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Tema 3.

(

9)

3.1. ɂɞɟɚɥɶɧɵɣ ɤɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ
ɋɯɟɦɚ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 5. ɉɨ ɫɭɳɟɫɬɜɭ ɤɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɪɟɝɢɫɬɪ ɢɡ ɩ ɤɭɛɢɬɨɜ, ɭɩɪɚɜɥɹɟɦɵɯ ɜɧɟɲɧɢɦɢ (ɤɥɚɫɫɢɱɟɫɤɢɦɢ)
ɫɢɝɧɚɥɚɦɢ. Ʉɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ ɜɫɬɪɨɟɧ ɜ ɤɥɚɫɫɢɱɟɫɤɨɟ ɨɤɪɭɠɟɧɢɟ, ɫɨɫɬɨɹɳɟɟ ɢɡ
ɭɩɪɚɜɥɹɸɳɟɝɨ ɤɥɚɫɫɢɱɟɫɤɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɢ ɝɟɧɟɪɚɬɨɪɨɜ ɢɦɩɭɥɶɫɨɜ, ɭɩɪɚɜɥɹɸɳɢɯ
ɷɜɨɥɸɰɢɟɣ ɤɭɛɢɬɨɜ, ɚ ɬɚɤɠɟ ɫɪɟɞɫɬɜɚɦɢ ɢɡɦɟɪɟɧɢɣ ɫɨɫɬɨɹɧɢɹ ɤɭɛɢɬɨɜ. ȼ ɯɨɞɟ ɜɵɱɢɫɥɟɧɢɣ ɤ
ɪɟɝɢɫɬɪɭ ɩ ɦɨɠɧɨ ɞɨɛɚɜɢɬɶ ɞɪɭɝɢɟ ɪɟɝɢɫɬɪɵ, ɢɝɪɚɸɳɢɟ ɜɫɩɨɦɨɝɚɬɟɥɶɧɭɸ ɪɨɥɶ.

Ɋɢɫ. 5. ɋɯɟɦɚ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ.

ɇɚɡɨɜɟɦ ɢɞɟɚɥɶɧɵɦ ɤɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ, ɫɨɫɬɨɹ-

ɧɢɹ ɤɨɬɨɪɨɝɨ ɜɫɟɝɞɚ ɤɨɝɟɪɟɧɬɧɵ. ɗɬɨ ɨɡɧɚɱɚɟɬ, ɜɨ-

ɩɟɪɜɵɯ, ɨɬɫɭɬɫɬɜɢɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɤɨɦɩɶɸɬɟɪɚ ɫ
ɨɤɪɭɠɟɧɢɟɦ, ɫɨɡɞɚɸɳɢɦ ɲɭɦɵ ɢ ɧɚɪɭɲɚɸɳɢɦ
ɤɨɝɟɪɟɧɬɧɨɫɬɶ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɤɨɦɩɶɸɬɟɪɚ
(ɞɟɤɨɝɟɪɟɧɬɢɡɚɰɢɹ); ɜɨ-ɜɬɨɪɵɯ, ɜ ɢɞɟɚɥɶɧɨɦ ɤɜɚɧɬɨɜɨɦ
ɤɨɦɩɶɸɬɟɪɟ ɜɧɟɲɧɢɟ ɫɢɝɧɚɥɵ ɨɫɭɳɟɫɬɜɥɹɸɬ ɬɨɱɧɨɟ
ɭɩɪɚɜɥɟɧɢɟ.

ȼɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ ۄ|߰ ɤɜɚɧɬɨɜɨɝɨ ɪɟɝɢɫɬɪɚ ɢɡ ɩ 
ɤɭɛɢɬɨɜ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɪɚɡɥɨɠɟɧɢɟ ɩɨ 2n

ɛɚɡɢɫɧɵɦ ɫɨɫɬɨɹɧɢɹɦ ɪɟɝɢɫɬɪɚ ଵ�|ۄ . . . � , . . . , � =Ͳ, ͳ ߰|ۄ: = σభ,…, ܽభ,…, …ଵ�|ۄ � (17)



Tema 3.

