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ǃǰǰǱǵǣǹǫȂ

ǐǨǬǳǱǴǨǵǨǥǾǨ ȂǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ǴǶǼǨǴǵǥǨǰǰǱ ǲǳǨǥǱǴǸǱǧȂǵ ǵǳǣǧǫǹǫ-
ǱǰǰǾǨ ǴǵǣǵǫǴǵǫǺǨǴǭǫǨ ǯǱǧǨǮǫ ǲǱ ǧǱǴǵǫǦǣǨǯǾǯ ǲǱǭǣǪǣǵǨǮȂǯ ǭǣǺǨǴǵǥǣ 
ǫ ǰǣǺǣǮǫ ǻǫǳǱǭǱ ǫǴǲǱǮǿǪǱǥǣǵǿǴȂ ǥ ǭǱǯǯǨǳǺǨǴǭǫǸ ǴǫǴǵǨǯǣǸ ǳǣǴǲǱǪ-
ǰǣǥǣǰǫȂ ǳǨǺǫ. ǅǯǨǴǵǨ Ǵ ǵǨǯ ǫǯ ǲǳǫǴǶǼǫ ǪǣǯǨǵǰǾǨ ǰǨǧǱǴǵǣǵǭǫ, Ǳǧǰǫǯ 
ǫǪ ǭǱǵǱǳǾǸ ȂǥǮȂǨǵǴȂ ǱǺǨǰǿ ǤǱǮǿǻǣȂ ǥǾǺǫǴǮǫǵǨǮǿǰǣȂ ǴǮǱǩǰǱǴǵǿ. ǅ Ǵǵǣ-
ǵǿǨ ǧǣǰ ǭǳǣǵǭǫǬ ǱǤǪǱǳ ǱǴǰǱǥǰǾǸ ǴǱǥǳǨǯǨǰǰǾǸ ǲǱǧǸǱǧǱǥ ǲǱǰǫǩǨǰǫȂ 
ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǰǨǬǳǱǴǨǵǨǥǾǸ ȂǪǾǭǱǥǾǸ ǯǱǧǨǮǨǬ. ǓǣǴǴǯǱ-
ǵǳǨǰǾ ǯǨǵǱǧǾ ǭǱǯǲǨǰǴǣǹǫǫ ǥǮǫȂǰǫȂ ǳǣǪǯǨǳǣ ǴǮǱǥǣǳǨǬ, ǲǱǥǾǻǨǰǫȂ 
ǤǾǴǵǳǱǧǨǬǴǵǥǫȂ Ǫǣ ǴǺǨǵ ǶǺǨǵǣ ǴǥǱǬǴǵǥ ǦǳǣǷǫǺǨǴǭǫǸ ǶǴǭǱǳǫǵǨǮǨǬ. ǒǳǫ-
ǥǨǧǨǰǾ ǳǨǪǶǮǿǵǣǵǾ ǱǲǵǫǯǫǪǣǹǫǫ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǧǮȂ ǯǱ-
ǧǨǮǨǬ ǥǰǫǯǣǰǫȂ ǫ ǵǳǣǰǴǷǱǳǯǨǳǣ, ǴǥȂǪǣǰǰǾǨ Ǵ ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǯǨǵǱ-
ǧǱǥ ǲǨǳǨǧǣǺǫ ǪǰǣǰǫǬ, ǧǫǰǣǯǫǺǨǴǭǱǬ ǱǲǵǫǯǫǪǣǹǫǫ ǳǣǪǯǨǳǱǥ ǯǱǧǨǮǨǬ, 
ǴǥǱǬǴǵǥ ǷǶǰǭǹǫǫ ǥǰǫǯǣǰǫȂ, ǣ ǵǣǭǩǨ ǱǲǵǫǯǫǪǣǹǫǫ ǳǣǪǳȂǧǰǱǴǵǫ ǲǳǨǧ-
ǴǵǣǥǮǨǰǫȂ ǫǰǷǱǳǯǣǹǫǫ ǥ ǰǨǬǳǱǴǨǵȂǸ. ǒǱǭǣǪǣǰǱ, ǺǵǱ ǭǱǯǤǫǰǫǳǱǥǣǰǫǨ 
ǵǣǭǫǸ ǲǱǧǸǱǧǱǥ ǫ ǲǳǫёǯǱǥ ǲǱǪǥǱǮȂǨǵ ǰǣ ǲǱǳȂǧǭǫ ǶǴǭǱǳǫǵǿ ǲǳǱǹǨǴǴǾ 
ǱǤǶǺǨǰǫȂ ǫ ǳǣǴǲǱǪǰǣǥǣǰǫȂ, ǴǫǯǯǨǵǳǫǺǰǱ ǴǰǫǪǫǥ ǵǳǨǤǱǥǣǰǫȂ ǭ ǱǤǽǨǯǶ 
ǲǣǯȂǵǫ.

ǍǮȁǺǨǥǾǨ ǴǮǱǥǣ: ǣǥǵǱǯǣǵǫǺǨǴǭǱǨ ǳǣǴǲǱǪǰǣǥǣǰǫǨ ǳǨǺǫ, ǰǨǬǳǱ-ǴǨǵǨǥǾǨ ǯǱ-
ǧǨǮǫ ȂǪǾǭǣ, ǥǾǺǫǴǮǫǵǨǮǿǰǣȂ ǴǮǱǩǰǱǴǵǿ ǯǱǧǨǮǨǬ ȂǪǾǭǣ, ǫǨǳǣǳǸǫǺǨ-
ǴǭǫǬ ǴǱǷǵ-ǯǣǭǴ, ǵǳǣǰǴǷǱǳǯǨǳ, ǯǱǧǨǮǿ ǥǰǫǯǣǰǫȂ.

ǔǵǣǵǫǴǵǫǺǨǴǭǫǨ ǯǱǧǨǮǫ ȂǪǾǭǣ 

ǔǱǪǧǣǰǫǨ ǫ ǳǣǪǥǫǵǫǨ ǯǱǧǨǮǨǬ ǰǨǬǳǱǴǨǵǨǥǾǸ ǢǏ ǲǳǫǥǨǮǱ ǭ ǭǣǺǨǴǵǥǨǰǰǱ-
ǯǶ ǶǮǶǺǻǨǰǫȁ ǸǣǳǣǭǵǨǳǫǴǵǫǭ ǯǱǧǨǮǨǬ ȂǪǾǭǣ: ǥǨǮǫǺǫǰǣ ǲǨǳǲǮǨǭǴǫǫ 
ǰǣ ǱǴǰǱǥǰǾǸ ǵǨǴǵǱǥǾǸ ǭǱǳǲǶǴǣǸ ǧǣǰǰǾǸ ǴǰǫǪǫǮǣǴǿ ǲǱ ǴǳǣǥǰǨǰǫȁ Ǵ ǱǤ-
ǼǨǲǳǫǰȂǵǾǯǫ ǦǳǣǯǯǰǾǯǫ ǴǵǣǵǫǴǵǫǺǨǴǭǫǯǫ ǯǱǧǨǮȂǯǫ ǥ ǰǨǴǭǱǮǿǭǱ ǳǣǪ, 
ǧǱ ǪǰǣǺǨǰǫǬ, ǭǱǵǱǳǾǨ ǰǨǧǣǥǰǱ ǲǳǨǧǴǵǣǥǮȂǮǫǴǿ ǯǣǮǱǥǨǳǱȂǵǰǾǯǫ. ǅǣǩ-
ǰǱǨ ǲǳǨǫǯǶǼǨǴǵǥǱ ǰǨǬǳǱǴǨǵǨǥǾǸ ǢǏ ǲǨǳǨǧ ǴǵǣǵǫǴǵǫǺǨǴǭǫǯǫ ǪǣǭǮȁ-
ǺǣǨǵǴȂ ǥ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǧǨǬǴǵǥǫǵǨǮǿǰǾǸ ǥǨǭǵǱǳǰǾǸ ǲǳǨǧǴǵǣǥǮǨǰǫǬ 
ǴǮǱǥ Ǵ ǯǨǳǣǯǫ ǴǸǱǧǴǵǥǣ, ǭǱǵǱǳǾǨ ǭǱǳǳǨǮǫǳǶȁǵ Ǵ ǫǸ ǴǨǯǣǰǵǫǺǨǴǭǫǯǫ 
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ǫ ǴǫǰǵǣǭǴǫǺǨǴǭǫǯǫ ǲǳǫǪǰǣǭǣǯǫ. ǇǳǶǦǱǨ ǥǣǩǰǱǨ ǲǳǨǫǯǶǼǨǴǵǥǱ ǴǱǴǵǱǫǵ ǥ ǫǴǲǱǮǿǪǱ-
ǥǣǰǫǫ ǰǣ ǲǱǳȂǧǭǫ ǤǱǮǨǨ ǧǮǫǵǨǮǿǰǾǸ ǲǱ ǥǳǨǯǨǰǫ ǭǱǰǵǨǭǴǵǱǥ ǫǪ ǴǮǱǥ. 

ǅ ǳǣǯǭǣǸ ǴǶǼǨǴǵǥǶȁǼǨǦǱ ȀǭǴǵǨǰǴǫǥǰǱǦǱ ǲǱǧǸǱǧǣ ǭ ǳǣǪǥǫǵǫȁ ǰǨǬǳǱǴǨǵǨǥǾǸ ǯǱǧǨǮǨǬ 
ǭǣǺǨǴǵǥǱ ǴǱǥǳǨǯǨǰǰǾǸ ǢǏ ǴǶǼǨǴǵǥǨǰǰǱ ǪǣǥǫǴǫǵ Ǳǵ ǫǸ ǣǳǸǫǵǨǭǵǶǳǾ ǫ Ǳǵ ǳǣǪǯǨ-
ǳǱǥ ǫ ǴǥǱǬǴǵǥ ǱǤǶǺǣȁǼǫǸ ǵǨǭǴǵǱǥǾǸ ǭǱǳǲǶǴǱǥ. ǠǭǴǵǳǣ-ǭǮǣǴǴǣ ǰǨǬǳǱǴǨǵǨǥǾǨ ǢǏ [1] 
ǲǱǴǵǳǱǨǰǾ ǰǣ ǴǥǨǳǸ-ǦǮǶǤǱǭǫǸ (ǧǨǴȂǵǭǫ ǴǮǱǨǥ) ǣǳǸǫǵǨǭǵǶǳǣǸ, ǵǣǭ, ǺǵǱ ǯǱǦǶǵ ǫǯǨǵǿ 
ǴǱǵǰǫ ǯǫǮǮǫǣǳǧǱǥ ǲǣǳǣǯǨǵǳǱǥ ǫ ǫǴǲǱǮǿǪǱǥǣǵǿ ǱǦǳǱǯǰǾǨ ǥǾǤǱǳǭǫ ǧǣǰǰǾǸ [2] ǧǮȂ 
ǱǤǶǺǨǰǫȂ. ǔǱǱǵǥǨǵǴǵǥǨǰǰǱ, Ȁǵǫ ǯǱǧǨǮǫ ǱǤǮǣǧǣȁǵ ǱǺǨǰǿ ǥǾǴǱǭǫǯǫ ǵǳǨǤǱǥǣǰǫȂǯǫ 
ǭ ǥǾǺǫǴǮǫǵǨǮǿǰǾǯ ǳǨǴǶǳǴǣǯ (ǧǱǴǵǶǲǰǾǯ ǧǣǮǨǭǱ ǰǨ ǥǴǨǯ ǳǣǪǳǣǤǱǵǺǫǭǣǯ). 

ǒǱȀǵǱǯǶ ǴǵǣǮǣ ǣǭǵǶǣǮǿǰǱǬ ǪǣǧǣǺǣ ǳǣǪǳǣǤǱǵǭǫ ȀǷǷǨǭǵǫǥǰǾǸ ǰǨ ǵǱǮǿǭǱ ǲǱ ǲǱǭǣǪǣǵǨǮȂǯ 
ǭǣǺǨǴǵǥǣ, ǰǱ ǫ ǥ ǥǾǺǫǴǮǫǵǨǮǿǰǱǯ ǲǮǣǰǨ ǯǱǧǨǮǨǬ ȂǪǾǭǣ. 

ǏǱǧǨǮǿ ȂǪǾǭǣ ǱǲǳǨǧǨǮȂǨǵ ǥǨǳǱȂǵǰǱǴǵǿ ǲǱȂǥǮǨǰǫȂ ǥ ǳǨǺǫ ǪǣǧǣǰǰǱǦǱ ǰǣǤǱǳǣ ǴǮǱǥ: 

  (1)

ǑǤǾǺǰǱ Ȁǵǣ ǥǨǳǱȂǵǰǱǴǵǿ ǱǲǳǨǧǨǮȂǨǵǴȂ ǺǨǳǨǪ ǶǴǮǱǥǰǾǨ ǥǨǳǱȂǵǰǱǴǵǫ ǲǱȂǥǮǨǰǫȂ ǴǮǱǥ ǲǳǫ 
ǪǣǧǣǰǰǱǯ ǲǳǨǧǾǧǶǼǨǯ ǭǱǰǵǨǭǴǵǨ, ǵǱ ǨǴǵǿ ǨǴǮǫ w ɉ ǵǨǭǶǼǨǨ ǴǮǱǥǱ, ǣ h ɉ ǲǳǨǧǾ-
ǧǶǼǫǨ ǴǮǱǥǣ, ǵǱ ǯǱǧǨǮǿ ȂǪǾǭǣ ǱǲǳǨǧǨǮȂǨǵ ǥǨǳǱȂǵǰǱǴǵǫ p(w│h) ǧǮȂ ǥǴǨǸ ǲǣǳ (h,w). 

ǏǣǭǴǫǯǣǮǿǰǣȂ ǧǮǫǰǣ ǭǱǰǵǨǭǴǵǣ n ǥ (1) ǱǦǳǣǰǫǺǫǥǣǨǵǴȂ ǰǨǭǱǵǱǳǾǯ ǪǰǣǺǨǰǫǨǯ m. Ǖǣǭǫǯ 
ǱǤǳǣǪǱǯ ǥǨǳǱȂǵǰǱǴǵǿ P(W) ǥǾǺǫǴǮȂǨǵǴȂ ǫǪ ǥǨǳǱȂǵǰǱǴǵǨǬ -Ǧǳǣǯǯ:

  (2)

ǃǲǲǳǱǭǴǫǯǣǹǫȂ ǥ ǥǫǧǨ ǲǳǱǫǪǥǨǧǨǰǫȂ ǥǨǳǱȂǵǰǱǴǵǨǬ n-Ǧǳǣǯǯ (2), ǱǤǳǨǪǣǰǰǾǸ ǭǱǰǵǨǭǴ-
ǵǱǥ, ǱǺǨǥǫǧǰǱ ȂǥǮȂǨǵǴȂ ǰǨǵǱǺǰǱǬ, ǱǴǱǤǨǰǰǱ ǲǳǫ ǰǨǤǱǮǿǻǫǸ ǪǰǣǺǨǰǫȂǸ n.

ǇǮȂ ǰǨǬǳǱǴǨǵǨǥǾǸ ȂǪǾǭǱǥǾǸ ǯǱǧǨǮǨǬ ǺǫǴǮǱ ȀǮǨǯǨǰǵǱǥ ǲǱǴǮǨǧǰǨǦǱ ǴǮǱȂ ǴǨǵǫ ǱǤǾǺǰǱ 
ǳǣǥǰǱ ǳǣǪǯǨǳǶ ǴǮǱǥǣǳȂ, ǵǣǭ, ǺǵǱ ǥǨǳǱȂǵǰǱǴǵǿ ǮȁǤǱǦǱ ǴǮǱǥǣ w∈V ǥ ǭǱǰǵǨǭǴǵǨ H ǥǾ-
ǺǫǴǮȂǨǵǴȂ ǭǣǭ ǰǱǳǯǣǮǫǪǱǥǣǰǰǣȂ (Ǵ ǲǱǯǱǼǿȁ ǴǱǷǵ-ǯǣǭǴ) ǥǨǮǫǺǫǰǣ ǣǭǵǫǥǣǹǫǫ f(w) 

ǴǱǱǵǥǨǵǴǵǥǶȁǼǨǦǱ ȀǵǱǯǶ ǴǮǱǥǶ ȀǮǨǯǨǰǵǣ ǴǮǱȂ:

  (3)

ǔǶǯǯǣ ȀǭǴǲǱǰǨǰǵ ǣǭǵǫǥǣǹǫǬ ǥǴǨǸ ȀǮǨǯǨǰǵǱǥ ǴǮǱȂ (ǴǮǱǥ ǴǮǱǥǣǳȂ) ɉ ǰǱǳǯǫǳǶȁǼǫǬ ǺǮǨǰ 
Z ǥ ǪǰǣǯǨǰǣǵǨǮǨ (3) ǰǣǪǾǥǣǨǵǴȂ ǴǵǣǵǫǴǵǫǺǨǴǭǱǬ ǴǶǯǯǱǬ. ǒǳǫ ǤǱǮǿǻǫǸ ǳǣǪǯǨǳǣǸ 
ǴǮǱǥǣǳȂ ǥǾǺǫǴǮǨǰǫǨ Z ǥǾǺǫǴǮǫǵǨǮǿǰǱ ǵǳǶǧǱǨǯǭǱ. ǇǣǮǨǨ, ǲǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǮǱǦ-
ǲǳǣǥǧǱǲǱǧǱǤǫȂ ǭǣǭ ǷǶǰǭǹǫǫ ǲǱǵǨǳǿ ǫ ǦǳǣǧǫǨǰǵǰǾǸ ǯǨǵǱǧǱǥ ǱǤǶǺǨǰǫȂ, ǦǳǣǧǫǨǰǵ 
Ǳǵ ǮǱǦǣǳǫǷǯǣ ǥǨǳǱȂǵǰǱǴǵǫ ǲǱȂǥǮǨǰǫȂ ǴǮǱǥǣ (3) ǲǱ ǥǨǴǣǯ ǴǨǵǫ [3,4] ǳǣǥǨǰ:

  
(4)
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ǺǵǱ ǯǱǩǰǱ ǫǰǵǨǳǲǳǨǵǫǳǱǥǣǵǿ ǭǣǭ ǥǾǺǫǵǣǰǫǨ ǫǪ ǥǨǮǫǺǫǰǾ ǦǳǣǧǫǨǰǵǣ ǣǭǵǫ-
ǥǣǹǫǫ ȀǮǨǯǨǰǵǣ, ǭǱǵǱǳǾǬ ǴǱǱǵǥǨǵǴǵǥǶǨǵ ǭǱǳǳǨǭǵǰǱǯǶ ǴǮǱǥǶ, ǴǳǨǧǰǨǦǱ 
(ǯǣǵǱǩǫǧǣǰǫȂ) ǪǰǣǺǨǰǫǬ ǦǳǣǧǫǨǰǵǱǥ ǣǭǵǫǥǣǹǫǬ ǥǴǨǸ ȀǮǨǯǨǰǵǱǥ ǴǮǱȂ. 
ǕǱ ǨǴǵǿ ǥ (4) ǵǣǭǩǨ ǫǴǲǱǮǿǪǶȁǵǴȂ ǥǨǳǱȂǵǰǱǴǵǫ ǥǴǨǸ ȀǮǨǯǨǰǵǱǥ ǴǮǱȂ, ǺǵǱ 
ǥǾǺǫǴǮǫǵǨǮǿǰǱ ǵǳǶǧǱёǯǭǱ.

