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INTRODUCTION
Task definition

…
c1 c2 c3

1 2 3 4 T…
o1 o2 o3 o4 oTWaveform

values

Neural waveform models
p(o1:T |c1:B ;⇥)

<latexit sha1_base64="EBfu9nudDE3MFiwA2i5X6bmGPZk="></latexit>

cB
<latexit sha1_base64="9Q6C02Bf6PSan1i2jFxzwfAp67Q=">AAACFXicbVA7T8MwGHTKq5RXgZElIkJiqpKCBGMFC2OR6EM0UeU4TmvVj8h2QFWUf4HEBP+EDbEy80eYcdoM0HKS5dPd98nnCxNKlHbdL6uysrq2vlHdrG1t7+zu1fcPukqkEuEOElTIfggVpoTjjiaa4n4iMWQhxb1wcl34vQcsFRH8Tk8THDA44iQmCGoj3fuhylA+zK7yYd1xG+4M9jLxSuKAEu1h/duPBEoZ5hpRqNTAcxMdZFBqgijOa36qcALRBI7wwFAOGVZBNkuc2ydGiexYSHO4tmfq740MMqWmLDSTDOqxWvQK8T9vkOr4MsgIT1KNOZo/FKfU1sIuvm9HRGKk6dQQiCQxWW00hhIibUqq+Rw/IsEY5FFmqskHXmBuQaMii6CZ4+VFUd5iLcuk22x4Z43m7bnT8srKquAIHINT4IEL0AI3oA06AAEOnsALeLWerTfr3fqYj1ascucQ/IH1+QM9NqA8</latexit>
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INTRODUCTION
Naïve model

…
c1 c2 c3

1 2 3 4 T…
o1 o2 o3 o4 oT

CNN / RNN / Feedforward

Mean-square-error (MSE) / Cross-entropy (CE)

Waveform
values

cB
<latexit sha1_base64="9Q6C02Bf6PSan1i2jFxzwfAp67Q=">AAACFXicbVA7T8MwGHTKq5RXgZElIkJiqpKCBGMFC2OR6EM0UeU4TmvVj8h2QFWUf4HEBP+EDbEy80eYcdoM0HKS5dPd98nnCxNKlHbdL6uysrq2vlHdrG1t7+zu1fcPukqkEuEOElTIfggVpoTjjiaa4n4iMWQhxb1wcl34vQcsFRH8Tk8THDA44iQmCGoj3fuhylA+zK7yYd1xG+4M9jLxSuKAEu1h/duPBEoZ5hpRqNTAcxMdZFBqgijOa36qcALRBI7wwFAOGVZBNkuc2ydGiexYSHO4tmfq740MMqWmLDSTDOqxWvQK8T9vkOr4MsgIT1KNOZo/FKfU1sIuvm9HRGKk6dQQiCQxWW00hhIibUqq+Rw/IsEY5FFmqskHXmBuQaMii6CZ4+VFUd5iLcuk22x4Z43m7bnT8srKquAIHINT4IEL0AI3oA06AAEOnsALeLWerTfr3fqYj1ascucQ/IH1+QM9NqA8</latexit>



7

INTRODUCTION
Naïve model

…

…

c1 c2 c3

1 2 3 4 T…
o1 o2 o3 o4 oT

Simple model

Simple criterion

cB
<latexit sha1_base64="9Q6C02Bf6PSan1i2jFxzwfAp67Q=">AAACFXicbVA7T8MwGHTKq5RXgZElIkJiqpKCBGMFC2OR6EM0UeU4TmvVj8h2QFWUf4HEBP+EDbEy80eYcdoM0HKS5dPd98nnCxNKlHbdL6uysrq2vlHdrG1t7+zu1fcPukqkEuEOElTIfggVpoTjjiaa4n4iMWQhxb1wcl34vQcsFRH8Tk8THDA44iQmCGoj3fuhylA+zK7yYd1xG+4M9jLxSuKAEu1h/duPBEoZ5hpRqNTAcxMdZFBqgijOa36qcALRBI7wwFAOGVZBNkuc2ydGiexYSHO4tmfq740MMqWmLDSTDOqxWvQK8T9vkOr4MsgIT1KNOZo/FKfU1sIuvm9HRGKk6dQQiCQxWW00hhIibUqq+Rw/IsEY5FFmqskHXmBuQaMii6CZ4+VFUd5iLcuk22x4Z43m7bnT8srKquAIHINT4IEL0AI3oA06AAEOnsALeLWerTfr3fqYj1ascucQ/IH1+QM9NqA8</latexit>

p(o1:T |c1:B ;⇥) =
TY

t=1

p(ot|c1:B ;⇥)
<latexit sha1_base64="7T8y3n4uAH30Bnls3rWcY/USAsI="></latexit>
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INTRODUCTION

WaveNet 

WaveRNN

SampleRNN

FFTNet

WaveGlow

FloWaveNet ClariNet

Universal neural vocoder

AR + expert knowledge

LPCNet

LP-WaveNet

ExcitNet

GlotNet

Recent neural waveform models

Parallel WaveNet

Auto-
regressive

(AR) model

o1:T

Criterion

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

AR Model

o1:T

Criterion

Deterministic
transform

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Model

o1:T

Criterion

Flow-based 
transform

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

p(o1:T |c1:B) =
TY

t=1

p(ot|o<t, c1:B)
<latexit sha1_base64="rhYZwg+yAyJJ2aXYLX7lB3WsVFo="></latexit>

☛ Reference in appendix
☛ Tutorial slides: https://www.slideshare.net/jyamagis/

Flow-based models

https://www.slideshare.net/jyamagis/tutorial-on-endtoend-texttospeech-synthesis-part-1-neural-waveform-modeling


Auto-
regressive

(AR) model

o1:T

Criterion

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

AR Model

o1:T

Criterion

Deterministic
transform

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Model

o1:T

Criterion

Flow-based 
transform

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>
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INTRODUCTION

WaveNet 

WaveRNN

SampleRNN

FFTNet

WaveGlow

FloWaveNet ClariNet

Universal neural vocoder

AR + expert knowledge

LPCNet

LP-WaveNet

ExcitNet

GlotNet

Recent neural waveform models

• Without AR or flow?
• Use knowledge on speech modeling?

