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ȼɜɟɞɟɧɢɟ 

ɂɡɭɱɟɧɢɟ ɦɟɬɚɛɨɥɢɡɦɚ ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɨɛɥɚɫɬɶɸ ɛɢɨɥɨɝɢɢ. 

Ɇɟɬɚɛɨɥɢɡɦ ɢɝɪɚɟɬ ɛɨɥɶɲɭɸ ɪɨɥɶ ɜ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɚɯ, ɜ ɱɚɫɬɧɨɫɬɢ ɜ 

ɪɚɤɨɜɵɯ ɤɥɟɬɤɚɯ ɢ ɢɦɦɭɧɧɨɣ ɫɢɫɬɟɦɟ. Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɦɟɬɚɛɨɥɢɡɦɚ ɩɨɡɜɨɥɹɟɬ 

ɢɡɭɱɚɬɶ ɢ ɩɪɟɞɫɤɚɡɵɜɚɬɶ ɜɥɢɹɧɢɟ ɜɧɟɲɧɢɯ ɜɨɡɞɟɣɫɬɜɢɣ ɧɚ ɛɢɨɥɨɝɢɱɟɫɤɢɟ 

ɩɪɨɰɟɫɫɵ ɜ ɨɪɝɚɧɢɡɦɟ. ȼ ɧɚɫɬɨɹɳɢɣ ɦɨɦɟɧɬ ɩɨɹɜɢɥɚɫɶ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ 

ɞɚɧɧɵɯ ɞɥɹ ɢɡɭɱɟɧɢɹ, ɢɫɩɨɥɶɡɭɸɳɚɹ ɦɟɧɶɲɟ ɪɟɫɭɪɫɨɜ, ɱɟɦ ɪɚɧɶɲɟ. ɉɨɷɬɨɦɭ 

ɚɧɚɥɢɡ ɩɨɥɭɱɟɧɢɹ ɨɞɧɢɯ ɦɟɬɚɛɨɥɢɬɨɜ ɢɡ ɞɪɭɝɢɯ ɫ ɩɨɦɨɳɶɸ ɢɡɜɟɫɬɧɵɯ ɧɚ 

ɬɟɤɭɳɢɣ ɦɨɦɟɧɬ ɪɟɚɤɰɢɣ ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɬɟɦɨɣ ɧɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ. 

Ȼɨɥɶɲɢɧɫɬɜɨ ɢɡ ɫɭɳɟɫɬɜɭɸɳɢɯ ɪɟɲɟɧɢɣ ɡɚɞɚɱ, ɫɯɨɠɢɯ ɫ ɡɚɞɚɱɟɣ, 

ɪɟɲɚɟɦɨɣ ɜ ɷɬɨɣ ɪɚɛɨɬɟ, ɭɱɢɬɵɜɚɸɬ ɡɚɤɨɧ ɫɨɯɪɚɧɟɧɢɹ ɦɚɫɫ, ɧɨ ɧɟ ɭɱɢɬɵɜɚɸɬ 

ɡɚɤɨɧɵ ɬɟɪɦɨɞɢɧɚɦɢɤɢ: ɜ ɩɨɥɭɱɢɜɲɢɯɫɹ ɪɟɲɟɧɢɹɯ ɩɪɢɫɭɬɫɬɜɭɸɬ 

ɩɨɥɨɠɢɬɟɥɶɧɵɟ ɤɪɭɝɨɜɵɟ ɩɨɬɨɤɢ. Ɂɚɞɚɱɚ, ɩɨɫɬɚɜɥɟɧɧɨɣ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ, 

ɹɜɥɹɟɬɫɹ NP-ɩɨɥɧɨɣ, ɩɨɷɬɨɦɭ ɨɧɚ ɫɢɥɶɧɨ ɬɪɭɞɧɟɟ, ɱɟɦ ɡɚɞɚɱɢ, ɧɟ ɭɱɢɬɵɜɚɸɳɢɟ 

ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ ɨɝɪɚɧɢɱɟɧɢɹ. 

ȼ ɝɥɚɜɟ 1 ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɪɚɫɫɤɚɡɚɧɵ ɨɫɧɨɜɧɵɟ ɨɩɪɟɞɟɥɟɧɢɹ, 

ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɧɢɦɚɧɢɹ ɞɚɥɶɧɟɣɲɢɯ ɪɚɫɫɭɠɞɟɧɢɣ, ɩɨɫɬɚɜɥɟɧɚ ɪɟɲɚɟɦɚɹ 

ɡɚɞɚɱɚ ɢ ɪɚɫɫɤɚɡɚɧɨ ɨ ɬɨɦ, ɤɚɤɨɟ ɫɭɳɟɫɬɜɭɟɬ ɪɟɲɟɧɢɟ ɧɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ. 

ȼ ɝɥɚɜɟ 2 ɪɚɛɨɬɵ ɨɩɢɫɚɧɵ ɩɪɟɞɥɨɠɟɧɧɵɟ ɫɜɟɞɟɧɢɹ ɡɚɞɚɱɢ ɤ ɡɚɞɚɱɟ 

ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɢ ɚɥɝɨɪɢɬɦɵ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɧɚ 

ɨɫɧɨɜɟ ɷɬɢɯ ɫɜɟɞɟɧɢɣ. Ɍɚɤɠɟ ɜ ɝɥɚɜɟ 2 ɪɟɲɚɥɢɫɶ ɜɨɡɧɢɤɚɸɳɢɟ ɩɨ ɯɨɞɭ ɪɟɲɟɧɢɹ 

ɩɨɛɨɱɧɵɟ ɡɚɞɚɱɢ ɢ ɞɨɤɚɡɵɜɚɥɢɫɶ ɧɟɬɪɢɜɢɚɥɶɧɵɟ ɭɬɜɟɪɠɞɟɧɢɹ, ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ 

ɩɪɨɰɟɫɫɟ ɪɟɲɟɧɢɹ. 

ȼ ɝɥɚɜɟ 3 ɩɪɢɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ, 

ɪɟɚɥɢɡɨɜɚɧɧɵɯ ɩɨ ɨɩɢɫɚɧɢɸ ɜ ɝɥɚɜɟ 2, ɚ ɬɚɤɠɟ ɨɛɴɹɫɧɟɧɵ ɩɨɥɭɱɢɜɲɢɟ 

ɪɟɡɭɥɶɬɚɬɵ.  
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ȽɅȺȼȺ 1. ɈȻɁɈɊ ȻɂɈɂɇɎɈɊɆȺɌɂɄɂ ɂ ɅɂɇȿɃɇɈȽɈ 

ɉɊɈȽɊȺɆɆɂɊɈȼȺɇɂə 

ȼ ɷɬɨɣ ɝɥɚɜɟ ɪɚɫɫɦɨɬɪɟɧɵ ɬɟɪɦɢɧɵ, ɢɫɩɨɥɶɡɭɸɳɢɟɫɹ ɜ ɩɪɟɞɦɟɬɧɨɣ 

ɨɛɥɚɫɬɢ ɢ ɞɚɧɧɨɣ ɪɚɛɨɬɟ, ɨɩɢɫɚɧɚ ɡɚɞɚɱɚ, ɪɟɲɚɟɦɚɹ ɜ ɯɨɞɟ ɞɚɧɧɨɣ ɪɚɛɨɬɵ, 

ɨɩɢɫɚɧɵ ɦɟɬɨɞɵ, ɢɫɩɨɥɶɡɨɜɚɧɧɵɟ ɞɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ. ɉɨɤɚɡɚɧɨ 

ɫɭɳɟɫɬɜɭɸɳɟɟ ɪɟɲɟɧɢɟ, ɩɪɨɜɟɞɟɧ ɟɝɨ ɚɧɚɥɢɡ, ɜɵɹɜɥɟɧɵ ɟɝɨ ɞɨɫɬɨɢɧɫɬɜɚ ɢ 

ɧɟɞɨɫɬɚɬɤɢ. 

1.1 Ɍɟɪɦɢɧɵ 

1.1.1 Ʌɢɧɟɣɧɨɟ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɟ 

Оɩɪɟɞɟлɟниɟ 1. ℝ —ɦɧɨɠɟɫɬɜɨ ɜɟɳɟɫɬɜɟɧɧɵɯ (ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ) ɱɢɫɟɥ. 

Оɩɪɟɞɟлɟниɟ 2. ℝ+ — ɦɧɨɠɟɫɬɜɨ ɧɟɨɬɪɢɰɚɬɟɥɶɧɵɯ ɜɟɳɟɫɬɜɟɧɧɵɯ ɱɢɫɟɥ.  

Оɩɪɟɞɟлɟниɟ 3. Ɂɚɞɚɱɚ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ (LP) — ɡɚɞɚɱɚ 

ɧɚɯɨɠɞɟɧɢɹ ɦɧɨɠɟɫɬɜɚ ɩɟɪɟɦɟɧɧɵɯ ݔଵ, ,ଶݔ … , 𝑛ݔ ∈ ℝ+, ɭɞɨɜɥɟɬɜɨɪɹɸɳɢɯ ݉ 

ɭɫɥɨɜɢɹɦ (݆ = ͳ … ݉): 

∑ ௝ܽ௜ ⋅ ௜𝑛ݔ
௜=ଵ ൑ ௝ܾ                                       ሺ݆ሻ 

ɉɪɢ ɷɬɨɦ ɫɪɟɞɢ ɜɫɟɯ ɪɟɲɟɧɢɣ ɞɚɧɧɨɣ ɫɢɫɬɟɦɵ ɧɟɪɚɜɟɧɫɬɜ ɧɚɯɨɞɢɬɫɹ 

ɪɟɲɟɧɢɟ, ɦɚɤɫɢɦɢɡɢɪɭɸɳɟɟ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ: 

∑ ܿ௜ ⋅ ௜𝑛ݔ
௜=ଵ →  ݔܽ݉

Ɂɚɞɚɱɚ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɯɨɪɨɲɨ ɢɫɫɥɟɞɨɜɚɧɚ ɢ ɢɦɟɟɬ 

ɩɨɥɢɧɨɦɢɚɥɶɧɨɟ ɪɟɲɟɧɢɟ ɨɬ ɩɟɪɟɦɟɧɧɵɯ ݊ ɢ ݉. 

ɇɟɫɦɨɬɪɹ ɧɚ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɨɝɪɚɧɢɱɟɧɢɣ ɜ ɮɨɪɦɭɥɢɪɨɜɤɟ ɡɚɞɚɱɢ 

ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɛɨɥɶɲɢɧɫɬɜɨ ɢɡ ɧɢɯ ɦɨɠɧɨ ɨɛɨɣɬɢ. ɇɚɩɪɢɦɟɪ, 

ɟɫɥɢ ɞɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɧɭɠɧɚ ɩɟɪɟɦɟɧɧɚɹ ݔ ɧɟ ɨɛɹɡɚɬɟɥɶɧɨ ɧɟɨɬɪɢɰɚɬɟɥɶɧɚɹ, 

ɬɨ ɜɦɟɫɬɨ ɧɟɟ ɦɨɠɧɨ ɜɜɟɫɬɢ ɞɜɟ ɧɟɨɬɪɢɰɚɬɟɥɶɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ݔ+ɢ ݔ− ɢ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɪɚɡɧɨɫɬɶ ݔ+ −  Ɍɚɤɠɟ ɦɨɠɧɨ ɧɟ .ݔ ɜ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɨɣ −ݔ

ɦɚɤɫɢɦɢɡɢɪɨɜɚɬɶ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ, ɚ ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɟɝɨ, 
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ɡɚɩɢɫɵɜɚɬɶ ɨɝɪɚɧɢɱɟɧɢɹ, ɢɫɩɨɥɶɡɭɸɳɢɟ ɡɧɚɤ ɧɟɪɚɜɟɧɫɬɜɚ ɜ ɞɪɭɝɭɸ ɫɬɨɪɨɧɭ 

ɢɥɢ ɡɧɚɤ ɪɚɜɟɧɫɬɜɚ. 

Оɩɪɟɞɟлɟниɟ 4. Ɂɚɞɚɱɚ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ (ILP) 

— ɡɚɞɚɱɚ, ɫɯɨɠɚɹ ɫ ɡɚɞɚɱɟɣ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɨɬɥɢɱɚɸɳɚɹɫɹ ɨɬ 

ɧɟɟ ɬɟɦ, ɱɬɨ ɧɟɤɨɬɨɪɵɟ ɢɡ ɩɟɪɟɦɟɧɧɵɯ ݔଵ, … ,  𝑛 ɨɛɹɡɚɧɵ ɛɵɬɶ ɰɟɥɵɦɢ. Ⱦɚɧɧɚɹݔ

ɡɚɞɚɱɚ ɫɭɳɟɫɬɜɟɧɧɨ ɫɥɨɠɧɟɟ ɡɚɞɚɱɢ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɬɚɤ ɤɚɤ ɨɧɚ 

ɹɜɥɹɟɬɫɹ NP-ɬɪɭɞɧɨɣ, ɬɨ ɟɫɬɶ ɥɸɛɭɸ ɡɚɞɚɱɚ ɢɡ ɤɥɚɫɫɚ NP  ɦɨɠɧɨ ɫɜɟɫɬɢ ɤ 

ɪɟɲɟɧɢɸ ɷɬɨɣ ɡɚɞɚɱɢ. ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɧɟɬ ɢɡɜɟɫɬɧɨɝɨ ɫɩɨɫɨɛɚ ɪɟɲɢɬɶ ɟɟ, 

ɢɫɩɨɥɶɡɭɹ ɜɪɟɦɹ, ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɟ ɧɟɤɨɬɨɪɨɦɭ ɩɨɥɢɧɨɦɭ, ɡɚɜɢɫɹɳɟɦɭ ɨɬ 

ɩɟɪɟɦɟɧɧɵɯ ݊ ɢ ݉. 

Оɩɪɟɞɟлɟниɟ 5. Ɇɟɬɨɞ ɜɟɬɜɟɣ ɢ ɝɪɚɧɢɰ — ɨɞɢɧ ɢɡ ɦɟɬɨɞɨɜ ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ 

ɪɟɲɟɧɢɣ ɡɚɞɚɱ ɨɩɬɢɦɢɡɚɰɢɢ, ɜ ɱɚɫɬɧɨɫɬɢ, ɡɚɞɚɱɢ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ. Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɞɥɹ ɪɟɲɟɧɢɹ 

ɜɨɡɧɢɤɚɸɳɢɯ ɡɚɞɚɱ. ɉɨɞɪɨɛɧɨɫɬɢ ɦɟɬɨɞɚ ɧɟ ɹɜɥɹɸɬɫɹ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɞɥɹ 

ɩɨɧɢɦɚɧɢɹ ɞɚɧɧɨɣ ɪɚɛɨɬɵ. 

Оɩɪɟɞɟлɟниɟ 6. ɋɨɥɜɟɪ — ɩɪɨɝɪɚɦɦɚ, ɩɨɡɜɨɥɹɸɳɚɹ ɩɨ ɜɯɨɞɧɵɦ ɞɚɧɧɵɦ 

ɧɚɣɬɢ ɪɟɲɟɧɢɟ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɡɚɞɚɱɢ ɨɩɬɢɦɢɡɚɰɢɢ. 

Оɩɪɟɞɟлɟниɟ 7. əɞɪɨ ɥɢɧɟɣɧɨɝɨ ɨɩɟɪɚɬɨɪɚ ܣ — ɦɧɨɠɟɫɬɜɨ ɜɟɤɬɨɪɨɜ ݔ 

ɬɚɤɢɯ, ɱɬɨ ܣ ⋅ ݔ = Ͳ. Кɚɤ ɢɡɜɟɫɬɧɨ ɢɡ ɥɢɧɟɣɧɨɣ ɚɥɝɟɛɪɵ, ɹɞɪɨ ɥɢɧɟɣɧɨɝɨ 

ɨɩɟɪɚɬɨɪɚ ɹɜɥɹɟɬɫɹ ɥɢɧɟɣɧɵɦ ɩɪɨɫɬɪɚɧɫɬɜɨɦ. 

1.1.2 Ɇɟɬɚɛɨɥɢɱɟɫɤɢɟ ɩɨɬɨɤɢ 

Оɩɪɟɞɟлɟниɟ 8. Ɇɟɬɚɛɨɥɢɬɵ — ɩɪɨɞɭɤɬɵ ɦɟɬɚɛɨɥɢɡɦɚ, ɧɟɤɨɬɨɪɵɟ 

ɜɟɳɟɫɬɜɚ. 

Оɩɪɟɞɟлɟниɟ 9. ȼɧɟɲɧɢɣ ɦɟɬɚɛɨɥɢɬ — ɦɟɬɚɛɨɥɢɬ, ɩɨɬɪɟɛɥɹɟɦɵɣ ɢɥɢ 

ɜɵɞɟɥɹɟɦɵɣ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɣ ɨɪɝɚɧɢɡɦɨɦ. 

Оɩɪɟɞɟлɟниɟ 10. ȼɧɭɬɪɟɧɧɢɣ ɦɟɬɚɛɨɥɢɬ — ɦɟɬɚɛɨɥɢɬ, ɧɟ ɹɜɥɹɸɳɢɣɫɹ 

ɜɧɟɲɧɢɦ, ɬɨ ɟɫɬɶ ɜɟɳɟɫɬɜɨ, ɹɜɥɹɸɳɟɟɫɹ ɜɧɭɬɪɟɧɧɢɦ ɩɪɨɞɭɤɬɨɦ ɦɟɬɚɛɨɥɢɡɦɚ. 

Оɩɪɟɞɟлɟниɟ 11. Ɋɟɚɤɰɢɹ — ɩɪɨɰɟɫɫ ɩɪɟɜɪɚɳɟɧɢɹ ɧɟɤɨɬɨɪɨɝɨ ɧɚɛɨɪɚ 

ɜɟɳɟɫɬɜ ɜ ɞɪɭɝɨɣ ɧɚɛɨɪ ɜɟɳɟɫɬɜ. ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɨɞ ɪɟɚɤɰɢɟɣ 
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ɩɨɞɪɚɡɭɦɟɜɚɟɬɫɹ ɧɚɛɨɪ ɦɟɬɚɛɨɥɢɬɨɜ ɢ ɫɨɨɬɧɨɲɟɧɢɟ, ɜ ɤɨɬɨɪɨɦ ɪɟɚɤɰɢɹ 

ɩɨɬɪɟɛɥɹɟɬ ɢ ɩɪɨɞɭɰɢɪɭɟɬ ɦɟɬɚɛɨɥɢɬɵ. 

Оɩɪɟɞɟлɟниɟ 12. ȼɧɟɲɧɹɹ ɪɟɚɤɰɢɹ — ɪɟɚɤɰɢɹ, ɢɫɩɨɥɶɡɭɸɳɚɹ ɢɥɢ 

ɩɪɨɞɭɰɢɪɭɸɳɚɹ ɜɧɟɲɧɢɣ ɦɟɬɚɛɨɥɢɬ. 

Оɩɪɟɞɟлɟниɟ 13. ȼɧɭɬɪɟɧɧɹɹ ɪɟɚɤɰɢɹ — ɪɟɚɤɰɢɹ, ɧɟ ɹɜɥɹɸɳɚɹɫɹ ɜɧɟɲɧɟɣ. 

Ɍɚɤɚɹ ɪɟɚɤɰɢɹ ɢɫɩɨɥɶɡɭɟɬ ɬɨɥɶɤɨ ɜɧɭɬɪɟɧɧɢɟ ɜɟɳɟɫɬɜɚ. 

Оɩɪɟɞɟлɟниɟ 14. ɋɬɟɯɢɨɦɟɬɪɢɱɟɫɤɚɹ ɦɚɬɪɢɰɚ (ܵ) — ɦɚɬɪɢɰɚ ɪɚɡɦɟɪɧɨɫɬɢ ݉ × ݊, ɝɞɟ ݉ — ɤɨɥɢɱɟɫɬɜɨ ɜɧɭɬɪɟɧɧɢɯ ɦɟɬɚɛɨɥɢɬɨɜ ɜ ɫɢɫɬɟɦɟ, ɚ ݊ — 

ɤɨɥɢɱɟɫɬɜɨ ɪɟɚɤɰɢɣ ɜ ɫɢɫɬɟɦɟ. Эɬɚ ɦɚɬɪɢɰɚ ɨɩɢɫɵɜɚɟɬ ɫɨɨɬɧɨɲɟɧɢɹ ɦɟɠɞɭ 

ɜɟɳɟɫɬɜɚɦɢ ɢ ɪɟɚɤɰɢɹɦɢ. ȼ ɤɥɟɬɤɟ ሺ݅, ݆ሻ ɦɚɬɪɢɰɵ ɫɬɨɢɬ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɣ 

ɤɨɷɮɮɢɰɢɟɧɬ ɦɟɬɚɛɨɥɢɬɚ ݅ ɜ ɪɟɚɤɰɢɢ ݆. Эɬɨɬ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɜɟɧ 0, ɟɫɥɢ 

ɦɟɬɚɛɨɥɢɬ ɧɟ ɭɱɚɫɬɜɭɟɬ ɜ ɪɟɚɤɰɢɢ, ɩɨɥɨɠɢɬɟɥɶɧɵɣ, ɟɫɥɢ ɦɟɬɚɛɨɥɢɬ 

ɝɟɧɟɪɢɪɭɟɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɟɚɤɰɢɢ, ɢ ɨɬɪɢɰɚɬɟɥɶɧɵɣ, ɟɫɥɢ ɦɟɬɚɛɨɥɢɬ 

ɩɨɬɪɟɛɥɹɟɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɟɚɤɰɢɢ. ȼ ɡɚɮɢɤɫɢɪɨɜɚɧɧɨɦ ɫɬɨɥɛɰɟ ݆ ɷɬɢ 

ɤɨɷɮɮɢɰɢɟɧɬɵ ɜɵɪɚɠɚɸɬ ɩɪɨɩɨɪɰɢɸ, ɜ ɤɨɬɨɪɨɣ ɦɟɬɚɛɨɥɢɬɵ ɩɨɬɪɟɛɥɹɸɬɫɹ ɢ 

ɩɪɨɞɭɰɢɪɭɸɬɫɹ ɜ ɩɪɨɰɟɫɫɟ ɪɟɚɤɰɢɢ ݆. 