ǐǨǴǯǱǵǳȂ ǰǣ ǳǣǪǰǱǱǤǳǣǪǫǨ ǣǳǸǫǵǨǭǵǶǳ ǰǨǬǳǱǴǨǵǨǬ, ǦǳǶǤǣȂ ǱǹǨǰǭǣ ǫǸ ǥǾ-
ǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǥ ǲǳǫǰǹǫǲǨ ǰǨǴǮǱǩǰǣ, ǵǣǭ ǭǣǭ ǥǾǲǱǮǰȂǨǯǾǬ 
ǰǣǤǱǳ ǱǲǨǳǣǹǫǬ ǱǦǳǣǰǫǺǨǰ. ǅ ǵǱ ǩǨ ǥǳǨǯȂ Ǫǣ ǴǺǨǵ ǫǴǲǱǮǿǪǱǥǣǰǫȂ ǳǣǴ-
ǻǫǳǨǰǰǾǸ ǰǣǤǱǳǱǥ ǫǰǴǵǳǶǭǹǫǬ ǲǳǱǹǨǴǴǱǳǱǥ ǫ ǦǳǣǷǫǺǨǴǭǫǸ ǶǴǭǱǳǫ-
ǵǨǮǨǬ ǥǾǺǫǴǮǨǰǫȂ ǯǱǩǰǱ ǲǳǱǥǱǧǫǵǿ ǲǣǳǣǮǮǨǮǿǰǱ. ǅǨǭǵǱǳǰǾǨ ǫ ǯǣ-
ǵǳǫǺǰǾǨ ǱǲǨǳǣǹǫǫ ǥ ǦǳǣǷǫǺǨǴǭǫǸ ǶǴǭǱǳǫǵǨǮȂǸ ǥ ǰǨǭǱǵǱǳǱǯ ǧǫǣǲǣǪǱǰǨ 
ǳǣǪǯǨǳǰǱǴǵǨǬ ǥǾǲǱǮǰȂȁǵǴȂ ǲǳǣǭǵǫǺǨǴǭǫ Ǫǣ ǵǱ ǱǧǰǱ ǫ ǵǱ ǩǨ ǥǳǨǯȂ. ǖǺǨǵ 
ǰǣǮǫǺǫȂ ǫǮǫ ǱǵǴǶǵǴǵǥǫȂ ǥǴǨǸ ȀǵǫǸ ǷǣǭǵǱǳǱǥ ǪǣǦǳǱǯǱǩǧǣǨǵ ǳǨǣǮǿǰǾǨ 
ǱǹǨǰǭǫ ǴǮǱǩǰǱǴǵǫ ǥǾǺǫǴǮǨǰǫǬ, ǵǨǯ ǤǱǮǨǨ Ǵ ǶǺǨǵǱǯ ǰǣǮǫǺǫȂ ǫǮǫ Ǳǵ-
ǴǶǵǴǵǥǫȂ ǥǨǭǵǱǳǰǾǸ ǱǲǨǳǣǹǫǬ ǥ ǴǫǴǵǨǯǨ ǭǱǯǣǰǧ ǲǳǱǹǨǴǴǱǳǱǥ. ǑǤǾǺǰǱ 
ǱǲǨǳǣǹǫǫ ǴǮǱǩǨǰǫȂ, ǶǯǰǱǩǨǰǫȂ ǳǣǴǴǯǣǵǳǫǥǣȁǵǴȂ ǭǣǭ ȀǭǥǫǥǣǮǨǰǵǰǾǨ, 
ǤǱǮǨǨ ǵǱǦǱ, ǥǾǲǱǮǰȂǨǯǾǨ ǱǧǰǱǥǳǨǯǨǰǰǱ. 

ǒǶǴǵǿ ǰǣ ǥǸǱǧ ǴǮǱȂ ǳǣǪǯǨǳǱǯ n ȀǮǨǯǨǰǵǱǥ ǲǱǧǣǨǵǴȂ ǲǱǴǮǨǧǱǥǣǵǨǮǿ-
ǰǱǴǵǿ ǫǪ l ǲǳǫǪǰǣǭǱǥǾǸ ǥǨǭǵǱǳǱǥ ǳǣǪǯǨǳǰǱǴǵǫ –. ǇǮȂ ǰǣǲǳǣǥǮǨǰ-
ǰǱǬ ǴǨǵǫ (ǲǨǳǴǨǲǵǳǱǰ) ǲǶǴǵǿ ǥǸǱǧǱǯ ȂǥǮȂȁǵǴȂ ǴǭǮǨǨǰǰǾǨ ” ǵǣǭǫǸ 
ǥǨǭǵǱǳǱǥ. ǕǱǦǧǣ ǱǹǨǰǭǣ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǱǧǰǱǦǱ ǴǮǱȂ: 
ǰǣǲǳǣǥǮǨǰǰǱǬ ǴǨǵǫ ǤǶǧǨǵ ǲǱǳȂǧǭǣ O(l⋅”⋅n⋅– ) ǱǲǨǳǣǹǫǬ, ǳǨǭǶǳǳǨǰǵǰǱǬ 
ǴǨǵǫ : O(l⋅–2), ǴǥǨǳǵǱǺǰǱǬ ǴǨǵǫ Ǵ ǻǣǦǱǯ s, ǧǮǫǰǱǬ Ȃǧǳǣ n, ǳǣǪǯǨǳǰǱǴǵǫ 
ǥǨǭǵǱǳǣ ǲǳǫǪǰǣǭǱǥ – ǫ ǺǫǴǮǱǯ ȂǧǨǳ ”: 2l

O n d k
s

 × × × 
 

. ǒǳǫ ǱǹǨǰǭǨ ǱǤǼǨǦǱ 
ǭǱǮǫǺǨǴǵǥǣ ǥǾǺǫǴǮǨǰǫǬ ǰǶǩǰǱ ǶǺǨǴǵǿ, ǺǵǱ ǱǤǽǨǯ ǥǾǺǫǴǮǨǰǫǬ ǳǣǴǵǨǵ 
ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǱ ǺǫǴǮǶ ǴǮǱǨǥ. 

Ǡǵǫ ǱǹǨǰǭǫ Ǵ ǲǳǣǭǵǫǺǨǴǭǱǬ ǵǱǺǭǫ ǪǳǨǰǫȂ ǴǮǫǻǭǱǯ ǦǳǶǤǾ, ǲǱǴǭǱǮǿǭǶ ǰǨ ǶǺǫ-
ǵǾǥǣȁǵ ǥǱǪǯǱǩǰǱǴǵǿ ǲǣǳǣǮǮǨǮǿǰǾǸ ǥǾǺǫǴǮǨǰǫǬ. ǅǴǨ ǱǲǨǳǣǹǫǫ ǥǰǶǵǳǫ 
ǴǮǱǨǥ ǴǨǵǫ ǯǱǩǰǱ ǥǾǲǱǮǰȂǵǿ ǲǣǳǣǮǮǨǮǿǰǱ, ǵ.Ǩ. ǴǮǱǩǰǱǴǵǿ ǴǮǱȂ ɉ ǭǱǰ-
Ǵǵǣǰǵǣ O(1). ǅǾǺǫǴǮǨǰǫȂ ǥ ǰǣǲǳǣǥǮǨǰǰǾǸ ǫ ǴǥǨǳǵǱǺǰǾǸ ǴǮǱȂǸ ǵǣǭǩǨ 
ǰǨ ǪǣǥǫǴȂǵ Ǳǵ ǳǨǪǶǮǿǵǣǵǱǥ ǥ ǲǳǨǧǾǧǶǼǫǨ ǯǱǯǨǰǵǾ ǥǳǨǯǨǰǫ. ǐǱ ǧǮȂ 
ǥǾǺǫǴǮǨǰǫȂ ǣǭǵǫǥǣǹǫǬ ǴǭǳǾǵǱǦǱ ǴǮǱȂ ǳǨǭǶǳǳǨǰǵǰǱǬ ǴǨǵǫ ǥ ǮȁǤǱǬ ǯǱ-
ǯǨǰǵ ǥǳǨǯǨǰǫ ǰǶǩǰǱ Ǫǰǣǵǿ ǣǭǵǫǥǣǹǫǫ ǥ ǲǳǨǧǾǧǶǼǫǬ ǯǱǯǨǰǵ. ǇǣǩǨ ǲǳǫ 
ǳǣǴǲǣǳǣǮǮǨǮǫǥǣǰǫǫ ǴǮǱǩǰǱǴǵǿ ǴǮǱȂ ǤǶǧǨǵ ǳǣǴǵǫ ǮǫǰǨǬǰǱ ǴǱ ǥǳǨǯǨ-
ǰǨǯ ɉ O(l). 

ǔǲǨǹǫǷǫǺǰǾǯ ǧǮȂ ǰǨǬǳǱǴǨǵǨǥǾǸ ȂǪǾǭǱǥǾǸ ǯǱǧǨǮǨǬ ǧǮȂ ǴǮǱǥ ȂǥǮȂǨǵǴȂ ёǯ-
ǭǱǴǵǿ ǫ ǥǾǺǫǴǮǫǵǨǮǿǰǣȂ ǴǮǱǩǰǱǴǵǿ ǲǱǴǮǨǧǰǨǦǱ ǴǮǱȂ ǴǨǵǫ, ǰǣ ǭǱǵǱǳǱǯ 
ǥǾǺǫǴǮȂǨǵǴȂ ǳǣǴǲǳǨǧǨǮǨǰǫǨ ǥǨǳǱȂǵǰǱǴǵǨǬ ǴǮǱǥ. ǇǮȂ ǴǮǱǥǣǳȂ ǫǪ ǰǨ-
ǴǭǱǮǿǭǫǸ ǯǫǮǮǫǱǰǱǥ ǴǮǱǥ ǫ ǳǣǪǯǨǳǰǱǴǵǫ ǲǳǨǧǾǧǶǼǨǦǱ ǴǮǱȂ ǲǱǳȂǧǭǣ 
ǵǾǴȂǺ ȀǮǨǯǨǰǵǱǥ, ǲǱǴǮǨǧǰǫǬ ǴǮǱǬ ǤǶǧǨǵ ǴǱǧǨǳǩǣǵǿ ǯǫǮǮǫǣǳǧǾ ǱǹǨǰǫ-
ǥǣǨǯǾǸ ǲǣǳǣǯǨǵǳǱǥ. ǐǱǳǯǫǳǱǥǣǰǫǨ ȀǮǨǯǨǰǵǱǥ ȀǵǱǦǱ ǴǮǱȂ ǤǶǧǨǵ ǥǭǮȁ-
Ǻǣǵǿ ǱǹǨǰǭǶ ǯǫǮǮǫǱǰǱǥ ȀǭǴǲǱǰǨǰǵ.

ǇǳǶǦǣȂ ǱǴǱǤǨǰǰǱǴǵǿ ǴǥȂǪǣǰǣ Ǵ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǿȁ ǷǶǰǭǹǫǫ ǥǰǫ-
ǯǣǰǫȂ, ǫǴǲǱǮǿǪǶǨǯǱǬ ǥ ǯǱǧǨǮȂǸ ǭǱǧǨǳǣ-ǧǨǭǱǧǨǳǣ ǫ ǵǳǣǰǴǷǱǳǯǨǳǣ. 
ǗǶǰǭǹǫȂ ǥǰǫǯǣǰǫȂ ǫǴǲǱǮǿǪǶǨǵ ǴǳǣǪǶ ǥǨǴǿ ǥǸǱǧǰǱǬ ǴǫǦǰǣǮ, ǲǱȀǵǱǯǶ 
Ǩё ǴǮǱǩǰǱǴǵǿ ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǣ ǧǮǫǰǨ ǥǸǱǧǣ, ǣ Ǵ ǶǺёǵǱǯ ǵǱǦǱ, ǺǵǱ Ǳǰǣ, 
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ǥ ǴǥǱȁ ǱǺǨǳǨǧǿ, ǲǳǫǯǨǰȂǨǵǴȂ ǰǣ ǭǣǩǧǱǯ ǥǸǱǧǰǱǯ ȀǮǨǯǨǰǵǨ, ǫǵǱǦǱǥǣȂ ǴǮǱǩǰǱǴǵǿ ɉ 
ǭǥǣǧǳǣǵǫǺǰǣȂ O(l^2 ), ǵǱ ǨǴǵǿ Ǩё ǴǮǱǩǰǱ ǳǨǣǮǿǰǱ ǫǴǲǱǮǿǪǱǥǣǵǿ ǰǣ ǤǱǮǿǻǫǸ (ǰǣǲǳǫ-
ǯǨǳ, ǧǮǫǰǱǬ 32Ǎ) ǥǸǱǧǰǾǸ ǲǱǴǮǨǧǱǥǣǵǨǮǿǰǱǴǵȂǸ.

Ǡǵǣ ǱǤǴǵǱȂǵǨǮǿǴǵǥǣ ǱǤǽȂǴǰȂȁǵ ǵǱ Ƿǣǭǵ, ǺǵǱ ǣǮǦǱǳǫǵǯǾ ǥǾǺǫǴǮǨǰǫǬ ǰǨǬǳǱ-ǴǨǵǨǥǾǸ ǢǏ 
ǰǶǩǧǣȁǵǴȂ ǥ ǱǲǵǫǯǫǪǣǹǫǫ Ǵ ǹǨǮǿȁ ǴǱǭǳǣǼǨǰǫȂ ǥǾǺǫǴǮǫǵǨǮǿǰǾǸ ǵǳǨǤǱǥǣǰǫǬ.

ǒǱǰǫǩǨǰǫǨ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǲǶǵǨǯ ǱǲǵǫǯǫǪǣǹǫǫ ǴǮǱǥǣǳǨǬ

ǋǴǲǱǮǿǪǱǥǣǰǫǨ ǴǮǱǥ ǭǣǭ Ǩǧǫǰǫǹ ȂǪǾǭǱǥǱǦǱ ǯǱǧǨǮǫǳǱǥǣǰǫȂ ǥǲǱǮǰǨ ǨǴǵǨǴǵǥǨǰǰǱ. ǔǮǱǥ-
ǰǾǨ ȂǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ǱǤǨǴǲǨǺǫǥǣȁǵ ǤǱǮǨǨ ǥǾǴǱǭǶȁ (Ǵ ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǴǶǼǨǴǵ-
ǥǨǰǰǱ ǯǨǰǿǻǫǸ ǲǱ ǧǮǫǰǨ ǭǱǰǵǨǭǴǵǱǥ) ǵǱǺǰǱǴǵǿ ǳǣǴǲǱǪǰǣǥǣǰǫȂ ǳǨǺǫ ǲǱ ǴǳǣǥǰǨǰǫȁ 
Ǵ ǯǱǧǨǮȂǯǫ ǰǣ ǲǱǧǴǮǱǥǰǾǸ (ǤǶǭǥǾ, ǭǶǴǱǺǭǫ ǴǮǱǥ ɉ ǯǱǳǷǾ) ǨǧǫǰǫǹǣǸ. ǅǯǨǴǵǨ Ǵ ǵǨǯ 
ǶǲǱǯȂǰǶǵǣȂ ǥǾǻǨ ǫǴǭǮȁǺǫǵǨǮǿǰǣȂ ǥǾǺǫǴǮǫǵǨǮǿǰǣȂ ǴǮǱǩǰǱǴǵǿ ǲǱǴǮǨǧǰǨǦǱ ǴǮǱȂ 
ǷǣǭǵǫǺǨǴǭǫ ǰǨ ǧǣǨǵ ǥǱǪǯǱǩǰǱǴǵǿ ǥ ǲǱǮǰǱǬ ǯǨǳǨ ǫǴǲǱǮǿǪǱǥǣǵǿ ǴǮǱǥǣǳǫ ǫǪ ǯǫǮǮǫ-
ǱǰǱǥ ǴǮǱǥ.

