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Speech Recognition

• Classical Methods
• Noisy Channel

• ASR system has components

H L G



Speech Recognition

• End-to-End Methods

• H, L, G are still present in 

H L G
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p⇥ (w|x) = f⇥ (x,w)
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Forward Algorithm

AutoregressiveConditional Independence

Hard Alignment

Soft Alignment

Speech Recognition

HMM CTC Transducer Encoder-
Decoder



HMM

Hidden Markov Modeks



The “source-channel” model for automatic 
speech recognition (ASR)
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Hidden Markov models are popular as 
acoustic models

HMMs for computing P (A|W ).

P (A |W) =

X

S2S(W)

P (A,S |W) =

X

S2S(W)

P (A |S,W)P (S |W)

⇡
X

S2S(W)

PE(A |S)PT (S)

=

X

S2S(W)

PE(a1,a2, . . . ,aT | s1, s2, . . . , sT )PT (s1, s2, . . . , sT )

=

X

S2S(W)

TY

t=1

PE(at | st)PT (st|st�1)
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Dynamic programming is popular for 
“decoding,” i.e. for hypothesis search

HMMs for computing P (A|W ).

P (A |W) =

X

S2S(W)

P (A,S |W) =

X

S2S(W)

P (A |S,W)P (S |W)

⇡
X

S2S(W)

PE(A |S)PT (S)

=

X

S2S(W)

PE(a1,a2, . . . ,aT | s1, s2, . . . , sT )PT (s1, s2, . . . , sT )

=

X

S2S(W)

TY

t=1

PE(at | st)PT (st|st�1)

Viterbi decoding for computing argmaxP (A|W )P (W ).

cW = argmax
W

P (A |W)P (W)

= argmax
W

X

S2S(W)

P (A |S)P (S)P (W)

⇡ argmax
W

max
S2S(W)

P (A |S)P (S)P (W)

= argmax
W

max
S2S(W)

logP (A |S) + logP (S) + logP (W)

⌘ Project
�
Bestpath

�
Compose

�
AlogP (A |S) � LlogP (S) �GlogP (W)

���
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Phoneme
HMMs
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Composite HMM for “cat and hat”
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Composite HMM for “cat and hat”
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𝑃 𝒚 𝒘 = %
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“Forward” Algorithm

= %
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'
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*
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Viterbi Algorithm
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CTC
Connectionist Temporal Classification



Phoneme
HMMs
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Posterior Probabilities 𝑝 𝜙 𝑦' 𝑝 𝑦' 𝜙 =
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Calculating the CTC loss for “cat and hat”

k

ae

ae

ae

t

t

n

d

h

𝑝 n 𝑦#

𝑝 d 𝑦#

𝑝 k 𝑦#

𝑝 ae 𝑦#

𝑝 ae 𝑦#

𝑝 t 𝑦#

𝑝 h 𝑦#

ℒCTC 𝜽 = − log%
	𝒕

'
'()

*

𝑝, 𝜙/* 𝑦'

𝜕ℒCTC 𝜽
𝜕𝑝, 𝝓 𝑦𝒋

=
−1

∑	𝒕∏'()
* 𝑝, 𝜙/* 𝑦'

%
𝒕:2-𝒋(𝝓

1
𝑝, 𝝓 𝑦𝒋

'
'()

*

𝑝, 𝜙/* 𝑦'

𝜕ℒCTC 𝜽
𝜕𝑝, 𝝓 𝑦𝒋

= −
1

𝑝, 𝝓 𝑦𝒋

∑𝒕:2-𝒋(𝝓∏'()
* 𝑝, 𝜙/* 𝑦'

∑	𝒕∏'()
* 𝑝, 𝜙/* 𝑦'

ℒHMM 𝝑 = − log%
	𝒕

'
'()

*

𝑝% 𝑦' 𝜙/* 𝑝% 𝜙/* 𝜙/*+,

Calculating the gradient of the CTC loss
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cat           and            hat

and ae  n   d
cat k    ae  t
hat h    ae  t

Phoneme
HMMs

Composite HMM for “cat and hat”

