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Abstract. The speech signal emitted by humans may be a source of useful diagnostic and
prognostic information. The spectrum character of speech wave is connected with the fundamental
frequency (F;) of human vocal folds vibration. As it is considered, F,, of the source during voicing
contains an abundance of information on the larynx pathology, individual trait, the emotional state
and ethnographic origin of speaker. The paper presents is the next, consecutive stage of author’s
research, concerning simultaneous measurement of fundamental frequency of vocal fold vibration
by the electroglottography (EGG) and with the acoustic methods for both pathological and normal
speech signals. The analysis of the glottogram function exactitude, its parametrization and the
usefulness of these methods were executed too. The study has been carried out in cooperation with
Otolaryngology Clinic in 5th Military Hospital with Policlinic in Krakow and the Chair and Clinic
of Otolaryngology Collegium Medicum of Jagiellonian University in Krakow.

Keywords: pathological speech signal, electroglottography, vocal fold vibration, fundamental
frequency.

1. Introduction

Besides of the individual characteristics of a speaker, the speech signal carries semantic and
emotional state information, and other kinds, enabling to determine speaker’s ethnic origin, social
status, education, and overall health. Thus speech can become, through selected parameters, an
additional source of information on anatomic, physiological and pathological (deformation)
conditions of human internal organs. A number of authors’ research proves that maximum
information on phonetic action can be assembled by delimitation the parameters of speech sound
generator such as the fundamental frequency F, short and long term frequency perturbations,
short and long term amplitude perturbations, noise related, tremor, voice break and subharmonic
[1-4]. The changes in glottis area, which are the result of diseases, strongly affect the primary tone
F, function of the acoustic speech signal [5-7]. This function can be estimated by internal
measurements (e.g. optical methods) or external measurements (like acoustic or electrical
methods). The optical methods include: stroboscopy, cinematography, videokymography (VKG),
photoglottography  (PGG), eclectrolaryngography (ELG) and two-point holographic
interferometry. The acoustic methods include ultrasonography (USG), multi-dimension speech
signal analysis and test evaluation of the voice acoustic pressure, while the electrical method is
usually electroglottography (EGG). The literature demonstrates non numerous researches for
polish speech have conducted simultaneous measurement of fundamental frequency by the EGG
and with the acoustic methods, particularly with pathological speech signal. The present paper
presents results of such research. The diagnostic evaluation of the glottis area has been based on
parameters resulting from changes of the pitch period function. Additional in this paper had been
carried out the analysis of the accuracy of algorithms (zero crossing measure — ZCM, cepstral
analysis — CEPA, higher-order spectra analysis — HOSA) to determining F, parameter [3, 8-12].

2. Speech signal production

The formation of a human voice is closely associated with breathing. The voice arises in the
larynx during vibration of the vocal folds in the exhaust phase. However, the first phase is the
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inhale that allows accumulation in the appropriate amount of air into the lungs. As a result of
respiratory muscle begins breathe out. The air exhaled from the lungs is the engine of voice folds
vibration (Fig. 1).

nasal cavity

velum

teeth

lips

tongue

pharyngeal cavity
epiglottis

larynx
trachea

OCSODI'I agus

a)

Fig. 1. a) View of the vocal tract, b) view of vocal folds in larynx

Because the exhalation phase is closed glottis (voice folds adhere closely to each other), the
air pressure rises around subglottic (below the vocal cords). After crossing the critical pressure the
glottis are opening and by glottis air flows. This leads to a drop in subglottic pressure and the
vocal folds back to its original position (their closure). This repeated many times per unit of time
quasi-periodic alternating cycles of separation and closing of the vocal folds give rise to acoustic
waves low. The sound produced by the glottis or laryngeal voice called fundamental frequency
(fundamental tone) and is expressed by the Eq. (1):

1 S
Fo=— [— (1)
2r\Nm

where m — mass of the vibrating vocal [kg], s — stiffness constant of the chords [N/m].
The frequency of the voice pitch of spoken and sung, depending on gender are included in the
ranges specified in Table 1.

Table 1. Range of fundamental frequency (Fy) of human vocal folds vibration

Gender Voice type Frequency range [Hz]
Bass 80-320
Male Baritone 100-400
Tenor 120-480
Alto 160-640
Female Mezzo-soprano 200-800
Soprano 240-960

The generated F, is amplified by the remaining vocal tract (ie. in throat, mouth, and nose), and
the final emitted sound forms speech signal. In the time domain the emitted speech signal p(t)
can be mathematically described using a convolution of time-dependent signal source g(t) and
pulse-like answer of the voice channel h(t) [2]:

t
p(t) = f h(t — g (D)dx. @
0

Interpretation of Eq. (1) indicates that in the time-dependent acoustic speech signal the
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properties of the source and the properties of the sound forming voice channel are closely related.
This fact is shown at Fig. 2 both for normal and pathological speech signals.

