ɉɫɧɨɜɧɨɣ ɤɨɞ ɩɪɨɝɪɚɦɦɵ ɩɪɟɞɫɬɚɜɥɟɧ ɜ ɩɪɢɥɨɠɟɧɢɢ ȼ. 

Ɋɟɡɭɥɶɬɚɬ ɪɚɛɨɬɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫɭɧɤɟ 24, ɝɞɟ 

ɢɡɧɚɱɚɥɶɧɨ ɤɨɞɨɜɚɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɩɪɢɲɥɚ ɫɞɜɢɧɭɬɨɣ ɧɚ 2 ɬɨɱɤɢ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɟɝɨ ɢɫɬɢɧɧɨɝɨ ɡɧɚɱɟɧɢɹ. 

 

 

Ɋɢɫɭɧɨɤ 24 – ɉɪɢɦɟɪ ɪɚɛɨɬɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ 

 

Ⱦɥɹ ɛɨɥɶɲɟɣ ɧɚɝɥɹɞɧɨɫɬɢ ɫɨɯɪɚɧɢɦ ɡɧɚɱɟɧɢɹ ɫɞɜɢɝɨɜɵɯ ɪɟɝɢɫɬɪɨɜ ɜ 

ɮɚɣɥ ɢ ɩɪɨɞɟɦɨɧɫɬɪɢɪɭɟɦ ɢɯ ɧɚ ɝɪɚɮɢɤɟ MATLAB (ɪɢɫɭɧɨɤ 25). 
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Ɋɢɫɭɧɨɤ 25 – ɉɪɢɦɟɪ ɪɚɛɨɬɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ 

 

ɇɚ ɜɟɪɯɧɟɦ ɝɪɚɮɢɤɟ ɩɨɤɚɡɚɧɨ ɧɚɱɚɥɶɧɨɟ ɫɦɟɳɟɧɢɟ ɤɨɬɨɪɨɟ ɹɜɥɹɟɬɫɹ ɩɪɢ 

ɷɬɨɦ ɢ ɦɚɤɫɢɦɚɥɶɧɵɦ ɡɧɚɱɟɧɢɟɦ ɫɞɜɢɝɚ. ɇɚ ɜɬɨɪɨɦ, ɬɪɟɬɶɟɦ ɢ ɱɟɬɜёɪɬɨɦ 

ɝɪɚɮɢɤɚɯ ɢɡɨɛɪɚɠɟɧɵ ɡɧɚɱɟɧɢɹ ɩɟɪɜɨɝɨ, ɜɬɨɪɨɝɨ ɢ ɬɪɟɬɶɟɝɨ ɫɞɜɢɝɨɜɨɝɨ 

ɪɟɝɢɫɬɪɚ. Ɏɢɧɚɥɶɧɵɣ ɪɟɡɭɥɶɬɚɬ ɪɚɛɨɬɵ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧ 

ɧɚ ɧɢɠɧɟɦ ɝɪɚɮɢɤɟ, ɧɚ ɧёɦ ɦɨɠɧɨ ɭɜɢɞɟɬɶ, ɱɬɨ ɫɢɝɧɚɥ ɫɢɧɯɪɨɧɢɡɢɪɨɜɚɥɫɹ, 

ɩɪɢɞɹ ɜ ɫɜɨё ɢɫɬɢɧɧɨɟ ɡɧɚɱɟɧɢɟ +2. 
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ɁȺɄɅɘɑȿɇɂȿ 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɜɵɩɨɥɧɟɧɢɹ ɜɵɩɭɫɤɧɨɣ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ 

ɪɟɚɥɢɡɨɜɚɧɚ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɢɝɧɚɥɚ ɫ ɩɨɦɨɳɶɸ 

CORDIC-ɩɪɨɰɟɫɫɨɪɚ. ɉɪɢ ɷɬɨɦ ɜɵɩɨɥɧɟɧ ɚɧɚɥɢɡ ɨɫɧɨɜɧɵɯ ɢɡɜɟɫɬɧɵɯ ɢ 

ɨɛɨɫɧɨɜɚɧɢɟ ɩɪɢɦɟɧɹɟɦɵɯ ɦɟɬɨɞɨɜ ɢ ɚɥɝɨɪɢɬɦɨɜ ɧɚɜɢɝɚɰɢɨɧɧɵɯ 

ɨɩɪɟɞɟɥɟɧɢɣ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ, ɫɩɪɨɟɤɬɢɪɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɚɪɯɢɬɟɤɬɭɪɵ 

