
Network structure 
Input: 256-way one hot vectors 
and acoustic features 

Output: 256-way one hot vector 
representing 8 bit mu-law audio

Simpler structure than WaveNet


Mainly with 1x1 conv and ReLU


Network modifications while keeping  
network model size 

Skip connections: Not effective

Residual connections: Effective
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The 7th IEEE Workshop on Spoken Language Technology (SLT) will
be held on 18-21 December 2018 in Athens, Greece. The theme
for this year will be “Spoken Language Technology in the Era of
Deep Learning: Challenges and Opportunities”. The program for
SLT 2018 will include oral and posters sessions, keynotes, plus
invited speakers in the field of spoken language as well as
tutorials and multiple special sessions.

We invite submissions from the wider area of spoken language
technology, with emphasis on the following topics:
iSpeech recognition & synthesis 
iSpoken language understanding 
iSpoken document retrieval 
iQuestion answering from speech 
iAssistive technologies
iNatural language processing 
iMultimodal processing
iHuman/computer interaction
iSpoken dialog systems

iSpeech data mining
iEmotion recognition from speech
iSpoken document

summarization 
iSpoken language corpora 
iSpeaker/language 

recognition 
iEvaluation methodologies

Athens is a historic city and the capital of Greece, located in the
south-east part of the Mediterranean Sea. The emblematic city of
democracy provides for amazing sightseeing, great food tastings
and endless strolls and shopping in the buzzing festive capital. You
can browse all conference information on the website:
www.slt2018.org. Follow updates on Twitter @SLT2018 #SLT2018.

Special Session Proposals: 8 June
Paper Submission: 9 July
Paper Notifications: 3 September
Early Registration Deadline: 28 September
Demo Submission: 1 October
Workshop: 18 - 21 December

Authors are invited to prepare a full-length, 4-6 page papers,
including figures, plus 1-2 additional pages for references only

21th Dec. 2018.

1. Introduction
Target: High-quality statistical parametric speech synthesis 
and voice conversion 

Raw audio generative models: WaveNet, SampleRNN, 
FFTNet and WaveRNN


Outperforming conventional concatenative and source 
filter vocoder syntheses

Synthesis time problem due to autoregressive modeling


Raw audio generative models with real-time synthesis 
Parallel WaveNet and WaveRNN 


High quality but network structures not disclosed

FFTNet vocoder (Z. Jin et al., ICASSP 2018)


High speed synthesis but not so high synthesis quality

Purpose: Improving FFTNet neural vocoder 

Realizing high quality synthesis while keeping network 
model size

2. FFTNet neural vocoder
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<latexit sha1_base64="Cn+BUEKd8xdKIt3Q5PRco3fP2Ow="></latexit><latexit sha1_base64="Cn+BUEKd8xdKIt3Q5PRco3fP2Ow="></latexit><latexit sha1_base64="Cn+BUEKd8xdKIt3Q5PRco3fP2Ow="></latexit><latexit sha1_base64="Cn+BUEKd8xdKIt3Q5PRco3fP2Ow="></latexit>

f [Hz]
<latexit sha1_base64="JekowpVGRq8ye6Mlmpqdb77uHBw="></latexit><latexit sha1_base64="JekowpVGRq8ye6Mlmpqdb77uHBw="></latexit><latexit sha1_base64="JekowpVGRq8ye6Mlmpqdb77uHBw="></latexit><latexit sha1_base64="JekowpVGRq8ye6Mlmpqdb77uHBw="></latexit>

Filtering
<latexit sha1_base64="3VQFYMVMvz+mj0rqWVDBhPRNH08="></latexit><latexit sha1_base64="3VQFYMVMvz+mj0rqWVDBhPRNH08="></latexit><latexit sha1_base64="3VQFYMVMvz+mj0rqWVDBhPRNH08="></latexit><latexit sha1_base64="3VQFYMVMvz+mj0rqWVDBhPRNH08="></latexit>

Quantization
<latexit sha1_base64="AxCp/0ADlFNJuGzcCQj4MYvpTXM="></latexit><latexit sha1_base64="AxCp/0ADlFNJuGzcCQj4MYvpTXM="></latexit><latexit sha1_base64="AxCp/0ADlFNJuGzcCQj4MYvpTXM="></latexit><latexit sha1_base64="AxCp/0ADlFNJuGzcCQj4MYvpTXM="></latexit>