Parallel WaveNet

• Powerful model
! Sequential generation

• Non-sequential generation
! Complicated
! Slow in training

p(o1:T |c1:B) =
TY

t=1

p(ot|o<t, c1:B)
<latexit sha1_base64="rhYZwg+yAyJJ2aXYLX7lB3WsVFo="></latexit>

Neural source-
filter model (NSF)

Model

o1:T

Better
criterion

Source

• Spectral-domain criterion
• Source-filter architecture

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

☛ Reference in appendix
☛ Tutorial slides: https://www.slideshare.net/jyamagis/

Flow-based models

https://www.slideshare.net/jyamagis/tutorial-on-endtoend-texttospeech-synthesis-part-1-neural-waveform-modeling
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NEURAL SOURCE-FILTER MODEL

1 2 3 4 T…

c1 …c2 cNc3

Idea 1: spectral domain criterion

• Avoid naïve model assumption

…

Generated
waveform

Natural 
waveform 1 2 3 4 T

Spectral 
distance

…

o1 o2 o3 o4 oT

p(o1:T |c1:N ) =
TY

t=1

p(ot|c1:N )
<latexit sha1_base64="sX260gxc3g2fhWj+rKv1UpgEZu4="></latexit>

…
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NEURAL SOURCE-FILTER MODEL

1 2 3 4 T…

c1 …c2 cNc3

Idea 2: sine-based source excitation

…

1 2 3 4 T

o1 o2 o3 o4 oT

‘Filter’

Natural 
waveform

‘Source’
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NEURAL SOURCE-FILTER MODEL
Model structure

• Without AR, flow, or knowledge-distilling

Spectral features & F0 

Condition module

Source module Filter module

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

F0 infor. Spectral infor. 

Generated 
waveform

Gradients
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NEURAL SOURCE-FILTER MODEL
Condition module

• Up sampling by replication

Spectral features & F0 

Source module Filter module

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Generated 
waveform

Gradients
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NEURAL SOURCE-FILTER MODEL
Source module

• FF: feedforward layer with Tanh
• , 

Spectral features & F0 

Filter module

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit>

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Generated 
waveform

Gradients

ft 2 {0} [ R+
<latexit sha1_base64="bQweRaCpjD5StPEq2S0t/AbLMAw="></latexit>

et 2 R, 8t 2 {1, · · · , T}
<latexit sha1_base64="vEWUsyNCHcXXebGE8DZ7eixy8D8="></latexit>



Spectral features & F0 

Filter module

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit>
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NEURAL SOURCE-FILTER MODEL
Source module

f1:T
<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

…

sin(
tX

k=1

2⇡
fk
Ns

+ �) + nt

<latexit sha1_base64="Nd8J+btPnYdCTDTSZfC2/iz8QJw="></latexit>

Random initial phase
Sampling rate

Noise

FF

e1:T
<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit>

Sine 
generator

Fundamental 
component

Voiced:

Unvoiced: noise



Spectral features & F0 

Filter module

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit>
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NEURAL SOURCE-FILTER MODEL
Filter module
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NEURAL SOURCE-FILTER MODEL
Filter module

• Neural filter blocks based on dilated convolution (CONV)

Spectral features & F0 

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 5

…
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NEURAL SOURCE-FILTER MODEL

Spectral features & F0 

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 5

…

Filter block

Dilated 
CONV +

Tanh
Sigmoid * FF

FF
FF

+
Dilated 
CONV +

Tanh
Sigmoid * FF

FF
+

… FF+ x� b+ ax1:T y1:T

a1:T

b1:Tc̃1:T c̃1:T

Filter module

• Similar to ClariNet
• Ten dilated-CONV in one block
•

Generated
waveform

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

e1:T
<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit>

xt, yt, bot, at 2 R, bt 2 R+, 8t 2 {1, · · · , T}
<latexit sha1_base64="QMMGQ+gTyBLl1tqqeyMomnXXG3A="></latexit>

☛Our WaveNet implementation: http://tonywangx.github.io/pdfs/wavenet.pdf

http://tonywangx.github.io/pdfs/wavenet.pdf
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NEURAL SOURCE-FILTER MODEL
Training criterion

Spectral features & F0 

Spectral distanceNatural 
waveform

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveform

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 5

…
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NEURAL SOURCE-FILTER MODEL
Training criterion

• Please check paper and: 

Spectral features & F0 

Natural 
waveformo1:T

<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

Generated
waveformbo1:T

<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

Up sampling Up samplingBi-LSTM CONVF0
f1:T

<latexit sha1_base64="K9BwiiN/OhVUOctXFHZbdb+27uI=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJZNrQPIYko5RhfkNwpX/iTty69Edcm2m70NYDIYdz7uUeTpgwqo3nfTmltfWNza3ydmVnd2//oHp41NUyVZh0sGRS9UOkCaOCdAw1jPQTRRAPGemFk9vC7z0QpakUbTNNSMDRSNCYYmSs5PuhzuJ8mMGbdj6s1ry6N4O7SuCC1MACrWH1248kTjkRBjOk9QB6iQkypAzFjOQVP9UkQXiCRmRgqUCc6CCbZc7dM6tEbiyVfcK4M/X3Roa41lMe2kmOzFgve4X4nzdITXwdZFQkqSECzw/FKXONdIsC3Igqgg2bWoKwojari8dIIWxsTRVfkEcsOUciymw5+QAG9pcsKrJIltVgXhQFl2tZJd1GHV7UG/eXtSZcVFYGJ+AUnAMIrkAT3IEW6AAMEvAEXsCr8+y8Oe/Ox3y05Cx2jsEfOJ8/Y3Wg0A==</latexit>

