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1        
 
          1.1.      
 
  1.1.1    —  

,   ё    ,   

       — 

    .  

          

       ,  

   . ,    

        .  

         

  ,     

,         

.   ,        

      . ,  

      ,   

   ,      LSTM, 

           

  . ,  2013    

       17.7%.  

            

 ,     . , 

,  2015    Microsoft    

  8%   [2]   ,   

      .  

2016       5.8%    , LSTM 

 LACE ,    [3].   2017    

  5.1%,        
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,       .      

        ,  

  . 

       ,   

  ,      

 . 

 

 1.2    

 

         80-   

XX        ( ).   

       , 

        

   ,     

  .  

     —   ,   

       

.    ,      

 .        

 ,  ,    ,  

.        

  ( ). ,  , 

 ,      

.  

         

  ,      

 .     ,  

      ( ),    

  .  ,       
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 -  ,     

    ,      

     . 

 

     ,     

 ,     .   

          

   .      

          

  .  

 

      : 

 1.  —   , = { , , … , } —  

 , 𝑡 —     . 

 2.  —      

, = { , ,… , } -   . 

 3. = { } —    , 

  × . 

 

 = [ 𝑡+ = | 𝑡 = ], , , 

 

 ∑ = , , . 

 

 4. = { } —      

          . 

 

 = [ | 𝑡 = ], , , 

 

(1) 

(2) 

(3) 
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 ∑ = , . 

 

 5. 𝜋 = {𝜋 } —       

      . 

 

 𝜋 = [ = ], . 

 

 , , ,   𝜋    ,   

  = …      𝜆 =, , 𝜋 ,      . 

 

          1.2    
 

        

  (Recurrent neural network; RNN)    

    (Long short-term memory; LSTM)  

   (Gated Recurrent Units; GRU).  

        

 .      “ ”,  

“ ”           

     ,     

 ,     —     

 (         

). ,        

    .  

  . 1  ,        

, . ., ,     3 ,      3 

. 

 

(4) 

(5) 
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,      : 

1.          𝑡,  

  . 

2. 𝑡 —      .  , 𝑡    

 “ ” .      

       

 𝑡 = 𝑡 + 𝑡− , 

 

  —       ,   - 

 .    ℎ    . 

 3. 𝑡 —    .  

 𝑡 = 𝑡 , 

 

  — . 

 

 ,       

 .      

  ,      . 

,         ,  

 1 —    

(6) 

(7) 



 
 

9 
 

 . ,       

   . 

         

,       ,        

    ,         

  . 

 

 1.2    

  

 LSTM (   )    

 .        

,       , 

  . 

       

,        . 

      . 2,   

 : 

 

𝑡 = 𝜎 ( 𝑡 + ℎ𝑡− + ),𝑡 = 𝜎 𝑡 + ℎ𝑡− + ,𝑡 = 𝜎 𝑡 + ℎ𝑡− + ,𝑡 = 𝑡 ∘ 𝑡− + 𝑡 ∘ 𝜎 𝑡 + ℎ𝑡− + ,ℎ𝑡 = 𝑡 ∘ 𝜎 𝑡 ,
 

 

 ∘ —   , 𝑡 —  , ℎ𝑡 — 

 , 𝑡 —  , ,  —  ,  — 

 ,  𝑡 , 𝑡 , 𝑡 — , 𝜎 , 𝜎  —     

   . 

(8) 

(9) 

(10) 

(11) 

(12) 
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     ,   

, . .   ,       ,  

  . 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 2 —  LSTM 
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2         

   

 

 2.1    

 

 ,      , 

,          

    . ,   

        

,      .  

     ,     

      ,    

     .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

    

    

    

    

    

    

    

    

    

    

 

 

 

 

  

 —   

 3 —   
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.       

   , ,    

,      .  

  ∈ ℝ  — -  ,     

.       

       = ⊕ ⊕…⊕ , 

 

 ⊕ —  .  

 ,       : 

  = ⋅ : +ℎ− + , 

 

 : +ℎ−  —      + ℎ − , ∈ ℝℎ  —  

,      ℎ ,   , 

 — ,   —  .       

,    ,    

: 

 

 = [ , , … , −ℎ+ ]. 
 

      .  

    .       , 

               

.        . , 

     ,      

         .  

(13) 

(14) 

(15) 
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  ,        

.      ,  

  .      ,  , 

    (  )    

.    .  , 

  ,        

.  

 2.2   

  ,         , 

    ,  ,       

  . ,  2015 ,   Microsoft  

    [4],      

       ,  

  . 

  ,      𝐻  

     = 𝐻 − , , ,   

    + .   

   ( )     ( )    CIFAR-10  20 

 52  .          

