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Classification of Speaking and Singing Voices Using
Bioimpedance Measurements and Deep Learning

“*Eugenio Donati, "Christos Chousidis, *Henrique De Melo Ribeiro, and *Nicola Russo, *London, and t Guildford, UK

Summary: The acts of speaking and singing are different phenomena displaying distinct characteristics. The
classification and distinction of these voice acts is vastly approached utilizing voice audio recordings and micro-
phones. The use of audio recordings, however, can become challenging and computationally expensive due to the
complexity of the voice signal. The research presented in this paper seeks to address this issue by implementing a
deep learning classifier of speaking and singing voices based on bioimpedance measurement in replacement of
audio recordings. In addition, the proposed research aims to develop a real-time voice act classification for the
integration with voice-to-MIDI conversion. For such purposes, a system was designed, implemented, and tested
using electroglottographic signals, Mel Frequency Cepstral Coefficients, and a deep neural network. The lack of
datasets for the training of the model was tackled by creating a dedicated dataset 7200 bioimpedance measure-
ment of both singing and speaking. The use of bioimpedance measurements allows to deliver high classification
accuracy whilst keeping low computational needs for both preprocessing and classification. These characteristics,
in turn, allows a fast deployment of the system for near-real-time applications. After the training, the system was
broadly tested achieving a testing accuracy of 92% to 94%.

Key Words: Speech classification—Singing detection—Bioimpedance measurements—Electroglottography

—EGG-to-MIDI—Voice-to-MIDI—Voice information retrieval—Real-time voice classification.

INTRODUCTION

Amongst the different means of human interaction, voice
represents the primary form of communication. Along with
speech, voice is also used in singing, which is employed as a
form of communication and as an instrument in music.
However, despite being the most basic musical instrument,
voice lacks implementation in modern music technology
compared to most other instruments. Many applications
have been developed throughout the years to emulate musi-
cal instruments’ physical and mechanical characteristics and
deliver digital control signals, mainly in the form of musical
instruments digital interface (MIDI). Due to its nature,
however, voice poses a challenge for its conversion into
MIDI, especially in a real-time environment. This is due to
the processing of voice being bound to the use of micro-
phones and sound recordings, which complicates voice
information retrieval. A sound recording presents itself as a
complex signal, the processing of which requires lengthy
and computationally expensive procedures. Moreover,
using microphones can add environmental noises and inter-
ferences that, in turn, make singing voice information
retrieval even more complex.

Our previous research proposed in' and® tackles the
challenges of singing voice information retrieval by
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replacing sound recordings with bioimpedance measure-
ments of the vocal folds. Based on this concept, we proposed
in* and” a method for efficient, real-time extraction of sing-
ing voice information based on bioimpedance measure-
ments. The technology employed to evaluate the
bioimpedance variations of phonation is Electroglottogra-
phy (EGG) which will be discussed in section three. Using
bioimpedance measurements instead of recorded sound
delivers a much simpler signal. This simpler signal conse-
quently allows a fast and resource-efficient extraction of
voice information. In addition, as bioimpedance is mea-
sured directly from the larynx, the system is not affected by
external noise and environmental sounds. Any move of the
vocal folds, however, causes a change in bioimpedance and
generates a signal. This, in turn, will produce a MIDI con-
version even for nonphonatory instances. Implementing a
classifier capable of distinguishing singing voice from other
phonation acts would allow the system to discard unwanted
signals and perform the MIDI conversion only for singing
acts.