VHDL-ɨɩɢɫɚɧɢɣ ɬɟɯɧɢɱɟɫɤɨɣ ɪɟɚɥɢɡɚɰɢɢ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ, ɩɪɨɜɟɞɟɧɚ ɢɯ 

ɚɩɪɨɛɚɰɢɹ. Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɩɪɨɜɟɞɟɧɨ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨɝɪɚɦɦɧɵɯ ɩɪɨɞɭɤɬɨɜ MATLAB ɢ ModelSim. Ɋɟɡɭɥɶɬɚɬɵ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɜɵɛɪɚɧɧɵɯ ɩɪɨɟɤɬɧɵɯ ɪɟɲɟɧɢɣ 

ɢ ɫɯɟɦɵ ɫɥɟɠɟɧɢɹ ɜ ɰɟɥɨɦ. 

Ɋɚɡɪɚɛɨɬɚɧɧɚɹ ɜ ɯɨɞɟ ɜɵɩɨɥɧɟɧɢɹ ɜɵɩɭɫɤɧɨɣ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɨɣ 

ɪɚɛɨɬɵ ɫɯɟɦɚ ɹɜɥɹɟɬɫɹ ɭɧɢɜɟɪɫɚɥɶɧɨɣ ɜ ɱɚɫɬɢ ɟɟ ɩɪɢɦɟɧɟɧɢɹ ɜ ɪɚɡɥɢɱɧɵɯ 

ɨɛɥɚɫɬɹɯ: ɚɜɬɨɦɚɬɢɡɚɰɢɹ ɩɨɡɢɰɢɨɧɢɪɨɜɚɧɢɹ ɢ ɭɩɪɚɜɥɟɧɢɟ ɩɨɞɜɢɠɧɵɦɢ 

ɨɛɴɟɤɬɚɦɢ, ɤɨɧɬɪɨɥɶ ɬɟɯɧɢɱɟɫɤɨɝɨ ɫɨɫɬɨɹɧɢɹ ɢ ɩɚɪɚɦɟɬɪɨɜ ɫɥɨɠɧɵɯ ɫɢɫɬɟɦ 

ɚɜɬɨɦɚɬɢɡɚɰɢɢ ɢ ɬ. ɞ. ɉɪɟɞɥɨɠɟɧɧɚɹ ɫɯɟɦɚ ɫɥɟɠɟɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɪɟɚɥɢɡɨɜɚɧɚ 

ɤɚɤ ɧɚ ɩɪɨɝɪɚɦɦɢɪɭɟɦɵɯ ɥɨɝɢɱɟɫɤɢɯ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦɚɯ ɦɚɫɫɨɜɨɝɨ 

ɩɪɨɢɡɜɨɞɫɬɜɚ, ɬɚɤ ɢ ɧɚ ɡɚɤɚɡɧɵɯ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦɚɯ, ɫɩɟɰɢɚɥɶɧɨ 

ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɞɥɹ ɪɟɲɟɧɢɹ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɡɚɞɚɱ. ɉɪɟɞɥɚɝɚɟɦɨɟ ɩɪɨɟɤɬɧɨɟ 

ɪɟɲɟɧɢɟ ɩɨɡɜɨɥɢɬ ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɡɚɬɪɚɬɵ ɩɨ ɪɟɫɭɪɫɚɦ ɢɥɢ ɩɨ ɜɪɟɦɟɧɢ ɜ 

ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɫɥɨɜɢɣ ɡɚɞɚɱɢ ɩɭɬёɦ ɩɟɪɟɤɥɸɱɟɧɢɹ ɪɚɡɧɵɯ ɬɢɩɨɜ ɚɪɯɢɬɟɤɬɭɪ 

ɫɭɦɦɚɬɨɪɨɜ. 
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ɉɊɂɅɈɀȿɇɂȿ A 

ɉɪɨɝɪɚɦɦɚ ɞɟɤɨɞɢɪɨɜɚɧɢɹ ɢ ɫɭɦɦɢɪɨɜɚɧɢɹ.  
 