Оɩɪɟɞɟлɟниɟ 15. ȼɟɤɬɨɪ ɩɨɬɨɤɨɜ — ɜɟɤɬɨɪ ɧɟɨɬɪɢɰɚɬɟɥɶɧɵɯ ɜɟɳɟɫɬɜɟɧɧɵɯ 

ɱɢɫɟɥ ݒ ɞɥɢɧɵ ݊, ɜɵɪɚɠɚɸɳɢɣ ɜɟɥɢɱɢɧɵ ɩɨɬɨɤɨɜ ɩɨ ɜɫɟɦ ɪɟɚɤɰɢɹɦ ɜ ɫɢɫɬɟɦɟ. 

Оɩɪɟɞɟлɟниɟ 16. Ɉɝɪɚɧɢɱɟɧɢɹ ɛɚɥɚɧɫɚ — ɨɝɪɚɧɢɱɟɧɢɹ, ɜɵɪɚɠɚɸɳɢɟ 

ɩɪɚɜɢɥɨ ɫɨɯɪɚɧɟɧɢɹ ɦɚɫɫ: ɜ ɤɚɠɞɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɤɚɠɞɨɟ ɜɟɳɟɫɬɜɨ 

ɝɟɧɟɪɢɪɭɟɬɫɹ ɜ ɬɨɣ ɠɟ ɦɟɪɟ, ɱɬɨ ɩɨɬɪɟɛɥɹɟɬɫɹ. Эɬɨ ɩɪɚɜɢɥɨ ɦɨɠɧɨ ɜɵɪɚɡɢɬɶ 

ɦɚɬɪɢɱɧɵɦ ɭɪɚɜɧɟɧɢɟɦ:  ܵ ⋅ ݒ = Ͳ 

Оɩɪɟɞɟлɟниɟ 17. Ⱥɧɚɥɢɡ ɛɚɥɚɧɫɚ ɩɨɬɨɤɨɜ (FBA) — ɦɟɬɨɞ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɦɟɬɚɛɨɥɢɡɦɚ, ɩɨɡɜɨɥɹɸɳɢɣ ɨɩɪɟɞɟɥɢɬɶ ɫɤɨɪɨɫɬɶ ɪɟɚɤɰɢɣ ɜ 

ɦɟɬɚɛɨɥɢɱɟɫɤɨɣ ɫɟɬɢ [1]. Эɬɨɬ ɦɟɬɨɞ ɭɱɢɬɵɜɚɟɬ ɨɝɪɚɧɢɱɟɧɢɹ ɛɚɥɚɧɫɚ ɢ 

ɩɨɡɜɨɥɹɟɬ ɢɡɭɱɚɬɶ ɢ ɩɪɟɞɫɤɚɡɵɜɚɬɶ ɩɨɜɟɞɟɧɢɟ ɨɪɝɚɧɢɡɦɚ ɩɪɢ ɜɥɢɹɧɢɢ ɜɧɟɲɧɢɯ 

ɜɨɡɞɟɣɫɬɜɢɣ. 

Оɩɪɟɞɟлɟниɟ 18. ௜ܵ𝑛𝑡  — ɫɭɠɟɧɢɟ ɦɚɬɪɢɰɵ ܵ ɧɚ ɜɧɭɬɪɟɧɧɢɟ ɪɟɚɤɰɢɢ. 
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Оɩɪɟɞɟлɟниɟ 19. ௜ܰ𝑛𝑡  — ɦɚɬɪɢɰɚ, ɨɩɢɫɵɜɚɸɳɚɹ ɛɚɡɢɫ ɹɞɪɚ ɥɢɧɟɣɧɨɝɨ 

ɨɩɟɪɚɬɨɪɚ, ɨɩɢɫɚɧɧɨɝɨ ɦɚɬɪɢɰɟɣ ௜ܵ𝑛𝑡. 

Оɩɪɟɞɟлɟниɟ 20. Кɪɭɝɨɜɨɣ ɩɨɬɨɤ — ɜɟɤɬɨɪ ɩɨɬɨɤɨɜ, ɜ ɤɨɬɨɪɨɦ ɩɨɬɨɤɢ ɩɨ 

ɜɫɟɦ ɜɧɟɲɧɢɦ ɪɟɚɤɰɢɹɦ ɪɚɜɧɵ ɧɭɥɸ. 

Оɩɪɟɞɟлɟниɟ 21. ɉɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ — ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ, 

ɢɦɟɸɳɢɣ, ɩɨ ɤɪɚɣɧɟɣ ɦɟɪɟ, ɨɞɧɭ ɪɟɚɤɰɢɸ ɫ ɩɨɥɨɠɢɬɟɥɶɧɵɦ ɩɨɬɨɤɨɦ ɩɨ ɧɟɣ. 

Ɍɚɤɢɟ ɩɨɬɨɤɢ ɹɜɥɹɸɬɫɹ ɧɟɤɨɪɪɟɤɬɧɵɦɢ ɫ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ ɬɨɱɤɢ ɡɪɟɧɢɹ: 

ɡɚɤɨɧ ɫɨɯɪɚɧɟɧɢɹ ɷɧɟɪɝɢɢ ɧɟ ɜɵɩɨɥɧɹɟɬɫɹ ɞɥɹ ɬɚɤɢɯ ɩɨɬɨɤɨɜ. 

Оɩɪɟɞɟлɟниɟ 22. ɉɨɞɩɨɬɨɤ — ɩɨɬɨɤ ݒଵ ɹɜɥɹɟɬɫɹ ɩɨɞɩɨɬɨɤɨɦ ɩɨɬɨɤɚ ݒଶ, 

ɟɫɥɢ  ∀݅: ݒଵ,௜ ൑  ଶ,௜. ȼ ɱɚɫɬɧɨɫɬɢ, ɤɚɤ ɜɢɞɧɨ ɢɡ ɨɩɪɟɞɟɥɟɧɢɣ 17 ɢ 18, ɥɸɛɨɣݒ

ɩɨɞɩɨɬɨɤ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ ɤɪɭɝɨɜɨɝɨ ɩɨɬɨɤɚ ɬɚɤɠɟ ɹɜɥɹɟɬɫɹ ɤɪɭɝɨɜɵɦ 

ɩɨɞɩɨɬɨɤɨɦ. 

Оɩɪɟɞɟлɟниɟ 23. Ɍɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ ɨɝɪɚɧɢɱɟɧɢɹ — ɨɝɪɚɧɢɱɟɧɢɹ, 

ɨɩɢɫɵɜɚɸɳɢɟ ɨɬɫɭɬɫɬɜɢɟ ɭ ɡɚɞɚɧɧɨɝɨ ɩɨɬɨɤɚ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ ɤɪɭɝɨɜɨɝɨ 

ɩɨɞɩɨɬɨɤɚ. 

 Оɩɪɟɞɟлɟниɟ 24. Кɨɪɪɟɤɬɧɵɣ ɩɨɬɨɤ — ɩɨɬɨɤ ݒ, ɭɞɨɜɥɟɬɜɨɪɹɸɳɢɣ 

ɨɝɪɚɧɢɱɟɧɢɹɦ ɛɚɥɚɧɫɚ ɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɦ ɨɝɪɚɧɢɱɟɧɢɹɦ. 

Оɩɪɟɞɟлɟниɟ 25. ȼɟɤɬɨɪ ɜɟɫɨɜ — ɜɟɤɬɨɪ ݓ ∈ ℝ𝑛.  

Оɩɪɟɞɟлɟниɟ 26. ɂɧɫɬɚɧɫ — ɜɯɨɞɧɵɟ ɞɚɧɧɵɟ, ɜɵɪɚɠɚɸɳɢɟɫɹ ɞɚɧɧɵɦɢ 

ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɣ ɦɚɬɪɢɰɟɣ, ɜɟɤɬɨɪɨɦ ɜɟɫɨɜ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɦ ɰɟɥɟɜɭɸ 

ɮɭɧɤɰɢɸ, ɜɟɤɬɨɪɚɦɢ ɧɢɠɧɢɯ ɢ ɜɟɪɯɧɢɯ ɝɪɚɧɢɰ ɞɥɹ ɤɚɠɞɨɣ ɪɟɚɤɰɢɢ. 

1.2 Ɂɚɞɚɱɢ ɥɢɧɟɣɧɨɣ ɨɩɬɢɦɢɡɚɰɢɢ ɫɛɚɥɚɧɫɢɪɨɜɚɧɧɵɯ ɦɟɬɚɛɨɥɢɱɟɫɤɢɯ 

ɩɨɬɨɤɨɜ 

Ɂɚɞɚɱɚ, ɪɚɫɫɦɨɬɪɟɧɧɚɹ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ, ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɧɚɯɨɠɞɟɧɢɢ ɩɨ 

ɞɚɧɧɨɦɭ ɢɧɫɬɚɧɫɭ ɤɨɪɪɟɤɬɧɨɝɨ ɩɨɬɨɤɚ, ɦɚɤɫɢɦɢɡɢɪɭɸɳɟɝɨ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ 

ɮɭɧɤɰɢɢ: ሺݒ, ሻݓ =  ∑ ௜𝑛ݒ௜ݓ
௜=ଵ → max              ሺͳሻ 
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Ɍɚɤɠɟ ɞɥɹ ɤɚɠɞɨɣ ɪɟɚɤɰɢɢ ɭɫɬɚɧɨɜɥɟɧɵ ɧɢɠɧɟɟ ɢ ɜɟɪɯɧɟɟ ɨɝɪɚɧɢɱɟɧɢɹ ɧɚ 

ɜɟɥɢɱɢɧɭ ɩɨɬɨɤɚ ɱɟɪɟɡ ɧɟɟ: Ͳ ൑ ௜ݒ ൑ ௜ܾݑ                                       ሺʹሻ 

 ȼ ɱɚɫɬɧɨɫɬɢ, ɜ ɪɚɛɨɬɟ ɭɞɟɥɟɧɨ ɜɧɢɦɚɧɢɟ ɨɫɨɛɵɦ ɰɟɥɟɜɵɦ ɮɭɧɤɰɢɹɦ, 

ɜɟɤɬɨɪɚ ɜɟɫɨɜ ɤɨɬɨɪɵɯ ɫɨɫɬɨɹɬ ɢɡ ɧɭɥɟɣ ɢ ɨɞɧɨɣ ɟɞɢɧɢɰɵ. ȼ ɬɚɤɨɣ ɡɚɞɚɱɟ 

ɬɪɟɛɭɟɬɫɹ ɦɚɤɫɢɦɢɡɢɪɨɜɚɬɶ  ɩɨɬɨɤ ɩɨ ɨɞɧɨɣ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɪɟɚɤɰɢɢ. 

 Ɉɝɪɚɧɢɱɟɧɢɹ ɛɚɥɚɧɫɚ ɡɚɩɢɫɚɧɵ ɜ ɬɟɪɦɢɧɚɯ ɨɝɪɚɧɢɱɟɧɢɣ ɡɚɞɚɱɢ 

ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ. Ɇɚɤɫɢɦɢɡɢɪɭɟɦɚɹ ɰɟɥɟɜɚɹ ɮɭɧɤɰɢɹ ɬɚɤɠɟ 

ɡɚɩɢɫɚɧɚ ɜ ɬɟɪɦɢɧɚɯ ɡɚɞɚɱɢ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ. Ɉɞɧɚɤɨ ɨɝɪɚɧɢɱɟɧɢɹ 

ɧɚ ɤɨɪɪɟɤɬɧɨɫɬɶ ɩɨɬɨɤɚ ɧɟ ɡɚɩɢɫɵɜɚɸɬɫɹ ɬɚɤ ɩɪɨɫɬɨ. Ɂɚɞɚɱɚ ɞɚɧɧɨɣ ɪɚɛɨɬɵ 

ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨɛɵ ɪɚɡɪɚɛɨɬɚɬɶ ɡɚɩɢɫɶ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɨɝɪɚɧɢɱɟɧɢɣ 

ɜ ɬɟɪɦɢɧɚɯ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɬɚɤ, ɱɬɨɛɵ 

ɩɪɨɝɪɚɦɦɧɚɹ ɪɟɚɥɢɡɚɰɢɹ ɪɟɲɟɧɢɹ ɛɵɥɚ ɤɚɤ ɦɨɠɧɨ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨɣ. 

1.3 Ɉɛɡɨɪ ɛɢɛɥɢɨɬɟɤɢ CPLEX 

ȼ ɩɪɨɰɟɫɫɟ ɢɡɭɱɟɧɢɹ CPLEX ɛɵɥɢ ɢɡɭɱɟɧɵ ɩɨɞɪɨɛɧɨɫɬɢ ɦɟɬɨɞɚ ɜɟɬɜɟɣ ɢ 

ɝɪɚɧɢɰ. ɉɪɨɰɟɫɫ ɧɚɯɨɠɞɟɧɢɹ ɪɟɲɟɧɢɹ ɜ ɷɬɨɦ ɦɟɬɨɞɟ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨɛɵ 

ɩɨɞɞɟɪɠɢɜɚɬɶ ɜɟɪɯɧɸɸ ɝɪɚɧɢɰɭ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ, ɬɨ ɟɫɬɶ ɟɟ ɦɚɤɫɢɦɚɥɶɧɨ 

ɜɨɡɦɨɠɧɨɟ ɡɧɚɱɟɧɢɟ, ɢ ɪɚɡɛɢɜɚɬɶɫɹ ɧɚ ɪɚɡɧɵɟ ɫɥɭɱɚɢ. Ɋɚɡɛɢɜɚɬɶɫɹ ɢɦɟɟɬ ɫɦɵɫɥ, 

ɧɚɩɪɢɦɟɪ, ɜ ɫɥɟɞɭɸɳɢɯ ɫɢɬɭɚɰɢɹɯ:  

 ɟɫɥɢ ɜ ɷɬɢɯ ɫɥɭɱɚɹɯ ɢɦɟɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɭɬɨɱɧɢɬɶ ɜɟɪɯɧɸɸ ɝɪɚɧɢɰɭ, 

ɧɚɩɪɢɦɟɪ, ɪɟɲɢɜ ɡɚɞɚɱɭ ɛɟɡ ɨɝɪɚɧɢɱɟɧɢɣ ɰɟɥɨɱɢɫɥɟɧɧɨɫɬɢ ɧɟɤɨɬɨɪɵɯ 

ɩɟɪɟɦɟɧɧɵɯ; 

 ɟɫɥɢ ɜ ɷɬɢɯ ɫɥɭɱɚɹɯ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ ɪɚɡɦɟɪɧɨɫɬɶ ɡɚɞɚɱɢ ɩɭɬɟɦ 

ɞɨɛɚɜɥɟɧɢɹ ɧɨɜɵɯ ɨɝɪɚɧɢɱɟɧɢɣ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɬɪɭɤɬɭɪɭ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɦɟɬɨɞɨɦ ɜɟɬɜɟɣ ɢ ɝɪɚɧɢɰ ɦɨɠɧɨ 

ɩɪɟɞɫɬɚɜɢɬɶ ɤɨɪɧɟɜɵɦ ɞɟɪɟɜɨɦ, ɤɚɠɞɨɣ ɜɟɪɲɢɧɟ ɤɨɬɨɪɨɝɨ ɫɨɩɨɫɬɚɜɥɹɟɬɫɹ 

ɧɟɤɨɬɨɪɨɟ ɭɬɨɱɧɟɧɢɟ ɞɚɧɧɨɣ ɡɚɞɚɱɢ: ɥɨɤɚɥɶɧɵɟ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɨɝɪɚɧɢɱɟɧɢɹ ɢ 

ɥɨɤɚɥɶɧɚɹ ɜɟɪɯɧɹɹ ɝɪɚɧɢɰɚ ɡɧɚɱɟɧɢɹ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ.  
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Ⱦɥɹ ɨɛɳɟɧɢɹ ɫ ɩɨɥɶɡɨɜɚɬɟɥɟɦ CPLEX ɩɪɟɞɨɫɬɚɜɥɹɟɬ ɢɟɪɚɪɯɢɸ ɤɥɚɫɫɨɜ 

Callback, ɩɨɡɜɨɥɹɸɳɭɸ ɞɨɛɚɜɥɹɬɶ ɨɝɪɚɧɢɱɟɧɢɹ ɜ ɩɪɨɰɟɫɫɟ ɪɚɡɛɢɟɧɢɹ ɜɟɪɲɢɧɵ 

ɧɚ ɧɟɫɤɨɥɶɤɨ. Ɇɵ ɛɭɞɟɦ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɥɟɞɭɸɳɢɟ ɢɡ ɧɢɯ: 

 IncumbentCallback. Эɬɨɬ ɤɥɚɫɫ ɩɨɡɜɨɥɹɟɬ ɩɨ ɜɟɤɬɨɪɭ, ɧɚɣɞɟɧɧɨɦɭ ɜ 

ɬɟɤɭɳɟɣ ɜɟɬɤɟ ɪɟɲɟɧɢɹ, ɫɤɚɡɚɬɶ ɦɟɬɨɞɭ, ɱɬɨ ɷɬɨ ɪɟɲɟɧɢɟ ɧɟ ɹɜɥɹɟɬɫɹ 

ɤɨɪɪɟɤɬɧɵɦ, ɢ ɢɡɦɟɧɢɬɶ ɫɨɫɬɨɹɧɢɟ ɫɨɥɜɟɪɚ.  

 LazyConstraintCallback. Эɬɨɬ ɤɥɚɫɫ ɩɨɡɜɨɥɹɟɬ ɞɨɛɚɜɢɬɶ ɧɨɜɵɟ 

ɨɝɪɚɧɢɱɟɧɢɹ ɜ ɡɚɞɚɱɭ, ɩɪɢɱɟɦ ɤɚɤ ɝɥɨɛɚɥɶɧɨ ɜɨ ɜɫɟ ɜɟɬɜɢ ɦɟɬɨɞɚ ɜɟɬɜɟɣ ɢ 

ɝɪɚɧɢɰ, ɬɚɤ ɢ ɥɨɤɚɥɶɧɨ: ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɞɨɛɚɜɥɟɧɧɵɟ ɨɝɪɚɧɢɱɟɧɢɹ ɛɭɞɭɬ 

ɞɟɣɫɬɜɨɜɚɬɶ ɬɨɥɶɤɨ ɜ ɬɟɤɭɳɟɣ ɜɟɪɲɢɧɟ ɢ ɜɫɟɯ ɜɟɪɲɢɧɚɯ ɟɟ ɩɨɞɞɟɪɟɜɚ. ȼ 

ɩɪɨɰɟɫɫɟ ɪɟɲɟɧɢɹ ɦɵ ɛɭɞɟɦ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɨɛɚɜɥɟɧɢɟ ɝɥɨɛɚɥɶɧɵɯ 

ɨɝɪɚɧɢɱɟɧɢɣ, ɬɚɤ ɤɚɤ ɨɧɢ ɤɨɪɪɟɤɬɧɵ ɜɨ ɜɫɟɯ ɜɟɬɤɚɯ ɦɟɬɨɞɚ. 

1.4 Ɉɛɡɨɪ ɫɭɳɟɫɬɜɭɸɳɟɝɨ ɪɟɲɟɧɢɹ 

ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɫɭɳɟɫɬɜɭɟɬ ɫɥɟɞɭɸɳɢɣ ɦɟɬɨɞ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ, 

ɨɩɢɫɚɧɧɵɣ ɜ ɫɬɚɬɶɟ [2]. Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ ɪɟɲɟɧɢɹ ɜɜɨɞɹɬɫɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ 

ɩɟɪɟɦɟɧɧɵɟ ɞɥɹ ɤɚɠɞɨɣ ɪɟɚɤɰɢɢ: ܽ௜ — ɰɟɥɨɱɢɫɥɟɧɧɚɹ ɩɟɪɟɦɟɧɧɚɹ, 

ɩɪɢɧɢɦɚɸɳɚɹ ɡɧɚɱɟɧɢɹ 0 ɢɥɢ 1, ɨɩɢɫɵɜɚɸɳɚɹ, ɹɜɥɹɟɬɫɹ ɥɢ ɪɟɚɤɰɢɹ ɚɤɬɢɜɧɨɣ, 

ɬɨ ɟɫɬɶ ɩɪɚɜɞɚ ɥɢ, ɱɬɨ ɩɨ ɧɟɣ ɦɨɠɟɬ ɢɞɬɢ ɧɟɧɭɥɟɜɨɣ ɩɨɬɨɤ: Ͳ ൑ ܽ௜ ൑ ͳ                                                                             ሺ͵ሻ Ͳ ൑ ௜ݒ ൑ ܯ ⋅ ܽ௜                                                                    ሺͶሻ 

Ɂɞɟɫɶ ɢ ɞɚɥɟɟ ܯ — ɧɟɤɨɬɨɪɨɟ ɩɨɥɨɠɢɬɟɥɶɧɨɟ ɱɢɫɥɨ, ɡɚɜɟɞɨɦɨ ɛɨɥɶɲɟɟ 

ɜɟɥɢɱɢɧɵ ɩɨɬɨɤɚ ɱɟɪɟɡ ɥɸɛɭɸ ɪɟɚɤɰɢɸ. 

 Ɍɚɤɠɟ ɞɥɹ ɨɩɢɫɚɧɢɹ ɨɝɪɚɧɢɱɟɧɢɹ ɧɚ ɨɬɫɭɬɫɬɜɢɟ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ 

ɤɪɭɝɨɜɨɝɨ ɩɨɬɨɤɚ ɜɜɨɞɢɬɫɹ ɩɨ ɨɞɧɨɣ ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɩɟɪɟɦɟɧɧɨɣ 𝐺௜ ɧɚ ɤɚɠɞɭɸ 

ɪɟɚɤɰɢɸ. ȼ ɫɬɚɬɶɟ [2] ɞɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɨɬɫɭɬɫɬɜɢɹ ɤɪɭɝɨɜɨɝɨ ɩɨɬɨɤɚ 

ɞɨɫɬɚɬɨɱɧɨ ɜɜɟɫɬɢ ɫɥɟɞɭɸɳɢɟ ɨɝɪɚɧɢɱɟɧɢɹ: −ሺܯ + ͳሻ ⋅ ܽ௜ + ͳ ൑ 𝐺௜ ൑ ܯ − ሺܯ + ͳሻ ⋅ ܽ௜               ሺͷሻ ௜ܰ𝑛𝑡 ⋅ 𝐺 = Ͳ                                                                          ሺ͸ሻ 
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1.5 ɐɟɥɢ ɪɚɛɨɬɵ 

Ɉɫɧɨɜɧɨɣ ɰɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɸɬɫɹ ɪɚɡɪɚɛɨɬɤɚ ɢ ɪɟɚɥɢɡɚɰɢɹ ɪɟɲɟɧɢɹ, 

ɷɮɮɟɤɬɢɜɧɨ ɪɚɛɨɬɚɸɳɟɝɨ ɧɚ ɢɧɫɬɚɧɫɚɯ, ɤɨɬɨɪɵɟ ɛɵɜɚɸɬ ɧɚ ɩɪɚɤɬɢɤɟ. 