c̃1:T
<latexit sha1_base64="qdVC3g5hM7CLRgXll40rAArNvnQ=">AAACIXicbVDLSgMxFM3Ud33Vx87NYBFclUkVFFcFNy4V2ip0hpLJ3NrQPIYko9Rh/kVwpX/iTtyJ/+HaTO3C14GQwzn3cg8nTjkzNgjevMrM7Nz8wuJSdXlldW29trHZNSrTFDpUcaWvYmKAMwkdyyyHq1QDETGHy3h0WvqXN6ANU7JtxylEglxLNmCUWCf1a9uhZTyBPIxNTouin+OTdtGv1YNGMIH/l+ApqaMpzvu1jzBRNBMgLeXEmB4OUhvlRFtGORTVMDOQEjoi19BzVBIBJson6Qt/zymJP1DaPWn9ifp9IyfCmLGI3aQgdmh+e6X4n9fL7OA4yplMMwuSfh0aZNy3yi+r8BOmgVo+doRQzVxWnw6JJtS6wqqhhFuqhCAyKdspejhyv+JJmUXxvI6Lsij8u5a/pNts4ING8+Kw3sLTyhbRDtpF+wijI9RCZ+gcdRBFd+gePaIn78F79l6816/Rijfd2UI/4L1/AtllpLQ=</latexit>

c1:B
<latexit sha1_base64="3N+u2gMe05MOkcO5W+Fud9Nm4n0=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3bisYB/QGUomk7aheQxJRinD/IbgSv/Enbh16Y+4NtPOQlsPhBzOuZd7OGHMqDae9+WUVlbX1jfKm5Wt7Z3dver+QUfLRGHSxpJJ1QuRJowK0jbUMNKLFUE8ZKQbTm5yv/tAlKZS3JtpTAKORoIOKUbGSr4f6hRngxReXWeDas2rezO4ywQWpAYKtAbVbz+SOOFEGMyQ1n3oxSZIkTIUM5JV/ESTGOEJGpG+pQJxooN0ljlzT6wSuUOp7BPGnam/N1LEtZ7y0E5yZMZ60cvF/7x+YoaXQUpFnBgi8PzQMGGukW5egBtRRbBhU0sQVtRmdfEYKYSNraniC/KIJedIRKktJ+vDwP6SRXkWydIazPKi4GIty6TTqMOzeuPuvNaERWVlcASOwSmA4AI0wS1ogTbAIAZP4AW8Os/Om/PufMxHS06xcwj+wPn8AUCGoLs=</latexit>

Noise
FFSine 

generator

harmonics
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 5

…

FFTFraming FFT Framing

iFFT
@L

@bo1:T
De-framing

Ls
<latexit sha1_base64="quIUJPQWRArR8990kqzNpOiSsy4=">AAACGHicbVDLSsNAFJ3UV62vqks3wSC4KkkVdFlw48JFBfuAJpTJZNIOnUecmSgl5DsEV/on7sStO3/EtZM2C209MMzhnHu5hxMmlCjtul9WZWV1bX2julnb2t7Z3avvH3SVSCXCHSSokP0QKkwJxx1NNMX9RGLIQop74eSq8HsPWCoi+J2eJjhgcMRJTBDURgp8BvUYQZrd5EM1rDtuw53BXiZeSRxQoj2sf/uRQCnDXCMKlRp4bqKDDEpNEMV5zU8VTiCawBEeGMohwyrIZqFz+8QokR0LaR7X9kz9vZFBptSUhWayCKkWvUL8zxukOr4MMsKTVGOO5ofilNpa2EUDdkQkRppODYFIEpPVRmMoIdKmp5rP8SMSjEEeZX6o8oEXmF/QqMgiaOZ4eW6K8hZrWSbdZsM7azRvz52WV1ZWBUfgGJwCD1yAFrgGbdABCNyDJ/ACXq1n6816tz7moxWr3DkEf2B9/gCiEqGB</latexit>

SLP-P22.8, STFT spectral loss for training a neural speech waveform model
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NEURAL SOURCE-FILTER MODEL
Training criterion

• Different frame shifts / window lengths / FFT points
• Homogenous distances
•

o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

FFTFraming FFT Framing

iFFT De-framing

FFTFraming FFT Framing

iFFT De-framing

FFTFraming FFT Framing

iFFT De-framing + @L
@bo1:T

<latexit sha1_base64="1GNg75a6OFSZy8EZkul/co3oJUs="></latexit>

Ls1
<latexit sha1_base64="x1gx+T1Dhehwoj16geydoykvrmg=">AAACHXicbVDLSgMxFM3UV62vUZduBovgqkyqoMuCGxcuKtgHdIaSyaRtaB5DkqmUYf5EcKV/4k7cij/i2kzbhbYeCDmccy/3cKKEUW18/8spra1vbG6Vtys7u3v7B+7hUVvLVGHSwpJJ1Y2QJowK0jLUMNJNFEE8YqQTjW8KvzMhSlMpHsw0ISFHQ0EHFCNjpb7rBhyZEUYsu8v7mYZ53636NX8Gb5XABamCBZp99zuIJU45EQYzpHUP+okJM6QMxYzklSDVJEF4jIakZ6lAnOgwmyXPvTOrxN5AKvuE8Wbq740Mca2nPLKTRU697BXif14vNYPrMKMiSQ0ReH5okDLPSK+owYupItiwqSUIK2qzeniEFMLGllUJBHnEknMk4iyIdN6Dof0li4sskmVVmBdFweVaVkm7XoMXtfr9ZbUBF5WVwQk4BecAgivQALegCVoAgwl4Ai/g1Xl23px352M+WnIWO8fgD5zPH4rQovk=</latexit>

Ls2
<latexit sha1_base64="sfZ3oJA7RDTqYUJsaTXhEqjWK5c=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSC4KkkVdFlw48JFBfuAJJTJZNoOnUeYmVRKyJ8IrvRP3Ilb8UdcO2m70NYDwxzOuZd7OHFKidKe92VV1tY3Nreq27Wd3b39A/vwqKNEJhFuI0GF7MVQYUo4bmuiKe6lEkMWU9yNxzel351gqYjgD3qa4ojBIScDgqA2Ut+2Qwb1CEGa3xX9XDWKvu16dW8GZ5X4C+KCBVp9+ztMBMoY5hpRqFTge6mOcig1QRQXtTBTOIVoDIc4MJRDhlWUz5IXzplREmcgpHlcOzP190YOmVJTFpvJMqda9krxPy/I9OA6yglPM405mh8aZNTRwilrcBIiMdJ0aghEkpisDhpBCZE2ZdVCjh+RYAzyJA9jVQR+ZH5BkzKLoLnrF2VR/nItq6TTqPsX9cb9pdv0F5VVwQk4BefAB1egCW5BC7QBAhPwBF7Aq/VsvVnv1sd8tGItdo7BH1ifP4x5ovo=</latexit>