-- Decoder + Adder 4088bit 
library IEEE; 
use IEEE.STD_LOGIC_1164.ALL;  
use ieee.numeric_std.ALL; 
 
library work; 
use work.ALL;  
 
entity correlator_ver2 is  
 port( plus_minus025: in signed (4087 downto 0); 
 main: in signed (4087 downto 0); 
 x_in: in integer; 
 CLK: in std_logic; 
 result : out std_logic_vector (29 downto 0); 
 pl_min025:out signed (4087 downto 0); 
 main_out:out signed (4087 downto 0)); 
end correlator_ver2; 
 
 
architecture behavioral of correlator_ver2 is 
 
component Adder_lookahead_selection_30bit 
port 
(x_in : in std_logic_vector (29 downto 0); 
 y_in : in std_logic_vector (29 downto 0); 
 carry_in : in std_logic; 
 CLK : in std_logic; 
 sum : out std_logic_vector (29 downto 0); 
 carry_out: out std_logic); 
end component; 
 
component Adder_lookahead_selection_14bit  
port(x_in : in std_logic_vector (13 downto 0); 
 y_in : in std_logic_vector (13 downto 0); 
 carry_in : in std_logic; 
 CLK : in std_logic; 
 sum : out std_logic_vector (13 downto 0); 
 carry_out: out std_logic); 
end component; 
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type buff is array (NATURAL range<>) of std_logic_vector (13 downto 0); 
type buffe is array (NATURAL range<>) of std_logic_vector (29 downto 0); 
signal y: buffe (4087 downto 0);--:= (others =>(others => '0')); 
signal res1_buf: std_logic_vector (29 downto 0):= (others =>'0'); 
signal sum_buff: buffe (2043 downto 0):= (others =>(others => '0')); 
signal sum_buff_1: buffe (1021 downto 0):= (others =>(others => '0')); 
signal sum_buff_2: buffe (510 downto 0):= (others =>(others => '0')); 
signal sum_buff_3: buffe (255 downto 0):= (others =>(others => '0')); 
signal sum_buff_4: buffe (127 downto 0):= (others =>(others => '0')); 
signal sum_buff_5: buffe (63 downto 0):= (others =>(others => '0')); 
signal sum_buff_6: buffe (31 downto 0):= (others =>(others => '0')); 
signal sum_buff_7: buffe (15 downto 0):= (others =>(others => '0')); 
signal sum_buff_8: buffe (7 downto 0):= (others =>(others => '0')); 
signal sum_buff_9: buffe (3 downto 0):= (others =>(others => '0')); 
signal sum_buff_10: buffe (1 downto 0):= (others =>(others => '0')); 
signal sum_buff_11: std_logic_vector (29 downto 0) := (others => '0'); 
 
signal buff_sum: buffe (3 downto 0); 
 
signal overflow: std_logic_vector  (1021 downto 0):= (others => '0'); 
signal overflow_0: std_logic_vector  (2043 downto 0):= (others => '0'); 
signal overflow_1: std_logic_vector  (510 downto 0):= (others => '0'); 
signal overflow_2: std_logic_vector  (255 downto 0):= (others => '0'); 
signal overflow_3: std_logic_vector  (127 downto 0):= (others => '0'); 
signal overflow_4: std_logic_vector  (63 downto 0):= (others => '0'); 
signal overflow_5: std_logic_vector  (31 downto 0):= (others => '0'); 
signal overflow_6: std_logic_vector (15 downto 0):= (others => '0'); 
signal overflow_7: std_logic_vector (7 downto 0):= (others => '0'); 
signal overflow_8: std_logic_vector (3 downto 0):= (others => '0'); 
signal overflow_9: std_logic_vector (1 downto 0):= (others => '0'); 
signal overflow_10: std_logic := '0'; 
signal buff_main: signed (4087 downto 0); 
signal buff_plus_minus025: signed (4087 downto 0); 
 
