IEEE/ACM TRANSACTIONS ON AUDIO, SPEECH, AND LANGUAGE PROCESSING, VOL. 30, 2022 367

Use of Speaker Recognition Approaches for Learning
and Evaluating Embedding Representations of
Musical Instrument Sounds

Xuan Shi“”, Erica Cooper

Abstract—Constructing an embedding space for musical in-
strument sounds that can meaningfully represent new and un-
seen instruments is important for downstream music generation
tasks such as multi-instrument synthesis and timbre transfer. The
framework of Automatic Speaker Verification (ASV) provides us
with architectures and evaluation methodologies for verifying the
identities of unseen speakers, and these can be repurposed for the
task of learning and evaluating a musical instrument sound embed-
ding space that can support unseen instruments. Borrowing from
state-of-the-art ASV techniques, we construct a musical instrument
recognition model that uses a SincNet front-end, a ResNet archi-
tecture, and an angular softmax objective function. Experiments
on the NSynth and RWC datasets show our model’s effectiveness
in terms of equal error rate (EER) for unseen instruments, and
ablation studies show the importance of data augmentation and
the angular softmax objective. Experiments also show the benefit
of using a CQT-based filterbank for initializing SincNet over a
Mel filterbank initialization. Further complementary analysis of
the learned embedding space is conducted with t-SNE visualiza-
tions and probing classification tasks, which show that including
instrument family labels as a multi-task learning target can help to
regularize the embedding space and incorporate useful structure,
and that meaningful information such as playing style, which was
not included during training, is contained in the embeddings of
unseen instruments.

Index Terms—Musical instrument embeddings, speaker
recognition, automatic speaker verification, deep learning.

1. INTRODUCTION

ULTI-INSTRUMENT audio synthesis including timbre-
M style transfer is an actively-researched audio generation
task in which we disentangle instrument timbre and music
content, control and manipulate the timbre, and generate high-
fidelity natural-sounding audio signals. Inputs may be either
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audio signals of a different instrument or discrete representa-
tions such as MIDI. Several models for the former audio-based
timbre transfer have been proposed [1]-[6]. There have also been
attempts to generate audio from discrete representations, such
as [7] and [8].

An important component in these kinds of multi-instrument
audio synthesis is the representation used for instrument types. A
very simple representation can be one-hot vectors corresponding
to instruments included in a training dataset. But this does not
provide us the freedom to use unseen or new instruments that are
not included in the training dataset. Another approach is to use a
large database that includes monophonic sounds of many differ-
ent types of instruments and obtain instrument embeddings or
latent vectors through a neural encoder [5]. This neural encoder
is typically simpler than ones used in various music retrieval
tasks such as audio identification [9], audio matching [10],
version identification [11], and Jukebox embeddings [12] in
terms of neural architectures. On the other hand, there are also
problems specific to the instrument encoder used for multi-
instrument audio synthesis. For instance, since the embedding
or latent vectors corresponding to unseen or new instruments
may be specified at inference time, it is critical to design a
neural encoder that provides appropriate representations even
for such unseen instruments and to evaluate the appropriateness
of the instrument embedding vectors obtained from audio of the
unseen instruments.

How can we perform such evaluation and analysis of in-
strument embedding vectors obtained from audio of unseen
instruments? In this paper, we propose to adopt evaluation
frameworks used in the Automatic Speaker Verification (ASV)
field to answer this scientific question. Speaker verification is
a task where a claimed speaker identity of an input speech
sample is judged to be the same as or different from its template
obtained during a registration process called “enrollment.” In
modern speaker verification systems using neural networks,
the templates are typically embedding vectors obtained from
a neural speaker encoder, and its distance to the embedding
of the input speech is measured to decide whether the input
speech’s ID is the same as that of the enrolled speech data.
Speakers to be verified are normally unseen and their data is not
included in the training dataset for the speaker encoder. Hence,
we can hypothesize that this evaluation manner and metric used
in the speaker verification task is suitable for evaluating the
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instrument embedding vectors obtained from audio of unseen
instruments. Performance is normally measured using Equal
Error Rate (EER) and/or Decision Cost Function (DCF) [13].
For instrument embeddings, the former, EER, is an appropriate
choice since DCF is a metric specific to biometric applications
where we need to consider multiple different use scenarios with
different tradeoffs of security and convenience. When we have
multiple speaker encoders, their EER differences can be further
analyzed through a statistical significance test on EERs [14].
Speaker embedding vectors can also be analyzed via shallow
probing tasks [15]. Using these evaluation frameworks for ASV,
it would be possible to assess multiple instrument encoders
without audio generation and analyze their tendencies.

As described earlier, a database for training the instrument
encoder is typically one including monophonic sounds of many
different types of instruments and therefore, thanks to similar-
ities of the task and audio signals, we can also utilize speaker
recognition models directly. Therefore, in addition to the eval-
uation methodologies, we introduce several advanced neural
architectures that are frequently used for ASV. More specifically,
we introduced SincNet [16] for feature extraction from raw
waveforms, ResNet [17] as the main body, learnable dictionary
encoding (LDE) [18] for aggregation of audio signals of vary-
ing lengths, and angular softmax [19] for class discriminative
training. All of these have been reported to perform well on
multiple ASV benchmark datasets [16], [19]-[21] and they are
expected to make our evaluation and analysis of the instrument
embedding vectors obtained from unseen instruments meaning-
ful. Instrument encoders using various combinations of these
techniques are trained on two popular monophonic instrument
databases, NSynth [22] and RWC [23], and they are used to
extract embedding vectors of unseen instruments.

This paper is structured as follows. Section Il overviews multi-
instrument audio synthesis and musical instrument recognition.
Section III describes evaluation frameworks for embedding
vectors of unseen vectors including statistical significance tests.
Section IV describes the neural network architectures. Section V
shows experimental conditions and results, and our findings are
summarized in Section VII.

II. RELATED WORK

In this section, we review the background of this paper in the
following fields: multi-instrument audio synthesis and musical
instrument recognition.

A. Multi-Instrument Audio Synthesis

Multi-instrument audio synthesis involves generating an in-
strument performance with the timbre of various target instru-
ments given the pitch, dynamics, and other factors. From the
perspective of input, there are generally two paradigms for multi-
instrument audio synthesis: audio input and symbolic input. The
former one is also known as timbre transfer. To transfer the
timbre of the input audio, many generative models are condi-
tioned with the timbre or relevant hidden features, which are
extracted in an unsupervised manner, to generate target audio.
Engel et al. adopted WaveNet-style Autoencoders [1]in [22] and

Generative Adversarial Networks (GAN) [24] in [3] to capture
the timbre of the target instrument and to apply the target timbre
through time to generate audio in an autoregressive or parallel
sampling method. Similarly, DDSP [4] extracted hidden features
z with the encoder and synthesised high-fidelity audio by the
decoder in combination with a harmonic oscillator and filter. In
the application of timbre transfer, DDSP successfully transferred
timbre between the singing voice and violin.