Ls3
<latexit sha1_base64="Fjlfrl8/dA0kXzoR0UQazAWXSbA=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSC4Kkkr6LLgxoWLCrYVklAmk2k7dB5hZlIpIX8iuNI/cSduxR9x7aTtQlsPDHM4517u4cQpJUp73pdVWVvf2Nyqbtd2dvf2D+zDo64SmUS4gwQV8iGGClPCcUcTTfFDKjFkMcW9eHxd+r0JlooIfq+nKY4YHHIyIAhqI/VtO2RQjxCk+W3Rz1Wz6NuuV/dmcFaJvyAuWKDdt7/DRKCMYa4RhUoFvpfqKIdSE0RxUQszhVOIxnCIA0M5ZFhF+Sx54ZwZJXEGQprHtTNTf2/kkCk1ZbGZLHOqZa8U//OCTA+uopzwNNOYo/mhQUYdLZyyBichEiNNp4ZAJInJ6qARlBBpU1Yt5PgRCcYgT/IwVkXgR+YXNCmzCJq7flEW5S/Xskq6jbrfrDfuLtyWv6isCk7AKTgHPrgELXAD2qADEJiAJ/ACXq1n6816tz7moxVrsXMM/sD6/AGOIqL7</latexit>

@L
@bo1:T

=
@Ls1

@bo1:T
+

@Ls2

@bo1:T
+

@Ls3

@bo1:T
<latexit sha1_base64="Q6PaIFH9DzOHQFTkCvxb+aFVk/M="></latexit>

L = Ls1 + Ls2 + Ls3
<latexit sha1_base64="FgdmaGZz8wDQzaL9ZNzb/sgNNKs="></latexit>



l Introduction

l Proposed model

l Experiments
• Comparison with WaveNet
• Ablation test
• Analysis

l Summary
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Test 1: comparison with WaveNet
q Data and feature

q Models

24[1] Kawai, H., Toda, T., Ni, J., Tsuzaki, M., and Tokuda, K. (2004). Ximera: A new TTS from ATR based on corpus-based technologies. In Proc. SSW5, pages 179–184..

Corpus Size Note
ATR Ximera F009 [1] 15 hours 16kHz, Japanese, neutral style

Feature Dimension

Acoustic
Mel-generalized cepstrum coefficients (MGC) 60

F0 1

EXPERIMENTS

WOR WORLD vocoder

WAD WaveNet-vocoder for 10-bit discrete µ-law waveform

WAC WaveNet-vocoder using Gaussian dist. for raw waveform

NSF Proposed model for raw waveform



Test 1: comparison with WaveNet
q Speech quality

• 245 paid evaluators,  1450 evaluation sets
o Copy-synthesis: given natural MGC/F0
o Pipeline TTS:      given generated MGC/F0 from acoustic models

25

EXPERIMENTS

Natural WOR WAD WAC NSF
1

2

3

4

5

Q
ua

lit
y

(M
O

S
)

WORLD WaveNet 
u-law

WaveNet 
Gaussian

Neural 
source-filter

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html


Test 1: comparison with WaveNet
q Speech quality

• 245 paid evaluators,  1450 evaluation sets
o Copy-synthesis: given natural MGC/F0
o Pipeline TTS:      given generated MGC/F0 from acoustic models

26

EXPERIMENTS

Natural WOR WAD WAC NSF
1

2

3

4

5

Q
ua

lit
y

(M
O

S
)

WORLD WaveNet 
u-law

WaveNet 
Gaussian

Neural 
source-filter

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html


Test 1: comparison with WaveNet
q Generation speed

v Memory-saving:  release and allocate GPU memory layer by layer  (pp. 69-73) 
v Single GPU card, same DNN toolkit

27

EXPERIMENTS

How many waveform sampling points can be generated in 1s GPU time?

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

0k

50k

100k

150k

200k

250k

WaveNet NSF GPU-memory-
saving mode

NSF normal mode

20 k

227 k

0.19 k

https://nii-yamagishilab.github.io/samples-nsf/index.html


Test 2: Ablation test
q One more corpus

q Copy-synthesis

28
[2] J. Kominek and A. W. Black. The cmu arctic speech databases. In Fifth ISCA workshop on speech synthesis, 2004.

Corpus Size Note
CMU-arctic SLT [2] 0.83 hours 16kHz, English

Feature Dimension

Acoustic
Mel-spectrogram 80

F0 1

EXPERIMENTS



Test 2: Ablation test

29

EXPERIMENTS

Natural NSF

ATR Ximera
F009

CMU-arctic
SLT

Spectral features & F0 

Condition module

Source module Filter module

Spectral distanceNatural 
waveform

Generated
waveform

F0 infor. Spectral infor. 

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html


Natural NSF NSF w/o sine excitation

ATR Ximera
F009

CMU-arctic
SLT

Test 2: Ablation test

30

EXPERIMENTS

Spectral features & F0 

Condition module

Gaussian noise Filter module

Spectral distanceNatural 
waveform

Generated
waveform

Spectral infor. 