3.1. ɂɞɟɚɥɶɧɵɣ ɤɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ

Ɂɞɟɫɶ ɫɭɩɟɪɩɨɡɢɰɢɹ ߰|ۄ ɹɜɥɹɟɬɫɹ ɜɟɤɬɨɪɨɦ ɜ 2n-ɦɟɪɧɨɦ ɜɟɤɬɨɪɧɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ,ۄ|�ଵ … � — 2n ɛɚɡɢɫɧɵɯ ɜɟɤɬɨɪɨɜ (ɨɪɬɨɜ) ɷɬɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ, ܽభ,…, — ɩɪɨɟɤɰɢɢ
ɜɟɤɬɨɪɚ ߰|ۄ ɧɚ ɧɚɩɪɚɜɥɟɧɢɹ ɨɪɬɨɜ …ଵ�|ۄ � . ȼɫɟ, ɱɬɨ ɦɨɠɧɨ ɡɧɚɬɶ ɨ ɮɢɡɢɱɟɫɤɨɣ
ɫɢɫɬɟɦɟ, ɫɨɞɟɪɠɢɬɫɹ ɜ ɟɟ ɜɟɤɬɨɪɟ ɫɨɫɬɨɹɧɢɹ ߰|ۄ . ȼɫɟ, ɱɬɨ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫ ɫɢɫɬɟɦɨɣ, —
ɷɬɨ ɩɪɟɨɛɪɚɡɨɜɚɬɶ ɟɟ ɧɚɱɚɥɶɧɵɣ ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ i୬߰|ۄ ɜ ɞɪɭɝɨɣ ɜɟɤɬɨɪ: f߰|ۄ . ɉɨɷɬɨɦɭ
ɩɪɨɰɟɫɫ ɜɵɱɢɫɥɟɧɢɣ ɧɚ ɤɜɚɧɬɨɜɨɦ ɤɨɦɩɶɸɬɟɪɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɤɚɤ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ
ɧɚɱɚɥɶɧɨɝɨ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɤɨɦɩɶɸɬɟɪɚ i୬߰|ۄ ɜ ɤɨɧɟɱɧɵɣ ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ f߰|ۄ
ɩɭɬɟɦ ɭɦɧɨɠɟɧɢɹ ɜɟɤɬɨɪɚ i୬߰|ۄ ɧɚ ɭɧɢɬɚɪɧɭɸ ɦɚɬɪɢɰɭ U ɢ ɪɚɡɦɟɪɧɨɫɬɢ ʹ × ʹ:ۄ|߰f = U ʹ × ʹ i୬߰|ۄ (18)

ɍɞɨɛɧɨ ɩɨɥɚɝɚɬɶ, ɱɬɨ ɜ ɧɚɱɚɥɶɧɨɦ ɫɨɫɬɨɹɧɢɢ ɤɨɦɩɶɸɬɟɪɚ ɜɫɟ ɟɝɨ ɤɭɛɢɬɵ ɧɚɯɨɞɹɬɫɹ ɜ
ɫɨɫɬɨɹɧɢɢ Ͳ|ۄ ߰|ۄ: = Ͳଵ…Ͳ|ۄ .

ЭȚț ȖȗȍȘȈȞȐȦ ȕȈȏȣȊȈȦȚ ȐȕȐȞȐȈȓȐȏȈȞȐȍȑ. ǹȖșȚȖȧȕȐȍ …Ͳଵ|ۄ Ͳ . ȔȖȎȕȖ ȗȖȓțȟȐȚȤ
ȖȝȓȈȎȌȍȕȐȍȔ ȒțȉȐȚȖȊ ȌȖ ɫɜɟɪɯɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪ (ɦɢɥɥɢɤɟɥɶɜɢɧ).

Ⱥɥɝɨɪɢɬɦ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɡɚɤɥɸɱɟɧ ɜ ɦɚɬɪɢɰɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ U ʹ × ʹ . Ʉɥɚɫɫɢ-

ɱɟɫɤɚɹ ɢɧɮɨɪɦɚɰɢɹ ɨ ɪɟɲɟɧɢɢ ɡɚɞɚɱɢ ɫɨɞɟɪɠɢɬɫɹ ɜ ɤɨɧɟɱɧɨɦ ɜɟɤɬɨɪɟ ɫɨɫɬɨɹɧɢɹ f߰|ۄ ;

ɨɧɚ ɞɨɥɠɧɚ ɛɵɬɶ ɩɨɥɭɱɟɧɚ ɢɡɦɟɪɟɧɢɟɦ ɤɭɛɢɬɨɜ.
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Ⱦɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɧɚ ɤɜɚɧɬɨɜɨɦ ɤɨɦɩɶɸɬɟɪɟ ɧɚɞɨ ɢɡɝɨɬɨɜɢɬɶ ɧɟɨɛɯɨɞɢɦɨɟ ɤɨɥɢɱɟɫɬɜɨ ɤɭɛɢɬɨɜ,

ɢɧɢɰɢɚɥɢɡɢɪɨɜɚɬɶ ɢɯ, ɭɩɪɚɜɥɹɬɶ ɢɯ ɤɜɚɧɬɨɜɨɣ ɷɜɨɥɸɰɢɟɣ, ɜɵɩɨɥɧɢɬɶ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ U i୬߰|ۄ ɢ
ɢɡɦɟɪɢɬɶ ɫɨɫɬɨɹɧɢɹ ɤɭɛɢɬɨɜ, ɨɩɢɫɵɜɚɟɦɵɯ ɜɟɤɬɨɪɨɦ f߰|ۄ = U i୬߰|ۄ .

ɋɟɣɱɚɫ ɪɚɫɫɦɨɬɪɢɦ ɜɨɩɪɨɫ ɨ ɪɟɫɭɪɫɚɯ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ, ɞɚɸɳɢɯ ɟɦɭ ɩɪɟɢɦɭɳɟɫɬɜɨ ɩɨ
ɫɪɚɜɧɟɧɢɸ ɫ ɤɥɚɫɫɢɱɟɫɤɢɦ ɤɨɦɩɶɸɬɟɪɨɦ.