Training of
WaveNet / FFTNet

<latexit sha1_base64="Azd+72x9Z3Zft0FZGjZDm7tnYds="></latexit><latexit sha1_base64="Azd+72x9Z3Zft0FZGjZDm7tnYds="></latexit><latexit sha1_base64="Azd+72x9Z3Zft0FZGjZDm7tnYds="></latexit><latexit sha1_base64="Azd+72x9Z3Zft0FZGjZDm7tnYds="></latexit>

WaveNet / FFTNet
<latexit sha1_base64="HoMLaaKrInn74ntzFJlCJE2q5gM="></latexit><latexit sha1_base64="HoMLaaKrInn74ntzFJlCJE2q5gM="></latexit><latexit sha1_base64="HoMLaaKrInn74ntzFJlCJE2q5gM="></latexit><latexit sha1_base64="HoMLaaKrInn74ntzFJlCJE2q5gM="></latexit>

Time-invariant
noise weighting filter

<latexit sha1_base64="yfUK+uydIwd+/Keu0Np1tFmh6mY="></latexit><latexit sha1_base64="yfUK+uydIwd+/Keu0Np1tFmh6mY="></latexit><latexit sha1_base64="yfUK+uydIwd+/Keu0Np1tFmh6mY="></latexit><latexit sha1_base64="yfUK+uydIwd+/Keu0Np1tFmh6mY="></latexit>

Calculation of time-invariant
noise shaping fileter

<latexit sha1_base64="SSQNVKwTAp+ytUUbCYnH8uV/nZc="></latexit><latexit sha1_base64="SSQNVKwTAp+ytUUbCYnH8uV/nZc="></latexit><latexit sha1_base64="SSQNVKwTAp+ytUUbCYnH8uV/nZc="></latexit><latexit sha1_base64="SSQNVKwTAp+ytUUbCYnH8uV/nZc="></latexit>

Generation of
residual signal

<latexit sha1_base64="aJeAYNE2txZJpGOyCNKC0SjKDqg="></latexit><latexit sha1_base64="aJeAYNE2txZJpGOyCNKC0SjKDqg="></latexit><latexit sha1_base64="aJeAYNE2txZJpGOyCNKC0SjKDqg="></latexit><latexit sha1_base64="aJeAYNE2txZJpGOyCNKC0SjKDqg="></latexit>

Dequantization
<latexit sha1_base64="Q8gOG1lJRB6CjziWGjghja1N7Qc="></latexit><latexit sha1_base64="Q8gOG1lJRB6CjziWGjghja1N7Qc="></latexit><latexit sha1_base64="Q8gOG1lJRB6CjziWGjghja1N7Qc="></latexit><latexit sha1_base64="Q8gOG1lJRB6CjziWGjghja1N7Qc="></latexit>

Inverse filtering
<latexit sha1_base64="odqTDA43nzsZRr36VUHNJn+8+Co="></latexit><latexit sha1_base64="odqTDA43nzsZRr36VUHNJn+8+Co="></latexit><latexit sha1_base64="odqTDA43nzsZRr36VUHNJn+8+Co="></latexit><latexit sha1_base64="odqTDA43nzsZRr36VUHNJn+8+Co="></latexit>

Extraction of
acoustic features<latexit sha1_base64="PMp41kBkho4gZycwqgYdgrTWqRc="></latexit><latexit sha1_base64="PMp41kBkho4gZycwqgYdgrTWqRc="></latexit><latexit sha1_base64="PMp41kBkho4gZycwqgYdgrTWqRc="></latexit><latexit sha1_base64="PMp41kBkho4gZycwqgYdgrTWqRc="></latexit>

3. FFTNet vocoder with noise shaping
Noise shaping method considering auditory perception 

(K. Tachibana et al., ICASSP 2018)

Improving synthesis quality by reducing spectral distortion 
due to prediction error

Implemented by MLSA filter with averaged mel-cepstrums

Parallel training and synthesis in raw audio generative 
models with single-sideband filterbanks 

Squared-root Hann window-based overlapped filterbank

Improving prediction accuracy of WaveNet by coloring 
each band signal (T. Okamoto et al., ASRU 2017)


Subband WaveNet vocoder

(T. Okamoto et al., ICASSP 2018)


Problem: Phase shift between subbands


Subband FFTNet with multiband input 
Simultaneously input multiband 
signals


For considering phase shift 
between subbands

Input only 1st band signals for 
reducing network parameters

4. Subband FFTNet

Efficient in WaveNet vocoder

(a) Training stage

# M # M # M· · ·

· · ·

· · ·

Fullband waveform x

xNx2x1

Overlapped SSB analysis filterbank
<latexit sha1_base64="hz3YcsLZyBQE4R2v8gIf+sob3fE="></latexit><latexit sha1_base64="hz3YcsLZyBQE4R2v8gIf+sob3fE="></latexit><latexit sha1_base64="hz3YcsLZyBQE4R2v8gIf+sob3fE="></latexit><latexit sha1_base64="hz3YcsLZyBQE4R2v8gIf+sob3fE="></latexit>