signal lish:std_logic_vector (5 downto 0); 
 
begin 
 
buf_1:process(CLK) 
begin 
if(rising_edge(CLK)) then 
 buff_main <= main ror x_in; 
end if; 
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end process buf_1; 
 
buf_2:process(CLK) 
begin 
if(rising_edge(CLK)) then 
 buff_plus_minus025 <= plus_minus025; 
end if; 
end process buf_2; 
 
b1: for i in 4087 downto 0 generate 
decoder_1:process(CLK) 
begin 
if(rising_edge(CLK)) then 
-- for i in 4087 downto 0 loop 
 if (buff_main(i) = '0') then 
  if (buff_plus_minus025(i) = '0') then 
  y(i) <= "000000000000000000000000000001"; 
  else 
  y(i) <= "111111111111111111111111111111"; 
  end if; 
 else 
  if (buff_plus_minus025(i) = '0') then 
  y(i) <= "111111111111111111111111111111"; 
  else 
  y(i) <= "000000000000000000000000000001"; 
  end if; 
 end if; 
-- end loop; 
end if; 
end process decoder_1; 
end generate b1; 
 
 
pr0:for i in 2043 downto 0 generate  
 add_2:Adder_lookahead_selection_30bit 
 port map (x_in => y(2*i), 
    y_in => y(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff(i)(29 downto 0), 
      carry_out => overflow_0(i)); 
end generate pr0; 
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pr1:for i in 1021 downto 0 generate  
 add_3:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff(2*i), 
--    x_in(29 downto 15) => (others => sum_buff(2*i)(14)), 
    y_in => sum_buff(2*i+1), 
--    y_in(29 downto 15) => (others => sum_buff(2*i)(14)), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_1(i), 
      carry_out => overflow(i)); 
end generate pr1; 
 
 
 
pr2:for i in 510 downto 0 generate  
 add_4:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_1(2*i), 
    y_in => sum_buff_1(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_2(i), 
      carry_out => overflow_1(i)); 
end generate pr2; 
 
p:process(CLK) 
begin 
if (rising_edge(CLK)) then 
 buff_sum(0) <= sum_buff_2(510); 
end if; 
end process p; 
 
 
pr:for i in 3 downto 1 generate  
process(CLK) 
begin 
if (rising_edge(CLK)) then 
 buff_sum(i) <= buff_sum(i-1); 
end if; 
end process; 
end generate pr; 
 
 
pr3:for i in 254 downto 0 generate  
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 add_5:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_2(2*i), 
    y_in => sum_buff_2(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_3(i), 
      carry_out => overflow_2(i)); 
end generate pr3; 
 
pr4:for i in 126 downto 0 generate  
 add_6:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_3(2*i), 
    y_in => sum_buff_3(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_4(i), 
      carry_out => overflow_3(i)); 
end generate pr4; 
 
add_6_1:Adder_lookahead_selection_30bit 
port map (x_in => buff_sum(3), 
   y_in => sum_buff_3(254), 
   carry_in => '0', 
   CLK => CLK, 
   sum => sum_buff_4(127), 
   carry_out => overflow_3(127)); 
 
 
 
pr5:for i in 63 downto 0 generate  
 add_7:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_4(2*i), 
    y_in => sum_buff_4(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_5(i), 
      carry_out => overflow_4(i)); 
end generate pr5; 
 
pr6:for i in 31 downto 0 generate  
 add_8:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_5(2*i), 
    y_in => sum_buff_5(2*i+1), 
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    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_6(i), 
      carry_out => overflow_5(i)); 
end generate pr6; 
 
pr7:for i in 15 downto 0 generate  
 add_9:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_6(2*i), 
    y_in => sum_buff_6(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_7(i), 
      carry_out => overflow_6(i)); 
end generate pr7; 
 
pr8:for i in 7 downto 0 generate  
 add_10:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_7(2*i), 
    y_in => sum_buff_7(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_8(i), 
      carry_out => overflow_7(i)); 
end generate pr8; 
 