ǋǪǥǨǴǵǰǾ ǰǨǴǭǱǮǿǭǱ ǯǨǵǱǧǱǥ ǣǲǲǳǱǭǴǫǯǣǹǫǫ ǲǳǱǹǨǧǶǳǾ ǫǴǲǱǮǿǪǱǥǣǰǫȂ ǲǱǮǰǱǦǱ  
ǴǮǱǥǣǳȂ. 

ǔǨǮǨǭǹǫȂ ǴǮǱǥ ǴǮǱǥǣǳȂ Ǵ ǶǺǨǵǱǯ ǫǸ ǥǣǩǰǱǴǵǫ

ǒǳǱǴǵǾǯ ǫ ǳǨǣǮǿǰǱ ǲǳǫǯǨǰȂǨǯǾǯ ǲǱǧǸǱǧǱǯ ȂǥǮȂǨǵǴȂ ǴǱǭǳǣǼǨǰǫǨ ǳǣǪǯǨǳǣ ǴǮǱǥǣǳȂ 
ǧǱ ǲǳǫǨǯǮǨǯǱǦǱ ǳǣǪǯǨǳǣ ǲǳǫ ǫǯǨȁǼǫǸǴȂ ǥǾǺǫǴǮǫǵǨǮǿǰǾǸ ǳǨǴǶǳǴǣǸ. ǐǣǲǳǫǯǨǳ, 
ǥ ǴǮǱǥǣǳǨ ǱǴǵǣǥǮȂȁǵ ǰǣǫǤǱǮǨǨ ǺǣǴǵǱǵǰǾǨ ǴǮǱǥǣ, ǣ ǧǮȂ ǱǴǵǣǮǿǰǾǸ ǫǴǲǱǮǿǪǶȁǵ ǴǲǨ-
ǹǫǣǮǿǰǱǨ ǱǤǱǪǰǣǺǨǰǫǨ, ǴǫǯǥǱǮ ǧǮȂ ǰǨǪǰǣǭǱǯǾǸ (ǰǨǴǮǱǥǣǳǰǾǸ) ǴǮǱǥ. ǎǫǤǱ ǲǱǴǮǨ-
ǧǱǥǣǵǨǮǿǰǱ ǶǧǣǮȂȁǵǴȂ ǴǮǱǥǣ, ǯǨǰǨǨ ǥǴǨǦǱ ǥǮǫȂȁǼǫǨ ǰǣ ǭǱǳǲǶǴǰǶȁ ǲǨǳǲǮǨǭǴǫȁ. 
Ǖǣǭǫǯ ǱǤǳǣǪǱǯ ǴǮǱǥǣǳǿ ǲǳǫǥǱǧǫǵǴȂ ǭ ǵǳǨǤǶǨǯǱǯǶ ǳǣǪǯǨǳǶ. 

ǑǺǨǥǫǧǰǾǬ ǰǨǧǱǴǵǣǵǱǭ ǵǣǭǱǦǱ ǲǱǧǸǱǧǣ ǴǥȂǪǣǰ Ǵ ǵǨǯ, ǺǵǱ ǳǨǪǶǮǿǵǣǵǾ ǳǣǴǲǱǪǰǣǥǣǰǫȂ 
ǰǣ ǵǣǭǱǯ ǴǱǭǳǣǼёǰǰǱǯ ǴǮǱǥǣǳǨ ǤǶǧǶǵ ǴǱǧǨǳǩǣǵǿ ǯǰǱǦǱ ǲǱȂǥǮǨǰǫǬ ǴǫǯǥǱǮǣ ǰǨǪǰǣ-
ǭǱǯǱǦǱ ǴǮǱǥǣ.

ǢǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ǧǮȂ ǲǱǧǴǮǱǥǰǾǸ Ǩǧǫǰǫǹ

ǄǱǮǨǨ ȀǷǷǨǭǵǫǥǰǾǯ ǲǱǧǸǱǧǱǯ ǭ ǲǳǱǤǮǨǯǨ ǭǱǯǲǨǰǴǣǹǫǫ ǥǮǫȂǰǫȂ ǳǣǪǯǨǳǱǥ ǴǮǱǥǣǳȂ Ȃǥ-
ǮȂǨǵǴȂ ǫǴǲǱǮǿǪǱǥǣǰǫǨ ǴǮǱǥǣǳǨǬ ǫǪ ǲǱǧǴǮǱǥǰǾǸ Ǩǧǫǰǫǹ, ǥ ǭǣǺǨǴǵǥǨ ǭǱǵǱǳǾǸ ǥǾǤǫ-
ǳǣȁǵǴȂ ǭǶǴǱǺǭǫ ǴǮǱǥ (ǯǱǳǷǾ) ǫǮǫ ǤǶǭǥǾ. ǑǤǼǨǨ ǭǱǮǫǺǨǴǵǥǱ ǯǱǳǷǱǥ ǭǱǰǵǳǱǮǫǳǶǨǯǱ 
ǫ ǱǤǾǺǰǱ ǥǾǤǫǳǣǨǵǴȂ ǱǵǰǱǴǫǵǨǮǿǰǱ ǰǨǤǱǮǿǻǱǨ (ǧǱ ǧǨǴȂǵǭǱǥ ǵǾǴȂǺ) ǫ ǵǱǦǧǣ ǱǤǽǨǯ 
ǲǣǯȂǵǫ ǫ ǥǾǺǫǴǮǨǰǫǬ ǰǣ ǲǱǴǮǨǧǰǨǯ ǴǮǱǨ ǴǨǵǫ ǰǨ ȂǥǮȂǨǵǴȂ ǴǶǼǨǴǵǥǨǰǰǾǯ. 

ǄǱǰǶǴǱǯ ǲǳǫǯǨǰǨǰǫȂ ǴǮǱǥǣǳǨǬ ǫǪ ǲǱǧǴǮǱǥǰǾǸ Ǩǧǫǰǫǹ ȂǥǮȂǨǵǴȂ ǵǱ, ǺǵǱ ǲǳǫ ȀǵǱǯ ǲǱǲǶǵ-
ǰǱ ǴǰǫǯǣǨǵǴȂ ǲǳǱǤǮǨǯǣ ǲǱȂǥǮǨǰǫȂ ǰǨǪǰǣǭǱǯǾǸ ǴǮǱǥ: ǮȁǤǱǨ ǲǳǱǫǪǰǨǴǨǰǫǨ ǤǶǧǨǵ 
ǲǳǨǧǴǵǣǥǮǨǰǱ ǤǶǭǥǣǯǫ.

ǓǣǪǳǣǤǱǵǣǰǾ ǲǳǱǴǵǾǨ ǫ ȀǷǷǨǭǵǫǥǰǾǨ ǥǾǺǫǴǮǫǵǨǮǿǰǾǨ ǣǮǦǱǳǫǵǯǾ, ǭǱǵǱǳǾǨ ǲǱǪǥǱǮȂȁǵ 
ǳǣǴǴǺǫǵǣǵǿ ǱǲǵǫǯǣǮǿǰǾǨ, ǪǣǧǣǰǰǱǦǱ ǳǣǪǯǨǳǣ, ǴǮǱǥǣǳǫ ǫǪ ǯǱǳǷǱǥ, ǲǱ ǱǤǶǺǣȁǼǫǯ ǵǨǭ-
Ǵǵǣǯ ǫ ǭǳǫǵǨǳǫȂǯ ǱǲǵǫǯǣǮǿǰǱǴǵǫ ǴǮǱǥǣǳǨǬ. 
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ǐǣǫǤǱǮǨǨ ǺǣǴǵǱ ǫǴǲǱǮǿǪǶǨǵǴȂ ǯǨǵǱǧ ǲǱǲǣǳǰǱǦǱ ǤǣǬǵǱǥǱǦǱ ǭǱǧǫǳǱǥǣǰǫȂ BPE 
(byt—-pair —nco–in‘). ǔǮǱǥǣǳǿ ǥǾǺǫǴǮȂǨǵǴȂ ǵǣǭ, ǺǵǱǤǾ ǧǮȂ ǪǣǲǫǴǫ ǵǨǭ-
Ǵǵǣ ǵǳǨǤǱǥǣǮǱǴǿ ǯǫǰǫǯǣǮǿǰǱǨ ǭǱǮǫǺǨǴǵǥǱ ǤǣǬǵǱǥ (ǧǮǫǰǣ ǭǱǧǱǥ ǯǱǳ-
ǷǱǥ Ɉ ǭǱǰǴǵǣǰǵǣ). 

ǒǳǫǰǹǫǲǫǣǮǿǰǱ ǣǮǦǱǳǫǵǯ BPE ǫǯǨǨǵ ǴǮǨǧǶȁǼǫǬ ǥǫǧ:

ǔǮǱǥǣǳǫ ǫǪ ǯǱǳǷǱǥ ǻǫǳǱǭǱ ǫǴǲǱǮǿǪǶȁǵǴȂ ǥ ǴǱǥǳǨǯǨǰǰǾǸ ǲǨǳǨǧǱǥǾǸ  
ǰǨǬǳǱ-ȂǪǾǭǱǥǾǸ ǯǱǧǨǮȂǸ, ǷǣǭǵǫǺǨǴǭǫ Ǵǵǣǥ ǱǤǼǨǲǳǫǰȂǵǾǯ ǲǱǧǸǱǧǱǯ 
ǭ ǲǱǴǵǳǱǨǰǫȁ ǴǮǱǥǣǳǨǬ ǥ ǤǱǮǿǻǫǸ ǰǨǬǳǱ-ǢǏ.

ǑǤǾǺǰǱ ǫǴǲǱǮǿǪǶȁǵǴȂ ǴǮǱǥǣǳǫ ǳǣǪǯǨǳǱǯ ǤǱǮǨǨ 20 ǵǾǴȂǺ ǯǱǳǷǱǥ. ǅ ȀǵǱǯ 
ǴǮǶǺǣǨ ǷǣǭǵǫǺǨǴǭǫ ǥǾǺǫǴǮȂǨǵǴȂ ǦǫǤǳǫǧǰǾǬ ǴǮǱǥǣǳǿ, ǭǱǵǱǳǾǬ ǥǭǮȁǺǣ-
Ǩǵ ǥ ǴǨǤȂ ǭǳǱǯǨ ǭǶǴǱǺǭǱǥ ǴǮǱǥ ǵǣǭǩǨ ǫ ǹǨǮǾǨ ǴǮǱǥǣ. 

ǐǨǧǱǴǵǣǵǭǱǯ ǲǱǧǴǮǱǥǰǾǸ ǢǏ ȂǥǮȂǨǵǴȂ ǵǱ, ǺǵǱ ǯǱǳǷǾ ǰǨǴǶǵ ǯǨǰǿǻǨ ǴǨǯǣǰ-
ǵǫǭǱ-ǴǫǰǵǣǭǴǫǺǨǴǭǱǬ ǫǰǷǱǳǯǣǹǫǫ ǺǨǯ ǴǮǱǥǣ. ǋǪ-Ǫǣ ǳǣǪǯǨǳǣ Ǩǧǫǰǫǹ 
ȂǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ǧǮȂ ǯǱǳǷǱǥ ǵǳǨǤǶȁǵ ǴǶǼǨǴǵǥǨǰǰǱǦǱ ǶǥǨǮǫǺǨǰǫȂ 
ǧǮǫǰǾ ǫǴǲǱǮǿǪǶǨǯǱǦǱ ǭǱǰǵǨǭǴǵǣ ǲǱ ǴǳǣǥǰǨǰǫȁ Ǵ ǭǱǰǵǨǭǴǵǱǯ ǫǪ ǴǮǱǥ. 
ǢǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ǰǣ ǶǳǱǥǰǨ ǴǮǱǥ ǥ ǤǱǮǿǻǨǬ ǴǵǨǲǨǰǫ ǫǴǲǱǮǿǪǶȁǵ Ǵǫǰ-
ǵǣǭǴǫǺǨǴǭǫǨ ǫ ǴǨǯǣǰǵǫǺǨǴǭǫǨ ǪǣǭǱǰǱǯǨǳǰǱǴǵǫ, ǲǱȀǵǱǯǶ ǲǳǫ ǲǳǱǺǫǸ 
ǳǣǥǰǾǸ ǶǴǮǱǥǫȂǸ ǱǤǨǴǲǨǺǫǥǣȁǵ ǯǨǰǿǻǫǬ ǶǳǱǥǨǰǿ ǱǻǫǤǱǭ ǳǣǴǲǱǪǰǣ-
ǥǣǰǫȂ. ǖǥǨǮǫǺǨǰǫǨ ǧǮǫǰǾ ǭǱǰǵǨǭǴǵǣ ǲǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǯǱǳǷǱǥ ǵǣǭǩǨ 
ǴǭǣǪǾǥǣǨǵǴȂ ǰǣ ǶǥǨǮǫǺǨǰǫǫ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǫ ǤǱǮǨǨ ǴǮǱǩ-
ǰǱǯ ǱǤǶǺǨǰǫǫ.

ǗǣǭǵǱǳǫǪǣǹǫȂ ǴǮǱǥǣǳǨǬ. ǋǨǳǣǳǸǫǺǨǴǭǫǬ ǴǱǷǵ-ǯǣǭǴ

ǒǳǫ ǱǤǶǺǨǰǫǫ ȂǪǾǭǱǥǾǸ ǯǱǧǨǮǨǬ Ǵ ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǯǣǭǴǫǯǣǮǿǰǱ ǲǳǣǥǧǱ-
ǲǱǧǱǤǰǾǸ ǱǹǨǰǱǭ ǱǤǾǺǰǱ ǰǨ ǵǳǨǤǶǨǵǴȂ ǥǾǺǫǴǮǫǵǿ ǥǨǳǱȂǵǰǱǴǵǫ ǲǱȂǥ-
ǮǨǰǫȂ ǥǴǨǸ ǴǮǱǥ. ǐǶǩǰǣ ǥǨǳǱȂǵǰǱǴǵǿ ǭǱǳǳǨǭǵǰǱǦǱ ǴǮǱǥǣ. ǅ ǳǨǩǫǯǨ ǳǣǴ-
ǲǱǪǰǣǥǣǰǫȂ ǲǱǸǱǩǣȂ ǴǫǵǶǣǹǫȂ: ǫǴǲǱǮǿǪǶȁǵǴȂ ǥǨǳǱȂǵǰǱǴǵǫ ǲǱȂǥǮǨǰǫȂ 
ǰǨǤǱǮǿǻǱǦǱ ǺǫǴǮǣ ǰǣǫǤǱǮǨǨ ǲǳǣǥǧǱǲǱǧǱǤǰǾǸ ǥ ǧǣǰǰǾǬ ǯǱǯǨǰǵ ǴǮǱǥ. 
ǒǱȀǵǱǯǶ ǴǵǣǰǧǣǳǵǰǣȂ ǲǳǱǹǨǧǶǳǣ ǥǾǺǫǴǮǨǰǫȂ ǫ ǰǱǳǯǣǮǫǪǣǹǫǫ ǥǨǳǱȂǵ-
ǰǱǴǵǨǬ ǥǴǨǸ ǴǮǱǥ ǴǮǱǥǣǳȂ ǫǪǤǾǵǱǺǰǣ. 

ǏǱǩǰǱ ǳǣǪǤǫǵǿ ǴǮǱǥǣǳǿ ǰǣ ǰǨǲǨǳǨǴǨǭǣȁǼǫǨǴȂ ǭǮǣǴǵǨǳǾ ǴǮǱǥ ǫ ǥǾǺǫǴǮȂǵǿ 
ǥǨǳǱȂǵǰǱǴǵǫ ǴǮǱǥ ǺǨǳǨǪ ǥǨǳǱȂǵǰǱǴǵǫ ȀǵǫǸ ǭǮǣǴǵǨǳǱǥ ǫ ǥǨǳǱȂǵǰǱǴǵǫ 
ǴǮǱǥ ǥǰǶǵǳǫ ǴǱǧǨǳǩǣǼǫǸ ǫǸ ǭǮǣǴǵǨǳǱǥ. ǒǱǴǭǱǮǿǭǶ ǲǱ ǵǣǭǱǯ ǲǱǧǸǱǧǨ 
ǵǳǨǤǶǨǵǴȂ Ǫǰǣǵǿ ǵǱǮǿǭǱ ǥǨǳǱȂǵǰǱǴǵǫ ǲǱȂǥǮǨǰǫȂ ǭǮǣǴǵǨǳǣ ǫ ǴǮǱǥǣ ǥǰǶ-
ǵǳǫ ǰǨǦǱ, ǥǾǺǫǴǮǫǵǨǮǿǰǣȂ ǴǮǱǩǰǱǴǵǿ ǤǶǧǨǵ ǴǶǼǨǴǵǥǨǰǰǱ ǴǰǫǩǨǰǣ. 
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Ǒǧǰǫǯ ǫǪ ǴǣǯǾǸ ǫǪǥǨǴǵǰǾǸ ǣǮǦǱǳǫǵǯǱǥ ǵǣǭǱǦǱ ǳǱǧǣ ȂǥǮȂǨǵǴȂ ǫǨǳǣǳǸǫǺǨǴǭǫǬ ǴǱǷǵ-
ǯǣǭǴ [5] (Hi—rarc’ical SoftMax, HSM), ǥ ǭǱǵǱǳǱǯ ǮǫǰǨǬǰǱǨ ǲǳǨǧǴǵǣǥǮǨǰǫǨ 
ǴǮǱǥǣǳȂ ǪǣǯǨǰȂǨǵǴȂ ǰǣ ǧǳǨǥǱǥǫǧǰǱǨ. ǅǨǳǻǫǰǾ ǧǨǳǨǥǣ ǴǱǱǵǥǨǵǴǵǥǶȁǵ ǭǮǣ-
ǴǵǨǳǣǯ ǫǪ ǴǮǱǥ, ǴǮǱǥǣ ɉ ǮǫǴǵǿȂǯ. ǅǾǺǫǴǮǨǰǫǨ ǥǨǳǱȂǵǰǱǴǵǫ ǴǮǱǥǣ ǴǥǱǧǫǵǴȂ ǭ ǥǾ-
ǺǫǴǮǨǰǫȁ ǲǳǱǫǪǥǨǧǨǰǫȂ ǥǨǳǱȂǵǰǱǴǵǨǬ ǥǨǳǻǫǰ ǧǨǳǨǥǣ, ǮǨǩǣǼǫǸ ǰǣ ǲǶǵǫ Ǳǵ ǭǱǳǰȂ  
ǭ ǮǫǴǵǶ ǴǮǱǥǣ. 