Acoustic features h
<latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit><latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit><latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit><latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit>

for 2nd band
<latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit><latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit><latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit><latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit>

FFTNet
<latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit>

for N -th band
<latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit><latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit><latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit><latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit>

FFTNet
<latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit>

for 1st band
<latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit><latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit><latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit><latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit>

FFTNet
<latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit>

(b) Synthesis stage

" M " M " M

Fullband waveform x̂

x̂1 x̂2 x̂N

x̂1 x̂2 x̂N

· · ·

· · ·

· · ·

Overlapped SSB synthesis filterbank
<latexit sha1_base64="qnLCyaWqFkm8ANESrQjxt+GYQM8="></latexit><latexit sha1_base64="qnLCyaWqFkm8ANESrQjxt+GYQM8="></latexit><latexit sha1_base64="qnLCyaWqFkm8ANESrQjxt+GYQM8="></latexit><latexit sha1_base64="qnLCyaWqFkm8ANESrQjxt+GYQM8="></latexit>

Acoustic features h
<latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit><latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit><latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit><latexit sha1_base64="6UplFInBxIwkw0BVbFG3LuUOb5A="></latexit>

for N -th band
<latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit><latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit><latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit><latexit sha1_base64="/YI1qpcvsoQiTDmJZPgWv3R+7G8="></latexit>

FFTNet
<latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit>

for 2nd band
<latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit><latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit><latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit><latexit sha1_base64="76GOptAJbRM4+9AtMhEY8egvVMs="></latexit>

FFTNet
<latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit>

for 1st band
<latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit><latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit><latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit><latexit sha1_base64="/CNpbZaNxrRZBopTINvRZmAQksM="></latexit>

FFTNet
<latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit><latexit sha1_base64="UzFSnDwdXjGUDDDdSyiYCnF0Ufo="></latexit>

Subband FFTNet with multiband input
<latexit sha1_base64="BrfbVeuJpGCV+x3iNHgYnLw6Hyc="></latexit><latexit sha1_base64="BrfbVeuJpGCV+x3iNHgYnLw6Hyc="></latexit><latexit sha1_base64="BrfbVeuJpGCV+x3iNHgYnLw6Hyc="></latexit><latexit sha1_base64="BrfbVeuJpGCV+x3iNHgYnLw6Hyc="></latexit>

Acoustic features h
<latexit sha1_base64="RQVTbKgtq/zpmMrvWbdf8pD+IKM="></latexit><latexit sha1_base64="RQVTbKgtq/zpmMrvWbdf8pD+IKM="></latexit><latexit sha1_base64="RQVTbKgtq/zpmMrvWbdf8pD+IKM="></latexit><latexit sha1_base64="RQVTbKgtq/zpmMrvWbdf8pD+IKM="></latexit>

1st layer
<latexit sha1_base64="ErPKpUNEdKFfnQh1dUZLUnMZAd4="></latexit><latexit sha1_base64="ErPKpUNEdKFfnQh1dUZLUnMZAd4="></latexit><latexit sha1_base64="ErPKpUNEdKFfnQh1dUZLUnMZAd4="></latexit><latexit sha1_base64="ErPKpUNEdKFfnQh1dUZLUnMZAd4="></latexit>

+
<latexit sha1_base64="MNQ8Guaynm3W8HzRQJbP8gFpqH4="></latexit><latexit sha1_base64="MNQ8Guaynm3W8HzRQJbP8gFpqH4="></latexit><latexit sha1_base64="MNQ8Guaynm3W8HzRQJbP8gFpqH4="></latexit><latexit sha1_base64="MNQ8Guaynm3W8HzRQJbP8gFpqH4="></latexit>

ReLU ! 1⇥ 1 ! ReLU
<latexit sha1_base64="YZNQ6PhZPSD898Nbq1aHfrioKkY="></latexit><latexit sha1_base64="YZNQ6PhZPSD898Nbq1aHfrioKkY="></latexit><latexit sha1_base64="YZNQ6PhZPSD898Nbq1aHfrioKkY="></latexit><latexit sha1_base64="YZNQ6PhZPSD898Nbq1aHfrioKkY="></latexit>