Ⱥɧɚɥɢɡ ɪɟɫɭɪɫɚ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɩɪɨɜɟɞɟɦ ɢɫɯɨɞɹ ɢɡ ɭɪɚɜɧɟɧɢɹ (18) ɪɚɛɨɬɵ ɤɨɦɩɶɸɬɟɪɚ. ȼɜɟɞɟɦ
ɫɧɚɱɚɥɚ ɛɨɥɟɟ ɷɤɨɧɨɦɧɵɟ ɨɛɨɡɧɚɱɟɧɢɹ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ߰|ۄ . Ȼɚɡɢɫɧɨɟ ɫɨɫɬɨɹɧɢɟ ଵ�|ۄ …�
ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ n-ɪɚɡɪɹɞɧɨɟ ɞɜɨɢɱɧɨɟ ɱɢɫɥɨ �|ۄ ɪɚɡɪɹɞɵ ɤɨɬɨɪɨɝɨ ɫɨɜɩɚɞɚɸɬ ɫ ɱɢɫɥɚɦɢ �ଵ, … , � =Ͳ,ͳ . ȼ ɷɬɢɯ ɨɛɨɡɧɚɱɟɧɢɹɯۄ|߰ = σ௫=ଶ−ଵܽ௫ ௫|ۄ .

ɋɭɩɟɪɩɨɡɢɰɢɹ ߰|ۄ ɫɨɞɟɪɠɢɬ 2n ɫɥɚɝɚɟɦɵɯ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ ɪɚɡɥɨɠɟɧɢɟ ɜɟɤɬɨɪɚ ߰|ۄ ɩɨ ɛɚɡɢɫɧɵɦ
ɮɭɧɤɰɢɹɦ �|ۄ , Ͳ ≤ � ≤ ʹ − ͳ. Ɉɝɪɚɧɢɱɟɧɧɵɣ ɮɢɡɢɱɟɫɤɢɣ ɪɟɫɭɪɫ, ɬ.ɟ. ɧɟɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ݊ ≃ ͳͲଷ
ɱɚɫɬɢɰ (ɤɭɛɢɬɨɜ), ɫɨɡɞɚɟɬ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɛɨɥɶɲɨɣ ʹ = ʹଵ ≃ ͳͲଷ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ
ɢɧɮɨɪɦɚɰɢɨɧɧɵɣ ɪɟɫɭɪɫ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ!
ɂɦɟɧɧɨ ɢɡ ɷɬɨɝɨ ɨɛɫɬɨɹɬɟɥɶɫɬɜɚ ɜɵɬɟɤɚɸɬ ɨɫɧɨɜɧɵɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ.
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ɋɥɟɞɫɬɜɢɟɦ ɩɪɢɧɰɢɩɚ ɫɭɩɟɪɩɨɡɢɰɢɢ ɹɜɥɹɟɬɫɹ 2n
- ɤɪɚɬɧɵɣ ɤɜɚɧɬɨɜɵɣ

ɩɚɪɚɥɥɟɥɢɡɦ ɜɵɱɢɫɥɟɧɢɣ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɢɡɦɟɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ ɬɨɥɶɤɨ ɨɞɧɨɝɨ
ɤɭɛɢɬɚ ɩɟɪɟɫɬɪɚɢɜɚɟɬ ɜɫɸ ɫɭɩɟɪɩɨɡɢɰɢɸ. ɉɨɫɤɨɥɶɤɭ ɧɚɛɨɪ ɛɚɡɢɫɧɵɯ ɮɭɧɤɰɢɣۄ|� ɩɨɫɬɨɹɧɟɧ, ɩɟɪɟɫɬɪɚɢɜɚɸɬɫɹ ɜɫɟ 2n ɩɪɨɟɤɰɢɣ ɜɟɤɬɨɪɚ ߰|ۄ .

ɋɪɚɜɧɢɦ ɷɬɢ ɮɚɤɬɵ ɫ ɜɨɡɦɨɠɧɨɫɬɹɦɢ ɪɟɝɢɫɬɪɚ ɤɥɚɫɫɢɱɟɫɤɨɝɨ ɤɨɦɩɶɸɬɟɪɚ.

Ʉɥɚɫɫɢɱɟɫɤɢɣ ɪɟɝɢɫɬɪ ɢɡ ɩ ɛɢɬɨɜ ɦɨɠɟɬ ɧɚɯɨɞɢɬɶɫɹ ɬɨɥɶɤɨ ɜ ɨɞɧɨɦ ɢɡ 2

ɫɨɫɬɨɹɧɢɣ, ɩɨɫɤɨɥɶɤɭ ɨɧ ɧɟ ɩɨɞɱɢɧɹɟɬɫɹ ɩɪɢɧɰɢɩɭ ɫɭɩɟɪɩɨɡɢɰɢɢ. ɋɨɫɬɨɹɧɢɟ
ɤɥɚɫɫɢɱɟɫɤɨɝɨ ɪɟɝɢɫɬɪɚ ɨɞɧɨɦɟɪɧɨ. ɂɡɦɟɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ ɨɞɧɨɝɨ ɛɢɬɚ
ɩɟɪɟɜɨɞɢɬ ɪɟɝɢɫɬɪ ɜ ɞɪɭɝɨɟ ɨɞɧɨɦɟɪɧɨɟ (ɛɥɢɡɤɨɟ ɩɨ ɡɧɚɱɟɧɢɸ) ɫɨɫɬɨɹɧɢɟ.