FSA of permissible CTC strings for “cat and hat”

The CTC “Blank” Symbol (𝛽)
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Neural Speech Recognition
without HMMs

(aka End2End ASR)
“Purely” CTC-Based Speech Recognition Architectures



End-to-End Speech Recognition
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The CNN+LSTM Architecture
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A Bidirectional LSTM Architecture (Deep Speech)
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Transducers
(RNN-T)



ASR with Transducers

The Transducer: Inference

Tokenize transcripts1

Transducer produces sequences of scores over a finite set of tokens, called a Vocabulary

hello there _hell o _the re

Transducer

ø
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…

y

z

Vocabulary includes a special symbol, ø, which means move to the next audio sample

-7.4

…

10.1

5.2

0.1

-9.5

…

-10.5

-12.3

11.2

…

9.1

4.2

-0.1

-7.6

…

-10.8

-9.6

-0.2

…

-2.2

9.7

-1.3

-7.5

…

-8.4

-10.3

12.4

…

9.1

4.2

-0.1

-7.6

…

-10.8

-9.6

0.2

…

-10.3

0.9

1.1

2.4

…

-10.8

-9.6

…

_hell ø o ø

4.9

…

-5.5

4.2

12.8

-3.6

…

-11.1

-10.9

_the reø

Vocabulary
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ASR with Transducers

The Transducer: Inference

Tokenize transcripts1

Transducer produces sequences of scores over a finite set of tokens, called a Vocabulary

hello there _hell _the re

Transducer

ø

a

_hell

o

_the

re

…

y

z

Vocabulary includes a special symbol, ø, which means move to the next audio sample
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• Follow indices of highest scoring outputs to retrieve the transcript
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ASR with Transducers

The Transducer: Training

_hell ø ø o ø _the ø ø re
_hell ø o ø ø _the ø ø re
_hell o ø ø ø _the re ø ø
_hell ø o ø ø ø ø _the re

Possible alignments of the 4 token sequence 
_hell o _the re 

with a 9-frame speech utterance
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Many possible alignments 

The posterior of a particular transcript is computed by marginalization

Using normalized scores, i.e. via Softmax gives …

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>aThe posterior of one alignment,    , of a particular transcript product of scores,     , along 
alignment path 

<latexit sha1_base64="bu7O6GvqtQRUg8JFsoc0WES+Kk8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0B0jco=</latexit>ai

No conditional independence assumption
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ASR with Transducers

The Transducer: Training 

Audio 
Encoder

Text 
Encoder

…

Hello there <s> _hell o _the re

…

Joiner
<latexit sha1_base64="2Gbc3mR/IK2iyQAcaw3/fk27nnI=">AAACEHicbZC7TsMwFIadcivlFmBksagQTFVSKmCsYGEsEmkrNVHkOE5r1bnIdpCiqI/AwquwMIAQKyMbb4OTZoCWY1nn03/OkX1+L2FUSMP41morq2vrG/XNxtb2zu6evn/QF3HKMbFwzGI+9JAgjEbEklQyMkw4QaHHyMCb3hT1wQPhgsbRvcwS4oRoHNGAYiSV5OqnmWtCWx2Yue0yKzgvFZv5sRQFZa7l6k2jZZQBl8GsoAmq6Ln6l+3HOA1JJDFDQoxMI5FOjrikmJFZw04FSRCeojEZKYxQSISTlwvN4IlSfBjEXN1IwlL9PZGjUIgs9FRniORELNYK8b/aKJXBlZPTKEklifD8oSBlUMawcAf6lBMsWaYAYU7VXyGeII6wVB42lAnm4srL0G+3zItW567T7F5XdtTBETgGZ8AEl6ALbkEPWACDR/AMXsGb9qS9aO/ax7y1plUzh+BPaJ8/GmqZhw==</latexit>y1 y2 y3 . . . yU