1⇥ 1<latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit> 1⇥ 1<latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit> 1⇥ 1<latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit> 1⇥ 1<latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit>1⇥ 1<latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit> 1⇥ 1<latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit><latexit sha1_base64="Y1MAI6Ab21gSGqqqJrpIIP/nmSQ="></latexit>

1st band samples x1
<latexit sha1_base64="kstbW15saLDJ3NwtbkCIi4d8f/M="></latexit><latexit sha1_base64="kstbW15saLDJ3NwtbkCIi4d8f/M="></latexit><latexit sha1_base64="kstbW15saLDJ3NwtbkCIi4d8f/M="></latexit><latexit sha1_base64="kstbW15saLDJ3NwtbkCIi4d8f/M="></latexit>

n-th band samples xn
<latexit sha1_base64="u45fr71MQQ7Px7voS483A57/Lrk="></latexit><latexit sha1_base64="u45fr71MQQ7Px7voS483A57/Lrk="></latexit><latexit sha1_base64="u45fr71MQQ7Px7voS483A57/Lrk="></latexit><latexit sha1_base64="u45fr71MQQ7Px7voS483A57/Lrk="></latexit>

5.Experiments
Speech corpus (Sampling frequency: 16 kHz) 

Japanese male voice (Training set: 5697 utterances [3.7 h])

Input acoustic features (27 dimensions) 

(Log) Fundamental frequency + v/uv: 2 dimensions

STFT-based simple mel-cepstrums: 25 dimensions


Network model size comparison 
1/20 compared with WaveNet


Objective evaluation results (Test set: 20 utts) 

MOS evaluation condition 
Test set: 20 utterances

10 listening  subjects

Using headphones


MOS results 
Improvement by proposal

But lower than WaveNet 
with noise shaping

Table 2. Results of objective evaluations of 20 test set utterances. Bold and italic fonts respectively indicate best scores in only 6 FFTNet
vocoder and all 9 conditions.

Training softmax loss score SNR [dB] SD [dB] MCD [dB]
(a):vanilla FFTNet (baseline) 1.89 5.20 ± 0.26 10.29 ± 0.15 3.66 ± 0.11
(b):FFTNet with residual connections 1.81 5.50 ± 0.25 9.68 ± 0.12 3.33 ± 0.08
(c):FFTNet with noise shaping 2.19 4.00 ± 0.47 8.19 ± 0.05 2.84 ± 0.06
(d):subband FFTNet 1.39 4.00 ± 0.27 10.76 ± 0.30 2.96 ± 0.04
(e):subband FFTNet with noise shaping 1.55 2.90 ± 0.39 9.62 ± 0.22 2.84 ± 0.06
(f):subband FFTNet with multiband input 1.35 5.80 ± 0.36 10.84 ± 0.36 3.13 ± 0.39
(g):vanilla WaveNet 1.50 6.60 ± 0.36 9.16 ± 0.12 2.50 ± 0.08
(h):WaveNet with noise shaping 1.80 5.50 ± 0.60 7.58 ± 0.06 2.00 ± 0.07
(i):STRAIGHT – 0.10 ± 0.47 7.09 ± 0.07 2.78 ± 0.08

1
<latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit><latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit><latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit><latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit>

2
<latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit><latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit><latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit><latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit>

3
<latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit><latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit><latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit><latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit>

4
<latexit sha1_base64="z+3VOl2tLdnBpWLya1lPoJ502TI="></latexit><latexit sha1_base64="nSQEQpvtQ9UCC3/FtNQtFipFFvA="></latexit><latexit sha1_base64="nSQEQpvtQ9UCC3/FtNQtFipFFvA="></latexit><latexit sha1_base64="nSQEQpvtQ9UCC3/FtNQtFipFFvA="></latexit>

Mean opinion score
<latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit><latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit><latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit><latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit>

2.09
<latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit><latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit><latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit><latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit>

2.56
<latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit><latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit><latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit><latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit>

3.02
<latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit><latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit><latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit><latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit>
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Fig. 8. Results of MOS test with 10 listening subjects. “res”,
“ns”, “sb” and “mbi” respectively indicate residual connection, noise
shaping, subband and multiband input.