.
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3.2. Ʉɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ —ɰɢɮɪɨɜɨɣ ɤɨɦɩɶɸɬɟɪ ɫ ɚɧɚɥɨɝɨɜɵɦ ɭɩɪɚɜɥɟɧɢɟɦ

Ⱥɧɚɥɢɡ ɭɪɚɜɧɟɧɢɹ f߰|ۄ = U i୬߰|ۄ ɞɥɹ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɩɨɡɜɨɥɹɟɬ ɭɫɬɚɧɨɜɢɬɶ ɩɪɢɧɰɢɩɵ
ɪɚɛɨɬɵ ɢ ɭɩɪɚɜɥɟɧɢɹ ɤɜɚɧɬɨɜɵɦ ɤɨɦɩɶɸɬɟɪɨɦ. ɋɨɫɬɨɹɧɢɟ ߰|ۄ = Ͳଵ…Ͳ|ۄ ɧɟ ɫɨɞɟɪɠɢɬ ɧɢɤɚɤɨɣ
ɢɧɮɨɪɦɚɰɢɢ ɧɢ ɨ ɡɚɞɚɱɟ, ɧɢ ɨ ɫɩɨɫɨɛɚɯ ɟɟ ɪɟɲɟɧɢɹ. ȼɫɸ ɢɧɮɨɪɦɚɰɢɸ ɨ ɪɟɲɚɟɦɨɣ ɡɚɞɚɱɟ ɢ
ɚɥɝɨɪɢɬɦɟ ɟɟ ɪɟɲɟɧɢɹ ɫɨɞɟɪɠɢɬ ɦɚɬɪɢɰɚ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ U. ɇɚɤɨɧɟɰ, ɤɨɧɟɱɧɵɣ ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹۄ|߰ = σ௫=ଶ−ଵܽ௫f �|ۄ
șȖȌȍȘȎȐȚ ȐȕȜȖȘȔȈȞȐȦ Ȗ ȘȍȠȍȕȐȐ ȏȈȌȈȟȐй 

ɉɨɥɭɱɢɬɶ ɷɬɭ ɢɧɮɨɪɦɚɰɢɸ ɦɨɠɧɨ, ɢɡɦɟɪɢɜ ɜ ɛɚɡɢɫɟ Ͳ|ۄ , ͳ|ۄ ɫɨɫɬɨɹɧɢɟ ɤɚɠɞɨɝɨ ɢɡ ɩ ɤɭɛɢɬɨɜ
ɤɨɦɩɶɸɬɟɪɚ ɜ ɫɨɫɬɨɹɧɢɢ ߰|ۄ . ȼɵɩɨɥɧɢɜ ɢɡɦɟɪɟɧɢɟ, ɦɵ ɩɨɥɭɱɢɦ ɥɸɛɨɟ ɢɡ ɡɧɚɱɟɧɢɣ Ͳ ≤ � ≤ ʹ − ͳ
ɫ ɜɟɪɨɹɬɧɨɫɬɹɦɢ ܽ௫f ଶ

, ɤɚɤ ɷɬɨ ɫɥɟɞɭɟɬ ɢɡ ɨɛɳɢɯ ɩɪɢɧɰɢɩɨɜ ɤɜɚɧɬɨɜɨɣ ɮɢɡɢɤɢ.

Ʉɚɤ ɪɚɡɧɵɟ ɱɢɫɥɚ х ɦɨɝɭɬ ɩɪɟɞɫɬɚɜɥɹɬɶ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ, ɟɫɥɢ ɪɟɲɟɧɢɟ ɞɨɥɠɧɨ ɛɵɬɶ
ɟɞɢɧɫɬɜɟɧɧɵɦ? Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɷɬɨ ɬɚɤ; ɬɨɥɶɤɨ ɨɞɧɨ ɡɧɚɱɟɧɢɟ ݏ|ۄ ɹɜɥɹɟɬɫɹ ɩɪɚɜɢɥɶɧɵɦ ɪɟɲɟɧɢɟɦ,
ɨɫɬɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ �|ۄ ≠ ݏ|ۄ ɨɲɢɛɨɱɧɵɟ. ɑɬɨɛɵ ɢɞɟɹ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɢɦɟɥɚ ɪɟɚɥɶɧɵɣ
ɫɦɵɫɥ, ɤɜɚɧɬɨɜɵɣ ɚɥɝɨɪɢɬɦ ɞɨɥɠɟɧ ɩɪɢɜɨɞɢɬɶ ɤ ɬɚɤɨɦɭ ɫɨɫɬɨɹɧɢɸ f߰|ۄ , ɱɬɨ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɣɬɢ
ɩɪɚɜɢɥɶɧɨɟ ɪɟɲɟɧɢɟ � = ܽ� ଶ ≃ ͳ, ɬɨɝɞɚ ɤɚɤ ɫɭɦɦɚ ɜɟɪɨɹɬɧɨɫɬɟɣ ɜɫɟɯ ɨɲɢɛɨɱɧɵɯ ɪɟɲɟɧɢɣ ɦɚɥɚ:σ௫≠� ܽ� ଶ ≪ ͳ . ȼɫɟ ɩɪɢɞɭɦɚɧɧɵɟ ɤ ɧɚɫɬɨɹɳɟɦɭ ɜɪɟɦɟɧɢ ɤɜɚɧɬɨɜɵɟ ɚɥɝɨɪɢɬɦɵ ɨɛɥɚɞɚɸɬ
ɨɩɢɫɚɧɧɵɦ ɫɜɨɣɫɬɜɨɦ. ɂɬɚɤ, ɤɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ ɞɚɟɬ ɰɢɮɪɨɜɨɟ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ s ɫ ɨɩɪɟɞɟɥɟɧɧɨɣ
ɜɟɪɨɹɬɧɨɫɬɶɸ, ɬ.ɟ. ɹɜɥɹɟɬɫɹ ɰɢɮɪɨɜɵɦ ɜɟɪɨɹɬɧɨɫɬɧɵɦ ɤɨɦɩɶɸɬɟɪɨɦ.
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3.2. Ʉɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ —ɰɢɮɪɨɜɨɣ ɤɨɦɩɶɸɬɟɪ ɫ ɚɧɚɥɨɝɨɜɵɦ ɭɩɪɚɜɥɟɧɢɟɦ