<latexit sha1_base64="evKJ1AeVVbVGH+E2HCDWtRKUW2E=">AAACEHicbZC7TsMwFIYdrqXcAowsFhWCqUpKBYwVLIxF6k1qoshx3Naq40S2g1pFfQQWXoWFAYRYGdl4G5w0A7Qcyzqf/nOO7PP7MaNSWda3sbK6tr6xWdoqb+/s7u2bB4cdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj26zefSBC0oi31DQmboiGnA4oRkpLnnk28Wzo6AMnXi3PGi5yxWFBpGRGE6/lmRWrauUBl8EuoAKKaHrmlxNEOAkJV5ghKfu2FSs3RUJRzMis7CSSxAiP0ZD0NXIUEumm+UIzeKqVAA4ioS9XMFd/T6QolHIa+rozRGokF2uZ+F+tn6jBtZtSHieKcDx/aJAwqCKYuQMDKghWbKoBYUH1XyEeIYGw0h6WtQn24srL0KlV7ctq/b5eadwUdpTAMTgB58AGV6AB7kATtAEGj+AZvII348l4Md6Nj3nrilHMHIE/YXz+ABJ9mYI=</latexit>x1 x2 x3 . . . xT

<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T

<latexit sha1_base64="jGnO3r1acxhB5ey6K8sAzv9JIt4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+S1kXVu6zWmrVK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8ftBuM4g==</latexit>

U

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="G+A8w2DWwjRASsZLuWwb3B0rKN0=">AAACHHicbZDLSgMxFIYzXmu9jbp0EyxC3ZQZLeqy6MaFiwq9QaeUTJppQ5OZITkjLUMfxI2v4saFIm5cCL6N6WVRW38IfPnPOSTn92PBNTjOj7Wyura+sZnZym7v7O7t2weHNR0lirIqjUSkGj7RTPCQVYGDYI1YMSJ9wep+/3Zcrz8ypXkUVmAYs5Yk3ZAHnBIwVtu+uMee5hJ7ggWQr2APe9KPBulgZLA6d/Uw7niKd3tw1rZzTsGZCC+DO4Mcmqnctr+8TkQTyUKggmjddJ0YWilRwKlgo6yXaBYT2idd1jQYEsl0K50sN8KnxungIFLmhIAn7vxESqTWQ+mbTkmgpxdrY/O/WjOB4LqV8jBOgIV0+lCQCAwRHieFO1wxCmJogFDFzV8x7RFFKJg8syYEd3HlZaidF9zLQvGhmCvdzOLIoGN0gvLIRVeohO5QGVURRU/oBb2hd+vZerU+rM9p64o1mzlCf2R9/wIozqA2</latexit>

