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There are many methods of measuring fundamental frequency of vocal folds’ vibrations.
The mentioned function can be estimated in several ways, either through internal measure-
ments (optical methods) or external measurements (the acoustic analysis of the voice, electric
method). Electric methods (EGG), based on analysis of the electroglottographic signal are of-
ten applied. However acoustic methods or registration and processing the speech signals can
be applied. The authors’ research proves that maximum information on phonetic action of lar-
ynx can be assembled by delimitation of the fundamental frequency parameters. Thus the ex-
act determination of pitch function makes a priority in the glottal area research. The spectrum
character of speech wave is connected with the fundamental frequency(F0) of human vocal
folds vibration. As it is considered,F0 of the source during voicing contains an abundance of
information on the larynx pathology, individual trait, theemotional state and ethnographical
origin of speaker. The literature demonstrates only limited research that conducted simultane-
ous measurement of fundamental frequency by the EGG and withthe acoustics methods. The
present paper presents results of such research, includingsimultaneous processing EGG and
acoustic data. The analysis of theF0 function exactitude and the usefulness of these methods
were executed too.

Keywords: speech analysis, speech recognition, pitch determination, electroglottographic sig-
nal.

1. Introduction

An acoustic speech signal, defined as a variation of acousticpressure in time, has a
complex graph, being a reflection of its complex articulation process. On the parameters
of the signal influence both its source (i.e. the vibrating vocal folds or sound caused by
turbulent air flow through the narrowing of speech organs) and dynamical properties of
the vocal channel, forming the structure of the signal. The signal can be described in the
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time domain as the convolution of time-dependent signal source pg(t) and pulse-like
answer of the voice channelh(t) [1, 14]:

p(t) =

T∫

0

h(t− τ) pg(τ) dτ. (1)

Thus, in the acoustic time-dependent speech signal, properties of the source and prop-
erties of the voice channel, forming the sound, are closely bound.

When a phoneme articulation takes place in the larynx (i.e. for voiced sounds), the
shape of voice wave spectrum is related to the fundamental-tone frequency of the human
vocal folds vibrations,F0. A representative spectrum of the fundamental tone has the
amplitude decreasing exponentially in such a way that the overtones are attenuated with
the slope about – 12 dB/octave, yet the overtones with the frequencies thirty times larger
than the fundamental one are still clearly visible (Fig. 1) [14, 16].

Fig. 1. Spectrum of the laryngeal tone.

Most of the researchers find that the shape of the larynx tone during the phonation
contains information about the individual characteristics, emotional state, ethnograph-
ical origin and pathology of the vocal tract. Deformation ofthe vocal organ, related to
the larynx dysfunction, manifests itself in the change of the vocal cords vibrations pa-
rameters, what influences onF0 [4, 6, 11, 19]. Exact determination of the fundamental
tone function becomes a priority in the voice generator research. However, the lack of
the direct access to the signalF0, generated by this source, makes the estimation ofF0

difficult.
There are several different techniques known and used to measure and determine the

fundamental tone function of the human vocal folds vibrations, both internal measure-
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ments (optical methods) and external ones (acoustic analysis of voice, electrical method
EGG) among them.

Literature review suggests that only few researches have been made so far in such
a way that fundamental tone parameters have been measured byelectrical (EEG) and
acoustic method simultaneously. In this paper we present results of the research carried
out in this way.

2. Methods of the larynx tone determination

A number of the methods used for the larynx tone determination can be found
in the literature (G. Fant, J. Flanagan., J. Kacprowski, W. Jassem, R. Gubrynowicz,
I. Titze and others). An accurate and frequently used methodis the electrical method,
EGG, based on the recording and analysis of the electroglottographic signal [3, 8, 9,
12]. From the other hand, the acoustic methods have been usedmore and more fre-
quently, thanks to the professional methods of the acousticsignals recording and pro-
cessing, being developed all the time. All these methods canbe roughly divided in two
groups:
• with the help of electroglottography,
• based on the acoustic speech signal.

2.1. Electroglottography

Electroglottography is a noninvasive method of the glottiselectrical impedance mea-
surement. The impedance is measured between two electrodesplaced on the subject’s
skin on the larynx level. The electrical impedance changes during the vocal folds move-
ments. Its value is smaller when the vocal folds are clenchedand larger when they are
open. The impedance change, with the vocal folds clenched, is equal to 1–2% of the
total neck impedance in the place of examination. The sinusoidal signal, with the fre-
quency usually in the range from 300 kHz up to 5 MHz, is sent with the help of the
aforementioned electrodes and penetrates well the less-conductive skin layer. After de-
modulation, the signal is recorded and processed, and next stored in the computer mem-
ory as a time-depended function. The archived signal is the subject of preemphasis and
of the subsequent analysis. Electroglottography does not determine the movements of
each fold individually. However, it allows representing the phase of vocal folds closing
and openings more accurately than other methods, especially in the vertical direction,
what gives an opportunity to measure directly the time dependence of the fundamental
tone and to determine its value.

The disadvantage of this method is the necessity of using of relatively expensive
measurement equipment. If applied to children or patients after a larynx area surgery,
they may feel very uncomfortable, making the procedure impossible to conduct.

The glottogram, i.e. the function of the electroglottographic signal vs. time, for the
vowel/a/ with the prolonged phonation of the normal male voice is depicted in Fig. 2.
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Fig. 2. Time dependence of the EGG signal – glottogram.