This project proposes using the information obtained
from bioimpedance measurements to train a neural network
for the real-time classification between speaking voice and
singing voice. This approach offers an advantage in voice
act classification due to the simplicity of the EGG signal.
Voice depends on the oscillation of vocal folds, and the ten-
sion of the folds is employed in singing to control pitch and
duration.®’ Because such tension is higher in singing, the
tone differs between the speaking and singing voice. Conse-
quently, the fundamental frequency of voice tends to be
more stable in singing.®’ As a bioimpedance evaluation
solely reflects the vocal folds’ behavior, such measurement
simplifies the estimation of the voice’s fundamental fre-
quency which represents a significant advantage over audio
recordings. Alongside the stability of the fundamental
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frequency, vocal intensity and spectral content also contrib-
ute to the differentiation between speaking and singing.
However, while it excels at evaluating the vocal folds’ fre-
quency, EGG is not reliable in the evaluation of the voice
amplitude intensity."” In addition, as the bioimpedance
measurement is performed at the larynx, the spectral con-
tent added by the vocal tract if fully bypassed.*” EGG,
moreover, is not agnostic to gender or age as these can affect
the size and elasticity of the vocal folds. As shown in'’
and,'" however, gender and age tend to mainly affect the
mean value of fundamental frequency in an individual vocal
pitch range and not its stability. This project therefore bases
the distinction of singing and speaking voices on the over-
time stability of the fundamental frequency.

Another element that can differ between singing and
speech is the duration of the vocal folds’ contact time, with
singing often requiring lengthier times to sustain longer
notes or phrases. The alteration of contact time, however,
can vary with the style of singing or speaking as well as spe-
cific phrases and phonemes succession making. However,
the evaluation of contact times in EGG results to be mis-
leading and unreliable in the evaluation of each individual
vibratory cycle.'”

The successful implementation of this research, in combi-
nation with the work presented in* and,” could allow the
development of a voice-to-MIDI converter capable of
applying the conversion solely to singing voice acts avoiding
errors or interferences caused by speech.

The rest of this paper will be organized as follows. Section
two presents a state-of-the-art analysis considering the work
being carried across the literature in singing voice informa-
tion extraction and voice classification. Section three briefly
overviews the theoretical concepts behind the human pho-
nation system and EGG. Section four describes the imple-
mentation of the classifier from the data processing to the
development and training of the neural network. Section
five analyses the results of the testing and evaluates the sys-
tem. Finally, in section six, the conclusions are presented,
the overall development is analyzed, and possible further
implementations are considered.

STATE OF THE ART

In the field of singing voice classification, the recent litera-
ture greatly revolves around singing voice detection (SVD)
within audio segments and music tracks.” Usually, such a
task is approached by extracting one or more audio features
from an audio segment which are then paired with a classi-
fier for SVD. Therefore, given the powerful features of neu-
ral networks in classification problems, deep learning
approaches are increasingly employed in SVD. "’

Schliiter et al.'* proposed a method for SVD based on
Convolutional Neural Networks where mel-spectrograms
are used to train and evaluate the network. Here the authors
focus on data augmentation for the improvement of the
model by applying pitch-shifting and time-stretching to the
data samples. The system reaches a maximum accuracy of

about 91%. However, using CNNs and data augmentation
results lengthy and computationally expensive. Moreover,
the system is trained and tested on sound recordings and
was not tested on real-time inputs.

You et al.,, in,'” conducted a comparative study of dif-
ferent techniques for training and testing a CNN. One
approach employs Mel Frequency Cepstrum Coefficients
(MFCCs), resulting in an accuracy of about 88%. The
other employs short time fourier transform (STFT) spec-
trograms reaching an accuracy of about 92%. Despite
the system’s high effectiveness and accuracy, image rec-
ognition and CNN result are inefficient for real-time
applications. Similar to what was presented in,'* this sys-
tem also employed sound recordings and was not tested
on live inputs.

Huang et al, in'® also proposed a CNN methodology for
SVD. Here the authors trained and tested the network with
three different features: MFCCs, discrete fourier transform
(DFT) coefficients and raw audio samples. The research
shows how DFT coefficients yielded the most performing
network with an accuracy of 92%. Once again, however, the
use of CNNs with image recognition results time consuming
and requires significant data preprocessing.

The use of CNN and image recognition techniques on
audio recordings, as presented in,'*'° results too lengthy
and computationally inefficient for a real-time application.
When considering the implementation with voice-to-MIDI
conversion, for the system to be true real-time, a latency
below 20 ms is needed.*!” In addition, the mentioned meth-
ods are designed for the detection of singing voice within
music recordings or lengthy audio segments and not for the
discrimination between speaking voice and singing voice.