,    . 

 4 —  20  56  . 
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 ,    ,      

       ,     

   ,      

 . 

   +       

  shortcut- . Shortcut-  —  ,   

    .      

      . ,  

          

   . 

 ,       , 

 -      , ,    

,            

 ,       ,  

   . ,      , 

      ,      ,   

      , . .  

   ,   .    . 5  

   ,       , a + .  

          

 ,  ,       

         , 

,            

    . 
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 2.3 Connectionist Temporal Classification 

 

            

 ,       ( .  6).    

  ,    : 

1.      . 

2.  ,   ,   

. 

          CTC 

(Connectionist Temporal Classification). 

     CTC  ,  

    ,     

    ,  ,  

    . 

  

 

 

  

  

+  

 

 

 
shortcut 

= ,  

 

 5 —     
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      CTC   

   (label error rate)    ℎ 

       

   : 

 ℎ, ′ = | ′| ∑𝑥,𝑧 ∈ ′ ℎ 𝑥 ,𝑧|𝑧| , 

 

  ,  —      

 , ′ —   ,    , .     

     .  

     ,    

   (beam search),     

,          

. 

 11 2 3 4 5 6 7 8 9 10 

A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

B 0.20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C 0.0 0.0 0.0 0.0 0.53 0.0 0.0 0.0 0.0 0.0 

D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.69 

… … … … … … … … … … … 

Z 0.46 0.0 0.0 0.0 0.0 0.0 0.0 0.78 0.0 0.0 

‘ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

space 0.0 0.0 0.0 0.0 0.0 0.92 0.0 0.0 0.0 0.0 

(16) 

 6 —        

 t 
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  ,  —  ,   ,   

        , 

  , ,  —    

,     ,    

, 𝑡 ,  —     (    

)   ,  —     

      .  

  1.     .   ,  

        ,  

   .     ,   

     ,   ,  

        .  

  2.           

        . 

  3.   —  , o ,    : 

 

  , = , + 𝑡 , − , + − , .   

 

  4.    ,    = +   

  3  : 

 1.       ,  

  ,        

   ,      . 

 = + 𝑡 , − , , 

     

 = + 𝑡 , − , . 

 

 2.   ,       . 

(17) 

(18) 

(19) 
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 = + 𝑡 , − , + − ,  

   

 3.   ,   . ,   

 : 

   

 = + , − , + − ,  

 

  4. ,         

 ,        .  

 

 = + 𝑡 , − , , 

 = + 𝑡 , − , . 

 

 5.       ,   

   , + , .  

     .    

   . 

     —  )    

 ,   -

      

.       

 .         

100,        .  

          

     ,   

   ,    

 . 

  

(20) 

(21) 

(22) 

) 

(23) 



 
 

19 
 

2.4   

 

       ,  

          

    .   ,  

   ,     

,      ,  

 .     

  (internal covariate shift).  ,  

       ,   

        ,   

 ,   . . 

       

    . ,    

   ,     ,   

           

  .  

        

,       

,        .  

,    ,    Dropout. 

   ,       =, , … ,     :  

 ̂ = 𝑥 𝑘 − [𝑥 𝑘 ]√ [𝑥 𝑘 ] , 

 

           

.     ,     

  .       

(24) 
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        ,    

  : 

 

 = ̂ + . 

 

        . 

 = √ [ ]  = [ ]    

,   . 

 ,       . 

     : 

 

 = + , 

 

    —   .     =
,     ,       

 ,     

 = , 

 

  — ,     .  

  ,      ,   

      .  

       .  

 

2.5  

 

    ,       

 — LSTM       

 ,      

(25) 

(26) 

(27) 
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   .      

    —  -  

  .  ,     ,   . 

      

 .       ,   

-  .   . 

 ,         

 ,    ,     

  ,      

,        . 

      , , 

    .   2.1  

     ,  

        , 

         ,     

   ,      

.  

 ,       ReLU   

     ,     

    ,    

 . 

          

 .        

  (gated activation),    [5]. 

   :       

      ℎ  𝜎,    

 .  ,        

 ℎ    .  
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   7      ,   8 

       ,   

 . 

 

 

 

 

 

 

 

 

 
(batch_size x time x mel_bins) 

   
(batch_size x time x features) 

 

  
(batch_size x time x 

alphabet_size) 

 7 —      
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 8 —       ,  1 

  (batch_size x time x features) 

  

 
 

 

 
 

 

ℎ 𝜎 

 

ℎ 

Shortcut-
 + 
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3   

 

 3.1   

  

    : 

  1. Intel Core i5-4430 

  2. GTX1060 3GB 

  3. 8 GB RAM 

 

   
(batch_size x time x features) 

Shortcut-
 + 

… 

Shortcut-
 + 

   
(batch_size x time x features) 

Shortcut-
 

Вых ы  ы   
ч ых  

 8 —       ,  2 
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     ,    

 . ,      3GB 

       (batch) 

, , ,      6  

      

  ,       , 

      . ,     

 5,      .  ,  

        (SGD)  

  (learning rate)  0.00001,   

,         

.  