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html


o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

FFTFraming FFT Framing

iDFT De-framing

FFTFraming FFT Framing

iDFT De-framing

FFTFraming FFT Framing

iDFT De-framing + @L
@bo1:T

<latexit sha1_base64="1GNg75a6OFSZy8EZkul/co3oJUs="></latexit>

Ls1
<latexit sha1_base64="x1gx+T1Dhehwoj16geydoykvrmg=">AAACHXicbVDLSgMxFM3UV62vUZduBovgqkyqoMuCGxcuKtgHdIaSyaRtaB5DkqmUYf5EcKV/4k7cij/i2kzbhbYeCDmccy/3cKKEUW18/8spra1vbG6Vtys7u3v7B+7hUVvLVGHSwpJJ1Y2QJowK0jLUMNJNFEE8YqQTjW8KvzMhSlMpHsw0ISFHQ0EHFCNjpb7rBhyZEUYsu8v7mYZ53636NX8Gb5XABamCBZp99zuIJU45EQYzpHUP+okJM6QMxYzklSDVJEF4jIakZ6lAnOgwmyXPvTOrxN5AKvuE8Wbq740Mca2nPLKTRU697BXif14vNYPrMKMiSQ0ReH5okDLPSK+owYupItiwqSUIK2qzeniEFMLGllUJBHnEknMk4iyIdN6Dof0li4sskmVVmBdFweVaVkm7XoMXtfr9ZbUBF5WVwQk4BecAgivQALegCVoAgwl4Ai/g1Xl23px352M+WnIWO8fgD5zPH4rQovk=</latexit>

Ls2
<latexit sha1_base64="sfZ3oJA7RDTqYUJsaTXhEqjWK5c=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSC4KkkVdFlw48JFBfuAJJTJZNoOnUeYmVRKyJ8IrvRP3Ilb8UdcO2m70NYDwxzOuZd7OHFKidKe92VV1tY3Nreq27Wd3b39A/vwqKNEJhFuI0GF7MVQYUo4bmuiKe6lEkMWU9yNxzel351gqYjgD3qa4ojBIScDgqA2Ut+2Qwb1CEGa3xX9XDWKvu16dW8GZ5X4C+KCBVp9+ztMBMoY5hpRqFTge6mOcig1QRQXtTBTOIVoDIc4MJRDhlWUz5IXzplREmcgpHlcOzP190YOmVJTFpvJMqda9krxPy/I9OA6yglPM405mh8aZNTRwilrcBIiMdJ0aghEkpisDhpBCZE2ZdVCjh+RYAzyJA9jVQR+ZH5BkzKLoLnrF2VR/nItq6TTqPsX9cb9pdv0F5VVwQk4BefAB1egCW5BC7QBAhPwBF7Aq/VsvVnv1sd8tGItdo7BH1ifP4x5ovo=</latexit>

Ls3
<latexit sha1_base64="Fjlfrl8/dA0kXzoR0UQazAWXSbA=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSC4Kkkr6LLgxoWLCrYVklAmk2k7dB5hZlIpIX8iuNI/cSduxR9x7aTtQlsPDHM4517u4cQpJUp73pdVWVvf2Nyqbtd2dvf2D+zDo64SmUS4gwQV8iGGClPCcUcTTfFDKjFkMcW9eHxd+r0JlooIfq+nKY4YHHIyIAhqI/VtO2RQjxCk+W3Rz1Wz6NuuV/dmcFaJvyAuWKDdt7/DRKCMYa4RhUoFvpfqKIdSE0RxUQszhVOIxnCIA0M5ZFhF+Sx54ZwZJXEGQprHtTNTf2/kkCk1ZbGZLHOqZa8U//OCTA+uopzwNNOYo/mhQUYdLZyyBichEiNNp4ZAJInJ6qARlBBpU1Yt5PgRCcYgT/IwVkXgR+YXNCmzCJq7flEW5S/Xskq6jbrfrDfuLtyWv6isCk7AKTgHPrgELXAD2qADEJiAJ/ACXq1n6816tz7moxVrsXMM/sD6/AGOIqL7</latexit>

Test 2: Ablation test
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EXPERIMENTS

Ls1: frame shift 5ms, window length 20ms

Natural NSF NSF only Ls1

ATR Ximera
F009

CMU-arctic
SLT

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html


o1:T
<latexit sha1_base64="Zdo4chTHCwn14pjLpVsfBBJdHB4=">AAACF3icbVDLSgMxFM3UV62vqks3g0VwVSZVUFwV3Lis0Bd0hpLJpG1oHkOSUcowvyG40j9xJ25d+iOuzbSz0NYDIYdz7uUeThgzqo3nfTmltfWNza3ydmVnd2//oHp41NUyUZh0sGRS9UOkCaOCdAw1jPRjRRAPGemF09vc7z0QpakUbTOLScDRWNARxchYyfdDncpsmMKbdjas1ry6N4e7SmBBaqBAa1j99iOJE06EwQxpPYBebIIUKUMxI1nFTzSJEZ6iMRlYKhAnOkjnmTP3zCqRO5LKPmHcufp7I0Vc6xkP7SRHZqKXvVz8zxskZnQdpFTEiSECLw6NEuYa6eYFuBFVBBs2swRhRW1WF0+QQtjYmiq+II9Yco5ElNpysgEM7C9ZlGeRLK3BLC8KLteySrqNOryoN+4va01YVFYGJ+AUnAMIrkAT3IEW6AAMYvAEXsCr8+y8Oe/Ox2K05BQ7x+APnM8fcpyg2Q==</latexit>

bo1:T
<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>

FFTFraming FFT Framing

iDFT De-framing

FFTFraming FFT Framing

iDFT De-framing

FFTFraming FFT Framing

iDFT De-framing + @L
@bo1:T

<latexit sha1_base64="1GNg75a6OFSZy8EZkul/co3oJUs="></latexit>

Ls1
<latexit sha1_base64="x1gx+T1Dhehwoj16geydoykvrmg=">AAACHXicbVDLSgMxFM3UV62vUZduBovgqkyqoMuCGxcuKtgHdIaSyaRtaB5DkqmUYf5EcKV/4k7cij/i2kzbhbYeCDmccy/3cKKEUW18/8spra1vbG6Vtys7u3v7B+7hUVvLVGHSwpJJ1Y2QJowK0jLUMNJNFEE8YqQTjW8KvzMhSlMpHsw0ISFHQ0EHFCNjpb7rBhyZEUYsu8v7mYZ53636NX8Gb5XABamCBZp99zuIJU45EQYzpHUP+okJM6QMxYzklSDVJEF4jIakZ6lAnOgwmyXPvTOrxN5AKvuE8Wbq740Mca2nPLKTRU697BXif14vNYPrMKMiSQ0ReH5okDLPSK+owYupItiwqSUIK2qzeniEFMLGllUJBHnEknMk4iyIdN6Dof0li4sskmVVmBdFweVaVkm7XoMXtfr9ZbUBF5WVwQk4BecAgivQALegCVoAgwl4Ai/g1Xl23px352M+WnIWO8fgD5zPH4rQovk=</latexit>