An example of speech-singing classification is proposed
in."® The authors present a method to discriminate between
a singing voice and a speaking voice by applying maximum
likelihood principles to both MFCCs and voice fundamen-
tal frequency information. The models reached an accuracy
of 65% for MFCCs and 80% on fundamental frequency
measurements. Nevertheless, such accuracy was obtained
using as input 300 ms audio samples for MFCCs and 2 sec-
ond recordings for fundamental frequency, which makes the
method inefficient for true real-time.

Another approach to speech-singing classification is pro-
posed in.” This study focuses on the difference in fundamen-
tal frequency between singing and speaking. In this case, a
deep neural network (DNN) was trained using the funda-
mental frequency values in speech and singing recordings
extracted through statistical analysis. The statistical analysis
is carried out by applying a log-linear regression to the fast
fourier transform (FFT) coefficients obtained from an audio
sample. Using DNN in this application, as opposed to
CNN, allows faster training and reduces the time needed for
signal preprocessing. As this system is based on fundamen-
tal frequency readings, the use of recorded sound and micro-
phones could pose a limitation. The system accuracy would
rely significantly on the fundamental frequency readings,
which could be compromised by microphone limitations,
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such as sensitivity and bandwidth, and surrounding sound
sources.

Therefore, a common point across the literature for both
voice acts classification and SVD is using sound recordings
and microphone inputs. The use of sound data for the evalu-
ation of the fundamental frequency can become highly inef-
ficient given degraded acoustic conditions, external noises,
or surrounding sound sources. The susceptibility of micro-
phones and their usage in acoustically noncontrolled envi-
ronments generate a series of artefacts in the recording that
could cause errors in evaluating the fundamental frequency.
As the fundamental frequency is considered the primary ele-
ment of differentiation between speech and singing, an erro-
neous evaluation would cause a significant drop in accuracy
and efficiency.

This project tries to tackle the differentiation between a
singing voice and a speaking voice using bioimpedance
measurements. The proposed approach employs EGG to
generate a signal mirroring the behavior of vocal folds, rep-
resenting the fundamental frequency of voice. The system
employs a DNN using MFCCs as input features to create a
training dataset and perform real-time prediction on a live
EGG input.

OVERVIEW OF PHONATION AND EGG
This paper discusses voice information extraction through bio-
impedance measurements. This is achieved using EGG which
analyses vocal folds’ behavior during a phonation act. Such a
characteristic allows an EGG to produce a simpler signal than
a microphone audio recording. The core of such difference is
linked to the physiology of voice production.

Phonation

In human phonation, a steady airflow is generated from the
Iungs and pushed through the trachea until it reaches the vocal
folds within the larynx. Stimulated by the airflow, the folds
move repetitively from a contact to a noncontact position,
converting the kinetic energy of the airflow into acoustic
energy.’ The folds’ vibration is periodic by nature; thus, the
number of cycles per second is the frequency of oscillation of
voice. This frequency represents the fundamental frequency of
the produced voice.! This acoustic signal then, reaches the
vocal tract; the physiological elements of the vocal tract gener-
ate multiple resonances that in turn add harmonics to the origi-
nal sound. This latest stage of phonation defines the
characteristics of a distinguishable voice sound.

EGG

EGG is a known medical technology that evaluates the
behavior of vocal folds by applying an electrical current
across the larynx. A pair of electrodes are placed across the
larynx cartilage, and an alternating current with low voltage
and high frequency is applied across the vocal folds. The
cyclic change in position of the folds causes a change in the
distance between them. This changes the bioelectrical
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FIGURE 1. Generic EGG waveform.

conductance (and, in turn, impedance) across the larynx."’
Such behavior performs an amplitude modulation (AM) on
the signal applied initially. The demodulation of said AM
signal determines the modulating frequency.””>' The result
is a sinusoidal-like signal representing the vocal fold move-
ment cycles and, thus, the voice oscillation frequency.””
Figure 1 shows a generic EGG waveform.