ǑǹǨǰǭǣ ǥǨǳǱȂǵǰǱǴǵǫ ǰǨǭǱǵǱǳǱǬ n-ǦǳǣǯǯǾ p(w_t│w_1,…,w_t-n )=p(wt│ht ) ǧǮȂ ǴǮǱǥǣǳȂ 
ǥ ǥǫǧǨ ǧǥǶǸǶǳǱǥǰǨǥǱǦǱ ǧǨǳǨǥǣ, ǥǨǳǻǫǰǾ ǭǱǵǱǳǱǦǱ ǴǱǱǵǥǨǵǴǵǥǶȁǵ ǭǮǣǴǵǨǳǣǯ ǴǮǱǥ, 
ǫǯǨǨǵ ǥǫǧ [6]: 

  (5)

ǦǧǨ C(wt ) ɉ ǭǮǣǴǴ ǴǮǱǥǣ wt. 

ǍǣǩǧǣȂ ǫǪ ǲǨǳǨǯǰǱǩǣǨǯǾǸ ǥǨǳǱȂǵǰǱǴǵǨǬ p(wt│C(wt ),ht ) ǫ p(C(wt )│ht ) ǥǾǺǫǴǮȂǨǵǴȂ 
Ǵ ǲǱǯǱǼǿȁ ǱǤǾǺǰǱǬ ǴǱǷǵ-ǯǣǭǴ ȂǪǾǭǱǥǱǬ ǯǱǧǨǮǫ, ǰǱ ǴǱ ǴǮǱǥǣǳǨǯ ǫǪ ǴǮǱǥ, ǭǱǵǱǳǾǨ 
ǴǱǧǨǳǩǣǵǴȂ ǥ ǴǱǱǵǥǨǵǴǵǥǶȁǼǨǬ ǥǨǳǻǫǰǨ ǧǨǳǨǥǣ. ǇǱǲǶǴǵǫǯ Ǳǰǣ v ǴǱǧǨǳǩǫǵ ǴǮǱǥ, 
v << |V|, ǵǱǦǧǣ ǴǮǱǩǰǱǴǵǿ ǥǾǺǫǴǮǨǰǫǬ ǲǣǧǣǨǵ Ǵ O(|V|) (ǲǳǫ ǱǵǴǶǵǴǵǥǫǫ ǧǳǨǥǱǥǫǧǰǱǦǱ 
ǲǳǨǧǴǵǣǥǮǨǰǫȂ) ǧǱ O(v) ǱǲǨǳǣǹǫǬ ǥǾǺǫǴǮǨǰǫȂ ȀǭǴǲǱǰǨǰǵ. ǅ ǴǮǶǺǣǨ ǱǲǵǫǯǣǮǿǰǱǦǱ 
ǤǫǰǣǳǰǱǦǱ ǳǣǪǤǫǨǰǫȂ ǴǮǱǥǣǳȂ ǲǱ ǺǣǴǵǱǵǰǱǯǶ ǲǳǫǰǹǫǲǶ ǯǱǩǰǱ ǱǤǱǬǵǫǴǿ 
ǥǾǺǫǴǮǨǰǫǨǯ ǥ ǴǳǨǧǰǨǯ log2 (V) ǥǨǳǱȂǵǰǱǴǵǨǬ ǥ ǥǨǳǻǫǰǣǸ ǧǨǳǨǥǣ.

ǔǲǱǴǱǤ ǭǱǰǴǵǳǶǫǳǱǥǣǰǫȂ ǭǮǣǴǵǨǳǱǥ ǯǱǩǨǵ ǤǾǵǿ ǳǣǪǮǫǺǨǰ, ǷǱǳǯǣǮǿǰǱ Ǳǰ ǰǨ ǥǣǩǨǰ: Ǯȁ-
ǤǱǨ ǳǣǪǤǫǨǰǫǨ ǤǶǧǨǵ ǱǤǨǴǲǨǺǫǥǣǵǿ ǭǱǳǳǨǭǵǰǱǴǵǿ (5). ǏǱǩǰǱ, ǰǣǲǳǫǯǨǳ, ǫǴǲǱǮǿǪǱ-
ǥǣǵǿ ǭǮǣǴǵǨǳǾ ǫǪ ǴǨǯǣǰǵǫǺǨǴǭǫ ǫǮǫ ǴǫǰǵǣǭǴǫǺǨǴǭǫ ǤǮǫǪǭǫǸ ǴǮǱǥ ǫǮǫ ǴǱǴǵǣǥǮǨǰ-
ǰǾǨ ǲǱ ǲǳǫǰǹǫǲǶ ǺǣǴǵǱǵǾ ǥǴǵǳǨǺǣǨǯǱǴǵǫ. 

ǅǣǩǰǾǯ ȂǥǮȂǨǵǴȂ ǵǱ, ǺǵǱ ǯǨǵǱǧ HSǏ ǯǱǩǨǵ ǫǴǲǱǮǿǪǱǥǣǵǿǴȂ ǭǣǭ ǲǳǫ ǱǤǶǺǨǰǫǫ ǯǱǧǨǮǨǬ, 
ǵǣǭ ǫ ǲǳǫ ǳǣǴǲǱǪǰǣǥǣǰǫǫ. 

ǐǨǧǱǴǵǣǵǭǱǯ ȀǵǱǦǱ ǯǨǵǱǧǣ ȂǥǮȂǨǵǴȂ ǲǱǵǨǰǹǫǣǮǿǰǣȂ ǲǱǵǨǳȂ ǭǣǺǨǴǵǥǣ ǯǱǧǨǮǫ. ǅ ǭǣǩǧǱǬ 
ǥǨǳǻǫǰǨ ǧǨǳǨǥǣ ǰǣǸǱǧǫǵǴȂ ǴǥǱȂ ȂǪǾǭǱǥǣȂ ǯǱǧǨǮǿ, ǭǱǵǱǳǣȂ ǥǰǱǴǫǵ ǲǱǦǳǨǻǰǱǴǵǿ 
ǥ ǱǹǨǰǭǶ ǥǨǳǱȂǵǰǱǴǵǰǱǦǱ ǳǣǴǲǳǨǧǨǮǨǰǫȂ. ǒǳǱǫǪǥǨǧǨǰǫǨ ǵǣǭǫǸ ǣǲǲǳǱǭǴǫǯǣǹǫǬ (5) 
ǫǯǨǨǵ ǱǻǫǤǭǶ ǤǱǮǿǻǨǦǱ ǲǱǳȂǧǭǣ. ǠǵǱ ǲǳǫǥǱǧǫǵ ǭ ǪǣǯǨǵǰǱǯǶ ǶǥǨǮǫǺǨǰǫȁ ǲǨǳǲǮǨǭǴǫǫ 
ǯǱǧǨǮǫ ǲǱ ǴǳǣǥǰǨǰǫȁ Ǵ ȂǪǾǭǱǥǱǬ ǯǱǧǨǮǿȁ Ǵ ǲǱǮǰǾǯ ǴǱǷǵ-ǯǣǭǴǱǯ (3), ǵǱ ǨǴǵǿ ǧǮȂ ǥǴǨǸ  
ǴǮǱǥ ǢǏ [5].

ǑǲǵǫǯǫǪǣǹǫȂ ǲǶǵǨǯ ǫǴǲǱǮǿǪǱǥǣǰǫȂ ǴǥǱǬǴǵǥ ǦǳǣǷǫǺǨǴǭǫǸ ǶǴǭǱǳǫǵǨǮǨǬ 
ǫ ǯǰǱǦǱȂǧǨǳǰǱǴǵǫ ǲǳǱǹǨǴǴǱǳǱǥ

ǃǮǦǱǳǫǵǯ HSM, ǥǱǱǤǼǨ ǦǱǥǱǳȂ, ǰǨ ǱǲǳǨǧǨǮȂǨǵ ǱǧǰǱǪǰǣǺǰǱ ǲǳǫǰǹǫǲ ǳǣǪǤǫǨǰǫȂ ǴǮǱǥ 
ǰǣ ǭǮǣǴǵǨǳǾ. ǕǨǯ ǰǨ ǯǨǰǨǨ ǱǺǨǥǫǧǰǱ, ǺǵǱ ǥǾǤǱǳ ǭǮǣǴǴǱǥ ǴǮǱǥ ǯǱǩǨǵ ǫǯǨǵǿ ǤǱǮǿǻǱǨ 
ǪǰǣǺǨǰǫǨ. 

ǋǪǥǨǴǵǨǰ ǹǨǮǾǬ ǳȂǧ ǯǱǧǫǷǫǭǣǹǫǬ ǯǨǵǱǧǣ HSM [7] Ǫǣ ǴǺǨǵ ǴǵǳǣǵǨǦǫǫ ǥǾǤǱǳǣ ǭǮǣǴǵǨǳǱǥ. 
ǏǨǵǱǧ ǣǧǣǲǵǫǥǰǱǦǱ HSM [8] ǲǱǴǵǳǱǨǰ, ǭǣǭ ǫ ǧǳǶǦǫǨ ǰǣ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǺǣǴǵǱǵǰǾǸ 
ǴǥǱǬǴǵǥ ǴǮǱǥ. ǍǳǱǯǨ ȀǵǱǦǱ, Ǳǰ ǴǶǼǨǴǵǥǨǰǰǱ ǫǴǲǱǮǿǪǶǨǵ ǴǥǱǬǴǵǥǣ ǲǳǱǦǳǣǯǯǰǱǦǱ 
ǱǤǨǴǲǨǺǨǰǫȂ ǫ ǦǳǣǷǫǺǨǴǭǫǸ ǶǴǭǱǳǫǵǨǮǨǬ, GPU, ǭǱǵǱǳǾǨ ǫǴǲǱǮǿǪǶȁǵǴȂ ǧǮȂ ǳǨǣǮǫ-
Ǫǣǹǫǫ ǰǨǬǳǱǯǱǧǨǮǨǬ ȂǪǾǭǣ.
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ǔǮǱǥǣ ǶǲǱǳȂǧǱǺǫǥǣȁǵǴȂ ǲǱ ǺǣǴǵǱǵǰǱǴǵǫ ǫ ǧǮȂ ǶǯǨǰǿǻǨǰǫȂ ǭǱǮǫǺǨǴǵǥǣ ǥǨǵ-
ǥǮǨǰǫǬ ǧǨǳǨǥǣ ǭǮǣǴǵǨǳ ǰǣǺǣǮǿǰǱǬ ǥǨǳǻǫǰǾ ǴǱǧǨǳǩǫǵ ǰǨ ǵǱǮǿǭǱ Ǵǲǫ-
ǴǱǭ ǭǮǣǴǵǨǳǱǥ ǴǮǨǧǶȁǼǨǦǱ ǶǳǱǥǰȂ, ǰǱ ǫ ǰǣǤǱǳ ǴǣǯǾǸ ǺǣǴǵǱǵǰǾǸ ǴǮǱǥ 
(ǭǳǣǵǭǫǬ ǴǲǫǴǱǭ, s’ort-list). Ǖǣǭǫǯ ǱǤǳǣǪǱǯ ǧǮȂ ǱǹǨǰǭǫ ǥǨǳǱȂǵǰǱǴǵǫ Ǻǣ-
ǴǵǱ ǫǴǲǱǮǿǪǶǨǯǾǸ ǴǮǱǥ ǰǨ ǰǶǩǰǱ ǥǾǺǫǴǮȂǵǿ ǲǳǱǫǪǥǨǧǨǰǫǨ (5). ǐǣ ǱǴǰǱ-
ǥǨ ȀǭǴǲǨǳǫǯǨǰǵǣǮǿǰǱǬ ǪǣǥǫǴǫǯǱǴǵǫ ǥǳǨǯǨǰǫ ǥǾǺǫǴǮǨǰǫǬ Ǳǵ ǳǣǪǯǨǳǱǥ 
ǭǮǣǴǵǨǳǱǥ ǧǮȂ ǥǾǤǱǳǣ ǱǲǵǫǯǣǮǿǰǱǦǱ ǴǱǴǵǣǥǣ (ǭǱǮǫǺǨǴǵǥǣ ǫ ǳǣǪǯǨǳǱǥ) 
ǭǮǣǴǵǨǳǱǥ ǫǴǲǱǮǿǪǶǨǵǴȂ ǲǳǫǰǹǫǲ ǧǫǰǣǯǫǺǨǴǭǱǦǱ ǲǳǱǦǳǣǯǯǫǳǱǥǣǰǫȂ. 

ǅ ǹǨǮǱǯ ǵǣǭǣȂ ǴǵǳǣǵǨǦǫȂ ǲǳǫ ǫǴǴǮǨǧǱǥǣǰǰǾǸ ǵǫǲǣǸ GPU (NVIDIA M40, K40) 
ǲǱǭǣǪǣǮǣ, ǺǵǱ ǱǲǵǫǯǣǮǿǰǱǨ ǺǫǴǮǱ ǭǮǣǴǵǨǳǱǥ ǲǳǫ ǧǥǶǸǶǳǱǥǰǨǥǱǯ ǧǨ-
ǳǨǥǨ (ǵ.Ǩ. ǭǱǳǨǰǿ-ǥǨǳǻǫǰǣ-ǮǫǴǵ) ǮǨǩǫǵ ǥ ǧǫǣǲǣǪǱǰǨ Ǳǵ 10 ǧǱ 15, Ǳǧ-
ǰǣǭǱ ǷǣǭǵǫǺǨǴǭǫ ǴǶǤǱǲǵǫǯǣǮǿǰǾǨ ǳǨǪǶǮǿǵǣǵǾ ǥ [8] ǲǱǮǶǺǨǰǾ ǶǩǨ ǲǳǫ 
ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǵǱǮǿǭǱ ǧǥǶǸ ǭǮǣǴǵǨǳǱǥ (ǴǲǫǴǭǣ ǫǪ ǰǣǫǤǱǮǨǨ ǺǣǴǵǱǵǰǾǸ 
ǴǮǱǥ ǫ ǭǮǣǴǵǨǳǣ-ǸǥǱǴǵǣ ǫǪ ǱǴǵǣǮǿǰǾǸ), ǵǣǭǫǯ ǱǤǳǣǪǱǯ ǷǣǭǵǱǳǫǪǣǹǫȂ (5) 
ǫǴǲǱǮǿǪǶǨǵǴȂ ǰǨ ǥǴǨǦǧǣ. ǅǱǪǯǱǩǰǱ Ȁǵǫǯ ǫ ǱǤǽȂǴǰȂǵǴȂ ǵǱ, ǺǵǱ ǥ ǣǧǣǲǵǫǥ-
ǰǱǯ HSM ǶǧǣǨǵǴȂ ǲǱǮǶǺǫǵǿ ǱǹǨǰǭǫ ǲǨǳǲǮǨǭǴǫǫ, ǰǨ ǶǴǵǶǲǣȁǼǫǨ ǲǱǮǰǱ-
ǯǶ ǯǨǵǱǧǶ Ǵ ǰǱǳǯǫǳǱǥǭǱǬ ǥǨǳǱȂǵǰǱǴǵǨǬ ǥǴǨǸ ǴǮǱǥ ǴǮǱǥǣǳȂ.

ǒǱǰǫǩǨǰǫǨ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ ǲǶǵǨǯ ǴȀǯǲǮǫǳǱǥǣǰǫȂ ǴǮǱǥǣǳȂ

ǃǮǿǵǨǳǰǣǵǫǥǰǾǬ ǲǱǧǸǱǧ ǭ ǲǳǱǤǮǨǯǨ ǭǱǯǲǨǰǴǣǹǫǫ ǥǮǫȂǰǫȂ ǳǣǪǯǨǳǱǥ ǴǮǱǥǣ-
ǳȂ ǫǴǲǱǮǿǪǶȁǵ ǯǨǵǱǧǾ, ǱǴǰǱǥǣǰǰǾǨ ǰǣ ǴȀǯǲǮǫǳǱǥǣǰǫǫ ǴǮǱǥ. ǋǧǨȂ Ǫǣ-
ǭǮȁǺǣǨǵǴȂ ǥ ǵǱǯ, ǺǵǱǤǾ ǲǳǫ ǥǾǺǫǴǮǨǰǫǫ ǱǹǨǰǱǭ (3) ǫ (4) ǥǯǨǴǵǱ ǣǭǵǫǥǣ-
ǹǫǬ ǥǴǨǸ ȀǮǨǯǨǰǵǱǥ (ǴǮǱǥ ǴǮǱǥǣǳȂ) ǫǴǲǱǮǿǪǱǥǣǵǿ ǵǱǮǿǭǱ ǫǸ ǰǨǤǱǮǿǻǶȁ 
ǺǣǴǵǿ. Ǒǧǰǫǯ ǫǪ ǲǨǳǥǾǸ ǤǾǮ ǲǳǨǧǮǱǩǨǰ [3] ǯǨǵǱǧ ǥǾǤǱǳǣ ǲǱ ǥǣǩǰǱ-
Ǵǵǫ (Importanc— Samplin‘, IS). ǈǴǮǫ ǧǮȂ ǱǹǨǰǭǫ ǴǶǯǯǾ Z ǫǴǲǱǮǿǪǱǥǣǵǿ 
ǺǣǴǵǿ ǴǮǱǥ, ǵǱ, ǺǵǱǤǾ ǳǨǪǶǮǿǵǣǵ ǤǾǮ ǤǮǫǩǨ ǭ ǫǴǵǫǰǰǱǯǶ, ǰǶǩǰǱ ǥǾǤǫ-
ǳǣǵǿ ǴǣǯǾǨ ǥǨǳǱȂǵǰǾǨ ǴǮǱǥǣ. ǅǨǳǱȂǵǰǱǴǵǫ ǴǮǱǥ  ǰǨǫǪǥǨǴǵ-
ǰǾ, ǲǱȀǵǱǯǶ ǫǴǲǱǮǿǪǶȁǵ ǣǲǳǫǱǳǰǱǨ ǳǣǴǲǳǨǧǨǮǨǰǫǨ, ǳǣǥǰǱǯǨǳǰǱǨ ǫǮǫ 
ǴǵǨǲǨǰǿ ǶǰǫǦǳǣǯǯǰǱǦǱ, ǥ ǴǱǱǵǥǨǵǴǵǥǫǫ Ǵ ǭǱǵǱǳǾǯ ǥǾǤǫǳǣǨǵǴȂ ǪǣǧǣǰǰǱǨ 
ǭǱǮǫǺǨǴǵǥǱ ǴǮǱǥ, ǭǱǵǱǳǾǨ ǫǴǲǱǮǿǪǶǨǵǴȂ ǧǮȂ ǥǾǺǫǴǮǨǰǫȂ (3), (4).

