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ɜɵɫɲɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ 
«ɋɂȻɂɊɋɄɂɃ ɎȿȾȿɊȺɅɖɇɕɃ ɍɇɂȼȿɊɋɂɌȿɌ» 

 
Ʉɨɫɦɢɱɟɫɤɢɯ ɢ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ 

ɢɧɫɬɢɬɭɬ 

 
ȼɵɱɢɫɥɢɬɟɥɶɧɚɹ ɬɟɯɧɢɤɚ 

ɤɚɮɟɞɪɚ 

 
 

ɍɌȼȿɊɀȾȺɘ 
Ɂɚɜɟɞɭɸɳɢɣ ɤɚɮɟɞɪɨɣ 
                Ɉ. ȼ. ɇɟɩɨɦɧɹɳɢɣ 
  ɩɨɞɩɢɫɶ                  ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 
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ȻȺɄȺɅȺȼȺɊɋɄȺə ɊȺȻɈɌȺ 
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Ɉ. ȼ. ɇɟɩɨɦɧɹɳɢɣ 
ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 
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                Ɉ. ȼ. ɇɟɩɨɦɧɹɳɢɣ 
  ɩɨɞɩɢɫɶ                  ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 
«      »                      2019 ɝ. 
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 ɇȺ ȼɕɉɍɋɄɇɍɘ ɄȼȺɅɂɎɂɄȺɐɂɈɇɇɍɘ ɊȺȻɈɌɍ 
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ɋɬɭɞɟɧɬɭ                              Ȼɵɜɲɟɜɭ ȿɝɨɪɭ ɋɟɪɝɟɟɜɢɱɭ                                             
      ɮɚɦɢɥɢɹ, ɢɦɹ, ɨɬɱɟɫɬɜɨ 

Ƚɪɭɩɩɚ        Ʉɂ15-08Ȼ        ɇɚɩɪɚɜɥɟɧɢɟ (ɫɩɟɰɢɚɥɶɧɨɫɬɶ)          09.03.01                  
            ɧɨɦɟɪ          ɤɨɞ 

                                 ɂɧɮɨɪɦɚɬɢɤɚ ɢ ɜɵɱɢɫɥɢɬɟɥɶɧɚɹ ɬɟɯɧɢɤɚ                                   
      ɧɚɢɦɟɧɨɜɚɧɢɟ 

Ɍɟɦɚ ɜɵɩɭɫɤɧɨɣ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ Ɋɟɤɨɧɮɢɝɭɪɢɪɭɟɦɵɣ, ɚɞɚɩɬɢɜɧɵɣ,  

ɰɢɮɪɨɜɨɣ ɮɢɥɶɬɪ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ                                                                            

ɍɬɜɟɪɠɞɟɧɚ ɩɪɢɤɚɡɨɦ ɩɨ ɭɧɢɜɟɪɫɢɬɟɬɭ №  ________  ɨɬ ____________________  

Ɋɭɤɨɜɨɞɢɬɟɥɶ ȼɄɊ       Ɉ. ȼ. ɇɟɩɨɦɧɹɳɢɣ, ɩɪɨɮɟɫɫɨɪ, ɡɚɜɟɞɭɸɳɢɣ ɤɚɮɟɞɪɨɣ      
                                               ȼɵɱɢɫɥɢɬɟɥɶɧɚɹ ɬɟɯɧɢɤɚ, ɤ.ɬ.ɧ.                                     
             ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ, ɞɨɥɠɧɨɫɬɶ, ɭɱёɧɨɟ ɡɜɚɧɢɟ ɢ ɦɟɫɬɨ ɪɚɛɨɬɵ 
 

ɂɫɯɨɞɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ȼɄɊ: Ɋɚɡɪɚɛɨɬɚɬɶ ɢ ɢɫɫɥɟɞɨɜɚɬɶ ɩɪɨɝɪɚɦɦɧɭɸ ɦɨɞɟɥɶ ɢ 

ɥɚɛɨɪɚɬɨɪɧɵɣ ɦɚɤɟɬ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ, ɩɪɟɞɧɚɡɧɚɱɟɧɧɨɝɨ ɞɥɹ ɩɨɞɚɜɥɟɧɢɹ 

ɚɤɭɫɬɢɱɟɫɤɢɯ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɷɯɨ-ɫɢɝɧɚɥɨɜ. ɉɪɢ ɪɟɚɥɢɡɚɰɢɢ ɢ ɢɫɫɥɟɞɨɜɚɧɢɢ 

ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɦɚɤɟɬɚ ɜɵɩɨɥɧɹɬɶ ɨɬɪɚɛɨɬɤɭ ɫɢɝɧɚɥɨɜ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɞɢɚɩɚɡɨɧɚ. 

ɉɟɪɟɱɟɧɶ ɪɚɡɞɟɥɨɜ ȼɄɊ: Ⱥɧɚɥɢɡ ɢ ɤɥɚɫɫɢɮɢɤɚɰɢɹ ɢɡɜɟɫɬɧɵɯ ɦɟɬɨɞɨɜ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ, ɦɟɬɨɞ ɩɨɞɚɜɥɟɧɢɹ ɷɯɨ-ɫɢɝɧɚɥɨɜ ɧɚ ɨɫɧɨɜɟ ɪɟɤɭɪɫɢɜɧɨɝɨ 

ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ, ɩɪɨɝɪɚɦɦɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɢ ɢɫɫɥɟɞɨɜɚɧɢɟ ɨɫɧɨɜɧɵɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ, ɩɪɚɤɬɢɱɟɫɤɚɹ ɪɟɚɥɢɡɚɰɢɹ ɢ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɦɚɤɟɬɚ ɷɯɨ - ɤɨɦɩɟɧɫɚɬɨɪɚ. 

ɉɟɪɟɱɟɧɶ ɝɪɚɮɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ: ɩɪɟɡɟɧɬɚɰɢɹ ɜ ɮɨɪɦɚɬɟ PowerPoint, 

ɪɚɡɞɚɬɨɱɧɵɣ ɦɚɬɟɪɢɚɥ, ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɫɯɟɦɵ, ɚɥɝɨɪɢɬɦɵ ɉɈ. 

 
Ɋɭɤɨɜɨɞɢɬɟɥɶ ȼɄɊ                        Ɉ. ȼ. ɇɟɩɨɦɧɹɳɢɣ 
                                                                                                                           ɩɨɞɩɢɫɶ                             ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ  
               
 

Ɂɚɞɚɧɢɟ ɩɪɢɧɹɥ ɤ ɢɫɩɨɥɧɟɧɢɸ                            ȿ. ɋ. Ȼɵɜɲɟɜ 
                                                                                                                           ɩɨɞɩɢɫɶ                            ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 
 
 

 
         «___»  _______  2019 ɝ. 



ɊȿɎȿɊȺɌ 

ȼɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɩɨ ɬɟɦɟ «Ɋɟɤɨɧɮɢɝɭɪɢɪɭɟɦɵɣ, 

ɚɞɚɩɬɢɜɧɵɣ, ɰɢɮɪɨɜɨɣ ɮɢɥɶɬɪ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ» ɫɨɞɟɪɠɢɬ 59 ɫɬɪɚɧɢɰ 

ɬɟɤɫɬɨɜɨɝɨ ɞɨɤɭɦɟɧɬɚ, 1 ɬɚɛɥɢɰɭ, 17 ɢɥɥɸɫɬɪɚɰɢɣ, 16 ɮɨɪɦɭɥ, 2 ɩɪɢɥɨɠɟɧɢɹ, 

32 ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. 

ȺȾȺɉɌɂȼɇȺə ɎɂɅɖɌɊȺɐɂə, ɐɂɎɊɈȼɈɃ ɎɂɅɖɌɊ, ɈȻɊȺȻɈɌɄȺ 

ɋɂȽɇȺɅɈȼ, ɋɏɈȾɂɆɈɋɌɖ, ȼɕɑɂɋɅɂɌȿɅɖɇȺə ɋɅɈɀɇɈɋɌɖ, ɗɏɈ-

ɄɈɆɉȿɇɋȺɐɂə, ɉɈɅɈɀɂɌȿɅɖɇȺə ɈȻɊȺɌɇȺə ɋȼəɁɖ, MATLAB , ɉɅɂɋ 

Ɉɛɴɟɤɬ ɪɚɛɨɬɵ – ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɵɣ ɚɞɚɩɬɢɜɧɵɣ ɰɢɮɪɨɜɨɣ ɮɢɥɶɬɪ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ 

Ɂɚɞɚɱɢ: 

 ɜɵɩɨɥɧɢɬɶ ɚɧɚɥɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ ɦɟɬɨɞɨɜ ɚɞɚɩɬɢɜɧɨɣ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ; 

 ɪɚɡɪɚɛɨɬɚɬɶ ɩɪɨɝɪɚɦɦɧɭɸ ɦɨɞɟɥɶ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ 

ɚɞɚɩɬɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ; 

 ɜɵɩɨɥɧɢɬɶ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɝɪɚɦɦɧɨɣ ɦɨɞɟɥɢ; 

 ɪɚɡɪɚɛɨɬɚɬɶ ɩɪɨɟɤɬ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ 

ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ ɧɚ ɛɚɡɟ ɉɅɂɋ; 

 ɜɵɩɨɥɧɢɬɶ ɢɫɫɥɟɞɨɜɚɧɢɟ, ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɩɪɨɟɤɬɚ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ: 

 ɩɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ ɦɟɬɨɞɨɜ ɚɞɚɩɬɢɜɧɨɣ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ, ɜɵɹɜɥɟɧɵ ɢɯ ɨɫɧɨɜɧɵɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɤɢ; 

 ɜ ɫɪɟɞɟ MATLAB/Simulink ɪɚɡɪɚɛɨɬɚɧɚ ɩɪɨɝɪɚɦɦɧɚɹ ɦɨɞɟɥɶ ɷɯɨ-

ɤɨɦɩɟɧɫɚɬɨɪɚ; 

 ɜɵɩɨɥɧɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɝɪɚɦɦɧɨɣ ɦɨɞɟɥɢ; 

 ɧɚ ɨɫɧɨɜɟ ɉɅɂɋ Intel/Altera Cyclone IV ɪɚɡɪɚɛɨɬɚɧ ɩɪɨɟɤɬ ɷɯɨ-

ɤɨɦɩɟɧɫɚɬɨɪɚ; 

 ɜɵɩɨɥɧɟɧɵ ɥɚɛɨɪɚɬɨɪɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɚɤɟɬɚ. 
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ȼȼȿȾȿɇɂȿ 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɭɞɟɥɶɧɵɣ ɜɟɫ ɫɪɟɞɫɬɜ ɰɢɮɪɨɜɨɣ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɚ ɜ 

ɫɨɫɬɚɜɟ ɫɢɫɬɟɦ ɪɚɡɥɢɱɧɨɝɨ ɧɚɡɧɚɱɟɧɢɹ ɧɟɭɤɥɨɧɧɨ ɜɨɡɪɚɫɬɚɟɬ. Ɉɫɨɛɟɧɧɨ ɬɚɤɚɹ 

ɬɟɧɞɟɧɰɢɹ ɯɚɪɚɤɬɟɪɧɚ ɞɥɹ ɫɢɫɬɟɦ ɪɚɞɢɨɫɜɹɡɢ, ɦɟɞɢɤɨ-ɛɢɨɥɨɝɢɱɟɫɤɢɯ 

ɢɫɫɥɟɞɨɜɚɧɢɣ, ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɧɚɜɢɝɚɰɢɢ ɩɪɢ ɤɨɧɬɪɨɥɟ ɚɷɪɨɤɨɫɦɢɱɟɫɤɢɯ ɢ 

ɦɨɪɫɤɢɯ ɨɛɴɟɤɬɨɜ, ɫɟɣɫɦɨɥɨɝɢɢ, ɨɛɪɚɛɨɬɤɢ ɚɭɞɢɨ- ɢ ɜɢɞɟɨɢɧɮɨɪɦɚɰɢɢ, 

ɰɢɮɪɨɜɨɣ ɨɩɬɢɤɢ ɢ ɜ ɪɹɞɟ ɞɪɭɝɢɯ ɩɪɢɥɨɠɟɧɢɣ. Ɉɬɥɢɱɢɬɟɥɶɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ 

ɷɬɢɯ ɡɚɞɚɱ ɹɜɥɹɟɬɫɹ ɛɨɥɶɲɨɣ ɨɛɴɟɦ ɜɵɱɢɫɥɟɧɢɣ, ɪɟɚɥɢɡɭɟɦɵɯ ɜ ɪɟɚɥɶɧɨɦ 

ɜɪɟɦɟɧɢ [1]. 

Ⱦɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɩɪɢɥɨɠɟɧɢɣ, ɨɞɧɨɣ ɢɡ ɩɪɢɨɪɢɬɟɬɧɵɯ ɡɚɞɚɱ 

ɹɜɥɹɟɬɫɹ ɪɟɲɟɧɢɟ ɩɪɨɛɥɟɦ ɩɨɞɚɜɥɟɧɢɹ ɩɨɦɟɯ, ɜɨɡɧɢɤɚɸɳɢɯ ɜ ɪɟɡɭɥɶɬɚɬɟ 

ɩɟɪɟɨɬɪɚɠɟɧɢɹ ɜɨɥɧ. Ⱦɥɹ ɪɟɲɟɧɢɹ ɞɚɧɧɨɣ ɩɪɨɛɥɟɦɵ ɩɪɢɦɟɧɹɸɬɫɹ ɪɚɡɥɢɱɧɵɟ 

ɩɨɞɯɨɞɵ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ ɨɫɧɨɜɚɧɧɵɟ ɧɚ ɬɟɯɧɨɥɨɝɢɹɯ ɰɢɮɪɨɜɨɣ ɚɞɚɩɬɢɜɧɨɣ 

ɮɢɥɶɬɪɚɰɢɢ ɫɢɝɧɚɥɨɜ. Ⱥɞɚɩɬɢɜɧɚɹ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɹ ɹɜɥɹɟɬɫɹ ɷɮɮɟɤɬɢɜɧɵɦ 

ɫɪɟɞɫɬɜɨɦ ɛɨɪɶɛɵ ɫ ɩɪɨɛɥɟɦɨɣ ɷɯɨ-ɫɢɝɧɚɥɨɜ ɜ ɪɚɡɥɢɱɧɵɯ ɬɟɯɧɢɱɟɫɤɢɯ 

ɫɢɫɬɟɦɚɯ ɢ ɩɪɢɥɨɠɟɧɢɹɯ [2–5]. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɚɤɬɭɚɥɶɧɨɫɬɶ ɜɵɛɪɚɧɧɨɣ ɬɟɦɵ ɜɵɩɭɫɤɧɨɣ 

ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ (ȼɄɊ) ɨɛɭɫɥɨɜɥɟɧɚ ɲɢɪɨɤɢɦ ɫɩɟɤɬɪɨɦ ɚɩɩɚɪɚɬɧɵɯ 

ɫɪɟɞɫɬɜ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɪɚɡɥɢɱɧɵɯ ɫɮɟɪɚɯ ɱɟɥɨɜɟɱɟɫɤɨɣ ɞɟɹɬɟɥɶɧɨɫɬɢ, 

ɨɬɫɭɬɫɬɜɢɟɦ ɭɧɢɜɟɪɫɚɥɶɧɵɯ ɪɟɲɟɧɢɣ ɩɨɞɚɜɥɟɧɢɹ ɞɚɧɧɨɝɨ ɪɨɞɚ ɩɨɦɟɯ, ɚ ɬɚɤɠɟ 

ɫɨɜɪɟɦɟɧɧɵɦɢ ɬɪɟɛɨɜɚɧɢɹɦɢ ɤ ɨɛɪɚɛɨɬɤɟ ɫɢɝɧɚɥɨɜ ɜ ɪɟɠɢɦɟ ɪɟɚɥɶɧɨɝɨ 

ɜɪɟɦɟɧɢ. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɪɚɡɪɚɛɨɬɤɚ ɦɟɬɨɞɚ ɚɞɚɩɬɢɜɧɨɣ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ, ɟɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɚ ɬɚɤɠɟ ɩɪɚɤɬɢɱɟɫɤɚɹ ɪɟɚɥɢɡɚɰɢɹ ɞɥɹ 

ɨɩɪɟɞɟɥɟɧɢɹ ɩɪɟɞɟɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɩɪɢ ɨɛɪɚɛɨɬɤɟ ɫɢɝɧɚɥɨɜ ɡɜɭɤɨɜɨɝɨ 

ɞɢɚɩɚɡɨɧɚ. 
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1 Ⱥɧɚɥɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ ɚɞɚɩɬɢɜɧɵɯ ɦɟɬɨɞɨɜ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ 

1.1 Ɇɟɫɬɨ ɚɞɚɩɬɢɜɧɵɯ ɚɥɝɨɪɢɬɦɨɜ ɜ ɮɢɥɶɬɪɚɰɢɢ ɫɢɝɧɚɥɚ 

Ⱥɞɚɩɬɢɜɧɚɹ ɨɛɪɚɛɨɬɤɚ ɫɢɝɧɚɥɨɜ ɡɚɪɨɠɞɚɥɚɫɶ ɜ ɫɟɪɟɞɢɧɟ ɩɪɨɲɥɨɝɨ ɜɟɤɚ. 

Ɉɫɧɨɜɧɵɟ ɩɪɢɧɰɢɩɵ ɚɞɚɩɬɢɜɧɨɣ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ ɫɮɨɪɦɢɪɨɜɚɥɢ ɬɚɤɢɟ 

ɭɱɟɧɵɟ, ɤɚɤ ȼɢɧɟɪ, Ʉɨɥɦɨɝɨɪɨɜ, Ʉɪɟɣɧ, Ʌɟɜɢɧɫɨɧ. Ɉɞɧɚɤɨ ɚɞɚɩɬɢɜɧɭɸ 

ɨɛɪɚɛɨɬɤɭ ɫɢɝɧɚɥɨɜ ɧɚ ɩɪɚɤɬɢɤɟ ɜɩɟɪɜɵɟ ɩɪɢɦɟɧɢɥ Ȼɷɪɧɚɪɞ ɍɢɞɪɨɭ (Bernard 

Widrow), ɤɨɬɨɪɵɣ ɜ ɤɨɧɰɟ 50-ɯ ɝɨɞɨɜ ɩɪɨɲɥɨɝɨ ɜɟɤɚ ɪɚɡɪɚɛɨɬɚɥ ɢ ɪɟɚɥɢɡɨɜɚɥ 

ɩɟɪɜɵɣ ɚɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ ɧɚ ɛɚɡɟ Least Mean Square (LMS) ɚɥɝɨɪɢɬɦɚ, ɬɚɤɠɟ 

ɢɡɜɟɫɬɧɨɝɨ ɤɚɤ ɚɥɝɨɪɢɬɦ ɩɨ ɦɟɬɨɞɭ ɧɚɢɦɟɧɶɲɟɝɨ ɤɜɚɞɪɚɬɚ (ɆɇɄ) [6]. 

Ʉɚɤ ɩɪɚɜɢɥɨ, ɚɞɚɩɬɢɜɧɭɸ ɮɢɥɶɬɪɚɰɢɸ ɩɪɢɦɟɧɹɸɬ ɫ ɬɟɯ ɫɥɭɱɚɹɯ, ɤɨɝɞɚ 

ɮɢɥɶɬɪɵ ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɧɟ ɦɨɝɭɬ ɜɵɩɨɥɧɢɬɶ ɩɨɫɬɚɜɥɟɧɧɭɸ 

ɡɚɞɚɱɭ. ɇɚɩɪɢɦɟɪ, ɟɫɥɢ ɭɫɥɨɜɢɹ ɮɢɥɶɬɪɚɰɢɢ ɢɡɦɟɧɹɸɬɫɹ, ɩɨɷɬɨɦɭ ɬɪɟɛɨɜɚɧɢɹ ɤ 

ɮɢɥɶɬɪɭ ɧɟ ɦɨɝɭɬ ɛɵɬɶ ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɡɚɪɚɧɟɟ [6]. 