Because of its characteristics, EGG can be particularly
efficient in evaluating the fundamental frequency of voice.
By acting directly at the vocal folds’ level, it performs its
reading before any resonance occurs across the vocal tract
and, therefore, before any harmonic is added to the voice by
the vocal tract.”> The bypassing of the vocal tract, thus,
allows to analyze a much simpler signal than an audio
recording which in turn allows more efficient feature extrac-
tion and faster computation. As the amplitude of the voice
is based on the pressure level of the airflow, the EGG is not
as effective in measuring the amplitude of the voice sound
as it is not dependent on the vocal folds’ vibration. Figure 2
shows how the resultant signal is much simpler in compari-
son to that of an audio recording. On the left-hand side, the
time-domain characteristics of the two signals are shown,
while the right-hand side shows the spectral content of each
signal. Both were recorded during the same phonation.

METHODOLOGY
The proposed project employs a DNN to classify the human
voice between singing and speaking. The technique chosen
for this implementation is based on a fully connected DNN
fed with numerical data obtained by processing the MFCCs
of the EGG signals. The existing literature shows how
DNNs are found to outperform traditional machine learn-
ing techniques in the processing of MFCC voice features
due to the nonlinear characteristics of the input data.’**
The training dataset was constructed using 2400 samples of
EGG with a 50% ratio of singing and speaking. The samples
were recorded from 12 participants, each performing 100
sung notes at different frequencies and 100 spoken words
with different intonations. For the singing, to minimize the
effect of styles at this initial stage, the participants were
asked to perform a sustained sung vowel at several pitches
that would comfortably suit their vocal range. Similarly, for
the spoken words, the participants were required to pro-
nounce 100 separate words with their natural speech
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FIGURE 2. Comparison of EGG and audio for the same phonation in time and frequency domain.

pitches. The selected words were chosen to include sustained
vocalic content so to perform a comparison with the sus-
tained vowels of the singing samples.

Finally, to increase nonlinearity and the size of the data-
set, the samples were subjected to a data augmentation pro-
cess based on pitch-shifting. Each sample was pitch-shifted
up and down by three semitones generating three versions
of each. Data augmentation, thus, brought the dataset to a
total of 7200 samples. Pitch-shifting is proven to be highly
effective to both increase the data and obtain more general-
ized models.'*

Data preprocessing

In recent years, MFCCs have become widely used for voice
information retrieval due to their ability to accurately repre-
sent spectral information at lower frequencies”®”"~** and are
considered to be the most appropriate for voice classifica-
tion tasks.”” MFCCs are the cepstrum coefficients of a sig-
nal with the frequency zones mapped to the mel scale by
applying a series of triangular windows. As such a scale is
intended to mimic the logarithmic perception of human
hearing, MFCCs offer higher resolution than conventional
FFT regarding the human voice spectrum.”” These charac-
teristics allow MFCCs to capture more detailed spectral
and temporal characteristics than other methods commonly
employed in speech processing such as entropy-based pitch
estimation.’’ As the distinction between singing and speak-
ing is here based mostly on the variability of the fundamen-
tal frequency, moreover, MFCCs result more suitable for
the proposed application when compared to signal energy
and amplitude-based methods.****

MFCCs are derived as follows:

A DFT is performed on a given signal.

1. The powers of the resulting spectrum are mapped to
the mel scale. This is achieved by applying a series of

overlapping triangular windows, typically 20 or 40.
The number of windows per frequency band decreases
with an increase in frequency resulting in higher preci-
sion in the lower end of the spectrum. Figure 3 shows a
typical mel frequency window bank featuring 20 win-
dows.

2. At each of the mel frequencies, the logarithms of the
powers are calculated and then processed through a
discrete cosine transform (DCT).

3. The MFCCs are the amplitudes of the DCT spectrum.

To train the network, the whole dataset was processed
to extract the MFCCs which were then organized into a
set of characterizing signal features referred to as a fea-
ture matrix.