L ⇠ (T x U x d)
Vocabulary 

Size



39

ASR with Transducers

The Transducer: Training Alignment

…

<s> _hell o _the re

<latexit sha1_base64="2Gbc3mR/IK2iyQAcaw3/fk27nnI=">AAACEHicbZC7TsMwFIadcivlFmBksagQTFVSKmCsYGEsEmkrNVHkOE5r1bnIdpCiqI/AwquwMIAQKyMbb4OTZoCWY1nn03/OkX1+L2FUSMP41morq2vrG/XNxtb2zu6evn/QF3HKMbFwzGI+9JAgjEbEklQyMkw4QaHHyMCb3hT1wQPhgsbRvcwS4oRoHNGAYiSV5OqnmWtCWx2Yue0yKzgvFZv5sRQFZa7l6k2jZZQBl8GsoAmq6Ln6l+3HOA1JJDFDQoxMI5FOjrikmJFZw04FSRCeojEZKYxQSISTlwvN4IlSfBjEXN1IwlL9PZGjUIgs9FRniORELNYK8b/aKJXBlZPTKEklifD8oSBlUMawcAf6lBMsWaYAYU7VXyGeII6wVB42lAnm4srL0G+3zItW567T7F5XdtTBETgGZ8AEl6ALbkEPWACDR/AMXsGb9qS9aO/ax7y1plUzh+BPaJ8/GmqZhw==</latexit>y1 y2 y3 . . . yU
<latexit sha1_base64="evKJ1AeVVbVGH+E2HCDWtRKUW2E=">AAACEHicbZC7TsMwFIYdrqXcAowsFhWCqUpKBYwVLIxF6k1qoshx3Naq40S2g1pFfQQWXoWFAYRYGdl4G5w0A7Qcyzqf/nOO7PP7MaNSWda3sbK6tr6xWdoqb+/s7u2bB4cdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj26zefSBC0oi31DQmboiGnA4oRkpLnnk28Wzo6AMnXi3PGi5yxWFBpGRGE6/lmRWrauUBl8EuoAKKaHrmlxNEOAkJV5ghKfu2FSs3RUJRzMis7CSSxAiP0ZD0NXIUEumm+UIzeKqVAA4ioS9XMFd/T6QolHIa+rozRGokF2uZ+F+tn6jBtZtSHieKcDx/aJAwqCKYuQMDKghWbKoBYUH1XyEeIYGw0h6WtQn24srL0KlV7ctq/b5eadwUdpTAMTgB58AGV6AB7kATtAEGj+AZvII348l4Md6Nj3nrilHMHIE/YXz+ABJ9mYI=</latexit>x1 x2 x3 . . . xT

<latexit sha1_base64="jGnO3r1acxhB5ey6K8sAzv9JIt4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+S1kXVu6zWmrVK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8ftBuM4g==</latexit>

U

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="G+A8w2DWwjRASsZLuWwb3B0rKN0=">AAACHHicbZDLSgMxFIYzXmu9jbp0EyxC3ZQZLeqy6MaFiwq9QaeUTJppQ5OZITkjLUMfxI2v4saFIm5cCL6N6WVRW38IfPnPOSTn92PBNTjOj7Wyura+sZnZym7v7O7t2weHNR0lirIqjUSkGj7RTPCQVYGDYI1YMSJ9wep+/3Zcrz8ypXkUVmAYs5Yk3ZAHnBIwVtu+uMee5hJ7ggWQr2APe9KPBulgZLA6d/Uw7niKd3tw1rZzTsGZCC+DO4Mcmqnctr+8TkQTyUKggmjddJ0YWilRwKlgo6yXaBYT2idd1jQYEsl0K50sN8KnxungIFLmhIAn7vxESqTWQ+mbTkmgpxdrY/O/WjOB4LqV8jBOgIV0+lCQCAwRHieFO1wxCmJogFDFzV8x7RFFKJg8syYEd3HlZaidF9zLQvGhmCvdzOLIoGN0gvLIRVeohO5QGVURRU/oBb2hd+vZerU+rM9p64o1mzlCf2R9/wIozqA2</latexit>

L ⇠ (T x U x d)

<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T

Align input frames with output tokens using ø

t=0 t=1 t=2 t=3 t=4

_hell 

o

_the 

re

Score of aligning frame,   , to 
position,    , with label,  , is

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t
<latexit sha1_base64="Dj96JhijXyqQ1LF4s6VoJbVKYLw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5JuNAg==</latexit>u

<latexit sha1_base64="cpfTJkS0aJuavDxr5AjVR4A92n8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuiXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH1veM+Q==</latexit>