Ɉɫɧɨɜɧɵɟ ɨɛɥɚɫɬɢ ɩɪɢɦɟɧɟɧɢɹ ɚɞɚɩɬɢɜɧɨɣ ɮɢɥɶɬɪɚɰɢɢ – ɨɱɢɫɬɤɚ ɞɚɧɧɵɯ 

ɨɬ ɩɨɦɟɯ ɢ ɲɭɦɨɜ, ɩɟɪɟɤɪɵɜɚɸɳɢɯɫɹ ɩɨ ɫɩɟɤɬɪɭ ɫɨ ɫɩɟɤɬɪɨɦ ɩɨɥɟɡɧɵɯ 

ɫɢɝɧɚɥɨɜ, ɢɥɢ ɤɨɝɞɚ ɩɨɥɨɫɚ ɱɚɫɬɨɬ ɩɨɦɟɯ ɢ ɲɭɦɨɜ ɧɟɢɡɜɟɫɬɧɚ, ɩɟɪɟɦɟɧɧɚ ɢ ɧɟ 

ɦɨɠɟɬ ɛɵɬɶ ɡɚɞɚɧɚ ɚɩɪɢɨɪɧɨ ɞɥɹ ɪɚɫɱɟɬɚ ɩɚɪɚɦɟɬɪɢɱɟɫɤɢɯ ɮɢɥɶɬɪɨɜ. Ɍɚɤ, 

ɧɚɩɪɢɦɟɪ, ɜ ɰɢɮɪɨɜɨɣ ɫɜɹɡɢ ɫɢɥɶɧɚɹ ɚɤɬɢɜɧɚɹ ɩɨɦɟɯɚ ɦɨɠɟɬ ɢɧɬɟɪɮɟɪɢɪɨɜɚɬɶ ɫ 

ɩɨɥɟɡɧɵɦ ɫɢɝɧɚɥɨɦ, ɚ ɩɪɢ ɩɟɪɟɞɚɱɟ ɰɢɮɪɨɜɨɣ ɢɧɮɨɪɦɚɰɢɢ ɩɨ ɤɚɧɚɥɚɦ ɫ 

ɩɥɨɯɢɦɢ ɱɚɫɬɨɬɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɦɨɠɟɬ ɧɚɛɥɸɞɚɬɶɫɹ ɦɟɠɫɢɦɜɨɥɶɧɚɹ 

ɢɧɬɟɪɮɟɪɟɧɰɢɹ ɰɢɮɪɨɜɵɯ ɤɨɞɨɜ. Ⱥɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ ɹɜɥɹɟɬɫɹ ɷɮɮɟɤɬɢɜɧɵɦ 

ɪɟɲɟɧɢɟɦ ɞɚɧɧɵɯ ɩɪɨɛɥɟɦ [7]. 

Ⱥɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ – ɷɬɨ ɮɢɥɶɬɪ ɫ ɢɡɦɟɧɹɟɦɵɦɢ ɜ ɩɪɨɰɟɫɫɟ ɪɚɛɨɬɵ 

ɩɚɪɚɦɟɬɪɚɦɢ, ɧɚɛɨɪ ɤɨɬɨɪɵɯ ɜɨ ɦɧɨɝɨɦ ɡɚɜɢɫɢɬ ɨɬ ɤɪɢɬɟɪɢɹ ɪɚɛɨɬɵ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ. ɗɬɢɦ ɤɪɢɬɟɪɢɟɦ ɱɚɫɬɨ ɹɜɥɹɟɬɫɹ ɞɨɫɬɢɠɟɧɢɟ ɦɢɧɢɦɭɦɚ 

ɧɟɤɨɬɨɪɨɣ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ, ɤɚɤ ɩɪɚɜɢɥɨ, ɤɜɚɞɪɚɬɢɱɧɨɣ ɮɭɧɤɰɢɢ ɨɲɢɛɤɢ 

ɦɟɠɞɭ ɬɚɤ ɧɚɡɵɜɚɟɦɵɦ ɬɪɟɛɭɟɦɵɦ ɢ ɜɵɯɨɞɧɵɦ ɫɢɝɧɚɥɚɦɢ ɚɞɚɩɬɢɜɧɨɝɨ 

ɮɢɥɶɬɪɚ [6]. Ⱦɨɫɬɢɠɟɧɢɟ ɦɢɧɢɦɭɦɚ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɜɵɯɨɞɧɨɣ 
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ɫɢɝɧɚɥ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɜ ɨɩɪɟɞɟɥёɧɧɨɣ ɫɬɟɩɟɧɢ ɩɪɢɛɥɢɠɟɧ ɤ ɬɪɟɛɭɟɦɨɦɭ 

ɫɢɝɧɚɥɭ, ɮɢɡɢɱɟɫɤɚɹ ɩɪɢɪɨɞɚ ɤɨɬɨɪɨɝɨ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɨɧɤɪɟɬɧɵɦ ɩɪɢɥɨɠɟɧɢɟɦ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ [8]. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɪɟɲɚɟɦɨɣ ɡɚɞɚɱɢ ɢ ɬɢɩɚ 

ɨɛɪɚɛɚɬɵɜɚɟɦɨɝɨ ɫɢɝɧɚɥɚ ɚɞɚɩɬɢɜɧɵɟ ɮɢɥɶɬɪɵ ɦɨɝɭɬ ɛɵɬɶ ɨɞɧɨɤɚɧɚɥɶɧɵɦɢ 

ɢɥɢ ɦɧɨɝɨɤɚɧɚɥɶɧɵɦɢ ɫ ɞɟɣɫɬɜɢɬɟɥɶɧɵɦɢ ɢɥɢ ɤɨɦɩɥɟɤɫɧɵɦɢ ɜɟɫɨɜɵɦɢ 

ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ (ȼɄ) [9]. Ⱥɥɝɨɪɢɬɦɵ ɜɵɱɢɫɥɟɧɢɹ ȼɄ ɦɨɝɭɬ ɛɵɬɶ ɩɪɨɫɬɵɦɢ, 

ɤɚɤ, ɧɚɩɪɢɦɟɪ, LMS-ɚɥɝɨɪɢɬɦ, ɢɥɢ ɫɥɨɠɧɵɦɢ, ɤɚɤ, ɧɚɩɪɢɦɟɪ, Recursive Least 

Squares (RLS) ɚɥɝɨɪɢɬɦ, ɬɚɤɠɟ ɢɡɜɟɫɬɧɵɣ ɤɚɤ ɪɟɤɭɪɫɢɜɧɵɣ ɦɟɬɨɞ ɧɚɢɦɟɧɶɲɢɯ 

ɤɜɚɞɪɚɬɨɜ (ɊɆɇɄ). 

1.2 Ɉɛɳɢɟ ɩɪɢɧɰɢɩɵ ɚɞɚɩɬɢɜɧɨɣ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ 

Ɉɛɳɚɹ ɫɬɪɭɤɬɭɪɚ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 1. ȼɯɨɞɧɨɣ 

ɞɢɫɤɪɟɬɧɵɣ ɫɢɝɧɚɥ ݔሺ݇ሻ ɨɛɪɚɛɚɬɵɜɚɟɬɫɹ ɞɢɫɤɪɟɬɧɵɦ ɮɢɥɶɬɪɨɦ, ɜ ɪɟɡɭɥɶɬɚɬɟ 

ɱɟɝɨ ɮɨɪɦɢɪɭɟɬɫɹ ɫɢɝɧɚɥ ݕሺ݇ሻ. ɗɬɨɬ ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɫɪɚɜɧɢɜɚɟɬɫɹ ɫ ɫɢɝɧɚɥɨɦ-

ɨɛɪɚɡɰɨɦ ݀ሺ݇ሻ, ɪɚɡɧɨɫɬɢ ɦɟɠɞɭ ɧɢɦɢ ɨɛɪɚɡɭɟɬ ɫɢɝɧɚɥ ɨɲɢɛɤɢ ݁ሺ݇ሻ. Ɂɚɞɚɱɚ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ – ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɨɲɢɛɤɭ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɹ ɨɛɪɚɡɰɨɜɨɝɨ 

ɫɢɝɧɚɥɚ. ɋ ɷɬɨɣ ɰɟɥɶɸ ɛɥɨɤ ɚɞɚɩɬɚɰɢɢ ɩɨɫɥɟ ɨɛɪɚɛɨɬɤɢ ɤɚɠɞɨɝɨ ɨɬɫɱɟɬɚ 

ɚɧɚɥɢɡɢɪɭɟɬ ɫɢɝɧɚɥ ɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɞɚɧɧɵɟ, ɩɨɫɬɭɩɚɸɳɢɟ ɢɡ ɮɢɥɶɬɪɚ, 

ɢɫɩɨɥɶɡɭɹ ɪɟɡɭɥɶɬɚɬɵ ɷɬɨɝɨ ɫɢɝɧɚɥɚ ɞɥɹ ɩɨɞɫɬɪɨɣɤɢ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 

ɮɢɥɶɬɪ [10]. 

ȼɨɡɦɨɠɟɧ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɚɞɚɩɬɚɰɢɢ, ɩɪɢ ɤɨɬɨɪɨɦ ɨɛɪɚɡɰɨɜɵɣ ɫɢɝɧɚɥ ɧɟ 

ɢɫɩɨɥɶɡɭɟɬɫɹ. Ɍɚɤɨɣ ɪɟɠɢɦ ɪɚɛɨɬɵ ɧɚɡɵɜɚɟɬɫɹ «ɫɥɟɩɨɣ ɚɞɚɩɬɚɰɢɟɣ» [10]. ȼɧɟ 

ɫɨɦɧɟɧɢɹ, «ɫɥɟɩɚɹ ɚɞɚɩɬɚɰɢɹ» ɹɜɥɹɟɬɫɹ ɛɨɥɟɟ ɫɥɨɠɧɨɣ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ 

ɡɚɞɚɱɟɣ, ɱɟɦ ɚɞɚɩɬɚɰɢɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɛɪɚɡɰɨɜɨɝɨ ɫɢɝɧɚɥɚ [11]. 
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Фильтр

Алгоритм 
адаптации

–

Ⱦɚɧɧɵɟɉɨɞɫɬɪɨɣɤɚ 
ɤɨɷɮɮɢɰɢɟɧɬɨɜ

x(k) y(k) d(k)

e(k)

 

 Ɋɢɫɭɧɨɤ 1 – Ɉɛɳɚɹ ɫɬɪɭɤɬɭɪɚ ɚɞɚɩɬɢɜɧɵɯ ɮɢɥɶɬɪɨɜ  

Ɇɨɠɟɬ ɩɨɤɚɡɚɬɶɫɹ, ɱɬɨ ɚɥɝɨɪɢɬɦɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɛɪɚɡɰɨɜɨɝɨ ɫɢɝɧɚɥɚ 

ɥɢɲɟɧɵ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɫɦɵɫɥɚ, ɩɨɫɤɨɥɶɤɭ ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɞɨɥɠɟɧ ɛɵɬɶ 

ɡɚɪɚɧɟɟ ɢɡɜɟɫɬɟɧ. Ɉɞɧɚɤɨ, ɫɭɳɟɫɬɜɭɟɬ ɦɧɨɠɟɫɬɜɨ ɩɪɚɤɬɢɱɟɫɤɢɯ ɡɚɞɚɱ, ɩɪɢ 

ɪɟɲɟɧɢɢ ɤɨɬɨɪɵɯ ɨɛɪɚɡɰɨɜɵɣ ɫɢɝɧɚɥ ɨɤɚɡɵɜɚɟɬɫɹ ɞɨɫɬɭɩɟɧ. ȼ ɪɹɞɟ ɫɥɭɱɚɟɜ ɩɪɢ 

ɷɬɨɦ ɩɨɥɟɡɧɵɦ ɫɢɝɧɚɥɨɦ ɹɜɥɹɟɬɫɹ ɧɟ ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɮɢɥɶɬɪɚ, ɚ ɫɢɝɧɚɥ 

ɨɲɢɛɤɢ, ɬɨ ɟɫɬɶ ɪɚɡɧɨɫɬɶ ɦɟɠɞɭ ɨɛɪɚɡɰɨɜɵɦ ɫɢɝɧɚɥɨɦ ɢ ɜɵɯɨɞɧɵɦ ɫɢɝɧɚɥɨɦ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ [10]. 

1.3 ȼɢɞɵ ɷɯɨ-ɫɢɝɧɚɥɨɜ 

ɉɨ ɩɪɨɢɫɯɨɠɞɟɧɢɸ, ɩɨɦɟɯɢ ɪɚɡɞɟɥɹɸɬ ɧɚ ɚɤɭɫɬɢɱɟɫɤɢɟ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɟ. 

ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɜɵɞɟɥɹɸɬ ɞɜɚ ɜɢɞɚ ɷɯɨ-ɫɢɝɧɚɥɨɜ: ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɢ 

ɚɤɭɫɬɢɱɟɫɤɨɟ ɷɯɨ. ɉɪɢɱɢɧɨɣ ɩɟɪɜɨɝɨ ɹɜɥɹɟɬɫɹ ɧɚɪɭɲɟɧɢɟ ɭɫɥɨɜɢɣ ɛɚɥɚɧɫɚ 

ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɫɢɫɬɟɦ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɩɪɨɜɨɞɧɵɯ ɫɢɫɬɟɦɚɯ ɞɥɹ ɪɚɡɜɹɡɤɢ 

ɞɜɭɯ ɢ ɱɟɬɵɪɟɯɩɪɨɜɨɞɧɵɯ ɥɢɧɢɣ, ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɩɪɢɧɢɦɚɟɦɨɝɨ 

ɫɢɝɧɚɥɚ ɜ ɜɢɞɟ ɢɫɤɚɠɟɧɧɨɣ ɢ ɡɚɞɟɪɠɚɧɧɨɣ ɤɨɩɢɢ ɩɨɩɚɞɚɟɬ ɜ ɰɟɩɢ ɩɟɪɟɞɚɱɢ, ɬɟɦ 

ɫɚɦɵɦ, ɭɯɭɞɲɚɹ ɤɚɱɟɫɬɜɟɧɧɵɟ ɩɨɤɚɡɚɬɟɥɢ ɫɢɫɬɟɦɵ ɫɜɹɡɢ [2]. 

Ⱥɤɭɫɬɢɱɟɫɤɢɣ ɷɯɨ-ɫɢɝɧɚɥ ɜɨɡɧɢɤɚɟɬ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, 

ɨɬɪɚɠɚɹɫɶ ɨɬ ɛɥɢɡɥɟɠɚɳɢɯ ɨɛɴɟɤɬɨɜ, ɜɨɡɜɪɚɳɚɟɬɫɹ ɨɛɪɚɬɧɨ ɤ ɢɫɬɨɱɧɢɤɭ 

ɤɨɥɟɛɚɧɢɣ. ȼ ɫɢɫɬɟɦɚɯ ɬɟɥɟɤɨɦɦɭɧɢɤɚɰɢɣ ɷɬɨ ɩɪɨɢɫɯɨɞɢɬ ɜ ɫɥɭɱɚɹɯ, ɤɨɝɞɚ 

ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, ɢɫɬɨɱɧɢɤɨɦ ɤɨɬɨɪɨɣ ɹɜɥɹɟɬɫɹ ɝɪɨɦɤɨɝɨɜɨɪɢɬɟɥɶ ɚɛɨɧɟɧɬɫɤɨɝɨ 

ɨɛɨɪɭɞɨɜɚɧɢɹ, ɢɥɢ ɫɚɦ ɚɛɨɧɟɧɬ, ɩɨɩɚɞɚɟɬ ɜ ɦɢɤɪɨɮɨɧɧɭɸ ɰɟɩɶ ɡɚ ɫɱɟɬ 
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ɩɟɪɟɨɬɪɚɠɟɧɢɣ ɢɥɢ ɩɥɨɯɨɣ ɪɚɡɜɹɡɤɢ ɩɪɢɟɦɧɨɣ ɢ ɩɟɪɟɞɚɸɳɟɣ ɰɟɩɟɣ. ɏɨɬɹ 

ɚɤɭɫɬɢɱɟɫɤɨɟ ɷɯɨ ɩɪɢɫɭɬɫɬɜɭɟɬ ɤɚɤ ɜ ɩɪɨɜɨɞɧɵɯ, ɬɚɤ ɢ ɜ ɛɟɫɩɪɨɜɨɞɧɵɯ 

ɫɢɫɬɟɦɚɯ ɬɟɥɟɤɨɦɦɭɧɢɤɚɰɢɣ, ɧɚɢɛɨɥɶɲɟɟ ɜɥɢɹɧɢɟ ɷɬɨɝɨ ɧɟɝɚɬɢɜɧɨɝɨ ɷɮɮɟɤɬɚ 

ɫɤɚɡɵɜɚɟɬɫɹ ɜ ɬɚɤɢɯ ɬɟɯɧɢɱɟɫɤɢɯ ɩɪɢɥɨɠɟɧɢɹɯ ɤɚɤ ɪɚɞɢɨɬɟɥɟɮɨɧɢɹ, ɫɢɫɬɟɦɵ 

ɬɟɥɟɤɨɧɮɟɪɟɧɰɢɣ ɢ ɦɨɛɢɥɶɧɚɹ ɫɜɹɡɶ [2]. 

ɉɪɢɱɢɧɚɦɢ ɩɨɹɜɥɟɧɢɹ ɷɬɨɝɨ ɬɢɩɚ ɩɨɦɟɯ ɹɜɥɹɸɬɫɹ: 

 ɩɭɥɶɫɚɰɢɢ ɜɵɩɪɹɦɥɟɧɧɨɝɨ ɬɨɤɚ ɜ ɢɫɬɨɱɧɢɤɚɯ ɩɢɬɚɧɢɹ, 

ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ «ɧɚɜɨɞɤɢ» ɨɬ ɰɟɩɟɣ ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ; 

 ɯɚɨɬɢɱɟɫɤɨɟ ɞɜɢɠɟɧɢɟ (ɮɥɭɤɬɭɚɰɢɢ) ɷɥɟɤɬɪɨɧɨɜ ɢɥɢ ɞɪɭɝɢɯ 

ɡɚɪɹɠɟɧɧɵɯ ɱɚɫɬɢɰ ɜ ɩɪɨɜɨɞɧɢɤɚɯ, ɪɟɡɢɫɬɨɪɚɯ, ɷɥɟɤɬɪɨɧɧɵɯ ɩɪɢɛɨɪɚɯ; 

ɩɨɫɬɨɪɨɧɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ ɩɨɥɹ, ɫɨɡɞɚɜɚɟɦɵɟ ɬɪɚɧɫɮɨɪɦɚɬɨɪɚɦɢ, 

ɷɥɟɤɬɪɨɞɜɢɝɚɬɟɥɹɦɢ, ɰɟɩɹɦɢ ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ, ɫɨɫɟɞɧɢɦɢ ɰɟɩɹɦɢ ɜ 

ɦɧɨɝɨɩɚɪɧɵɯ ɤɚɛɟɥɹɯ; 

 ɫɩɟɰɢɮɢɱɟɫɤɢɟ ɧɟɞɨɫɬɚɬɤɢ ɧɨɫɢɬɟɥɟɣ ɡɚɩɢɫɢ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ 

ɧɟɨɞɧɨɪɨɞɧɨɫɬɶɸ ɦɚɝɧɢɬɧɨɣ ɢ ɤɢɧɨɥɟɧɬɵ, ɝɪɚɦɩɥɚɫɬɢɧɤɢ, ɚ ɬɚɤɠɟ 

ɤɨɩɢɪɷɮɮɟɤɬ ɢ ɦɨɞɭɥɹɰɢɨɧɧɵɣ ɲɭɦ. «ɒɭɦ» ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɚɤ ɛɟɫɩɨɪɹɞɨɱɧɵɟ 

ɤɨɥɟɛɚɧɢɹ ɪɚɡɥɢɱɧɨɣ ɮɢɡɢɱɟɫɤɨɣ ɩɪɢɪɨɞɵ, ɨɬɥɢɱɚɸɳɢɟɫɹ ɫɥɨɠɧɨɫɬɶɸ 

ɜɪɟɦɟɧɧɨɣ ɢ ɫɩɟɤɬɪɚɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ; 

 ɩɨɫɬɨɪɨɧɧɢɟ ɢɫɬɨɱɧɢɤɢ ɜ ɪɚɞɢɨɞɢɚɩɚɡɨɧɚɯ (ɞɪɭɝɢɟ ɪɚɞɢɨɫɬɚɧɰɢɢ, 

ɚɬɦɨɫɮɟɪɧɵɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɪɚɡɪɹɞɵ, ɩɪɨɦɵɲɥɟɧɧɚɹ, ɦɟɞɢɰɢɧɫɤɚɹ, ɛɵɬɨɜɚɹ 

ɷɥɟɤɬɪɨɚɩɩɚɪɚɬɭɪɚ) [12]. 