In addition, the periodT0 of the EGG signal and 4 phases of the folds movements, i.e.
a) the complete closing phase, b) the process of opening, c) the full opening phase and
d) the process of closing, are marked. The detailed description of this method is given
in [9].

2.2. Acoustic methods

There are several dozen of algorithms (based on the acousticsignal) for determina-
tion of the fundamental toneF0, which differ in accuracy. A substantial majority of them
is based on the signal in the time domain or in the frequency domain. The method utiliz-
ing the properties of the autocorrelation function is described in [4]. The authors of the
paper [19] presented (both the theoretical principles and the numerical applications of)
three methods ofF0 estimation: ZCA – Zero Crossing Analysis method, CEP – Cep-
strum method, and SHR Subharmonic-to-Harmonic Ratio method. The SHR method,
described in the paper [13], was adapted and refined in [19], taking into consideration
the analysis of the deformed speech signal of Polish tongue.These algorithms were em-
ployed in the research carried out in the frame of this project. Their detailed description
can be found in Ref. [17]; thus we have omitted it here.

3. Research material and methodology

The research, aimed at finding the accuracy of the fundamental tone determina-
tion and checking the practicability of methods described in Sec. 2, was carried out on
the group of 22 men, age 20 to 25, so-called standards of Polish tongue, without any
pathologies that could affect the voice quality. The time-dependent acoustic speech sig-
nal and the EGG signal were recorded simultaneously in an anechoic chamber, at the
Department of Mechanics and Vibroacoustic, AGH Universityof Science and Technol-
ogy, Kraków, Poland. The diagram of the measurement setup isshown in Fig. 3.

The task of the group people being the subjects of examination was to read out the
phonetic text slowly and without any intonation. They had torepeat three times: the
vowels –/a/, /e/, /i/, /u/; the vowels with the prolonged phonation – /a/, /e/, /i/, /u/; the
words –/ala/, /as/, /ula/, /ela/, /igwa/(i.e. 4 Polish names and Polish equivalent for
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Fig. 3. The block diagram of the measurement setup, where: 40AF – the measuring microphone, G.R.A.S;
12AA – the microphone preamplifier, G.R.A.S; 6103 – the electroglottograph (EGG), KAYELEMETRICS;

PDR 1000 – digital magnetic recorder, HHB.

“needle”) and the sentence –/dzis’/ /jest/ /wadna/ /pogoda/(i.e. the Polish equivalent
of the sentence “We have a good weather today”).

4. Results and conclusions

To depict and compare the fundamental tone spectra, determined by the acoustic and
the electroglottographic methods, the analysis in the frequency domain was made, using
Short Term Fourier Transforms, STFTs. Before the frequencyanalysis, the collected
data was subjected to the process of preemphasis with the band-pass FIR filter, with
flow = 50 Hz andfupp = 400 Hz. (The FIR filters have a capability to give the linear
phase-frequency characteristic.) Implementation of the algorithm and the calculations
were made in the MATLAB (MathWorks Inc.) environment [15]. First, the evaluation
of the spectrum shape was made. Employing STFTs, the dynamical spectrumW (t, f)
containing 56 lines with the∆f = 10 Hz width, made with the∆t = 0.1 s time
quantum and the level quantum equal to∆L = 0.2 dB, was obtained. The subject of
analysis was 4 vowels pronounced by each person (88F0 spectra in total). The goal
of the analysis was to determine the difference between the spectra obtained from the
acoustic and the EGG signals. These vowels have a fundamental significance in the
examination of the voice channel condition (especially of the glottis) because of their
stationary-like time dependence. The examples of the over-time-averaged spectra of the
vowels with the prolonged phonation, obtained from the EGG and the acoustic signals,
are presented in Fig. 4 and Fig. 5.

From the analysis of the frequency spectra carried out for each investigated signal
sample, it appears that differences (in shape and envelope)between the fundamental
tone spectra determined from the acoustic signal and from the EGG signal are small.

The substantial differences, observed in the relative level (amplitude) of recorded
signal, are related to the signal normalization process. For each group (acoustic signal
sample, EGG signal sample), the averaged minimal value for all samples recorded in
the given group was used as a reference level in the logarithmic scale.

In the second part of research, the comparison between the averaged values ofF0

obtained by the acoustic methods and theF0 value determined with the help of EGG
was made. From the comparison made, it appears that in the investigated group of per-
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Fig. 4. Averaged spectrum of the vowel “a” with the prolongedphonation.

Fig. 5. Averaged spectrum of the vowel “i” with the prolongedphonation.

sons, for all analyzed vowels with the prolonged phonation,the mean squared error in
the determination of fundamental tone with the help of the acoustic methods does not
exceed 2 Hz for the “ZCA” algorithm, 1.5 Hz for the “cepstrum”algorithm and 1 Hz
for the “SHR” algorithm. The detailed description of the aforementioned methods is
presented in [16, 17].
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From the preliminary researches made so far it is clear that the acoustic methods for
the determination of the fundamental toneF0 are effective and accurate.

They can be an alternative tool in the examination of the vowel quality and the glottis
condition for the diagnostics and for the medical therapy, especially in the postoperative
cases, when the using of EGG is difficult.
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