ȼ ɯɨɞɟ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɪɟɲɚɥɢɫɶ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢ: 

 Ɉɛɪɚɛɨɬɤɚ ɞɚɧɧɵɯ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɯ ɦɚɬɪɢɰ ɩɪɚɤɬɢɱɟɫɤɢɯ ɢɧɫɬɚɧɫɨɜ 

ɞɥɹ ɜɵɹɜɥɟɧɢɹ ɨɛɳɢɯ ɫɜɨɣɫɬɜ; 

 ɂɡɭɱɟɧɢɟ ɜɨɡɦɨɠɧɨɫɬɟɣ ɩɚɤɟɬɚ ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ CPLEX [3], 

ɩɪɟɞɧɚɡɧɚɱɟɧɧɨɝɨ ɞɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱ ɨɩɬɢɦɢɡɚɰɢɢ, ɜ ɱɚɫɬɧɨɫɬɢ, ɡɚɞɚɱɢ 

ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ; 

 Ɋɚɡɪɚɛɨɬɤɚ ɫɜɟɞɟɧɢɹ ɡɚɞɚɱɢ ɤ ɡɚɞɚɱɟ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ; 

 Ɋɟɚɥɢɡɚɰɢɹ ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɯ ɪɟɲɟɧɢɣ ɢ ɫɪɚɜɧɟɧɢɟ ɢɯ ɫ 

ɫɭɳɟɫɬɜɭɸɳɢɦ ɪɟɲɟɧɢɟɦ. 

1.6 ȼɵɜɨɞɵ ɩɨ ɝɥɚɜɟ 1 

ȼ ɝɥɚɜɟ 1 ɛɵɥɢ ɞɚɧɵ ɨɩɪɟɞɟɥɟɧɢɹ ɢɡ ɩɪɟɞɦɟɬɧɵɯ ɨɛɥɚɫɬɟɣ, ɫɜɹɡɚɧɧɵɯ ɫ 

ɞɚɧɧɨɣ ɪɚɛɨɬɨɣ: ɥɢɧɟɣɧɨɟ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɟ, ɛɢɨɢɧɮɨɪɦɚɬɢɤɚ. Ȼɵɥɚ 

ɩɨɫɬɚɜɥɟɧɚ ɪɟɲɚɟɦɚɹ ɡɚɞɚɱɚ ɢ ɨɩɢɫɚɧɨ ɫɭɳɟɫɬɜɭɸɳɟɟ ɪɟɲɟɧɢɟ. 
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ȽɅȺȼȺ 2. ɉɊȿȾɅȺȽȺȿɆɕȿ ɆȿɌɈȾɕ Ɋȿɒȿɇɂə 

ȼ ɞɚɧɧɨɣ ɝɥɚɜɟ ɨɩɢɫɵɜɚɸɬɫɹ ɧɚɣɞɟɧɧɵɟ ɪɟɲɟɧɢɹ ɢ ɞɨɤɚɡɵɜɚɸɬɫɹ 

ɧɟɬɪɢɜɢɚɥɶɧɵɟ ɮɚɤɬɵ, ɨɬɧɨɫɹɳɢɟɫɹ ɤ ɫɜɟɞɟɧɢɸ ɡɚɞɚɱɢ ɤ ɡɚɞɚɱɟ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ.  

2.1 ɋɨɥɜɟɪɵ ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ ɥɢɧɟɣɧɨɣ ɨɩɬɢɦɢɡɚɰɢɢ 

ȼ ɷɬɨɦ ɪɚɡɞɟɥɟ ɨɩɢɫɵɜɚɸɬɫɹ ɫɨɥɜɟɪɵ ɩɨɫɬɚɜɥɟɧɧɨɣ ɜ ɨɛɡɨɪɟ ɡɚɞɚɱɢ. 

ɋɨɥɜɟɪ SimpleSolver ɪɟɚɥɢɡɭɟɬ «ɥɟɧɢɜɨɟ» ɞɨɛɚɜɥɟɧɢɟ ɨɝɪɚɧɢɱɟɧɢɣ ɧɚ ɤɪɭɝɨɜɵɟ 

ɩɨɬɨɤɢ ɫ ɩɨɦɨɳɶɸ ɢɧɬɟɪɮɟɣɫɚ Callback ɛɢɛɥɢɨɬɟɤɢ CPLEX. ɋɨɥɜɟɪ PathSolver 

ɢɫɩɨɥɶɡɭɟɬ ɧɨɜɵɣ ɜɢɞ ɨɝɪɚɧɢɱɟɧɢɣ, ɛɚɡɢɪɭɸɳɢɯɫɹ ɧɚ ɛɨɥɶɲɨɦ ɤɨɥɢɱɟɫɬɜɟ 

ɤɪɭɝɨɜɵɯ ɩɨɬɨɤɨɜ, ɨɬɥɢɱɚɸɳɢɯɫɹ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɧɟɛɨɥɶɲɢɦ ɱɢɫɥɨɦ ɚɤɬɢɜɧɵɯ 

ɪɟɚɤɰɢɣ. ɋɨɥɜɟɪ NullSpaceSolver ɪɚɡɜɢɜɚɟɬ ɢɞɟɸ ɫɨɥɜɟɪɚ PathSolver, 

ɦɢɧɢɦɢɡɢɪɭɹ ɪɚɡɦɟɪ ɨɝɪɚɧɢɱɟɧɢɹ. ɋɨɥɜɟɪ ClosedSolver ɪɟɚɥɢɡɨɜɚɧ ɧɚ ɨɫɧɨɜɟ 

ɫɬɚɬɶɢ [2].  

2.1.1 ɋɨɥɜɟɪ SimpleSolver 

ɂɞɟɹ ɫɨɥɜɟɪɚ SimpleSolver ɛɚɡɢɪɭɟɬɫɹ ɧɚ ɫɥɟɞɭɸɳɟɦ ɫɜɟɞɟɧɢɢ: ሺݓ, ሻݒ → max                                        ሺͳሻ Ͳ ൑ ௜ݒ ൑ ௜ܾݎ                                           ሺʹሻ ܵ ⋅ ݒ = Ͳ                                                  ሺ͵ሻ ܽ௜ ∈ {Ͳ, ͳ}                                               ሺͶሻ ݒ௜ ൑ ܯ ⋅ ܽ௜                                               ሺͷሻ ሺܿ, ܽሻ + ͳ ൑ ∑ ܿ௜𝑛
௜=ଵ , ܿ ∈ 𝑪           ሺ͸ሻ 

 Кɚɤ ɢ ɜ ɪɟɲɟɧɢɢ [2], ɡɞɟɫɶ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜɟɤɬɨɪ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ ܽ௜, ɨɩɢɫɵɜɚɸɳɢɯ ɚɤɬɢɜɧɨɫɬɶ ɪɟɚɤɰɢɣ. Ɉɝɪɚɧɢɱɟɧɢɟ ሺͷሻ ɝɨɜɨɪɢɬ ɨ 

ɬɨɦ, ɱɬɨ ɩɨ ɪɟɚɤɰɢɢ ɧɟ ɦɨɠɟɬ ɢɞɬɢ ɩɨɬɨɤ, ɟɫɥɢ ɨɧɚ ɧɟ ɹɜɥɹɟɬɫɹ ɚɤɬɢɜɧɨɣ ɫ 

ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɟɪɟɦɟɧɧɨɣ ܽ௜. 
Ɂɞɟɫɶ ɢ ɞɚɥɟɟ 𝑪 — ɦɧɨɠɟɫɬɜɨ ɜɟɤɬɨɪɨɜ ɫɥɟɞɭɸɳɟɣ ɫɬɪɭɤɬɭɪɵ. ȼɟɤɬɨɪ ܿ ∈ {Ͳ, ͳ}𝑛 ɩɨɩɚɞɟɬ ɜ ɦɧɨɠɟɫɬɜɨ 𝑪, ɟɫɥɢ ɢ ɬɨɥɶɤɨ ɟɫɥɢ ɫɭɳɟɫɬɜɭɟɬ 

ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ ݒ′ ɬɚɤɨɣ, ɱɬɨ ܿ௜ =  .݅ ௜ሻ ɞɥɹ ɜɫɟɯ′ݒሺ݉ݑ𝑔݊݅ݏ
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ȼɟɤɬɨɪɵ ɷɬɨɝɨ ɦɧɨɠɟɫɬɜɚ ɨɩɢɫɵɜɚɸɬ ɧɚɛɨɪɵ ɪɟɚɤɰɢɣ, ɩɨ ɤɨɬɨɪɵɦ ɦɨɠɧɨ 

ɩɭɫɬɢɬɶ ɧɟɤɨɬɨɪɵɣ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɩɨɬɨɤ. Ɉɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ 

ɫɪɟɞɢ ɤɚɠɞɨɝɨ ɬɚɤɨɝɨ ɧɚɛɨɪɚ ɪɟɚɤɰɢɣ ɧɚɣɞɟɬɫɹ ɪɟɚɤɰɢɹ, ɧɟ ɹɜɥɹɸɳɚɹɫɹ 

ɚɤɬɢɜɧɨɣ. Эɬɨ ɝɚɪɚɧɬɢɪɭɟɬ ɧɚɦ ɨɬɫɭɬɫɬɜɢɟ ɤɪɭɝɨɜɨɝɨ ɩɨɬɨɤɚ ɩɨ ɞɚɧɧɨɦɭ ɧɚɛɨɪɭ 

ɪɟɚɤɰɢɣ, ɚ ɬɚɤ ɤɚɤ ɦɧɨɠɟɫɬɜɨ 𝑪 ɫɨɞɟɪɠɢɬ ɜɫɟ ɬɚɤɢɟ ɧɚɛɨɪɵ, ɬɨ ɜ ɧɚɲɟɦ ɩɨɬɨɤɟ 

ɧɟ ɛɭɞɟɬ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ ɤɪɭɝɨɜɨɝɨ ɩɨɞɩɨɬɨɤɚ, ɬɨ ɟɫɬɶ ɜɫɟ ɪɟɲɟɧɢɹ ɷɬɨɣ 

ɫɢɫɬɟɦɵ ɹɜɥɹɸɬɫɹ ɤɨɪɪɟɤɬɧɵɦɢ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɦɨɠɟɬ ɛɵɬɶ ɫɢɬɭɚɰɢɹ, 

ɤɨɝɞɚ ɤɚɤɚɹ-ɬɨ ɪɟɚɤɰɢɹ ɹɜɥɹɟɬɫɹ ɚɤɬɢɜɧɨɣ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɟɪɟɦɟɧɧɨɣ ܽ௜, ɧɨ ɩɪɢ 

ɷɬɨɦ ɩɨɬɨɤ ɩɨ ɧɟɣ ɧɭɥɟɜɨɣ: ɭ ɧɚɫ ɧɟɬ ɨɝɪɚɧɢɱɟɧɢɣ ɧɚ ɬɨ, ɱɬɨ ɩɨɬɨɤ ɨɛɹɡɚɧ ɛɵɬɶ 

ɧɟɧɭɥɟɜɵɦ ɜ ɫɥɭɱɚɟ ɚɤɬɢɜɧɨɫɬɢ ɪɟɚɤɰɢɢ. Ɍɨɝɞɚ ɨɞɧɨ ɢɡ ɨɝɪɚɧɢɱɟɧɢɣ ሺ͸ሻ ɦɨɠɟɬ 

ɧɟ ɜɵɩɨɥɧɹɬɶɫɹ, ɧɨ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ ɤɪɭɝɨɜɨɝɨ ɩɨɞɩɨɬɨɤɚ ɦɨɠɟɬ ɢ ɧɟ ɛɵɬɶ. ȼ 

ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɫɨɥɜɟɪɭ ɧɢɱɬɨ ɧɟ ɦɟɲɚɟɬ ɫɞɟɥɚɬɶ ɷɬɭ ɪɟɚɤɰɢɸ 

ɧɟɚɤɬɢɜɧɨɣ: ɨɬ ɷɬɨɝɨ ɧɟ ɫɥɨɦɚɟɬɫɹ ɨɝɪɚɧɢɱɟɧɢɟ ሺͷሻ, ɚ ɜ ɨɝɪɚɧɢɱɟɧɢɹɯ ሺ͸ሻ ɥɟɜɵɟ 

ɱɚɫɬɢ ɧɟɪɚɜɟɧɫɬɜ ɬɨɥɶɤɨ ɭɦɟɧɶɲɚɬɫɹ. 

Ɉɫɧɨɜɧɨɣ ɩɪɨɛɥɟɦɨɣ ɬɚɤɨɝɨ ɫɜɟɞɟɧɢɹ ɹɜɥɹɟɬɫɹ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɣ ɪɚɡɦɟɪ 

ɦɧɨɠɟɫɬɜɚ 𝑪, ɱɬɨ ɞɟɥɚɟɬ ɧɟɞɨɩɭɫɬɢɦɵɦ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɬɚɤɨɝɨ ɫɜɟɞɟɧɢɹ ɧɚ 

ɩɪɚɤɬɢɤɟ. ȼ ɪɟɲɟɧɢɢ ɞɚɧɧɨɣ ɩɪɨɛɥɟɦɵ ɧɚɦ ɩɨɦɨɠɟɬ ɢɟɪɚɪɯɢɹ ɤɥɚɫɫɨɜ Callback 

ɢɡ CPLEX. ȼɨɫɩɨɥɶɡɭɟɦɫɹ ɫɥɟɞɭɸɳɢɦ ɚɥɝɨɪɢɬɦɨɦ: 

1. ɋɨɡɞɚɞɢɦ ɷɤɡɟɦɩɥɹɪ ɡɚɞɚɱɢ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɜ ɤɨɬɨɪɵɣ ɡɚɧɟɫɟɦ ɢɧɮɨɪɦɚɰɢɸ ɨ ɩɟɪɟɦɟɧɧɵɯ 𝒗𝒊, ɢ 𝒂𝒊, ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ሺ૚ሻ ɢ ɨɝɪɚɧɢɱɟɧɢɹɯ ሺ૛ሻ − ሺ𝟓ሻ. Ȼɭɞɟɦ ɩɨɞɞɟɪɠɢɜɚɬɶ 

ɬɟɤɭɳɟɟ ɦɧɨɠɟɫɬɜɨ 𝑪. ɂɡɧɚɱɚɥɶɧɨ ɨɧɨ ɛɭɞɟɬ ɩɭɫɬɨɟ. 

2. Ɋɟɲɢɦ ɬɟɤɭɳɭɸ ɡɚɞɚɱɭ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ. Ɇɵ ɩɨɥɭɱɢɦ 

ɤɨɧɤɪɟɬɧɵɟ ɡɧɚɱɟɧɢɹ ݒ௜ ɢ ܽ௜. ɋ ɩɨɦɨɳɶɸ ɫɨɥɜɟɪɚ CycleSolver, ɨ ɤɨɬɨɪɨɦ 

ɫɤɚɡɚɧɨ ɜ ɪɚɡɞɟɥɟ 2.2.1, ɧɚɣɞɟɦ ɜ ɷɬɨɦ ɪɟɲɟɧɢɢ ɧɚɢɛɨɥɶɲɢɣ 

ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ ɢɥɢ ɨɩɪɟɞɟɥɢɦ, ɱɬɨ ɬɚɤɨɜɨɝɨ ɧɟɬ.  

2.1. ȿɫɥɢ ɬɚɤɨɝɨ ɧɟɬ, ɬɨ ɬɟɤɭɳɚɹ ɜɟɬɜɶ ɦɟɬɨɞɚ ɜɟɬɜɟɣ ɢ ɝɪɚɧɢɰ 

ɡɚɜɟɪɲɟɧɚ, ɟɟ ɪɟɲɟɧɢɟ ɧɚɣɞɟɧɨ.  
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2.2. ɉɭɫɬɶ ɧɚɲɟɥɫɹ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ ݒ′. ɇɚɣɞɟɦ ɜ 

ɩɨɬɨɤɟ ݒ′ ɦɧɨɠɟɫɬɜɨ ɪɟɚɤɰɢɣ ɫ ɩɨɥɨɠɢɬɟɥɶɧɵɦ ɩɨɬɨɤɨɦ ɩɨ ɧɢɦ, 

ɫɨɡɞɚɟɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɜɟɤɬɨɪ ܿ ɢ ɞɨɛɚɜɥɹɟɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ 

ɨɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ, ɩɨɩɨɥɧɹɹ ɦɧɨɠɟɫɬɜɨ 𝑪 ɷɬɢɦ ɜɟɤɬɨɪɨɦ. Ɍɚɤ ɤɚɤ ݒ′ 
ɹɜɥɹɟɬɫɹ ɩɨɞɩɨɬɨɤɨɦ ݒ, ɬɨ ɜɫɟ ɧɟɚɤɬɢɜɧɵɟ ɪɟɚɤɰɢɢ ݒ ɬɚɤɠɟ 

ɹɜɥɹɸɬɫɹ ɧɟɚɤɬɢɜɧɵɦɢ ɜ ݒ′, ɚ ɡɧɚɱɢɬ, ɟɫɥɢ ݒ ɭɞɨɜɥɟɬɜɨɪɹɟɬ ɜɫɟɦ 

ɩɪɟɞɵɞɭɳɢɦ ɨɝɪɚɧɢɱɟɧɢɹɦ ሺ͸ሻ, ɬɨ ɢ ݒ′ ɢɦ ɭɞɨɜɥɟɬɜɨɪɹɟɬ. Ⱥ ɟɫɥɢ 

ɬɚɤ, ɬɨ ɧɨɜɨɟ ɞɨɛɚɜɥɟɧɧɨɟ ɨɝɪɚɧɢɱɟɧɢɟ ɫɭɠɚɟɬ ɦɧɨɠɟɫɬɜɨ 

ɤɨɪɪɟɤɬɧɵɯ ɩɨɬɨɤɨɜ. Ɍɟɩɟɪɶ ɜɫɟ ɩɨɬɨɤɢ, ɢɦɟɸɳɢɟ ݒ′ ɜ ɤɚɱɟɫɬɜɟ 

ɩɨɞɩɨɬɨɤɚ, ɛɭɞɭɬ ɧɟɤɨɪɪɟɤɬɧɵɦɢ, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɞɨ ɷɬɨɝɨ 

ɧɟɤɨɬɨɪɵɟ ɢɡ ɧɢɯ ɛɵɥɢ ɤɨɪɪɟɤɬɧɵɦɢ: ɧɚɩɪɢɦɟɪ, ݒ ɢ ݒ′. 
К ɫɨɠɚɥɟɧɢɸ, ɬɚɤɨɣ ɫɨɥɜɟɪ ɞɨɛɚɜɥɹɟɬ ɨɱɟɧɶ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ 

ɨɝɪɚɧɢɱɟɧɢɣ ɜ ɩɪɨɰɟɫɫɟ ɪɚɛɨɬɵ, ɬɚɤ ɱɬɨ ɪɟɚɥɢɡɚɰɢɹ ɬɚɤɨɝɨ ɫɨɥɜɟɪɚ ɜɫɟ ɟɳɟ 

ɧɟɩɪɢɝɨɞɧɚ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɩɪɚɤɬɢɱɟɫɤɢɯ ɰɟɥɹɯ. 

ȼ ɩɪɨɰɟɫɫɟ ɨɛɪɚɛɨɬɤɢ ɩɨɥɨɠɢɬɟɥɶɧɵɯ ɤɪɭɝɨɜɵɯ ɩɨɞɩɨɬɨɤɨɜ ɛɵɥɨ ɜɵɹɫɧɟɧɨ, 

ɱɬɨ ɦɧɨɝɢɟ ɢɡ ɧɚɣɞɟɧɧɵɯ ɩɨɞɩɨɬɨɤɨɜ ɢɦɟɸɬ ɨɛɳɢɟ ɤɪɭɝɨɜɵɟ ɩɨɞɩɨɬɨɤɢ. Эɬɨ 

ɨɡɧɚɱɚɟɬ, ɱɬɨ ɜɦɟɫɬɨ ɛɥɨɤɢɪɨɜɤɢ ɷɬɢɯ ɩɨɬɨɤɨɜ ɛɵɥɨ ɛɵ ɞɨɫɬɚɬɨɱɧɨ 

ɡɚɛɥɨɤɢɪɨɜɚɬɶ ɢɯ ɛɨɥɟɟ ɦɚɥɟɧɶɤɢɣ ɨɛɳɢɣ ɩɨɞɩɨɬɨɤ. ɇɚ ɪɢɫɭɧɤɟ 1 ɩɪɟɞɫɬɚɜɥɟɧɚ 

ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɚɹ ɦɚɬɪɢɰɚ ɧɟɤɨɬɨɪɨɝɨ ɢɧɫɬɚɧɫɚ ɜ ɜɢɞɟ ɝɪɚɮɚ. ȼɟɪɲɢɧɵ ɝɪɚɮɚ 

ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɜɟɳɟɫɬɜɚɦ, ɚ ɨɪɢɟɧɬɢɪɨɜɚɧɧɵɟ ɪɟɛɪɚ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɪɟɚɤɰɢɹɦ, 

ɤɨɬɨɪɵɟ ɢɡ ɨɞɧɨɝɨ ɜɟɳɟɫɬɜɚ ɩɨɥɭɱɚɸɬ ɞɪɭɝɨɟ ɫ ɧɟɤɨɬɨɪɵɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ. 