Different from the studies mentioned above, using a symbolic
MIDI-derived input representation instead of audio input, Kim
et al. proposed Mel2Mel [5]: a MIDI piano roll and ad-hoc
instrument embedding, learned with a FiLM layer from one-hot
instrument labels, are given to generate a Mel spectrum, followed
by a WaveNet-based synthesizer to generate the audio of the
target instrument. PerformanceNet [7] uses an architecture made
up of U-net and multi-band convolution blocks to convert MIDI
piano rolls into acoustic features, which are then converted
into waveforms using the Griffin-Lim algorithm. In [8], the
text-to-speech synthesis architecture Tacotron2 [25] and the
Neural Source-Filter waveform model [26] were adapted to
accept polyphonic MIDI piano roll input and trained on piano
performance data with aligned MIDI transcriptions to synthesize
piano music. The MIDI representation can also be used to train
models to compose new songs in the symbolic domain, and then
synthesize them as waveforms, as in [27], [28].

B. Musical Instrument Recognition and Relevant Topics

A great number of previous studies have focused on in-
strument recognition from single notes and solo recordings
of pieces. Fuhrmann [29] comprehensively reviewed various
machine learning based musical instrument recognition methods
on the eve of deep learning’s surge. Readers may refer to [29]
for details of conventional musical instrument approaches.

In recent years, deep neural networks (DNN) have generally
dominated the field of musical instrument recognition. Taenzer
et al. [30] explored the influence of different data pre-processing
and augmentation methods on the generalization ability of CNNs
in western classical instrument family recognition tasks. Simi-
larly, Ramires et al. [31] applied various audio effects to musical
instrument sound to evaluate the robustness of an instrument
classification model and boost its performance. With the help
of data augmentation, their proposed method obtained an F1
score of 74.73 on the NSynth database, while the F1 score of the
baseline without augmentation was 73.78. Recently, Zeghidour
et al. [32] devised a new kind of learnable front-end (LEAF)
for audio classification. LEAF achieves an F1 score of 72.0 on
the NSynth database, demonstrating its capability in musical
instrument recognition. Concurrent to our work, [33] pretrained
an advanced backbone model on a subset of AudioSet [34] and
fine-tuned it on specific databases for downstream tasks. How-
ever, for the musical instrument recognition task, the randomly
initialized model slightly outperforms their proposed pretrained
model.

In addition to monophonic musical instrument recognition,
recognizing musical instruments in the polyphonic scenario has
also attracted interest from many researchers. Huang et al. [35]
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regarded polyphonic instrument recognition as a multi-class
prediction for each frame. Han et al. [36] used a sliding window
to predict instrument categories and aggregated the window-
level results to predict the predominant instrument in multi-
instrument audio.

III. EVALUATION OF INSTRUMENT EMBEDDING VECTORS
OBTAINED FROM AUDIO OF UNSEEN INSTRUMENTS

A. Procedures to Evaluate the Embedding Vectors Obtained
From Audio of Unseen Instruments

For the evaluation of instrument embedding vectors obtained
from audio of unseen instruments, typical evaluation metrics for
identification tasks such as Micro F1-score, Macro F1-score,
and confusion metrics cannot be used. We need to rely on
other evaluation procedures and metrics. Here we describe an
evaluation methodology using EERs as a proxy for assessing
representations of the instrument embedding vectors obtained
from audio of unseen instruments.

First, an evaluation set is assumed to contain audio files of
unseen instruments, and samples are further divided into two
sets. Using a trained instrument encoder, the first set is used for
extracting embedding vectors for enrollment, and the second set
is used for measuring similarity to the embedding vector of the
same unseen instrument, and dissimilarity to embedding vectors
of other unseen instruments included in the test set. The final
performance is assessed by computing EERs. EER is a common
evaluation metric for verification tasks. The value of EER indi-
cates the point at which the proportion of false acceptances is
equal to the proportion of false rejections. The lower the EER
value, the more dissimilar and discriminative the embedding
representation for an instrument is compared to other unseen
instruments. When a sufficiently large number of instruments
are included in the test set, this metric indicates whether an
instrument encoder can extract appropriate representations for
unseen instruments.

B. Statistical Significance Analysis

When we compare EERs of different systems, it is also critical
to check the statistical significance of the differences. For the
open-set case of verifying instrument categories, a pair-wise
statistical significance analysis of EERs can be conducted using
the methodology proposed in [14].

For a pair of models (A, B) in the comparison, a z value is
computed using

2|EER 4 — EER 5|
\/[EERA ( 1 _ EERA) +EERB (1 _ EERB )] N\l\rgel+]\[|l(yn—lill‘gel

z =

Niarget Nnon-target
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where Niger and Nyop-arger denote the number of evaluated target
and non-target instrument trials, respectively. The z value is then
compared with a threshold value Z, /5 decided by a significance
level (e.g. a = 0.05) with Holm-Bonferroni correction. If z >
Z 2, adifference between A and B is supported as a statistically
significant one.
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Fig. 1.  Architecture of proposed musical instrument recognition model in-
spired by speaker recognition.
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IV. MUSICAL INSTRUMENT RECOGNITION MODEL INSPIRED
BY SPEAKER RECOGNITION

As described earlier, we utilize popular speaker recognition
technologies and their combinations for bench-marking per-
formance on extracting representations of unseen instruments.
Since a monophonic sound database is used, their system designs
are similar to the original ASV ones, but we need to properly
consider differences between speech and music signals. Here we
describe how we amend the ASV technologies to cope with these
differences. The overall architecture of the system is shown in
Fig. 1.

A. Front-End

The front-end transforms input audio into frame-level acous-
tic features. This may be done using spectral features like Mel-
spectrogram and constant-Q transform (CQT) coefficients. Al-
ternatively, learnable front-ends such as SincNet, RawNet [37],
and LEAF [32] may be used to extract features from a waveform
directly through neural networks. Here we describe how we
amend SincNet, a popular ASV front-end, for extracting better
features from the music signal.