      , , , 

   (residual)   6,    (kernel size) 

 7,           

   .  

 

 3.2  

 

 3.2.1 Python 

  

        Python,  

         

     .     

    ,     

  . 
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3.2.2 Pandas  

  

 Pandas —     Python    

 .         

       . 

 

 3.2.3 NumPy 

 

 NumPy —        

 Python. : 

•    (  ); 
•    ,  

    . 
  
  
       ,  

  ,   3.4.4,     

 npy,         

 ,   csv  mp3,       

. 

3.2.4 LibROSA 

  

 LibROSA —     Python, 

     .   

 ,       mp3,   

   .  

        

librosa.core.load. 

 

  

 

https://ru.wikipedia.org/wiki/%D0%9E%D1%82%D0%BA%D1%80%D1%8B%D1%82%D0%BE%D0%B5_%D0%BF%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC%D0%BC%D0%BD%D0%BE%D0%B5_%D0%BE%D0%B1%D0%B5%D1%81%D0%BF%D0%B5%D1%87%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%98%D1%81%D1%85%D0%BE%D0%B4%D0%BD%D1%8B%D0%B9_%D0%BA%D0%BE%D0%B4
https://ru.wikipedia.org/wiki/%D0%AF%D0%B7%D1%8B%D0%BA_%D0%BF%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC%D0%BC%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%AF%D0%B7%D1%8B%D0%BA_%D0%BF%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC%D0%BC%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/Python
https://ru.wikipedia.org/wiki/%D0%98%D0%BD%D0%B4%D0%B5%D0%BA%D1%81%D0%BD%D1%8B%D0%B9_%D0%BC%D0%B0%D1%81%D1%81%D0%B8%D0%B2
https://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D1%80%D0%B8%D1%86%D0%B0_(%D0%BC%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D0%BA%D0%B0)
https://ru.wikipedia.org/wiki/%D0%92%D1%8B%D1%81%D0%BE%D0%BA%D0%BE%D1%83%D1%80%D0%BE%D0%B2%D0%BD%D0%B5%D0%B2%D1%8B%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA_%D0%BF%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC%D0%BC%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D1%8F
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3.2.5 Tensorflow 

  

 TensorFlow —      

,   Google      

        

 ,    . 

   ,       

Google.  API       Python,  

   C++, Haskell, Java, Go  Swift. 

        

  ,      

   ,     

 ,   ,  

    ,    

. , Tensorflow     , 

     . 

  ,         TensorFlow 

  4 : 

 1.   

 2.         . 

 3.   ,  ,  

 4.        . 

  

     ,      

 ,    tf.layers.Layer.    

    ,       

 , ,     , 

 ,  𝜎  ℎ   .  , 
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    [3]. 

 

 3.3 щ   

  

        Common Voice 

 Mozilla,        

  mp3,   582   33541 .  

       ,  , 

  50%    ,   

, , . 

  :  

• filename                        cv-valid-train/sample-0000073.mp3 
• text                            the greatest authority on meteorites started that the height of its 

first appearance was about ninety or one hundred miles 
• up_votes                       5 
• down_votes                  0 
• age                                twenties 
• gender                           male 
• accent                            us 
• duration                         NaN 
  

        

    .  

      : ,   

. 

   — ,      

 ,  195776 . 

   — ,      

 ,  3995 . 

   — ,      

 ,  4076 . 
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   , . .    , , 

       . 

 

 3.4   

  

 3.4.1  

 

  ,     ,    

      ,     

     .  

 ,     ,     

  .      : 

1.       . 

2.         

. 

   ,       

  ,    , 

  ,     . 

   ,  ,  , , 

         . 

    (   . sampling)  

,          , 

        .  , 

,   .wav .  

          

.  ,    44.1 , 16   8 .  

     16 . 
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   ,      

     ,   

. 

   

 3.4.1  

   ,     0  ,   

        ,  

    /  . 

  

      Load   

LibROSA. 

 

 3.4.2  

 

           , 

         . , 

   ,   ,  

  ,      -

   (MFCC). 

  3.4.1  ( ) — , 

       

,    : 

 , 𝜔 = | , 𝜔 | , 

 

 STFT —   , t - , 𝜔 - . 

       ( ) 

   ,   20  40 ,  

(28) 
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   ,     

  : 

 

 𝜔 = .5 ( − 𝜋− ), 
 

  —  .      ,  

  ,   20-30%   .  