ȼ ɷɬɨɦ ɢɧɫɬɚɧɫɟ ɫɭɳɟɫɬɜɭɸɬ ɩɨɥɨɠɢɬɟɥɶɧɵɟ ɤɪɭɝɨɜɵɟ ɩɨɬɨɤɢ ɞɥɹ ɚɤɬɢɜɧɵɯ 

ɦɧɨɠɟɫɬɜ ɪɟɚɤɰɢɣ {ܴଵ, ܴହ, ܴ଺}, {ܴଶ, ܴହ, ܴ଺}, {ܴଵ, ܴଶ, ܴହ, ܴ଺},  {ܴଵ, ܴଷ, ܴସ},  {ܴଶ, ܴଷ, ܴସ},  {ܴଵ, ܴଶ, ܴଷ, ܴସ},  {ܴଵ, ܴଷ, ܴସ, ܴହ, ܴ଺}, {ܴଶ, ܴଷ, ܴସ, ܴହ, ܴ଺},  {ܴଵ, ܴଶ, ܴଷ, ܴସ, ܴହ, ܴ଺}. Ⱦɥɹ ɤɚɠɞɨɝɨ ɢɡ ɷɬɢɯ ɦɧɨɠɟɫɬɜ ɪɟɚɤɰɢɣ ɞɨɥɠɧɨ ɛɵɬɶ 

ɜɟɪɧɨ, ɱɬɨ ɯɨɬɹ ɛɵ ɨɞɧɚ ɪɟɚɤɰɢɹ ɜ ɧɟɦ ɞɨɥɠɧɚ ɛɵɬɶ ɧɟɚɤɬɢɜɧɨɣ. Ɉɞɧɚɤɨ ɧɟ 

ɨɛɹɡɚɬɟɥɶɧɨ ɛɥɨɤɢɪɨɜɚɬɶ ɤɚɠɞɵɣ ɢɡ ɧɢɯ, ɞɨɛɚɜɥɹɹ ɨɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ. ɇɚɩɪɢɦɟɪ, 

ɟɫɥɢ ɦɧɨɠɟɫɬɜɨ {ܴଵ, ܴହ, ܴ଺} ɫɨɞɟɪɠɢɬ ɧɟɚɤɬɢɜɧɭɸ ɪɟɚɤɰɢɸ, ɬɨ ɢ ɜɫɟ ɟɝɨ 

ɧɚɞɦɧɨɠɟɫɬɜɚ, ɜɤɥɸɱɚɹ, ɧɚɩɪɢɦɟɪ, {ܴଵ, ܴଷ, ܴସ, ܴହ, ܴ଺}, ɫɨɞɟɪɠɚɬ ɧɟɚɤɬɢɜɧɭɸ 
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ɪɟɚɤɰɢɸ. Эɬɨ ɡɧɚɱɢɬ, ɱɬɨ ɧɟɬ ɧɭɠɞɵ ɞɨɛɚɜɥɹɬɶ ɨɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ ɞɥɹ ɤɪɭɝɨɜɵɯ 

ɩɨɬɨɤɨɜ, ɞɥɹ ɤɨɬɨɪɵɯ ɦɵ ɦɨɠɟɦ ɧɚɣɬɢ ɫɨɛɫɬɜɟɧɧɨɟ ɩɨɞɦɧɨɠɟɫɬɜɨ ɪɟɚɤɰɢɣ, ɞɥɹ 

ɤɨɬɨɪɨɝɨ ɬɚɤɠɟ ɫɭɳɟɫɬɜɭɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ, ɫɨɫɬɨɹɳɢɣ ɬɨɥɶɤɨ 

ɢɡ ɷɬɢɯ ɪɟɚɤɰɢɣ.  

 

Ɋɢɫɭɧɨɤ 1 — ɉɪɢɦɟɪ ɢɧɫɬɚɧɫɚ ɫ ɛɨɥɶɲɢɦ ɤɨɥɢɱɟɫɬɜɨɦ ɰɢɤɥɨɜ 

Ɇɵ ɩɪɢɲɥɢ ɤ ɫɥɟɞɭɸɳɟɣ ɡɚɞɚɱɟ: ɩɨ ɞɚɧɧɨɦɭ ɤɪɭɝɨɜɨɦɭ ɩɨɬɨɤɭ ɫɥɟɞɭɟɬ 

ɧɚɣɬɢ ɟɝɨ ɤɚɤ ɦɨɠɧɨ ɦɟɧɶɲɢɣ ɩɨɞɩɨɬɨɤ ɢ ɞɨɛɚɜɢɬɶ ɟɝɨ ɜ ɤɚɱɟɫɬɜɟ ɨɝɪɚɧɢɱɟɧɢɹ. 

ȼɵɲɟ ɛɵɥɨ ɞɨɤɚɡɚɧɨ, ɱɬɨ CycleSolver ɧɚɯɨɞɢɬ ɩɨɬɨɤ, ɞɨɛɚɜɥɹɹ ɤɨɬɨɪɵɣ ɜ 

ɨɝɪɚɧɢɱɟɧɢɹ ሺ͸ሻ, ɦɵ ɫɭɠɚɟɦ ɦɧɨɠɟɫɬɜɨ ɞɨɩɭɫɬɢɦɵɯ ɪɟɲɟɧɢɣ. Ɉɬɧɨɲɟɧɢɟ 

«ɛɵɬɶ ɩɨɞɩɨɬɨɤɨɦ» ɹɜɥɹɟɬɫɹ ɬɪɚɧɡɢɬɢɜɧɵɦ: ɛɨɥɟɟ ɦɚɥɟɧɶɤɢɦ ɩɨɞɩɨɬɨɤɨɦ ɦɵ 

ɡɚɛɥɨɤɢɪɭɟɦ ɬɨ ɠɟ ɦɧɨɠɟɫɬɜɨ ɩɨɬɨɤɨɜ, ɚ ɜɨɡɦɨɠɧɨ ɢ ɟɳɟ ɤɚɤɢɟ-ɬɨ. Ɂɧɚɱɢɬ, 

ɧɚɢɦɟɧɶɲɢɦ ɩɨɥɨɠɢɬɟɥɶɧɵɦ ɤɪɭɝɨɜɵɦ ɩɨɞɩɨɬɨɤɨɦ ɩɨɬɨɤɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɫ 

ɩɨɦɨɳɶɸ ɫɨɥɜɟɪɚ CycleSolver, ɦɵ ɡɚɛɥɨɤɢɪɭɟɦ ɧɟɩɭɫɬɨɟ ɦɧɨɠɟɫɬɜɨ ɧɨɜɵɯ 

ɩɨɬɨɤɨɜ, ɬɨ ɟɫɬɶ ɞɨɛɚɜɥɟɧɢɟ ɬɚɤɨɝɨ ɨɝɪɚɧɢɱɟɧɢɹ ɢɦɟɟɬ ɫɦɵɫɥ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɵ ɢɡɦɟɧɢɦ ɩɭɧɤɬ 2.2 ɚɥɝɨɪɢɬɦɚ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

2.2.1  ȿɫɥɢ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ ɧɚɲɟɥɫɹ, ɧɚɣɞɟɦ ɟɝɨ 

ɧɚɢɦɟɧɶɲɢɣ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ, ɜɨɫɩɨɥɶɡɨɜɚɜɲɢɫɶ 
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ɫɨɥɜɟɪɨɦ ContinuousSplitter, ɫɜɟɞɟɧɢɟ ɤ ɡɚɞɚɱɟ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɤɨɬɨɪɨɝɨ ɨɩɢɫɚɧɨ ɜ ɪɚɡɞɟɥɟ 2.2.2. ɋɨɡɞɚɞɢɦ ɜɟɤɬɨɪ ܿ 

ɢɡ ɪɟɚɤɰɢɣ, ɤɨɬɨɪɵɟ ɢɦɟɸɬ ɧɟɧɭɥɟɜɨɣ ɩɨɬɨɤ ɜ ɧɟɦ ɢ ɞɨɛɚɜɢɦ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɨɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ, ɩɨɩɨɥɧɹɹ ɦɧɨɠɟɫɬɜɨ 𝑪. 

Ɋɟɚɥɢɡɚɰɢɸ ɫɨɥɜɟɪɚ SimpleSolver ɦɨɠɧɨ ɧɚɣɬɢ ɜ ɩɚɤɟɬɟ ru.ifmo.cycles.solver 

ɢɫɯɨɞɧɨɝɨ ɤɨɞɚ. 

2.1.2 ɋɨɥɜɟɪ PathSolver 

 ɋɨɥɜɟɪ SimpleSolver ɩɨɞɯɨɞɢɬ ɞɥɹ ɪɟɲɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ, ɧɨ ɭ 

ɧɟɝɨ ɟɫɬɶ ɫɜɨɢ ɩɪɨɛɥɟɦɵ. ȼ ɢɧɫɬɚɧɫɚɯ, ɧɚ ɤɨɬɨɪɵɯ ɬɟɫɬɢɪɨɜɚɥɢɫɶ ɪɟɲɟɧɢɹ, 

ɞɚɠɟ ɦɚɥɟɧɶɤɢɯ ɰɢɤɥɨɜ, ɧɚɣɞɟɧɧɵɯ ɫ ɩɨɦɨɳɶɸ ɫɨɥɜɟɪɚ ContinuousSolver, 

ɦɨɠɟɬ ɛɵɬɶ ɨɱɟɧɶ ɦɧɨɝɨ. ɇɚɩɪɢɦɟɪ, ɧɚ ɪɢɫɭɧɤɟ 2, ɦɧɨɠɟɫɬɜɚ ɪɟɚɤɰɢɣ {ܴଵ, ܴସ, ܴ଺, ଼ܴ, ܴଽ, ܴଵ଴, }, {ܴଶ, ܴହ, ܴ଺, ଼ܴ, ܴଽ, ܴଵ଴}, {ܴଷ, ܴହ, ܴ଻, ଼ܴ, ܴଽ, ܴଵ଴} ɢ ɞɪɭɝɢɟ 

ɹɜɥɹɸɬɫɹ ɦɢɧɢɦɚɥɶɧɵɦɢ: ɧɟɥɶɡɹ ɜɵɛɪɚɬɶ ɧɟɩɭɫɬɨɟ ɫɨɛɫɬɜɟɧɧɨɟ ɩɨɞɦɧɨɠɟɫɬɜɨ 

ɷɬɢɯ ɪɟɚɤɰɢɣ ɬɚɤɢɯ, ɱɬɨ ɫɭɳɟɫɬɜɭɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ ɱɟɪɟɡ ɷɬɢ 

ɪɟɚɤɰɢɢ. 

 

Ɋɢɫɭɧɨɤ 2 — ɉɪɢɦɟɪ ɢɧɫɬɚɧɫɚ ɫ ɛɨɥɶɲɢɦ ɤɨɥɢɱɟɫɬɜɨɦ ɦɢɧɢɦɚɥɶɧɵɯ ɰɢɤɥɨɜ 

ɉɪɢɦɟɪ ɧɚ ɪɢɫɭɧɤɟ 2 ɢɥɥɸɫɬɪɢɪɭɟɬ ɬɨ, ɤɚɤ ɦɧɨɠɟɫɬɜɨ ɦɢɧɢɦɚɥɶɧɵɯ 

ɰɢɤɥɨɜ ɦɨɠɟɬ ɛɵɬɶ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɝɨ ɪɚɡɦɟɪɚ. ɋɨɥɜɟɪ PathSolver ɢɫɩɨɥɶɡɭɟɬ 

ɢɞɟɸ, ɤɚɤ ɭɦɟɧɶɲɢɬɶ ɤɨɥɢɱɟɫɬɜɨ ɨɝɪɚɧɢɱɟɧɢɣ ɧɚ ɩɨɞɨɛɧɵɯ ɩɪɢɦɟɪɚɯ. 
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Ⱦɨɩɭɫɬɢɦ, ɦɵ ɭɠɟ ɡɚɛɥɨɤɢɪɨɜɚɥɢ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ {ܴଵ, ܴସ, ܴ଺, ଼ܴ, ܴଽ, ܴଵ଴}. 

ɉɨɫɦɨɬɪɢɦ, ɤɚɤ ɨɬɥɢɱɚɸɬɫɹ ɩɨɬɨɤɢ {ܴଵ, ܴସ, ܴ଺, ଼ܴ, ܴଽ, ܴଵ଴} ɢ {ܴଶ, ܴସ, ܴ଺, ଼ܴ, ܴଽ, ܴଵ଴}. Ɉɬɥɢɱɚɸɬɫɹ ɨɧɢ ɬɟɦ, ɱɬɨ ɜɨ ɜɬɨɪɨɦ ɤɪɭɝɨɜɨɦ ɩɨɬɨɤɟ 

ɟɫɬɶ ɪɟɚɤɰɢɹ ܴଶ, ɧɨ ɧɟɬ ɪɟɚɤɰɢɢ ܴଵ. ɏɨɱɟɬɫɹ ɤɚɤ-ɬɨ ɡɚɩɢɫɚɬɶ ɨɝɪɚɧɢɱɟɧɢɹ, 

ɤɨɬɨɪɵɟ ɨɩɢɫɵɜɚɸɬ, ɤɚɤ ɜɦɟɫɬɨ ɨɞɧɨɣ ɪɟɚɤɰɢɢ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɪɭɝɢɟ: «ȼ ɥɸɛɨɦ 

ɩɨɬɨɤɟ, ɝɞɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɪɟɚɤɰɢɹ ܴଵ, ɦɨɠɧɨ ɜɦɟɫɬɨ ɧɟɟ ɢɫɩɨɥɶɡɨɜɚɬɶ ɪɟɚɤɰɢɸ ܴଶ». Ⱥɧɚɥɨɝɢɱɧɨ ɜɦɟɫɬɨ ɪɟɚɤɰɢɢ ܴଵ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɪɟɚɤɰɢɸ ܴଷ, ɜɦɟɫɬɨ 

ɪɟɚɤɰɢɢ ܴସ — ɪɟɚɤɰɢɸ ܴହ, ɚ ɜɦɟɫɬɨ ɪɟɚɤɰɢɢ ܴ଺ — ɪɟɚɤɰɢɸ ܴ଻. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɜɦɟɫɬɨ ɬɨɝɨ, ɱɬɨɛɵ ɛɥɨɤɢɪɨɜɚɬɶ ɜɫɟ 12 ɤɪɭɝɨɜɵɯ ɩɨɬɨɤɨɜ, ɦɨɠɧɨ ɡɚɛɥɨɤɢɪɨɜɚɬɶ 

ɨɞɢɧ ɢɡ ɧɢɯ ɢ ɨɩɢɫɚɬɶ, ɤɚɤ ɢɫɩɨɥɶɡɨɜɚɬɶ 4 «ɨɛɯɨɞɧɵɯ ɩɭɬɢ». 

Ɏɨɪɦɚɥɢɡɭɟɦ, ɤɚɤ ɡɚɩɢɫɚɬɶ ɬɚɤɢɟ ɨɝɪɚɧɢɱɟɧɢɹ. ɉɭɫɬɶ ɟɫɬɶ ɬɪɢ 

ɞɢɡɴɸɧɤɬɧɵɯ ɦɧɨɠɟɫɬɜɚ ɪɟɚɤɰɢɣ: ܥ ,ܤ ,ܣ. ɉɪɢ ɷɬɨɦ ܥ ɧɟ ɩɭɫɬɨ, ɢ ɢɡ ɪɟɚɤɰɢɣ 

ɦɧɨɠɟɫɬɜɚ ܣ ∪  ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ, ɢ ɢɡ ܥ

ɪɟɚɤɰɢɣ ɦɧɨɠɟɫɬɜɚ ܤ ∪  .ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ ܥ

ɉɪɢ ɷɬɨɦ ɤɪɭɝɨɜɵɟ ɩɨɬɨɤɢ ɢɡ ɪɟɚɤɰɢɣ ܣ ∪  ɭɠɟ ɡɚɛɥɨɤɢɪɨɜɚɧɵ. Ɍɟɩɟɪɶ ɦɵ ܥ

ɯɨɬɢɦ ɡɚɛɥɨɤɢɪɨɜɚɬɶ ɤɪɭɝɨɜɵɟ ɩɨɬɨɤɢ ɢɡ ɪɟɚɤɰɢɣ ܤ ∪  Ɍɚɤ ɤɚɤ ɤɪɭɝɨɜɵɟ .ܥ

ɩɨɬɨɤɢ ɢɡ ɪɟɚɤɰɢɣ ܣ ∪ ܤ ɟɫɬɶ ɧɟɚɤɬɢɜɧɚɹ, ɚ ɬɨɝɞɚ ɤɪɭɝɨɜɵɟ ɩɨɬɨɤɢ ɢɡ ɪɟɚɤɰɢɣ ɦɧɨɠɟɫɬɜɚ ܥ ɭɠɟ ɡɚɛɥɨɤɢɪɨɜɚɧɵ, ɬɨ ɥɢɛɨ ɫɪɟɞɢ ɪɟɚɤɰɢɣ ɦɧɨɠɟɫɬɜɚ ܥ ∪  ɬɨɠɟ ܥ

ɡɚɛɥɨɤɢɪɨɜɚɧɵ, ɥɢɛɨ ɫɪɟɞɢ ɪɟɚɤɰɢɣ ɦɧɨɠɟɫɬɜɚ ܣ ɟɫɬɶ ɧɟɚɤɬɢɜɧɚɹ, ɢ ɜ ɷɬɨɦ 

ɫɥɭɱɚɟ ɦɵ ɯɨɬɢɦ, ɱɬɨɛɵ ɫɪɟɞɢ ɪɟɚɤɰɢɣ ɦɧɨɠɟɫɬɜɚ ܤ ɬɨɠɟ ɛɵɥɚ ɧɟɚɤɬɢɜɧɚɹ. 

ɋɮɨɪɦɭɥɢɪɭɟɦ ɷɬɨ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: «ȼɫɟ ɪɟɚɤɰɢɢ ɦɧɨɠɟɫɬɜɚ ܣ ɚɤɬɢɜɧɵ 

ɬɨɝɞɚ ɢ ɬɨɥɶɤɨ ɬɨɝɞɚ, ɤɨɝɞɚ ɜɫɟ ɪɟɚɤɰɢɢ ɦɧɨɠɟɫɬɜɚ ܤ ɚɤɬɢɜɧɵ». Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ 

ɷɬɨɣ ɮɨɪɦɭɥɢɪɨɜɤɢ ɞɨɛɚɜɢɦ ɧɨɜɭɸ ɜɟɳɟɫɬɜɟɧɧɭɸ ɩɟɪɟɦɟɧɧɭɸ 𝑝, ɩɪɢɜɹɡɚɧɧɭɸ 

ɤ ɷɬɨɣ ɬɪɨɣɤɟ ɞɢɡɴɸɧɤɬɧɵɯ ɦɧɨɠɟɫɬɜ:  Ͳ ൑ 𝑝 ൑ ሺ͹ሻ 𝑝                                                     ܯ + |ܣ| − ͳ ൒  ∑ ܽ௜௜∈஺                                  ሺͺሻ 

ܽ௜ ൒ 𝑝,   ݅ ∈  ሺͻሻ                                               ܣ
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𝑝 + |ܤ| − ͳ ൒  ∑ ܽ௜௜∈஻                                  ሺͳͲሻ 

ܽ௜ ൒ 𝑝,   ݅ ∈  ሺͳͳሻ                                               ܤ

ȿɫɥɢ ɡɧɚɱɟɧɢɟ ɩɟɪɟɦɟɧɧɨɣ 𝑝 ɛɭɞɟɬ ɫɬɪɨɝɨ ɛɨɥɶɲɟ Ͳ, ɬɨ ɢɡ ɨɝɪɚɧɢɱɟɧɢɣ ሺͻሻ ɢ ሺͳͳሻ ɛɭɞɟɬ ɫɥɟɞɨɜɚɬɶ, ɱɬɨ ɜɫɟ ɪɟɚɤɰɢɢ ɢɡ ɦɧɨɠɟɫɬɜ ܣ ɢ ܤ ɚɤɬɢɜɧɵ. Ⱥ ɟɫɥɢ 

ɡɧɚɱɟɧɢɟ ɩɟɪɟɦɟɧɧɨɣ 𝑝 ɪɚɜɧɨ 0, ɬɨ ɨɝɪɚɧɢɱɟɧɢɟ ሺͺሻ ɩɪɢɦɟɬ ɜɢɞ: ∑ ܽ௜ ൑ |ܣ| − ͳ௜∈஺                                          ሺͳʹሻ 

Ɉɝɪɚɧɢɱɟɧɢɟ ሺͳʹሻ ɫɨɜɩɚɞɚɟɬ ɫ ɨɝɪɚɧɢɱɟɧɢɟɦ ሺ͸ሻ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɯɨɬɹ ɛɵ 

ɨɞɧɚ ɢɡ ɩɟɪɟɦɟɧɧɵɯ ɜ ɫɭɦɦɟ ɫɥɟɜɚ ɛɭɞɟɬ ɢɦɟɬɶ ɡɧɚɱɟɧɢɟ 0, ɬɨ ɟɫɬɶ ɧɟ ɜɫɟ 

ɪɟɚɤɰɢɢ ɢɡ ɦɧɨɠɟɫɬɜɚ ܣ ɚɤɬɢɜɧɵ. Ⱥɧɚɥɨɝɢɱɧɨ, ɜ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɡɧɚɱɟɧɢɟ 

ɩɟɪɟɦɟɧɧɨɣ 𝑝 ɪɚɜɧɨ 0, ɢɡ ɨɝɪɚɧɢɱɟɧɢɹ ሺͳͲሻ ɛɭɞɟɬ ɫɥɟɞɨɜɚɬɶ, ɱɬɨ ɧɟ ɜɫɟ ɪɟɚɤɰɢɢ 

ɢɡ ɦɧɨɠɟɫɬɜɚ ܤ ɚɤɬɢɜɧɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɷɬɢ ɧɟɪɚɜɟɧɫɬɜɚ  ɩɨɡɜɨɥɹɸɬ ɧɚɦ 

ɡɚɩɢɫɚɬɶ ɨɝɪɚɧɢɱɟɧɢɹ ɜɢɞɚ «Ⱥɤɬɢɜɧɨɫɬɶ ɜɫɟɯ ɪɟɚɤɰɢɣ ɢɡ ܣ ɪɚɜɧɨɫɢɥɶɧɚ 

ɚɤɬɢɜɧɨɫɬɢ ɜɫɟɯ ɪɟɚɤɰɢɣ ɢɡ ܤ» ɢ ɨɩɢɫɚɬɶ, ɤɚɤ ɜɦɟɫɬɨ ɨɞɧɨɝɨ ɩɭɬɢ ɜ ɤɪɭɝɨɜɨɦ 

ɩɨɬɨɤɟ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɪɭɝɨɣ. 