Ls2
<latexit sha1_base64="sfZ3oJA7RDTqYUJsaTXhEqjWK5c=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSC4KkkVdFlw48JFBfuAJJTJZNoOnUeYmVRKyJ8IrvRP3Ilb8UdcO2m70NYDwxzOuZd7OHFKidKe92VV1tY3Nreq27Wd3b39A/vwqKNEJhFuI0GF7MVQYUo4bmuiKe6lEkMWU9yNxzel351gqYjgD3qa4ojBIScDgqA2Ut+2Qwb1CEGa3xX9XDWKvu16dW8GZ5X4C+KCBVp9+ztMBMoY5hpRqFTge6mOcig1QRQXtTBTOIVoDIc4MJRDhlWUz5IXzplREmcgpHlcOzP190YOmVJTFpvJMqda9krxPy/I9OA6yglPM405mh8aZNTRwilrcBIiMdJ0aghEkpisDhpBCZE2ZdVCjh+RYAzyJA9jVQR+ZH5BkzKLoLnrF2VR/nItq6TTqPsX9cb9pdv0F5VVwQk4BefAB1egCW5BC7QBAhPwBF7Aq/VsvVnv1sd8tGItdo7BH1ifP4x5ovo=</latexit>

Ls3
<latexit sha1_base64="Fjlfrl8/dA0kXzoR0UQazAWXSbA=">AAACHXicbVDLSsNAFJ3UV62vqEs3wSC4Kkkr6LLgxoWLCrYVklAmk2k7dB5hZlIpIX8iuNI/cSduxR9x7aTtQlsPDHM4517u4cQpJUp73pdVWVvf2Nyqbtd2dvf2D+zDo64SmUS4gwQV8iGGClPCcUcTTfFDKjFkMcW9eHxd+r0JlooIfq+nKY4YHHIyIAhqI/VtO2RQjxCk+W3Rz1Wz6NuuV/dmcFaJvyAuWKDdt7/DRKCMYa4RhUoFvpfqKIdSE0RxUQszhVOIxnCIA0M5ZFhF+Sx54ZwZJXEGQprHtTNTf2/kkCk1ZbGZLHOqZa8U//OCTA+uopzwNNOYo/mhQUYdLZyyBichEiNNp4ZAJInJ6qARlBBpU1Yt5PgRCcYgT/IwVkXgR+YXNCmzCJq7flEW5S/Xskq6jbrfrDfuLtyWv6isCk7AKTgHPrgELXAD2qADEJiAJ/ACXq1n6816tz7moxVrsXMM/sD6/AGOIqL7</latexit>

Test 2: Ablation test
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EXPERIMENTS

Natural NSF NSF only Ls1 NSF Ls1+Ls2

ATR Ximera
F009

CMU-arctic
SLT

Ls1: frame shift 5ms, window length 20ms
Ls2: frame shift 2.5ms, window length 5ms

☛ Samples, models, codes: https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html


Analysis
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EXPERIMENTS

Condition module

Source module
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 3

Filter 
block 4

Filter 
block 5 bo1:T

<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>
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EXPERIMENTS

Condition module

Source module
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 3

Filter 
block 4

Filter 
block 5 bo1:T

<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>
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EXPERIMENTS

Condition module

Source module
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 3

Filter 
block 4

Filter 
block 5 bo1:T

<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>
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EXPERIMENTS

Condition module

Source module
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 3

Filter 
block 4

Filter 
block 5 bo1:T

<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>
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EXPERIMENTS

Condition module

Source module
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
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EXPERIMENTS

Condition module

Source module
e1:T

<latexit sha1_base64="zTWQWZ7+uXB+hzOuzEMbzOYho0w=">AAACF3icbVDLSsNAFJ3Ud31VXboJFsFVyVRBcVVw41KhrUITymRyq4PzCDMTpYT8huBK/8SduHXpj7h2UrPQ1gPDHM65l3s4ccqZsUHw6dXm5hcWl5ZX6qtr6xubja3tvlGZptCjiit9HRMDnEnoWWY5XKcaiIg5XMV3Z6V/dQ/aMCW7dpxCJMiNZCNGiXVSGMYmh2KY49NuMWw0g1YwgT9LcEWaqMLFsPEVJopmAqSlnBgzwEFqo5xoyyiHoh5mBlJC78gNDByVRICJ8knmwt93SuKPlHZPWn+i/t7IiTBmLGI3KYi9NdNeKf7nDTI7OolyJtPMgqQ/h0YZ963yywL8hGmglo8dIVQzl9Wnt0QTal1N9VDCA1VCEJnkrpxigCP3K56UWRTPm7goi8LTtcySfruFD1vty6NmB1eVLaNdtIcOEEbHqIPO0QXqIYpS9Iie0Yv35L16b977z2jNq3Z20B94H99hxqDP</latexit> Filter 
block 1

Filter 
block 2

Filter 
block 3

Filter 
block 4

Filter 
block 5 bo1:T

<latexit sha1_base64="KxFWR1LzsWCdrxhGGpbxNyO34eY=">AAACI3icbVC7SgNBFJ31GeMrKtjYLAbBKuyooFgJNpYRjAayS5idvUkG57HMzCph3Z8RrPRP7MTGwt+wdjam0MQDwxzOuZd7OHHKmbFB8OHNzM7NLyxWlqrLK6tr67WNzWujMk2hRRVXuh0TA5xJaFlmObRTDUTEHG7i2/PSv7kDbZiSV3aYQiRIX7Ieo8Q6qVvbDu9ZAgNi8zA2uSqKbo5Pr4purR40ghH8aYLHpI7GaHZrX2GiaCZAWsqJMR0cpDbKibaMciiqYWYgJfSW9KHjqCQCTJSP8hf+nlMSv6e0e9L6I/X3Rk6EMUMRu0lB7MBMeqX4n9fJbO8kyplMMwuS/hzqZdy3yi/L8BOmgVo+dIRQzVxWnw6IJtS6yqqhhHuqhCAyKdspOjhyv+JJmUXxvI6Lsig8Wcs0uT5o4MPGweVR/QyPK6ugHbSL9hFGx+gMXaAmaiGKHtAjekYv3pP36r157z+jM954Zwv9gff5DahPpag=</latexit>



l Introduction

l Proposed model

l Experiments

l Summary

CONTENTS

39



40

SUMMARY
NSF

• Condition: up sampling
• Source: sine excitation
• Filter: dilated-CONV
• Criterion: STFT

Spectral features & F0 

Condition module

Source module Filter module

Spectral distanceNatural 
waveform

Generated
waveform

F0 infor. Spectral infor. 