 

 , 𝜔 = ∑=−∞∞ [ ]𝜔[ − ] − 𝜔 . 

 

    ,     

 ,      

.  

 

 3.4.3 -    

 

  3.4.1   —     

 ,          

  : 

 

 = 595 + 7 . 

 

        -   

    : 

  

(29) 

(30) 

(31) 
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𝐻 =
{   
   , < −− −− − , − <, =+ −+ − , < +, > +

, 

 = 7 595⁄ − .       

    1      

  0,        

,    0. 

       (DCT), 

    . 

 

 − = [ + 𝜋 ] ≤ , < . 

 

  ,     MFCC: 

1.     ( )  20-40 .  

2.     .  

3.      . 

4.   . 

5.      . 

6.    . 

 

 MFCC           

   TensorFlow  LibROSA,    ,  

      ,     

,   3.4.4       

,   .  

 

 

(32) 

(33) 
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3.4.4    

 

       

 ,   .   ,   

        

       ,  

   . 

     : 

1.   

2.  (shift) 

3.  (stretch) 

  

  ,  “ ”     -

  .      

    ,  ,    

  ,     ,   

       . ,  

       ,  

        3.6   

,       . 

       random.uniform, 

pad, time_stretch   NumPy  LibROSA. 

 

3.5   

  

        3.1  

 25 ,    ,   Tensorflow 

   ,      

      ,       
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 ,        -   

.  

    ,      200000 

,  ,     ,   

         -  

     

     . 

     ,    

 : 

• Batch size = 5 —  , . .   5    

 .    5    , 

         

 . 

• Stack dilation rates = [1, 3, 9, 27] —   . 

• Stacks = 6 —   , 6 -  ,  

    ,    

      ,    

        . 

• Stack kernel size = 7 —  ,    7 —   

 ,     [6]. 

• Stack_filters = 384 —     ,   

  ,  ,    

        

  . 

• Number of fft  = 160*8 —     

. 

• Frame step = 640 — ,         

 . 
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• Number of mel bins = 160 —     ,  

 16000   100 . 

• Optimizer = ‘SGD’ — ,       

,  SGD    ,     , , 

        . 

• Learning rate = 0.00001 —   ,  

0.00001,       ,    10.  

• lip gradients = 20.0 —  ,    

   ,     

 ,   « »  . 

  ⁄         

 . 

 

 3.6.  

 

   ,         

        

  .  , ,   

,      ,     

       ,   

    .  25     

,    1.  . 9.  10   

         

 .  . 11  12     

     .  ,  

  92%    ,    

 ,  ,       

       .  

 2   ,      
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    1.1.      

 .     2     

    IBM 2015 ,      

 .   

   
(Loss) 

 
  

(Edit distanse) 

 
 

11.09 0.041 

 
 

18.5 0.076 

  24.65 0.080 

 

 1 —         

 

 2 —  WER  

   
  

(WER) 

    8.0 

The Microsoft 2017 Conversational 

Speech Recognition System [1] 

5.1 

The IBM 2015 English 

Conversational Telephone Speech 

Recognition System [2] 

8.0 

Achieving Human Parity in 

Conversational Speech Recognition 

[3] 

5.8 
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 9 —      
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 10 —      
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 12 —       

 

 



  

40
 

  

 11 —       
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,   ,    : 

1.  : i thought that everything i owned would be destroyed 

    : i thought that everything i owned would be destroyed 

2.  : it had told him to dig where his tears fel 

     : it had told him to dig where his tears fell 

3.  : this ventios gona crost flalty 

    : this convention's gonna cost plenty 

4.  : coming home a party of tourists pased us singing and playing music 

    : coming home a party of tourists passed us singing and playing music 

5.  : don't say that again 

    : don't say that again 

 ,         

 : 

1.  : i thought that everything i owned would be destroyed 

    : i thought that everything i owned would be destroyed 

2.  : e works fine, it wark pine 

    : it works fine 

3.  : i wan’t t say anything, i want say anything 

    : i won’t say anything 

4.  : listen to your heart, listen _ your hart  

    : listen to your heart 

5.  :  i told yous har yhou'r dremnm  was a dificult  one, i told you that the 

onderng was a dificult  one     

    : i told you that your dream was a difficult one 

   ,      

  .    ,   ,    

        , 
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       ,    

 ,     . 

 

          . 

•        

   . 

•   ,    ,   

       ,   

         

     . 

•       MFCC, 

         -  

  . 

•        

 . 

•       . 
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Ч  

  

         , 

 ,      

 ,        , 

   ,      

     ,   

          

 .        

         

 . 
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