Ɍɚɤɠɟ ɡɚɦɟɬɢɦ, ɱɬɨ ɷɬɢ ɨɝɪɚɧɢɱɟɧɢɹ ɧɟ ɡɚɜɢɫɹɬ ɨɬ ɦɧɨɠɟɫɬɜɚ ܥ, ɬɨ ɟɫɬɶ 

ɪɚɡɦɟɪɵ ɷɬɢɯ ɨɝɪɚɧɢɱɟɧɢɣ ɡɚɜɢɫɹɬ ɨɬ ɬɨɝɨ, ɤɚɤ ɨɬɥɢɱɚɸɬɫɹ ɞɜɚ 

ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɤɪɭɝɨɜɵɯ ɩɨɬɨɤɚ, ɚ ɨɬ ɢɯ ɪɚɡɦɟɪɚ ɧɟ ɡɚɜɢɫɹɬ. 

 ɂɬɨɝɨɜɵɣ ɚɥɝɨɪɢɬɦ ɜɵɝɥɹɞɢɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 Ɂɚɩɢɫɵɜɚɟɦ ɨɝɪɚɧɢɱɟɧɢɹ ሺͳሻ − ሺͷሻ, ɬɚɤɢɟ ɠɟ, ɤɚɤ ɞɥɹ ɫɨɥɜɟɪɚ 

SimpleSolver; 

 ȼ IncumbentCallback ɧɚɦ ɩɪɢɞɟɬ ɪɟɲɟɧɢɟ, ɤɨɬɨɪɨɟ ɹɜɥɹɟɬɫɹ ɤɨɪɪɟɤɬɧɵɦ ɫ 

ɬɨɱɤɢ ɡɪɟɧɢɹ ɬɟɤɭɳɟɝɨ ɦɧɨɠɟɫɬɜɚ ɨɝɪɚɧɢɱɟɧɢɣ. Кɚɤ ɢ ɜ ɫɥɭɱɚɟ ɫ 

SimpleSolver, ɧɚɣɞɟɦ ɜ ɧɟɦ ɧɚɢɦɟɧɶɲɢɣ ɩɨ ɱɢɫɥɭ ɪɟɚɤɰɢɣ ɤɪɭɝɨɜɨɣ 

ɩɨɬɨɤ ܥ.  

 Ȼɭɞɟɦ ɩɨɞɞɟɪɠɢɜɚɬɶ ɫɩɢɫɨɤ ɭɠɟ ɧɚɣɞɟɧɧɵɯ ɪɚɧɟɟ ɰɢɤɥɨɜ ݏ݈݁ܿݕܥ݀݁ݒܽݏ. 

ɇɚɣɞɟɦ ɫɪɟɞɢ ɤɪɭɝɨɜɵɯ ɩɨɬɨɤɨɜ ɜ ɷɬɨɦ ɫɩɢɫɤɟ ɬɚɤɨɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ  ܥଵ, 

ɱɬɨ ɨɧ ɩɟɪɟɫɟɤɚɟɬɫɹ ɫ ɤɪɭɝɨɜɵɦ ɩɨɬɨɤɨɦ ܥ ɩɨ ɪɟɚɤɰɢɹɦ. ȿɫɥɢ ɬɚɤɢɯ 
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ɩɨɬɨɤɨɜ ɧɟɫɤɨɥɶɤɨ, ɜɵɛɟɪɟɦ ɬɨɬ, ɩɟɪɟɫɟɱɟɧɢɟ ɫ ɤɨɬɨɪɵɦ ɫɚɦɨɟ ɛɨɥɶɲɨɟ. 

ȿɫɥɢ ɬɚɤɢɯ ɤɪɭɝɨɜɵɯ ɩɨɬɨɤɨɜ ܥଵ ɧɟɬ, ɬɨ ɞɨɛɚɜɢɦ ɨɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ ɢɡ 

ɩɭɧɤɬɚ 2 ɬɟɤɭɳɟɣ ɝɥɚɜɵ. ȿɫɥɢ ɠɟ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ ܥଵ ɧɚɲɟɥɫɹ, ɬɨ ɞɨɛɚɜɢɦ 

ɧɨɜɭɸ ɜɟɳɟɫɬɜɟɧɧɭɸ ɩɟɪɟɦɟɧɧɭɸ 𝑝 ɢ ɨɝɪɚɧɢɱɟɧɢɹ ሺ͹ሻ − ሺͳͳሻ;  

 Ⱦɨɛɚɜɢɦ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ ܥ ɜ ɫɩɢɫɨɤ ݏ݈݁ܿݕܥ݀݁ݒܽݏ. 

Ɋɟɚɥɢɡɚɰɢɹ ɫɨɥɜɟɪɚ PathSolver ɧɚɯɨɞɢɬɫɹ ɜ ɩɚɤɟɬɟ ru.ifmo.cycles.solver. 

2.1.3 ɋɨɥɜɟɪ NullSpaceSolver 

ɋɨɥɜɟɪ NullSpaceSolver ɪɚɡɜɢɜɚɟɬ ɢɞɟɸ, ɧɚ ɤɨɬɨɪɨɣ ɛɚɡɢɪɭɟɬɫɹ ɫɨɥɜɟɪ 

PathSolver. ȼ ɫɨɥɜɟɪɟ PathSolver ɦɵ ɩɵɬɚɥɢɫɶ ɧɚɣɬɢ ɩɟɪɟɫɟɱɟɧɢɟ ɧɨɜɨɝɨ 

ɧɚɣɞɟɧɧɨɝɨ ɰɢɤɥɚ ɫ ɤɚɤɢɦ-ɧɢɛɭɞɶ ɢɡ ɫɬɚɪɵɯ ɰɢɤɥɨɜ. Ȼɥɚɝɨɞɚɪɹ ɷɬɨɦɭ ɟɫɬɶ 

ɜɨɡɦɨɠɧɨɫɬɶ ɡɚɩɢɫɵɜɚɬɶ ɨɝɪɚɧɢɱɟɧɢɹ ɧɟ ɨ ɛɥɨɤɢɪɨɜɤɟ ɤɨɧɤɪɟɬɧɨɝɨ ɰɢɤɥɚ, ɚ 

ɛɨɥɶɲɨɝɨ ɤɥɚɫɫɚ ɰɢɤɥɨɜ. ȼ ɫɨɥɜɟɪɟ NullSpaceSolver ɢɳɭɬɫɹ ɧɟ ɩɟɪɟɫɟɱɟɧɢɹ 

ɬɟɤɭɳɟɝɨ ɰɢɤɥɚ ɫ ɨɞɧɢɦ ɢɡ ɫɬɚɪɵɯ, ɚ ɫ ɧɟɫɤɨɥɶɤɢɦɢ ɫɬɚɪɵɦɢ, ɱɬɨɛɵ ɤɚɤ ɦɨɠɧɨ 

ɫɢɥɶɧɟɟ ɭɦɟɧɶɲɢɬɶ ɪɚɡɦɟɪ ɧɨɜɨɝɨ ɨɝɪɚɧɢɱɟɧɢɹ. Ⱥɥɝɨɪɢɬɦ ɜɵɝɥɹɞɢɬ 

ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 ȼ ɧɚɣɞɟɧɧɨɦ ɜɟɤɬɨɪɟ ɩɨɬɨɤɨɜ ݒ ɧɚɣɞɟɦ ɧɚɢɛɨɥɶɲɢɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ ɫ 

ɩɨɦɨɳɶɸ ɫɨɥɜɟɪɚ CycleSolver, ɚ ɜ ɧɟɦ — ɧɚɢɦɟɧɶɲɢɣ ɩɨ ɤɨɥɢɱɟɫɬɜɭ 

ɚɤɬɢɜɧɵɯ ɪɟɚɤɰɢɣ  ɰɢɤɥ ɫ ɩɨɦɨɳɶɸ ɫɨɥɜɟɪɚ ContinuousSplitter. ɉɭɫɬɶ ݀ — ɧɚɣɞɟɧɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ.  

 ɉɭɫɬɶ ܿଵ, ܿଶ, … , ܿ௞ — ɧɚɣɞɟɧɧɵɟ ɪɚɧɟɟ ɤɪɭɝɨɜɵɟ ɩɨɬɨɤɢ. ɉɭɫɬɶ 𝛼ଵ, 𝛼ଶ, … , 𝛼௞ — ɧɟɤɨɬɨɪɵɟ ɧɟɨɬɪɢɰɚɬɟɥɶɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ, ɢ ݀ =݀′ + ∑ 𝛼௜ ⋅ ܿ௜. Ɍɨɝɞɚ, ɟɫɥɢ ɜɫɟ ɷɥɟɦɟɧɬɵ ɜɟɤɬɨɪɚ ݀′ ɧɟɨɬɪɢɰɚɬɟɥɶɧɵ ɢɥɢ 

ɧɟɩɨɥɨɠɢɬɟɥɶɧɵ, ɬɨ |݀′| — ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɬɨɤ, ɢ ɦɵ 

ɦɨɠɟɦ ɞɨɛɚɜɢɬɶ ɨɝɪɚɧɢɱɟɧɢɟ ሺ͸ሻ ɞɥɹ ɩɨɬɨɤɚ |݀′|. Ⱥ ɢɧɚɱɟ, ɟɫɥɢ  𝑝ଵɢ 𝑝ଶ 

— ɦɧɨɠɟɫɬɜɚ  ɚɤɬɢɜɧɵɯ ɪɟɚɤɰɢɣ ɜ ɩɨɬɨɤɚɯ ݀′+ =  𝑑′+|𝑑′|ଶ  ɢ ݀−′ = |𝑑′|−𝑑′ଶ  

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɬɨ  ݀′ ɨɩɢɫɵɜɚɟɬ, ɤɚɤ ɜɦɟɫɬɨ ɩɭɬɢ 𝑝ଶ ɜ ɧɟɤɨɬɨɪɨɦ 

ɰɢɤɥɟ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɭɬɶ 𝑝ଵ. ɂ ɬɨɝɞɚ ɦɵ ɦɨɠɟɦ ɞɨɛɚɜɢɬɶ ɨɝɪɚɧɢɱɟɧɢɹ ሺͳͻሻ − ሺʹ͵ሻ ɞɥɹ ɦɧɨɠɟɫɬɜ ܣ = 𝑝ଵ, ܤ = 𝑝ଶ. 
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 ɇɭɠɧɨ ɤɚɤɢɦ-ɬɨ ɨɛɪɚɡɨɦ ɜɵɛɪɚɬɶ ɤɨɷɮɮɢɰɢɟɧɬɵ 𝛼ଵ, 𝛼ଶ, … , 𝛼௞ ɬɚɤ, 

ɱɬɨɛɵ ɩɨɥɭɱɢɜɲɢɟɫɹ ɨɝɪɚɧɢɱɟɧɢɹ ɛɵɥɢ ɤɚɤ ɦɨɠɧɨ ɦɟɧɶɲɟ, ɬɨ ɟɫɬɶ, 

ɱɬɨɛɵ ɤɨɥɢɱɟɫɬɜɨ ɧɟɧɭɥɟɜɵɯ ɷɥɟɦɟɧɬɨɜ ɜɟɤɬɨɪɚ ݀′ = ݀ − ∑ 𝛼௜ ⋅ ܿ_݅ 
ɛɵɥɨ ɤɚɤ ɦɨɠɧɨ ɦɟɧɶɲɟ. Эɬɭ ɡɚɞɚɱɭ ɪɟɲɚɟɬ ɫɨɥɜɟɪ 

LinearSpaceDecomposer, ɫɜɟɞɟɧɢɟ ɤɨɬɨɪɨɝɨ ɤ ɡɚɞɚɱɟ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɨɩɢɫɚɧɨ ɜ ɪɚɡɞɟɥɟ 2.2.3. 

ɉɪɨɝɪɚɦɦɧɚɹ ɪɟɚɥɢɡɚɰɢɹ ɫɨɥɜɟɪɚ NullSpaceSolver ɩɪɟɞɫɬɚɜɥɟɧɚ ɤɥɚɫɫɨɦ 

NullSpaceSolver ɩɚɤɟɬɚ ru.ifmo.cycles.solver.closed. 

2.1.4 ɋɨɥɜɟɪ ClosedSolver 

ɋɨɥɜɟɪ ClosedSolver ɛɚɡɢɪɭɟɬɫɹ ɧɚ ɫɬɚɬɶɟ [2]. Ɋɟɚɥɢɡɚɰɢɹ ɷɬɨɝɨ ɪɟɲɟɧɢɹ 

ɧɚɯɨɞɢɬɫɹ ɜ ɤɥɚɫɫɟ OfflineSvdClosedSolver ɩɚɤɟɬɚ ru.ifmo.cycles.solver.closed. 

Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ௜ܰ𝑛𝑡 ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɛɢɛɥɢɨɬɟɤɚ Efficient Java Matrix Library 

(EJML) [4]. 

Ɍɚɤɠɟ ɪɚɡɪɚɛɨɬɚɧɚ ɞɪɭɝɚɹ ɪɟɚɥɢɡɚɰɢɹ ɫɨɥɜɟɪɚ, ɛɚɡɢɪɭɸɳɚɹɫɹ ɧɚ ɬɨɣ ɠɟ 

ɢɞɟɟ. ȿɟ ɨɬɥɢɱɢɟ ɜ ɬɨɦ, ɱɬɨ ɦɚɬɪɢɰɚ ௜ܰ𝑛𝑡 ɧɟ ɧɚɯɨɞɢɬɫɹ ɡɚɪɚɧɟɟ ɜɨ ɜɪɟɦɹ 

ɩɪɟɩɪɨɰɟɫɫɢɧɝɚ, ɚ ɧɚɯɨɞɢɬɫɹ ɫ ɩɨɦɨɳɶɸ IncumbentCallback ɬɚɤ ɠɟ, ɤɚɤ 

ɧɚɯɨɞɹɬɫɹ ɰɢɤɥɵ ɜ ɫɨɥɜɟɪɟ SimpleSolver. Эɬɚ ɪɟɚɥɢɡɚɰɢɹ ɧɚɯɨɞɢɬɫɹ ɜ ɤɥɚɫɫɟ 

OnlineClosedSolver ɩɚɤɟɬɚ ru.ifmo.cycles.solver.closed. 

2.2 ɋɨɥɜɟɪɵ ɜɫɩɨɦɨɝɚɬɟɥɶɧɵɯ ɡɚɞɚɱ ɥɢɧɟɣɧɨɣ ɨɩɬɢɦɢɡɚɰɢɢ 

 ȼ ɷɬɨɦ ɪɚɡɞɟɥɟ ɨɩɢɫɚɧɵ ɫɨɥɜɟɪɵ ɡɚɞɚɱ, ɜɨɡɧɢɤɲɢɯ ɩɨ ɯɨɞɭ ɪɟɲɟɧɢɹ 

ɨɫɧɨɜɧɨɣ ɡɚɞɚɱɢ ɜ ɫɨɥɜɟɪɚɯ, ɨɩɢɫɚɧɧɵɯ ɜ ɪɚɡɞɟɥɟ 2.1. 

2.2.1 ɋɨɥɜɟɪ CycleSolver 

 Ɂɚɞɚɱɚ, ɪɟɲɚɟɦɚɹ ɫɨɥɜɟɪɨɦ CycleSolver, ɡɜɭɱɢɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɩɨ 

ɞɚɧɧɨɦɭ ɩɨɬɨɤɭ ݒ ɬɪɟɛɭɟɬɫɹ ɧɚɣɬɢ ɟɝɨ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ ݒ′. 
Ɇɧɨɠɟɫɬɜɨɦ ɪɟɚɤɰɢɣ ɜ ɷɬɨɣ ɡɚɞɚɱɟ ɹɜɥɹɟɬɫɹ ɦɧɨɠɟɫɬɜɨ ɜɧɭɬɪɟɧɧɢɯ ɪɟɚɤɰɢɣ 

ɢɫɯɨɞɧɨɣ ɡɚɞɚɱɢ ɫ ɩɨɥɨɠɢɬɟɥɶɧɵɦ ɩɨɬɨɤɨɦ ɩɨ ɧɢɦ ɜ ɞɚɧɧɨɦ ɩɨɬɨɤɟ. ɉɨɫɬɪɨɢɦ 

ɫɥɟɞɭɸɳɟɟ ɫɜɟɞɟɧɢɟ: ሺݓ, ሻ′ݒ → max                                        ሺͳ͵ሻ Ͳ ൑ ௜′ݒ ൑ ௜ݒ                                            ሺͳͶሻ 
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௜ܵ𝑛𝑡 ⋅ ′ݒ = Ͳ                                             ሺͳͷሻ 

∃d > Ͳ: ∑ ௜′𝑛ݒ
௜=ଵ ൒ ݀                               ሺͳ͸ሻ 

   

К ɫɨɠɚɥɟɧɢɸ, ɨɝɪɚɧɢɱɟɧɢɟ ሺͳ͸ሻ ɧɟ ɡɚɩɢɫɵɜɚɟɬɫɹ ɜ ɬɟɪɦɢɧɚɯ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɬɚɤ ɱɬɨ ɦɵ ɢɡɦɟɧɢɦ ɫɜɟɞɟɧɢɟ ɢ ɡɚɨɞɧɨ ɭɩɪɨɫɬɢɦ ɟɝɨ, 

ɭɦɟɧɶɲɢɜ ɤɨɥɢɱɟɫɬɜɨ ɨɝɪɚɧɢɱɟɧɢɣ. Ȼɭɞɟɦ ɢɫɤɚɬɶ ɧɟ ɢɫɤɨɦɵɣ ɩɨɬɨɤ ݒ’, ɚ ɩɨɬɨɤ ݒ’’, ɤɨɬɨɪɵɣ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɢɫɤɨɦɨɝɨ ɜ ɤɨɧɫɬɚɧɬɭ: ∃݁:  ݒ′′ =  ݁ ⋅  ɢ ɩɪɢ ɷɬɨɦ ,′ݒ

ɫɭɦɦɚ ɟɝɨ ɩɨɬɨɤɨɜ ɛɭɞɟɬ ɯɨɬɹ ɛɵ ɟɞɢɧɢɰɚ. Ɂɚɦɟɬɢɦ, ɱɬɨ ɨɝɪɚɧɢɱɟɧɢɟ ሺͳͶሻ 

ɬɟɩɟɪɶ ɧɟ ɧɭɠɧɨ, ɬɚɤ ɤɚɤ ɦɵ ɦɨɠɟɦ ɞɨɛɢɬɶɫɹ ɬɨɝɨ, ɱɬɨ ݒ௜′ ൑ -௜, ɩɨɞɛɢɪɚɹ ɞɨɫɬݒ

ɚɬɨɱɧɨ ɦɚɥɟɧɶɤɭɸ ɤɨɧɫɬɚɧɬɭ ݁. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɜɟɞɟɧɢɟ ɤ ɡɚɞɚɱɟ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɫɨɫɬɨɢɬ ɜ ɫɥɟɞɭɸɳɢɯ ɬɪɟɯ ɨɝɪɚɧɢɱɟɧɢɹɯ: ሺݓ, ሻ′′ݒ → max                                        ሺͳ͹ሻ ௜ܵ𝑛𝑡 ⋅ ′′ݒ = Ͳ                                             ሺͳͺሻ 

∑ ௜′𝑛′ݒ
௜=ଵ ൒ ͳ                                                 ሺͳͻሻ 

 Ɋɟɚɥɢɡɚɰɢɸ ɫɨɥɜɟɪɚ CycleSolver ɦɨɠɧɨ ɧɚɣɬɢ ɜ ɩɚɤɟɬɟ 

ru.ifmo.cycles.solver.misc ɢɫɯɨɞɧɨɝɨ ɤɨɞɚ. 