pr9:for i in 3 downto 0 generate  
 add_11:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_8(2*i), 
    y_in => sum_buff_8(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_9(i), 
      carry_out => overflow_8(i)); 
end generate pr9; 
 
pr10:for i in 1 downto 0 generate  
 add_12:Adder_lookahead_selection_30bit 
 port map (x_in => sum_buff_9(2*i), 
    y_in => sum_buff_9(2*i+1), 
    carry_in => '0', 
     CLK => CLK, 
     sum => sum_buff_10(i), 
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      carry_out => overflow_9(i)); 
end generate pr10; 
 
add_13:Adder_lookahead_selection_30bit 
port map (x_in => sum_buff_10(0), 
   y_in => sum_buff_10(1), 
   carry_in => '0', 
    CLK => CLK, 
    sum => sum_buff_11, 
     carry_out => overflow_10); 
 
result_1:process(CLK) 
begin 
if (rising_edge(CLK)) then 
result <= sum_buff_11; 
 
 
pl_min025<=buff_plus_minus025; 
main_out<=buff_main; 
-- result(25 downto 0) <= sum_buff_11(25 downto 0); 
-- for i in 29 downto 26 loop 
--  result(i) <= sum_buff_11(25); 
-- end loop; 
end if; 
end process result_1; 
 
end behavioral; 
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ɉɊɂɅɈɀȿɇɂȿ Ȼ 

Ʉɨɞ ɝɟɧɟɪɚɬɨɪɚ ɉɋɉ-ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ. 
 
--Generator 
library IEEE; 
use IEEE.STD_LOGIC_1164.ALL; 
use ieee.numeric_std.ALL; 
 
entity Generator_ver2 is 
Port (CLK : in std_logic; 
x_in: in integer; 
--  out_generator_minus_025: out std_logic_vector (29 downto 0); 
--  out_generator_plus_025: out std_logic_vector (29 downto 0) 
out_gen_minus_025: out signed (4087 downto 0); 
out_gen_plus_025: out signed (4087 downto 0); 
main: out signed (4087 downto 0)); 
end Generator_ver2; 
 
architecture Behavioral of Generator_ver2 is 
 
type buf is array (NATURAL range<>) of std_logic_vector (29 downto 0); 
signal glonas: signed (8 downto 0) := "111111111"; 
signal out_glonas: signed (4087 downto 0);--:=(others => '0'); 
signal buff_glonas: signed (4087 downto 0); 
signal buff_minus_generation: signed (4087 downto 0); 
signal buff_plus_generation: signed (4087 downto 0); 
signal x:std_logic_vector(2 downto 0) := (others => '0'); 
signal out1:std_logic; 
--signal x_in: integer := 0; 
 
signal buf_out_generator_minus_025: buf (4087 downto 0); 
signal buf_out_generator_plus_025: buf (4087 downto 0); 
 
begin 
   
process(CLK) 
begin 
if(falling_edge(CLK)) then 
 if(x="000")then 
  x<= "001"; 
  out1<='0'; 
 elsif (x="001") then 
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  x<="010"; 
  out1<='0'; 
 elsif (x="010") then 
  x<= "011"; 
  out1<='0'; 
 elsif (x="011") then 
  x<= "100"; 
  out1<='0'; 
 elsif (x="100") then 
  x<= "101"; 
  out1<='0'; 
 elsif (x="101") then 
  x<= "110"; 
  out1<='0'; 
 elsif (x="110") then 
  x<= "111"; 
  out1<='0'; 
 else 
  x<="000"; 
  out1<='1'; 
 end if; 
 
end if; 
end process;  
 
 
 
 
--Create code 
glon: process(CLK) 
begin 
if(rising_edge(CLK)) then 
if(out1 = '1') then 
 for k in 8 downto 1 loop 
 glonas(k) <= glonas(k-1); 
 end loop;  
glonas(0) <= glonas(4) XOR glonas(8); 
 