Easy training
Fast generation
High-quality waveforms
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SUMMARY
Recent work
q Simplified NSF: faster generation speed

q Simplified NSF -> Harmonic-plus-noise NSF 
• Best quality

Dilated 
conv +

Tanh
Sigmoid * FF

FF
FF

+
Dilated 

conv +
Tanh

Sigmoid * FF
FF

+
… FF+ x� b+ ax1:T y1:T

a1:T

b1:Tc̃1:T c̃1:T

Dilated 
conv +FF … FFx1:T y1:T

a1:T

x+ a
c̃1:T

Dilated 
conv +

c̃1:T



Questions & Comments 
are always Welcome!
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https://nii-yamagishilab.github.io/samples-nsf/index.html

https://arxiv.org/abs/1904.12088

https://nii-yamagishilab.github.io/samples-nsf/index.html
https://arxiv.org/abs/1904.12088
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INTRODUCTION
Autoregressive (AR) model

1 2 3 4 T…

…

…

c1 c2 cNc3

o1 o2 o3 o4 oT

1 2 3

p(o1:T |c1:N ;⇥) =
TY

t=1

p(ot|o1:t�1, c1:N ;⇥)

• Powerful model
! Slow generation speed
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INTRODUCTION
Normalizing flow + knowledge distilling

1 2 3 4 T…

…

…

c1 c2 cNc3

1 2 3

bo1 bo2 bo3 bo4 boT

Teacher AR WaveNet

• Fast generation
! Complicated model



Natural NSF NSF w/o ‘residual’ 
connection in filter module

F009

CMU-arctic

E2: Ablation test
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EXPERIMENTS

Filter block

Dilated 
CONV +

Tanh
Sigmoid * FF

FF
FF

+
Dilated 
CONV +

Tanh
Sigmoid * FF

FF
+

… FF+ x� b+ ax1:T

y1:Ta1:T

b1:Tc̃1:T c̃1:T

https://nii-yamagishilab.github.io/samples-nsf/index.html

https://nii-yamagishilab.github.io/samples-nsf/index.html
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SUMMARY
Recent work
q Input F0?

• VCTK corpus, Mel-spectrogram + F0
• Samples generated from NSF, by changing F0 only

F0 0.5 * F0 2.0 * F0
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SUMMARY
Recent work
q Input F0?

• https://arxiv.org/abs/1904.12088
• Same Mel-spec., different F0 input

NSFF0 contour a
Natural Mel-spec.

NSFF0 contour b
Natural Mel-spec.

NSFF0 contour c
Natural Mel-spec.

Waveform 1

Waveform 2

Waveform 3

F0 contour 1

F0 contour 4

F0 contour 5

F0 contour from Mel-spec.

Corr. ~1.0

Corr. ~0.9

F0 
model

Random 
sampling

https://arxiv.org/abs/1904.12088
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SUMMARY
Recent work
q Input F0?

• https://arxiv.org/abs/1904.12088
• Same Mel-spec., different F0 input

• Not easy to control F0 of generated waveforms from WaveNet

WaveNetF0 contour a
Natural Mel-spec.

WaveNetF0 contour b
Natural Mel-spec.

WaveNetF0 contour c
Natural Mel-spec.

Waveform 1

Waveform 2

Waveform 3

F0 contour 1

F0 contour 4

F0 contour 5

F0 contour from Mel-spec. Corr. ~0.97

Corr. ~0.92

F0 
model

Random 
sampling

https://arxiv.org/abs/1904.12088


Comparison with original NSF
q Waveform generation speed

q Number of model parameters

v Memory-save mode: release and allocate GPU memory layer by layer

50

SIMPLIFIED NSF

AR WaveNet
Original NSF Simplified NSF

Memory save Full speed Memory save Full speed

190 20,000 227,000

Number of waveform values generated in 1s GPU time

AR WaveNet Original NSF Simplified NSF

~ 2.9 M ~1.8 M

88,000 327,000

~1.07 M



Improve the simplified NSF?

• Simplified NSF trained on Mel-spectrogram, 16kHz Japanese data 
• Unvoiced sound disappears 51

SIMPLIFIED NSF

Filter moduleSource module

Condition  module

Epoch 1

Epoch 12 Epoch 28



Improve the simplified NSF?

52

SIMPLIFIED NSF

Filter moduleSource module

Condition  module

Dilated 
CONV + Dilated 

CONV + Dilated 
CONV + Dilated 

CONV + Dilated 
CONV +

De-voiced し た

…金融調節を実施した。

? Separate streams for unvoiced / voiced sound



HPN NSF

• Harmonic + noise style
• How to merge?

53

HARMONIC-PLUS-NOISE NSF

Source module
(sine-based)

Condition  module

Filter module 1 Noise

F0

Filter module 2

Merge



HPN NSF

• Harmonic + noise style
• How to merge?

• Summation: may not separate harmonic from noise

54

HARMONIC-PLUS-NOISE NSF

Condition  module
F0

+
Source module
(sine-based)

Filter module 1 Noise

Filter module 2



HPN NSF

• Harmonic + noise style
• How to merge?

X Summation: may not separate harmonic from noise
X Merge in time domain: hard / soft switch

55

HARMONIC-PLUS-NOISE NSF

Condition  module
Voice/unvoiced

Source module
(sine-based)

Filter module 1 Noise

Filter module 2

F0



HPN NSF

• Harmonic + noise style
• How to merge?