1.4 Ⱥɥɝɨɪɢɬɦɵ ɚɞɚɩɬɚɰɢɢ 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɫɭɳɟɫɬɜɭɟɬ ɦɧɨɠɟɫɬɜɨ ɚɥɝɨɪɢɬɦɨɜ ɚɞɚɩɬɚɰɢɢ, 

ɨɛɥɚɞɚɸɳɢɯ ɪɚɡɥɢɱɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɨɞɧɚɤɨ ɦɧɨɝɢɟ ɢɡ ɧɢɯ ɹɜɥɹɸɬɫɹ 

ɩɪɨɢɡɜɨɞɧɵɦɢ ɥɢɛɨ ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɨɞɧɨɝɨ ɢɡ ɦɟɬɨɞɨɜ ɩɨɢɫɤɚ ɷɤɫɬɪɟɦɭɦɚ 

(ɱɚɳɟ ɜɫɟɝɨ ɦɢɧɢɦɭɦɚ) ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ. ȼɵɞɟɥɟɧɵ ɱɟɬɵɪɟ ɨɫɧɨɜɧɵɟ ɝɪɭɩɩɵ 

ɚɥɝɨɪɢɬɦɨɜ, ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ ɩɪɢɦɟɧɹɸɳɢɯɫɹ ɜ ɡɚɞɚɱɚɯ ɚɞɚɩɬɢɜɧɨɣ ɮɢɥɶɬɪɚɰɢɢ 

[2]: 
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1. ɚɥɝɨɪɢɬɦ LMS, 

2. ɚɥɝɨɪɢɬɦ RLS, 

3. ɚɥɝɨɪɢɬɦ ɚɮɮɢɧɧɵɯ ɩɪɨɟɤɰɢɣ, 

4. ɪɟɲɟɬɱɚɬɵɟ (ɥɟɫɬɧɢɱɧɵɟ) ɚɥɝɨɪɢɬɦɵ. 

Ɋɚɫɫɦɨɬɪɢɦ ɤɚɠɞɵɣ ɢɡ ɚɥɝɨɪɢɬɦɨɜ. 

1.4.1 Ⱥɥɝɨɪɢɬɦ LMS 

Ɉɞɧɢɦ ɢɡ ɧɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɯ ɚɞɚɩɬɢɜɧɵɯ ɚɥɝɨɪɢɬɦɨɜ, 

ɨɫɧɨɜɚɧɧɨɦ ɧɚ ɩɨɢɫɤɟ ɦɢɧɢɦɭɦɚ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ (1), ɹɜɥɹɟɬɫɹ ɦɟɬɨɞ 

ɧɚɢɫɤɨɪɟɣɲɟɝɨ ɫɩɭɫɤɚ (Least Mean Square). ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɚɧɧɨɝɨ 

ɫɩɨɫɨɛɚ ɨɩɬɢɦɢɡɚɰɢɢ ɜɟɤɬɨɪ ȼɄ ɮɢɥɶɬɪɚ ݓሺ݇ሻ ɞɨɥɠɟɧ ɨɛɧɨɜɥɹɬɶɫɹ ɫɥɟɞɭɸɳɢɦ 

ɨɛɪɚɡɨɦ [13]: 

ሻݓሺܬ  = ݁ଶሺ݇ሻ̅̅ ̅̅ ̅̅ ̅ → ݉𝑖݊, (1) 

 

ɝɞɟ ݁ଶሺ݇ሻ̅̅ ̅̅ ̅̅ ̅ – ɫɪɟɞɧɢɣ ɤɜɚɞɪɚɬ ɨɲɢɛɤɢ, ݇ – ɧɚɬɭɪɚɥɶɧɨɟ ɱɢɫɥɨ, ɲɚɝ. 

ሺ݇ݓ  + ͳሻ = ሺ݇ሻݓ +  𝜇݁ሺ݇ሻ𝑢ሺ݇ሻ, (2) 

 

ɝɞɟ 𝜇 – ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ, ɧɚɡɵɜɚɟɦɵɣ ɪɚɡɦɟɪɨɦ ɲɚɝɚ, 𝑢ሺ݇ሻ – 

ɜɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɫɨɞɟɪɠɢɦɨɝɨ ɥɢɧɢɢ ɡɚɞɟɪɠɤɢ ɮɢɥɶɬɪɚ ɧɚ ݇-ɨɦ ɲɚɝɟ. 

Ɉɫɧɨɜɧɵɦ ɞɨɫɬɨɢɧɫɬɜɨɦ ɚɥɝɨɪɢɬɦɚ LMS ɹɜɥɹɟɬɫɹ ɩɪɟɞɟɥɶɧɚɹ 

ɜɵɱɢɫɥɢɬɟɥɶɧɚɹ ɩɪɨɫɬɨɬɚ – ɞɥɹ ɩɨɞɫɬɪɨɣɤɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ ɧɚ ɤɚɠɞɨɦ 

ɲɚɝɟ ɧɭɠɧɨ ɜɵɩɨɥɧɢɬɶ 𝑁 + ͳ ɩɚɪ ɨɩɟɪɚɰɢɣ «ɭɦɧɨɠɟɧɢɟ–ɫɥɨɠɟɧɢɟ». «ɉɥɚɬɨɣ» 

ɡɚ ɩɪɨɫɬɨɬɭ ɹɜɥɹɟɬɫɹ «ɦɟɞɥɟɧɧɚɹ» ɫɯɨɞɢɦɨɫɬɶ ɢ ɩɨɜɵɲɟɧɧɚɹ ɞɢɫɩɟɪɫɢɹ 

ɨɲɢɛɤɢ ɜ ɭɫɬɚɧɨɜɢɜɲɟɦɫɹ ɪɟɠɢɦɟ – ɤɨɷɮɮɢɰɢɟɧɬɵ ɮɢɥɶɬɪɚ ɜɫɟɝɞɚ 

ɮɥɭɤɬɭɢɪɭɸɬ ɜɨɤɪɭɝ ɨɩɬɢɦɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ, ɱɬɨ ɢ ɭɜɟɥɢɱɢɜɚɟɬ ɭɪɨɜɟɧɶ 

ɜɵɯɨɞɧɨɝɨ ɲɭɦɚ [13]. 
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1.4.2 Ⱥɥɝɨɪɢɬɦ RLS 

Ɉɬɥɢɱɢɬɟɥɶɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɚɥɝɨɪɢɬɦɚ RLS (Recursive Least Square) 

ɹɜɥɹɟɬɫɹ ɟɝɨ ɰɟɥɟɜɚɹ ɮɭɧɤɰɢɹ. ɗɬɨɬ ɚɥɝɨɪɢɬɦ ɧɚɩɪɚɜɥɟɧ ɧɟ ɧɚ ɭɦɟɧɶɲɟɧɢɟ 

ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɧɨɣ ɨɲɢɛɤɢ, ɤɚɤ ɜ LMS, ɚ ɧɚ ɦɢɧɢɦɢɡɚɰɢɸ ɧɨɪɦɵ ɨɲɢɛɤɢ (3). 

ɉɨɞɪɨɛɧɨ ɚɥɝɨɪɢɬɦ RLS ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜ [14]. 

 

ሻݓሺܬ = ∑|݁ሺ݇ሻ|ଶ → ݉𝑖݊௄−ଵ
𝑘=଴ , (3) 

 

ɝɞɟ K – ɜɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢɹ. 

Ɏɨɪɦɭɥɚ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɜɵɝɥɹɞɢɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

ሺ݇ݓ  + ͳሻ = ሺ݇ሻݓ + ሺ݇ܭ + ͳሻ݁ሺ݇ + ͳሻ. (4) 

 

Ɉɫɧɨɜɧɵɦ ɞɨɫɬɨɢɧɫɬɜɨɦ ɚɥɝɨɪɢɬɦɚ RLS ɹɜɥɹɟɬɫɹ «ɛɵɫɬɪɚɹ» ɫɯɨɞɢɦɨɫɬɶ 

ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ LMS ɚɥɝɨɪɢɬɦɨɦ. Ɉɞɧɚɤɨ ɞɨɫɬɢɝɚɟɬɫɹ ɷɬɨ ɡɚ ɫɱɟɬ ɡɧɚɱɢɬɟɥɶɧɨ 

ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɫɥɨɠɧɨɫɬɢ. ɉɪɢ ɨɩɬɢɦɚɥɶɧɨɣ ɨɪɝɚɧɢɡɚɰɢɢ 

ɜɵɱɢɫɥɟɧɢɣ ɞɥɹ ɨɛɧɨɜɥɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ ɧɚ ɤɚɠɞɨɦ ɬɚɤɬɟ 

ɬɪɟɛɭɟɬɫɹ (2,5N2 + 4N) ɩɚɪ ɨɩɟɪɚɰɢɣ «ɭɦɧɨɠɟɧɢɟ–ɫɥɨɠɟɧɢɟ» [11]. 

1.4.3 Ⱥɥɝɨɪɢɬɦ ɚɮɮɢɧɧɵɯ ɩɪɨɟɤɰɢɣ 

Ʉɚɤ ɭɩɨɦɢɧɚɥɨɫɶ ɜɵɲɟ LMS ɚɥɝɨɪɢɬɦ ɹɜɥɹɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɩɪɨɫɬɵɦ ɫ 

ɬɨɱɤɢ ɡɪɟɧɢɹ ɪɟɚɥɢɡɚɰɢɢ, ɧɨ ɢɦɟɟɬ ɞɨɫɬɚɬɨɱɧɨ «ɦɟɞɥɟɧɧɭɸ» ɫɯɨɞɢɦɨɫɬɶ, 

ɚɥɝɨɪɢɬɦ RLS, ɧɚɩɪɨɬɢɜ, ɢɦɟɟɬ ɜɵɫɨɤɭɸ ɫɥɨɠɧɨɫɬɶ, ɧɨ ɢɦɟɟɬ «ɛɵɫɬɪɭɸ» 

ɫɯɨɞɢɦɨɫɬɶ. Ⱥɥɝɨɪɢɬɦ ɚɮɮɢɧɧɵɯ ɩɪɨɟɤɰɢɣ ɡɚɧɢɦɚɟɬ ɩɪɨɦɟɠɭɬɨɱɧɨɟ ɦɟɫɬɨ ɩɨ 

ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɫɥɨɠɧɨɫɬɢ ɢ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ ɫɪɟɞɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ 

ɚɥɝɨɪɢɬɦɨɜ [15]. 

Ⱦɥɹ ɜɵɱɢɫɥɟɧɢɹ ȼɄ ɜ ɦɟɬɨɞɟ ɚɮɮɢɧɧɵɯ ɩɪɨɟɤɰɢɣ ɩɪɢɦɟɧɹɬɶɫɹ ɮɨɪɦɭɥɚ: 
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ሺ݇ݓ  + ͳሻ = ሺ݇ሻݓ + 𝜇𝑋𝑁௅ሺ݇ሻ݁ሺ݇ሻ, (5) 

 

ɝɞɟ 𝑋𝑁௅ = ,𝑁ሺ݇ሻݔ] 𝑁ሺ݇ݔ − ͳሻ,… , 𝑁ሺ݇ݔ − ܮ + ͳሻ]; 
𝑁ሺ݇ሻݔ       = ,ሺ݇ሻݔ] ሺ݇ݔ − ͳሻ,… , ሺ݇ݔ − 𝑁𝑚 + ͳ]; 
 .𝑁ሺ݇ሻ – ɜɟɤɬɨɪ ɜɯɨɞɧɵɯ ɫɢɝɧɚɥɨɜݔ      

Ɉɫɧɨɜɧɵɦ ɞɨɫɬɨɢɧɫɬɜɨɦ ɞɚɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ ɹɜɥɹɟɬɫɹ «ɛɨɥɟɟ ɛɵɫɬɪɚɹ» 

ɫɯɨɞɢɦɨɫɬɶ, ɱɟɦ ɭ LMS ɚɥɝɨɪɢɬɦɚ. ɇɟɤɨɬɨɪɵɟ ɦɨɞɢɮɢɤɚɰɢɢ ɷɬɨɝɨ ɚɥɝɨɪɢɬɦɚ 

ɢɦɟɸɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɛɥɢɡɤɭɸ ɤ ɷɮɮɟɤɬɢɜɧɨɫɬɢ RLS ɚɥɝɨɪɢɬɦɨɜ [15]. Ɉɞɧɚɤɨ, 

ɬɚɤɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɞɨɫɬɢɝɚɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɭɜɟɥɢɱɟɧɢɹ ɜɟɫɨɜɵɯ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ, ɱɬɨ ɜɥɟɱɟɬ ɡɚ ɫɨɛɨɣ ɭɜɟɥɢɱɟɧɢɟ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɫɥɨɠɧɨɫɬɢ 

[16]. 

1.4.4 Ɋɟɲɟɬɱɚɬɵɟ (ɥɟɫɬɧɢɱɧɵɟ) ɚɥɝɨɪɢɬɦɵ 

Ʌɟɫɬɧɢɱɧɵɟ ɚɥɝɨɪɢɬɦɵ ɩɨɥɭɱɢɥɢ ɫɜɨɟ ɧɚɡɜɚɧɢɟ ɢɡ-ɡɚ ɫɬɪɭɤɬɭɪɵ 

ɩɪɨɰɟɞɭɪ ɜɵɱɢɫɥɟɧɢɹ ɨɲɢɛɨɤ ɥɢɧɟɣɧɨɝɨ ɩɪɟɞɫɤɚɡɚɧɢɹ ɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

ɨɛɪɚɛɚɬɵɜɚɟɦɵɯ ɫɢɝɧɚɥɨɜ, ɧɚɩɨɦɢɧɚɸɳɢɯ ɩɨ ɮɨɪɦɟ ɥɟɫɬɧɢɰɭ. Ɉɫɨɛɟɧɧɨɫɬɶɸ 

ɥɟɫɬɧɢɱɧɵɯ ɚɥɝɨɪɢɬɦɨɜ ɹɜɥɹɟɬɫɹ ɨɬɫɭɬɫɬɜɢɟ ɜɵɱɢɫɥɟɧɢɣ ɜɟɫɨɜɵɯ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɜ ɹɜɧɨɦ ɜɢɞɟ. ȼɫɟ ɜɵɱɢɫɥɟɧɢɹ ɜ 

ɥɟɫɬɧɢɱɧɵɯ ɚɥɝɨɪɢɬɦɚɯ ɹɜɥɹɸɬɫɹ ɫɤɚɥɹɪɧɵɦɢ ɢ ɜɵɩɨɥɧɹɸɬɫɹ ɧɚ ɤɚɠɞɨɣ k -ɣ 

ɢɬɟɪɚɰɢɢ ɩɨ ɜɪɟɦɟɧɢ ɜ ɬɟɱɟɧɢɟ N ɲɚɝɨɜ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɩɨɪɹɞɤɚ ɚɞɚɩɬɢɜɧɨɝɨ 

ɮɢɥɶɬɪɚ ɨɬ 1 ɞɨ N. 

Ʌɟɫɬɧɢɱɧɵɟ ɚɥɝɨɪɢɬɦɵ ɫɥɟɞɭɟɬ ɨɬɧɟɫɬɢ ɤ «ɛɵɫɬɪɵɦ» ɚɥɝɨɪɢɬɦɚɦ 

ɚɞɚɩɬɢɜɧɨɣ ɮɢɥɶɬɪɚɰɢɢ. ȼɵɱɢɫɥɢɬɟɥɶɧɚɹ ɫɥɨɠɧɨɫɬɶ ɥɟɫɬɧɢɱɧɵɯ ɚɥɝɨɪɢɬɦɨɜ 

ɧɟɫɤɨɥɶɤɨ ɛɨɥɶɲɟ ɫɥɨɠɧɨɫɬɢ ɞɪɭɝɢɯ RLS-ɚɥɝɨɪɢɬɦɨɜ. Ɉɞɧɚɤɨ ɥɟɫɬɧɢɱɧɵɟ 

ɚɥɝɨɪɢɬɦɵ ɢɡɜɟɫɬɧɵ ɫɜɨɟɣ ɭɫɬɨɣɱɢɜɨɫɬɶɸ. Ʉɪɨɦɟ ɬɨɝɨ, ɤɚɫɤɚɞɧɚɹ ɫɬɪɭɤɬɭɪɚ 

ɜɵɱɢɫɥɟɧɢɣ, ɯɚɪɚɤɬɟɪɧɚɹ ɥɟɫɬɧɢɱɧɵɦ ɚɥɝɨɪɢɬɦɚɦ, ɫɩɨɫɨɛɫɬɜɭɟɬ ɧɟ ɬɨɥɶɤɨ 

ɷɮɮɟɤɬɢɜɧɨɣ ɩɪɨɝɪɚɦɦɧɨɣ, ɧɨ ɢ ɚɩɩɚɪɚɬɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɬɚɤɢɯ ɚɥɝɨɪɢɬɦɨɜ ɜ 

ɜɢɞɟ ɋȻɂɋ [17]. 
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Ɉɫɧɨɜɧɨɣ ɩɪɢɱɢɧɨɣ «ɧɟɩɨɩɭɥɹɪɧɨɫɬɢ» ɞɚɧɧɵɯ ɚɥɝɨɪɢɬɦɨɜ ɹɜɥɹɟɬɫɹ 

ɬɪɟɛɨɜɚɧɢɟ ɪɟɚɥɢɡɚɰɢɢ ɚɞɚɩɬɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ (ȺɐɎ) ɩɨ ɪɟɲɟɬɱɚɬɨɣ 

ɫɬɪɭɤɬɭɪɟ, ɤɨɬɨɪɚɹ ɹɜɥɹɟɬɫɹ ɤɨɧɰɟɩɬɭɚɥɶɧɨ ɛɨɥɟɟ ɫɥɨɠɧɨɣ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɩɪɹɦɨɣ ɮɨɪɦɨɣ ɩɨɫɬɪɨɟɧɢɹ ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ [2]. 

Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɚɧɚɥɢɡɚ ɢɡɜɟɫɬɧɵɯ ɦɟɬɨɞɨɜ ɚɞɚɩɬɢɜɧɨɣ 

ɮɢɥɶɬɪɚɰɢɢ, ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 1. 

Ɍɚɛɥɢɰɚ 1 – Ɉɫɧɨɜɧɵɟ ɦɟɬɨɞɵ ɚɞɚɩɬɢɜɧɨɣ ɮɢɥɶɬɪɚɰɢɢ 

Ɇɟɬɨɞ 
ɋɤɨɪɨɫɬɶ 

ɫɯɨɞɢɦɨɫɬɢ 
ȼɵɱɢɫɥɢɬɟɥɶɧɚɹ 

ɫɥɨɠɧɨɫɬɶ 

Ⱥɥɝɨɪɢɬɦ LMS Ɇɟɞɥɟɧɧɚɹ ɇɢɡɤɚɹ 
Ⱥɥɝɨɪɢɬɦ RLS Ȼɵɫɬɪɚɹ ȼɵɫɨɤɚɹ 
Ⱥɥɝɨɪɢɬɦ ɚɮɮɢɧɧɵɯ ɩɪɨɟɤɰɢɣ ɋɪɟɞɧɹɹ ɋɪɟɞɧɹɹ 
Ɋɟɲɟɬɱɚɬɵɟ ɚɥɝɨɪɢɬɦɵ Ȼɵɫɬɪɚɹ ȼɵɫɨɤɚɹ 

 

1.5 ȼɵɜɨɞɵ 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɝɨ ɚɧɚɥɢɡɚ ɦɨɠɧɨ 

ɫɞɟɥɚɬɶ ɨɛɨɫɧɨɜɚɧɧɨɟ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɵɟ 

ɪɟɡɭɥɶɬɚɬɵ ɦɨɝɭɬ ɛɵɬɶ ɩɨɥɭɱɟɧɵ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɪɟɤɭɪɫɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ 

ɮɢɥɶɬɪɚ ɢ ɪɟɚɥɢɡɚɰɢɢ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ ɧɚ ɚɩɩɚɪɚɬɧɨɦ ɭɪɨɜɧɟ, ɧɚɩɪɢɦɟɪ, ɧɚ 

ɛɚɡɟ ɉɅɂɋ. 

Ɍɚɤɨɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɢɬ ɭɜɟɥɢɱɢɬɶ ɫɤɨɪɨɫɬɶ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɚ, ɬ.ɟ. 