Ɍɟɩɟɪɶ ɜɵɹɜɢɦ ɫɩɨɫɨɛ ɭɩɪɚɜɥɟɧɢɹ ɤɜɚɧɬɨɜɵɦ ɤɨɦɩɶɸɬɟɪɨɦ. ȼ ɯɨɞɟ ɤɜɚɧɬɨɜɵɯ ɜɵɱɢɫɥɟɧɢɣ
ɩɪɨɢɫɯɨɞɢɬ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɧɚɱɚɥɶɧɨɝɨ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ i୬߰|ۄ = σ௫ ܽ௫i୬ ɜ ɤɨɧɟɱɧɵɣ
ɜɟɤɬɨɪ f߰|ۄ = σ௫ ܽ௫f �|ۄ ɱɟɪɟɡ ɧɟɩɪɟɪɵɜɧɵɣ ɪɹɞ ɫɨɫɬɨɹɧɢɣ. Ȼɚɡɢɫɧɵɣ ɧɚɛɨɪ ɫɨɫɬɨɹɧɢɣ �|ۄ
ɫɨɯɪɚɧɹɟɬɫɹ ɧɟɢɡɦɟɧɧɵɦ. Ⱦɢɧɚɦɢɤɚ ɫɨɫɬɨɹɧɢɹ ɤɨɦɩɶɸɬɟɪɚ ɩɟɪɟɞɚɟɬɫɹ ɢɡɦɟɧɟɧɢɹɦɢ ɜɨ
ɜɪɟɦɟɧɢ ɚɦɩɥɢɬɭɞ ܽ௫ ݐ ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ ɚɧɚɥɨɝɨɜɵɦɢ ɜɟɥɢɱɢɧɚɦɢ, ɩɪɢɧɢɦɚɸɳɢɦɢ
ɧɟɩɪɟɪɵɜɧɵɣ ɪɹɞ ɡɧɚɱɟɧɢɣ ɜ ɢɧɬɟɪɜɚɥɟ Ͳ ≤ ܽ௫ ≤ ͳ. ɍɩɪɚɜɥɹɬɶ ɤɨɦɩɶɸɬɟɪɨɦ, — ɡɧɚɱɢɬ,
ɭɩɪɚɜɥɹɬɶ ɩɪɨɰɟɫɫɚɦɢ ܽ௫ ݐ ), ɬ.ɟ. ɩɨ ɫɩɨɫɨɛɭ ɭɩɪɚɜɥɟɧɢɹ ɤɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ ɹɜɥɹɟɬɫɹ
ɚɧɚɥɨɝɨɜɵɦ ɤɨɦɩɶɸɬɟɪɨɦ.

Ɍɚɤɨɟ ɫɨɱɟɬɚɧɢɟ ɫɜɨɣɫɬɜ — ɚɧɚɥɨɝɨɜɵɣ ɫɩɨɫɨɛ ɭɩɪɚɜɥɟɧɢɹ, ɜɟɪɨɹɬɧɨɫɬɧɵɣ ɯɚɪɚɤɬɟɪ
ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɰɢɮɪɨɜɨɝɨ ɪɟɲɟɧɢɹ — ɧɟ ɩɪɢɫɭɬɫɬɜɭɟɬ ɧɢ ɜ ɨɞɧɨɦ ɬɢɩɟ ɤɥɚɫɫɢɱɟɫɤɢɯ
ɤɨɦɩɶɸɬɟɪɨɜ. Ʉɜɚɧɬɨɜɵɣ ɤɨɦɩɶɸɬɟɪ ɜɵɝɥɹɞɢɬ ɦɢɧɨɬɚɜɪɨɦ ɢɥɢ ɭɬɤɨɧɨɫɨɦ ɜ ɦɢɪɟ
ɤɨɦɩɶɸɬɟɪɨɜ, ɫɨɱɟɬɚɹ ɧɟɫɨɜɦɟɫɬɢɦɵɟ ɜ ɤɥɚɫɫɢɱɟɫɤɨɦ ɦɢɪɟ ɫɜɨɣɫɬɜɚ ɚɧɚɥɨɝɨɜɵɯ ɢ ɰɢɮɪɨɜɵɯ
ɤɥɚɫɫɢɱɟɫɤɢɯ ɤɨɦɩɶɸɬɟɪɨɜ.