The front-end based on SincNet is implemented with a one-
dimensional convolutional network whose kernel of each chan-
nel is regarded as a bandpass finite impulse response (FIR) filter.
In the frequency domain, a bandpass filter for frequency f is
generally defined as the difference of two low-pass filters:

/ > — rect <f)
2f2 2f1)’

where rect(-) denotes a rectangular function in the frequency
domain. We transfer a filter function into the time domain with an

(f7f17f2)reCt( (2)
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inverse Fourier transform to accommodate the waveform input.
The filter function for a waveform sample n in the time domain
is given by:

g (n, f1, f2) = 2fasinc (27 fan) — 2 fisinc (27 fin),  (3)

in which the sinc function is defined as sinc(x) = sin(x)/z. As
can be seen from the equations, there are only two trainable
parameters per filter band, f; and f5, indicating the cutoff
frequencies for the start and the end, and thus, the parameter
size of the front-end can be significantly smaller than other
fully-trained convolutional feature extractors [36].

In the original SincNet paper, the initial cutoff frequencies f;
and f, were set to those of the Mel filterbank [16]. To handle
music signals better, we adopt the concept of a scale used in the
CQT transform and initialize learnable band-pass filters based
on the musical scale. For instance, when we allocate one band-
pass filter for each of the 128 MIDI note frequencies [8], the
corresponding f; and f of the k-th filter are its two neighboring
MIDI frequencies, which means f; = 2((k=1)=69)/12 5 440 and
fo = 2((BH1=69/12 5 440, respectively. Those frequencies are
further updated through back-propagation during the training
phase.

B. Encoding and Temporal Aggregation

The next step is to extract high-level features by down-
sampling and transforming the output of the front-end and
aggregating the frame-level features into a fixed-length em-
bedding. Time delay neural network [38], Residual Network
(ResNet) [17], and Squeeze and excitation network [39] are
frequently chosen for encoding, and statistical temporal pool-
ing [38], attentive temporal pooling [40] and LDE pooling [18]
are dominant approaches for temporal aggregation. In our bench-
mark experiment, we employ ResNet34, a type of ResNet with
34 layers that is commonly used in speaker verification [41], for
encoding. Since this ResNet34 module is a standard architecture,
we briefly overview the temporal aggregation process only here.

Since ResNet outputs a sequence of frame-level representa-
tions, it is important to transfer the sequential representation
R ={ry,ry,...,r7} of length T into a global time-invariant
representation E = {ey,ea,...,en} where N is a fixed num-
ber regardless of the length of the input audio signals. This
vector E can be used as an instrument embedding vector in
multi-instrument audio synthesis. There are several popular
techniques for temporal aggregation. Statistical temporal pool-
ing [38] conducts this process by computing the mean and
standard deviation of the sequential representations. Attentive
temporal pooling [40] additionally adopts self-attention to select
important segments before computing the statistics.

In this paper, we employ the LDE method [18]. Unlike tempo-
ral pooling, which implicitly assumes a uni-modal distribution,
LDE adopts a clustering process and computes posterior prob-
abilities of a fixed number of orderless learnable clusters via
softmax. Each element of the fixed length E vector is repre-
sented as a product of the posterior and averaged residual vector
of each cluster. The collection of the learned cluster centers
is a “dictionary,” and each learned cluster center is expected

TABLE I
OVERVIEW OF TWO MUSICAL INSTRUMENT DATABASES USED

NSynth RWC instrument

Categories in database 1,006 45
Categories in training set 953 45
Categories in valid. set 53 30
Categories in test set 53 30
Samples in database 305,979 1556
Samples in training set 289,205 1144
Samples in valid. set 12,678 209
Samples in test set 4,096 203

Total playback time (with silence)  340.0 hours 71.7 hours

to represent characteristics of different regions in the sequence
such as onset and overshoot regions, which is expected to help
musical instrument recognition [42].

C. Objective Function and Output Layers

The fixed-length vector E is used to predict the instrument
category included in the training database based on the softmax,
and backpropgation is conducted to update all LDE, ResNet34
and SincNet parameters. However, this does not guarantee
that different instruments in the same instrument family have
relatively similar embedding vectors since the network may
try to predict the instrument types without considering their
instrument family. Therefore, as Fig. 1 shows, we also introduce
instrument-family prediction as an additional regularization task
to constrain the embedding space and make it more intuitive.

Moreover, we adopt angular softmax (A-softmax), a discrim-
inative variant of softmax that explicitly considers and enlarges
the angular margin between classes. This has obtained high per-
formance recently in face recognition and speaker recognition
tasks [19], [43].

V. ASV BENCHMARKING TECHNIQUES FOR VERIFICATION OF
UNSEEN MUSICAL INSTRUMENTS

A. Data

The NSynth dataset [22] and the RWC musical instrument
dataset [23], two well-known databases in music processing,
are used in this paper. An overview of the datasets is shown in
Table I.

In the NSynth Database [22], individual notes are played by
various instruments at different pitches and velocities, which
makes it an appropriate choice for constructing a comprehen-
sive latent space of musical instrument sounds. The NSynth
dataset provides pre-defined training, validation, and evaluation
database partitions. Instrument-family categories in the valida-
tion and testing sets all exist in the training set, while individual
instruments in the training set have no overlap with those in
the validation and testing sets. Thus, from the perspective of
instrument-family classification, the categories in validation
and testing sets are all seen; however, from the perspective of
instrument classification, the categories in the validation and
testing sets are all unseen, and hence the task of predicting these
instruments is not identification but verification.
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As forthe RWC database, each sample of a musical instrument
includes a continuous performance of all notes in the pitch
range of the instrument. Since there are no pre-defined database
partitions, we adopted a similar partition method to NSynth. We
selected a number of different variations of musical instruments
to form validation and testing sets such that the instrument
family categories in the validation and testing sets are all seen,
but instrumental variations in the validation and testing sets are
all unseen. Instrument variations are different combinations of
instrument manufacturer and performer.

B. Experimental Conditions

We first study how well the proposed instrument recognition
model performs. More specifically, we show the verification
results of the unseen instruments and instrument variations
included in test sets of the NSynth and RWC datasets and analyze
whether the ASV techniques described earlier can improve
verification of the unseen instruments or not.

1) DNN Training: All systems in our experiments relied on
ResNet34. The input to the system was 3- to 5-second segments
of musical instrument performances. We initialized the front-end
with either the Mel filterbank or the CQT filterbank. The number
of filters for the CQT filterbank was set to 122 since one filter
was allocated per MIDI note. This filterbank can cover at least
the second harmonics of the highest pitch (F'#7) of the RWC
database, and the cut-off frequency of the highest filterbank is
close to the Nyquist frequency for the NSynth database. For
the Mel filterbank, we consider both the case of using the same
number of filters as the CQT one and 80 filters, which is the
standard setting frequently used in speaker recognition. In the
training stage, the low frequency f; and the frequency band
|f1 — f2| are the two trainable parameters of each channel in
the front-end. Considering the covered frequency range and
frequency resolution, the minimum values of the low frequency
and frequency band of each channel were set to 5 Hz and
5 Hz, respectively, so that the generated representation was
interpretable in terms of frequency. For the LDE, we set the
number of dictionary clusters C' = 32 and the dimension of the
embedding vector E is N = 512. The angular margin used for
A-softmax is set to 2.