ɨɛɟɫɩɟɱɢɬɶ ɪɟɠɢɦ ɪɟɚɥɶɧɨɝɨ ɜɪɟɦɟɧɢ, ɱɬɨ, ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ, ɩɨɡɜɨɥɢɬ 

ɨɛɪɚɛɚɬɵɜɚɬɶ ɫɢɝɧɚɥɵ ɜ ɛɨɥɶɲɟɦ ɱɚɫɬɨɬɧɨɦ ɞɢɚɩɚɡɨɧɟ – ɪɚɫɲɢɪɢɬɶ ɫɮɟɪɭ 

ɩɪɢɦɟɧɟɧɢɹ ɢ ɨɛɟɫɩɟɱɢɬɶ ɭɧɢɜɟɪɫɚɥɶɧɨɫɬɶ ɮɢɥɶɬɪɚ ɜ ɨɬɥɢɱɢɢ ɨɬ ɢɡɜɟɫɬɧɵɯ 

ɪɟɲɟɧɢɣ, ɪɟɚɥɢɡɨɜɚɧɧɵɯ ɧɚ ɛɚɡɟ DSP-ɩɪɨɰɟɫɫɨɪɨɜ. 

Ɉɞɧɚɤɨ, ɬɪɟɛɭɟɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɫɧɨɜɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɮɢɥɶɬɪɚ: 

ɫɯɨɞɢɦɨɫɬɢ, ɬɨɱɧɨɫɬɢ ɢ ɩɪɟɞɟɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɜ ɡɚɞɚɧɧɨɦ ɱɚɫɬɨɬɧɨɦ ɞɢɚɩɚɡɨɧɟ 

– ɩɪɢ ɩɪɚɤɬɢɱɟɫɤɨɣ ɪɟɚɥɢɡɚɰɢɢ. Ⱦɥɹ ɷɬɨɝɨ ɧɟɨɛɯɨɞɢɦɨ ɪɚɡɪɚɛɨɬɚɬɶ ɢ 

ɢɫɫɥɟɞɨɜɚɬɶ ɦɨɞɟɥɶ ɮɢɥɶɬɪɚ, ɚ ɬɚɤɠɟ ɢɡɝɨɬɨɜɢɬɶ ɢ ɢɫɫɥɟɞɨɜɚɬɶ ɥɚɛɨɪɚɬɨɪɧɵɣ 
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ɦɚɤɟɬ ɞɥɹ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɩɨɞɬɜɟɪɠɞɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 
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2 Ɋɚɡɪɚɛɨɬɤɚ ɦɨɞɟɥɢ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ 

2.1 Ɍɪɟɛɨɜɚɧɢɹ ɤ ɦɨɞɟɥɢ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ 

ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɦɨɞɟɥɢ ɮɢɥɶɬɪɚ ɫɥɟɞɭɟɬ ɭɱɟɫɬɶ, ɱɬɨ ɮɢɥɶɬɪ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ ɞɨɥɠɟɧ ɮɭɧɤɰɢɨɧɢɪɨɜɚɬɶ ɜ ɪɟɠɢɦɟ ɪɟɚɥɶɧɨɝɨ ɜɪɟɦɟɧɢ ɢ 

ɨɫɭɳɟɫɬɜɥɹɬɶ ɚɜɬɨɦɚɬɢɱɟɫɤɭɸ ɩɨɞɫɬɪɨɣɤɭ ɧɚ ɢɡɦɟɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ 

ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ. ɋɤɨɪɨɫɬɶ ɚɞɚɩɬɚɰɢɢ ɮɢɥɶɬɪɚ ɞɨɥɠɧɚ ɛɵɬɶ ɞɨɫɬɚɬɨɱɧɨɣ 

ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɜɵɫɨɤɨɝɨ ɤɚɱɟɫɬɜɚ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ. 

Ɍɚɤɨɣ ɚɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ ɞɨɥɠɟɧ ɩɪɨɩɭɫɤɚɬɶ ɛɟɡ ɢɫɤɚɠɟɧɢɹ ɩɨɥɟɡɧɵɟ 

ɫɨɫɬɚɜɥɹɸɳɢɟ ɫɢɝɧɚɥɚ ɢ ɡɧɚɱɢɬɟɥɶɧɨ ɨɫɥɚɛɢɬɶ, ɚ ɜ ɨɬɞɟɥɶɧɵɯ ɫɥɭɱɚɹɯ 

ɩɨɥɧɨɫɬɶɸ ɢɫɤɥɸɱɢɬɶ ɩɨɦɟɯɢ, ɬ. ɟ. ɭɦɟɧɶɲɢɬɶ ɥɸɛɵɟ ɢɫɤɚɠɟɧɢɹ ɜɯɨɞɧɨɝɨ 

ɫɢɝɧɚɥɚ [12]. 

ɉɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ, ɫ ɷɬɨɣ ɡɚɞɚɱɟɣ ɦɨɠɟɬ ɫɩɪɚɜɢɬɶɫɹ RLS ɮɢɥɶɬɪ. Ʉɚɤ 

ɨɬɦɟɱɚɥɨɫɶ ɪɚɧɟɟ, ɫɪɟɞɢ ɚɞɚɩɬɢɜɧɵɯ ɚɥɝɨɪɢɬɦɨɜ RLS ɢɦɟɟɬ ɞɨɫɬɚɬɨɱɧɨ 

«ɜɵɫɨɤɭɸ ɫɯɨɞɢɦɨɫɬɶ». 

2.2 RLS ɚɥɝɨɪɢɬɦ 

Ɉɫɨɛɟɧɧɨɫɬɶɸ RLS ɮɢɥɶɬɪɚ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ ɜɵɯɨɞɧɨɟ ɡɧɚɱɟɧɢɟ ɤɚɠɞɨɝɨ 

ɨɬɫɱɟɬɚ ɮɨɪɦɢɪɭɟɬɫɹ ɧɟ ɬɨɥɶɤɨ ɦɚɧɢɩɭɥɹɰɢɹɦɢ ɫ ɬɟɤɭɳɢɦɢ ɜɯɨɞɧɵɦɢ 

ɡɧɚɱɟɧɢɹɦɢ, ɧɨ ɢ ɫɨ ɡɧɚɱɟɧɢɹɦɢ ɜɵɯɨɞɧɵɯ ɨɬɫɱɟɬɨɜ, ɜɵɱɢɫɥɟɧɧɵɯ ɜ 

ɩɪɟɞɵɞɭɳɢɯ ɰɢɤɥɚɯ ɪɚɫɱɟɬɨɜ (ɪɢɫɭɧɨɤ 2) [12]. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɢɡɛɟɠɚɬɶ 

ɛɨɥɶɲɢɯ ɢ ɧɟɨɩɪɚɜɞɚɧɧɵɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɡɚɬɪɚɬ ɧɚ ɜɵɱɢɫɥɟɧɢɟ ɜɟɫɨɜɵɯ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ. 

ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɚɞɚɩɬɢɜɧɨɝɨ ɚɥɝɨɪɢɬɦɚ RLS ɧɟɨɛɯɨɞɢɦɨ ɧɚ ɤɚɠɞɨɦ 

ɜɪɟɦɟɧɧɨɦ ɬɚɤɬɟ ɜɵɩɨɥɧɢɬɶ ɫɥɟɞɭɸɳɢɟ ɲɚɝɢ [11]. 

ɉɪɢ ɩɨɫɬɭɩɥɟɧɢɢ ɧɨɜɵɯ ɜɯɨɞɧɵɯ ɞɚɧɧɵɯ ݔሺ݇ሻ ɩɪɨɢɡɜɨɞɢɬɫɹ ɮɢɥɶɬɪɚɰɢɹ 

ɫɢɝɧɚɥɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɤɭɳɢɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ ݓሺ ݇ − ͳሻ ɢ 

ɜɵɱɢɫɥɟɧɢɟ ɜɟɥɢɱɢɧɵ ɨɲɢɛɤɢ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɹ ɨɛɪɚɡɰɨɜɨɝɨ ɫɢɝɧɚɥɚ. 
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ሺ݇ሻݕ = ሺ݇ݓሺ݇ሻ𝑇ݔ − ͳሻ, (6) 

 ݁ሺ݇ሻ = ݀ሺ݇ሻ −  ሺ݇ሻ. (7)ݕ

 

Ɋɚɫɫɱɢɬɵɜɚɟɬɫɹ ɜɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢɹ ɩɨ ɮɨɪɦɭɥɟ (8) 

(ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɡɧɚɦɟɧɚɬɟɥɶ ɞɪɨɛɢ ɜ ɫɥɟɞɭɸɳɢɯ ɞɜɭɯ ɮɨɪɦɭɥɚɯ 

ɹɜɥɹɟɬɫɹ ɫɤɚɥɹɪɨɦ, ɚ ɧɟ ɦɚɬɪɢɰɟɣ): 

ሺ݇ሻܭ  = 𝑃ሺ݇ − ͳሻݔሺ݇ሻͳ + ሺ݇ሻ𝑇𝑃ሺ݇ݔ − ͳሻݔሺ݇ሻ. (8) 

 

 

 Ɋɢɫɭɧɨɤ 2 – ɋɯɟɦɚ RLS ɮɢɥɶɬɪɚ 

ɉɪɨɢɡɜɨɞɢɬɫɹ ɨɛɧɨɜɥɟɧɢɟ ɨɰɟɧɤɢ ɨɛɪɚɬɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ 

ɫɢɝɧɚɥɚ ɩɨ ɮɨɪɦɭɥɟ: 

 𝑃ሺ݇ሻ = 𝑃ሺ݇ − ͳሻ − 𝑃ሺ݇ − ͳሻݔሺ݇ሻݔሺ݇ሻ𝑇𝑃ሺ݇ − ͳሻͳ + ሺ݇ሻ𝑇𝑃ሺ݇ݔ − ͳሻݔሺ݇ሻ . (9) 

 

ɉɪɨɢɡɜɨɞɢɬɫɹ ɨɛɧɨɜɥɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ ɩɨ ɮɨɪɦɭɥɟ: 
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ሺ݇ሻݓ  = ሺ݇ݓ − ͳሻ +  ሺ݇ሻ݁ሺ݇ሻ. (10)ܭ

 

ɇɚɱɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɜɟɤɬɨɪɚ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ݓ ɨɛɵɱɧɨ 

ɩɪɢɧɢɦɚɟɬɫɹ ɧɭɥɟɜɵɦ, ɚ ɜ ɤɚɱɟɫɬɜɟ ɢɫɯɨɞɧɨɣ ɨɰɟɧɤɢ ɦɚɬɪɢɰɵ 𝑃 ɢɫɩɨɥɶɡɭɟɬɫɹ 

ɞɢɚɝɨɧɚɥɶɧɚɹ ɦɚɬɪɢɰɚ ɫɥɟɞɭɸɳɟɝɨ ɜɢɞɚ: 

 

𝑃ሺ−ͳሻ = [   
 ∞ Ͳ Ͳ ڮ ͲͲ ∞ Ͳ ڮ ͲͲ Ͳ ∞ ڮ Ͳڭ ڭ ڭ ⋱ Ͳڭ Ͳ Ͳ ڮ ∞]   

 . (11) 

 

ɇɚ ɩɪɚɤɬɢɤɟ ɞɢɚɝɨɧɚɥɶ ɦɚɬɪɢɰɵ ɡɚɩɨɥɧɹɟɬɫɹ ɛɨɥɶɲɢɦɢ ɩɨɥɨɠɢɬɟɥɶɧɵɦɢ 

ɡɧɚɱɟɧɢɹɦɢ, ɧɚɩɪɢɦɟɪ, ͳͲͲ 𝜎𝑥ଶ⁄ . 

2.3 ȼɵɛɨɪ ɢɧɫɬɪɭɦɟɧɬɚ ɞɥɹ ɫɨɡɞɚɧɢɹ ɦɨɞɟɥɢ ɮɢɥɶɬɪɚ 

ɇɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ ɫɭɳɟɫɬɜɭɟɬ ɰɟɥɵɣ ɪɹɞ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɩɚɤɟɬɨɜ, 

ɪɟɚɥɢɡɭɸɳɢɯ ɪɚɡɧɨɨɛɪɚɡɧɵɟ ɱɢɫɥɟɧɧɵɟ ɦɟɬɨɞɵ ɢ ɩɪɨɢɡɜɨɞɹɳɢɯ 

ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ. ɇɚɢɛɨɥɟɟ ɢɡɜɟɫɬɧɵɦɢ ɫɟɝɨɞɧɹ 

ɹɜɥɹɸɬɫɹ ɩɚɤɟɬɵ ɩɪɢɤɥɚɞɧɵɯ ɩɪɨɝɪɚɦɦ ɢ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɛɢɛɥɢɨɬɟɤɢ [18,19]: 

 MATLAB (ɮɢɪɦɚ The MathWorks); 

 Maple (ɮɢɪɦɚ Waterloo Maple Inc.); 

 Mathematica (ɮɢɪɦɚ Wolfram Research); 

 MathCAD (ɮɢɪɦɚ PTC). 

MATLAB (MATrix LABoratory ) – ɷɬɨ ɫɢɫɬɟɦɚ ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɣ ɞɥɹ 

ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɥɸɛɵɯ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ ɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɟɯɧɢɱɟɫɤɢɯ ɢ 

ɮɢɡɢɱɟɫɤɢɯ ɫɢɫɬɟɦ, ɚ ɬɚɤɠɟ ɜɵɩɨɥɧɟɧɢɹ ɧɚɭɱɧɵɯ ɢ ɢɧɠɟɧɟɪɧɵɯ ɪɚɫɱɟɬɨɜ ɩɪɢ 

ɪɚɛɨɬɟ ɫ ɦɚɫɫɢɜɚɦɢ ɞɚɧɧɵɯ [20]. 
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Maple – ɩɪɨɝɪɚɦɦɧɵɣ ɩɚɤɟɬ, ɫɢɫɬɟɦɚ ɤɨɦɩɶɸɬɟɪɧɨɣ ɚɥɝɟɛɪɵ. ɋɢɫɬɟɦɚ 

Maple ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ ɫɢɦɜɨɥɶɧɵɯ ɜɵɱɢɫɥɟɧɢɣ, ɯɨɬɹ ɢɦɟɟɬ ɪɹɞ ɫɪɟɞɫɬɜ ɢ 

ɞɥɹ ɱɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢɹ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɢ ɧɚɯɨɠɞɟɧɢɹ 

ɢɧɬɟɝɪɚɥɨɜ. Ɉɛɥɚɞɚɟɬ ɪɚɡɜɢɬɵɦɢ ɝɪɚɮɢɱɟɫɤɢɦɢ ɫɪɟɞɫɬɜɚɦɢ [21]. 

MathCAD ɹɜɥɹɟɬɫɹ ɢɧɬɟɝɪɢɪɨɜɚɧɧɨɣ ɫɢɫɬɟɦɨɣ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, 

ɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɧɚ ɩɪɨɜɟɞɟɧɢɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɢ ɢɧɠɟɧɟɪɧɨ-ɬɟɯɧɢɱɟɫɤɢɯ 

ɪɚɫɱɟɬɨɜ [22]. 

Mathematica – ɫɢɫɬɟɦɚ ɤɨɦɩɶɸɬɟɪɧɨɣ ɚɥɝɟɛɪɵ. ɋɨɞɟɪɠɢɬ ɦɧɨɠɟɫɬɜɨ 

ɮɭɧɤɰɢɣ, ɤɚɤ ɞɥɹ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɬɚɤ ɢ ɞɥɹ ɱɢɫɥɟɧɧɵɯ 

ɪɚɫɱɟɬɨɜ. Ʉɪɨɦɟ ɬɨɝɨ, ɩɪɨɝɪɚɦɦɚ ɩɨɞɞɟɪɠɢɜɚɟɬ ɪɚɛɨɬɭ ɫ ɝɪɚɮɢɤɨɣ ɢ ɡɜɭɤɨɦ 

[23]. 

ȼɫɟ ɜɵɲɟ ɩɟɪɟɱɢɫɥɟɧɧɵɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɩɚɤɟɬɵ ɢɦɟɸɬ ɨɛɲɢɪɧɵɣ 

ɮɭɧɤɰɢɨɧɚɥ, ɛɨɥɶɲɨɣ ɧɚɛɨɪ ɢɧɫɬɪɭɦɟɧɬɨɜ ɢ ɛɢɛɥɢɨɬɟɤ ɞɥɹ ɪɚɛɨɬɵ ɜɨ ɦɧɨɝɢɯ 

ɨɛɥɚɫɬɹɯ, ɜɤɥɸɱɚɹ ɰɢɮɪɨɜɭɸ ɨɛɪɚɛɨɬɤɭ ɫɢɝɧɚɥɨɜ [18,19,24]. Ɉɞɧɚɤɨ MATLAB 

ɨɬɥɢɱɚɟɬɫɹ ɜɵɫɨɤɨɣ ɫɤɨɪɨɫɬɶɸ ɱɢɫɥɟɧɧɵɯ ɜɵɪɚɠɟɧɢɣ, ɚ ɦɚɬɪɢɰɵ ɹɜɥɹɸɬɫɹ 

ɨɫɧɨɜɨɣ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ ɢ ɫɨɫɬɚɜɥɟɧɢɹ ɭɪɚɜɧɟɧɢɣ ɫɨɫɬɨɹɧɢɹ 

ɞɢɧɚɦɢɱɟɫɤɢɯ ɨɛɴɟɤɬɨɜ ɢ ɫɢɫɬɟɦ [18]. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɤɚɱɟɫɬɜɟ ɢɧɫɬɪɭɦɟɧɬɚ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɞɚɩɬɢɜɧɨɝɨ 

ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ ɛɵɥ ɜɵɛɪɚɧ ɩɚɤɟɬ ɩɪɢɤɥɚɞɧɵɯ ɩɪɨɝɪɚɦɦ MATLAB. 

2.4 ɂɞɟɧɬɢɮɢɤɚɰɢɹ ɫɢɫɬɟɦ 

ȼɫɟ ɫɩɨɫɨɛɵ ɩɪɢɦɟɧɟɧɢɹ ɚɞɚɩɬɢɜɧɵɯ ɮɢɥɶɬɪɨɜ ɫɜɨɞɹɬɫɹ ɤ ɪɟɲɟɧɢɸ 

ɡɚɞɚɱɢ ɢɞɟɧɬɢɮɢɤɚɰɢɢ, ɬ. ɟ. ɨɩɪɟɞɟɥɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɧɟɤɨɬɨɪɨɣ ɫɢɫɬɟɦɵ. 

ɋɭɳɟɫɬɜɭɸɳɢɟ ɩɨɞɯɨɞɵ ɤ ɪɟɲɟɧɢɸ ɡɚɞɚɱɢ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɨɬɤɥɢɤɚ ɧɟɤɨɬɨɪɨɝɨ 

ɬɪɚɤɬɚ, ɨɩɪɟɞɟɥɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɦɨɠɧɨ ɩɨɞɪɚɡɞɟɥɢɬɶ 

ɧɚ ɩɪɹɦɭɸ ɢɞɟɧɬɢɮɢɤɚɰɢɸ ɢ ɨɛɪɚɬɧɭɸ [11,12] (ɪɢɫɭɧɨɤ 3). 
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ɚ) ɩɪɹɦɚɹ ɢɞɟɧɬɢɮɢɤɚɰɢɹ ɛ) ɨɛɪɚɬɧɚɹ ɢɞɟɧɬɢɮɢɤɚɹ

ɂɫɫɥɟɞɭɟɦɚɹ 
ɫɢɫɬɟɦɚ

Ⱥɞɚɩɬɢɜɧɵɣ 
ɮɢɥɶɬɪ

Ɉɛɪɚɡɟɰ

ȼɯɨɞɂɫɫɥɟɞɭɟɦɚɹ 
ɫɢɫɬɟɦɚ

Ⱥɞɚɩɬɢɜɧɵɣ 
ɮɢɥɶɬɪȼɯɨɞ Ɉɛɪɚɡɟɰ

 

 Ɋɢɫɭɧɨɤ 3 – ɂɞɟɧɬɢɮɢɤɚɰɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ 

ȼ ɫɥɭɱɚɟ ɩɪɹɦɨɣ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɹɜɥɹɟɬɫɹ ɨɛɳɢɦ ɞɥɹ 

ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɢ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ, ɚ ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɫɢɫɬɟɦɵ 

ɫɥɭɠɢɬ ɞɥɹ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɨɛɪɚɡɰɨɜɵɦ ɫɢɝɧɚɥɨɦ (ɪɢɫɭɧɨɤ 3, ɚ). ȼ 

ɩɪɨɰɟɫɫɟ ɚɞɚɩɬɚɰɢɢ ɜɪɟɦɟɧɧɵɟ ɢ ɱɚɫɬɨɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɮɢɥɶɬɪɚ ɛɭɞɭɬ 

ɫɬɪɟɦɢɬɶɫɹ ɤ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ [11]. 