l
<latexit sha1_base64="LBf+RbxVajmVdZqf/9jGRz5m0fw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQIYRdCeox6MWDhwgmEZMlzE5mkyGzs8tMrxBC/sKLB0W8+jfe/Bsnj4MmFjQUVd10dwWJFAZd99vJrKyurW9kN3Nb2zu7e/n9g4aJU814ncUy1g8BNVwKxesoUPKHRHMaBZI3g8H1xG8+cW1ErO5xmHA/oj0lQsEoWunxtoglkpaIPO3kC27ZnYIsE29OCjBHrZP/andjlkZcIZPUmJbnJuiPqEbBJB/n2qnhCWUD2uMtSxWNuPFH04vH5MQqXRLG2pZCMlV/T4xoZMwwCmxnRLFvFr2J+J/XSjG89EdCJSlyxWaLwlQSjMnkfdIVmjOUQ0so08LeSlifasrQhpSzIXiLLy+TxlnZOy9X7iqF6tU8jiwcwTEUwYMLqMIN1KAODBQ8wyu8OcZ5cd6dj1lrxpnPHMIfOJ8/ZMqPcQ==</latexit>

L(t, u, l)

• All paths are length U + T
• Dynamic programming computes sum over paths

…

<latexit sha1_base64="ax9vnfe9i87QmX9EWClWmEszego=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQQcqMFHVZdOPCRQX7gM5QMmmmE5p5kNwRytCFG3/FjQtF3PoR7vwb03YW2npI4HDOvTe5x0sEV2BZ30ZhZXVtfaO4Wdra3tndM/cP2ipOJWUtGotYdj2imOARawEHwbqJZCT0BOt4o+up33lgUvE4uodxwtyQDCPuc0pAS32zfOsI5kPVOsX6OLESRAWO5MMATvpmxapZM+BlYuekgnI0++aXM4hpGrIIqJ6jeraVgJsRCZwKNik5qWIJoSMyZD1NIxIy5WazJSb4WCsD7MdS3wjwTP3dkZFQqXHo6cqQQKAWvan4n9dLwb90Mx4lKbCIzh/yU4EhxtNE8IBLRkGMNSFUcv1XTAMiCQWdW0mHYC+uvEzaZzX7vFa/q1caV3kcRVRGR6iKbHSBGugGNVELUfSIntErejOejBfj3fiYlxaMvOcQ/YHx+QN77Ja+</latexit>

L (0, 0,↵)
<latexit sha1_base64="aNZQRmBFb6S2Mb/JELDfj0GkKBw=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqlJJIUZdFNy5cVLAPaEKZTCfN0MmDmRuhhC7c+CtuXCji1o9w5984bbPQ1gMXDufcO3Pv8RLBFVjWt7Gyura+sVnYKm7v7O7tmweHbRWnkrIWjUUsux5RTPCItYCDYN1EMhJ6gnW80fXU7zwwqXgc3cM4YW5IhhH3OSWgpb5ZunUE86FiV7FVxU6sBFGBI/kwgNO+WbZq1gx4mdg5KaMczb755QximoYsAqrfUT3bSsDNiAROBZsUnVSxhNARGbKephEJmXKz2RETfKKVAfZjqSsCPFN/T2QkVGocerozJBCoRW8q/uf1UvAv3YxHSQosovOP/FRgiPE0ETzgklEQY00IlVzvimlAJKGgcyvqEOzFk5dJ+6xmn9fqd/Vy4yqPo4BK6BhVkI0uUAPdoCZqIYoe0TN6RW/Gk/FivBsf89YVI585Qn9gfP4AfYOWvw==</latexit>

L (1, 0,↵)

<latexit sha1_base64="Yy7IDHW8jPQkbEAMyOipIDoTnUg=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhQgi7EtQyaGNhEcE8IBvC7GQ2GTK7s8zcFcOSxsZfsbFQxNZ/sPNvnDwKTTxw4XDOvdx7jx8LrsFxvq3M0vLK6lp2PbexubW9Y+/u1bVMFGU1KoVUTZ9oJnjEasBBsGasGAl9wRr+4GrsN+6Z0lxGdzCMWTskvYgHnBIwUsc+vPEEC6DgFLFbxF7oy4dUjjzFe3046dh5p+RMgBeJOyN5NEO1Y395XUmTkEVABdG65ToxtFOigFPBRjkv0SwmdEB6rGVoREKm2+nkixE+NkoXB1KZigBP1N8TKQm1Hoa+6QwJ9PW8Nxb/81oJBBftlEdxAiyi00VBIjBIPI4Ed7liFMTQEEIVN7di2ieKUDDB5UwI7vzLi6R+WnLPSuXbcr5yOYsjiw7QESogF52jCrpGVVRDFD2iZ/SK3qwn68V6tz6mrRlrNrOP/sD6/AGL+Jdc</latexit>