ɉɨ ɫɨɜɪɟɦɟɧɧɵɦ ɨɰɟɧɤɚɦ ɩɚɪɚɦɟɬɪɵ ɭɩɪɚɜɥɹɸɳɢɯ ɤɭɛɢɬɚɦɢ ɫɢɝɧɚɥɨɜ (ɢɦɩɭɥɶɫɨɜ)
ɞɨɥɠɧɵ ɤɨɧɬɪɨɥɢɪɨɜɚɬɶɫɹ ɫ ɩɨɝɪɟɲɧɨɫɬɶɸ 10-5 – 10-4. ȼɵɫɨɤɚɹ ɬɨɱɧɨɫɬɶ ɨɩɟɪɚɰɢɣ
ɧɟɨɛɯɨɞɢɦɚ, ɱɬɨɛɵ ɫɩɪɚɜɢɬɶɫɹ ɫ ɩɪɨɛɥɟɦɨɣ ɞɟɤɨɝɟɪɟɧɬɢɡɚɰɢɢ ɤɜɚɧɬɨɜɵɯ ɫɨɫɬɨɹɧɢɣ.

ɉɪɨɛɥɟɦɭ ɞɟɤɨɝɟɪɟɧɬɢɡɚɰɢɢ ɦɵ ɪɚɫɫɦɨɬɪɢɦ ɜ ɫɥɟɞɭɸɳɟɣ ɝɥɚɜɟ.
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3.3. Ʉɥɚɫɫɢɱɟɫɤɚɹ ɢ ɤɜɚɧɬɨɜɚɹ ɢɧɮɨɪɦɚɰɢɹ ɜ ɤɜɚɧɬɨɜɨɣ ɫɢɫɬɟɦɟ

ǨȕȈȓȖȋȖȊȣȑ ȝȈȘȈȒȚ ȍȘ ȒȊȈȕȚ ȖȊȖȑ ȐȕȜȖȘȔȈȞȐȐ ȐȔȍȍȚ ȗȘȐȕȞȐȗȐȈȓȤȕȖȍ ȏȕȈȟȍȕȐȍ Ȍȓȧ
ȒȊȈȕȚ ȖȊȖȑ Ț ȍȖȘȐȐ. ЭȚ ȐȔ ȊȣȘȈȎ ȈȍȚșȧ ȚȖȚ ȜȈȒȚз ȟȚȖ ȔȕȖȎȍșȚȊȖ ȒȊȈȕȚ ȖȊȣȝ șȖșȚ ȖȧȕȐȑ ȖȉȘȈȏțȍȚ
ȒȖȕȚȐȕțțȔ : ȓȦȉȣȍ ȌȊȈ șȖșȚ ȖȧȕȐȧ Ȑȏ ȥȚȖȋȖ ȒȖȕȚ ȐȕțțȔȈ ȔȖȋțȚ ȉȣȚȤ ȗȘȍȖȉȘȈȏȖȊȈȕȣ ȌȘțȋ Ȋ
ȌȘțȋȈ ȕȍȗȘȍȘȣȊȕȣȔ ȖȉȘȈȏȖȔ ȗȖșȘȍȌșȚ ȊȖȔ țȕȐȚ ȈȘȕȖȋȖ ȗȘȍȖȉȘȈȏȖȊȈȕȐȧ. ХȈȘȌȐ ȗȖȒȈȏȈȓз ȟȚ Ȗз
ȗȘȐȕȧȊ Ȋ șȐșȚ ȍȔ ȍ ȈȒșȐȖȔ ȚȍȖȘȐȐ ȊȍȘȖȧȚ ȕȖșȚȍȑ ȊȖȏȔȖȎȕȖșȚ Ȥ ȕȍȗȘȍȘȣȊȕȖȋȖ (continious)

ȗȘȍȖȉȘȈȏȖȊȈȕȐȧ șȖșȚ ȖȧȕȐȑ ȌȘțȋ Ȋ ȌȘțȋȈ гȊȔ ȍșȚȖ șȒȈȟȒȖȖȉȘȈȏȕȖȋȖ ȗȍȘȍȝȖȌȈ Ȋ ȒȓȈșșȐȟȍșȒȖȑ
ȚȍȖȘȐȐ ȊȍȘȖȧȚȕȖșȚȍȑдз Ȕ ȖȎȕȖ ȐȕȚȍȘȗȘȍȚȐȘȖȊȈȚ Ȥ ȒȊȈȕȚ ȖȊțȦ Ȕ ȍȝȈȕȐȒț ȒȈȒ ȒȊȈȕȚ ȖȊțȦ Ț ȍȖȘȐȦ
ȊȍȘȖȧȚ ȕȖșȚȍȑ.

ɉɪɨɰɟɫɫɵ ɤɜɚɧɬɨɜɵɯ ɜɵɱɢɫɥɟɧɢɣ ɩɪɨɬɟɤɚɸɬ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɚɧɚɥɨɝɨɜɵɯ ɩɟɪɟɦɟɧɧɵɯ, ɬ.ɟ.

ɚɦɩɥɢɬɭɞ ɩɪɢ ɛɚɡɢɫɧɵɯ ɫɨɫɬɨɹɧɢɹɯ �|ۄ ɫɢɫɬɟɦɵ.