ǇǮȂ ǵǱǦǱ, ǺǵǱǤǾ ǶǺǨǴǵǿ ǥ ǱǹǨǰǭǣǸ Z ǱǵǮǫǺǫǨ ǣǲǳǫǱǳǰǱǦǱ ǳǣǴǲǳǨǧǨǮǨǰǫȂ 
Ǳǵ ǫǴǵǫǰǰǱǦǱ, ǥǨǳǱȂǵǰǱǴǵǫ ǴȀǯǲǮǫǳǱǥǣǰǰǾǸ ǴǮǱǥ ǯǱǩǰǱ ǴǭǱǳǳǨǭǵǫǳǱ-
ǥǣǵǿ ǥǨǴǣǯǫ. 

ǔǳǨǧǰǨǨ ǰǨǭǱǵǱǳǱǬ ǷǶǰǭǹǫǫ g(y) ǰǣ ǯǰǱǩǨǴǵǥǨ y∈Y ǱǲǳǨǧǨǮȂǨǵǴȂ ǭǣǭ Σy∈Y P(y)
g(y) 

ǃǲǲǳǱǭǴǫǯǣǹǫȂ ǴǳǨǧǰǨǦǱ g(Y) ǲǱ ǵǱǺǭǣǯ yi, i = 1,…N, y_(i )∼ P(y) ǫǯǨǨǵ ǥǫǧ:

  (6)

ǚǵǱǤǾ ǣǰǣǮǱǦǫǺǰǣȂ ǣǲǲǳǱǭǴǫǯǣǹǫȂ ǲǱ ǵǱǺǭǣǯ, ǥǾǤǳǣǰǰǾǯ ǧǮȂ ǫǰǱǦǱ  
ǳǣǴǲǳǨǧǨǮǨǰǫȂ y_i∼Q(y) ǧǣǥǣǮǣ ǵǣǭǱǨ ǩǨ ǪǰǣǺǨǰǫǨ, ǭǣǭ ǥ (6), ǰǶǩǰǱ 
ǴǭǱǳǳǨǭǵǫǳǱǥǣǵǿ ǥǨǳǱȂǵǰǱǴǵǫ Q(yi ) ǵǱǺǨǭ ǥǨǴǣǯǫ P(yi )/Q(yi ). ǒǳǫ ȀǵǱǯ 
ǰǨǫǪǥǨǴǵǰǾǨ ǥǨǳǱȂǵǰǱǴǵǫ P(yi) ǵǱǺǨǭ yi ǣǲǲǳǱǭǴǫǯǫǳǶȁǵ ǥ ǴǱǱǵǥǨǵǴǵǥǫǫ 
Ǵ (3), ǲǱǥǵǱǳǰǱ ǫǴǲǱǮǿǪǶȂ ǪǰǣǺǨǰǫȂ yi, i = 1,…N. 



23

Р Е Ч Е В Ы Е  Т Е Х Н О Л О Г И И  /  S P E E C H  T E C H N O L O G Y   3 - 4 / 2 0 2 0

Чучупал В. Я.,  
Способы уменьшения вычислительной сложности нейросетевых языковых моделей

ǏǨǵǱǧ IS ǥǾǺǫǴǮǫǵǨǮǿǰǱ ȀǷǷǨǭǵǫǥǨǰ ǫ ǧǣǨǵ ǧǱǴǵǣǵǱǺǰǱ ǸǱǳǱǻǫǨ ǳǨǪǶǮǿǵǣǵǾ (ǵǨǯ ǰǨ ǯǨ-
ǰǨǨ ǵǣǭǩǨ ǭǣǭ ǫ ǯǨǵǱǧ HSM Ǳǰ ǶǴǵǶǲǣǨǵ ǲǱ ǧǱǴǵǫǦǣǨǯǾǯ ǪǰǣǺǨǰǫȂǯ ǲǨǳǲǮǨǭǴǫǫ 
ǱǹǨǰǭǣǯ (3) ǰǣ ǲǱǮǰǱǯ ǴǮǱǥǣǳǨ). ǍǣǺǨǴǵǥǱ ǯǨǵǱǧǣ IS ǥǱǪǯǱǩǰǱ ǴǵǳǣǧǣǨǵ ǫǪ-Ǫǣ ǵǱǦǱ, 
ǺǵǱ ǣǲǲǳǱǭǴǫǯǣǹǫȁ ǥǨǳǱȂǵǰǱǴǵǨǬ Ǵ ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǥǾǤǳǣǰǰǾǸ ǴǮǱǥ ǲǳǫǸǱǧǫǵǴȂ 
ǧǨǮǣǵǿ ǧǥǣǩǧǾ: ǲǳǫ ǱǹǨǰǭǨ ǴǵǣǵǫǴǵǫǺǨǴǭǱǬ ǴǶǯǯǾ $Z$ ǫ ǧǮȂ ǭǱǳǳǨǭǹǫǫ ǥǨǳǱȂǵ-
ǰǱǴǵǰǱǦǱ ǳǣǴǲǳǨǧǨǮǨǰǫȂ. 

ǅǣǩǰǾǯ ǱǦǳǣǰǫǺǨǰǫǨǯ ǯǨǵǱǧǣ ȂǥǮȂǨǵǴȂ ǵǱ, ǺǵǱ Ǳǰ ǴǶǼǨǴǵǥǨǰǰǱ ǴǱǭǳǣǼǣǨǵ ǥǾǺǫǴǮǫ-
ǵǨǮǿǰǾǨ ǪǣǵǳǣǵǾ ǵǱǮǿǭǱ ǲǳǫ ǱǤǶǺǨǰǫǫ ǯǱǧǨǮǨǬ, ǰǱ ǰǨ ǲǳǫ ǳǣǴǲǱǪǰǣǥǣǰǫǫ. 

ǒǱǥǵǱǳǰǱǬ ǣǲǲǳǱǭǴǫǯǣǹǫǫ ǥǨǳǱȂǵǰǱǴǵǨǬ ǫǴǲǱǮǿǪǶȂ ǥǾǤǳǣǰǰǾǨ ǴǮǱǥǣ ǯǱǩǰǱ ǫǪǤǨǩǣǵǿ, 
ǨǴǮǫ ǫǪǰǣǺǣǮǿǰǱ ǫǴǭǣǵǿ ǰǱǳǯǫǳǱǥǣǰǰǾǨ ǳǣǴǲǳǨǧǨǮǨǰǫȂ. ǅ ǭǱǰǭǶǳǨǰǵǰǱǯ ǯǨǵǱǧǨ 
ǱǹǨǰǭǫ ǲǱ ǭǱǰǵǳǣǴǵǶ Ǵ ǻǶǯǱǯ, NCE (Nois— Contrastiv— Estimation)[9] ǴȀǯǲǮǫǳǱǥǣǰǫǨ 
ǴǮǱǥ ǴǮǱǥǣǳȂ ǫǴǲǱǮǿǪǶǨǵǴȂ, ǺǵǱǤǾ ǲǱǴǵǳǱǫǵǿ ǣǮǿǵǨǳǰǣǵǫǥǰǱǨ ǳǣǴǲǳǨǧǨǮǨǰǫǨ 
ǲǳǫ ǳǨǻǨǰǫǫ ǪǣǧǣǺǫ ǱǹǨǰǭǫ ǲǣǳǣǯǨǵǳǱǥ ǤǫǰǣǳǰǱǦǱ ǭǮǣǴǴǫǷǫǭǣǵǱǳǣ, ǭǱǵǱǳǾǬ 
ǳǣǪǮǫǺǣǨǵ ǲǳǣǥǫǮǿǰǱǨ ǴǮǱǥǱ ǫ ǴǮǱǥǣ ǻǶǯǰǱǦǱ ǳǣǴǲǳǨǧǨǮǨǰǫȂ (ǥǾǤǳǣǰǰǾǨ ǴǮǱǥǣ 
ǯǱǧǨǮǫǳǶȁǵ ǻǶǯ). 

ǅ ȀǵǱǯ ǴǮǶǺǣǨ ǱǲǵǫǯǫǪǫǳǶǨǯǾǬ ǭǳǫǵǨǳǫǬ ɉ ȀǵǱ ǱǵǰǱǻǨǰǫǨ ǥǨǳǱȂǵǰǱǴǵǨǬ, ǲǳǫǺǨǯ 
ǴǵǣǵǫǴǵǫǺǨǴǭǣȂ ǴǶǯǯǣ ǷǫǦǶǳǫǳǶǨǵ ǭǣǭ ǥ ǺǫǴǮǫǵǨǮǨ, ǵǣǭ ǫ ǥ ǪǰǣǯǨǰǣǵǨǮǨ. ǑǹǨǰǭǫ 
ǥǨǳǱȂǵǰǱǴǵǫ ǷǣǭǵǫǺǨǴǭǫ ǤǶǧǶǵ ǤǮǫǪǭǫ ǭ ǰǱǳǯǫǳǱǥǣǰǰǾǯ (ǪǰǣǺǨǰǫǨ ǴǵǣǵǫǴǵǫǺǨǴǭǱǬ 
ǴǶǯǯǾ ǥ ǧǣǰǰǱǯ ǴǮǶǺǣǨ ǱǹǨǰǫǥǣǨǯǾǬ ǲǣǳǣǯǨǵǳ ǣǮǦǱǳǫǵǯǣ, ǰǱ ȀǭǴǲǨǳǫǯǨǰǵǣǮǿǰǱ 
ǲǱǭǣǪǣǰǱ, ǺǵǱ ǥǾǤǱǳ =1 ǰǨ ǥǮǫȂǨǵ ǰǣ ǳǨǪǶǮǿǵǣǵǾ). 

ǏǨǵǱǧ NCE ǲǱǪǥǱǮȂǨǵ ǲǱǮǶǺǫǵǿ ǰǨǴǭǱǮǿǭǱ ǯǨǰǿǻǶȁ ǭǱǳǲǶǴǰǶȁ ǲǨǳǲǮǨǭǴǫȁ, ǺǨǯ ǯǨ-
ǵǱǧ –s,“’f ǲǱ ǥǣǩǰǱǴǵǫ, IS. ǑǧǰǣǭǱ, ǭǣǭ ǫ IS, ǯǨǵǱǧ NCE ǪǣǯǨǵǰǱ ǴǱǭǳǣǼǣǨǵ 
ǥǾǺǫǴǮǫǵǨǮǿǰǾǨ ǪǣǵǳǣǵǾ ǵǱǮǿǭǱ ǲǳǫ ǱǤǶǺǨǰǫǫ ǯǱǧǨǮǨǬ. 

ǋǴǲǱǮǿǪǱǥǣǰǫǨ ǥǾǺǫǴǮǫǵǨǮǿǰǱ ȀǷǷǨǭǵǫǥǰǱǬ ǣǳǸǫǵǨǭǵǶǳǾ ǴǨǵǫ

Ǎǣǭ ǶǩǨ ǤǾǮǱ ǱǵǯǨǺǨǰǱ, ǭǱǰǴǵǳǶǭǹǫȂ ǳǨǭǶǳǳǨǰǵǰǾǸ ǴǨǵǨǬ ǶǧǣǺǰǱ ǲǱǧǸǱǧǫǵ ǧǮȂ ǯǱǧǨ-
ǮǫǳǱǥǣǰǫȂ ǥǳǨǯǨǰǰǾǸ ǳȂǧǱǥ, ǥ ǺǣǴǵǰǱǴǵǫ ȂǪǾǭǱǥǾǸ ǲǱǴǮǨǧǱǥǣǵǨǮǿǰǱǴǵǨǬ, ǱǧǰǣǭǱ 
ǲǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǯǰǱǦǱǴǮǱǬǰǾǸ ǴǨǵǨǬ Ǵ ǤǱǮǿǻǫǯ ǺǫǴǮǱǯ ǲǣǳǣǯǨǵǳǱǥ ǫ ǱǤǶǺǣ-
ȁǼǫǸ ǧǣǰǰǾǸ ǱǺǨǥǫǧǰǾǯ ǰǨǧǱǴǵǣǵǭǱǯ ǳǨǭǶǳǳǨǰǵǰǾǸ ǴǨǵǨǬ ǴǵǣǰǱǥǫǵǴȂ ǴǮǱǩǰǱǴǵǿ 
ǳǣǴǲǣǳǣǮǮǨǮǫǥǣǰǫȂ ǱǲǨǳǣǹǫǬ. ǄǱǮǨǨ ȀǷǷǨǭǵǫǥǰǾǯǫ Ǵ ȀǵǱǬ ǵǱǺǭǫ ǪǳǨǰǫȂ ȂǥǮȂȁǵ-
ǴȂ ǭǱǰǴǵǳǶǭǹǫǫ ǰǣ ǱǴǰǱǥǨ ǰǣǲǳǣǥǮǨǰǰǾǸ, ǥ ǺǣǴǵǰǱǴǵǫ, ǴǥёǳǵǱǺǰǾǸ ǴǨǵǨǬ, ǭǱǵǱǳǾǨ 
ǫǪǰǣǺǣǮǿǰǱ ǳǣǪǳǣǤǣǵǾǥǣǮǫǴǿ ǧǮȂ ǱǤǳǣǤǱǵǭǫ ǥǳǨǯǨǰǰǾǸ ǳȂǧǱǥ. 

ǅ ǳǨǩǫǯǨ ǲǣǳǣǮǮǨǮǿǰǾǸ ǥǾǺǫǴǮǨǰǫǬ ǴǥёǳǵǱǺǰǾǨ ǫ ǰǣǲǳǣǥǮǨǰǰǾǨ ǴǨǵǫ ǫǯǨȁǵ ǭǱǰǴǵǣǰǵ-
ǰǶȁ ǴǮǱǩǰǱǴǵǿ O(1). ǗǣǭǵǫǺǨǴǭǫ ǲǱǮǰǱǦǱ ǳǣǴǲǣǳǣǮǮǨǮǫǥǣǰǫȂ ǱǲǨǳǣǹǫǬ ǧǱǴǵǫǺǿ 
ǱǤǾǺǰǱ ǰǨ ǶǧǣǨǵǴȂ, ǱǴǱǤǨǰǰǱ ǥ ǴǨǵȂǸ ǤǱǮǿǻǱǬ ǴǮǱǩǰǱǴǵǫ, ǵǨǯ ǰǨ ǯǨǰǨǨ ǯǱǧǨǮǫ, ǱǴǰǱ-
ǥǣǰǰǾǨ ǰǣ ǱǵǰǱǴǫǵǨǮǿǰǱ ǲǳǱǴǵǾǸ (ǥǣǳǫǣǰǵ ǴǨǵǫ TDNN) ǴǥёǳǵǱǺǰǾǸ ǴǨǵȂǸ, ǰǣǲǳǫǯǨǳ 
Wav—2L—tt—r [10] ǲǱǭǣǪǣǮǫ ǲǳǨǫǯǶǼǨǴǵǥǱ ǥ ǴǭǱǳǱǴǵǫ ǥǾǺǫǴǮǨǰǫǬ ǥ ǳǨǩǫǯǨ ǳǣǴǲǱǪǰǣ-
ǥǣǰǫȂ ǥǾǻǨ ǰǣ 1Ɉ2 ǲǱǳȂǧǭǣ ǲǱ ǴǳǣǥǰǨǰǫȁ Ǵ ǣǰǣǮǱǦǣǯǫ ǰǣ ǳǨǭǶǳǳǨǰǵǰǾǸ ǴǨǵȂǸ.

ǅǾǺǫǴǮǫǵǨǮǿǰǱ ȀǷǷǨǭǵǫǥǰǣȂ ǯǱǧǨǮǿ ǵǳǣǰǴǷǱǳǯǨǳǣ.