--if(out1 = '1') then 
--glonas(0) <= glonas(4) XOR glonas(8); 
--out_glonas(0)<= glonas(7); 
--else 
--glonas(0) <= glonas(8); 
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end if; 
out_glonas(0)<= glonas(7); 
end if; 
end process glon; 
 
b: for i in 4087 downto 1 generate 
generate_glonas:process(CLK) 
 begin 
if(rising_edge(CLK)) then 
 out_glonas(i) <= out_glonas(i-1); 
end if; 
end process generate_glonas; 
end generate b; 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
buff_minus_generation <= out_glonas; 
end if; 
end process; 
 
--Plus and Minus 
buf_0:process(CLK) 
begin 
if(rising_edge(CLK)) then 
-- buff_minus_generation <= out_glonas rol 2; 
 buff_plus_generation <= out_glonas ror 4; 
end if; 
end process buf_0; 
 
buf_1:process(CLK) 
begin 
if(rising_edge(CLK)) then 
-- buff_minus_generation <= out_glonas rol 2; 
 buff_glonas <= out_glonas ror x_in; 
end if; 
end process buf_1; 
 
 
 
 
d:process(CLK) 
begin 
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if(rising_edge(CLK)) then 
out_gen_minus_025<= buff_minus_generation; 
out_gen_plus_025<= buff_plus_generation; 
main<= buff_glonas; 
end if; 
end process d; 
 
 
end Behavioral; 
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ɉɊɂɅɈɀȿɇɂȿ ȼ 

Ƚɥɚɜɧɚɹ ɫɜɨɞɹɳɚɹ ɩɪɨɝɪɚɦɦɚ 
 
--Main 
library IEEE; 
use IEEE.STD_LOGIC_1164.ALL; 
use ieee.numeric_std.ALL; 
library std;  
use std.textio.all; 
 
entity main_ver2 is 
Port (CLK : in std_logic; 
--x_out: out integer; 
dif:out integer); 
--  out_minus_025: out std_logic_vector (29 downto 0); 
--  out_plus_025: out std_logic_vector (29 downto 0)); 
end main_ver2; 
 
architecture Behavioral of main_ver2 is 
 
component correlator_ver2 is  
port( plus_minus025: in signed (4087 downto 0); 
 main: in signed (4087 downto 0); 
 x_in: in integer; 
 CLK: in std_logic; 
 result : out std_logic_vector (29 downto 0); 
 pl_min025:out signed (4087 downto 0); 
 main_out:out signed (4087 downto 0)); 
end component; 
 
component Generator_ver2 is 
port (CLK : in std_logic; 
x_in: in integer; 
out_gen_minus_025: out signed (4087 downto 0); 
out_gen_plus_025: out signed (4087 downto 0); 
main: out signed (4087 downto 0)); 
end component; 
 
component Adder_lookahead_selection_30bit 
port 
(x_in : in std_logic_vector (29 downto 0); 
 y_in : in std_logic_vector (29 downto 0); 
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 carry_in : in std_logic; 
 CLK : in std_logic; 
 sum : out std_logic_vector (29 downto 0); 
 carry_out: out std_logic); 
end component; 
 
 
type buff is array (NATURAL range<>) of std_logic_vector (29 downto 0); 
type buf is array (NATURAL range<>) of signed (4087 downto 0); 
type bu is array (NATURAL range<>) of integer; 
signal minus_025 :signed (29 downto 0); 
signal plus_025 :signed (29 downto 0); 
 
signal plus_025_buff: buff(5 downto 0); 
signal minus_025_buff: buff(5 downto 0); 
 
signal plus_025_buf :buf (5 downto 0); 
signal minus_025_buf :buf (5 downto 0); 
signal main_buf: buf (5 downto 0); 
 
signal main_buf_minus:buf (5 downto 0); 
signal main_buf_plus:buf (5 downto 0); 
 
signal difference_buff: std_logic_vector (29 downto 0); 
signal difference: std_logic_vector (29 downto 0); 
signal difference_buff2: std_logic_vector (29 downto 0); 
signal difference2: std_logic_vector (29 downto 0); 
signal difference_buff3: std_logic_vector (29 downto 0); 
signal difference3: std_logic_vector (29 downto 0); 
 
signal difference_int: integer; 
signal difference2_int: integer; 
signal difference3_int: integer; 
 
signal x: bu (3 downto 0); 
signal counter: integer := 100; 
signal counter2: integer := 200; 
signal counter3: integer := 300; 
signal overfl: std_logic; 
signal overf2: std_logic; 
signal overf3: std_logic; 
signal start: std_logic := '0'; 
--x(0):=2; 
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begin 
 
process(CLK) 
begin 
if (rising_edge(CLK)) then 
 if (start = '0') then 
 x(0) <= 4; 
 start <= '1'; 
end if; 
end if; 
end process; 
 