2.2.2 ɋɨɥɜɟɪ ContinuousSplitter 

 Ɂɚɞɚɱɚ, ɪɟɲɚɟɦɚɹ ɫɨɥɜɟɪɨɦ ContinuousSplitter, ɫɬɚɜɢɬɫɹ ɫɥɟɞɭɸɳɢɦ 

ɨɛɪɚɡɨɦ: ɩɨ ɞɚɧɧɨɦɭ ɩɨɥɨɠɢɬɟɥɶɧɨɦɭ ɤɪɭɝɨɜɨɦɭ ɩɨɬɨɤɭ ɧɚɣɬɢ ɧɚɢɦɟɧɶɲɟɟ ɩɨ 

ɤɨɥɢɱɟɫɬɜɭ ɷɥɟɦɟɧɬɨɜ ɩɨɞɦɧɨɠɟɫɬɜɨ ɪɟɚɤɰɢɣ, ɚɤɬɢɜɧɵɯ ɜ ɷɬɨɦ ɤɪɭɝɨɜɨɦ 

ɩɨɬɨɤɟ, ɬɚɤɢɯ, ɱɬɨ ɫɭɳɟɫɬɜɭɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ, ɫɨɞɟɪɠɚɳɢɣ 

ɷɬɢ ɢ ɬɨɥɶɤɨ ɷɬɢ ɪɟɚɤɰɢɢ ɜ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɵɯ. Кɚɤ ɢ ɜ ɫɨɥɜɟɪɟ CycleSolver, ɦɵ 

ɧɟ ɚɤɰɟɧɬɢɪɭɟɦ ɜɧɢɦɚɧɢɟ ɧɚ ɜɟɥɢɱɢɧɟ ɩɨɬɨɤɨɜ ɱɟɪɟɡ ɷɬɢ ɪɟɚɤɰɢɢ, ɚ ɥɢɲɶ ɧɚ ɢɯ 

ɦɧɨɠɟɫɬɜɨ. ɂɫɩɨɥɶɡɭɟɬɫɹ ɫɥɟɞɭɸɳɟɟ ɫɜɟɞɟɧɢɟ ɤ ɡɚɞɚɱɟ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ 

ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ: Ͳ ൑ ௜ݒ ൑ ሺʹͲሻ ܽ௜                              ܯ ∈ {Ͳ, ͳ}                                 ሺʹͳሻ 
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ܽ௜ ൑ ௜ݒ ൑ ܯ ⋅ ܽ௜                       ሺʹʹሻ 

∑ ܽ௜ ൒ ͳ𝑛
௜=ଵ                                  ሺʹ͵ሻ 

∑ ܽ௜ → ݉݅݊𝑛
௜=ଵ                           ሺʹͶሻ 

 ȼ ɨɬɥɢɱɢɟ ɨɬ ɫɜɟɞɟɧɢɹ ɜ ɫɨɥɜɟɪɟ SimpleSolver, ɦɵ ɞɨɛɚɜɢɥɢ ɨɝɪɚɧɢɱɟɧɢɟ 

ɧɚ ɬɨ, ɱɬɨ ɟɫɥɢ ɪɟɚɤɰɢɹ ɚɤɬɢɜɧɚ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɟɪɟɦɟɧɧɨɣ ܽ௜, ɬɨ ɜɟɥɢɱɢɧɚ 

ɩɨɬɨɤɚ ɩɨ ɧɟɣ ɨɛɹɡɚɧɚ ɛɵɬɶ ɧɟɧɭɥɟɜɨɣ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɢɧɚɱɟ ɧɭɥɟɜɨɣ ɩɨɬɨɤ ɫ 

ɨɞɧɨɣ ɚɤɬɢɜɧɨɣ ɪɟɚɤɰɢɟɣ ɛɵɥ ɛɵ ɤɨɪɪɟɤɬɧɵɦ ɩɨɬɨɤɨɦ ɜ ɪɚɦɤɚɯ ɷɬɨɣ ɡɚɞɚɱɢ, ɧɨ 

ɧɚɦ ɬɚɤɨɣ ɩɨɬɨɤ ɧɟ ɩɨɞɯɨɞɢɬ. Ɇɵ ɨɝɪɚɧɢɱɢɜɚɟɦ ɜɟɥɢɱɢɧɭ ɩɨɬɨɤɚ ɫɧɢɡɭ ɱɢɫɥɨɦ ͳ, ɟɫɥɢ ɪɟɚɤɰɢɹ ɹɜɥɹɟɬɫɹ ɚɤɬɢɜɧɨɣ. Ɇɵ ɜɩɪɚɜɟ ɬɚɤ ɫɞɟɥɚɬɶ ɨɩɹɬɶ ɠɟ ɩɨɬɨɦɭ, ɱɬɨ 

ɩɨɬɨɤ ɦɨɠɧɨ ɦɚɫɲɬɚɛɢɪɨɜɚɬɶ, ɢ ɥɸɛɨɣ ɩɨɬɨɤ ɦɨɠɧɨ ɭɦɧɨɠɢɬɶ ɧɚ ɤɨɧɫɬɚɧɬɭ 

ɬɚɤ, ɱɬɨɛɵ ɜɟɥɢɱɢɧɵ ɜɫɟɯ ɩɨɬɨɤɨɜ ɱɟɪɟɡ ɚɤɬɢɜɧɵɟ ɪɟɚɤɰɢɢ ɛɵɥɢ ɯɨɬɹ ɛɵ ͳ, ɬɨ 

ɟɫɬɶ ɛɵɥɢ ɛɵ ɤɨɪɪɟɤɬɧɵɦ ɩɨɬɨɤɨɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɨɝɪɚɧɢɱɟɧɢɣ ɜɵɲɟ. 

Ɋɟɚɥɢɡɚɰɢɸ ɫɨɥɜɟɪɚ ContinuousSplitter ɦɨɠɧɨ ɧɚɣɬɢ ɜ ɩɚɤɟɬɟ 

ru.ifmo.cycles.solver.misc ɢɫɯɨɞɧɨɝɨ ɤɨɞɚ. 

2.2.3 ɋɨɥɜɟɪ LinearSpaceDecomposer 

ɋɨɥɜɟɪ LinearSpaceDecomposer ɪɟɲɚɟɬ ɫɥɟɞɭɸɳɭɸ ɡɚɞɚɱɭ: ɩɨ ɞɚɧɧɵɦ 

ɜɟɤɬɨɪɚɦ ݀, ܿଵ, ܿଶ, … , ܿ௞ ɞɥɢɧɵ ݊ ɧɚɣɬɢ ɧɚɛɨɪ ɧɟɨɬɪɢɰɚɬɟɥɶɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 𝛼ଵ, … , 𝛼௞  ɬɚɤɨɣ, ɱɬɨ ɜɟɤɬɨɪ ݀′ =  ݀ − ∑ 𝛼௜ ⋅ ܿ௜ ɢɦɟɟɬ ɧɚɢɛɨɥɶɲɟɟ ɜɨɡɦɨɠɧɨɟ 

ɤɨɥɢɱɟɫɬɜɨ ɧɟɧɭɥɟɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ. Эɬɚ ɡɚɞɚɱɚ ɪɟɲɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ 

ɫɜɟɞɟɧɢɟɦ ɤ ɡɚɞɚɱɟ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ. Ⱦɨɛɚɜɢɦ ݊ 

ɧɨɜɵɯ ɰɟɥɨɱɢɫɥɟɧɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ݖଵ, ,ଶݖ … ,  𝑛. Ɂɚɩɢɲɟɦ ɫɥɟɞɭɸɳɢɟݖ

ɨɝɪɚɧɢɱɟɧɢɹ: ݖ௜ ∈ {Ͳ, ͳ}                                                                ሺʹͷሻ 

ଶܯ− ⋅ ௜ݖ ൑  ݀௜ − ∑ ௝ܿ,௜௞
௝=ଵ ൑ ଶܯ ⋅ ௜ݖ                    ሺʹ͸ሻ 

∑ ௜ݖ → min                                                          ሺʹ͹ሻ 
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Ɉɱɟɜɢɞɧɨ, ɨɝɪɚɧɢɱɟɧɢɟ ሺʹ͸ሻ ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɡɧɚɱɟɧɢɟ ݖ௜ ɛɭɞɟɬ ɪɚɜɧɨ ͳ, ɟɫɥɢ -ɹ ɤɨɦɩɨɧɟɧɬɚ ɜɟɤɬɨɪɚ ݀′ ɛɭɞɟɬ ɨɬɥɢɱɧɚ ɨɬ 0. Ɍɨɝɞɚ ∑  ௜ ɛɭɞɟɬ ɪɚɜɧɚݖ

ɤɨɥɢɱɟɫɬɜɭ ɧɟɧɭɥɟɜɵɯ ɤɨɦɩɨɧɟɧɬ ݀′, ɢ ɢɦɟɧɧɨ ɷɬɨ ɤɨɥɢɱɟɫɬɜɨ ɦɵ ɯɨɬɢɦ 

ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ. Ɋɟɚɥɢɡɚɰɢɸ ɫɨɥɜɟɪɚ LinearSpaceDecomposer ɦɨɠɧɨ ɧɚɣɬɢ ɜ 

ɩɚɤɟɬɟ ru.ifmo.cycles.misc ɢɫɯɨɞɧɨɝɨ ɤɨɞɚ. 

2.3 ȼɵɜɨɞɵ ɩɨ ɝɥɚɜɟ 2 

 ȼ ɝɥɚɜɟ 2 ɛɵɥɢ ɨɩɢɫɚɧɵ ɢɞɟɢ, ɧɚ ɤɨɬɨɪɵɯ ɛɚɡɢɪɭɸɬɫɹ ɪɚɡɪɚɛɨɬɚɧɧɵɟ 

ɫɨɥɜɟɪɵ, ɭɤɚɡɚɧɵ ɮɨɪɦɚɥɶɧɵɟ ɫɜɟɞɟɧɢɹ ɤ ɡɚɞɚɱɟ ɰɟɥɨɱɢɫɥɟɧɧɨɝɨ ɥɢɧɟɣɧɨɝɨ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɞɨɤɚɡɚɧɵ ɧɟɬɪɢɜɢɚɥɶɧɵɟ ɩɟɪɟɯɨɞɵ ɦɟɠɞɭ ɪɚɡɥɢɱɧɵɦɢ 

ɫɜɟɞɟɧɢɹɦɢ. Ȼɵɥɢ ɭɤɚɡɚɧɵ ɫɯɟɦɵ ɪɟɚɥɢɡɚɰɢɢ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɫɨɥɜɟɪɨɜ 

ɪɟɲɚɟɦɨɣ ɡɚɞɚɱɢ, ɚ ɬɚɤɠɟ ɩɨɛɨɱɧɵɯ ɡɚɞɚɱ, ɜɨɡɧɢɤɚɸɳɢɯ ɩɨ ɯɨɞɭ ɪɟɲɟɧɢɹ 

ɨɫɧɨɜɧɨɣ ɡɚɞɚɱɢ.  
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ȽɅȺȼȺ 3. ɗɄɋɉȿɊɂɆȿɇɌȺɅɖɇɈȿ ɂɋɋɅȿȾɈȼȺɇɂȿ 

ȼ ɞɚɧɧɨɣ ɝɥɚɜɟ ɩɪɨɢɡɜɟɞɟɧɚ ɩɪɨɜɟɪɤɚ ɩɪɚɜɢɥɶɧɨɫɬɢ ɪɚɡɪɚɛɨɬɚɧɧɵɯ 

ɪɟɲɟɧɢɣ, ɪɚɫɫɦɨɬɪɟɧɵ ɢɧɫɬɚɧɫɵ, ɧɚ ɤɨɬɨɪɵɯ ɬɟɫɬɢɪɨɜɚɥɢɫɶ  ɪɚɡɪɚɛɨɬɚɧɧɵɟ 

ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ, ɪɚɡɦɟɪɵ ɜɯɨɞɧɵɯ ɞɚɧɧɵɯ ɢ ɫɬɟɩɟɧɶ ɪɚɡɪɟɠɟɧɧɨɫɬɢ. Ɍɚɤɠɟ 

ɛɭɞɟɬ ɩɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɫɨɥɜɟɪɨɜ ɢ ɚɧɚɥɢɡ ɷɬɢɯ ɪɟɡɭɥɶɬɚɬɨɜ. 

3.1 Ɉɩɢɫɚɧɢɟ ɤɨɦɩɶɸɬɟɪɚ ɢ ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ 

ȼɫɟ ɫɨɥɜɟɪɵ ɬɟɫɬɢɪɨɜɚɥɢɫɶ ɩɨɞ ɨɩɟɪɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɨɣ Windows 7 

Service Pack 1 ɧɚ ɩɟɪɫɨɧɚɥɶɧɨɦ ɤɨɦɩɶɸɬɟɪɟ Lenovo X230 ɫɨ ɫɥɟɞɭɸɳɢɦɢ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ: Intel® Core™ i5-3320M, 2.60 ȽȽɰ, 7.7 Ƚɛ ɈɁɍ. 

ȼɫɟ ɫɨɥɜɟɪɵ ɛɵɥɢ ɪɟɚɥɢɡɨɜɚɧɵ ɧɚ ɹɡɵɤɟ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Java. Ⱦɥɹ 

ɤɨɦɩɢɥɹɰɢɢ ɢ ɡɚɩɭɫɤɚ ɩɪɨɝɪɚɦɦ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɜɟɪɫɢɹ Java 1.8.0_152. ȼɫɟ 

ɫɨɥɜɟɪɵ ɬɟɫɬɢɪɨɜɚɥɢɫɶ, ɢɫɩɨɥɶɡɭɹ ɨɞɢɧ ɩɨɬɨɤ ɜɵɩɨɥɧɟɧɢɹ. Ɋɟɚɥɢɡɚɰɢɸ ɜɫɟɯ 

ɫɨɥɜɟɪɨɜ ɦɨɠɧɨ ɧɚɣɬɢ ɜ ɩɨɞɩɚɤɟɬɚɯ ɩɚɤɟɬɚ ru.ifmo.cycles.solver ɢɫɯɨɞɧɨɝɨ ɤɨɞɚ. 

3.2 ɉɪɨɜɟɪɤɚ ɫɨɥɜɟɪɨɜ ɧɚ ɦɚɥɟɧɶɤɨɦ ɢɧɫɬɚɧɫɟ 

 Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɪɟɲɟɧɢɣ ɧɚ ɤɨɪɪɟɤɬɧɨɫɬɶ ɧɚɣɞɟɧɧɵɯ ɩɨɬɨɤɨɜ 

ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɧɟɛɨɥɶɲɨɣ ɢɧɫɬɚɧɫ, ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɫɩɟɰɢɚɥɶɧɨ ɞɥɹ ɷɬɢɯ ɰɟɥɟɣ. 

Ⱦɥɹ ɷɬɨɝɨ ɢɧɫɬɚɧɫɚ ɢɦɟɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɨɜɟɪɢɬɶ ɤɨɪɪɟɤɬɧɨɫɬɶ ɩɨɬɨɤɨɜ ɛɟɡ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɪɨɝɪɚɦɦ, ɱɬɨɛɵ ɫɜɟɫɬɢ ɤ ɦɢɧɢɦɭɦɭ ɜɟɪɨɹɬɧɨɫɬɶ ɞɨɩɭɳɟɧɢɹ 

ɨɲɢɛɤɢ ɩɪɢ ɪɟɚɥɢɡɚɰɢɢ ɫɨɥɜɟɪɨɜ. 

ɂɧɫɬɚɧɫ ɫɨɫɬɨɢɬ ɢɡ ɞɟɫɹɬɢ ɪɟɚɤɰɢɣ, ɞɜɟ ɢɡ ɤɨɬɨɪɵɯ ɹɜɥɹɸɬɫɹ ɜɧɟɲɧɢɦɢ, 

ɢ ɩɹɬɢ ɦɟɬɚɛɨɥɢɬɨɜ. ɂɧɫɬɚɧɫ ɹɜɥɹɟɬɫɹ ɝɪɚɮɨɜɵɦ, ɬɨ ɟɫɬɶ ɤɚɠɞɚɹ ɪɟɚɤɰɢɹ, ɡɚ 

ɢɫɤɥɸɱɟɧɢɟɦ ɜɧɟɲɧɢɯ, ɜ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɣ ɦɚɬɪɢɰɟ ɢɦɟɟɬ ɪɨɜɧɨ ɞɜɚ 

ɧɟɧɭɥɟɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɚ: ɨɞɢɧ ɢɡ ɧɢɯ ɪɚɜɟɧ ͳ, ɚ ɞɪɭɝɨɣ −ͳ. ɇɚ ɪɢɫɭɧɤɟ 1 

ɩɨɤɚɡɚɧɚ ɫɬɪɭɤɬɭɪɚ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɣ ɦɚɬɪɢɰɵ ɜ ɜɢɞɟ ɝɪɚɮɚ. 

ȼɟɪɲɢɧɚɦɢ ɹɜɥɹɸɬɫɹ ɦɟɬɚɛɨɥɢɬɵ, ɚ ɪɟɚɤɰɢɢ ɩɨɤɚɡɚɧɵ ɧɚɩɪɚɜɥɟɧɧɵɦɢ 

ɪɟɛɪɚɦɢ, ɝɞɟ ɜɟɪɲɢɧɚ, ɢɡ ɤɨɬɨɪɨɣ ɢɞёɬ ɪɟɛɪɨ, ɢɦɟɟɬ ɤɨɷɮɮɢɰɢɟɧɬ −ͳ ɜ 

ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɣ ɦɚɬɪɢɰɟ ɫ ɷɬɨɣ ɪɟɚɤɰɢɟɣ, ɚ ɜɟɪɲɢɧɚ, ɜ ɤɨɬɨɪɭɸ ɢɞɟɬ ɪɟɛɪɨ, 

ɤɨɷɮɮɢɰɢɟɧɬ ͳ. Ɋɟɚɤɰɢɢ ܴଽ ɢ ܴଵ଴ ɹɜɥɹɸɬɫɹ ɜɧɟɲɧɢɦɢ. 
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Ɋɢɫɭɧɨɤ 1 — ɂɥɥɸɫɬɪɚɰɢɹ ɢɧɫɬɚɧɫɚ 

ɂɧɫɬɚɧɫ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɟɤɬɨɪ ɜɟɫɨɜ: ݓ = [−ͳ, −ͳ, −ͳ, −ͳ, −ͳ, −ͳ, ͳͲͲͲ, −ͳ, ͳͲͲͲ, −ͳ]. ɇɢɠɧɢɟ ɝɪɚɧɢɰɵ ɜɫɟɯ ɪɟɚɤɰɢɣ ɪɚɜɧɵ Ͳ. ȼɟɪɯɧɢɟ 

ɝɪɚɧɢɰɵ ɜɫɟɯ ɜɧɭɬɪɟɧɧɢɯ ɪɟɚɤɰɢɣ, ɬɨ ɟɫɬɶ ɪɟɚɤɰɢɣ ܴଵ, ܴଶ, … , ଼ܴ, ɪɚɜɧɵ 1000. 

ȼɟɪɯɧɹɹ ɝɪɚɧɢɰɚ ɪɟɚɤɰɢɢ ܴଽ ɪɚɜɧɚ 10, ɪɟɚɤɰɢɢ ܴଵ଴ — 5. ɂɡ ɪɢɫɭɧɤɚ 1 ɜɢɞɧɨ, 

ɱɬɨ ɛɟɡ ɭɱɟɬɚ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɨɝɪɚɧɢɱɟɧɢɣ ɦɨɠɧɨ ɞɨɛɢɬɶɫɹ ɡɧɚɱɟɧɢɹ 

ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɩɨɪɹɞɤɚ ͳͲͲͲͲͲͲ. Ⱦɥɹ ɷɬɨɝɨ ɞɨɫɬɚɬɨɱɧɨ ɩɭɫɬɢɬɶ ɩɨɬɨɤ 

ɜɟɥɢɱɢɧɵ ͳͲͲͲ ɩɨ ɰɢɤɥɭ ܴଵ − ܴସ − ܴ଺ − ܴ଻ − ଼ܴ. Ɉɞɧɚɤɨ ɬɚɤɠɟ ɥɟɝɤɨ 

ɡɚɦɟɬɢɬɶ, ɱɬɨ ɟɫɥɢ ɩɨ ɪɟɚɤɰɢɹɦ ܴ଻ ɢɥɢ ଼ܴ ɢɞɟɬ ɧɟɧɭɥɟɜɨɣ ɩɨɬɨɤ, ɬɨ ɜ ɞɚɧɧɨɦ 

ɩɨɬɨɤɟ ɨɛɹɡɚɬɟɥɶɧɨ ɛɭɞɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɤɪɭɝɨɜɨɣ ɩɨɞɩɨɬɨɤ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, 

ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɢɦɟɟɬ ɩɨɪɹɞɨɤ ɨɤɨɥɨ ͷͲͲͲ: ɜɧɟɲɧɹɹ 

ɪɟɚɤɰɢɹ ܴଽ ɢɦɟɟɬ ɜɟɫ 1000, ɢ ɩɨɬɨɤ ɩɨ ɧɟɣ ɧɟ ɦɨɠɟɬ ɛɵɬɶ ɛɨɥɶɲɟ, ɱɟɦ ɜɟɪɯɧɹɹ 

ɝɪɚɧɢɰɚ ɩɨɬɨɤɚ ɱɟɪɟɡ ɪɟɚɤɰɢɸ ܴଵ଴ ɜ ɫɢɥɭ ɨɝɪɚɧɢɱɟɧɢɣ ɛɚɥɚɧɫɚ. ȼ 

ɞɟɣɫɬɜɢɬɟɥɶɧɨɫɬɢ ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɪɚɜɧɨ 4980, ɬɚɤ ɤɚɤ 

ɧɚ ɤɚɠɞɭɸ ɟɞɢɧɢɰɭ ɩɨɬɨɤɚ ɩɨ ɪɟɚɤɰɢɢ ܴଽ ɩɪɢɯɨɞɹɬɫɹ ɩɨ ɟɞɢɧɢɰɟ ɩɨɬɨɤɚ ɧɚ 

ɨɞɧɭ ɢɡ ɪɟɚɤɰɢɣ ܴଵ, ܴଶ, ܴଷ, ɩɨ ɟɞɢɧɢɰɟ ɩɨɬɨɤɚ ɧɚ ɨɞɧɭ ɢɡ ɪɟɚɤɰɢɣ ܴସ, ܴହ, ɩɨ 

ɟɞɢɧɢɰɟ ɩɨɬɨɤɚ ɧɚ ɪɟɚɤɰɢɢ ܴ଺ ɢ ܴଵ଴, ɚ ɜɫɟ ɷɬɢ ɪɟɚɤɰɢɢ ɢɦɟɸɬ ɜɟɫ −ͳ.   
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Ɉɤɪɭɝɥɟɧɧɵɟ ɞɨ ɬɪɟɯ ɡɧɚɤɨɜ ɩɨɫɥɟ ɡɚɩɹɬɨɣ ɪɟɡɭɥɶɬɚɬɵ ɬɟɫɬɢɪɨɜɚɧɢɹ 

ɪɟɲɟɧɢɹ ɧɚ ɷɬɨɦ ɢɧɫɬɚɧɫɟ ɦɨɠɧɨ ɜɢɞɟɬɶ ɜ ɬɚɛɥɢɰɟ 1: 

Ɍɚɛɥɢɰɚ 1 — Ɋɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ ɧɚ ɢɧɫɬɚɧɫɟ 

ɋɨɥɜɟɪ ȼɟɤɬɨɪ ݒ Ɂɧɚɱɟɧɢɟ 

ɰɟɥɟɜɨɣ 

ɮɭɧɤɰɢɢ 

SimpleSolver [Ͳ, Ͳ, ͷ, Ͳ, ͷ, ͷ, Ͳ, Ͳ, ͷ, ͷ] 4980 

PathSolver [Ͳ, Ͳ, ͷ, Ͳ, ͷ, ͷ, Ͳ, Ͳ, ͷ, ͷ] 4980 

NullSpaceSolver [Ͳ, Ͳ, ͷ, Ͳ, ͷ, ͷ, Ͳ, Ͳ, ͷ, ͷ] 4980 

OfflineSvdClosedSolver [ͳ.͸͸͹, ͳ.͸͸͹, ͳ.͸͸͹, ʹ.ͷ, ʹ.ͷ, ͷ, Ͳ, Ͳ, ͷ, ͷ] 4980 

OnlineClosedSolver [Ͳ, ͷ, Ͳ, ͷ, Ͳ, ͷ, Ͳ, Ͳ, ͷ, ͷ] 4980 

Кɚɤ ɜɢɞɧɨ ɢɡ ɬɚɛɥɢɰɵ, ɜɫɟ ɩɹɬɶ ɫɨɥɜɟɪɨɜ ɩɪɚɜɢɥɶɧɨ ɜɵɱɢɫɥɢɥɢ ɡɧɚɱɟɧɢɟ 

ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ. Ɍɚɤɠɟ ɢɡ ɪɢɫɭɧɤɚ ɥɟɝɤɨ ɜɢɞɟɬɶ, ɱɬɨ ɜɫɟ ɧɚɣɞɟɧɧɵɟ ɩɨɬɨɤɢ 

ɹɜɥɹɸɬɫɹ ɤɨɪɪɟɤɬɧɵɦɢ ɩɨɬɨɤɚɦɢ ɜ ɞɚɧɧɨɦ ɢɧɫɬɚɧɫɟ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɜɟɥɢɱɢɧɵ 

ɩɨɬɨɤɨɜ ɩɨ ɪɟɚɤɰɢɹɦ ܴ଻ ɢ ଼ܴ ɪɚɜɧɵ ɧɭɥɸ ɜɨ ɜɫɟɯ ɫɥɭɱɚɹɯ, ɡɧɚɱɢɬ, 

ɩɨɥɨɠɢɬɟɥɶɧɵɯ ɤɪɭɝɨɜɵɯ ɩɨɞɩɨɬɨɤɨɜ ɜ ɷɬɢɯ ɩɨɬɨɤɚɯ ɧɟɬ. ɉɨ ɪɟɚɤɰɢɹɦ ܴଽ, ܴ଺ ɢ ܴଵ଴ ɜɟɥɢɱɢɧɵ ɩɨɬɨɤɨɜ ɪɚɜɧɵ ɩɹɬɢ. ɂ ɫɭɦɦɚɪɧɵɟ ɜɟɥɢɱɢɧɵ ɩɨɬɨɤɨɜ ɱɟɪɟɡ 

ɦɧɨɠɟɫɬɜɚ ɪɟɚɤɰɢɣ {ܴଵ, ܴଶ, ܴଷ} ɢ {ܴସ, ܴହ} ɬɚɤɠɟ ɪɚɜɧɵ ɩɹɬɢ. 