4.4. Discussions

First of all, the synthesized speech quality can be significantly im-
proved by the proposed approaches (b) to (f) compared with the
vanilla FFTNet (a) from the MOS test result (Fig. 8) although they
cannot reach that of the WaveNet with noise shaping (h). There-
fore, the effectiveness of the noise shaping and subband approaches
for FFTNet vocoder was validated. Especially, the proposal with
noise shaping (c) significantly outperforms the STRAIGHT vocoder
without mel-cepstral compression from the t-test result with p =
0.049 < 0.05. The results of SNR for the noise shaping meth-
ods (c) and (h) were lower than those for the methods without noise
shaping (b) and (g), since the noise shaped speech signals are more
whiten than the original signals and the higher loss scores indicate
that they are more difficultly predicted. However, the synthesized
speech quality of the methods with noise shaping can be success-
fully improved. On the other hand, the subband speech signals are
colored by the square-root Hann window-based overlapped SSB fil-
terbank and the lower loss scores suggest that they are more easily
predicted [46]. The residual connections can successfully improve
the FFTNet model accuracy and the noise shaping and subband ap-
proaches can improve the synthesized frequency response. In ad-
dition, the subband method with multiband input (f) can effectively

compensate the phase shift between subbands since it can realize
higher SNR compared with the other FFTNet vocoders. However,
it cannot realize higher quality synthesis since the speech wave-
forms synthesized by it slightly included additional noise signals in
a higher frequency band compared with the subband methods with
single band input. Although the subband methods with single band
input included fewer noise components, the synthesized speech qual-
ity was not so high due to the lack of phase shift compensation be-
tween subbands. Therefore, subband FFTNet with multiband input
should be further investigated for reducing the noise components.

5. FUTURE WORK

For further improving the synthesized speech quality of FFTNet to
reach those of WaveNet as well as original speech signals, alterna-
tive network structure modifications such as introducing the gated
activation unit used in WaveNet [17] and signal processing meth-
ods such as improving subband method with multiband input com-
bined with noise shaping should be investigated with higher sam-
pling frequencies, such as 24 [18, 25, 34] and 48 kHz [24, 47]. In
addition, experiments using a female speech corpus will also be con-
ducted. Furthermore, bandwidth extension [41, 47, 63], 16 bit linear
PCM raw audio prediction with discretized logistic mixture likeli-
hood [18, 25, 34, 55] or a dual softmax layer [20], synthesis with
mel-spectrogram input [25, 39], and synthesis speed evaluation for
FFTNet vocoder will also be investigated.

6. CONCLUSIONS

To improve the synthesized speech quality of FFTNet vocoder while
keeping the network model size for real-time synthesis, this paper
investigated the following four approaches. 1) The residual con-
nections were introduced into FFTNet for improving the prediction
accuracy. 2) Noise shaping and 3) subband approaches were di-
rectly applied to FFTNet vocoder. 4) Subband FFTNet vocoder
with multiband input was proposed for directly compensating the
phase shift between subbands. The proposed approaches were eval-
uated by both objective and subjective experiments using a Japanese
male corpus with a sampling frequency of 16 kHz compared with
STRAIGHT without mel-cepstral compression, vanilla FFTNet and
WaveNet vocoders. The results suggested that the proposed ap-
proaches can significantly improve the synthesized speech quality
of FFTNet vocoder. Especially, the proposed FFTNet vocoder with
noise shaping significantly outperformed the STRAIGHT vocoder.
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Fig. 6. 1st layer of subband FFTNet vocoder with multiband input
for n-th band training and synthesis.

Table 1. Numbers of network model parameters.
Model Num of params
WaveNet (g) and (h) 44,592,721
FFTNet (a) to (c) 2,251,857
Subband FFTNet (d) and (e) 1,857,105

(each subband)
Subband FFTNet with multiband input (f) 1,988,117

(each subband)

dimensions) coefficients without mel-cepstral compression were
directly used. Although they are typically compressed as mel-
cepstrum and band aperiodicity coefficients initially provided in [60]
for dimension number reduction, original high-dimensional coeffi-
cients instead of compressed ones were used in the experiments for
evaluating the potential of the proposed approaches.

In the FFTNet vocoders (a) to (c), L = 11 layers were intro-
duced and the receptive field was then 211 = 2048 samples as used
in original FFTNet [42]. A square-root Hann window-based over-
lapped SSB filterbank was also introduced for the subband FFTNet
vocoders (d) to (f). Decimation factor M was set to 4 and division
number N = 2M +1 = 9. The length of the analysis and synthesis
prototype FIR filters was 1024 samples. The sampling frequency of
each subband waveform was (16/4 =) 4 kHz. The frequency re-
sponse of the filterbank is plotted in Fig. 7. In the subband FFTNet
vocoders (d) to (f), L = 9 layers were then introduced and the re-
ceptive field was 29 = 512 samples. The channel number of each
FFTNet layer was 256 [42].