ɉɪɢ ɨɛɪɚɬɧɨɣ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɚɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ ɜɤɥɸɱɚɟɬɫɹ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɫ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɨɣ (ɪɢɫɭɧɨɤ 3, ɛ). ȼɵɯɨɞɧɨɣ ɫɢɝɧɚɥ 

ɫɢɫɬɟɦɵ ɩɨɫɬɭɩɚɟɬ ɧɚ ɜɯɨɞ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ, ɚ ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɫɢɫɬɟɦɵ 

ɹɜɥɹɟɬɫɹ ɨɛɪɚɡɰɨɦ ɞɥɹ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ. Ɍɚɤɢɦ ɨɛɪɚɡɚɦ, ɮɢɥɶɬɪ ɫɬɪɟɦɢɬɫɹ 

ɤɨɦɩɟɧɫɢɪɨɜɚɬɶ ɜɥɢɹɧɢɟ ɫɢɫɬɟɦɵ ɢ ɜɨɫɫɬɚɧɨɜɢɬɶ ɢɫɯɨɞɧɵɣ ɫɢɝɧɚɥ, ɭɫɬɪɚɧɢɜ 

ɜɧɟɫɟɧɧɵɟ ɫɢɫɬɟɦɨɣ ɢɫɤɚɠɟɧɢɹ [11]. 

ɉɪɢ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ ɪɟɲɚɟɬɫɹ ɡɚɞɚɱɚ ɩɪɹɦɨɣ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɬɪɚɤɬɚ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɷɯɨ. ɇɚ ɜɯɨɞ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɩɨɫɬɭɩɚɟɬ ɢɫɤɨɦɵɣ ɫɢɝɧɚɥ, 

ɚ ɜ ɤɚɱɟɫɬɜɟ ɨɛɪɚɡɰɨɜɨɝɨ ɫɢɝɧɚɥɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɢɝɧɚɥ, ɫɨɞɟɪɠɚɳɢɣ ɷɯɨ. 

Ⱥɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ ɮɨɪɦɢɪɭɟɬ ɨɰɟɧɤɭ ɷɯɨ-ɫɢɝɧɚɥɚ, ɚ ɫɢɝɧɚɥ ɨɲɢɛɤɢ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɪɢɧɢɦɚɟɦɵɣ ɫɢɝɧɚɥ, ɨɱɢɳɟɧɧɵɣ ɨɬ ɷɯɚ. ɋɯɟɦɚ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 4. 
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ɉɟɪɟɞɚɬɱɢɤ

ɉɪɢɟɦɧɢɤ

Ⱥɞɚɩɬɢɜɧɵɣ 
ɮɢɥɶɬɪ

ȼɯɨɞ Ɉɛɪɚɡɟɰ

ɋɢɝɧɚɥ ɨɲɢɛɤɢ ɋɢɝɧɚɥ + ɷɯɨ

 

 Ɋɢɫɭɧɨɤ 4 – ɗɯɨ-ɤɨɦɩɟɧɫɚɰɢɹ, ɨɫɭɳɟɫɬɜɥɹɟɦɚɹ ɫ ɩɨɦɨɳɶɸ ɚɞɚɩɬɢɜɧɨɝɨ 

ɮɢɥɶɬɪɚ 

2.5 Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ 

ȼ ɪɚɦɤɚɯ ɩɪɨɜɨɞɢɦɨɣ ɪɚɛɨɬɵ ɪɚɡɪɚɛɨɬɚɧɚ ɦɨɞɟɥɶ ɚɞɚɩɬɢɜɧɨɝɨ ɷɯɨ-

ɤɨɦɩɟɧɫɚɬɨɪɚ. Ɇɨɞɟɥɶ ɫɨɡɞɚɜɚɥɚɫɶ ɩɪɢ ɩɨɦɨɳɢ ɛɢɛɥɢɨɬɟɤɢ ɜɢɡɭɚɥɶɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Simulink ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ MATLAB System Block, ɤɨɬɨɪɵɣ 

ɩɪɟɞɨɫɬɚɜɥɹɟɬ ɫɥɟɞɭɸɳɢɟ ɜɨɡɦɨɠɧɨɫɬɢ: 

 ɫɨɜɦɟɫɬɧɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɨɞɧɨɝɨ ɢ ɬɨɝɨ ɠɟ ɨɛɴɟɤɬɚ System ɜ 

MATLAB ɢ Simulink; 

 ɜɵɞɟɥɟɧɧɚɹ ɢɧɬɟɝɪɚɰɢɹ ɨɛɴɟɤɬɨɜ ɫɢɫɬɟɦɵ ɫ Simulink; 

 ɦɨɞɭɥɶɧɵɣ ɬɟɫɬ ɚɥɝɨɪɢɬɦɚ ɜ MATLAB ɩɟɪɟɞ ɟɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜ 

Simulink; 

 ɧɚɫɬɪɨɣɤɚ ɞɢɚɥɨɝɨɜɨɝɨ ɨɤɧɚ; 

 ɷɮɮɟɤɬɢɜɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɫ ɥɭɱɲɟɣ ɢɧɢɰɢɚɥɢɡɚɰɢɟɣ; 

 ɨɛɪɚɛɚɬɵɜɚɬɶ ɫɨɫɬɨɹɧɢɹ; 

 ɧɚɫɬɪɨɣɤɚ ɩɨɪɬɨɜ ɛɥɨɤɚ ɫ ɦɟɬɤɚɦɢ; 

 ɞɨɫɬɭɩ ɤ ɞɜɭɦ ɪɟɠɢɦɚɦ ɫɢɦɭɥɹɰɢɢ. 

Ɋɟɚɥɢɡɨɜɚɧɧɚɹ ɦɨɞɟɥɶ ɚɞɚɩɬɢɜɧɨɝɨ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ ɩɪɢɜɟɞɟɧɚ ɧɚ 

ɪɢɫɭɧɤɟ 5. 
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 Ɋɢɫɭɧɨɤ 5 – Ɇɨɞɟɥɶ ɚɞɚɩɬɢɜɧɨɝɨ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ 

ȼ ɧɚɱɚɥɟ ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɩɨɫɬɭɩɚɟɬ ɧɚ ɜɯɨɞ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ (ɜɯɨɞ ݔ) 

ɢ ɧɚ ɜɯɨɞ ɥɢɧɢɢ ɡɚɞɟɪɠɤɢ. ɗɯɨ ɫɢɝɧɚɥ, ɩɪɨɣɞɹ ɱɟɪɟɡ ɰɢɮɪɨɜɨɣ ɮɢɥɶɬɪ, ɧɚ 

ɫɭɦɦɚɬɨɪɟ ɫɤɥɚɞɵɜɚɟɬɫɹ ɫ ɜɯɨɞɧɵɦ ɫɢɝɧɚɥɨɜ ɢ ɩɨɫɬɭɩɚɟɬ ɧɚ ɜɯɨɞ ɚɞɚɩɬɢɜɧɨɝɨ 

ɮɢɥɶɬɪɚ (ɜɯɨɞ ݀). ɇɚ ɜɵɯɨɞɟ ɫɱɢɬɵɜɚɸɬɫɹ ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ݕ, ɫɢɝɧɚɥ ɨɲɢɛɤɢ ݁ 

ɢ ɜɟɤɬɨɪ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ݓ. 

Ɋɟɚɥɢɡɨɜɚɧɧɵɣ ɢɧɬɟɪɮɟɣɫ ɛɥɨɤɚ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ 

ɪɢɫɭɧɤɟ 6. 

 

 Ɋɢɫɭɧɨɤ 6 – Ⱦɢɚɥɨɝɨɜɨɟ ɨɤɧɨ ɛɥɨɤɚ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ 
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ȼ ɞɢɚɥɨɝɨɜɨɦ ɨɤɧɟ ɦɨɠɧɨ ɧɚɫɬɪɨɢɬɶ ɫɥɟɞɭɸɳɢɟ ɩɚɪɚɦɟɬɪɵ ɮɢɥɶɬɪɚ: 

 ɩɨɪɹɞɨɤ ɮɢɥɶɬɪɚ (ɤɨɥɢɱɟɫɬɜɨ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ); 

 ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɛɵɜɚɧɢɹ (ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɭɦɟɧɶɲɚɟɬ ɜɟɫ ɩɪɨɲɥɵɯ 

ɡɧɚɱɟɧɢɣ ɫɢɝɧɚɥɚ ɨɲɢɛɤɢ); 

 ɧɚɱɚɥɶɧɵɣ ɜɟɤɬɨɪ ɤɨɷɮɮɢɰɢɟɧɬɨɜ (ɩɨɡɜɨɥɹɟɬ ɢɧɢɰɢɚɥɢɡɢɪɨɜɚɬɶ 

ɜɟɫɨɜɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ); 

 ɨɛɪɚɬɧɚɹ ɤɨɪɪɟɥɹɰɢɨɧɧɚɹ ɦɚɬɪɢɰɚ (ɨɩɪɟɞɟɥɹɟɬ ɜɟɥɢɱɢɧɭ ɡɧɚɱɟɧɢɣ 

ɞɢɚɝɨɧɚɥɢ ɨɛɪɚɬɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ); 

 ɪɚɡɪɟɲɟɧɢɟ ɧɚ ɢɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ. 

Ɏɥɚɝ ɞɥɹ ɪɚɡɪɟɲɟɧɢɹ ɧɚ ɢɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɨɡɜɨɥɹɟɬ ɜɤɥɸɱɢɬɶ 

(ɨɬɤɥɸɱɢɬɶ) ɚɞɚɩɬɚɰɢɸ, ɬ.ɟ. ɡɚɮɢɤɫɢɪɨɜɚɬɶ ɤɨɷɮɮɢɰɢɟɧɬɵ ɮɢɥɶɬɪɚ. ɗɬɨɬ 

ɩɚɪɚɦɟɬɪ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɮɢɥɶɬɪ ɚɞɚɩɬɢɪɨɜɚɥɫɹ ɩɨɞ 

ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ. 

ɉɚɪɚɦɟɬɪ Simulate using ɩɨɡɜɨɥɹɟɬ ɜɵɩɨɥɧɹɬɶ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 

ɩɨɫɪɟɞɫɬɜɨɦ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɧɧɨɝɨ ɜɵɩɨɥɧɟɧɢɹ ɢɥɢ ɝɟɧɟɪɚɰɢɢ ɤɨɞɚ ɧɚ ɋ/ɋ++. 

ɂɫɯɨɞɧɵɣ ɤɨɞ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɤɥɚɫɫ, 

ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɧɚ ɹɡɵɤɟ m. ɂɫɯɨɞɧɵɣ ɤɨɞ ɩɪɨɝɪɚɦɦɵ ɩɪɢɜɟɞɟɧ ɜ 

ɩɪɢɥɨɠɟɧɢɢ Ⱥ. 

2.6 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ 

ɮɢɥɶɬɪɚ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɢɝɧɚɥɵ ɪɚɡɧɨɣ ɫɥɨɠɧɨɫɬɢ: ɫɢɝɧɚɥɵ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ 

ɮɭɧɤɰɢɣ (ɫɢɧɭɫ, ɤɨɫɢɧɭɫ ɢ ɬ.ɞ.) ɪɚɡɧɨɣ ɱɚɫɬɨɬɵ, ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɢɝɧɚɥɵ 

(ɪɟɚɥɶɧɵɟ ɡɚɩɢɫɢ ɪɟɱɢ ɢ ɦɭɡɵɤɢ). 

ɇɚ ɪɢɫɭɧɤɟ 7 ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ 

ɮɭɧɤɰɢɢ. 
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 Ɋɢɫɭɧɨɤ 7 – Ƚɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɢɝɧɚɥɚ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ 

ɮɭɧɤɰɢɢ 

ɂɡ ɝɪɚɮɢɤɚ ɜɢɞɧɨ, ɱɬɨ ɜ ɧɚɱɚɥɶɧɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɫɢɝɧɚɥɵ ɨɲɢɛɤɢ ɢ 

ɷɯɚ ɢɞɟɧɬɢɱɧɵ, ɨɞɧɚɤɨ ɜ ɩɪɨɰɟɫɫɟ ɚɞɚɩɬɚɰɢɢ ɨɲɢɛɤɚ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɫɬɶɸ 

ɢɫɱɟɡɚɟɬ. 

ɇɚ ɪɢɫɭɧɤɚɯ 8 ɚ, ɜ, ɞ ɩɪɟɞɫɬɚɜɥɟɧɵ ɝɪɚɮɢɤɢ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɜ 

ɧɚɱɚɥɶɧɵɣ, ɩɪɨɦɟɠɭɬɨɱɧɵɣ ɢ ɤɨɧɟɱɧɵɣ ɦɨɦɟɧɬɵ ɜɪɟɦɟɧɢ, ɚ ɧɚ ɪɢɫɭɧɤɚɯ 8 ɛ, ɝ, 

ɟ – ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɝɪɚɮɢɤɢ ɚɦɩɥɢɬɭɞɧɨ-ɱɚɫɬɨɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. ɉɨ 

ɝɪɚɮɢɤɚɦ ɜɢɞɧɨ, ɱɬɨ ɩɨɫɥɟ ɨɫɧɨɜɧɨɣ ɱɚɫɬɢ ɚɞɚɩɬɚɰɢɢ ɡɧɚɱɟɧɢɹ ɜɟɫɨɜɵɯ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɢ ɚɦɩɥɢɬɭɞɧɨ-ɱɚɫɬɨɬɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɭɳɟɫɬɜɟɧɧɨɝɨ 

ɢɡɦɟɧɟɧɢɹ ɧɟ ɢɦɟɟɬ. 
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 Ɋɢɫɭɧɨɤ 8 – Ƚɪɚɮɢɤɢ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɢ ɚɦɩɥɢɬɭɞɧɨ-ɱɚɫɬɨɬɧɵɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ 

ɇɚ ɪɢɫɭɧɤɟ 9 ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɢɝɧɚɥɚ ɪɟɱɟɜɨɝɨ 

ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬɨɣ 8 ɤȽɰ. ɉɪɢ ɩɪɨɫɥɭɲɢɜɚɧɢɢ ɡɚɩɢɫɢ ɢɫɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ 

ɨɬɱɟɬɥɢɜɨ ɫɥɵɲɧɨ ɜɫɟ ɡɜɭɤɢ, ɨɞɧɚɤɨ ɩɪɢ ɩɪɨɫɥɭɲɢɜɚɧɢɢ ɡɚɩɢɫɢ «ɫɢɝɧɚɥ+ɷɯɨ» 

ɩɨɱɬɢ ɧɟɜɨɡɦɨɠɧɨ ɪɚɡɨɛɪɚɬɶ ɪɟɱɶ. ɉɨɫɥɟ ɮɢɥɶɬɪɚɰɢɢ ɡɚɲɭɦɥɟɧɧɨɝɨ ɫɢɝɧɚɥɚ 

ɩɪɨɫɥɭɲɢɜɚɹ ɡɚɩɢɫɢ ɫɢɝɧɚɥɚ ɧɚ ɜɵɯɨɞɟ ɮɢɥɶɬɪɚ ɨɬɱɟɬɥɢɜɨ ɪɚɡɛɢɪɚɸɬɫɹ ɫɥɨɜɚ, 

ɧɨ ɧɚ ɮɨɧɟ ɫɥɵɲɟɧ ɧɟɡɧɚɱɢɬɟɥɶɧɵɣ ɲɭɦ. ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɞɚɧɧɨɝɨ ɫɢɝɧɚɥɚ 

ɫ ɪɚɡɧɵɦɢ ɜɟɫɨɜɵɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɨɲɢɛɤɚ ɜ ɫɪɟɞɧɟɦ ɫɨɫɬɚɜɥɹɥɚ ɧɟ ɛɨɥɟɟ 

20 % ɨɬ ɢɫɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ. 
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 Ɋɢɫɭɧɨɤ 9 – Ƚɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɢɝɧɚɥɚ ɧɚ ɱɚɫɬɨɬɟ 8 ɤȽɰ 

ɇɚ ɪɢɫɭɧɤɟ 10 ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɢɝɧɚɥɚ ɪɟɱɟɜɨɝɨ 

ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬɨɣ 44 ɤȽɰ. ɉɪɢ ɱɚɫɬɨɬɟ ɜɵɲɟ 40 ɤȽɰ ɜ ɪɚɛɨɬɟ ɮɢɥɶɬɪɚ 

ɧɚɛɥɸɞɚɸɬɫɹ ɫɛɨɢ. ȼ ɨɬɮɢɥɶɬɪɨɜɚɧɧɨɦ ɫɢɝɧɚɥɟ ɩɨɱɬɢ ɧɟɜɨɡɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ 

ɢɫɯɨɞɧɵɣ ɫɢɝɧɚɥ. 
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 Ɋɢɫɭɧɨɤ 10 – Ƚɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɢɝɧɚɥɚ ɧɚ ɱɚɫɬɨɬɟ 44 ɤȽɰ 

2.7 ȼɵɜɨɞɵ 

Ɉɩɪɟɞɟɥɟɧɵ ɬɪɟɛɨɜɚɧɢɹ ɤ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɦɭ ɚɞɚɩɬɢɜɧɨɦɭ ɮɢɥɶɬɪɭ 

ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ. Ɋɚɫɫɦɨɬɪɟɧ ɚɥɝɨɪɢɬɦ ɚɞɚɩɬɚɰɢɢ ɩɨ ɦɟɬɨɞɭ RLS. ȼɵɛɪɚɧɚ 

ɫɪɟɞɚ ɩɪɨɝɪɚɦɦɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. Ɋɚɡɪɚɛɨɬɚɧɚ ɩɪɨɝɪɚɦɦɧɚɹ ɦɨɞɟɥɶ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ. ɉɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɮɢɥɶɬɪɚ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɢɝɧɚɥɨɜ ɪɚɡɧɨɣ ɫɥɨɠɧɨɫɬɢ.  

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ 

ɨɫɧɨɜɧɚɹ ɤɨɦɩɟɧɫɚɰɢɹ ɩɨɦɟɯɢ ɩɪɨɢɫɯɨɞɢɬ ɜ ɬɟɱɟɧɢɟ ɩɟɪɜɵɯ 200 ɨɬɫɱɟɬɨɜ. ɉɪɢ 

ɞɚɥɶɧɟɣɲɟɣ ɚɞɚɩɬɚɰɢɢ ɜɟɫɨɜɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɮɢɥɶɬɪɚ ɫɭɳɟɫɬɜɟɧɧɨɣ 

ɞɢɧɚɦɢɤɢ ɧɟ ɢɦɟɸɬ. Ⱥɦɩɥɢɬɭɞɧɨ-ɱɚɫɬɨɬɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɬɚɤɠɟ ɩɪɚɤɬɢɱɟɫɤɢ 

ɧɟ ɢɡɦɟɧɹɟɬɫɹ. ɇɚ ɱɚɫɬɨɬɚɯ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɞɢɚɩɚɡɨɧɚ ɮɢɥɶɬɪ ɫɩɪɚɜɥɹɟɬɫɹ ɫɨ 

ɫɜɨɟɣ ɨɫɧɨɜɧɨɣ ɡɚɞɚɱɟɣ, ɨɞɧɚɤɨ, ɧɚ ɱɚɫɬɨɬɚɯ ɜɵɲɟ 40 ɤȽɰ ɚɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ 

ɧɚɱɢɧɚɟɬ ɞɚɜɚɬɶ ɫɛɨɢ. ɗɬɨ ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɮɢɥɶɬɪ ɩɪɢ ɜɵɫɨɤɨɣ ɱɚɫɬɨɬɟ 
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ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɧɟ ɭɫɩɟɜɚɟɬ ɚɞɚɩɬɢɪɨɜɚɬɶɫɹ, ɬɚɤ ɤɚɤ ɜɵɱɢɫɥɟɧɢɟ ɜɟɫɨɜɵɯ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɬɪɟɛɭɟɬ ɧɟɤɨɬɨɪɨɝɨ ɜɪɟɦɟɧɢ, ɤɨɬɨɪɨɟ ɡɚɜɢɫɢɬ ɨɬ ɚɩɩɚɪɚɬɧɨɣ 

ɢɥɢ ɩɪɨɝɪɚɦɦɧɨɣ ɩɥɚɬɮɨɪɦɵ, ɧɚ ɤɨɬɨɪɨɣ ɪɟɚɥɢɡɨɜɚɧ ɚɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ. 

ɉɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ, ɜɧɟɫɟɧɢɟ ɜɨ ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɩɚɭɡ, ɬ.ɟ. ɞɟɥɟɧɢɟ ɫɢɝɧɚɥɚ ɧɚ 

ɱɚɫɬɢ, ɩɨɦɨɠɟɬ ɢɡɛɟɠɚɬɶ ɫɛɨɟɜ ɧɚ ɜɵɫɨɤɢɯ ɱɚɫɬɨɬɚɯ, ɩɨɫɤɨɥɶɤɭ ɩɚɭɡɚ ɩɨɡɜɨɥɢɬ 

ɚɞɚɩɬɢɪɨɜɚɬɶɫɹ ɩɨɞ ɧɨɜɭɸ ɱɚɫɬɶ ɫɢɝɧɚɥɚ. 
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3 Ɋɚɡɪɚɛɨɬɤɚ ɚɩɩɚɪɚɬɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ 

3.1 ȼɵɛɨɪ ɚɩɩɚɪɚɬɧɨɣ ɩɥɚɬɮɨɪɦɵ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɥɚɛɨɪɚɬɨɪɧɨɝɨ 

ɦɚɤɟɬɚ 

Ⱦɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɪɟɠɢɦɚ ɪɟɚɥɶɧɨɝɨ ɜɪɟɦɟɧɢ ɧɟɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ 

ɚɩɩɚɪɚɬɧɭɸ ɩɥɚɬɮɨɪɦɭ, ɤɨɬɨɪɚɹ ɛɵ ɩɨɡɜɨɥɹɥɚ ɩɨɥɧɨɫɬɶɸ ɧɚ ɚɩɩɚɪɚɬɧɨɦ 

ɭɪɨɜɧɟ ɪɟɚɥɢɡɨɜɵɜɚɬɶ ɜɫɟ ɮɭɧɤɰɢɢ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ. 

Ɋɚɫɫɦɨɬɪɟɧɵ 3 ɜɚɪɢɚɧɬɚ ɪɟɚɥɢɡɚɰɢɢ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ: 

 ɧɚ ɛɚɡɟ ɡɚɤɚɡɧɨɣ (ɩɨɥɭɡɚɤɚɡɧɨɣ) ɂɋ; 

 ɧɚ ɛɚɡɟ DSP ɩɪɨɰɟɫɫɨɪɚ; 

 ɧɚ ɛɚɡɟ ɉɅɂɋ. 

ȼɚɪɢɚɧɬ ɪɟɚɥɢɡɚɰɢɢ ɧɚ ɛɚɡɟ ɡɚɤɚɡɧɨɣ ɢɥɢ ɩɨɥɭɡɚɤɚɡɧɨɣ ɂɋ ɧɟ ɩɨɞɯɨɞɢɬ, 

ɩɨɫɤɨɥɶɤɭ ɹɜɥɹɟɬɫɹ ɬɪɭɞɨɡɚɬɪɚɬɧɵɦ, ɞɥɢɬɟɥɶɧɵɦ ɢ ɞɨɪɨɝɨɫɬɨɹɳɢɦ ɩɪɨɰɟɫɫɨɦ. 

ȼɚɪɢɚɧɬ ɪɚɡɪɚɛɨɬɤɢ ɧɚ ɛɚɡɟ DSP ɩɪɨɰɟɫɫɨɪɨɜ ɧɟ ɩɨɡɜɨɥɢɬ ɞɨɫɬɢɱɶ 

ɠɟɥɚɟɦɵɯ ɪɟɡɭɥɶɬɚɬɨɜ, ɩɨɫɤɨɥɶɤɭ ɧɟɤɨɬɨɪɵɟ ɮɭɧɤɰɢɢ ɩɪɢɞɟɬɫɹ ɪɟɚɥɢɡɨɜɵɜɚɬɶ 

ɧɚ ɩɪɨɝɪɚɦɦɧɨɦ ɭɪɨɜɧɟ. 

ȼ ɫɨɜɪɟɦɟɧɧɨɦ ɦɢɪɟ ɞɥɹ ɩɪɨɬɨɬɢɩɢɪɨɜɚɧɢɹ ɩɨɞɨɛɧɵɯ ɫɢɫɬɟɦ 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɉɅɂɋ. ɋɬɨɢɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɨɜɪɟɦɟɧɧɵɟ ɉɅɂɋ ɢɦɟɸɬ ɜ ɫɜɨɟɦ 

ɫɨɫɬɚɜɟ DSP ɩɪɨɰɟɫɫɨɪɚ, ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɫɨɩɪɨɰɟɫɫɨɪɵ, ɭɫɤɨɪɢɬɟɥɢ ɢ ɬ.ɞ. 

ɂɫɯɨɞɹ ɢɡ ɷɬɨɝɨ ɛɵɥɨ ɩɪɢɧɹɬɨ ɪɟɲɟɧɢɟ ɢɫɩɨɥɶɡɨɜɚɬɶ ɉɅɂɋ ɞɥɹ 

ɪɟɚɥɢɡɚɰɢɢ ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɦɚɤɟɬɚ. ɂɦɟɧɧɨ ɉɅɂɋ ɩɨɡɜɨɥɢɬ ɨɩɪɟɞɟɥɢɬɶ ɫ 

ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ ɩɪɟɞɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɮɢɥɶɬɪɚ 

ȼ ɤɚɱɟɫɬɜɟ ɛɚɡɢɫɚ ɛɵɥɢ ɪɚɫɫɦɨɬɪɟɧɵ ɞɜɟ ɜɟɞɭɳɢɟ ɤɨɦɩɚɧɢɢ ɩɨ 

ɩɪɨɢɡɜɨɞɫɬɜɭ ɉɅɂɋ: Intel, Xilinx . ɋɨɜɪɟɦɟɧɧɵɟ ɉɅɂɋ ɷɬɢɯ ɤɨɦɩɚɧɢɢ 

ɩɨɡɜɨɥɹɸɬ ɪɟɚɥɢɡɨɜɵɜɚɬɶ ɜɟɫɶ ɬɪɟɛɭɟɦɵɦ ɧɚɛɨɪ ɮɭɧɤɰɢɣ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ. 

ɋɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɉɅɂɋ ɤɨɦɩɚɧɢɣ Intel ɢ Xilinx ɩɨɤɚɡɚɥ, ɱɬɨ ɉɅɂɋ 

ɤɨɦɩɚɧɢɢ Intel ɜ ɛɨɥɶɲɟɣ ɫɬɟɩɟɧɢ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɬɪɟɛɨɜɚɧɢɹɦ ɤ ɪɟɚɥɢɡɚɰɢɢ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ [25–27]. ɉɨɷɬɨɦɭ ɜ ɤɚɱɟɫɬɜɟ ɚɩɩɚɪɚɬɧɨɣ ɩɥɚɬɮɨɪɦɵ ɞɥɹ 
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ɪɟɚɥɢɡɚɰɢɢ ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɦɚɤɟɬɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ ɛɵɥɢ ɜɵɛɪɚɧɵ ɉɅɂɋ 

ɤɨɦɩɚɧɢɢ Intel. 

3.2 Ɉɫɨɛɟɧɧɨɫɬɢ ɪɟɚɥɢɡɚɰɢɢ ɚɞɚɩɬɢɜɧɵɯ ɮɢɥɶɬɪɨɜ ɧɚ ɉɅɂɋ 

ɗɮɮɟɤɬɢɜɧɚɹ ɪɟɚɥɢɡɚɰɢɹ ɫɥɨɠɧɵɯ ɚɥɝɨɪɢɬɦɨɜ ɧɚ ɉɅɂɋ ɬɪɟɛɭɟɬ 

ɫɩɟɰɢɚɥɶɧɵɯ ɚɪɯɢɬɟɤɬɭɪ ɢ ɦɨɞɢɮɢɤɚɰɢɢ ɚɥɝɨɪɢɬɦɨɜ. 

ɉɪɢ ɩɪɨɝɪɚɦɦɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɚɞɚɩɬɢɜɧɵɯ ɮɢɥɶɬɪɨɜ ɜɵɱɢɫɥɟɧɢɹ 

ɨɛɵɱɧɨ ɜɵɩɨɥɧɹɸɬɫɹ ɜ ɚɪɢɮɦɟɬɢɤɟ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ. Ɉɞɧɚɤɨ ɉɅɂɋ ɧɟ 

ɢɦɟɟɬ ɜɫɬɪɨɟɧɧɵɯ ɦɨɞɭɥɟɣ ɩɨ ɨɛɪɚɛɨɬɤɟ ɱɢɫɟɥ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ. 

Ɋɟɚɥɢɡɚɰɢɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɨɩɟɪɚɰɢɣ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ ɬɪɟɛɭɟɬ ɛɨɥɶɲɢɯ 

ɚɩɩɚɪɚɬɧɵɯ ɡɚɬɪɚɬ, ɱɬɨ ɧɟ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɩɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɫɢɫɬɟɦ ɪɟɚɥɶɧɨɝɨ 

ɜɪɟɦɟɧɢ ɧɚ ɛɚɡɟ ɉɅɂɋ. 

3.2.1 ɉɟɪɟɯɨɞ ɤ ɚɪɢɮɦɟɬɢɤɟ ɫ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɬɨɱɤɨɣ 

ɏɨɬɹ ɜɵɱɢɫɥɟɧɢɟ ɚɪɢɮɦɟɬɢɤɢ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ ɜ ɉɅɂɋ ɜɨɡɦɨɠɧɨ, 

ɷɬɨ ɨɛɵɱɧɨ ɞɨɫɬɢɝɚɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɫɩɟɰɢɚɥɶɧɨɝɨ ɦɨɞɭɥɹ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ 

[28]. ɗɬɢ ɭɫɬɪɨɣɫɬɜɚ ɨɱɟɧɶ ɞɨɪɨɝɢ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɥɨɝɢɱɟɫɤɢɯ ɪɟɫɭɪɫɨɜ. ɂɡ-ɡɚ 

ɷɬɨɝɨ ɜɨ ɜɫɟɦ ɩɪɨɟɤɬɟ ɦɨɠɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɬɨɥɶɤɨ ɧɟɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ 

ɦɨɞɭɥɟɣ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ, ɢ ɨɧɢ ɞɨɥɠɧɵ ɫɨɜɦɟɫɬɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ 

ɩɪɨɰɟɫɫɚɦɢ. ɗɬɨ ɧɟ ɞɚɟɬ ɩɨɥɧɨɝɨ ɩɪɟɢɦɭɳɟɫɬɜɚ ɪɚɫɩɚɪɚɥɥɟɥɢɜɚɧɢɹ, ɤɨɬɨɪɨɟ 

ɜɨɡɦɨɠɧɨ ɜ ɉɅɂɋ, ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɧɟ ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ 

ɦɟɬɨɞɨɦ. ɉɨɷɬɨɦɭ ɜɫɟ ɪɚɫɱɟɬɵ ɞɨɥɠɧɵ ɛɵɬɶ ɩɪɨɜɟɞɟɧɵ ɜ ɚɪɢɮɦɟɬɢɤɟ ɫ 

ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɬɨɱɤɨɣ, ɧɨ ɷɬɨ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɧɟɤɨɬɨɪɵɦ ɨɲɢɛɤɚɦ. 

Ɉɫɧɨɜɧɵɟ ɨɲɢɛɤɢ ɜ DSP [29]: 

 ɨɲɢɛɤɢ ɤɜɚɧɬɨɜɚɧɢɹ Ⱥɐɉ – ɪɟɡɭɥɶɬɚɬ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɜɯɨɞɧɵɯ 

ɞɚɧɧɵɯ ɨɝɪɚɧɢɱɟɧɧɵɦ ɱɢɫɥɨɦ ɛɢɬɨɜ; 

 ɨɲɢɛɤɢ ɤɜɚɧɬɨɜɚɧɢɹ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ – ɜɵɡɜɚɧɵ 

ɩɪɟɞɫɬɚɜɥɟɧɢɟɦ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɤɨɧɟɱɧɵɦ ɱɢɫɥɨɦ ɛɢɬɨɜ; 
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 ɨɲɢɛɤɢ ɩɟɪɟɩɨɥɧɟɧɢɹ – ɜɵɡɜɚɧɵ ɫɥɨɠɟɧɢɟɦ (ɭɦɧɨɠɟɧɢɟɦ) ɞɜɭɯ 

ɛɨɥɶɲɢɯ ɱɢɫɟɥ ɨɞɧɨɝɨ ɡɧɚɤɚ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɪɟɡɭɥɶɬɚɬɭ, ɤɨɬɨɪɵɣ ɩɪɟɜɵɲɚɟɬ 

ɞɨɩɭɫɬɢɦɭɸ ɞɥɢɧɭ ɫɥɨɜɚ; 

 ɨɲɢɛɤɢ ɨɤɪɭɝɥɟɧɢɹ – ɩɪɨɢɫɯɨɞɢɬ, ɤɨɝɞɚ ɪɟɡɭɥɶɬɚɬ ɭɦɧɨɠɟɧɢɹ 

ɨɤɪɭɝɥɹɟɬɫɹ (ɢɥɢ ɭɫɟɤɚɟɬɫɹ) ɞɨ ɛɥɢɠɚɣɲɟɝɨ ɞɢɫɤɪɟɬɧɨɝɨ ɡɧɚɱɟɧɢɹ ɢɥɢ 

ɞɨɩɭɫɬɢɦɨɣ ɞɥɢɧɵ ɫɥɨɜɚ. 

3.2.2 Ɇɨɞɢɮɢɤɚɰɢɹ RLS ɚɥɝɨɪɢɬɦɚ 

ɉɨɞɯɨɞɹɳɢɣ ɤɨɦɩɪɨɦɢɫɫ ɞɥɹ ɛɨɪɶɛɵ ɫ ɩɨɬɟɪɟɣ ɬɨɱɧɨɫɬɢ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ 

ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɫ ɩɥɚɜɚɸɳɟɣ ɡɚɩɹɬɨɣ ɤ ɩɪɟɞɫɬɚɜɥɟɧɢɸ ɫ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɡɚɩɹɬɨɣ 

ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɨɯɪɚɧɟɧɢɢ ɨɝɪɚɧɢɱɟɧɧɨɝɨ ɱɢɫɥɚ ɞɟɫɹɬɢɱɧɵɯ ɡɧɚɤɨɜ. Ɉɛɵɱɧɨ 

ɞɨɫɬɚɬɨɱɧɨ ɞɜɭɯ-ɬɪɟɯ ɞɟɫɹɬɢɱɧɵɯ ɡɧɚɤɨɜ, ɧɨ ɱɢɫɥɨ, ɧɟɨɛɯɨɞɢɦɨɟ ɞɥɹ 

ɫɯɨɞɢɦɨɫɬɢ ɞɚɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ, ɞɨɥɠɧɨ ɛɵɬɶ ɧɚɣɞɟɧɨ ɩɭɬɟɦ ɷɤɫɩɟɪɢɦɟɧɬɨɜ. 

ɇɚɩɪɢɦɟɪ, ɩɪɢ ɩɪɨɝɪɚɦɦɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ ɨɩɪɟɞɟɥɹɟɬɫɹ, 

ɱɬɨ ɞɥɹ ɬɨɱɧɨɣ ɨɛɪɚɛɨɬɤɢ ɞɚɧɧɵɯ ɞɨɫɬɚɬɨɱɧɨ ɞɜɭɯ ɞɟɫɹɬɢɱɧɵɯ ɡɧɚɤɨɜ. ɗɬɨ 

ɦɨɠɟɬ ɛɵɬɶ ɥɟɝɤɨ ɩɨɥɭɱɟɧɨ ɩɭɬɟɦ ɭɦɧɨɠɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ ɧɚ 100 ɢ 

ɭɫɟɱɟɧɢɹ ɞɨ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɡɧɚɱɟɧɢɹ. Ɋɚɡɞɟɥɢɜ ɜɵɯɨɞ ɧɚ 100, ɜɵ ɩɨɥɭɱɢɬɟ 

ɨɠɢɞɚɟɦɨɟ ɡɧɚɱɟɧɢɟ. ɉɨɫɤɨɥɶɤɭ ɭɦɧɨɠɟɧɢɟ ɢ ɞɟɥɟɧɢɟ ɧɚ ɞɜɟ ɫɬɟɩɟɧɢ ɦɨɝɭɬ 

ɛɵɬɶ ɥɟɝɤɨ ɨɫɭɳɟɫɬɜɥɟɧɵ ɜ ɉɅɂɋ ɩɭɬɟɦ ɫɞɜɢɝɚ ɛɢɬɨɜ, ɫɬɟɩɟɧɶ ɞɜɚ ɦɨɠɟɬ ɛɵɬɶ 

ɢɫɩɨɥɶɡɨɜɚɧɚ ɞɥɹ ɭɩɪɨɳɟɧɢɹ ɩɪɨɰɟɫɫɚ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɭɦɧɨɠɢɬɶ ɧɚ 128, 

ɱɬɨ ɩɨɬɪɟɛɭɟɬ ɫɟɦɶ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɚɩɩɚɪɚɬɧɵɯ ɛɢɬɨɜ. 

Ⱦɥɹ ɩɪɨɫɬɨɣ ɫɜɟɪɬɤɢ, ɭɦɧɨɠɟɧɢɟ ɧɚ ɡɚɞɚɧɧɵɣ ɦɚɫɲɬɚɛɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 

ɢ ɩɨɫɥɟɞɭɸɳɟɟ ɞɟɥɟɧɢɟ ɜɵɯɨɞɧɵɯ ɞɚɧɧɵɯ ɧɚ ɬɨɬ ɠɟ ɦɚɫɲɬɚɛɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 

ɧɟ ɜɥɢɹɟɬ ɧɚ ɜɵɱɢɫɥɟɧɢɹ. Ⱦɥɹ ɛɨɥɟɟ ɫɥɨɠɧɨɝɨ ɚɥɝɨɪɢɬɦɚ ɟɫɬɶ ɚɥɝɨɪɢɬɦ, 

ɤɨɬɨɪɵɣ ɧɟɨɛɯɨɞɢɦ ɞɥɹ ɪɚɛɨɬɵ ɷɬɨɣ ɫɯɟɦɵ. 

Ⱥɥɝɨɪɢɬɦ ɤɨɪɪɟɤɬɢɪɨɜɤɢ ɦɚɫɲɬɚɛɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ [30]: 

 ɨɩɪɟɞɟɥɢɬɶ ɦɚɫɲɬɚɛ; 

 ɩɨɫɪɟɞɫɬɜɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɧɚɣɬɢ ɧɟɨɛɯɨɞɢɦɭɸ ɬɨɱɧɨɫɬɶ 

(ɤɨɥɢɱɟɫɬɜɨ ɞɟɫɹɬɢɱɧɵɯ ɡɧɚɤɨɜ); 
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 ɦɚɫɲɬɚɛɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɜɧɵɣ ɬɨɱɧɨɫɬɢ ɨɤɪɭɝɥɢɬɶ ɞɨ ɫɬɟɩɟɧɢ 

ɞɜɨɣɤɢ; 

 ɪɚɡɞɟɥɢɬɶ ɧɚ ɦɚɫɲɬɚɛɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ, ɤɨɝɞɚ ɭɦɧɨɠɟɧɵ ɞɜɚ 

ɦɚɫɲɬɚɛɢɪɨɜɚɧɧɵɯ ɡɧɚɱɟɧɢɹ; 

 ɭɦɧɨɠɢɬɶ ɧɚ ɦɚɫɲɬɚɛɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ, ɤɨɝɞɚ ɞɜɚ 

ɦɚɫɲɬɚɛɢɪɨɜɚɧɧɵɯ ɡɧɚɱɟɧɢɹ ɪɚɡɞɟɥɟɧɵ. 