We trained the models with the Adam optimizer for 30 epochs
to reach a point of convergence. Specifically, the models were
trained with a scheduler to dynamically adjust the value of the
learning rate — the learning rate linearly increased in the first
8000 steps followed by an exponential decrease. We run training
for each model three times with the random seed 10*** on the
k—th run, as the churn resulting from initialization, data prepro-
cessing, and other random processes affects the consistency of
models, which has been demonstrated in several recent works
of literature from various fields [44]-[46]. Multiple runs with
assigned seeds ensures reproducibility and increases the stability
of the experiments. Experimental results of each condition are
presented by the mean and standard deviation values of the
three runs in Tables II and III. On the NSynth dataset, all
systems were trained from scratch with different random seed

TABLE I
ABLATION STUDY ON THE TRAINING CONFIGURATIONS. WE EXCLUDED ONE
OF THE COMPONENTS (DATA AUGMENTATION, REGULARIZATION BASED ON
INSTRUMENT FAMILY PREDICTION AND A-SOFTMAX) FROM A BASE SYSTEM
THAT USES DATA AUGMENTATION, SINCNET INITIALIZED BASED ON CQT
FILTERS, LDE AND RESNET34

NSynth RWC Average
System EER (%) | | EER (%)) | EER (%)
Base 374 £ 0.37 | 1.03 £ 0.11 2.39
Base w/o data augmentation | 7.58 + 2.34 | 2.22 £ 0.29 4.90
Base w/o instrument family 3.14 £ 034 | 1.12 £ 0.20 2.13
Base w/o A-softmax 4.60 + 0.23 | 2.44 £ 0.08 3.52
TABLE III

VERIFICATION RESULTS OF UNSEEN INSTRUMENTS WITH DIFFERENT
FRONT-END FEATURES. ALL SYSTEMS USE DATA AUGMENTATION, RESNET34,
LDE AND A-SOFTMAX

Filter NSynth RWC Average
type | update | number | EER (%) | ‘ EER (%) | ‘ EER (%) |
Mel 80 | 3.19 £ 1.01 1.89 £+ 0.23 2.54
Mel v 80 | 3.42 +0.18 | 2.26 £ 0.15 2.84
Mel 122 | 3.44 £ 0.50 | 2.18 £ 0.18 2.81
Mel v 122 | 3.54 £0.14 | 1.98 £ 0.11 2.76
CQT 122 | 4.19 £ 0.30 | 0.96 £ 0.13 2.58
CQT v 122 | 3.74 £ 0.37 1.03 + 0.11 2.39

values three times'. Since the RWC dataset is smaller than the
NSynth dataset, all three models trained on the NSynth dataset
with different random seed values were fine-tuned on the RWC
dataset. Due to the difference in categories between the two
datasets, we replaced the dual output layer of the pre-trained
models with randomly-initialized new output weights. During
the fine-tuning phase, all model parameters including the front
end, encoder network, and pooling and output layers were
updated.

2) Data Augmentation: In many recognition tasks including
speaker recognition, data augmentation is often useful for im-
proving the robustness of predictive models. Augmentation is
done by adding varying degrees and types of noise, increasing
or slowing down the speed of the audio, or other modifications.
However, for the task in this paper, the aforementioned methods
are likely to change the characteristics of a musical instrument
sound and provide incorrect information for model optimization.
We therefore adopted a straightforward yet efficacious method to
create new samples by trimming the silences of samples? in the
NSynth dataset and then randomly concatenating samples from
the same musical instrument. Both individual and concatenated
continuous notes were equally mixed during training in order to
eliminate the domain gap between them.

3) EER Calculation: For computing the EERs®, we first
chose five audio samples per instrument as enrollment data
and computed the averaged instrument embedding vector per
instrument. Then, from a pool of randomly selected samples with

!'Source code for our experiments is available at https://github.com/Alexuan/
musical_instrument_embedding

2In the NSynth dataset, since the individual note sounds of many instruments
do not last for the entire four seconds, there were a large number of silent
segments on the ends of the input samples.

3We computed EERs with pyBOSARIS available at https://gitlab.eurecom.
fr/nautsch/pybosaris
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20 samples from the target instrument and 20 samples from non-
target instrument categories, we chose one sample, computed its
embedding vector, calculated its cosine distance to the average
enrollment embedding vector of the target instrument, repeated
this process for all samples in the pool, and computed scores
required for computing EERs.

C. Experimental Results

To evaluate the generalization performance and the robust-
ness of the ASV techniques described earlier, we conducted
all experiments on both the NSynth and the RWC databases
which contain different sets of unseen musical instruments
or instrumental variations as the test sets. Since the number
of all combinations of experimental settings is too large, we
divided comparisons into two parts. In the first part, we focus
on the training manner of the neural network and compare and
evaluate the impacts of data augmentation, regularization based
on instrument family prediction and A-softmax using the same
network architecture and same features. In the second part, we
focus on front-end factors such as frequency scales and number
of filters and compare different features using the same network
architecture and same training manner.

Table II shows the first ablation study on the training manner
of the neural network. We excluded one of the components
(data augmentation, regularization based on instrument family
prediction and A-softmax) from a base system that uses data
augmentation, SincNet initialized based on CQT filters, LDE
and ResNet34 and trained each variant three times with different
random seeds. Fig. 2 shows statistical significance test results
on EERs. Since we have three models trained with different
random seeds for each condition, we analyzed both significant
differences for models within each condition and significant
differences between models in different conditions.

From the table, we first see that the base system has reasonable
performance. Its EERs are only 3.74% and 1.03% on the NSynth
and RWC datasets, respectively. But, as expected, we also see
that its performance depends on the weight initialization and
its random seed values used since EER differences for three
models within the base condition are all statistically significant
(p < 0.0001) on both the NSynth and RWC datasets. Next, we
see that data augmentation and A-softmax have an important role
since averaged EERs become worse — from 2.39% to 4.90%
and to 3.52%, respectively. Their EER degradations are all
statistically significant (p < 0.0001) for any model pairs of the
base condition and base without data augmentation, and also any
model pairs of the base condition and base without A-softmax,
on both the NSynth and RWC datasets.