The dilation channel, residual channel and skip channel of the
WaveNet vocoders (g) and (h) were respectively 512, 512 and 256.
30 layers (10 dilations ⇥ 3 cycles) with a kernel size of 2 were in-
troduced for the dilated causal convolution layers and the receptive
field was then 3070 samples [17, 28].

In the WaveNet and FFTNet vocoders, (1 + 1 + 25 =) 27-
dimensional vectors constructed from the continuous logarithmic fo,
voice/unvoice one-hot vector and mel-cepstrum coefficients which
were normalized to have a zero-mean and unit-variance were used
for acoustic features h. The numbers of parameter updates were
respectively 400,000 and 1,000,000 for the WaveNet and FFTNet
vocoders and an Adam optimization algorithm [61] updated the neu-
ral network parameters with a learning rate of 0.001. The minibatch
sizes of WaveNet, FFTNet and subband FFTNet were respectively
1 ⇥ 20,000, 5 ⇥ 5,000 and 5 ⇥ 1,250 samples. They were trained
using a single GPU of NVIDIA Tesla P100. � = 0.5 was used for
the noise shaping methods (c), (e) and (h) according to the results in
WaveNet vocoder investigations [40, 44].

The numbers of network model parameters in the FFTNet and
WaveNet vocoders are provided in Table 1. Those of the FFTNet
vocoders are about 1/20 times compared with those of the WaveNet

Fig. 7. Frequency response of a square-root Hann window-based
overlapped SSB filterbank with decimation factor M = 4 and divi-
sion number N = 9 for proposed subband FFTNet vocoder.

vocoders and the FFTNet vocoders can synthesize speech wave-
forms in real time. Especially, the subband FFTNet vocoders can
realize more than M = 4 times faster generation due to the decima-
tion and smaller network as in subband WaveNet [46, 47].

4.2. Objective evaluations

To objectively evaluate the synthesized test set speech waveforms,
the signal-to-noise ratio (SNR) and the spectral distortion (SD) be-
tween original waveform x(t) and synthesized x̂(t) were introduced:

SNR = 10 log10

 PT
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where X(f, a) and X̂(f, a) are the short-time Fourier spectrums of
x(t) and x̂(t) in frame a for frequency bin f and A is the total num-
ber of frames. As previous works [28, 44, 47], a linear phase com-
pensation for each frame was introduced to calculate the SNR. As
an acoustic feature analysis, the short-time Fourier transform analy-
sis window function was also a Hann window with a frame length of
25 ms, a frameshift of 5 ms and F = 257. To consider the human au-
ditory perception criterion in the objective evaluation, mel-cepstral
distortion (MCD) was also introduced and defined:

MCD =
10

log 10

vuut2
BX

b=1

(c(b)� ĉ(b))2, (7)

where c(b) and ĉ(b) are the b-th mel-cepstral coefficients obtained
from X(f, a) and X̂(f, a) with ↵ = 0.42 and B = 24. The results
of the objective evaluations are shown in Table 2. In addition, the
training softmax loss scores averaged in the last 10,000 times are
also described in Table 2 for evaluating the model accuracy. In the
subband methods (d) to (f), the loss scores averaged in all 9 bands
were calculated.

4.3. Subjective evaluations

To subjectively evaluate the proposed approaches, mean opinion
score (MOS) tests [62] were conducted. All 20 utterances of the test
set were used as the evaluation set and presented by headphones. As
listening subjects, 10 Japanese adult native speakers without hearing
loss evaluated (20 utterances ⇥10 conditions including the original
test set waveforms =) 200 utterances. The MOS result is plotted in
Fig. 8.

1
<latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit><latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit><latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit><latexit sha1_base64="B9icVl7J9+4mxkv3fBFtLYkXSUQ="></latexit>

2
<latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit><latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit><latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit><latexit sha1_base64="KZjta3BSg4MPfJx2vCaBZwt1c3c="></latexit>

3
<latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit><latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit><latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit><latexit sha1_base64="Ys7eS+klwBCZ5J7UyDpzHftULAc="></latexit>

4
<latexit sha1_base64="z+3VOl2tLdnBpWLya1lPoJ502TI="></latexit><latexit sha1_base64="nSQEQpvtQ9UCC3/FtNQtFipFFvA="></latexit><latexit sha1_base64="nSQEQpvtQ9UCC3/FtNQtFipFFvA="></latexit><latexit sha1_base64="nSQEQpvtQ9UCC3/FtNQtFipFFvA="></latexit>

Mean opinion score
<latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit><latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit><latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit><latexit sha1_base64="VLteJgqmf+VhX8IyWxbcYux9C7k="></latexit>