For each sample, the coefficients were calculated using
a DFT frame size of 512 samples and 20 triangular win-
dows for the mel frequency mapping. The MFCCs proc-
essing delivers an array of coefficients the dimensions of
which are dictated by the number of triangular windows
and the length of the sample. The recorded samples in
the dataset all feature different lengths depending both
on the type of phonation and on the speaker, hence, the
resulting arrays will feature variable lengths. For a dura-
tion of 500 ms, for example, a sampling frequency of
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FIGURE 3. Mel frequency window bank.
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Frame 1 Frame 2 Frame 3 Frame 4 Fram
Window1 -367.88583 -337.5296 -336.75711 -348.77524 -34
Window 2  157.947083 182.359558 180.812668 164.632568 164
Window 3 94.161728 89.248337 85.644356 76.391388 70
Window 4  47.890198 34.516998 35.219231 37.708443 32
Window 5 14177546  7.183388 13.671328 23.087357 20
Window 6 -1.664939 -3.726184  1.953016 9.930851 7
Window 7 1.175078 -1.19842 -2.060004  0.235697 -1
Window 8 -0.103343  -4.385953 -7.501308 -7.358344 -8
Window 9 -7.124045 -10.436687 -8.236124 -6.103273 -6
Window 10  -7.339389 -7.803612 -2.454901 2.426772 0
Window 11 -4.78974 -5.54912 -3.947456  2.645816 -1
Window 12 -5.51976  -7.003093 -6.427798 -2.574097 -4
Window 13  -5.983764 -4.615072 -0.940605  0.394096
Window 14 -6.09188 -3.854546 -1.020143  1.357471 -0
Window 15 -8.619304 -7.905156 -6.279934 -4.586061 -8
Window 16  -9.224706 -8.642377 -5.57129 -3.271861 -5
Window 17  -8.159183 -9.001717 -5.495242 -0.527855 -0
Window 18 -9.389755 -11.133488 -8.937087 -6.58245 -9
Window 19 -7.864786 -7.908289 -7.92396 -10.497719 -11
Window 20  -7.449003 -7.049423 -5.870617 -8.459927 -7

239 Framed40 Framedl
3.01709 -318.15436 -315.11646

Frame42 Frame 43
-315.8645 -285.83612

———fp .514053 186.280182 191.163071 189.476654 220.954834
379486 66.641785 72.366959 71.584946 80.715149
488604 26.919468 30.946009 32.26767 27.719481
582468 17.725622 19.225758 22.7164 17.511232
406825 -4.499628 -1.892562  4.148892  0.468826
843798 -8.858826 -5.698651 -2.47386 -5.917892
107086  0.259773  0.803679 -1.184511 -4.625482
830511 -1.836334 -1.180306 -2.159634 -7.177766
=P 1138357 -8.467128 -5.31683 -2.777406 -8.590819
354015 -9.237675 -5.298379 -2.066489 -8.191411
162338 -4.201743 -0.090454 1.73759 -5.69737
161293 -0.380226  3.011677  2.875058 -2.691964
416429 -5.269978 -3.267189 -4.303728 -6.071244
657391 -10.553171 -7.967607 -8.280605 -8.935244
360586 -9.077008 -5.995215 -5.442661 -6.055198
647768 -9.644127 -7.811342 -7.635093 -8.817122
= 684253 -11.914372 -10.859359 -10.734005 -12.926013
591782 -8.6637 -8.71846  -7.015992  -7.499305
350064 -7.154682 -8.932299 -5.663432 -2.78934

FIGURE 4. MFCC data array for a sample with a 500 ms duration.

44.1 kHz, and 20 triangular windows, the resulting array
will present a size of 20 x 43. This can be confirmed
through equation 1.

For: sample rate = 44100, frame size = 512, samples dura-
tion 0.5seconds

duration in samples = 44100 - 0.5 = 22050

duration in samples 22050

number of frames =

—43 (1)

frame size 512

The resulting coefficients are then organized into a CSV
file. Figure 4 shows the output array for a single sample of
500 ms.

Next, to obtain a more suitable format for the DNN
input layer, the mean value for each of the triangular win-
dows is calculated yielding a 20 x 1 array which then trans-
posed into 1 x 20. This process overcomes the different
durations of the samples by removing the “time variable”
and provides an equal size feature matrix for each sample.”'
Finally, feature scaling is applied, and all the values are
standardized to zero mean and unit variance. Figure 5
shows the final 1 x 20 array for a single sample.