ɉɪɢɦɟɱɚɧɢɟ, ɟɫɥɢ ɩɪɨɢɡɜɨɞɢɬɫɹ ɭɦɧɨɠɟɧɢɟ (ɞɟɥɟɧɢɟ) ɧɚ ɡɧɚɱɟɧɢɟ 

ɦɟɧɶɲɟ ɟɞɢɧɢɰɵ, ɞɟɥɟɧɢɟ (ɭɦɧɨɠɟɧɢɟ) ɡɚɦɟɧɹɟɬɫɹ ɧɚ ɨɛɪɚɬɧɭɸ ɜɟɥɢɱɢɧɭ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɥɟɞɭɹ ɚɥɝɨɪɢɬɦɭ ɤɨɪɪɟɤɬɢɪɨɜɤɢ ɦɚɫɲɬɚɛɧɨɝɨ 

ɤɨɷɮɮɢɰɢɟɧɬɚ RLS ɚɥɝɨɪɢɬɦ ɩɪɢɧɢɦɚɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 

ሺ݇ሻݕ  = ሺ݇ݓሺ݇ሻ𝑇ݔ − ͳሻ𝑠ܿ𝑎݈݁ , (12) 

 ݁ሺ݇ሻ = ݀ሺ݇ሻ −  ሺ݇ሻ, (13)ݕ

ሺ݇ሻܭ  = 𝑠ܿ𝑎݈݁ଶ 𝑃ሺ݇ − ͳሻݔሺ݇ሻͳ + ሺ݇ሻ𝑇𝑃ሺ݇ݔ − ͳሻݔሺ݇ሻ, (14) 

 𝑃ሺ݇ሻ = 𝑃ሺ݇ − ͳሻ ∗ 𝑠ܿ𝑎݈݁ − ሺ݇ሻ𝑇𝑃ሺ݇ݔሺ݇ሻܭ − ͳሻͳ ∗ 𝑠ܿ𝑎݈݁ଶ , (15) 

ሺ݇ሻݓ  = ሺ݇ݓ − ͳሻ + ሺ݇ሻ݁ሺ݇ሻ𝑠ܿ𝑎݈݁ܭ . (16) 

 

3.3 Ⱥɩɩɚɪɚɬɧɚɹ ɦɨɞɟɥɶ ɚɞɚɩɬɢɜɧɨɝɨ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɞɥɹ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɉɅɂɋ ɤɨɦɩɚɧɢɢ Intel 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɢɧɬɟɝɪɢɪɨɜɚɧɧɚɹ ɫɪɟɞɚ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ Quartus Prime [31] 

(ɪɢɫɭɧɨɤ 11). 
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 Ɋɢɫɭɧɨɤ 11 – ɂɧɬɟɪɮɟɣɫ Quartus Prime 

ɉɪɨɝɪɚɦɦɢɪɨɜɚɬɶ ɉɅɂɋ ɜɨɡɦɨɠɧɨ ɞɜɭɦɹ ɫɩɨɫɨɛɚɦɢ: 

 ɢɫɩɨɥɶɡɨɜɚɬɶ ɝɪɚɮɢɱɟɫɤɨɟ (ɫɯɟɦɧɨɟ) ɨɩɢɫɚɧɢɟ; 

 ɢɫɩɨɥɶɡɨɜɚɬɶ ɹɡɵɤ ɨɩɢɫɚɧɢɹ ɚɩɩɚɪɚɬɭɪɵ. 

əɡɵɤɢ ɨɩɢɫɚɧɢɹ ɚɩɩɚɪɚɬɭɪɵ ɢɦɟɸɬ ɹɜɧɵɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɩɟɪɟɞ 

ɝɪɚɮɢɱɟɫɤɢɦ (ɫɯɟɦɧɵɦ) ɨɩɢɫɚɧɢɟɦ [32]: 

 ɫɤɨɪɨɫɬɶ ɪɚɡɪɚɛɨɬɤɢ; 

 ɧɚɝɥɹɞɧɨɫɬɶ ɪɚɛɨɬɵ ɫɯɟɦɵ; 

 ɩɨɪɬɢɪɭɟɦɨɫɬɶ ɢ ɩɟɪɟɧɨɫɢɦɨɫɬɶ ɩɪɨɟɤɬɨɜ; 

 ɭɩɪɚɜɥɹɟɦɨɫɬɶ ɤɨɞɚ. 

ɉɨɷɬɨɦɭ ɩɪɢ ɪɟɚɥɢɡɚɰɢɢ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ 

ɮɢɥɶɬɪɚ ɧɚ ɉɅɂɋ ɜ ɤɚɱɟɫɬɜɟ ɹɡɵɤɚ ɨɩɢɫɚɧɢɹ ɚɩɩɚɪɚɬɭɪɵ ɢɫɩɨɥɶɡɨɜɚɥɫɹ 

Verilog. 

ɇɚ ɪɢɫɭɧɤɟ 12 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ, ɩɨɥɭɱɟɧɧɚɹ ɜ 

ɪɟɡɭɥɶɬɚɬɟ ɫɢɧɬɟɡɚ ɩɪɨɟɤɬɚ. ɍɫɥɨɜɧɨ ɫɯɟɦɭ ɦɨɠɧɨ ɪɚɡɞɟɥɢɬɶ ɧɚ ɞɜɟ ɱɚɫɬɢ: 

ɭɩɪɚɜɥɹɸɳɢɣ ɚɜɬɨɦɚɬ ɢ ɤɨɦɛɢɧɚɰɢɨɧɧɭɸ ɫɯɟɦɭ. Ʉɨɦɛɢɧɚɰɢɨɧɧɚɹ ɫɯɟɦɚ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɯɟɦɭ, ɜ ɤɨɬɨɪɨɣ ɫ ɩɨɦɨɳɶɸ ɭɩɪɚɜɥɹɸɳɢɯ ɫɢɝɧɚɥɨɜ 
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ɭɩɪɚɜɥɹɸɳɟɝɨ ɚɜɬɨɦɚɬɚ ɜɵɱɢɫɥɹɸɬɫɹ ɩɟɪɟɦɟɧɧɵɟ ɩɨ ɮɨɪɦɭɥɚɦ (12-16). ɋ 

ɤɨɞɨɦ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɣ ɫɯɟɦɵ ɦɨɠɧɨ ɨɡɧɚɤɨɦɢɬɶɫɹ ɜ ɩɪɢɥɨɠɟɧɢɢ Ȼ. 

 

 Ɋɢɫɭɧɨɤ 12 – ɋɢɧɬɟɡɢɪɨɜɚɧɧɚɹ ɫɯɟɦɚ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨ 

ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ 

Ⱦɥɹ ɬɟɫɬɢɪɨɜɚɧɢɹ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɦɨɞɭɥɹ ɛɵɥ ɫɨɛɪɚɧ ɥɚɛɨɪɚɬɨɪɧɵɣ 

ɦɚɤɟɬ, ɚ ɬɚɤɠɟ ɨɛɨɪɭɞɨɜɚɧɨ ɪɚɛɨɱɟɟ ɦɟɫɬɨ (ɪɢɫɭɧɨɤ 13). 

 

 Ɋɢɫɭɧɨɤ 13 – Ɋɚɛɨɱɟɟ ɦɟɫɬɨ 
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ȼ ɫɨɫɬɚɜ ɪɚɛɨɱɟɝɨ ɦɟɫɬɚ ɜɯɨɞɢɬ: 

 ɤɨɦɩɶɸɬɟɪ; 

 ɨɬɥɚɞɨɱɧɚɹ ɩɥɚɬɚ DE2-115; 

 ɨɫɰɢɥɥɨɝɪɚɮ Tektronix TPS 2024; 

 ɞɜɚ ɨɫɰɢɥɥɨɝɪɚɮɚ PV6501 (ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɝɟɧɟɪɚɰɢɢ 

ɢɦɩɭɥɶɫɨɜ); 

 ɝɟɧɟɪɚɬɨɪ ɢɦɩɭɥɶɫɨɜ GwINSTEK SFG-2010. 

Ⱦɥɹ ɩɨɞɚɱɢ ɫɢɝɧɚɥɨɜ ɫ ɝɟɧɟɪɚɬɨɪɨɜ ɢɦɩɭɥɶɫɨɜ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɜɯɨɞɵ ɩɨɞ 

Jack 3,5, ɩɨɫɤɨɥɶɤɭ ɜ ɨɬɥɚɞɨɱɧɨɣ ɩɥɚɬɟ DE2-115 Ⱥɐɉ ɢ ɐȺɉ ɜɵɜɟɞɟɧɵ ɧɚ 

ɞɚɧɧɵɟ ɪɚɡɴɟɦɵ (ɪɢɫɭɧɨɤ 14). 

 

 Ɋɢɫɭɧɨɤ 14 – Ɉɬɥɚɞɨɱɧɚɹ ɩɥɚɬɚ DE2-115 

3.4 Ɋɟɡɭɥɶɬɚɬɵ ɥɚɛɨɪɚɬɨɪɧɵɯ ɢɫɩɵɬɚɧɢɣ 

Ɍɟɫɬɢɪɨɜɚɧɢɟ ɚɩɩɚɪɚɬɧɨɣ ɦɨɞɟɥɢ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨɝɨ 

ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ ɩɪɨɜɨɞɢɥɨɫɶ: 

 ɜ ɫɪɟɞɟ ModelSim; 

 ɧɚ ɨɬɥɚɞɨɱɧɨɣ ɩɥɚɬɟ DE2-115. 
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ȼ ɯɨɞɟ ɬɟɫɬɢɪɨɜɚɧɢɹ ɚɩɩɚɪɚɬɧɨɣ ɦɨɞɟɥɢ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ 

ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɢɝɧɚɥɵ ɪɚɡɧɨɣ ɫɥɨɠɧɨɫɬɢ: ɫɢɝɧɚɥɵ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ 

(ɫɢɧɭɫ, ɤɨɫɢɧɭɫ ɢ ɬ.ɞ.) ɪɚɡɧɨɣ ɱɚɫɬɨɬɵ, ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɢɝɧɚɥɵ (ɪɟɚɥɶɧɵɟ ɡɚɩɢɫɢ 

ɪɟɱɢ ɢ ɦɭɡɵɤɢ). 

ɇɚ ɪɢɫɭɧɤɟ 15 ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ModelSim. ɉɨ 

ɝɪɚɮɢɤɭ ɨɬɮɢɥɶɬɪɨɜɚɧɧɨɝɨ ɫɢɝɧɚɥɚ ɨɬɱɟɬɥɢɜɨ ɜɢɞɧɨ ɜɥɢɹɧɢɟ ɩɟɪɟɯɨɞɚ ɤ 

ɚɪɢɮɦɟɬɢɤɟ ɫ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɬɨɱɤɨɣ. 

ɇɚ ɪɢɫɭɧɤɟ 16 ɩɪɟɞɫɬɚɜɥɟɧ ɝɪɚɮɢɤ ɫɢɝɧɚɥɚ ɨɲɢɛɤɢ. 

 

 Ɋɢɫɭɧɨɤ 15 – Ƚɪɚɮɢɤɢ ɚɩɩɚɪɚɬɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ 

ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɜ ɫɪɟɞɟ ModelSim 
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 Ɋɢɫɭɧɨɤ 16 – Ƚɪɚɮɢɤ ɫɢɝɧɚɥɚ ɨɲɢɛɤɢ 

ɇɚ ɪɢɫɭɧɤɟ 17 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɬɟɫɬɢɪɨɜɚɧɢɹ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ ɧɚ 

ɨɬɥɚɞɨɱɧɨɣ ɩɥɚɬɟ DE2-115. Ɂɚɲɭɦɥɟɧɧɵɣ ɫɢɝɧɚɥ ɜɵɞɟɥɟɧ ɫɢɧɢɦ ɰɜɟɬɨɦ, 

ɨɬɮɢɥɶɬɪɨɜɚɧɧɵɣ ɫɢɝɧɚɥ – ɡɟɥɟɧɵɦ. 

 

 Ɋɢɫɭɧɨɤ 17 – Ɋɟɡɭɥɶɬɚɬɵ ɥɚɛɨɪɚɬɨɪɧɵɯ ɢɫɩɵɬɚɧɢɣ 

ȼ ɤɚɱɟɫɬɜɟ ɢɫɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɫɢɧɭɫɨɢɞɚ ɫ ɚɦɩɥɢɬɭɞɨɣ 4 

ȼ ɢ ɱɚɫɬɨɬɨɣ 5 ɤȽɰ. ȼ ɤɚɱɟɫɬɜɟ ɲɭɦɚ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɢɥɨɨɛɪɚɡɧɵɣ ɫɢɝɧɚɥ ɫ 



 
36 

ɚɦɩɥɢɬɭɞɨɣ 4 ȼ ɢ ɱɚɫɬɨɬɨɣ 20 ɤȽɰ. Ɍɟɫɬɢɪɨɜɚɧɢɟ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɪɚɡɪɚɛɨɬɚɧɧɵɣ 

ɦɨɞɭɥɶ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ ɪɚɛɨɬɚɟɬ ɤɨɪɪɟɤɬɧɨ ɢ ɭɫɩɟɲɧɨ ɫɩɪɚɜɥɹɟɬɫɹ 

ɮɢɥɶɬɪɚɰɢɟɣ ɫɢɝɧɚɥɨɜ. 

3.5 ȼɵɜɨɞɵ 

Ⱦɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɪɟɠɢɦɚ ɪɟɚɥɶɧɨɝɨ ɜɪɟɦɟɧɢ ɜ ɤɚɱɟɫɬɜɟ ɚɩɩɚɪɚɬɧɨɣ 

ɩɥɚɬɮɨɪɦɵ ɛɵɥɚ ɜɵɛɪɚɧɚ ɉɅɂɋ. Ɋɚɫɫɦɨɬɪɟɧɵ ɉɅɂɋ ɞɜɭɯ ɜɟɞɭɳɢɯ 

ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ: Intel, Xilinx . Ɉɩɪɟɞɟɥɟɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɪɟɚɥɢɡɚɰɢɢ ɚɞɚɩɬɢɜɧɵɯ 

ɚɥɝɨɪɢɬɦɨɜ ɧɚ ɉɅɂɋ. Ɉɫɧɨɜɧɨɣ ɩɪɨɛɥɟɦɨɣ ɹɜɥɹɟɬɫɹ ɩɟɪɟɯɨɞ ɤ ɚɪɢɮɦɟɬɢɤɟ ɫ 

ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɬɪɟɛɭɟɦɨɣ ɫɯɨɞɢɦɨɫɬɢ RLS ɚɥɝɨɪɢɬɦɚ, 

ɛɵɥɚ ɩɪɨɢɡɜɟɞɟɧɚ ɦɨɞɢɮɢɤɚɰɢɹ ɞɚɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ. Ɋɚɡɪɚɛɨɬɚɧɚ ɚɩɩɚɪɚɬɧɚɹ 

ɦɨɞɟɥɶ ɢ ɥɚɛɨɪɚɬɨɪɧɵɣ ɦɚɤɟɬ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ, ɚ ɬɚɤɠɟ ɩɪɨɜɟɞɟɧɵ 

ɥɚɛɨɪɚɬɨɪɧɵɟ ɢɫɩɵɬɚɧɢɹ. 

Ʌɚɛɨɪɚɬɨɪɧɵɟ ɢɫɩɵɬɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɮɢɥɶɬɪ ɪɚɛɨɬɚɟɬ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɫ 

ɦɨɞɟɥɶɸ, ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɫ ɩɨɦɨɳɶɸ Matlab. 
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ɁȺɄɅɘɑȿɇɂȿ 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɪɚɫɫɦɨɬɪɟɧɢɹ ɚɥɝɨɪɢɬɦɨɜ ɚɞɚɩɬɢɜɧɨɣ ɮɢɥɶɬɪɚɰɢɢ ɛɵɥɨ 

ɜɵɹɜɥɟɧɨ, ɱɬɨ ɚɥɝɨɪɢɬɦ RLS ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ ɩɨɞɯɨɞɹɳɢɦ, ɩɨɫɤɨɥɶɤɭ ɢɦɟɟɬ 

«ɛɵɫɬɪɭɸ» ɫɯɨɞɢɦɨɫɬɶ. 

Ȼɵɥɚ ɪɚɡɪɚɛɨɬɚɧɚ ɩɪɨɝɪɚɦɦɧɚɹ ɦɨɞɟɥɶ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-

ɤɨɦɩɟɧɫɚɰɢɢ. Ȼɵɥɨ ɩɪɨɜɟɞɟɧɨ ɟɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨɫɬɵɯ 

ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɢɯ ɫɢɝɧɚɥɨɜ ɢ ɫɢɝɧɚɥɨɜ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɞɢɚɩɚɡɨɧɚ. 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ: 

 ɨɫɧɨɜɧɚɹ ɚɞɚɩɬɚɰɢɹ ɫɢɝɧɚɥɚ ɩɪɨɢɫɯɨɞɢɬ ɜ ɩɟɪɜɵɟ 200 ɨɬɫɱɟɬɨɜ; 

 ɞɚɥɶɧɟɣɲɚɹ ɚɞɚɩɬɚɰɢɹ ɮɢɥɶɬɪɚ ɧɟ ɜɧɨɫɢɬ ɜ ɡɧɚɱɟɧɢɹ ɜɟɫɨɜɵɯ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɫɭɳɟɫɬɜɟɧɧɵɯ ɢɡɦɟɧɟɧɢɣ; 

 ɚɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ ɤɨɪɪɟɤɬɧɨ ɪɚɛɨɬɚɟɬ ɧɚ ɱɚɫɬɨɬɚɯ ɚɤɭɫɬɢɱɟɫɤɨɝɨ 

ɞɢɚɩɚɡɨɧɚ, ɞɚɥɶɧɟɣɲɟɟ ɭɜɟɥɢɱɟɧɢɟ ɱɚɫɬɨɬɵ ɜɟɞɟɬ ɤ ɫɛɨɹɦ ɜ ɪɚɛɨɬɟ ɮɢɥɶɬɪɚ. 

ɉɪɢ ɪɟɚɥɢɡɚɰɢɢ ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɦɚɤɟɬɚ ɛɵɥɚ ɜɵɛɪɚɧɚ ɚɩɩɚɪɚɬɧɚɹ 

ɩɥɚɬɮɨɪɦɚ. Ɉɩɪɟɞɟɥɟɧɨ, ɱɬɨ ɉɅɂɋ ɹɜɥɹɟɬɫɹ ɨɩɬɦɚɥɶɧɵɦ ɜɚɪɢɚɧɬɨɦ ɞɥɹ 

ɪɟɚɥɢɡɚɰɢɢ ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɩɪɨɬɨɬɢɩɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ ɜɫɥɟɞɫɬɜɢɟ 

ɜɨɡɦɨɠɧɨɫɬɢ ɩɚɪɚɥɥɟɥɶɧɨɣ ɨɛɪɚɛɨɬɤɢ ɞɚɧɧɵɯ, ɚ ɬɚɤɠɟ ɝɢɛɤɨɫɬɢ ɧɚɫɬɪɨɣɤɢ 

ɫɯɟɦɵ. Ȼɵɥɢ ɪɚɫɫɦɨɬɪɟɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɚɞɚɩɬɢɜɧɨɝɨ ɮɢɥɶɬɪɚ 

ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ. Ȼɵɥɚ ɩɪɨɢɡɜɟɞɟɧɚ ɦɨɞɢɮɢɤɚɰɢɹ RLS ɚɥɝɨɪɢɬɦɚ ɞɥɹ 

ɪɟɚɥɢɡɚɰɢɢ ɜ ɚɪɢɮɦɟɬɢɤɟ ɫ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɬɨɱɤɨɣ. Ȼɵɥ ɪɚɡɪɚɛɨɬɚɧ 

ɥɚɛɨɪɚɬɨɪɧɵɣ ɦɚɤɟɬ ɷɯɨ-ɤɨɦɩɟɧɫɚɬɨɪɚ, ɚ ɬɚɤɠɟ ɩɪɨɜɟɞɟɧɵ ɥɚɛɨɪɚɬɨɪɧɵɟ 

ɢɫɩɵɬɚɧɢɹ. 