2.09
<latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit><latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit><latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit><latexit sha1_base64="NfOLGhU33Phv0IR0a0SQxc0nNMc="></latexit>

2.56
<latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit><latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit><latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit><latexit sha1_base64="DY+PuNQlkj1/6DMLqkXOSRVCBNQ="></latexit>

3.02
<latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit><latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit><latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit><latexit sha1_base64="6AjU9c1tGslCnYuCV4fq2fkktoA="></latexit>

2.65
<latexit sha1_base64="PTAvj3VjKvJBqZ2CDcEHsLB/NYI="></latexit><latexit sha1_base64="PTAvj3VjKvJBqZ2CDcEHsLB/NYI="></latexit><latexit sha1_base64="PTAvj3VjKvJBqZ2CDcEHsLB/NYI="></latexit><latexit sha1_base64="PTAvj3VjKvJBqZ2CDcEHsLB/NYI="></latexit>

2.72
<latexit sha1_base64="gd+Tu0DGGQXrp+RIN/2+37arWF0="></latexit><latexit sha1_base64="gd+Tu0DGGQXrp+RIN/2+37arWF0="></latexit><latexit sha1_base64="gd+Tu0DGGQXrp+RIN/2+37arWF0="></latexit><latexit sha1_base64="gd+Tu0DGGQXrp+RIN/2+37arWF0="></latexit>

2.61
<latexit sha1_base64="c2dfRfYc1bnWnQ58UviPdu0v87s="></latexit><latexit sha1_base64="c2dfRfYc1bnWnQ58UviPdu0v87s="></latexit><latexit sha1_base64="c2dfRfYc1bnWnQ58UviPdu0v87s="></latexit><latexit sha1_base64="c2dfRfYc1bnWnQ58UviPdu0v87s="></latexit>

2.95
<latexit sha1_base64="j53NQuelycP7vJoTPq+b58fTRAE="></latexit><latexit sha1_base64="j53NQuelycP7vJoTPq+b58fTRAE="></latexit><latexit sha1_base64="j53NQuelycP7vJoTPq+b58fTRAE="></latexit><latexit sha1_base64="j53NQuelycP7vJoTPq+b58fTRAE="></latexit>

4.01
<latexit sha1_base64="3WpXrD1Nmpw4kjTISmIXKxANqdM="></latexit><latexit sha1_base64="3WpXrD1Nmpw4kjTISmIXKxANqdM="></latexit><latexit sha1_base64="3WpXrD1Nmpw4kjTISmIXKxANqdM="></latexit><latexit sha1_base64="3WpXrD1Nmpw4kjTISmIXKxANqdM="></latexit>

2.89
<latexit sha1_base64="ya1fw+zABm7zMksY4oePmZonxeA="></latexit><latexit sha1_base64="ya1fw+zABm7zMksY4oePmZonxeA="></latexit><latexit sha1_base64="ya1fw+zABm7zMksY4oePmZonxeA="></latexit><latexit sha1_base64="ya1fw+zABm7zMksY4oePmZonxeA="></latexit>

4.24
<latexit sha1_base64="QfJMIyRQbg1EiTpWxCMR4+0AHuw="></latexit><latexit sha1_base64="QfJMIyRQbg1EiTpWxCMR4+0AHuw="></latexit><latexit sha1_base64="QfJMIyRQbg1EiTpWxCMR4+0AHuw="></latexit><latexit sha1_base64="QfJMIyRQbg1EiTpWxCMR4+0AHuw="></latexit>

F
F
T
N
et

<latexit sha1_base64="9kDhgs6xFmY/rQuobNJV7rK0/zo="></latexit><latexit sha1_base64="9kDhgs6xFmY/rQuobNJV7rK0/zo="></latexit><latexit sha1_base64="9kDhgs6xFmY/rQuobNJV7rK0/zo="></latexit><latexit sha1_base64="9kDhgs6xFmY/rQuobNJV7rK0/zo="></latexit>

W
av
eN

et
<latexit sha1_base64="8PJK6Nm83Ibv5e25Lu3eDvaOolc="></latexit><latexit sha1_base64="8PJK6Nm83Ibv5e25Lu3eDvaOolc="></latexit><latexit sha1_base64="8PJK6Nm83Ibv5e25Lu3eDvaOolc="></latexit><latexit sha1_base64="8PJK6Nm83Ibv5e25Lu3eDvaOolc="></latexit>

Original
<latexit sha1_base64="/mlc+F+7AeJYnDOfegcsbFH6xI0="></latexit><latexit sha1_base64="/mlc+F+7AeJYnDOfegcsbFH6xI0="></latexit><latexit sha1_base64="/mlc+F+7AeJYnDOfegcsbFH6xI0="></latexit><latexit sha1_base64="/mlc+F+7AeJYnDOfegcsbFH6xI0="></latexit>