To train the network, the resulting arrays were organized
in a single CSV file and labelled according to their typology
as either “speech” or “sing.” Figure 6 shows a section of the
training dataset. The first column from the left shows
the labelled assigned to each sample while the following
columns present the MFCC computed per each triangular
window.

Window1 Window2 Window3 Window ¢
0.6032

Scaled Mean -4.158338 1.307359 0.662026

DNN architecture

The design of the DNN architecture was based on the
underlying principle of implementing real-time voice act
classification for the development of a real-time EGG-to-
MIDI converter.*” To achieve a true real-time processing
for voice-to-MIDI conversion, the latency between a phona-
tion act and the delivery of the resulting message cannot
exceed 20 ms.'” For this reason, the design of the DNN was
approached so to achieve the simplest possible architecture.
Based on the training data, the input layer of the DNN was
constructed of 20 neurons to match the 1 x 20 array repre-
senting each sample and, in turn, the number of windows
employed for the extraction of the MFCCs. Next, the net-
work was implemented with a single hidden layer of 40 neu-
rons featuring the ReLU activation function. The ReLU
does not activate all neurons in a layer at the same time as
only neurons receiving a positive input value are activated.
This characteristic makes the ReLU computationally effi-
cient as only some of the neurons are activated at once.
Finally, the output layer was implemented with a single neu-
ron. Given the binary nature of the classification, the output
layer features a Sigmoid activation function.

The described architecture was selected through an experi-
mental manipulation and testing of the network configuration
by varying the number of neurons in the hidden layer. Whilst
maintaining the dimensions of both the input and the output
layers as 20 and one respectively, the network was thus tested
and evaluated for several hidden layer configurations. This
process will be analyzed in detail in the results section. Figure 7
shows the final architecture of the DNN.

/indow 18 Window 19 Window 20
0.056726 0.052628 0.059096

FIGURE 5. 1 x 20 scaled mean array for one recorded sample.
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0.1409
0.5691
0.9286
0.5871
1.6081
0.5401
-0.1552
-0.2077
1.2011
-0.1603
0.0426
0.8432
0.5419
-1.0021
1.0003

0.4545 -0.0938 0.5283 -0.0379 0.5861 0.0645 0.9466 0.0909

Win.1 Win.2 Win.3 Win.4 Win.5 Win.6 Win.7 Win.8 Win.9 Win.10 Win. 11 Win. 12 Win. 13 Win. 14 Win. 15 Win. 16 Win. 17 Win. 18 Win. 19 Win. 20

0.7766
1.5586
1.6802
0.8938
0.038
0.239%6
-1.6996
0.7575
-0.4066
1.1186
1.2709

-0.295
0.2965
0.9265
0.2221
1.226
0.3122
-0.3514
-0.205
1.0782
-0.0312
0.0998
1.0132 0.7118

0.7683 -0.0542
1.136 0.3648
1.902 1.4163
1.1666 0.1776
-0.0642 0.5491
0.6663 0.4161
-0.9446 -0.0044
0.1914 -0.3828
-0.5601 0.4668
0.9503 -0.1956
1.0387 0.3108
0.9977 0.8593
1.3006 0.5023 1.4732 0.4797
-2.7002 -1.1263 -1.1252 -0.3768
-0.3521 0.5334 -0.3162 0.3507

0.6214 -0.2704
1.4408 0.8921
2.1236 1.2683
1.2529 0.3368
-0.6482 -0.8571
0.8082 0.8521
-1.4844 -0.6635
-0.3251 0.0979
-0.6896 -0.2166
0.2461 -0.4442
1.3785 0.7156
1.3346 0.7053

0.1672
1.7792
1.4877
0.9629

-0.168  0.256
0.6493 0.6887
0.8053 0.4978
0.4296 0.7044
-0.6044 -1.0467 -0.2047
1.1954 0.7194 0.2122
-0.8767 -0.2272 -0.3149
-0.238 0.3342 -0.3054
-0.1998 -0.3953 0.3934
-0.1298 -0.1716 -0.3335
1.3047 0.3371 0.3077
0.9494 0.8593 0.9558
1.6777 0.5304 1.4227 0.3221 0.5416
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FIGURE 6. Labelled dataset for DNN training.