 
   
gen:Generator_ver2 
port map (CLK => CLK, 
x_in => x(0), 
out_gen_minus_025 => minus_025_buf(0)(4087 downto 0), 
out_gen_plus_025 => plus_025_buf(0)(4087 downto 0), 
main => main_buf(0)); 
 
minus: correlator_ver2 
port map(plus_minus025 =>minus_025_buf(0), 
 main=> main_buf(0), 
 x_in => 0, 
 CLK => CLK, 
 result => minus_025_buff(0), 
 pl_min025 =>minus_025_buf(1), 
 main_out => main_buf_minus(1)); 
 
plus: correlator_ver2 
port map(plus_minus025 =>plus_025_buf(0), 
 main=> main_buf(0), 
 x_in => 0, 
 CLK => CLK, 
 result => plus_025_buff(0), 
 pl_min025 =>plus_025_buf(1), 
 main_out => main_buf_plus(1)); 
 
 
process(CLK) 
begin 
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if(rising_edge(CLK)) then 
 minus_025_buff(1) <= minus_025_buff(0); 
end if; 
end process; 
 
process(CLK) 
begin 
if (rising_edge(CLK)) then 
 for i in 29 downto 0 loop 
 if (plus_025_buff(0)(i) = '0') then 
 plus_025_buff(1)(i)<='1'; 
 elsif(plus_025_buff(0)(i) = '1') then 
 plus_025_buff(1)(i)<='0'; 
 end if; 
 end loop; 
end if; 
end process; 
 
diff: Adder_lookahead_selection_30bit 
port map(x_in =>plus_025_buff(1), 
 y_in =>minus_025_buff(1), 
 carry_in => '0', 
 CLK =>CLK, 
 sum => difference_buff, 
 carry_out=>overfl); 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
 difference <= difference_buff; 
 difference_int <= to_integer(signed(difference_buff)); 
end if; 
end process; 
 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
if (difference_int < 128 and difference_int > -128) then 
x(1)<= 0; 
 elsif (difference(29) = '1') then 
  x(1)<=-4; 
 else 
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  x(1)<=+4; 
 end if; 
end if; 
--end if; 
end process; 
 
minus2: correlator_ver2 
port map(plus_minus025 =>minus_025_buf(1), 
 main=> main_buf_minus(1), 
 x_in => x(1), 
 CLK => CLK, 
 result => minus_025_buff(2), 
 pl_min025 =>minus_025_buf(2), 
 main_out => main_buf_minus(2)); 
 
plus2: correlator_ver2 
port map(plus_minus025 =>plus_025_buf(1), 
 main=> main_buf_plus(1), 
 x_in => x(1), 
 CLK => CLK, 
 result => plus_025_buff(2), 
 pl_min025 =>plus_025_buf(2), 
 main_out => main_buf_plus(2)); 
 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
 minus_025_buff(3) <= minus_025_buff(2); 
end if; 
end process; 
 
process(CLK) 
begin 
if (rising_edge(CLK)) then 
 for i in 29 downto 0 loop 
 if (plus_025_buff(2)(i) = '0') then 
 plus_025_buff(3)(i)<='1'; 
 elsif(plus_025_buff(2)(i) = '1') then 
 plus_025_buff(3)(i)<='0'; 
 end if; 
 end loop; 
end if; 
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end process; 
 