L (0, 1, o)



ASR with Transducers

The Transducer: Memory Hungry

<latexit sha1_base64="jGnO3r1acxhB5ey6K8sAzv9JIt4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+S1kXVu6zWmrVK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8ftBuM4g==</latexit>

U

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d

<latexit sha1_base64="G+A8w2DWwjRASsZLuWwb3B0rKN0=">AAACHHicbZDLSgMxFIYzXmu9jbp0EyxC3ZQZLeqy6MaFiwq9QaeUTJppQ5OZITkjLUMfxI2v4saFIm5cCL6N6WVRW38IfPnPOSTn92PBNTjOj7Wyura+sZnZym7v7O7t2weHNR0lirIqjUSkGj7RTPCQVYGDYI1YMSJ9wep+/3Zcrz8ypXkUVmAYs5Yk3ZAHnBIwVtu+uMee5hJ7ggWQr2APe9KPBulgZLA6d/Uw7niKd3tw1rZzTsGZCC+DO4Mcmqnctr+8TkQTyUKggmjddJ0YWilRwKlgo6yXaBYT2idd1jQYEsl0K50sN8KnxungIFLmhIAn7vxESqTWQ+mbTkmgpxdrY/O/WjOB4LqV8jBOgIV0+lCQCAwRHieFO1wxCmJogFDFzV8x7RFFKJg8syYEd3HlZaidF9zLQvGhmCvdzOLIoGN0gvLIRVeohO5QGVURRU/oBb2hd+vZerU+rM9p64o1mzlCf2R9/wIozqA2</latexit>

L ⇠ (T x U x d)

<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T

When the vocabulary size is large, i.e., characters in Mandarin ~ 10,000

When the sequence length is long

Memory Explodes!

15s utterance, 30 character transcript, 10,000 types à 0.45 GB with fp16 / utterance



ASR with Transducers

The Transducer: Memory Hungry

Only realize the tensor,     ,  of scores for the top-k scoring positions at each time-step
<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

Solution: 

The new tensor of scores,    , during the second pass has different dimensions 
<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

<latexit sha1_base64="jGnO3r1acxhB5ey6K8sAzv9JIt4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+S1kXVu6zWmrVK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8ftBuM4g==</latexit>

U
<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T

<latexit sha1_base64="BiSJdJVHdM1AdjRMLZ1nRE66jcQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxEvOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3k395hMqzWP5aEYJ+hHtSx5yRo2VarWbi26x5JbdGcgy8TJSggzVbvGr04tZGqE0TFCt256bGH9MleFM4KTQSTUmlA1pH9uWShqh9sezUyfkxCo9EsbKljRkpv6eGNNI61EU2M6ImoFe9Kbif147NeG1P+YySQ1KNl8UpoKYmEz/Jj2ukBkxsoQyxe2thA2ooszYdAo2BG/x5WXSOCt7l+Xzh/NS5TaLIw9HcAyn4MEVVOAeqlAHBn14hld4c4Tz4rw7H/PWnJPNHMIfOJ8/qJeNZg==</latexit>

S = 5

The first pass uses a “simple” joiner that avoids realizing any large matrices

Use a 2-pass method to first prune unlikely paths

"Pruned RNN-T for fast, memory-efficient ASR training", Fangjun Kuang, Liyong Guo, Wei Kang, 
Long Lin, Mingshuang Luo, Zengwei Yao, Daniel Povey, Interspeech 2022
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ASR with Transducers