Ʌɚɛɨɪɚɬɨɪɧɵɟ ɢɫɩɵɬɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɥɚɛɨɪɚɬɨɪɧɵɣ ɦɚɤɟɬ ɮɢɥɶɬɪɚ 

ɤɨɪɪɟɤɬɧɨ ɪɚɛɨɬɚɟɬ, ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɫ ɦɨɞɟɥɶɸ, ɪɚɡɪɚɛɨɬɚɧɧɨɣ Matlab. 
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ɋɉɂɋɈɄ ɋɈɄɊȺЩȿɇɂɃ 

ȺɐɎ – ɚɞɚɩɬɢɜɧɵɣ ɰɢɮɪɨɜɨɣ ɮɢɥɶɬɪ; 

ȼɄ – ɜɟɫɨɜɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ; 

ɂɋ – ɢɧɬɟɝɪɚɥɶɧɚɹ ɫɯɟɦɚ; 

ɆɇɄ – ɦɟɬɨɞ ɧɚɢɦɟɧɶɲɢɯ ɤɜɚɞɪɚɬɨɜ; 

ɉɅɂɋ – ɩɪɨɝɪɚɦɦɢɪɭɟɦɚɹ ɥɨɝɢɱɟɫɤɚɹ ɢɧɬɟɝɪɚɥɶɧɚɹ ɫɯɟɦɚ; 

ɊɆɇɄ – ɪɟɤɭɪɫɢɜɧɵɣ ɦɟɬɨɞ ɧɚɢɦɟɧɶɲɢɯ ɤɜɚɞɪɚɬɨɜ; 

ɋȻɂɋ – ɫɜɟɪɯɛɨɥɶɲɚɹ ɢɧɬɟɝɪɚɥɶɧɚɹ ɫɯɟɦɚ; 

DSP – digital signal processing; 

LMS – least mean squares; 

RLS – recursive least squares. 
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ɉɊɂɅɈɀȿɇɂȿ Ⱥ 

Ʌɢɫɬɢɧɝ ɩɪɨɝɪɚɦɦɧɨɣ ɦɨɞɟɥɢ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨɝɨ 

ɰɢɮɪɨɜɨɝɨ ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ 

 

classdef RLS_Filter < matlab.System 

    % Ⱥɞɚɩɬɢɜɧɵɣ ɮɢɥɶɬɪ, ɨɛɭɱɟɧɧɵɣ ɩɨ RLS ɚɥɝɨɪɢɬɦɭ 

     

    properties (Nontunable, PositiveInteger) 

        % ɉɨɪɹɞɨɤ ɮɢɥɶɬɪɚ 

        Length = 24; 

    end 

     

    properties 

        % Ʉɨɷɮɮɢɰɢɟɧɬ ɡɚɛɵɜɚɧɢɹ 

        ForgetFactor = 1.0; 

        % ɇɚɱɚɥɶɧɵɣ ɜɟɤɬɨɪ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 

        InitialCoefficients = 0; 

        % Ɉɛɪɚɬɧɚɹ ɤɨɪɪɟɥɹɰɢɨɧɧɚɹ ɦɚɬɪɢɰɚ 

        InitialInverseCorrelation = 1e3; 

    end 

     

    properties (Logical) 

        % Ɋɚɡɪɟɲɟɧɢɟ ɧɚ ɢɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 

        LockCoefficients = true; 

    end 

     

    properties (DiscreteState) 

        % ȼɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ 

        Coefficients; 

        % Ɉɛɪɚɡɰɨɜɵɣ ɫɢɝɧɚɥ 

        Desired; 

        % ȼɯɨɞɧɨɣ ɫɢɝɧɚɥ 

        Input; 
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        % Ɉɛɪɚɬɧɚɹ ɤɨɪɪɟɥɹɰɢɨɧɧɚɹ ɦɚɬɪɢɰɚ 

        InverseCorrelation; 

        % ȼɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢɹ 

        KalmanGain; 

    end 

     

    properties (Access=protected) 

        % Ⱦɚɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɫɨɞɟɪɠɢɬ ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɛɵɜɚɧɢɹ (ForgetFactor) 

        % ɢ ɪɚɡɪɟɲɟɧɢɟ ɧɚ ɢɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ (LockCoefficients) 

        FilterParameters; 

    end 

     

    properties (Access=protected, Nontunable) 

        % Ɍɢɩ ɜɯɨɞɧɵɯ ɞɚɧɧɵɯ 

        InputDataType; 

    end 

     

    methods 

        % Ʉɨɧɫɬɪɭɤɬɨɪ 

        function obj = RLS_Filter(varargin) 

            setProperties(obj, nargin, varargin{:}); 

        end 

    end 

     

    methods (Static, Hidden) 

        function discreteStates = CoefficientUpdate(error, discreteStates, params) 

            X = discreteStates.Input; 

            P = discreteStates.InverseCorrelation; 

            lam = params.ForgetFactor; 

             

            % Ɉɛɧɨɜɥɟɧɢɟ ɜɟɤɬɨɪɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢɹ 

            XP = X'*P; 

            inv = 1/(lam + XP*X); 

            K = inv*(P*X ); 
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            % Ɉɛɧɨɜɥɟɧɢɟ ɨɛɪɚɬɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ 

            P = (1/lam)*(P - K*XP); 

             

            % ɋɨɯɪɚɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɜɵɱɢɫɥɟɧɢɣ 

            discreteStates.KalmanGain = K; 

            discreteStates.InverseCorrelation = P; 

             

            % Ɉɛɧɨɜɥɟɧɢɟ ɜɟɤɬɨɪɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ 

            if  params.LockCoefficients 

                discreteStates.Coefficients = discreteStates.Coefficients + error*K'; 

            end 

        end 

    end 

     

    methods (Access=protected) 

        function setupImpl(obj, x) 

            % Ɉɩɪɟɞɟɥɟɧɢɟ ɬɢɩɚ ɞɚɧɧɵɯ 

            inputDataTypeLocal = class(x); 

            obj.InputDataType = inputDataTypeLocal; 

            obj.FilterParameters = getFilterParameterStruct(obj); 

             

            L = obj.Length; 

            initInvCorrLocal = obj.InitialInverseCorrelation; 

             

            % ȼɵɞɟɥɟɧɢɟ ɩɚɦɹɬɢ ɞɥɹ ɨɛɪɚɬɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ 

            obj.InverseCorrelation= eye(L, inputDataTypeLocal)*initInvCorrLocal; 

             

            % ȼɵɞɟɥɟɧɢɟ ɩɚɦɹɬɢ ɞɥɹ ɜɟɤɬɨɪɚ ɤɨɷɮɮɢɰɢɟɬɨɜ ɭɫɢɥɟɧɢɹ 

            obj.KalmanGain = zeros(L, 1, inputDataTypeLocal); 

             

            % ȼɵɞɟɥɟɧɢɟ ɩɚɦɹɬɢ ɞɥɹ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ 

            obj.Input = zeros(L, 1, inputDataTypeLocal); 

             

            % ȼɵɞɟɥɟɧɢɟ ɩɚɦɹɬɢ ɞɥɹ ɨɛɪɚɡɰɨɜɨɝɨ ɫɢɝɧɚɥɚ 

            obj.Desired = zeros(L, 1, inputDataTypeLocal); 
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            % ȼɵɞɟɥɟɧɢɟ ɩɚɦɹɬɢ ɞɥɹ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 

            obj.Coefficients = zeros(1, L); 

        end 

         

        function resetImpl(obj) 

            L = obj.Length; 

            initInvCorrLocal = obj.InitialInverseCorrelation; 

            inputDataTypeLocal = obj.InputDataType; 

             

            % ɂɧɢɰɢɚɥɢɡɚɰɢɹ ɜɟɫɨɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 

            coeffLocal = obj.Coefficients; 

            coeffLocal(:) = cast(obj.InitialCoefficients, inputDataTypeLocal); 

            obj.Coefficients = coeffLocal; 

             

            % ɂɧɢɰɢɚɥɢɡɚɰɢɹ ɨɛɪɚɬɧɨɣ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ 

            obj.InverseCorrelation= eye(L, inputDataTypeLocal)*initInvCorrLocal; 

             

            % ɂɧɢɰɢɚɥɢɡɚɰɢɹ ɜɟɤɬɨɪɚ ɤɨɷɮɮɢɰɢɟɬɨɜ ɭɫɢɥɟɧɢɹ 

            obj.KalmanGain = zeros(L, 1, inputDataTypeLocal); 

             

            % ɂɧɢɰɢɚɥɢɡɚɰɢɹ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ 

            obj.Input = zeros(L, 1, inputDataTypeLocal); 

             

            % ɂɧɢɰɢɚɥɢɡɚɰɢɹ ɨɛɪɚɡɰɨɜɨɝɨ ɫɢɝɧɚɥɚ 

            obj.Desired = zeros(L, 1, inputDataTypeLocal); 

        end 

         

        function processTunedPropertiesImpl(obj) 

            % Ɉɛɧɨɜɥɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɛɵɜɚɧɢɹ ɢ ɪɚɡɪɟɲɟɧɢɹ ɧɚ 

            % ɢɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɪɢ ɤɚɠɞɨɦ ɢɯ ɢɡɦɟɧɟɧɢɢ 

            obj.FilterParameters.ForgetFactor = ... 

                cast(obj.ForgetFactor, obj.InputDataType); 

            obj.FilterParameters.LockCoefficients = ... 

                obj.LockCoefficients; 
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        end 

         

        function [y, e, w] = stepImpl(obj, x, d) 

            % ɉɨɥɭɱɟɧɢɟ ɜɧɭɬɪɟɧɧɢɯ ɡɧɚɱɟɧɢɣ ɮɢɥɶɬɪɚ 

            discreteStates = getDiscreteState(obj); 

             

            discreteStates.Input = updateBuffer(obj, x, discreteStates.Input); 

            % ȼɵɱɢɫɥɟɧɢɟ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ 

            y = discreteStates.Coefficients*discreteStates.Input; 

            % ȼɵɱɢɫɥɟɧɢɟ ɨɲɢɛɤɢ 

            e = d - y; 

            w = zeros(1, obj.Length); 

            % Ɉɛɧɨɜɥɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɮɢɥɶɬɪɚ 

            discreteStates=obj.CoefficientUpdate ... 

                (e,discreteStates,obj.FilterParameters); 

            w = discreteStates.Coefficients; 

            % ɋɨɯɪɚɧɟɧɢɟ ɜɵɱɢɫɥɟɧɧɵɯ ɡɧɚɱɟɧɢɣ 

            setDiscreteState(obj,discreteStates); 

        end 

         

        function filterParams = getFilterParameterStruct(obj) 

            filterParams = struct('ForgetFactor', ... 

                cast(obj.ForgetFactor,obj.InputDataType), ... 

                'LockCoefficients', obj.LockCoefficients); 

        end 

         

        function buffer = updateBuffer(~, currentInput, buffer) 

            buffer(:) = [currentInput(:); buffer(1:end-length(currentInput))]; 

        end 

         

        function setDiscreteStateImpl(obj, discreteStates) 

            obj.Input = discreteStates.Input; 

            obj.Coefficients = discreteStates.Coefficients; 

            obj.InverseCorrelation = discreteStates.InverseCorrelation; 

            obj.KalmanGain = discreteStates.KalmanGain; 
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        end 

         

        function discreteStates = getDiscreteStateImpl(obj) 

            discreteStates = struct('Input', obj.Input, ... 

                'Coefficients', obj.Coefficients, ... 

                'InverseCorrelation', obj.InverseCorrelation, ... 

                'KalmanGain', obj.KalmanGain); 

        end 

    end 

end 

 

Ʌɢɫɬɢɧɝ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɉɈ ɜ ɩɨɥɧɨɦ ɨɛɴɟɦɟ ɩɪɢɜɟɞɟɧ ɧɚ CD-ɞɢɫɤɟ. 
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ɉɊɂɅɈɀȿɇɂȿ Ȼ 

Ʌɢɫɬɢɧɝ ɚɩɩɚɪɚɬɧɨɣ ɦɨɞɟɥɢ ɪɟɤɨɧɮɢɝɭɪɢɪɭɟɦɨɝɨ ɚɞɚɩɬɢɜɧɨɝɨ ɰɢɮɪɨɜɨɝɨ 

ɮɢɥɶɬɪɚ ɷɯɨ-ɤɨɦɩɟɧɫɚɰɢɢ ɧɚ ɹɡɵɤɟ Verilog 

Ɏɚɣɥ RLS.v 

module RLS #( parameter N=2, parameter M=1, parameter nBits=32, parameter B=2)( 

 input clk, 

 input [nBits-1:0]y, 

 input reset, 

 input newIt, 

 input [N*nBits-1:0]x0, 

 output encounter,write,ensyscoun, 

 output [nBits-1:0]x, 

 output [31:0] iterations, 

 output load,final, 

 input [N*nBits-1:0]wireA,wireKs 

    ); 

   

 

 wire sha,shx0,shk,ens,enmult,s2,clear,clears; 

 wire[nBits-1:0] wire_a,wire_x,wirey,out1,out2,outmult,ins; 

wire[nBits-1:0] wire_s,wire_r,wire_x0,wires2,s,wire_k,t1,t2,t3; 

 wire [N*nBits-1:0] xout;  

 

 

 FlipFlop #(.N(nBits))ffy ( 

    .clk(clk),  

    .data(y),  

    .enable(load),  

    .reset(reset),  

  .clear(1'b0), 

    .out(wirey) 

    ); 
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  shifter #(.M(N*nBits),.nBits(nBits)) shiftera ( 

    .clock(clk),  

    .reset(reset),  

    .load(load),  

    .shift(sha),  

  .clear(1'b0), 

  .clearoutput(clears), 

    .Data_in(wire_a),  

    .Data_load(wireA),  

    .Data_out(wire_a),  

    .r() 

    ); 

 

 Multiplexer2 #(.N(nBits)) mux1 ( 

    .option(s1),  

    .mult0(wire_a),  

    .mult1(wire_r),  

    .out(out1) 

    ); 

 

  shifter #(.M(N*nBits),.nBits(nBits)) shifterx0 ( 

    .clock(clk),  

    .reset(reset),  

    .load(loadx),  

  .clear(clear), 

    .shift(shx0),  

  .clearoutput(1'b0), 

    .Data_in(wire_x0),  

    .Data_load(xout),  

    .Data_out(wire_x0),  

    .r() 

    ); 
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  shifter #(.M(N*nBits),.nBits(nBits)) shifterk ( 

    .clock(clk),  

    .reset(reset),  

    .load(load),  

    .shift(shk),  

  .clearoutput(clears), 

  .clear(1'b0), 

    .Data_in(wire_k),  

    .Data_load(wireKs), 

    .Data_out(wire_k),  

    .r() 

    ); 

   

   

 Multiplexer2 #(.N(nBits)) mux2 ( 

    .option(s2),  

    .mult0(wire_x0),  

    .mult1(wire_k),  

    .out(out2) 

    ); 

   

  Multiplication #(.nBits(nBits)) mult ( 

    .clk(clk),  

    .a(out1),  

    .b(out2),  

    .enable(enmult),  

    .res(outmult) 

    ); 

 

 

 

   

  Addition #(.nBits(nBits)) add1 ( 

    .clk(clk),  

    .a(outmult),  
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    .b(s), 

  .sum(1'b1),   

    .res(wires2),  

    .enable(enadder) 

    ); 

 

 

    

  FlipFlop #(.N(nBits))ffs ( 

    .clk(clk),  

    .data(wires2),  

    .enable(ens),  

    .reset(reset),  

  .clear(clears), 

    .out(s) 

    ); 

 

 

  Addition #(.nBits(nBits)) add2 ( 

    .clk(clk),  

    .a(wirey),  

    .b(s), 

  .sum(1'b0),   

    .res(wire_r),  

    .enable(1'b1) 

    ); 

   

  Addition #(.nBits(nBits)) add3 ( 

    .clk(clk),  

    .a(outmult),  

    .b(t3), 

  .sum(1'b1),   

    .res(wire_x),  

    .enable(1'b1) 

    ); 
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  shifter #(.M(N*nBits),.nBits(nBits)) shifterx ( 

    .clock(clk),  

    .reset(reset),  

    .load(1'b0),  

    .shift(shx),  

  .clear(clear), 

    .Data_in(wire_x),  

  .clearoutput(1'b0), 

    .Data_load(),  

    .Data_out(x), 

    .r(xout) 

    ); 

  

 

 Control #(.N(N),.M(M),.B(B)) control ( 

    .clk(clk),  

    .reset(reset),  

    .newIt(newIt),  

    .load(load),  

  .write(write), 

  .iterations(iterations), 

  .ensyscoun(ensyscoun), 

  .clear(clear), 

  .clears(clears), 

    .loadx(loadx),  

    .sha(sha),  

    .shx0(shx0),  

  .final(final), 

  .encounter(encounter), 

    .s1(s1),  

    .s2(s2),  

    .enmult(enmult),  

    .enadder(enadder),  
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    .ens(ens),  

  .shk(shk), 

    .shx(shx) 

    ); 

 

  FlipFlop #(.N(nBits))ffT1 ( 

    .clk(clk),  

    .data(wire_x0),  

    .enable(1'b1),  

    .reset(reset), 

  .clear(1'b0),   

    .out(t3) 

    ); 

 

endmodule 

 

Ɏɚɣɥ shifter.v 

module shifter#(parameter M=4*32, parameter nBits=32) 

    ( 

  input clock, reset, load, shift, 

  input [0:nBits-1] Data_in, 

  input [0:M-1] Data_load, 

  input clearoutput, 

  input clear, 

    output reg [0:nBits-1] Data_out,   

  output reg [M-1:0] r 

    ); 

       

    

    

 

   always @ (negedge reset or posedge clock) begin 

      if (reset == 0) begin 

          r <= {M{1'b0}};        



 
55 

    Data_out <= {nBits{1'b0}};    

    end 

  else if (clear==1) begin 

    r <= {M{1'b0}};        

    Data_out <= {nBits{1'b0}};    

   end 

      else if (load == 1) begin 

          r <= Data_load; 

    //Data_out <= Data_load[0:nBits-1]; 

    end 

      else if (shift == 1) begin 

   Data_out <= r[M-1:M-nBits]; 

   r[M-1:nBits] <= r[M-nBits-1:0]; 

         r[nBits-1:0] <= Data_in; 

         end 

  end 

    end 

endmodule 

 

Ɏɚɣɥ Control.v 

module Control #(parameter N=16, parameter M=20, parameter B=1024)( 

 input clk, reset, newIt, 

 output reg load, loadx ,sha, shx0,s1,s2, 

 output reg final,enmult,enadder,clears,ens,shx,shk,clear,encounter,write,ensyscoun, 

 output reg [31:0] iterations); 

   

  parameter Reset=4'd0; 

  parameter NewSystem=4'd1; 

  parameter NewIt=4'd2; 

  parameter Calcs=4'd3; 

  parameter WaitForMeasurement=4'd4; 

  parameter Calcr=4'd5; 

  parameter Calcx=4'd6; 

  parameter Savex=4'd7; 
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  parameter End=4'd8; 

  parameter CountSys=4'd9; 

   

  reg [3:0]state; 

  reg [31:0]counter; 

  reg [32:0] numBlocks; 

   

   

  always @ (posedge clk or negedge reset) begin   

   if (reset==0) begin 

    state<=Reset; 

   end else begin 

    case(state) 

       Reset: begin 

      load<=0; 

      loadx<=0; 

      sha<=0; 

      shx0<=0; 

      clear<=0; 

      final<=0; 

      s1<=0; 

      s2<=0; 

      enmult<=0; 

      enadder<=0; 

      ens<=0; 

      shx<=0; 

      shk<=0; 

      encounter<=0; 

      write<=0; 

      clears<=0; 

      ensyscoun<=0; 

      state <= NewSystem; 

      numBlocks<=0; 

      counter<={32{1'b0}}; 

     end 
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     NewSystem: begin 

      clear<=1; 

      state<=NewIt; 

      iterations<={32{1'b0}}; 

     end 

     NewIt: begin 

      load <= 1; 

      loadx<=1; 

      clears<=1; 

      state<=Calcs; 

       

     end 

     Calcs: begin 

      sha<=1; 

      shx0<=1; 

      s1<=0; 

      s2<=0; 

      enmult<=1; 

      enadder<=1; 

      ens<=1; 

      counter<=counter+1; 

      if(counter==N) begin 

       state<=WaitForMeasurement; 

       sha<=0; 

       counter<={32{1'd0}}; 

      end 

     end 

     WaitForMeasurement:begin 

      if(newIt==1) begin 

       state<=Calcr; 

      end 

     end 

     Calcr: begin 

      state<=Calcx; 

      shx0<=1; 
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      encounter<=1; 

      iterations<=iterations+1; 

     end 

     Calcx: begin 

      s1<=1; 

      s2<=1; 

      shx<=1; 

      shk<=1; 

      shx0<=1; 

      enmult<=1; 

      counter<=counter+1; 

      if(counter==N) begin 

       shk<=0; 

       if(iterations==M) begin 

        state<=CountSys; 

        counter<={32{1'd0}}; 

       end else begin 

        state<=NewIt; 

        counter<={32{1'd0}}; 

       end 

      end 

     end 

    CountSys: begin 

     numBlocks<=numBlocks+1; 

     state<=Savex; 

    end 

    Savex: begin 

     write<=1; 

     counter<=counter+1; 

     shx<=1; 

     if(counter==32'd0) begin 

      write<=0; 

     end 

     if (counter==N) begin 

      counter<=0; 
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      if (numBlocks==B) begin  

       state<=End; 

      end else begin 

       state<=NewSystem; 

      end 

     end 

    end 

    End: begin 

     state<=state; 

     final<=1; 

    end 

   endcase 

     

     

   end 

  end 

endmodule 

 

Ʌɢɫɬɢɧɝ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɉɈ ɜ ɩɨɥɧɨɦ ɨɛɴɟɦɟ ɩɪɢɜɟɞɟɧ ɧɚ CD-ɞɢɫɤɟ. 