Ʉɜɚɧɬɨɜɚɹ ɬɟɨɪɢɹ ɢɧɮɨɪɦɚɰɢɢ ɫɬɪɨɢɬɫɹ ɜɨ ɦɧɨɝɨɦ ɩɨ ɚɧɚɥɨɝɢɢ ɫ ɬɟɨɪɢɟɣ ɤɥɚɫɫɢɱɟɫɤɨɣ
ɢɧɮɨɪɦɚɰɢɢ Шɟɧɧɨɧɚ: ɚɧɚɥɨɝɢɱɧɨ ɢɧɮɨɪɦɚɰɢɨɧɧɨɣ ɷɧɬɪɨɩɢɢ Шɟɧɧɨɧɚ ɫɬɪɨɢɬɫɹ ɤɜɚɧɬɨɜɚɹ
ɷɧɬɪɨɩɢɹ ɮɨɧ ɇɟɣɦɚɧɚ. Ʉɚɤ ɷɧɬɪɨɩɢɹ Шɟɧɧɨɧɚ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɤɨɥɢɱɟɫɬɜɨ ɢɧɮɨɪɦɚɰɢɢ,
ɫɨɞɟɪɠɚɳɟɣɫɹ (ɜ ɫɪɟɞɧɟɦ) ɜ ɨɞɧɨɦ ɫɢɝɧɚɥɶɧɨɦ ɫɢɦɜɨɥɟ x, ɩɨɹɜɥɹɸɳɟɦɫɹ ɫ ɜɟɪɨɹɬɧɨɫɬɶɸ  � ,

ɬɚɤ ɢ ɷɧɬɪɨɩɢɹ ɮɨɧ ɇɟɣɦɚɧɚ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɢɧɮɨɪɦɚɰɢɸ ɜ ɤɜɚɧɬɨɜɵɯ ɫɨɫɬɨɹɧɢɹɯ ,௫ߩ ɜɵɫɬɭɩɚɸɳɢɯ
ɜ ɤɚɱɟɫɬɜɟ ɫɢɝɧɚɥɶɧɵɯ ɫɢɦɜɨɥɨɜ ɢ ɩɨɹɜɥɹɸɳɢɯɫɹ ɫ ɜɟɪɨɹɬɧɨɫɬɶɸ  ௫ߩ .

ɋɜɨɣɫɬɜɚ ɷɧɬɪɨɩɢɢ ɮɨɧ ɇɟɣɦɚɧɚ ɨɬɥɢɱɚɸɬɫɹ ɨɬ ɫɜɨɣɫɬɜ ɷɧɬɪɨɩɢɢ Шɟɧɧɨɧɚ, ɟɫɥɢ ɪɚɫɫɦɚɬɪɢɜɚɬɶ 
ɤɜɚɧɬɨɜɵɟ ɫɨɫɬɨɹɧɢɹ ߩ௫ ɫɨ ɫɜɨɣɫɬɜɚɦɢ, ɨɬɥɢɱɧɵɦɢ ɨɬ ɫɜɨɣɫɬɜ ɤɥɚɫɫɢɱɟɫɤɢɯ ɫɢɫɬɟɦ, ɬɚɤɢɦɢ ɤɚɤ 
ɧɟɩɨɥɧɚɹ ɪɚɡɥɢɱɢɦɨɫɬɶ ɧɟɨɪɬɨɝɨɧɚɥɶɧɵɯ ɫɨɫɬɨɹɧɢɣ, ɡɚɩɭɬɚɧɧɵɟ (entangled) ɫɨɫɬɨɹɧɢɹ ɤɜɚɧɬɨɜɵɯ
ɫɢɫɬɟɦ.
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3.4. Ʉɚɤ ɪɟɚɥɢɡɨɜɚɬɶ ɤɜɚɧɬɨɜɵɣ ɚɥɝɨɪɢɬɦ
ɍɩɪɚɜɥɟɧɢɟ ɪɚɛɨɬɨɣ ɤɜɚɧɬɨɜɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɫ ɩ ɤɭɛɢɬɚɦɢ ɨɩɢɫɵɜɚɟɬ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟۄ|߰f = U ʹ × ʹ i୬߰|ۄ , ɝɞɟ i୬߰|ۄ ɢ f߰|ۄ — ɜɟɤɬɨɪɵ ɫ 2n ɤɨɦɩɨɧɟɧɬɚɦɢ. ɉɪɢ ɡɧɚɱɟɧɢɹɯ݊ = ͳͲଷ ɭɦɧɨɠɟɧɢɟ U i୬߰|ۄ ɫɬɚɧɨɜɢɬɫɹ ɧɟɞɨɫɬɭɩɧɵɦ ɞɥɹ ɫɚɦɵɯ ɛɵɫɬɪɵɯ (ɩɨɪɹɞɤɚ 1012

ɨɩɟɪɚɰɢɣ ɜ ɫɟɤɭɧɞɭ) ɤɨɦɩɶɸɬɟɪɨɜ. ȿɳɟ ɛɨɥɟɟ ɬɪɭɞɧɨɣ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɮɢɡɢɱɟɫɤɚɹ
ɪɟɚɥɢɡɚɰɢɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ߰|ۄ → ߰|ۄ .