ǎǶǺǻǫǨ ǲǱ ǸǣǳǣǭǵǨǳǫǴǵǫǭǣǯ ǴǱǥǳǨǯǨǰǰǾǨ ǰǨǬǳǱǴǨǵǨǥǾǨ ȂǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ȂǥǮȂȁǵ-
ǴȂ ǥǣǳǫǣǰǵǣǯǫ ǵǳǣǰǴǷǱǳǯǨǳǣ. ǔǣǯ ǵǳǣǰǴǷǱǳǯǨǳ ǵǣǭǩǨ ǯǱǩǰǱ ǳǣǴǴǯǣǵǳǫǥǣǵǿ ǭǣǭ 
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Чучупал В. Я.,   
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ǴǶǼǨǴǵǥǨǰǰǱ ǲǨǳǨǳǣǤǱǵǣǰǰǶȁ, ǦǮǶǤǱǭǶȁ ǯǱǧǫǷǫǭǣǹǫȁ ǯǱǧǨǮǫ LAS 
[11], ǥ ǭǱǵǱǳǱǬ ǳǨǭǶǳǳǨǰǵǰǾǨ ǴǮǱǫ ǫ ǴǮǱǬ ǥǰǫǯǣǰǫȂ ǪǣǯǨǰǨǰǾ ǰǣ Ǵǥёǳ-
ǵǱǺǰǾǨ ǴǮǱǫ ǴǣǯǱǥǰǫǯǣǰǫȂ ǫ ǥǰǫǯǣǰǫȂ.

ǋǴǲǱǮǿǪǱǥǣǰǫǨ ǯǱǧǨǮǫ ǥǰǫǯǣǰǫȂ ǲǱǪǥǱǮǫǮǱ ǲǱǮǶǺǫǵǿ ǥǾǧǣȁǼǫǨǴȂ ǳǨǪǶǮǿ-
ǵǣǵǾ. ǐǱ Ǳǰǫ ǴǥȂǪǣǰǾ Ǵ ǳǱǴǵǱǯ ǥǾǺǫǴǮǫǵǨǮǿǰǾǸ Ǫǣǵǳǣǵ. ǃǮǦǱǳǫǵǯǾ 
ǥǰǫǯǣǰǫȂ ǫǴǲǱǮǿǪǶȁǵ ǥǨǴǿ ǳǣǴǲǱǪǰǣǥǣǨǯǾǬ ǴǫǦǰǣǮ, Ǳǵ ǰǣǺǣǮǣ, ǧǱ ǭǱǰ-
ǹǣ. ǅ ȀǵǱǯ ǴǮǶǺǣǨ ǥǾǺǫǴǮǫǵǨǮǿǰǣȂ ǴǮǱǩǰǱǴǵǿ ǳǣǴǵёǵ ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǱ 
ǭǥǣǧǳǣǵǶ ǧǮǫǰǾ ǥǸǱǧǰǱǦǱ ǴǫǦǰǣǮǣ O(l2), ǵǱ ǨǴǵǿ ǲǳǨǥǾǻǣȁǵ ǥǾǺǫǴǮǫ-
ǵǨǮǿǰǶȁ ǴǮǱǩǰǱǴǵǿ ǳǨǭǶǳǳǨǰǵǰǱǬ ǴǨǵǫ O(l).

ǈǴǮǫ ǶǺǨǴǵǿ, ǺǵǱ ǲǳǱǧǥǫǰǶǵǾǨ ǯǱǧǨǮǫ ǫǯǨȁǵ ǱǺǨǰǿ ǤǱǮǿǻǱǨ ǺǫǴǮǱ ǴǮǱёǥ 
(ǧǱ ǴǱǵǨǰ), ǵǱ ǧǣǩǨ ǲǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǯǱǼǰǾǸ ǯǰǱǦǱǲǳǱǹǨǴǴǱǳǰǾǸ 
ǫ ǯǰǱǦǱȂǧǨǳǰǾǸ ǭǱǰǷǫǦǶǳǣǹǫǬ ǱǤǶǺǨǰǫǨ ǯǱǧǨǮǨǬ ǯǱǩǨǵ ǪǣǰȂǵǿ ǰǨ-
ǧǨǮǫ, ǵǣǭ ǭǣǭ ǥǾǺǫǴǮǫǵǨǮǿǰǾǨ ǪǣǵǳǣǵǾ ǧǱǴǵǫǦǣȁǵ ǵǾǴȂǺ ǲǨǵǣǷǮǱǲǴ/
ǴǨǭǶǰǧǣ-ǧǰǨǬ [1]. ǅ ǳǨǩǫǯǨ ǳǣǴǲǱǪǰǣǥǣǰǫȂ ǶǴǮǱǥǫǨ ǲǳǨǧǱǴǵǣǥǮǨǰǫȂ 
ǴǮǱȂǯ ǥǰǫǯǣǰǫȂ ǥǴǨǦǱ ǴǫǦǰǣǮǣ ǱǪǰǣǺǣǨǵ ǪǣǧǨǳǩǭǶ ǰǣǺǣǮǣ ǥǾǧǣǺǫ ǳǨ-
ǪǶǮǿǵǣǵǱǥ ǳǣǴǲǱǪǰǣǥǣǰǫȂ, ǭǣǭ ǯǫǰǫǯǶǯ, ǧǱ ǱǭǱǰǺǣǰǫȂ ǳǨǺǫ. ǅǯǨǴǵǨ 
Ǵ ǥǾǴǱǭǫǯǫ ǥǾǺǫǴǮǫǵǨǮǿǰǾǯǫ Ǫǣǵǳǣǵǣǯǫ ȀǵǱ ǱǪǰǣǺǣǨǵ, ǺǵǱ ǵǳǣǰǴǷǱǳ-
ǯǨǳ ǰǨ ǯǱǩǨǵ ǳǣǤǱǵǣǵǿ ǥ ǳǨǩǫǯǨ ǳǨǣǮǿǰǱǦǱ ǥǳǨǯǨǰǫ. 

ǒǱ ȀǵǱǬ ǲǳǫǺǫǰǨ ǫǴǴǮǨǧǱǥǣǰǫǨ ǥǾǺǫǴǮǫǵǨǮǿǰǱ ȀǭǱǰǱǯǫǺǰǾǸ ǯǱǧǫǷǫǭǣǹǫǬ 
ǵǳǣǰǴǷǱǳǯǨǳǣ ȂǥǮȂǨǵǴȂ Ǳǧǰǫǯ ǫǪ ǰǣǫǤǱǮǨǨ ǥǱǴǵǳǨǤǱǥǣǰǰǾǸ ǰǣǲǳǣǥ-
ǮǨǰǫǬ. 

ǒǱ Ȁǵǫǯ ǲǳǫǺǫǰǣǯ ǴǫǴǵǨǯǾ ǳǣǴǲǱǪǰǣǥǣǰǫȂ ǳǨǺǫ ǰǣ ǱǴǰǱǥǨ ǵǳǣǰǴǷǱǳǯǨǳǣ 
ǱǤǾǺǰǱ ǫǴǲǱǮǿǪǶȁǵ ȂǪǾǭǱǥǾǨ ǯǱǧǨǮǫ ǰǣ ǱǴǰǱǥǨ ǯǱǳǷǱǥ, ǵǣǭǫǯ ǱǤǳǣ-
ǪǱǯ ǫǪǤǨǦǣȂ ǧǱǲǱǮǰǫǵǨǮǿǰǾǸ ǥǾǺǫǴǮǨǰǫǬ, ǴǥȂǪǣǰǰǾǸ Ǵ ǤǱǮǿǻǫǯǫ ǴǮǱ-
ǥǣǳȂǯǫ ǫ ǰǨǱǤǸǱǧǫǯǱǴǵǫ ǫǴǲǱǮǿǪǱǥǣǰǫȂ ǫǨǳǣǳǸǫǺǨǴǭǱǦǱ ǴǱǷǵ-ǯǣǭǴǣ 
ǫǮǫ ǯǨǵǱǧǱǥ, ǫǴǲǱǮǿǪǶȁǼǫǸ ǴȀǯǲǮǫǳǱǥǣǰǫǨ ǴǮǱǥ ǴǮǱǥǣǳȂ. 

ǇǳǶǦǫǯ ǲǨǳǴǲǨǭǵǫǥǰǾǯ ǰǣǲǳǣǥǮǨǰǫǨǯ ǶǯǨǰǿǻǨǰǫȂ ǱǤǽǨǯǣ ǥǾǺǫǴǮǨǰǫǬ 
ǫ ǳǣǪǯǨǳǱǥ ǫǴǲǱǮǿǪǶǨǯǱǬ ǲǣǯȂǵǫ ȂǥǮȂǨǵǴȂ ǫǴǲǱǮǿǪǱǥǣǰǫǨ ǳǣǪǳȂǩǨǰ-
ǰǱǴǵǫ ǪǰǣǺǨǰǫǬ ǥǰǫǯǣǰǫȂ: ǲǱǴǮǨ ǥǾǺǫǴǮǨǰǫȂ ǪǰǣǺǨǰǫǬ ǴǱǷǵ-ǯǣǭǴ 
ǪǰǣǺǫǯǾǨ ǥǨǮǫǺǫǰǾ, ǭǣǭ ǲǳǣǥǫǮǱ, ǴǱǴǳǨǧǱǵǱǺǨǰǾ ǥ ǰǨǤǱǮǿǻǱǯ ǺǫǴǮǨ 
ǵǱǺǨǭ, ǱǴǵǣǮǿǰǾǯǫ ǯǱǩǰǱ ǲǳǨǰǨǤǳǨǺǿ ǤǨǪ ǴǶǼǨǴǵǥǨǰǰǾǸ ǲǱǵǨǳǿ ǥ ǵǱǺ-
ǰǱǴǵǫ.

ǐǣ ǱǴǰǱǥǨ ȀǭǴǲǨǳǫǯǨǰǵǱǥ Ǵ ǦǮǶǤǫǰǱǬ ǴǮǱǨǥ ǴǨǵǫ ǫ ǥǾǤǱǳǱǯ ǱǲǵǫǯǣǮǿǰǱǦǱ 
ǺǫǴǮǣ Ǩё ǤǮǱǭǱǥ ǥ [12] ǲǳǨǧǮǱǩǨǰ ǲǱǧǸǱǧ ǭ ǲǱǴǵǳǱǨǰǫȁ ǵǳǣǰǴǷǱǳǯǨ-
ǳǣ Ǵ ǴǶǼǨǴǵǥǨǰǰǱ ǯǨǰǿǻǫǯ ǺǫǴǮǱǯ ǲǣǳǣǯǨǵǳǱǥ, ǺǵǱ ǥ ǧǣǰǰǱǯ ǴǮǶǺǣǨ 
ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǱ ǴǰǫǩǣǨǵ ǫ ǱǤǽǨǯ ǥǾǺǫǴǮǨǰǫǬ. ǒǳǫ 2.8 ǳǣǪ ǯǨǰǿǻǨǯ 
ǺǫǴǮǨ ǲǣǳǣǯǨǵǳǱǥ, ǺǨǯ ǴǵǣǰǧǣǳǵǰǾǬ ǵǳǣǰǴǷǱǳǯǨǳ, ȀǵǱǵ ǥǣǳǫǣǰǵ ǯǱǧǨ-
Ǯǫ ǱǤǨǴǲǨǺǫǥǣǨǵ ǵǣǭǫǨ-ǩǨ ǪǰǣǺǨǰǫȂ ǲǱǭǣǪǣǵǨǮǨǬ ǭǣǺǨǴǵǥǣ. ǒǳǫ ǰǨǭǱ-
ǵǱǳǱǯ ǶǥǨǮǫǺǨǰǫǫ ǺǫǴǮǣ ǲǣǳǣǯǨǵǳǱǥ (ǥǴǨ ǨǼё ǥ 1.8 ǳǣǪǣ ǯǨǰǿǻǨ, ǺǨǯ 
Ƕ ǴǵǣǰǧǣǳǵǰǱǬ ǯǱǧǨǮǫ) ǲǱǭǣǪǣǵǨǮǫ ǭǣǺǨǴǵǥǣ ǲǳǨǥǾǻǣȁǵ ǪǰǣǺǨǰǫȂ ǧǮȂ 
ǴǵǣǰǧǣǳǵǰǱǬ ǯǱǧǨǮǫ. 

ǒǱǧǸǱǧ ǱǴǰǱǥǣǰ ǰǣ ǫǪǯǨǰǨǰǫǫ ǣǳǸǫǵǨǭǵǶǳǾ ǤǮǱǭǱǥ ǵǳǣǰǴǷǱǳǯǨǳǣ: ǫǴǲǱǮǿ-
ǪǱǥǣǰǫǫ ǥ ǰǣǺǣǮǨ ǤǮǱǭǱǥ ǴǮǱёǥ ǲǨǳǨǯǨǰǰǱǬ ǳǣǪǯǨǳǰǱǴǵǫ ǫ ǦǮǶǤǫǰǾ: 
ǰǣ ǥǸǱǧǨ ǴǨǵǫ ǳǣǴǲǱǮǣǦǣȁǵǴȂ ǤǮǱǭǫ Ǵ ǤǱǮǨǨ ǶǪǭǫǯǫ ǫ ǯǨǮǭǫǯǫ ǴǮǱȂǯǫ, 
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ǴǱǱǵǥǨǵǴǵǥǨǰǰǱ ǤǮǱǭǫ Ƕ ǥǾǸǱǧǣ ǴǱǧǨǳǩǣǵ ǤǱǮǨǨ ǻǫǳǱǭǫǨ ǫ ǦǮǶǤǱǭǫǨ ǴǮǱǫ. Ǡǵǣ ǯǱ-
ǧǨǮǿ ǵǳǣǰǴǷǱǳǯǨǳǣ ǥ ǹǨǮǱǯ ǥ 2Ɉ4 ǳǣǪǣ ǦǮǶǤǩǨ, ǺǨǯ ǴǵǣǰǧǣǳǵǰǣȂ. 

ǋǴǲǱǮǿǪǱǥǣǰ ǵǱǮǿǭǱ Ǳǧǫǰ ǷǱǭǶǴ (’—a–) ǥǰǫǯǣǰǫȂ. ǅǯǨǴǵǱ ǯǰǱǦǱ-ǷǱǭǶǴǰǱǦǱ ǥǰǫǯǣǰǫȂ 
ǰǣ ǥǸǱǧǨ ǤǮǱǭǱǥ ǴǨǵǫ ǫǴǲǱǮǿǪǱǥǣǰǾ ǴǮǱǫ ǲǨǳǨǯǨǰǰǱǬ (ǥ ǪǣǥǫǴǫǯǱǴǵǫ Ǳǵ ǯǨǴǵǣ ǤǮǱ-
ǭǣ) ǦǮǶǤǫǰǾ, ǭǱǵǱǳǾǨ ǳǨǣǮǫǪǶȁǵ ǦǳǶǲǲǱǥǾǨ ǲǳǨǱǤǳǣǪǱǥǣǰǫȂ, ǲǳǱǨǹǫǳǶȂ ǥǸǱǧǰǾǨ 
ǲǳǫǪǰǣǭǫ ǫǮǫ ǣǭǵǫǥǣǹǫǫ ǥ ǲǳǱǴǵǳǣǰǴǵǥǣ ǤǱǮǿǻǨǬ ǳǣǪǯǨǳǰǱǴǵǫ ǫ ǪǣǵǨǯ ǥǱǪǥǳǣǼǣȂ 
ǫǮǫ ǳǨǧǶǹǫǳǶȂ ǫǸ ǥ ǲǳǱǴǵǳǣǰǴǵǥǣ ǫǴǸǱǧǰǱǬ ǳǣǪǯǨǳǰǱǴǵǫ. ǋǴǲǱǮǿǪǱǥǣǰǫǨ ǧǱǲǱǮǰǫ-
ǵǨǮǿǰǾǸ ǴǮǱёǥ ǧǮȂ ǦǳǶǲǲǱǥǾǸ ǲǳǨǱǤǳǣǪǱǥǣǰǫǬ ǥ ǴǱǴǵǣǥǨ ǤǮǱǭǱǥ ǲǳǫǥǱǧǫǵ ǭ ǶǥǨ-
ǮǫǺǨǰǫȁ ǱǤǼǨǬ ǦǮǶǤǫǰǾ ǰǨǬǳǱǴǨǵǫ, ǥ ȀǭǴǲǨǳǫǯǨǰǵǣǸ ǺǫǴǮǱ ǴǮǱǨǥ ǴǨǵǫ ǧǱǴǵǫǦǣǮǱ 
222. 

ǇǳǶǦǣȂ ǯǱǧǨǮǿ ǵǳǣǰǴǷǱǳǯǨǳǣ, «ǤǾǴǵǳǱǷǱǳǯǨǳ», ǲǱǮǶǺǨǰǰǣȂ ǥ ǳǨǪǶǮǿǵǣǵǨ ǧǨǵǣǮǿǰǱǬ 
ǯǰǱǦǱǣǴǲǨǭǵǰǱǬ ǱǲǵǫǯǫǪǣǹǫǫ Ǵ ǹǨǮǿȁ ǲǱǥǾǻǨǰǫȂ ǴǭǱǳǱǴǵǫ ǳǣǤǱǵǾ ǴǨǵǫ ǥǱ ǥǳǨǯȂ 
ǳǣǴǲǱǪǰǣǥǣǰǫȂ ǲǳǨǧǮǱǩǨǰǣ ǥ [13]. ǑǲǵǫǯǫǪǣǹǫȂ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǰǣǦǳǶǪǭǫ ǱǴǶ-
ǼǨǴǵǥǮȂǮǣǴǿ ǰǨǴǭǱǮǿǭǫǯǫ ǲǶǵȂǯǫ: ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǯǨǵǱǧǣ ǧǫǴǵǫǮǮȂǹǫǫ ǪǰǣǰǫǬ 
ǧǮȂ ǶǯǨǰǿǻǨǰǫȂ ǳǣǪǯǨǳǱǥ ǴǨǵǫ, ǴǵǳǶǭǵǶǳǫǳǱǥǣǰǰǱǬ ǱǤǳǨǪǭǱǬ ǲǣǳǣǯǨǵǳǱǥ ǴǨǵǫ, 
ǭǥǣǰǵǱǥǣǰǫǨǯ ǲǣǳǣǯǨǵǳǱǥ ǯǱǧǨǮǫ ǫ ǱǲǵǫǯǫǪǣǹǫǨǬ ǥǾǺǫǴǮǨǰǫǬ ǥ ǳǨǣǮǿǰǱǯ ǥǳǨ-
ǯǨǰǫ Ǫǣ ǴǺǨǵ ǳǣǪǳǣǤǱǵǭǫ ǫ ǫǴǲǱǮǿǪǱǥǣǰǫȂ ǯǰǱǦǱǲǱǵǱǺǰǱǦǱ ǫ ǯǰǱǦǱǪǣǧǣǺǰǱǦǱ ǲǳǱ-
ǦǳǣǯǯǰǱǦǱ ǱǤǨǴǲǨǺǨǰǫȂ.