X Summation: may not separate harmonic from noise
X Merge in time domain: hard / soft switch
✓ Merge in frequency domain: FIR filters

HARMONIC-PLUS-NOISE NSF

Condition  module
F0

+
Source module
(sine-based)

Filter module 1 Noise

Filter module 2

56

Harmonic partNoise part

Merged

FFT bins



HPN NSF

• Harmonic + noise style
• How to merge?

X Summation: may not separate harmonic from noise
X Merge in time domain: hard / soft switch
✓ Merge in frequency domain: FIR filters

HARMONIC-PLUS-NOISE NSF

Condition  module
F0

+
Source module
(sine-based)

Filter module 1 Noise

Filter module 2

57



HPN NSF

• Harmonic + noise style
• How to merge?

✓ Merge in frequency domain: FIR filters
o Change cut-off frequency based on voicing condition

58

HARMONIC-PLUS-NOISE NSF

Condition  module U/V

Source module
(sine-based)

Filter module 1 Noise

Filter module 2

+

F0
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Spectrogram of ‘noise’ component

Spectrogram of ‘harmonic’ component



HNM + FIR filters
q Deterministic filter selection

WAVEFORMMODELING

e33
e21e10

60

Learning curve



Natural
Original NSF Simplified NSF Simplified & 

improved NSF

MGC + F0 Mel-spec 
+ F0 MGC + F0 Mel-spec 

+ F0 MGC + F0 Mel-spec 
+ F0

Samples (16kHz waveform, natural acoustic features)

• Natural MGC / Mel-spectrogram 
• Natural F0

61

SUMMARY



Natural
Original NSF Simplified NSF Simplified & 

improved NSF

MGC + F0 Mel-spec 
+ F0 MGC + F0 Mel-spec 

+ F0 MGC + F0 Mel-spec 
+ F0

Samples (16kHz waveform, text-to-speech)

• Predicted MGC / Mel-spectrogram from text
• Natural F0

62

SUMMARY



bo1:To1:T DFT
Framing/

windowing DFT
Framing/

windowing
Generated 
waveform

Natural 
waveform L

by(n) bx(n)y(n)x(n)

bo1
bo2
bo3

boT

bo1:T

…

bx(1)bx(2)bx(N)

N frames

…K 
DFT 
bins

K-points
DFT

by(N) by(1)by(2)

Frame 
Length M

Padding 
K-M

0

0
0
0

0

0
0
0

0

0

bx(1)
1

bx(1)
2

bx(1)
M

Framing/
windowing

by(1)1

by(1)2

by(1)K

by(1)3

bx(2)
1

bx(2)
2

bx(2)
Mbx(N)

M

bx(N)
1

Complex-value domain Real-value domain

NEURAL SOURCE-FILTER MODEL
Training criterion



bo1
bo2
bo3

boT

bx(1)
1

bx(1)
2

bx(1)
M

bx(2)
1

bx(2)
2

bx(2)
M

X=

bx(N)
M

bx(N)
1

bx(N)
2

…

1st Frame

2nd Frame

Nth Frame

T rows

M (frame length)

w1

w2

wM

…

w1

w2

wM

…

Frame
shift

NM 
columns

w1

w2

wM

…

…

W 2 RNM⇥T

0
0

0
0

0

0

0

0

0 0 0

0

NEURAL SOURCE-FILTER MODEL
Training criterion



Training criterion

bo1:To1:T DFTFraming/
windowing DFT Framing/

windowing
Generated 
waveform

Natural 
waveform L

by(n) bx(n)y(n)x(n)

…

N frames

…K 
DFT 
bins

K-points
iDFT

Frame 
Length M

De-framing/
windowing

inverse
DFT

De-framing
/windowing Gradients

@L
@bo1:T

@L
@bx(n)

@L
@bx(N)

@L
@bx(2)

@L
@bx(1)

Gradients w.r.t. zero-padded part
Not used in de-framing/windowing

Padding 
K-M

@L
@bo1:T

g(n)k =
@Ls

@Re(by(n)k )
+ j

@Ls

@Im(by(n)k )
2 C

g(1)K

g(1)2

g(1)1

g(1)g(2)g(N)

g(n)

@L
@bx(1)

1

@L
@bx(1)

2

@L
@bx(1)

M

@L
@bx(2)

M

@L
@bx(2)

1

@L
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1

@L
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M

@L
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@L
@bo2

@L
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Complex-value domain Real-value domain

NEURAL SOURCE-FILTER MODEL



Implementation issue
q WaveNet memory consumption in generation

• Only allocate GPU memory for generating 1 waveform point
• For t = 1 : T,  reuse the memory space
• Check: http://tonywangx.github.io/pdfs/CURRENNT_WAVENET.pdf (pp.44-55) 66

PART 3

Condition

GPU Memory for 
neural network in 

theory

Number of 
layers

Waveform length

Condition

CNN stacks

Memory for 1 time step

N time steps
(N = dilation size)Implementation

WaveNet

http://tonywangx.github.io/pdfs/CURRENNT_WAVENET.pdf


Implementation issue
q NSF normal node

• Normal mode: allocate GPU memory for all layers and all time steps
• GPU memory consumption is large for long waveforms

67

PART 3

GPU Memory for 
neural network in 

theory

Number of 
layers

Waveform length

NSF

Condition Condition

CNN stacks

Implementation



Implementation issue
q NSF memory-save node

• Memory-save mode: 
• Allocate GPU memory for the current layer and all previous 

layers it depends on 
• Release GPU memory when one layer is no longer needed

• GPU memory consumption is small
68

PART 3

Condition

GPU Memory for 
neural network in 

theory

Number of 
layers

Waveform length

Condition

CNN stacks

NSF

Implementation



Implementation issue
q NSF memory-save node

69

PART 3

Condition

GPU Memory for 
neural network in 

theory

Number of 
layers

Waveform length

Condition

CNN stacks

Memory-save mode: 
Function __computeGenPass_LayerByLayer_mem

Build layer-dependency graph
For layer_n = 1 : L

Allocate GPU memory and compute layer_n’s output
For layer_m = 1 : layer_n where layer_m’s output is input to layer_n

If layer_m is no longer needed by any layer, release memory of layer_m

NSF

Implementation
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SELF-INTRODUCTION
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