Further, we also see that the condition without regularization
based on instrument family prediction has slightly better EER
results than the base condition. They are statistically better for 8
out of 9 model pairs on the NSynth dataset and 2 out of 9 model
pairs on the RWC dataset. Since the instrument family prediction
acts as a kind of regularization, this is a natural consequence,
but, on the other hand, it is expected that the embedding space

instrument
family

(b) Statistical significance test results on the RWC dataset

Fig. 2. Statistical significance test on EERs for training strategy experiments
given o = 0.05 with Holm-Bonferroni correction. Blue shade represents sig-
nificant difference, while white data points indicate (A, B) models were not
statistically different. Four systems were tested on the NSynth Database for
statistical significance, with each system having three entries with three different
random seeds.

becomes less intuitive in terms of the instrument family category.
This will be investigated further in the next section.

Table III shows verification results using different front-end
features. All systems use the same ResNet34 network with data
augmentation, LDE and A-softmax. We analyzed three factors
related to SincNet based front-end feature extraction and they
are a) initial frequency scales used for the filterbanks, b) updat-
ing of cutoff frequencies of the filterbanks, and c¢) number of
filters.

We see that a system that uses SincNet initialized based on
CQT filters is good on average. But there is no strong clear
pattern on the NSynth dataset and this is also underpinned by
the statistical significance test results in Fig. 3(a) in which there
are many model pairs where differences are not statistically
significant on the NSynth dataset. But, interestingly, we can
see that all systems using the CQT filters work well on the
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(a) Statistical significance test results on the NSynth dataset

(b) Statistical significance test results on the RWC dataset

Fig. 3. Statistical significance test on EERs for front-end feature experiments
given o = 0.05 with Holm-Bonferroni correction. Blue shade represents sig-
nificance difference, while white data points indicate (A, B) models were not
statistically different. Six systems were tested on the NSynth Database for
statistical significance, with each system having three entries with three different
random seeds.

RWC dataset, and all pairs of CQT-based models and Mel-based
models have statistically-significant differences (p < 0.0001) as
we can see from Fig. 3(b). This interesting tendency will be
investigated further in the next section.

VI. COMPLEMENTARY EVALUATION THROUGH ANALYSIS OF
ENCODED INFORMATION

A. Motivation

Through the experiment in the previous section, we demon-
strated that EER-based evaluation is useful for finding a suitable
architecture and training techniques for acquiring appropriate
embeddings of unseen instruments. However, it is not possible
to evaluate all perspectives with EER alone. For instance, it is
expected that adding instrument-family prediction to the objec-
tive function has the effect of bringing the embedding vectors of
instruments in the same category closer together, but this cannot
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(a) Embeddings obtained from the instrument encoder trained
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(b) Embeddings obtained from the instrument encoder
trained using the instrument-family category prediction as an
additional regularization term

Fig. 4. t-SNE based visualization of embedding vectors of multiple unseen
NSynth instruments having the same pitch.

be measured via EER and hence complementary assessments
need to be conducted.

Fig. 4 shows t-SNE based visualizations of embedding vectors
obtained from the instrument encoders trained with and without
the additional instrument-family regularization term. Each point
represents a sample from a different instrument having the same
pitch value. From Fig. 4(b), we can visually confirm that, for
instance, the embedding vectors of instruments in the string,
reed, and brass families are all located closer together compared
to its counterpart (a).

In addition to visual inspection, building shallow classifiers
using the embedding vectors is also expected to provide us
with complementary insights into the vectors objectively. For
example, shallow classifiers using embedding vectors derived
from the instrument encoder trained using instrument-family
category prediction as the regularization would be expected
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to have better prediction performance of the instrument-family
label.*

Thus, we devised a series of experiments to probe the encoded
information with regard to the available metadata. Inspired
by [15] presented by Raj et al., we trained simple shallow
classifiers using the embeddings to predict the different types
of metadata labels included in the NSynth and RWC datasets,
respectively, on the basis of the premise that if information
about these labels is present in the embeddings, then learning
a classifier should be possible. The shallow classifiers used in
these probing tasks were multilayer perceptron (MLP), Support
Vector Machine (SVM), and Decision Tree (DT), and they were
trained using a machine learning toolkit, scikit-learn.> Since
the amount of training data used for the shallow classifiers
was small, and since the relationship between the embeddings
and metadata was not clear, we investigated the classification
performance over different types of classifiers. Note that we used
two databases for our experiments, but not all types of metadata
existed in both databases. Therefore, some of the probing tasks
were implemented using only one of the databases.

B. Details of Shallow Classifiers

For the shallow classifiers, we adjusted their configurations
as follows. For MLPs, considering the relationship between
degree of freedom and number of data points, we set the hid-
den size of MLP to 300 and 100 for the NSynth and RWC
datasets, respectively. For the SVM models, we used a radial
basis function kernel and searched for a proper regularization
parameter C' by model selection. The search range of C' was set
to [1073,10%] with a log scale. Taking into account that there
are many hyper-parameters for DTs, such as maximum depth,
minimum number of leaf nodes, and criterion, we leveraged grid
search to select a group of proper hyper-parameters. For other
adjustable parameters of MLP, SVM, and DT, we used default
configurations of scikit-learn.

For training the shallow classifiers for probing tasks, it is
necessary to have an additional training set separate from the one
used for training the embedding model. To do this, the original
test sets of the NSynth and RWC datasets were divided into three
disjoint subsets with a ratio of 8:1:1, respectively, and they were
used as the training, validation, and new test sets for the probing
tasks.

C. Metadata Labels Used for Probing Tasks

We used the following discrete metadata labels available for
the NSynth dataset and RWC dataset below in addition to the
instrument-family category:

1) Source (3 classes)

“In fact, we ran the instrument-family probing task on embeddings extracted
from the model trained with and without instrument-family regularization.
We observed that a decision tree classifier is able to achieve 7.4% relative
improvement at this task on NSynth and 5.5% on the RWC Database by using
the instrument-family regularized embeddings, indicating that instrument family
information is made more prominent and therefore accessible to the weaker
classifiers by using the multi-task learning.

Shttps://scikit-learn.org/stable/index.html

2) Pitch (10 classes)®

3) Velocity (5 classes)

4) Dynamics (3 classes)

5) Playing Style (20, 7, and 18 classes)

For instrument-family, source, pitch, velocity, and dynamics,
instrument-independent classifiers were trained. For playing
style, we chose instruments from the same instrument family
that usually share similar playing styles (e.g., spiccato, tremolo,
and pizzicato of the string family) and trained a classifier per
instrument family. We trained playing-style classifiers for three
instrument families: strings (bowed), woodwinds, and brass.
There are 20 playing-style classes in strings (bowed), 7 classes
in woodwinds, and 18 classes in brass, respectively. For more
details of the metadata labels, please see [22], [23].