ǇǫǴǵǫǮǮȂǹǫȂ ǪǰǣǰǫǬ ǪǣǭǮȁǺǣǨǵǴȂ ǥ ǵǱǯ, ǺǵǱ ǱǺǨǰǿ ǤǱǮǿǻǣȂ ǯǱǧǨǮǿ, ǺǣǴǵǱ ȀǵǱ ǶǰǫǥǨǳ-
ǴǣǮǿǰǣȂ ǯǱǧǨǮǿ ǵǫǲǣ BERT (bi–ir—ctional —nco–—r r—pr—s—ntations from transform—rs) 
[14], ǫǴǲǱǮǿǪǶǨǵǴȂ ǭǣǭ ǶǺǫǵǨǮǿ ǧǮȂ ǱǤǶǺǨǰǫȂ ǯǨǰǿǻǨǬ ǲǱ ǳǣǪǯǨǳǣǯ ǯǱǧǨǮǫ (ǶǺǨ-
ǰǫǭ). ǅ ǧǣǰǰǱǯ ǴǮǶǺǣǨ ǱǭǣǪǣǮǱǴǿ, ǺǵǱ ǯǱǧǨǮǿ ɉ ǶǺǨǰǫǭ ǯǱǦǮǣ ǤǨǪ ǲǱǵǨǳǫ ǭǣǺǨǴǵǥǣ 
ǴǱǧǨǳǩǣǵǿ ǥ 3 ǳǣǪǣ ǯǨǰǿǻǨ ǴǮǱёǥ Ǵ ǳǣǪǯǨǳǱǯ ǥ 2.5 ǳǣǪǣ ǯǨǰǿǻǨ, ǺǨǯ ǯǱǧǨǮǿ-ǶǺǫ-
ǵǨǮȂ, ǺǵǱ ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǱ ǴǰǫǩǣǮǱ ǵǳǨǤǶǨǯǾǨ ǥǾǺǫǴǮǫǵǨǮǿǰǾǨ ǳǨǴǶǳǴǾ. 

ǒǳǱǹǨǧǶǳǾ ǱǤǳǨǪǭǫ ǫǮǫ ǶǧǣǮǨǰǫȂ ȀǮǨǯǨǰǵǱǥ ǰǨǬǳǱǴǨǵǫ ǱǴǰǱǥǣǰǾ ǰǣ ǫǪǯǨǳǨǰǫǫ ǥǨǮǫ-
ǺǫǰǾ ǥǣǩǰǱǴǵǫ Ǩё ǲǣǳǣǯǨǵǳǱǥ ǫ ȀǮǨǯǨǰǵǱǥ, ǰǣǲǳǫǯǨǳ, ǲǱ ǰǣǤǮȁǧǣǨǯǾǯ ǪǰǣǺǨǰǫ-
Ȃǯ ǦǳǣǧǫǨǰǵǱǥ ǷǶǰǭǹǫǫ ǲǱǵǨǳǿ ǰǣ ǭǱǰǵǳǱǮǿǰǾǸ ǧǣǰǰǾǸ, Ǵ ǲǱǴǮǨǧǶȁǼǫǯ ǶǧǣǮǨǰǫǨǯ 
ǰǣǫǯǨǰǨǨ ǥǣǩǰǾǸ. ǑǤǾǺǰǣȂ ǲǳǱǹǨǧǶǳǣ ǱǤǳǨǪǭǫ ǪǣǯǨǵǰǱ ǶǯǨǰǿǻǣǨǵ ǭǱǮǫǺǨǴǵǥǱ ǲǣ-
ǳǣǯǨǵǳǱǥ, ǰǱ ǰǨ ǦǣǳǣǰǵǫǳǶǨǵ ǶǥǨǮǫǺǨǰǫȂ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ȀǷǷǨǭǵǫǥǰǱǴǵǫ ǲǳǫ ǫǴ-
ǲǱǮǿǪǱǥǣǰǫǫ ǯǣǵǳǫǺǰǾǸ ǱǲǨǳǣǹǫǬ ǫ GPU, ǲǱǴǭǱǮǿǭǶ ǶǧǣǮȂȁǵǴȂ ǧǱǴǵǣǵǱǺǰǱ ǯǨǮǭǫǨ 
ǨǧǫǰǫǹǾ, ǣ ǭǱǮǫǺǨǴǵǥǱ ǫ ǳǣǪǯǨǳǰǱǴǵǿ ǭǳǶǲǰǾǸ Ǩǧǫǰǫǹ, ǵǣǭǫǸ ǭǣǭ ǷǱǭǶǴǾ ǫ ǴǮǱǫ 
ǴǨǵǫ, ǯǱǩǨǵ ǰǨ ǯǨǰȂǵǿǴȂ. ǅ ǴǮǶǺǣǨ ǴǵǳǶǭǵǶǳǰǱǬ ǱǤǳǨǪǭǫ Ǩё ǱǤǽǨǭǵǣǯǫ ǤǾǮǫ ǷǱǭǶǴǾ 
ǥǰǫǯǣǰǫȂ ǫ ǴǮǱǫ ǲǱǵǱǺǨǺǰǾǸ ǰǣǲǳǣǥǮǨǰǰǾǸ ǴǨǵǨǬ, ǶǧǣǮǨǰǫǨ ǭǱǵǱǳǾǸ ǲǳǫǥǱǧǫǮǱ 
ǭ ǫǪǯǨǰǨǰǫȁ ǳǣǪǯǨǳǰǱǴǵǨǬ ǯǣǵǳǫǹ ǫ ǧǣǥǣǮǱ ǥǾǺǫǴǮǫǵǨǮǿǰǾǬ ǥǾǫǦǳǾǻ ǲǳǫ ǫǴ-
ǲǱǮǿǪǱǥǣǰǫǫ ǯǰǱǦǱȂǧǨǳǰǾǸ ǲǳǱǹǨǴǴǱǳǱǥ. ǐǣǲǳǫǯǨǳ, ǶǴǭǱǳǨǰǫǨ ǥ ǲǳǫǯǨǳǰǱ 3 ǳǣǪǣ 
ǲǳǫ ǰǨǪǰǣǺǫǵǨǮǿǰǱǬ ǲǱǵǨǳǨ ǵǱǺǰǱǴǵǫ ǧǱǴǵǫǦǣǮǱǴǿ ǲǳǫ ǱǤǳǨǪǭǨ ǲǱǮǱǥǫǰǾ ǷǱǭǶǴǱǥ 
ǥǰǫǯǣǰǫȂ ǫ ǵǳёǸ ǺǨǵǥǨǳǵǨǬ ǲǳǱǯǨǩǶǵǱǺǰǾǸ, ǴǭǳǾǵǾǸ ǰǣǲǳǣǥǮǨǰǰǾǸ ǲǱǵǱǺǨǺǰǾǸ 
ǴǮǱёǥ.

ǍǥǣǰǵǱǥǣǰǫǨ ǲǣǳǣǯǨǵǳǱǥ ǯǱǧǨǮǨǬ ǲǱǪǥǱǮȂǮǱ ǲǱǰǫǪǫǵǿ ǳǣǪǳȂǧǰǱǴǵǿ ǪǰǣǺǨǰǫǬ ǥǨǴǱǥ 
ǫ ǣǭǵǫǥǣǹǫǬ ǧǱ 16-Ǥǫǵ ǧǮȂ ǳǨǣǮǫǪǣǹǫǫ ǥ ǦǳǣǷǫǺǨǴǭǱǯ ǶǴǭǱǳǫǵǨǮǨ ǫǮǫ 8-Ǥǫǵ ǧǮȂ 
ǹǨǰǵǳǣǮǿǰǱǦǱ ǲǳǱǹǨǴǴǱǳǣ. ǕǣǭǱǨ ǲǱǰǫǩǨǰǫǨ ǵǱǺǰǱǴǵǫ ǭǣǭ ǶǩǨ ǫǪǥǨǴǵǰǱ [13] ǰǨ ǥǮǫ-
ȂǨǵ ǲǳǣǭǵǫǺǨǴǭǫ ǰǣ ǳǨǪǶǮǿǵǣǵ ǳǣǤǱǵǾ ǵǳǣǰǴǷǱǳǯǨǳǣ. ǅ ǵǱ ǩǨ ǥǳǨǯȂ ǫǴǲǱǮǿǪǱǥǣ-
ǰǫǨ ǰǱǥǾǸ ǫǰǴǵǳǶǭǹǫǬ ǵǫǲǣ 8-ǯǫ ǤǫǵǰǾǸ AVX (A–vanc—– V—ctor —Xt—nsion)-512-VNNI 
(V—ctor N—ural N—twor” Instructions) ǧǮȂ ǲǳǱǹǨǴǴǱǳǱǥ Int—l Casca–— La”— CPU ǯǱ-
ǩǨǵ ǴǶǼǨǴǵǥǨǰǰǱ ǶǴǭǱǳǫǵǿ ǳǣǤǱǵǶ ǰǨǬǳǱǴǨǵǫ. ǕǱǺǰǱ ǵǣǭǩǨ ǦǳǣǷǫǺǨǴǭǫǨ ǶǴǭǱǳǫ-
ǵǨǮǫ NVIDIA Ǵ ȂǧǳǱǯ Volta ǲǱǧǧǨǳǩǫǥǣȁǵ ȀǷǷǨǭǵǫǥǰǾǨ 16-ǤǫǵǰǾǨ ǥǾǺǫǴǮǨǰǫȂ. 
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ǅ ǧǣǰǰǱǯ ǴǮǶǺǣǨ ǫǴǲǱǮǿǪǱǥǣǰǫǨ ǯǣǵǳǫǺǰǾǸ ǱǲǨǳǣǹǫǬ Ǵ ǭǥǣǰǵǱǥǣǰ-
ǰǾǯǫ ǪǰǣǺǨǰǫȂǯǫ ǲǱǪǥǱǮǫǮǱ ǶǴǭǱǳǫǵǿ ǥǾǺǫǴǮǨǰǫȂ ǥ ǵǳǣǰǴǷǱǳǯǨǳǨ 
ǥ 3.5 ǳǣǪǣ ǲǱ ǴǳǣǥǰǨǰǫȁ Ǵ ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǫǴǸǱǧǰǾǸ ǪǰǣǺǨǰǫǬ.

ǒǳǫǯǨǰǨǰǫǨ ǱǲǫǴǣǰǰǾǸ ǥǾǻǨ ǲǳǫёǯǱǥ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǱǲǵǫǯǫǪǣǹǫǫ 
ǵǳǣǰǴǷǱǳǯǨǳǣ ǲǳǫǥǨǮǱ ǭ ǵǱǯǶ, ǺǵǱ ǲǱǴǵǳǱǨǰǰǣȂ ǥ ǳǨǪǶǮǿǵǣǵǨ ǰǨǬǳǱǴǨǵǿ 
ǰǣ ǵǨǴǵǱǥǾǸ ǪǣǧǣǺǣǸ ǳǣǴǲǱǪǰǣǥǣǮǣ ǥ ǧǨǴȂǵǭǫ (ǥ ǱǧǰǱǬ ǪǣǧǣǺǨ ǤǱǮǨǨ 
ǺǨǯ ǥ ǧǥǨǴǵǫ) ǳǣǪ ǤǾǴǵǳǨǨ, ǺǵǱ ǴǵǣǰǧǣǳǵǰǣȂ ǯǱǧǨǮǿ. ǅ ǵǱ ǩǨ ǥǳǨǯȂ ǲǳǱ-
ǹǨǧǶǳǣ ǳǨǣǮǫǪǣǹǫȂ ǧǣǩǨ ǺǣǴǵǫ ǶǲǱǯȂǰǶǵǾǸ ǥǾǻǨ ǲǱǧǸǱǧǱǥ ǲǳǨǧǴǵǣǥ-
ǮȂǨǵǴȂ ǰǨǵǳǫǥǫǣǮǿǰǱǬ, ǵǳǶǧǱёǯǭǱǬ ǫ ǰǨ ǦǣǳǣǰǵǫǳǶȁǼǨǬ ȀǷǷǨǭǵǫǥǰǱ-
Ǵǵǫ ǲǱǮǶǺǨǰǰǱǦǱ ǳǨǻǨǰǫȂ ǥ ǭǣǩǧǱǯ ǭǱǰǭǳǨǵǰǱǯ ǴǮǶǺǣǨ. 

ǑǲǵǫǯǫǪǣǹǫȂ ǤǾǮǣ ǰǣǲǳǣǥǮǨǰǣ ǰǣ ǶǥǨǮǫǺǨǰǫǨ ǤǾǴǵǳǱǧǨǬǴǵǥǫȂ ǫ ǤǱǮǨǨ 
ȀǭǱǰǱǯǰǱǨ ǫǴǲǱǮǿǪǱǥǣǰǫǨ ǲǣǯȂǵǫ ǫǯǨǰǰǱ ǥ ǳǨǩǫǯǨ ǳǣǴǲǱǪǰǣǥǣǰǫȂ 
ǥ ǵǱ ǩǨ ǥǳǨǯȂ ǲǳǱǹǨǧǶǳǣ ǱǤǶǺǨǰǫȂ ǫǪ-Ǫǣ ǫǴǲǱǮǿǪǱǥǣǰǫȂ ǯǨǵǱǧǱǥ ǧǫ-
ǴǵǫǮǮȂǹǫǫ ǪǰǣǰǫǬ, ǴǵǳǶǭǵǶǳǰǱǬ ǱǤǳǨǪǭǫ ǫ ǭǥǣǰǵǱǥǣǰǫȂ ǥ ǳǨǪǶǮǿǵǣǵǨ 
ǴǵǣǮǣ ǴǶǼǨǴǵǥǨǰǰǱ ǴǮǱǩǰǨǨ.

ǅ ȀǵǱǯ ǲǮǣǰǨ ǧǱǲǱǮǰȂȁǼǣȂ, ȀǷǷǨǭǵǫǥǰǣȂ ǲǱ ǲǣǯȂǵǫ ǫ ǥ ǲǨǳǥǶȁ ǱǺǨǳǨǧǿ 
ǥ ǳǨǩǫǯǨ ǱǤǶǺǨǰǫȂ, ǯǱǧǫǷǫǭǣǹǫȂ ǯǱǧǨǮǫ ǵǳǣǰǴǷǱǳǯǨǳǣ ǯǱǩǨǵ ǤǾǵǿ 
ǲǱǮǶǺǨǰǣ Ǫǣ ǴǺǨǵ ǲǨǳǨǴǯǱǵǳǣ ǣǮǦǱǳǫǵǯǱǥ ǥǾǺǫǴǮǨǰǫǬ ǥ ǯǱǧǨǮǫ ǴǣǯǱǥ-
ǰǫǯǣǰǫȂ [15]. ǅ ǺǣǴǵǰǱǴǵǫ, ǲǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ǴǱǥǲǣǧǣȁǼǫǸ ǪǣǲǳǱǴǱǥ 
ǫ ǭǮȁǺǨǬ (ǺǣǴǵǱ ǲǳǫǯǨǰȂǨǵǴȂ ǫ ǱǺǨǥǫǧǰǱ ǫǯǨǨǵ ǷǫǪǫǺǨǴǭǫǬ ǴǯǾǴǮ) 
ǴǥǱǬǴǵǥǱ ǳǣǪǳȂǩǨǰǰǱǴǵǫ ǪǰǣǺǨǰǫǬ ǥǰǫǯǣǰǫȂ ǲǱǪǥǱǮȂǨǵ ǲǱǰǫǪǫǵǿ ǥǾǺǫ-
ǴǮǫǵǨǮǿǰǶȁ ǴǮǱǩǰǱǴǵǿ ǲǶǵǨǯ ǲǳǫǯǨǰǨǰǫǫ ǵ.ǰ. ǮǱǭǣǮǿǰǱ ǺǶǥǴǵǥǫǵǨǮǿǰǱǦǱ 
ǸȀǻǫǳǱǥǣǰǫȂ (LSH, locality s—nsitiv— ’as’in‘), ǭǱǦǧǣ Ǵ ǤǱǮǿǻǱǬ ǥǨǳǱȂǵ-
ǰǱǴǵǿȁ ǤǮǫǪǭǫǨ ǲǱ ǳǣǴǴǵǱȂǰǫȁ (L2) ǥǨǭǵǱǳǣ ǭǱǧǫǳǶȁǵǴȂ Ǳǧǰǫǯ ǸȀǻǨǯ, 
ǣ ǥǨǭǵǱǳǣ, ǶǧǣǮǨǰǰǾǨ ǧǳǶǦ Ǳǵ ǧǳǶǦǣ ɉ ǧǳǶǦǫǯ. ǅ ȀǵǱǯ ǴǮǶǺǣǨ ȀǮǨǯǨǰǵǾ 
ǴǮǱȂ ǥǰǫǯǣǰǫȂ ǳǣǴǲǣǧǣȁǵǴȂ ǰǣ ǭǮǣǴǴǾ ǸȀǻǨǬ ǫ ǥǾǺǫǴǮǨǰǫȂ ǴǱǷǵ-ǯǣǭǴǣ 
ǧǮȂ ǪǣǲǳǱǴǣ ǯǱǩǰǱ ǲǳǱǥǱǧǫǵǿ ǵǱǮǿǭǱ ǧǮȂ ǭǮȁǺǨǬ ǨǦǱ ǸȀǻǣ. 