(a):vanilla
<latexit sha1_base64="WxxwMN0bt7yLkYZq78T0lbsfw5c="></latexit><latexit sha1_base64="WxxwMN0bt7yLkYZq78T0lbsfw5c="></latexit><latexit sha1_base64="WxxwMN0bt7yLkYZq78T0lbsfw5c="></latexit><latexit sha1_base64="WxxwMN0bt7yLkYZq78T0lbsfw5c="></latexit>

(b):res
<latexit sha1_base64="NWGDzAfJ5Q9yNcoVui5gnwwaKdA="></latexit><latexit sha1_base64="NWGDzAfJ5Q9yNcoVui5gnwwaKdA="></latexit><latexit sha1_base64="NWGDzAfJ5Q9yNcoVui5gnwwaKdA="></latexit><latexit sha1_base64="NWGDzAfJ5Q9yNcoVui5gnwwaKdA="></latexit>

(c):ns
<latexit sha1_base64="QCwblVFe9Lj9fYNrlYR0T1geWRc="></latexit><latexit sha1_base64="QCwblVFe9Lj9fYNrlYR0T1geWRc="></latexit><latexit sha1_base64="QCwblVFe9Lj9fYNrlYR0T1geWRc="></latexit><latexit sha1_base64="QCwblVFe9Lj9fYNrlYR0T1geWRc="></latexit>

(d):sb
<latexit sha1_base64="cMc516U9a+f/IuOlnuho9eK5b80="></latexit><latexit sha1_base64="cMc516U9a+f/IuOlnuho9eK5b80="></latexit><latexit sha1_base64="cMc516U9a+f/IuOlnuho9eK5b80="></latexit><latexit sha1_base64="cMc516U9a+f/IuOlnuho9eK5b80="></latexit>

(g):vanilla
<latexit sha1_base64="8mlrDLU5a2xLPyUgj/yg/k5Hz8A="></latexit><latexit sha1_base64="8mlrDLU5a2xLPyUgj/yg/k5Hz8A="></latexit><latexit sha1_base64="8mlrDLU5a2xLPyUgj/yg/k5Hz8A="></latexit><latexit sha1_base64="8mlrDLU5a2xLPyUgj/yg/k5Hz8A="></latexit>

(h):ns
<latexit sha1_base64="6mBXHhe0PmLbJYaeena2ejKg+lI="></latexit><latexit sha1_base64="6mBXHhe0PmLbJYaeena2ejKg+lI="></latexit><latexit sha1_base64="6mBXHhe0PmLbJYaeena2ejKg+lI="></latexit><latexit sha1_base64="6mBXHhe0PmLbJYaeena2ejKg+lI="></latexit>

(i):STRAIGHT
<latexit sha1_base64="XHjQjr3+5HKG4CBnb51pd3DCLU8="></latexit><latexit sha1_base64="XHjQjr3+5HKG4CBnb51pd3DCLU8="></latexit><latexit sha1_base64="XHjQjr3+5HKG4CBnb51pd3DCLU8="></latexit><latexit sha1_base64="XHjQjr3+5HKG4CBnb51pd3DCLU8="></latexit>

(e):sb with ns
<latexit sha1_base64="0s5jSc266yOIkYApTutADoFo448="></latexit><latexit sha1_base64="0s5jSc266yOIkYApTutADoFo448="></latexit><latexit sha1_base64="0s5jSc266yOIkYApTutADoFo448="></latexit><latexit sha1_base64="0s5jSc266yOIkYApTutADoFo448="></latexit>

(f):sb with mbi
<latexit sha1_base64="hP0GbOeW+BFFRKhT5HUybVZwacU="></latexit><latexit sha1_base64="hP0GbOeW+BFFRKhT5HUybVZwacU="></latexit><latexit sha1_base64="hP0GbOeW+BFFRKhT5HUybVZwacU="></latexit><latexit sha1_base64="hP0GbOeW+BFFRKhT5HUybVZwacU="></latexit> ⇤<latexit sha1_base64="P4G4cu4Vc2uwtK40c2DwdwqlbBY="></latexit><latexit sha1_base64="P4G4cu4Vc2uwtK40c2DwdwqlbBY="></latexit><latexit sha1_base64="P4G4cu4Vc2uwtK40c2DwdwqlbBY="></latexit><latexit sha1_base64="P4G4cu4Vc2uwtK40c2DwdwqlbBY="></latexit>