diff2: Adder_lookahead_selection_30bit 
port map(x_in =>plus_025_buff(3), 
 y_in =>minus_025_buff(3), 
 carry_in => '0', 
 CLK =>CLK, 
 sum => difference_buff2, 
 carry_out=>overf2); 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
 difference2 <= difference_buff2; 
 difference2_int <= to_integer(signed(difference_buff2)); 
end if; 
end process; 
 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
if (difference2_int < 128 and difference2_int > -128) then 
x(2)<= 0; 
 elsif (difference2(29) = '1') then 
  x(2)<=-2; 
 else 
  x(2)<=+2; 
 end if; 
end if; 
--end if; 
end process; 
 
minus3: correlator_ver2 
port map(plus_minus025 =>minus_025_buf(2), 
 main=> main_buf_minus(2), 
 x_in => x(2), 
 CLK => CLK, 
 result => minus_025_buff(4), 
 pl_min025 =>minus_025_buf(3), 
 main_out => main_buf_minus(3)); 
 
plus3: correlator_ver2 
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port map(plus_minus025 =>plus_025_buf(2), 
 main=> main_buf_plus(2), 
 x_in => x(2), 
 CLK => CLK, 
 result => plus_025_buff(4), 
 pl_min025 =>plus_025_buf(3), 
 main_out => main_buf_plus(3)); 
 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
 minus_025_buff(5) <= minus_025_buff(4); 
end if; 
end process; 
 
process(CLK) 
begin 
if (rising_edge(CLK)) then 
 for i in 29 downto 0 loop 
 if (plus_025_buff(4)(i) = '0') then 
 plus_025_buff(5)(i)<='1'; 
 elsif(plus_025_buff(4)(i) = '1') then 
 plus_025_buff(5)(i)<='0'; 
 end if; 
 end loop; 
end if; 
end process; 
 
diff3: Adder_lookahead_selection_30bit 
port map(x_in =>plus_025_buff(5), 
 y_in =>minus_025_buff(5), 
 carry_in => '0', 
 CLK =>CLK, 
 sum => difference_buff3, 
 carry_out=>overf3); 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
 difference3 <= difference_buff3; 
 difference3_int <= to_integer(signed(difference_buff3)); 
end if; 
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end process; 
 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
if (difference3_int < 128 and difference3_int > -128) then 
x(3)<= 0; 
 elsif (difference3(29) = '1') then 
  x(3)<=-1; 
 else 
  x(3)<=+1; 
 end if; 
end if; 
--end if; 
end process; 
 
process(CLK) 
begin 
if(rising_edge(CLK)) then 
-- x_out <= x; 
 dif<=to_integer(signed(difference3)); 
end if; 
end process; 
 
 
write0_0:process(CLK)  
file out_file : text open WRITE_MODE is "I:\QS\out.txt";  
variable fline : line;  
begin  
if (rising_edge(CLK)) then  
WRITE( fline, x(0));  
WRITE( fline, x(1));  
WRITE( fline, x(2));  
WRITE( fline, x(3));  
writeline(out_file, fline);  
end if;  
end process write0_0; 
 
 
write0:process(CLK)  
file out_file : text open WRITE_MODE is "I:\QS\out0.txt";  
variable fline : line;  
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begin  
if (rising_edge(CLK)) then  
WRITE( fline, x(0));  
writeline(out_file, fline);  
end if;  
end process write0; 
 
 
write1:process(CLK)  
file out_file : text open WRITE_MODE is "I:\QS\out1.txt";  
variable fline : line;  
begin  
if (rising_edge(CLK)) then  
WRITE( fline, x(1));   
writeline(out_file, fline);  
end if;  
end process write1; 
 
 
write2:process(CLK)  
file out_file : text open WRITE_MODE is "I:\QS\out2.txt";  
variable fline : line;  
begin  
if (rising_edge(CLK)) then  
WRITE( fline, x(2));  
writeline(out_file, fline);  
end if;  
end process write2; 
 
 
write3:process(CLK)  
file out_file : text open WRITE_MODE is "I:\QS\out3.txt";  
variable fline : line;  
begin  
if (rising_edge(CLK)) then  
WRITE( fline, x(3));  
writeline(out_file, fline);  
end if;  
end process write3; 
 
 
end Behavioral; 