ǒǳǫ ǱǤǶǺǨǰǫǫ ǯǰǱǦǱǴǮǱǬǰǾǸ ǴǨǵǨǬ Ǵ ǫǴǲǱǮǿǪǱǥǣǰǫǨǯ ǦǳǣǧǫǨǰǵǰǾǸ ǯǨǵǱǧǱǥ 
(ǱǤǳǣǵǰǱǦǱ ǳǣǴǲǳǱǴǵǳǣǰǨǰǫȂ ǱǻǫǤǭǫ) ǲǱǯǫǯǱ ǥǨǮǫǺǫǰ ǥǨǴǱǥ ǰǨǬǳǱǰǱǥ 
ǰǶǩǰǱ ǵǣǭǩǨ Ǹǳǣǰǫǵǿ ǥǨǮǫǺǫǰǾ ǫǸ ǣǭǵǫǥǣǹǫǬ, ǰǣ ǺǵǱ ǥ ǯǰǱǦǱǴǮǱǬǰǱǬ 
ǴǨǵǫ ǶǸǱǧǫǵ ǯǰǱǦǱ ǲǣǯȂǵǫ ɉ ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǱ ǺǫǴǮǶ ǴǮǱǨǥ ǫ ǳǣǪǯǨǳǶ 
ǭǣǩǧǱǦǱ. ǅ [15] ǴǵǳǶǭǵǶǳǣ ǤǮǱǭǣ ǵǳǣǰǴǷǱǳǯǨǳǣ ǫǪǯǨǰǨǰǣ ǵǣǭǫǯ ǱǤǳǣ-
ǪǱǯ, ǺǵǱ Ǳǰ ǳǨǣǮǫǪǶǨǵ ǵ.ǰ. ǱǤǳǣǵǫǯǶȁ ǱǴǵǣǵǱǺǰǶȁ ǴǨǵǿ [16] (r—v—rsibl— 
r—sisual n—twor”, R—vN—t), ǥ ǭǱǵǱǳǱǬ ǣǭǵǫǥǣǹǫǫ ȀǮǨǯǨǰǵǱǥ ǴǮǱȂ ǯǱǦǶǵ 
ǤǾǵǿ ǥǾǺǫǴǮǨǰǾ ǫǪ ǣǭǵǫǥǣǹǫǬ ȀǮǨǯǨǰǵǱǥ ǲǱǴǮǨǧǶȁǼǨǦǱ ǴǮǱȂ, ǵǱ ǨǴǵǿ 
Ǹǳǣǰǫǵǿ ǫǸ ǥ ǲǣǯȂǵǫ ǰǨ ǰǶǩǰǱ. ǍǳǱǯǨ ǵǱǦǱ, ǲǱǴǭǱǮǿǭǶ ǥ ǱǧǰǱǰǣǲǳǣǥǮǨǰ-
ǰǾǸ ǲǱǪǫǹǫǱǰǰǱ-ǰǨǪǣǥǫǴǫǯǾǸ ǴǮǱȂǸ ǰǣǧ ǭǣǩǧǾǯ ǥǸǱǧǰǾǯ ǥǨǭǵǱǳǱǯ 
ǥǾǲǱǮǰȂȁǵǴȂ ǫǧǨǰǵǫǺǰǾǨ ǫ ǰǨǪǣǥǫǴǫǯǾǨ ǱǲǨǳǣǹǫǫ, ǫǸ ǥǾǲǱǮǰǨǰǫǨ 
ǯǱǩǰǱ ǳǨǱǳǦǣǰǫǪǱǥǣǵǿ: ǥǯǨǴǵǱ ǱǧǰǱǬ ǯǣǵǳǫǺǰǱǬ ǱǲǨǳǣǹǫǫ ǤǱǮǿǻǱǬ 
ǳǣǪǯǨǳǰǱǴǵǫ ǥǾǲǱǮǰǫǵǿ ǰǨǴǭǱǮǿǭǱ ǣǰǣǮǱǦǫǺǰǾǸ ǯǨǰǿǻǨǬ ǳǣǪǯǨǳǰǱ-
Ǵǵǫ, ǺǵǱ ǵǳǨǤǶǨǵ ǲǳǱǲǱǳǹǫǱǰǣǮǿǰǱ ǯǨǰǿǻǨǬ ǲǣǯȂǵǫ ǥǱ ǥǳǨǯȂ ǥǾǺǫ-
ǴǮǨǰǫǬ, ǸǱǵȂ Ǵ ǵǱǺǭǫ ǪǳǨǰǫȂ ǥǳǨǯǨǰǫ ǥǾǺǫǴǮǨǰǫǬ, ǲǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ 
GPU, ǱǰǱ, ǴǭǱǳǨǨ ǥǴǨǦǱ, ǶǥǨǮǫǺǫǵǴȂ.

ǒǳǫǯǨǰǨǰǫǨ ǱǲǫǴǣǰǰǾǸ ǥǾǻǨ ǣǮǦǱǳǫǵǯǱǥ ǫ ǶǴǱǥǨǳǻǨǰǴǵǥǱǥǣǰǫǬ, ǲǱ ǱǹǨǰ-
ǭǣǯ ǴǣǯǫǸ ǣǥǵǱǳǱǥ [15] ǲǳǫǥǨǮǱ ǭ ǴǶǼǨǴǵǥǨǰǰǱǯǶ ǲǱǰǫǩǨǰǫȁ ǴǮǱǩǰǱǴǵǫ 
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ǥǾǺǫǴǮǨǰǫǬ ǫ ǱǤǽǨǯǶ ǵǳǨǤǶǨǯǱǬ ǲǣǯȂǵǫ, ǰǣǲǳǫǯǨǳ, ǧǮȂ ǥǰǫǯǣǰǫȂ ǱǹǨǰǭǣ ǴǱǴǵǣ-
ǥǫǮǣ ǲǱǳȂǧǭǣ ǥǯǨǴǵǱ ǫ ǧǣǩǨ. ǔ ǲǳǣǭǵǫǺǨǴǭǱǬ ǵǱǺǭǫ ǪǳǨǰǫȂ ȀǵǱ ǧǣǮǱ ǥǱǪǯǱǩǰǱǴǵǿ 
ǫǴǲǱǮǿǪǱǥǣǵǿ ǯǱǧǨǮǿ ǵǳǣǰǴǷǱǳǯǨǳǣ ǰǣ ǰǨ ǴǶǲǨǳ-ǯǱǼǰǾǸ ǭǱǰǷǫǦǶǳǣǹǫȂǸ (8 GPU 
ǫǮǫ 8 TPU) ǧǮȂ ǳǣǤǱǵǾ (ǱǤǶǺǨǰǫǨ ȂǪǾǭǱǥǾǸ ǯǱǧǨǮǨǬ ǫ ǯǣǻǫǰǰǾǬ ǲǨǳǨǥǱǧ) Ǵ ǲǱǴǮǨ-
ǧǱǥǣǵǨǮǿǰǱǴǵȂǯǫ ǧǱ 64Ǎ ǴǫǯǥǱǮǱǥ ǧǮǫǰǱǬ.

ǊǣǭǮȁǺǨǰǫǨ

ǔǣǯǾǨ ǥǾǴǱǭǫǨ ǲǱǭǣǪǣǵǨǮǫ ǭǣǺǨǴǵǥǣ ȂǪǾǭǱǥǾǸ ǯǱǧǨǮǨǬ ǧǱǴǵǫǦǣȁǵǴȂ ǴǨǬǺǣǴ ǲǳǫ ǫǴ-
ǲǱǮǿǪǱǥǣǰǫǫ ǰǨǬǳǱǴǨǵǨǥǾǸ ǯǱǧǨǮǨǬ. ǒǳǱǦǳǣǯǯǰǾǨ ǳǨǣǮǫǪǣǹǫǫ ǯǨǵǱǧǱǥ, ǲǱǮǶ-
ǺǨǰǰǾǨ ǲǳȂǯǾǯ ǭǱǧǫǳǱǥǣǰǫǨǯ ǣǮǦǱǳǫǵǯǱǥ, ǭǣǭ ǲǳǣǥǫǮǱ, ǫǯǨǨǵ ǴǮǫǻǭǱǯ ǤǱǮǿǻǶȁ 
ǥǾǺǫǴǮǫǵǨǮǿǰǶȁ ǴǮǱǩǰǱǴǵǿ ǧǮȂ ǵǱǦǱ, ǺǵǱǤǾ ǫǸ ǯǱǩǰǱ ǤǾǮǱ ǫǴǲǱǮǿǪǱǥǣǵǿ ǥ ǲǳǣǭǵǫ-
ǺǨǴǭǫǸ ǴǫǴǵǨǯǣǸ. Ǒǧǰǫǯ ǫǪ ǫǴǵǱǺǰǫǭǱǥ ǥǾǺǫǴǮǫǵǨǮǿǰǱǬ ǴǮǱǩǰǱǴǵǫ, ǥ ǺǣǴǵǰǱǴǵǫ, 
ȂǥǮȂǨǵǴȂ ǳǣǪǯǨǳ ǴǮǱǥǣǳȂ ǴǫǴǵǨǯ ǳǣǴǲǱǪǰǣǥǣǰǫȂ. ǒǳǫ ǫǴǲǱǮǿǪǱǥǣǰǫǫ ȂǪǾǭǱǥǾǸ 
ǯǱǧǨǮǨǬ ǧǮȂ ǴǮǱǥ ǭǣǭ Ǩǧǫǰǫǹ ȂǪǾǭǣ, ǳǣǪǯǨǳǾ ǴǮǱǥǣǳǨǬ ǧǱǴǵǫǦǣȁǵ ǯǫǮǮǫǱǰǱǥ ǴǮǱǥ. 
ǓǣǪǳǣǤǱǵǣǰ ǹǨǮǾǬ ǳǣǧ ǴǶǤǱǲǵǫǯǣǮǿǰǾǸ ǯǨǵǱǧǱǥ, ǭǱǵǱǳǾǨ ǴǶǼǨǴǵǥǨǰǰǱ Ǵǰǫǩǣȁǵ 
ǥǾǺǫǴǮǫǵǨǮǿǰǶȁ ǪǣǦǳǶǪǭǶ ǥǲǮǱǵǿ ǧǱ ǵǱǦǱ, ǺǵǱ ǲǱǪǥǱǮȂȁǵ ǱǤǶǺǣǵǿ ǯǱǧǨǮǫ Ǵ ǫǴǲǱǮǿ-
ǪǱǥǣǰǫǨǯ ǧǱǴǵǣǵǱǺǰǱ ǤǱǮǿǻǫǸ ǧǣǵǣǴǨǵǱǥ ǰǣ ǱǵǰǱǴǫǵǨǮǿǰǱ ǰǨǧǱǳǱǦǫǸ, ǯǣǴǴǱǥǱǦǱ 
ǭǮǣǴǴǣ, ǥǾǺǫǴǮǫǵǨǮǿǰǾǸ ǭǱǰǷǫǦǶǳǣǹǫȂǸ. ǒǱȂǥǫǥǻǫǨǴȂ ǰǨǧǣǥǰǱ ȂǪǾǭǱǥǾǨ ǯǱǧǨǮǫ 
ǰǣ ǱǴǰǱǥǨ ǵǳǣǰǴǷǱǳǯǨǳǣ ǲǳǣǭǵǫǺǨǴǭǫ ǴǳǣǪǶ ǩǨ ǲǱǪǥǱǮǫǮǫ ǲǱǮǶǺǫǵǿ ǲǨǳǨǧǱǥǾǨ 
ǳǨǪǶǮǿǵǣǵǾ ǰǣ ǤǱǮǿǻǫǰǴǵǥǨ ǲǱǲǶǮȂǳǰǾǸ ǫǰǧǫǭǣǵǫǥǰǾǸ ǵǨǴǵǱǥ ǰǣ ǭǣǺǨǴǵǥǱ ǱǤǳǣ-
ǤǱǵǭǫ, ǳǣǴǲǱǪǰǣǥǣǰǫȂ ǫ ǴǯǾǴǮǱǥǱǬ ǫǰǵǨǳǲǳǨǵǣǹǫǫ ȂǪǾǭǣ. ǑǧǰǣǭǱ ǥǾǺǫǴǮǫǵǨǮǿ-
ǰǣȂ ǴǮǱǩǰǱǴǵǿ ǵǣǭǫǸ ǯǱǧǨǮǨǬ ǰǣǴǵǱǮǿǭǱ ǥǨǮǫǭǣ, ǺǵǱ Ǳǰǫ ǷǣǭǵǫǺǨǴǭǫ ǫǴǲǱǮǿǪǶȁǵǴȂ 
ǥ ǰǨǤǱǮǿǻǱǯ ǭǱǮǫǺǨǴǵǥǨ ǭǱǮǮǨǭǵǫǥǱǥ, ǭǱǵǱǳǾǨ ǫǯǨȁǵ ǧǱǴǵǶǲ ǭ ǴǱǱǵǥǨǵǴǵǥǶȁǼǫǯ 
ǥǾǺǫǴǮǫǵǨǮǿǰǾǯ ǯǱǼǰǱǴǵȂǯ. ǒǱ ȀǵǱǬ ǲǳǫǺǫǰǨ Ǳǧǰǫǯ ǫǪ ǰǱǥǾǸ ǫ ǰǣǫǤǱǮǨǨ ǥǱ-
ǴǵǳǨǤǱǥǣǰǰǾǸ ǰǣǲǳǣǥǮǨǰǫǬ ǫǴǴǮǨǧǱǥǣǰǫǬ ȂǥǮȂǨǵǴȂ ǳǣǪǳǣǤǱǵǭǣ ǥǾǺǫǴǮǫǵǨǮǿǰǱ 
ȀǭǱǰǱǯǰǾǸ ǯǱǧǫǷǫǭǣǹǫǬ ǯǱǧǨǮǨǬ ǵǳǣǰǴǷǱǳǯǨǳǣ ǫ ǮǨǩǣǼǨǬ ǥ ǨǦǱ ǱǴǰǱǥǨ ǯǱǧǨǮǫ 
ǥǰǫǯǣǰǫȂ. ǓǣǤǱǵǾ ǥ ȀǵǱǯ ǰǣǲǳǣǥǮǨǰǫǫ ǵǱǮǿǭǱ ǰǣǺǣǮǫǴǿ, ǰǱ ǶǩǨ ǲǳǨǧǮǱǩǨǰǰǾǨ 
ǯǨǵǱǧǾ ǲǱǪǥǱǮȂȁǵ ǴǶǼǨǴǵǥǨǰǰǱ ǲǱǰǫǪǫǵǿ ǥǾǺǫǴǮǫǵǨǮǿǰǶȁ ǴǮǱǩǰǱǴǵǿ ǯǱǧǨǮǫ, 
ǲǳǣǥǧǣ ǹǨǰǱǬ ǴǶǼǨǴǵǥǨǰǰǱǦǱ ǶǴǮǱǩǰǨǰǫȂ ǫ ǴǲǨǹǫǣǮǫǪǣǹǫǫ ǣǮǦǱǳǫǵǯǱǥ ǲǱǧ ǱǲǳǨ-
ǧǨǮǨǰǰǾǨ ǭǮǣǴǴǾ ǪǣǧǣǺ. 
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Abstract

N—ural lan‘ua‘— mo–—ls ar— si‘niicantly sup—rior to statistical mo–—ls an– ’av— b—‘un 
to b— wi–—ly us—– in comm—rcial sp——c’ r—co‘nition syst—ms. At t’— sam— tim—, t’—y 
’av— notic—abl— –isa–vanta‘—s, on— of w’ic’ is t’—ir ‘r—at computational compl—xity. 
T’— articl— provi–—s a bri—f ov—rvi—w of t’— main mo–—rn approac’—s to r—–ucin‘ t’— 
computational compl—xity of n—ural n—twor” lan‘ua‘— mo–—ls. M—t’o–s to comp—nsat— 
for t’— ‘rowt’ of computations –u— to t’— siz— of –ictionari—s, incr—asin‘ t’— sp——– 
usin‘ t’— prop—rti—s of t’— prop—rti—s of ‘rap’ics acc—l—rators ar— consi–—r—–. T’— 
r—sults of computational compl—xity optimization for t’— att—ntion an– transform—r 
mo–—ls, bas—– on t’— us— of ”nowl—–‘— transf—r, –ynamic control of t’— siz— of mo–—ls, 
t’— us— of att—ntion prop—rti—s, as w—ll as a optimization of information r—pr—s—ntation 
–—pt’. It is s’own t’at t’— combination of suc’ approac’—s an– t—c’niqu—s ma”—s it 
possibl— to acc—l—rat— t’— l—arnin‘ an– int—rf—r—nc— proc—ss—s by or–—rs of ma‘nitu–—, 
as w—ll as symm—trically r—–uc— t’— r—quir—– m—mory volum—s.

Keywords: automatic sp——c’ r—co‘nition, n—ural lan‘ua‘— mo–—ls, compl—xity of n—ural 
mo–—ls, ’i—rarc’ial softmax, transform—r, att—ntion mo–—l.