D. Experimental Results

We can use instrument embedding vectors obtained from any
instrument encoder for the probing tasks, but, in this paper
we selected two variants using different SincNet initializations
based on Mel or CQT filters. This is because these two variants
show inconsistent results on the NSynth dataset and all systems
using the CQT filters worked better on the RWC dataset as shown
in Table III of Section V, and we are interested in finding out
the potential reasons.

We evaluate classifier performance using Micro and Macro
Fl1-scores. The Fl-score is the harmonic mean of precision
and recall. The Micro Fl-score, also known as accuracy, is a
basic measurement that calculates the ratio of correctly predicted
samples to the total number of samples. Both the NSynth and
RWC datasets have a class imbalance, where the number of
samples among different instrument families is quite different.
We therefore computed the Macro Fl-score as well, which
sums the F1-Scores for each class without weighting them. This
penalizes poor performance on minority classes.

Figs. 5(a) and (b) show the Micro Fl-score results of the
probing tasks using embeddings extracted from the two systems
using different SincNet initializations. Since the numbers of
output classes for the individual probing tasks were different
from each other, we cannot compare the raw results across
probing tasks directly. Therefore, Tables IV (a) and (b) show
the results for the relative improvements in the F1 scores of

individual shallow classifiers compared with majority voting,
. Flolassifier —F lmajori
that is [ = —<2==if lorivy

Flmajority

From the figure and table, we can first see that the embedding
vectors are rich representations that can be used to predict all
types of metadata labels better than majority voting, although the
encoder was trained using the instrument and instrument-family
categories only.

Moreover, interestingly, from the comparison of the results of
the two types of embeddings, we can see that shallow classifiers
using embeddings extracted from the encoder using SincNet
initialization based on the CQT filters had larger relative im-
provements for the playing style prediction tasks. For instance,

9To make comparisons with other metadata labels fair, we quantized them per
octave.
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(a) Initialization using the Mel filterbank

Fig. 5.
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(b) Initialization using the CQT filtebank

Prediction results using embeddings extracted from two systems using different SincNet initializations. “IF” and “PS” are abbreviations for “Instrument

TABLE IV
RELATIVE IMPROVEMENTS IN F1 SCORES COMPARED WITH MAJORITY VOTING. RELATIVE IMPROVEMENT FOR EACH CLASSIFIER WAS COMPUTED AS
I = classifier —4 lmajority
Flmajority

(a) Relative improvements using embeddings extracted from an encoder using SincNet initialization based on the Mel filterbank

MLP SVM DT
#classes NSynth  RWC } Micro F1 1+ Macro F1 © Micro F1 T+  Macro F1 T Micro F1 1  Macro F1 1
Instrument Family (Nsynth) 10 v 4.78 32.67 4.73 3231 2.71 18.85
Source 3 Va 1.46 4.13 1.48 4.18 0.87 2.87
Pitch 10 v 3.09 18.38 3.40 20.31 0.96 7.51
Velocity 5 v 0.71 4.14 0.80 4.52 -0.04 1.70
Instrument Family (RWC) 7 V4 1.16 8.01 1.33 9.10 0.72 4.65
Dynamics 3 vV 0.30 1.67 0.42 1.92 0.17 1.36
Playing Style (Strings) 20 v 0.80 13.21 1.09 13.22 0.46 5.22
Playing Style (Woodwinds) 7 vV 0.40 4.15 0.52 5.13 0.09 1.70
Playing Style (Brass) 18 VA 1.04 14.7 1.18 13.55 0.19 5.14

(b) Relative improvements using embeddings extracted from an encoder using SincNet initialization based on the CQT filterbank

MLP SVM DT
#classes NSynth  RWC } Micro F1 1+ Macro F1 © Micro F1 ¥ Macro F1 T  Micro F1 1+ Macro F1 1
Instrument Family (NSynth) 10 N 4.82 32.98 4.81 32.96 2.99 21.12
Source 3 Vv 1.50 4.23 1.50 4.23 0.86 2.87
Pitch 10 Vv 3.42 19.59 3.59 19.90 0.97 7.38
Velocity 5 Vv 0.70 4.06 0.83 4.50 0.12 2.24
Instrument Family (RWC) 7 Vv 245 16.62 243 16.54 2.05 13.27
Dynamics 3 Vv 0.89 2.90 0.95 3.01 0.34 1.74
Playing Style (Strings) 20 Vv 2.31 28.48 2.69 34.53 0.76 7.86
Playing Style (Woodwinds) 7 v 1.13 8.83 1.22 9.40 0.42 4.13
Playing Style (Brass) 18 v 291 32.96 3.00 33.10 1.15 14.15

relative improvement value of MLP trained on the embeddings
extracted from the encoder using SincNet initialization based
on the CQT filters is 2.31 whereas that based on the Mel filters
is 0.80 in terms of Micro F1. We can see the same tendency in
woodwinds and brass. It seems that the use of the CQT filterbank
helped to encode information relevant to the playing style, even
though these labels are not used during the training phase of
the instrument encoder. Therefore, we can conclude that the
instrument embedding vector is enriched with the playing style
information specific to the instrument family and this resulted
in reduced EERs of unknown instrument variations on the RWC
database.

VII. CONCLUSION

We have used ASV techniques to construct and evaluate a
musical instrument embedding space capable of meaningfully
representing unseen instruments and instrumental variations. We
explored different training strategies for the embedding model
and found through ablation experiments that data augmentation
and use of angular softmax were important components that
helped to improve EER for the verification of unseen instru-
ments. We also found that using a CQT-based front-end gave
further improvements over a Mel filterbank based one, and that
we could obtain EER values of less than 3% on average. We also
studied the structure and content of the learned embedding space
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using t-SNE visualizations and probing tasks. We found that
including instrument family labels as a multi-task learning target
helped to regularize the embedding space and incorporate struc-
ture pertaining to instrument family, which also made instrument
family information more available to the downstream probing
task. The probing experiments also showed that playing style
information is also contained in the embeddings and the CQT
filterbank helps to encode this information, even though labels
for this information were not explicitly available at training
time.