ɉɭɬɶ ɤ ɪɟɚɥɢɡɚɰɢɢ ɤɜɚɧɬɨɜɵɯ ɚɥɝɨɪɢɬɦɨɜ ɨɛɧɚɪɭɠɢɜɚɟɬɫɹ, ɟɫɥɢ ɪɚɫɫɦɨɬɪɟɬɶ ɜɨɡɦɨɠɧɨɫɬɶ
ɪɚɡɥɨɠɟɧɢɹ ɦɚɬɪɢɰɵ U ʹ × ʹ ɜ ɭɩɨɪɹɞɨɱɟɧɧɨɟ ɩɪɨɢɡɜɟɞɟɧɢɟ ɦɚɬɪɢɰ ɜɬɨɪɨɝɨ ɢ ɱɟɬɜɟɪɬɨɝɨ
ɩɨɪɹɞɤɨɜ:U ʹ × ʹ = ς,U ʹ × ʹ ⨂U ʹଶ × ʹଶ . (22)

Ɇɚɬɪɢɰɚ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ U = ߙ ߛߚ ߜ
ɩɪɟɨɛɪɚɡɭɟɬ ɜɟɤɬɨɪ ܾܽ

ɫɨɫɬɨɹɧɢɹ ɨɞɧɨɝɨ ɤɭɛɢɬɚ:    
ܽ′ܾ′ = ߙ ߛߚ ߜ ܾܽ

,

ɬ.ɟ. ɤɚɠɞɚɹ ɦɚɬɪɢɰɚ U ʹ × ʹ ɜ ɪɚɡɥɨɠɟɧɢɢ (22) ɨɩɢɫɵɜɚɟɬ ɨɩɟɪɚɰɢɸ ɧɚ ɬɨɦ ɢɥɢ ɞɪɭɝɨɦ 
ɨɬɞɟɥɶɧɨɦ ɤɭɛɢɬɟ ɤɨɦɩɶɸɬɟɪɚ.
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3.4. Ʉɚɤ ɪɟɚɥɢɡɨɜɚɬɶ ɤɜɚɧɬɨɜɵɣ ɚɥɝɨɪɢɬɦ

Ɇɚɬɪɢɰɵ U ʹଶ × ʹଶ ɩɪɟɨɛɪɚɡɭɸɬ ɜɟɤɬɨɪɵ ɫɨɫɬɨɹɧɢɹ ɩɚɪ ɤɭɛɢɬɨɜ:ۄ|߰i୬ = ܽ ͲͲ|ۄ + ܽଵ ͳͲ|ۄ + ܽଵ Ͳͳ|ۄ + ܽଵଵ ͳͳ|ۄ → f߰|ۄ = ܽ′ ͲͲ|ۄ + ܽ′ଵ ͳͲ|ۄ + ܽ′ଵ Ͳͳ|ۄ + ܽ′ଵଵ ͳͳ|ۄ . (23)

ɱɢɫɥɚ ɫɨɦɧɨɠɢɬɟɥɟɣ ɜɬɨɪɨɝɨ ɢ ɱɟɬɜɟɪɬɨɝɨ ɩɨɪɹɞɤɨɜ ɜ ɪɚɡɥɨɠɟɧɢɢ (22) ɨɩɪɟɞɟɥɹɸɬ

ɱɢɫɥɨ ɨɞɧɨɤɭɛɢɬɨɜɵɯ ɢ ɞɜɭɯɤɭɛɢɬɨɜɵɯ ɨɩɟɪɚɰɢɣ, ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ ɚɥɝɨɪɢɬɦɚ. ɑɬɨɛɵ

ɚɥɝɨɪɢɬɦ ɛɵɥ ɷɮɮɟɤɬɢɜɧɵɦ, ɧɟɨɛɯɨɞɢɦɨ, ɱɬɨɛɵ ɩɨɥɧɨɟ ɱɢɫɥɨ ɨɩɟɪɚɰɢɣ ɛɵɥɨ

ɩɨɥɢɧɨɦɢɚɥɶɧɵɦ ɨɬ ɱɢɫɥɚ ’’ɡɚɞɟɣɫɬɜɨɜɚɧɧɵɯ” ɤɭɛɢɬɨɜ ɜ ɤɨɦɩɶɸɬɟɪɟ: � = � ݊ . ȿɫɥɢ ɱɢɫɥɨ

ɨɩɟɪɚɰɢɣ ɜɨɡɪɚɫɬɚɟɬ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɫ ɪɚɡɦɟɪɨɦ ɡɚɞɚɱɢ (ɱɢɫɥɨɦ ɡɚɞɟɣɫɬɜɨɜɚɧɧɵɯ ɜ

ɪɟɲɟɧɢɢ ɡɚɞɚɱɢ ɤɭɛɢɬɨɜ ɤɨɦɩɶɸɬɟɪɚ), ɬɨ ɚɥɝɨɪɢɬɦ ɨɬɧɨɫɢɬɫɹ ɤ ɤɥɚɫɫɭ ɧɟɷɮɮɟɤɬɢɜɧɵɯ.
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Ɍɟɦɵ ɞɥɹ ɫɚɦɨɫɬɨɹɬɟɥɶɧɨɝɨ ɢɡɭɱɟɧɢɹ (ɬɟɦɵ ɪɟɮɟɪɚɬɨɜ):

3.5. ɍɧɢɜɟɪɫɚɥɶɧɵɟ ɧɚɛɨɪɵɷɥɟɦɟɧɬɚɪɧɵɯ ɨɩɟɪɚɰɢɣ
3.6. Ɉɫɰɢɥɥɹɰɢɹ Ɋɚɛɢ ɦɟɠɞɭ ɫɨɫɬɨɹɧɢɹɦɢ ɤɭɛɢɬɚ ɢ ɨɞɧɨɤɭɛɢɬɨɜɵɟ
ɨɩɟɪɚɰɢɢ
3.7. Ʉɭɛɢɬ, ɭɩɪɚɜɥɹɟɦɵɣ ɪɚɦɚɧɨɜɫɤɢɦɢ ɩɟɪɟɯɨɞɚɦɢ Ⱥ-ɬɢɩɚ