3.3 ɉɪɨɜɟɪɤɚ ɫɨɥɜɟɪɨɜ ɧɚ ɩɪɚɤɬɢɱɟɫɤɢɯ ɢɧɫɬɚɧɫɚɯ 

3.3.1 ɋɛɨɪ ɞɚɧɧɵɯ ɨɛ ɢɧɫɬɚɧɫɚɯ 

ɂɧɫɬɚɧɫɵ t1h ɢ max_297, ɧɚ ɤɨɬɨɪɵɯ ɬɟɫɬɢɪɨɜɚɥɢɫɶ ɪɟɲɟɧɢɹ, ɛɵɥɢ ɜɡɹɬɵ 

ɢɡ ɛɢɨɢɧɮɨɪɦɚɬɢɱɟɫɤɨɝɨ ɚɪɯɢɜɚ ɤɚɮɟɞɪɵ Кɨɦɩɶɸɬɟɪɧɵɯ Ɍɟɯɧɨɥɨɝɢɣ 

ɍɧɢɜɟɪɫɢɬɟɬɚ ɂɌɆɈ. Ɏɪɚɝɦɟɧɬɵ ɷɬɢɯ ɢɧɫɬɚɧɫɨɜ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɚɯ 2.1 

ɢ 2.2. ȼɢɡɭɚɥɢɡɚɰɢɹ ɢɧɫɬɚɧɫɨɜ ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ  

ɛɢɨɢɧɮɨɪɦɚɬɢɱɟɫɤɨɣ ɜɢɡɭɚɥɢɡɚɰɢɨɧɧɨɣ ɩɥɚɬɮɨɪɦɵ Cytoscape [5]. 

Ɇɧɨɠɟɫɬɜɚ ɪɟɚɤɰɢɣ ɨɛɨɢɯ ɢɧɫɬɚɧɫɨɜ  ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɦɟɬɚɛɨɥɢɱɟɫɤɢɦ 

ɦɨɞɟɥɹɦ ɦɵɲɢɧɵɯ ɦɚɤɪɨɮɚɝɨɜ. ȼ t1h ɜɟɤɬɨɪ ɜɟɫɨɜ ɩɨɥɭɱɟɧ ɩɨ 

ɬɪɚɧɫɤɪɢɩɬɨɦɧɵɦ ɞɚɧɧɵɦ ɱɟɪɟɡ ɨɞɢɧ ɱɚɫ ɩɨɫɥɟ ɫɬɢɦɭɥɹɰɢɢ 
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ɥɢɩɨɩɨɥɢɫɚɯɚɪɢɞɚɦɢ. Ⱥ ɜɟɤɬɨɪ ɜɟɫɨɜ ɢɧɫɬɚɧɫɚ max_297 ɩɨɥɭɱɟɧ ɢɫɤɭɫɫɬɜɟɧɧɨ 

ɞɥɹ ɦɚɤɫɢɦɢɡɚɰɢɢ ɩɨɬɨɤɚ ɩɨ ɨɞɧɨɣ ɪɟɚɤɰɢɢ ܴଶଽ଻. 

Кɚɠɞɵɣ ɢɧɫɬɚɧɫ ɩɪɟɞɫɬɚɜɥɟɧ ɬɪɟɦɹ ɮɚɣɥɚɦɢ ɬɚɛɥɢɱɧɨɝɨ ɮɨɪɦɚɬɚ: 

 dim.txt — ɜ ɷɬɨɦ ɮɚɣɥɟ ɡɚɩɢɫɚɧɵ ɱɢɫɥɚ ݊ ɢ ݉ — ɪɚɡɦɟɪɧɨɫɬɶ ɡɚɞɚɱɢ; 

 r.txt — ɜ ɷɬɨɦ ɮɚɣɥɟ ɞɥɹ ɤɚɠɞɨɣ ɪɟɚɤɰɢɢ ݅ ɡɚɩɢɫɚɧɵ ɱɢɫɥɚ: ݈ܾ௜ , ௜ܾݎ  ɢ ݓ௜; 
 S.txt — ɜ ɷɬɨɦ ɮɚɣɥɟ ɡɚɩɢɫɚɧɚ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɚɹ ɦɚɬɪɢɰɚ. 

 

Ɋɢɫɭɧɨɤ 2.1 — Ɏɪɚɝɦɟɧɬ ɢɧɫɬɚɧɫɚ t1h 

 

  

Ɋɢɫɭɧɨɤ 2.2 — Ɏɪɚɝɦɟɧɬ ɢɧɫɬɚɧɫɚ max_297 

ɇɚ ɝɢɫɬɨɝɪɚɦɦɚɯ ɧɚ ɪɢɫɭɧɤɚɯ 3.1 ɢ 3.2 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ 

ɤɨɥɢɱɟɫɬɜɚ ɦɟɬɚɛɨɥɢɬɨɜ ɨɬ ɱɢɫɥɚ ɪɟɚɤɰɢɣ, ɜ ɤɨɬɨɪɵɯ ɷɬɢ ɦɟɬɚɛɨɥɢɬɵ 
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ɩɪɟɞɫɬɚɜɥɟɧɵ ɫ ɧɟɧɭɥɟɜɵɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ. Ⱦɚɧɧɵɟ ɝɢɫɬɨɝɪɚɦɦɵ 

ɢɥɥɸɫɬɪɢɪɭɸɬ ɫɬɟɩɟɧɶ ɪɚɡɪɟɠɟɧɧɨɫɬɢ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɯ ɦɚɬɪɢɰ ɷɬɢɯ 

ɢɧɫɬɚɧɫɨɜ. ɋɛɨɪ ɫɬɚɬɢɫɬɢɤɢ ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɫ ɩɨɦɨɳɶɸ ɛɢɛɥɢɨɬɟɤɢ JFreeChart 

[6] ɞɥɹ ɹɡɵɤɚ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Java. ɂɫɯɨɞɧɵɣ ɤɨɞ ɞɨɫɬɭɩɟɧ ɜ ɤɥɚɫɫɟ 

StatCollector ɩɚɤɟɬɚ ru.ifmo.cycles.misc. 
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Кɚɤ ɜɢɞɧɨ ɢɡ ɷɬɢɯ ɝɢɫɬɨɝɪɚɦɦ, ɛɨɥɶɲɢɧɫɬɜɨ ɦɟɬɚɛɨɥɢɬɨɜ ɭɱɚɫɬɜɭɸɬ ɜ 

ɨɱɟɧɶ ɨɝɪɚɧɢɱɟɧɧɨɦ ɱɢɫɥɟ ɪɟɚɤɰɢɣ: 95% ɢɡ ɧɢɯ ɭɱɚɫɬɜɭɸɬ ɧɟ ɛɨɥɟɟ ɱɟɦ ɜ 10 

ɪɟɚɤɰɢɹɯ, ɱɬɨ ɝɨɜɨɪɢɬ ɨ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɢ ɪɚɡɪɟɠɟɧɧɨɫɬɢ ɞɚɧɧɵɯ. 

ɂɧɫɬɚɧɫ t1h ɢɦɟɟɬ ɪɚɡɦɟɪɧɨɫɬɶ ͳͲͲͻ × ʹͲͲͷ, ɚ ɢɧɫɬɚɧɫ max_297 ɢɦɟɟɬ 

ɪɚɡɦɟɪɧɨɫɬɶ ͳͲͺͶ × ͳͺͲͺ. ɂɧɫɬɚɧɫɵ ɢɦɟɸɬ ɩɪɢɦɟɪɧɨ ɨɞɢɧɚɤɨɜɭɸ ɪɚɡɦɟɪɧɨɫɬɶ 

ɢ ɩɪɢɦɟɪɧɨ ɨɞɢɧɚɤɨɜɭɸ ɫɬɟɩɟɧɶ ɪɚɡɪɟɠɟɧɧɨɫɬɢ. ɇɨ ɷɬɢ ɞɜɚ ɢɧɫɬɚɧɫɚ ɢɦɟɸɬ 

ɨɬɥɢɱɢɟ: ɭ ɧɢɯ ɨɱɟɧɶ ɪɚɡɧɚɹ ɫɬɪɭɤɬɭɪɚ ɜɟɤɬɨɪɚ ɜɟɫɨɜ. ɍ ɢɧɫɬɚɧɫɚ t1h ɜɟɫɚ 

«ɩɪɨɢɡɜɨɥɶɧɵɟ», ɢɯ ɡɧɚɱɟɧɢɹ ɩɨɯɨɠɢ ɧɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɡɧɚɱɟɧɢɣ, 

ɩɨɥɭɱɟɧɧɵɯ ɧɨɪɦɚɥɶɧɵɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ, ɚ ɭ ɢɧɫɬɚɧɫɚ max_297 ɜɟɫ ɨɞɧɨɣ 

ɪɟɚɤɰɢɢ ɪɚɜɟɧ 999, ɚ ɜɟɫ ɨɫɬɚɥɶɧɵɯ ɪɚɜɟɧ −ͳ. Эɬɨɬ ɢɧɫɬɚɧɫ ɧɚɩɪɚɜɥɟɧ ɧɚ 

ɦɚɤɫɢɦɢɡɚɰɢɸ ɩɨɬɨɤɚ ɱɟɪɟɡ ɨɞɧɭ ɮɢɤɫɢɪɨɜɚɧɧɭɸ ɪɟɚɤɰɢɸ ܴଶଽ଻, ɤɨɬɨɪɚɹ ɧɚɦ 

ɜɚɠɧɚ. ɉɪɢ ɷɬɨɦ ɜɟɫɚ ɨɫɬɚɥɶɧɵɯ ɪɟɚɤɰɢɣ ɪɚɜɧɵ −ͳ, ɚ ɧɟ Ͳ, ɩɨɬɨɦɭ, ɱɬɨ ɩɪɢ 

ɩɪɢɦɟɪɧɨ ɪɚɜɧɵɯ ɩɨɬɨɤɚɯ ɩɨ ɪɟɚɤɰɢɢ ܴଶଽ଻, ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɟɟ ɩɨɬɨɤ, ɜ ɤɨɬɨɪɨɦ 

ɜɟɥɢɱɢɧɚ ɩɨɬɨɤɚ ɱɟɪɟɡ ɞɪɭɝɢɟ ɪɟɚɤɰɢɢ ɤɚɤ ɦɨɠɧɨ ɦɟɧɶɲɟ. 

Ɍɚɤɠɟ ɞɥɹ ɬɟɫɬɢɪɨɜɚɧɢɹ ɪɟɲɟɧɢɣ ɛɵɥɢ ɪɚɡɪɚɛɨɬɚɧɵ ɢɧɫɬɚɧɫɵ max_1, 

max_2, …, max_1808, ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɚɹ ɦɚɬɪɢɰɚ ɤɨɬɨɪɵɯ ɫɨɜɩɚɞɚɟɬ ɫ 

ɦɚɬɪɢɰɟɣ ɢɧɫɬɚɧɫɚ max_297, ɚ ɜɟɤɬɨɪ ɜɟɫɨɜ ɢɧɫɬɚɧɫɚ max_i ɦɚɤɫɢɦɢɡɢɪɭɟɬ 

ɩɨɬɨɤ ɱɟɪɟɡ ɪɟɚɤɰɢɸ ܴ௜. 
3.3.2 Ɍɟɫɬɢɪɨɜɚɧɢɟ ɪɟɲɟɧɢɣ ɧɚ ɩɪɚɤɬɢɱɟɫɤɢɯ ɢɧɫɬɚɧɫɚɯ 

 Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɫɨɥɜɟɪɨɜ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɤɚɠɞɨɦɭ ɫɨɥɜɟɪɭ ɛɵɥɨ ɞɚɧɨ ɞɜɚ 

ɱɚɫɚ ɧɚ ɢɫɩɨɥɧɟɧɢɟ, ɩɨɫɥɟ ɱɟɝɨ ɨɧ ɜɵɤɥɸɱɚɥɫɹ. ȿɫɥɢ ɫɨɥɜɟɪ ɡɚɜɟɪɲɚɥɫɹ ɡɚ ɷɬɨ 

ɜɪɟɦɹ, ɧɚɣɞɟɧɧɨɟ ɪɟɲɟɧɢɟ ɫɱɢɬɚɥɫɹ ɪɟɡɭɥɶɬɚɬɨɦ ɟɝɨ ɪɚɛɨɬɵ. ɂɧɚɱɟ 

ɪɟɡɭɥɶɬɚɬɨɦ ɟɝɨ ɪɚɛɨɬɵ ɫɱɢɬɚɥɨɫɶ ɪɟɲɟɧɢɟ ɫ ɧɚɢɛɨɥɶɲɢɦ ɡɧɚɱɟɧɢɟɦ ɰɟɥɟɜɨɣ 

ɮɭɧɤɰɢɢ, ɧɚɣɞɟɧɧɨɟ ɫɨɥɜɟɪɨɦ ɡɚ ɩɟɪɜɵɣ ɱɚɫ ɪɚɛɨɬɵ.  

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ ɧɚ ɢɧɫɬɚɧɫɟ t1h ɦɨɠɧɨ ɜɢɞɟɬɶ ɜ ɬɚɛɥɢɰɟ 2. 

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ ɧɚ ɢɧɫɬɚɧɫɟ max_297 ɜɢɞɧɵ ɜ ɬɚɛɥɢɰɟ 3. ɇɚ 

ɪɢɫɭɧɤɟ 4 ɩɪɟɞɫɬɚɜɥɟɧɚ ɞɢɚɝɪɚɦɦɚ ɜɪɟɦɟɧɢ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ SimpleSolver ɢ 

PathSolver ɧɚ ɢɧɫɬɚɧɫɚɯ max_1, max_2, …, max_1808. Кɚɠɞɚɹ ɬɨɱɤɚ ɞɢɚɝɪɚɦɦɵ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɨɞɢɧ ɢɧɫɬɚɧɫ: ɩɨ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɨɫɢ ɨɬɥɨɠɟɧɨ ɜɪɟɦɹ ɪɚɛɨɬɵ 
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ɫɨɥɜɟɪɚ SimpleSolver, ɩɨ ɜɟɪɬɢɤɚɥɶɧɨɣ ɨɫɢ — ɫɨɥɜɟɪɚ PathSolver. ɋɨɥɜɟɪɵ 

ɪɚɛɨɬɚɥɢ 10 ɦɢɧɭɬ, ɩɨɫɥɟ ɱɟɝɨ ɜɵɤɥɸɱɚɥɢɫɶ.  

Ɍɚɛɥɢɰɚ 2 — Ɋɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ ɧɚ ɢɧɫɬɚɧɫɟ t1h 

ɋɨɥɜɟɪ Ɂɧɚɱɟɧɢɟ 

ɰɟɥɟɜɨɣ 

ɮɭɧɤɰɢɢ 

ɇɚɣɞɟɧɧɚɹ 

ɜɟɪɯɧɹɹ 

ɝɪɚɧɢɰɚ 

ȼɪɟɦɹ ɪɚɛɨɬɵ, 

ɟɫɥɢ 

ɡɚɜɟɪɲɢɥɫɹ 

ɉɨɬɪɚɱɟɧɧɵɣ 

ɨɛɴɟɦ ɈɁɍ ɡɚ 

ɜɪɟɦɹ ɪɚɛɨɬɵ 

SimpleSolver 7.8К 7.8К 16 ɦɢɧɭɬ 305 MB 

PathSolver 3.5К 619К ɇɟ ɡɚɜɟɪɲɢɥɫɹ 1800 MB 

NullSpaceSolver 1.9К 593К ɇɟ ɡɚɜɟɪɲɢɥɫɹ 1400 MB 

OnlineClosed-

Solver 

7.3К 1.5Ɇ ɇɟ ɡɚɜɟɪɲɢɥɫɹ 2300 MB 

OfflineSvd-

ClosedSolver 

0 1.8Ɇ ɇɟ ɡɚɜɟɪɲɢɥɫɹ ≈ Ͳ MB 

 

 

Ɍɚɛɥɢɰɚ 3 — Ɋɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ ɧɚ ɢɧɫɬɚɧɫɟ max_297 

ɋɨɥɜɟɪ Ɂɧɚɱɟɧɢɟ 

ɰɟɥɟɜɨɣ 

ɮɭɧɤɰɢɢ 

ɇɚɣɞɟɧɧɚɹ 

ɜɟɪɯɧɹɹ 

ɝɪɚɧɢɰɚ 

ȼɪɟɦɹ ɪɚɛɨɬɵ, 

ɟɫɥɢ 

ɡɚɜɟɪɲɢɥɫɹ 

ɉɨɬɪɚɱɟɧɧɵɣ 

ɨɛɴɟɦ ɈɁɍ ɡɚ 

ɜɪɟɦɹ ɪɚɛɨɬɵ 

SimpleSolver 23.1К 995К ɇɟ ɡɚɜɟɪɲɢɥɫɹ 615 MB 

PathSolver 23.1К 23.1К 52 ɫɟɤɭɧɞɵ 2.3 MB 

NullSpaceSolver 15.7К 996К ɇɟ ɡɚɜɟɪɲɢɥɫɹ 1500 MB 

OnlineClosed-

Solver 

23.1К 995К ɇɟ ɡɚɜɟɪɲɢɥɫɹ 473 MB 

OfflineSvd-

ClosedSolver 

0 997К ɇɟ ɡɚɜɟɪɲɢɥɫɹ ≈0 MB  
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Ɋɢɫɭɧɨɤ 4 — Ⱦɢɚɝɪɚɦɦɚ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ SimpleSolver ɢ PathSolver ɧɚ 

ɢɧɫɬɚɧɫɚɯ max_1, …, max_1808 

Кɚɤ ɜɢɞɧɨ ɢɡ ɬɚɛɥɢɰɵ 2, ɫɨɥɜɟɪ SimpleSolver — ɟɞɢɧɫɬɜɟɧɧɵɣ ɫɨɥɜɟɪ, 

ɪɟɲɢɜɲɢɣ ɡɚɞɚɱɭ ɧɚ ɢɧɫɬɚɧɫɟ t1h. ɉɪɢ ɷɬɨɦ ɫɪɟɞɢ ɨɫɬɚɜɲɢɯɫɹ ɫɨɥɜɟɪɨɜ ɧɟɬ ɧɢ 

ɨɞɧɨɝɨ ɫɨɥɜɟɪɚ, ɤɨɬɨɪɵɣ ɫɦɨɝ ɛɵ ɡɚ ɜɵɞɟɥɟɧɧɨɟ ɜɪɟɦɹ ɛɵ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɨɟ 

ɪɟɲɟɧɢɟ, ɬɨ ɟɫɬɶ ɤɨɪɪɟɤɬɧɨɟ ɪɟɲɟɧɢɟ ɫ ɬɚɤɢɦ ɠɟ ɡɧɚɱɟɧɢɟɦ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ, 

ɱɬɨ ɢ ɪɟɲɟɧɢɟ ɫɨɥɜɟɪɚ SimpleSolver. 