In future work, we will continue to experiment with the con-
figurations of the embedding model to determine whether more
adjustments can be made to the parameters and components to
better model musical sounds as opposed to speech, and to further
improve representation of unseen instruments. For instance, we
may adjust the number of LDE dictionaries, the angular softmax
margin, or the type of ResNet. There are also many further
interesting directions for analysis of what different components
of the model learns, such as what kind of information each of
the LDE dictionaries contains. More importantly we plan to use
these embeddings for downstream music synthesis tasks such
as multi-instrument synthesis and timbre transfer, and to use
these tasks to further evaluate and analyze embeddings of unseen
instruments.

REFERENCES

[1]1 A. van den Oord et al., “WaveNet: A generative model for raw audio,” in
Proc. 9th ISCA Speech Synth. Workshop, 2016, arXiv: 1609.03499.

[2] S.Huang, Q.Li,C. Anil, X. Bao, S. Oore, and R. B. Grosse, “Timbretron: A
waveNet(cycleGAN(CQT(audio))) pipeline for musical timbre transfer,”
in Proc. Int. Conf. Learn. Representations, 2019.

[3] J. H. Engel, K. K. Agrawal, S. Chen, I. Gulrajani, C. Donahue, and
A. Roberts, “Gansynth: Adversarial neural audio synthesis,” in Proc. Int.
Conf. Learn. Representations, 2019.

[4] J. H. Engel, L. Hantrakul, C. Gu, and A. Roberts, “DDSP: Differentiable
digital signal processing,” in Proc. Int. Conf. Learn. Representations,
2020.

[5] J. W. Kim, R. Bittner, A. Kumar, and J. P. Bello, “Neural music synthesis
for flexible timbre control,” in Proc. IEEE Int. Conf. Acoust., Speech,
Signal Process., 2019, pp. 176-180.

[6] N.Mor, L. Wolf, A. Polyak, and Y. Taigman, “A universal music translation
network,” in Proc. Int. Conf. Learn. Representations, 2019.

[7] B. Wang and Y.-H. Yang, “PerformanceNet: Score-to-audio music gener-
ation with multi-band convolutional residual network,” Proc. AAAI Conf.
Artif. Intell., vol. 33, no. 1, pp. 1174-1181, 2019.

[8] E. Cooper, X. Wang, and J. Yamagishi, “Text-to-speech synthesis tech-
niques for MIDI-to-audio synthesis,” Proc. 11th ISCA Speech Synth.
Workshop, 2021, pp. 130-135.

[9] A.L.Wang, “An industrial-strength audio search algorithm,” in Proc. Int.
Soc. Music Inf. Retrieval Conf., 2003, pp. 7-13.

[10] M. Miiller, F. Kurth, and M. Clausen, “Audio matching via chroma-
based statistical features,” in Proc. Int. Conf. Music Inf. Retrieval, 2005,
pp. 288-295.

[11] J.Serra, E. Gémez, P. Herrera, and X. Serra, “Chroma binary similarity and
local alignment applied to cover song identification,” IEEE Trans. Audio,
Speech, Lang. Process., vol. 16, no. 6, pp. 1138—1151, Aug. 2008.

[12] R. Castellon, C. Donahue, and P. Liang, “Codified audio language model-
ing learns useful representations for music information retrieval,” in Proc.
Int. Soc. Music Inf. Retrieval Conf., 2021, pp. 88-96.

[13] A.F. Martin, G. R. Doddington, T. Kamm, M. Ordowski, and M. A. Przy-

bocki, “The DET curve in assessment of detection task performance,” in

Proc. Eur. Conf. Speech Commun. Technol., ISCA, 1997, pp. 1895-1898.

S. Bengio and J. Mariéthoz, “A statistical significance test for person

authentication,” in Proc. Odyssey: Speaker Lang. Recognit. Workshop,

2004, pp. 237-244.

[14]

[15] D.Raj, D. Snyder, D. Povey, and S. Khudanpur, “Probing the information
encoded in x-vectors,” in Proc. IEEE Autom. Speech Recognit. Under-
standing Workshop, 2019, pp. 726-733.

[16] M. Ravanelli and Y. Bengio, “Speaker recognition from raw waveform

with sincnet,” in Proc. IEEE Spoken Lang. Technol. Workshop, 2018,

pp. 1021-1028.

K. He, X. Zhang, S. Ren, and J. Sun, “Deep residual learning for image

recognition,” in Proc. IEEE Conf. Comput. Vis. Pattern Recognit., 2016,

pp. 770-778.

[18] W. Cai, Z. Cai, X. Zhang, X. Wang, and M. Li, “A novel learnable
dictionary encoding layer for end-to-end language identification,” in Proc.
IEEE Int. Conf. Acoust., Speech, Signal Process., 2018, pp. 5189-5193.

[19] Z.Huang, S. Wang, and K. Yu, “Angular softmax for short-duration text-
independent speaker verification,” in Proc. INTERSPEECH, ISCA, 2018,
pp. 3623-3627.

[20] J. S. Chung, A. Nagrani, and A. Zisserman, “Voxceleb2: Deep speaker
recognition,” in Proc. INTERSPEECH, ISCA, 2018, pp. 1086—1090.

[21] W.Cai,J. Chen, and M. Li, “Exploring the encoding layer and loss function
in end-to-end speaker and language recognition system,” in Proc. Odyssey
Speaker Lang. Recognit. Workshop, 2018, pp. 74-81.

[22] J. Engel et al., “Neural audio synthesis of musical notes with waveNet
autoencoders,” in Proc. Int. Conf. Mach. Learn., 2017, pp. 1068—1077.

[23] M. Goto, H. Hashiguchi, T. Nishimura, and R. Oka, “RWC music database:
Music genre database and musical instrument sound database,” in Proc.
Int. Soc. Music Inf. Retrieval Conf., 2003, pp. 141-149.

[24] 1. Goodfellow et al., “Generative adversarial nets,” Adv. Neural Inf. Pro-
cess. Syst., vol. 27, pp. 2672-2680, 2014.

[25] J. Shen et al., “Natural TTS synthesis by conditioning waveNet on mel
spectrogram predictions,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal
Process., 2018, pp. 4779-4783.

[26] X. Wang, S. Takaki, and J. Yamagishi, “Neural source-filter waveform
models for statistical parametric speech synthesis,” IEEE/ACM Trans.
Audio, Speech, Lang. Process., vol. 28, pp. 402415, Nov. 28 2019.

[27] R.Manzelli, V. Thakkar, A. Siahkamari, and B. Kulis, “Conditioning deep
generative raw audio models for structured automatic music,” in Proc.
Int. Soc. Music Inf. Retrieval Conf., E. Gémez, X. Hu, E. Humphrey,
and E. Benetos, Eds., 2018, pp. 182—-189.