LABEL
sing 0.902 0.5931 0.9655 -0.2559 -1.0749 -0.0338 1.4642 -0.2449 -0.2604
speech -1.7943 1.0106 1.0583 -0.2852 0.5045 -0.0424 0.7571 0.3254 1.3802
speech -1.6835 -0.9455 1.3014 0.3863 0.1875 -0.2307 0.3076 0.6897 1.4262
speech -0.2125 0.1294 0.1245 0.0476 0.3095 0.0078 0.4841 0.6345 0.7084
sing -1.1402 0.743 0.0005 1.2385 0.9392 1.0954 0.5206 1.3531 0.455
speech -1.0078 -0.1747 -0.6167 0.7164 -0.7423 0.8234 -0.6475 0.7567 -0.2825
sing -0.1767 1.7797 -1.8689 -0.3387 -1.9749 1.1197 -1.3325 0.6131 -1.5842
sing -0.1999 -0.4403 -0.5556 -0.3797 0.7738 -0.5802 0.9893 -0.5723 0.9818
sing -1.265 0.646 -0.4902 1.1906 0.2517 1.0395 0.2679 1.234 -0.2852
sing -0.2244 -0.2758 -0.5918 0.0008 0.5529 -0.3685 0.8879 -0.3674 0.9064
speech -0.8577 0.7003 0.8601 -0.1418 0.4198 -0.7614 -0.1294 0.0725 1.0687
speech -1.2032 -0.4496 0.7279 0.2586 0.1674 -0.2535 0.3307 0.5773 0.8422
speech -0.2352 0.1949 0.7021 0.3538 0.0425 -0.0571 0.2251 0.5382 1.0128
sing -0.0428 1.5504 -2.3055 -0.7297 -1.9072 0.2308 -2.4135 0.1281 -1.8987
speech -0.8399 0.5966 -0.8079 0.5434 -1.0137 1.7442 -1.3446 1.1387 -0.8172
sing 1.3304 0.6094 -0.3628 -0.5647 -0.0043 0.4421
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FIGURE 7. DNN architecture with relative input data.

RESULTS
The performance and behavior of the classification system
were tested using the created dataset, evaluating its accuracy
in training and with “unseen” samples. Finally, the system
was tested for real-time performances using a live input
stream from the EGG.

DNN training and evaluation

The first element for the analysis of the DNN was the evalu-
ation of its accuracy. For the training of the NN, the dataset
was randomly split into training data and validation data

with a percentage of 70% and 30%, respectively. The train-
ing was performed on several configurations to evaluate the
most suitable architecture, each featuring a different num-
ber of neurons in the hidden layer. In all tested cases, the
training took between 20 and 25 seconds and delivered an
accuracy above 90%. The training was performed over 50
epochs. Figure 8 shows the accuracy score for the various
tested configurations.

Out of the tested architectures, configuring the neural net-
work with 40 hidden neurons delivered the best perfor-
mance, with a training accuracy of almost 96% and a
validation accuracy of about 94%. The architecture was
also tested with extra added hidden layers; this showed a
negligible change in accuracy whilst increasing the compu-
tational needs of the network and it was therefore chosen to
maintain the three-layer configuration. Figure 9 shows the
accuracy through the training epochs for the final 20-40-1
configuration.

Once the model was trained, a performance test was con-
ducted using 250 “unseen” samples recorded from the same
participant as the training dataset. The DNN showed an
accuracy of 92% in classifying “unseen” EGG samples.
Figure 10 shows the confusion matrix for the testing pro-
cess.

Real-time performance testing

Finally, the network was tested for real-time performance.
The EGG signal was streamed through an audio interface
and fed to the trained Neural Network input. This was
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FIGURE 8. Training and validation accuracy per number of hidden neurons.
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implemented within a dedicated Python script. During each
sampling frame, the processing of the EGG signal and the
consequent DNN prediction were executed as follows:

The EGG input stream is sampled at 44.1 kHz, stored in
a buffer with size 8820 samples, and the MFCCs are cal-
culated.