Ɂɚ ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɱɚɫ ɢɫɩɨɥɧɟɧɢɹ ɧɢ ɨɞɢɧ ɢɡ ɨɫɬɚɜɲɢɯɫɹ ɫɨɥɜɟɪɨɜ ɧɟ 

ɫɦɨɝ ɭɥɭɱɲɢɬɶ ɧɚɣɞɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɢɥɢ ɡɧɚɱɢɬɟɥɶɧɨ 

ɭɦɟɧɶɲɢɬɶ ɜɟɪɯɧɸɸ ɝɪɚɧɢɰɭ ɧɚ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ. ȼ ɬɚɛɥɢɰɟ 

ɜɵɞɟɥɹɸɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɨɥɜɟɪɚ OfflineSvdClosedSolver. Ɂɚ ɱɚɫ ɪɚɛɨɬɵ 

ɨɧ ɧɟ ɧɚɲɟɥ ɧɢ ɨɞɧɨɝɨ ɧɟɬɪɢɜɢɚɥɶɧɨɝɨ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ. Эɬɨ ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ 

ɮɨɪɦɭɥɢɪɨɜɤɚ ɟɝɨ ɫɜɟɞɟɧɢɹ ɤ ɡɚɞɚɱɟ ɥɢɧɟɣɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ ɡɚɦɤɧɭɬɚ: 

ɜɫɟ ɨɝɪɚɧɢɱɟɧɢɹ ɢɡɜɟɫɬɧɵ ɫɨɥɜɟɪɭ ɡɚɪɚɧɟɟ. Эɬɨɬ ɫɨɥɜɟɪ ɧɟ ɢɳɟɬ 

ɩɪɨɦɟɠɭɬɨɱɧɵɟ ɪɟɲɟɧɢɹ.  

ȿɞɢɧɫɬɜɟɧɧɵɣ ɫɨɥɜɟɪ, ɫɩɪɚɜɢɜɲɢɣɫɹ ɫ ɪɟɲɟɧɢɟɦ ɡɚɞɚɱɢ ɧɚ ɢɧɫɬɚɧɫɟ 

max_297 ɡɚ ɞɜɚ ɱɚɫɚ, ɷɬɨ ɫɨɥɜɟɪ PathSolver, ɩɪɢɱɟɦ ɨɧ ɫɩɪɚɜɢɥɫɹ ɫ ɡɚɞɚɱɟɣ 

ɦɟɧɶɲɟ ɱɟɦ ɡɚ ɨɞɧɭ ɦɢɧɭɬɭ.  Ɍɚɤɠɟ ɫɨɥɜɟɪɵ SimpleSolver ɢ OnlineClosedSolver, 
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ɨɫɧɨɜɚɧɧɵɟ ɧɚ ɞɨɛɚɜɥɟɧɢɢ ɨɝɪɚɧɢɱɟɧɢɣ ɜɨ ɜɪɟɦɹ ɪɚɛɨɬɵ ɫɨɥɜɟɪɚ ɧɚɲɥɢ 

ɩɪɚɜɢɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ, ɧɨ ɧɟ ɫɦɨɝɥɢ ɞɨɤɚɡɚɬɶ, ɱɬɨ ɪɟɲɟɧɢɹ 

ɥɭɱɲɟ ɧɟɬ. Эɬɨ ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɜ ɢɧɫɬɚɧɫɟ max_297 ɨɱɟɧɶ ɦɧɨɝɨ ɰɢɤɥɨɜ ɫ 

ɩɨɯɨɠɟɣ ɫɬɪɭɤɬɭɪɨɣ, ɢ ɩɪɚɜɢɥɚ ɜɢɞɚ «ȼ ɰɢɤɥɟ ܥଵ ɦɨɠɧɨ ɡɚɦɟɧɢɬɶ ɩɭɬɶ 𝑃ଵɧɚ 

ɩɭɬɶ 𝑃ଶ» ɯɨɪɨɲɨ ɨɩɢɫɵɜɚɸɬ ɫɬɪɭɤɬɭɪɭ ɷɬɢɯ ɰɢɤɥɨɜ. ȼɩɪɨɱɟɦ, ɜ ɢɧɫɬɚɧɫɟ t1h 

ɬɨɠɟ ɦɧɨɝɨ ɬɚɤɢɯ ɰɢɤɥɨɜ. Ɉɫɧɨɜɧɨɟ ɨɬɥɢɱɢɟ ɷɬɢɯ ɢɧɫɬɚɧɫɨɜ ɜ ɫɬɪɭɤɬɭɪɟ 

ɜɟɤɬɨɪɚ ɜɟɫɨɜ. ɉɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱɢ ɧɚ ɢɧɫɬɚɧɫɟ max_297 ɦɟɬɨɞ ɜɟɬɜɟɣ ɢ ɝɪɚɧɢɰ 

ɩɪɟɞɥɚɝɚɟɬ ɪɟɚɥɢɡɨɜɚɧɧɵɦ ɤɥɚɫɫɚɦ ɞɥɹ ɨɛɪɚɬɧɨɣ ɫɜɹɡɢ ɪɟɲɟɧɢɹ, ɜ ɤɨɬɨɪɵɯ 

ɦɚɥɨ ɚɤɬɢɜɧɵɯ ɪɟɚɤɰɢɣ, ɬɚɤ ɤɚɤ ɜɫɟ ɪɟɚɤɰɢɢ, ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɨɞɧɨɣ, ɢɦɟɸɬ 

ɨɬɪɢɰɚɬɟɥɶɧɵɣ ɜɟɫ ɜ ɜɟɤɬɨɪɟ ɜɟɫɨɜ ݓ: ɞɨɛɚɜɥɟɧɢɟ ɤɚɠɞɨɣ ɚɤɬɢɜɧɨɣ ɪɟɚɤɰɢɢ, 

ɤɪɨɦɟ ɨɞɧɨɣ, ɭɯɭɞɲɚɟɬ ɡɧɚɱɟɧɢɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ. ɉɨɷɬɨɦɭ ɧɚɣɞɟɧɧɵɟ ɰɢɤɥɵ 

ɢɦɟɸɬ ɨɱɟɧɶ ɦɚɥɟɧɶɤɢɣ ɪɚɡɦɟɪ, ɚ ɡɧɚɱɢɬ, ɢ ɫɭɦɦɵ ɜ ɨɝɪɚɧɢɱɟɧɢɹɯ ሺʹͲሻ ɢ ሺʹʹሻ 

ɢɡ ɝɥɚɜɵ 2 ɢɦɟɸɬ ɦɚɥɟɧɶɤɨɟ ɱɢɫɥɨ ɫɥɚɝɚɟɦɵɯ. 

 ɋɨɥɜɟɪ NullSpaceSolver ɧɟ ɫɦɨɝ ɧɚɣɬɢ ɜ ɭɤɚɡɚɧɧɨɟ ɜɪɟɦɹ ɤɨɪɪɟɤɬɧɨɟ 

ɪɟɲɟɧɢɟ ɫ  ɧɚɢɛɨɥɶɲɢɦ ɡɧɚɱɟɧɢɟɦ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɧɢ ɜ ɨɞɧɨɦ ɢɡ ɢɧɫɬɚɧɫɨɜ 

t1h ɢ max_297, ɬɟɦ ɛɨɥɟɟ ɡɚɜɟɪɲɢɬɶɫɹ. Эɬɨ ɫɜɹɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɜ ɮɨɪɦɭɥɢɪɨɜɤɟ 

ɫɨɥɜɟɪɚ LinearSpaceDecomposer ɩɪɢɫɭɬɫɬɜɭɟɬ ɦɧɨɝɨ ɨɝɪɚɧɢɱɟɧɢɣ ɢ ɞɨɛɚɜɨɱɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ, ɜ ɬɨɦ ɱɢɫɥɟ ɰɟɥɨɱɢɫɥɟɧɧɵɯ, ɱɬɨ ɧɟɝɚɬɢɜɧɨ ɫɤɚɡɵɜɚɟɬɫɹ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɛɨɬɵ ɫɨɥɜɟɪɚ. ɋɨɥɜɟɪ LinearSpaceDecomposer ɢɫɩɨɥɶɡɭɟɬɫɹ 

ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ ɤɚɤ ɦɨɠɧɨ ɛɨɥɟɟ ɦɚɥɟɧɶɤɢɯ ɨɝɪɚɧɢɱɟɧɢɣ, ɧɨ ɪɚɡɦɟɪɵ 

ɧɚɣɞɟɧɧɵɯ ɨɝɪɚɧɢɱɟɧɢɣ ɫɬɚɧɨɜɹɬɫɹ ɧɟɡɧɚɱɢɬɟɥɶɧɵɦɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɛɴɟɦɨɦ 

ɪɟɫɭɪɫɨɜ, ɤɨɬɨɪɵɟ ɬɪɚɬɢɬ ɫɨɥɜɟɪ LinearSpaceDecomposer. ɇɚ ɩɪɚɤɬɢɤɟ ɪɚɡɦɟɪɵ 

ɨɝɪɚɧɢɱɟɧɢɣ, ɧɚɣɞɟɧɧɵɦɢ ɫɨɥɜɟɪɨɦ LinearSpaceDecomposer, ɧɟ ɫɢɥɶɧɨ 

ɨɬɥɢɱɚɸɬɫɹ ɨɬ ɪɚɡɦɟɪɨɜ ɨɝɪɚɧɢɱɟɧɢɣ, ɧɚɣɞɟɧɧɵɯ ɫɨɥɜɟɪɨɦ PathSolver, ɧɨ 

ɨɛɴɟɦ ɪɟɫɭɪɫɨɜ ɞɥɹ ɢɯ ɩɨɢɫɤɚ ɫɨɥɜɟɪ PathSolver ɧɚɦɧɨɝɨ ɦɟɧɶɲɟ. Эɬɨ ɞɟɥɚɟɬ 

ɫɨɥɜɟɪ PathSolver ɧɚ ɧɟɫɤɨɥɶɤɨ ɩɨɪɹɞɤɨɜ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ 

ɜɪɟɦɟɧɢ ɪɚɛɨɬɵ ɢ ɨɛɴɟɦɚ ɩɚɦɹɬɢ, ɬɪɟɛɭɟɦɨɝɨ ɞɥɹ ɩɨɥɧɨɰɟɧɧɨɣ ɪɚɛɨɬɵ ɫɨɥɜɟɪɚ. 

 ɇɚ ɢɧɫɬɚɧɫɚɯ max_1, … max_1808 ɜɫɟ ɫɨɥɜɟɪɵ, ɤɪɨɦɟ PathSolver ɢ 

SimpleSolver ɩɨɤɚɡɚɥɢ ɫɟɛɹ ɩɥɨɯɨ: ɷɬɢ ɫɨɥɜɟɪɵ ɧɚ ɛɨɥɶɲɢɧɫɬɜɟ ɢɧɫɬɚɧɫɨɜ ɧɟ 



34 

 

 

ɫɦɨɝɥɢ ɧɚɣɬɢ ɪɟɲɟɧɢɟ ɡɚ 10 ɦɢɧɭɬ. Ɂɚɞɚɱɭ ɞɥɹ ɢɧɫɬɚɧɫɨɜ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ 

ɬɨɱɤɚɦ, ɥɟɠɚɳɢɦ ɧɢɠɟ ɞɢɚɝɨɧɚɥɢ, ɛɵɫɬɪɟɟ ɪɟɲɢɥ ɫɨɥɜɟɪ PathSolver, ɢ 

ɧɚɨɛɨɪɨɬ. ɇɚ ɪɢɫɭɧɤɟ 4 ɜɢɞɧɨ, ɱɬɨ ɫ ɛɨɥɶɲɢɧɫɬɜɨɦ ɬɟɫɬɨɜ ɫɨɥɜɟɪɵ PathSolver ɢ 

SimpleSolver ɫɩɪɚɜɢɥɢɫɶ ɡɚ ɜɪɟɦɹ, ɦɟɧɶɲɟɟ ɨɞɧɨɣ ɫɟɤɭɧɞɵ. ɇɚ ɧɢɯ ɫɨɥɜɟɪ 

SimpleSolver ɛɵɥ ɛɵɫɬɪɟɟ. Ɉɞɧɚɤɨ ɛɨɥɶɲɭɸ ɡɧɚɱɢɦɨɫɬɶ ɩɪɟɞɫɬɚɜɥɹɸɬ ɬɟɫɬɵ, 

ɧɚ ɤɨɬɨɪɵɯ ɫɨɥɜɟɪɵ ɪɚɛɨɬɚɥɢ ɞɨɥɶɲɟ, ɬɚɤ ɤɚɤ ɪɚɡɧɢɰɚ ɜɨ ɜɪɟɦɟɧɢ ɦɟɠɞɭ 5 ɢ 10 

ɦɢɧɭɬɚɦɢ ɛɨɥɟɟ ɨɳɭɬɢɦɚ ɧɚ ɩɪɚɤɬɢɤɟ, ɱɟɦ ɪɚɡɧɢɰɚ ɦɟɠɞɭ 1 ɢ 5 ɫɟɤɭɧɞɚɦɢ. ɂɡ 

ɪɢɫɭɧɤɚ ɜɢɞɧɨ, ɱɬɨ ɧɚ ɬɚɤɢɯ ɢɧɫɬɚɧɫɚɯ ɫɨɥɜɟɪ PathSolver ɨɬɪɚɛɚɬɵɜɚɥ ɛɵɫɬɪɟɟ. 

Ɍɚɤɠɟ ɢɡ ɪɢɫɭɧɤɚ ɜɢɞɧɨ, ɱɬɨ ɦɧɨɠɟɫɬɜɨ ɧɚ ɦɧɨɠɟɫɬɜɟ ɢɧɫɬɚɧɫɨɜ ɪɚɡɦɟɪɚ 87 

ɫɨɥɜɟɪ PathSolver ɫɩɪɚɜɢɥɫɹ ɧɟ ɛɨɥɟɟ ɱɟɦ ɡɚ 8 ɦɢɧɭɬ, ɚ ɫɨɥɜɟɪ SimpleSolver ɧɟ 

ɡɚɜɟɪɲɢɥɫɹ ɡɚ 10 ɦɢɧɭɬ. ɂɡ ɷɬɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɬɨɦ, 

ɱɬɨ ɫɨɥɜɟɪ PathSolver ɹɜɥɹɟɬɫɹ ɛɨɥɟɟ ɭɧɢɜɟɪɫɚɥɶɧɵɦ ɫɨɥɜɟɪɨɦ ɞɥɹ ɪɟɲɟɧɢɹ 

ɡɚɞɚɱɢ ɦɚɤɫɢɦɢɡɚɰɢɢ ɩɨɬɨɤɚ ɩɨ ɨɞɧɨɣ ɪɟɚɤɰɢɢ. 

3.4 ɋɪɚɜɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ 

 ɇɚ ɤɚɠɞɨɦ ɢɡ ɬɟɫɬɨɜ ɛɵɥ ɧɚɣɞɟɧ ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɫɨɥɜɟɪ, ɤɨɬɨɪɵɣ 

ɡɧɚɱɢɬɟɥɶɧɨ ɩɪɟɜɨɫɯɨɞɢɬ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɭɳɟɫɬɜɭɸɳɢɣ ɫɨɥɜɟɪ 

OfflineSvdClosedSolver, ɚ ɬɚɤɠɟ ɟɝɨ ɦɨɞɟɪɧɢɡɢɪɨɜɚɧɧɭɸ ɜɟɪɫɢɸ 

OnlineClosedSolver. ɇɚ ɩɪɨɢɡɜɨɥɶɧɵɯ ɬɟɫɬɚɯ ɫɨɥɜɟɪ SimpleSolver ɩɨɤɚɡɵɜɚɟɬ 

ɜɵɫɨɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ, ɩɪɟɜɨɫɯɨɞɹɳɢɣ ɧɚ ɩɨɪɹɞɨɤ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɫɭɳɟɫɬɜɭɸɳɟɝɨ ɫɨɥɜɟɪɚ. ɇɚ ɫɩɟɰɢɮɢɱɟɫɤɨɦ ɢɧɫɬɚɧɫɟ, ɦɚɤɫɢɦɢɡɢɪɭɸɳɟɦ 

ɩɨɬɨɤ ɩɨ ɨɞɧɨɣ ɪɟɚɤɰɢɢ, ɫɨɥɜɟɪ PathSolver ɩɨɤɚɡɚɥ ɷɮɮɟɤɬɢɜɧɨɫɬɶ, ɫɢɥɶɧɨ 

ɩɪɟɜɨɫɯɨɞɹɳɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɭɳɟɫɬɜɭɸɳɟɝɨ ɫɨɥɜɟɪɚ. 

3.5 ȼɵɜɨɞɵ ɩɨ ɝɥɚɜɟ 3 

ȼ ɝɥɚɜɟ 3 ɛɵɥɚ ɨɩɢɫɚɧɚ ɫɬɪɭɤɬɭɪɚ ɢɧɫɬɚɧɫɨɜ, ɧɚ ɤɨɬɨɪɵɯ ɬɟɫɬɢɪɨɜɚɥɢɫɶ 

ɪɟɲɟɧɢɹ. Ȼɵɥɚ ɨɫɭɳɟɫɬɜɥɟɧɚ ɩɪɨɜɟɪɤɚ ɤɨɪɪɟɤɬɧɨɫɬɢ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɫɨɥɜɟɪɨɜ 

ɧɚ ɢɧɫɬɚɧɫɟ ɦɚɥɟɧɶɤɨɝɨ ɪɚɡɦɟɪɚ. ɇɚ ɛɨɥɶɲɢɯ ɢɧɫɬɚɧɫɚɯ ɪɚɡɧɨɣ ɫɬɪɭɤɬɭɪɵ ɛɵɥɚ 

ɩɪɨɜɟɞɟɧɚ ɩɪɨɜɟɪɤɚ ɢ ɫɪɚɜɧɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɡɥɢɱɧɵɯ ɪɟɚɥɢɡɨɜɚɧɧɵɯ 

ɫɨɥɜɟɪɨɜ: ɤɚɤ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɜ ɯɨɞɟ ɪɚɛɨɬɵ, ɬɚɤ ɢ ɫɨɥɜɟɪɨɜ, ɢɞɟɹ ɤɨɬɨɪɵɯ ɛɵɥɚ 

ɜɡɹɬɚ ɢɡ ɫɬɚɬɶɢ [2]. Ɍɚɤɠɟ ɛɵɥɨ ɞɚɧɨ ɨɛɨɫɧɨɜɚɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɢ 

ɚɧɚɥɢɡ ɬɨɝɨ, ɤɚɤɨɣ ɫɨɥɜɟɪ ɷɮɮɟɤɬɢɜɧɟɟ ɫɩɪɚɜɥɹɟɬɫɹ ɫ ɤɚɤɢɦ ɬɢɩɨɦ ɢɧɫɬɚɧɫɨɜ. 
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ȼɕȼɈȾɕ 

 ȼ ɯɨɞɟ ɪɚɛɨɬɵ ɛɵɥɢ ɪɚɡɪɚɛɨɬɚɧɵ ɫɨɥɜɟɪɵ SimpleSolver, PathSolver ɢ 

NullSpaceSolver, ɚ ɬɚɤɠɟ  ɫɨɥɜɟɪɵ ɞɥɹ ɡɚɞɚɱ ɨɩɬɢɦɢɡɚɰɢɢ, ɜɨɡɧɢɤɚɸɳɢɯ ɜ 

ɩɪɨɰɟɫɫɟ ɪɟɲɟɧɢɹ ɨɫɧɨɜɧɨɣ ɡɚɞɚɱɢ. ɉɨɦɢɦɨ ɷɬɨɝɨ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ, ɜ ɯɨɞɟ ɤɨɬɨɪɨɝɨ ɪɚɡɪɚɛɨɬɚɧɧɵɟ ɫɨɥɜɟɪɵ 

ɫɪɚɜɧɢɜɚɥɢɫɶ ɞɪɭɝ ɫ ɞɪɭɝɨɦ ɢ ɫ ɫɭɳɟɫɬɜɭɸɳɢɦ ɫɨɥɜɟɪɨɦ. 

Ɉɫɧɨɜɧɚɹ ɰɟɥɶ ɞɚɧɧɨɣ ɪɚɛɨɬɵ — ɪɚɡɪɚɛɨɬɤɚ ɷɮɮɟɤɬɢɜɧɨɝɨ ɩɪɚɤɬɢɱɟɫɤɨɝɨ 

ɫɨɥɜɟɪɚ — ɛɵɥɚ ɜɵɩɨɥɧɟɧɚ. ȼ ɤɚɱɟɫɬɜɟ ɪɟɡɭɥɶɬɚɬɚ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɫɨɥɜɟɪɵ, 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɤɨɬɨɪɵɯ ɩɪɟɜɨɫɯɨɞɢɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɭɳɟɫɬɜɭɸɳɟɝɨ ɫɨɥɜɟɪɚ, 

ɨɫɧɨɜɚɧɧɨɝɨ ɧɚ ɪɟɡɭɥɶɬɚɬɚɯ ɫɬɚɬɶɢ [2]. 

 Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɰɟɥɢ ɪɚɛɨɬɵ ɛɵɥɢ ɢɡɭɱɟɧɵ ɧɸɚɧɫɵ ɪɚɛɨɬɵ ɫ  ɩɚɤɟɬɨɦ 

ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ CPLEX, ɩɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɢɧɫɬɚɧɫɨɜ, ɫ ɤɨɬɨɪɵɦɢ 

ɩɪɟɞɫɬɨɢɬ ɢɦɟɬɶ ɞɟɥɨ ɫɨɥɜɟɪɚɦ, ɨɩɪɨɛɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɩɨɞɯɨɞɵ ɤ ɪɟɲɟɧɢɸ 

ɡɚɞɚɱɢ. 

 ȼ ɞɚɥɶɧɟɣɲɟɦ ɪɚɛɨɬɚ ɧɚɞ ɞɚɧɧɨɣ ɬɟɦɨɣ ɦɨɠɟɬ ɛɵɬɶ ɩɪɨɞɨɥɠɟɧɚ. 

Эɮɮɟɤɬɢɜɧɨɫɬɶ ɪɚɛɨɬɵ ɫɨɥɜɟɪɨɜ ɦɨɠɧɨ ɩɨɜɵɫɢɬɶ, ɪɚɫɫɦɚɬɪɢɜɚɹ ɞɪɭɝɢɟ ɜɢɞɵ 

ɨɩɬɢɦɢɡɚɰɢɢ ɦɟɬɨɞɚ ɜɟɬɜɟɣ ɢ ɝɪɚɧɢɰ: ɩɪɟɩɪɨɰɟɫɫɢɧɝ, ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɟ 

ɫɩɨɫɨɛɵ ɨɛɧɨɜɥɟɧɢɹ ɧɢɠɧɟɣ ɝɪɚɧɢɰɵ ɡɧɚɱɟɧɢɹ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ. 
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