Audio 
Encoder

Text 
Encoder

…

Hello there
<s> _hell o _the re

…

<latexit sha1_base64="2Gbc3mR/IK2iyQAcaw3/fk27nnI=">AAACEHicbZC7TsMwFIadcivlFmBksagQTFVSKmCsYGEsEmkrNVHkOE5r1bnIdpCiqI/AwquwMIAQKyMbb4OTZoCWY1nn03/OkX1+L2FUSMP41morq2vrG/XNxtb2zu6evn/QF3HKMbFwzGI+9JAgjEbEklQyMkw4QaHHyMCb3hT1wQPhgsbRvcwS4oRoHNGAYiSV5OqnmWtCWx2Yue0yKzgvFZv5sRQFZa7l6k2jZZQBl8GsoAmq6Ln6l+3HOA1JJDFDQoxMI5FOjrikmJFZw04FSRCeojEZKYxQSISTlwvN4IlSfBjEXN1IwlL9PZGjUIgs9FRniORELNYK8b/aKJXBlZPTKEklifD8oSBlUMawcAf6lBMsWaYAYU7VXyGeII6wVB42lAnm4srL0G+3zItW567T7F5XdtTBETgGZ8AEl6ALbkEPWACDR/AMXsGb9qS9aO/ax7y1plUzh+BPaJ8/GmqZhw==</latexit>y1 y2 y3 . . . yU
<latexit sha1_base64="evKJ1AeVVbVGH+E2HCDWtRKUW2E=">AAACEHicbZC7TsMwFIYdrqXcAowsFhWCqUpKBYwVLIxF6k1qoshx3Naq40S2g1pFfQQWXoWFAYRYGdl4G5w0A7Qcyzqf/nOO7PP7MaNSWda3sbK6tr6xWdoqb+/s7u2bB4cdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6frj26zefSBC0oi31DQmboiGnA4oRkpLnnk28Wzo6AMnXi3PGi5yxWFBpGRGE6/lmRWrauUBl8EuoAKKaHrmlxNEOAkJV5ghKfu2FSs3RUJRzMis7CSSxAiP0ZD0NXIUEumm+UIzeKqVAA4ioS9XMFd/T6QolHIa+rozRGokF2uZ+F+tn6jBtZtSHieKcDx/aJAwqCKYuQMDKghWbKoBYUH1XyEeIYGw0h6WtQn24srL0KlV7ctq/b5eadwUdpTAMTgB58AGV6AB7kATtAEGj+AZvII348l4Md6Nj3nrilHMHIE/YXz+ABJ9mYI=</latexit>x1 x2 x3 . . . xT

1
Simple 
Joiner

Transducer Loss,
 Pruning Bounds

3

<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T

2Joiner

<latexit sha1_base64="7vBat9My3Ei4nEFsg6YdvVCo4T0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUBshaGMZiTGB5Ah7m71kyd7esTsnhJCfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53c2vrG5lZ+u7Czu7d/UDw8ejRxqhlvsljGuh1Qw6VQvIkCJW8nmtMokLwVjG5nfuuJayNi9YDjhPsRHSgRCkbRSo3GdaVXLLlldw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn81On5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsb9IXmjOUY0so08LeStiQasrQplOwIXjLL6+Sx0rZuyhX76ul2k0WRx5O4BTOwYNLqMEd1KEJDAbwDK/w5kjnxXl3PhatOSebOYY/cD5/AKQLjWM=</latexit>

S = 2



Encoder Decoder
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Encoder-Decoder

https://www.youtube.com/watch?v=lVc46-aBnzM&list=PLfVqr2l0FG-u7chWKPQMDoT0o-
I2ejxeK&index=17
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Encoder-Decoder

• Sequence Generation is auto-regressive

• Beam-search
• Almost identical to NMT models

<latexit sha1_base64="/E5M7DkOVHJ1oevPJFXWPQWx/bI="></latexit>
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Encoder-Decoder

• Whisper