[28] C. A.Huang et al., “Music transformer: Generating music with long-term
structure,” in Proc. Int. Conf. Learn. Representations, 2019.

[29] F.Fuhrmann, “Automatic musical instrument recognition from polyphonic
music audio signals,” Ph.D. dissertation, Universitat Pompeu Fabra, 2012.

[30] M. Taenzer, J. AbeB3er, S. I. Mimilakis, C. Weiss, and M. Miiller, “Inves-
tigating CNN-based instrument family recognition for western classical
music recordings,” in Proc. Int. Soc. Music Inf. Retrieval Conf., 2019,
pp. 612-619.

[31] A.Ramires and X. Serra, “Data augmentation for instrument classification
robust to audio effects,” in Proc. 22nd Int. Conf. Digit. Audio Effects, 2019,
pp. 226-231.

[32] N. Zeghidour, O. Teboul, F. de Chaumont Quitry, and M. Tagliasacchi,

“LEAF: A learnable frontend for audio classification,” in Proc. 9th Int.

Conf. Learn. Representations, 2021.

S. Ghosh, S. V. Katta, A. Seth, and S. Umesh, “Deep clustering for general-

purpose audio representations,” 2021, arXiv:2110.08895.

[34] J. F. Gemmeke et al., “Audio set: An ontology and human-labeled dataset
foraudioevents,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal Process.,
2017, pp. 776-780.

[35] Y. Hung and Y. Yang, “Frame-level instrument recognition by timbre and
pitch,” in Proc. Int. Soc. Music Inf. Retrieval Conf., E. X. Gémez Hu,
E. Humphrey, and E. Benetos, Eds., 2018, pp. 135-142.

[36] Y. Han, J. Kim, and K. Lee, “Deep convolutional neural networks for pre-
dominant instrument recognition in polyphonic music,” IEEE/ACM Trans.
Audio, Speech, Lang. Process., vol. 25, no. 1, pp. 208-221, Jan. 2017.

[37] J. Jung, H. Heo, J. Kim, H. Shim, and H. Yu, “RawNet: Advanced end-
to-end deep neural network using raw waveforms for text-independent
speaker verification,” in Proc. INTERSPEECH, G. Kubin and Z. Kacic,
Eds., ISCA, 2019, pp. 1268-1272.

[38] D. Snyder, P. Ghahremani, D. Povey, D. Garcia-Romero, Y. Carmiel, and
S. Khudanpur, “Deep neural network-based speaker embeddings for
end-to-end speaker verification,” in Proc. IEEE Spoken Lang. Technol.
Workshop, 2016, pp. 165-170.

[39] J. Hu, L. Shen, and G. Sun, “Squeeze-and-excitation networks,” in Proc.

IEEE Conf. Comput. Vis. Pattern Recognit., 2018, pp. 7132-7141.

K. Okabe, T. Koshinaka, and K. Shinoda, “Attentive statistics pooling

for deep speaker embedding,” in Proc. INTERSPEECH, ISCA, 2018,

pp. 2252-2256.

[17]

[33]

[40]



SHI et al.: USE OF SPEAKER RECOGNITION APPROACHES FOR LEARNING AND EVALUATING EMBEDDING REPRESENTATIONS 377

[41] C. Li et al., “Deep speaker: An end-to-end neural speaker embedding
system,” 2017, arXiv:1705.02304.

[42] K. Siedenburg, M. R. Schidler, and D. Hiilsmeier, “Modeling the onset
advantage in musical instrument recognition,” J. Acoustical Soc. Amer.,
vol. 146, no. 6, pp. EL523-EL529, 2019.

[43] X. Xiang, S. Wang, H. Huang, Y. Qian, and K. Yu, “Margin matters:
Towards more discriminative deep neural network embeddings for speaker
recognition,” in Proc. Asia-Pacific Signal Inf. Process. Assoc. Annu. Sum-
mit Conf., 2019, pp. 1652-1656.

[44] X.Wang andJ. Yamagishi, “A comparative study on recent neural spoofing
countermeasures for synthetic speech detection,” in Proc. INTERSPEECH.
ISCA, 2021, pp. 4259-4263.

[45] P. Madhyastha and R. Jain, “On model stability as a function of random
seed,” in Proc. 23rd Conf. Comput. Natural Lang. Learn., Hong Kong,
China, 2019, pp. 929-939.

[46] S. Bhojanapalli et al., “On the reproducibility of neural network predic-
tions,” 2021, arXiv:2102.03349.

Xuan Shi received the B.Sc degree in communica-
tion engineering from Shanghai University, Shanghai,
China, in 2019. Since 2020, she has been working
toward the master’s degree in electrical engineering
with the University of Southern California, Los An-
geles, CA, USA.

Erica Cooper (Member, IEEE) received the B.Sc.
and M.Eng. degrees in electrical engineering and
computer science from the Massachusetts Institute
of Technology, Cambridge, MA, USA, in 2009 and
2010, respectively, and the Ph.D. degree in computer
science from Columbia University, New York, NY,
USA, in 2019. Since 2019, she has been a Project
Researcher with the National Institute of Informat-
ics, Tokyo, Japan. Her research interests include
statistical machine learning and speech synthesis.
Dr. Cooper was the recipient of the 3rd Prize in the
CSAW Voice Biometrics and Speech Synthesis Competition, Computer Science
Service Award from Columbia University, and Best Poster Award in the Speech
Processing Courses in Crete.

Junichi Yamagishi (Senior Member, IEEE) received
the Ph.D. degree from the Tokyo Institute of Tech-
nology, Tokyo, Japan, in 2006. From 2007 to 2013,
he was a Research Fellow with the Centre for Speech
Technology Research, The University of Edinburgh,
Edinburgh, U.K. In 2013, he was an Associate Profes-
sor with the National Institute of Informatics, Tokyo,
Japan. He is currently a Professor with National In-
stitute of Informatics. His research interests include
speech processing, machine learning, signal process-
ing, biometrics, digital media cloning, and media

forensics.

He was a Co-Organizer for the bi-annual ASVspoof Challenge and the bi-
annual Voice Conversion Challenge. He was also a Member of the IEEE Speech
and Language Technical Committee during 2013-2019, an Associate Editor for
IEEE/ACM TRANSACTIONS ON AUDIO SPEECH AND LANGUAGE PROCESSING
during 2014-2017, and a Chairperson of ISCA SynSIG during 2017-2021. He
is currently a PI of the JST-CREST and ANR supported VoicePersona Project
and a Senior Area Editor of IEEE/ACM TRANSACTIONS ON AUDIO SPEECH AND
LANGUAGE PROCESSING.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