The MFCCs’ mean values are calculated and scaled to
zero mean and unit variance.

The resulting array is reshaped into 1 x 20 and fed to the
DNN input.

The DNN performs a prediction and classifies the signal
between Singing and Speech.

For the analysis of the real-time performances of the
DNN, a MIDI note number is outputted based on the pre-
diction label. The MIDI note is then recorded together with
the EGG input signal within a Digital Audio Workstation
(DAW). This setup allows recording simultaneously both
the EGG and the prediction labels hence comparing the

t

LT T 11 NEED ) BT l 1 1 1 UL
[——1Singing [ Speech Prediction Latency
FIGURE 11. Real-time evaluation through audio and MIDI
recordings.

effective phonation with the DNN classification. The out-
come of the test showed an efficient behavior of the DNN
with an overall prediction error of about 6% and a time
delay between predictions of about 200 ms. Whether or not
such latency can be considered real-time highly depends on
the application. For voice-to-MIDI conversion, such
latency is above the acceptable threshold. Figure 11 shows
the results recorded in the DAW.

The time delay in between predictions is greatly depen-
dent on the size input buffer. A buffer size of 8820 samples,
in fact, is equivalent to 200 ms when using a sampling rate
of 44.1 kHz. Despite such latency is not acceptable for voice
conversion, it was observed through further testing that
200 ms of signal resulted as the minimum to achieve low
error. This is mainly due to the distinction between speaking
voice and singing voice. Such difference mainly relies on the
steadiness of the fundamental frequency™’; thus, the DNN
requires sufficient signal periods to detect potential fluctua-
tions.

CONCLUSIONS
The presented research sought to the classification between
speaking voice and singing voice using, as a signal source,
electroglottography (EGG) instead of audio. Following our
previous work in® and,” the classification system was
designed to integrate with a real-time voice-to-MIDI con-
version system. Such a system revolves around using EGG
signal for its ease of processing and computational effi-
ciency. 2400 EGG recordings were collected from 12 partici-
pants with a ratio of 50/50 between speaking and singing. In
order to increase the available data and break linearity, the
dataset was augmented through pitch shifting techniques,
and a total of 7200 samples were obtained. The entire data-
set was then processed to extract each entry’s Mel Fre-
quency Cepstral Coefficients (MFCCs). The resulting
coefficients for each individual sample were then rearranged
into a 1 x 20 array through mean and standard normalisa-
tion. The dataset obtained by this process was then used to
train a fully connected deep neural network (DNN) featur-
ing a single hidden layer and 20-40-1 architecture. The net-
work delivered a validation accuracy of approximately
94%, with a training time of around 25s. The DNN was
tested on 250 “unseen” samples and performed with a pre-
diction accuracy of nearly 92%. Finally, the system was
tested for real-time implementation, showing a total error of
around 6%. The evaluation of the real-time performances
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showed a time between predictions of about 200 ms. Such
delay is primarily due to the use of 8820 samples sized input
buffer. Whether such time between predictions can be con-
sidered real-time depends entirely on the application; for
voice conversion, however, a latency not greater than 15 ms
is required.®’ The need to employ such a big buffer is dic-
tated by the distinction between speaking and singing, being
mainly dependent on the fluctuations of the fundamental
frequency. In order to allow the neural network to perform
predictions properly, the input would require enough signal
periods to detect changes in the fundamental frequency.

The experiments showed how EGG could effectively clas-
sify singing and speaking voices given its ability to represent
the fundamental frequency of voice. Using EGG in combi-
nation with MFCCs allows the employment of a light deep
neural network (DNN) architecture to achieve high accu-
racy and fast predictions. Using a voice classifier paired
with an EGG-to-MIDI converter could allow the develop-
ment of a standalone device capable of converting singing
voice into MIDI whilst automatically discarding unwanted
signals, such as speaking voice. The current prediction fre-
quency, however, suggests that this would be possible in a
parallel manner by implementing the classifier and the
EGG-to-MIDI converter on two separate threads.
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