It is assumed that that the shape of the F; contains biometric information, as well as it reflects
clinical pathology of the vocal cords and/or of the vocal tract [1]. Therefore, it becomes attractive,
to analyze the acoustic signal for the purposes of detecting these features. Acoustic detection of
F, is even more attractive, because direct access to the signal Fj,, generated by glottis, makes direct
measures of F, difficult.
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Fig. 2. a) Normal signal, b) larynx cancer signal, ¢) vocal cord nodule signal, d) vocal cord polyp signal

The evaluation of vocal tract conditions especially in the glottis area can be based on
parameters resulting from changes of the primary tone function. The fluctuation of the
fundamental frequency and signal amplitude can be estimate by Jitter and Shimmer parameters.
Jitter denotes the deviation of the larynx tone frequency in consecutive cycles from the average
frequency of the larynx tone according formula:

1 N=1 i+1
N_1Z |Fo(l)_Fo(L )l
Jitt = =100 %, 3)

ZN 1 F(l)

where N — number of instantaneous signal periods.
Shimmer denotes the deviation of the larynx tone amplitude in the consecutive cycles from the
average amplitude of the larynx tone according formula:

1 N-1 . i1

To1),, a0

Shim = - 100 %, “)
NZN 1A(l)
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where 4, — amplitude of fundamental frequency in instantaneous signal periods.
3. Electroglottography (EGG)

EGG is a noninvasive method for determination of the laryngeal tone F,, by registering glottis
electrical impedance. The impedance is measured between two bilaterally electrodes placed on
the subject’s skin at level of the thyroid cartilage (see Fig. 3).

a)
Fig. 3. a) EGG electrodes for adults and for children, b) measuring the speech signal in an anechoic
chamber in Department of Mechanics and Vibroacoustics AGH UST in Krakow

High frequency current (usually in the range from 300 kHz up to 5 MHz) is passed between
these surface electrodes, and electrical impedance changes during the vocal folds movements are
displayed and measured (Fig. 4). Impedance is smaller when the vocal cords are approximated
and is larger when they are abducted or not approximated. The impedance change, with the vocal
cord adducted, is equal to 1 %-2 % of the total neck impedance in the place of examination. The
resultant EGG signal, after demodulation, can be recorded and processed, and stored in the
computer memory as a time-depended function. The archived signal is the subject of preemphasis
improvement and subsequent analysis. EGG 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, giving an opportunity to measure directly the time dependence of
the fundamental tone and to determine its value. The disadvantage of this method is the vertical
laryngeal shift, and neck thickness or shape.

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. 4. In addition, the period
T, of the EGG signal and four phases of the folds movements, i.e. a) the folds are at minimum
contact (complete opened phase), b) the process of closing, c) the folds are at maximum contact
(closed phase) and d) the process of opening, are marked.

NN

< To=1/Fo >

Vocal fold contact

395 Time [s) 398

Fig. 4. Time dependence of the EGG signal (normal male speech) — glottogram

In pathological signals occur for various changes in the course of EEG; flattening, elongation,
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lack of regularity. Examples of various EEG signal changes depending on the type of vocal tract
diseases are shown in Fig. 2.

The main parameters estimated from EGG waveform are: pitch period, open quotient, contact
quotient. In the EGG signals the pitch period is usually defined as the duration between maximum
positive peaks in the differentiated EGG waveform. These peaks are regarded as instants of glottal
closure.

The open quotient (O Qg ) is the ratio of opened glottis to all pitch period according formula:

A0
0Qp¢e = NZE 100 %, (5)
0

i=1

where t, — is the time of complete opened phase in instantaneous signal periods, T, — denotes the
duration of the pitch period in instantaneous signal periods
The contact quotient (C Qg¢() is the ratio of closed glottis to all pitch period according formula:

N o)

1 c
CQuee = Nz ol 100 %, (6)
i=1°0

where t, — is the time of complete closed phase in instantaneous signal periods.
The detailed description of this parameters is given in [4].

4. Research material and methodology

The time-dependent acoustic speech signal and the EGG signal were recorded simultaneously
in an anechoic chamber, at the Department of Mechanics and Vibroacoustic, AGH University of
Science and Technology, Krakow, Poland. The diagram of the measurement setup is shown in
Fig. 5. The applied professional registration system provided a transfer band from 20 Hz to 20 kHz
at the dynamics amounted to not less than 80 dB.

40 AF
1201 12AA 1314
. I
Electrods
E 6103 >

Fig. 5. The block diagram of the measuring setup, where: 40 AF — G.R.A.S microphone,
1201 — NORSONIC preamplifire, 12AA — G.R.A.S amplifire, 1314 — M-AUDIO IN/OUT chart, 6103 —
KAYELEMETRICS Electroglottograph (EGG), PC — computer with Adobe Audition 3.0 software

The first goal of this research and analysis was to determine the difference between the F,
Jitter and Shimmer estimation from the acoustic signals and the EGG signals during phonation.
The experiment was carried out on the group of 328 people, both men and women, age 19 to 80
years, so-called standards of Polish language, without any pathologies that could affect the voice
quality. This data base had been used in part in earlier research [5-7, 10-13].

The second goal of research was to determine the difference in Jitt and Shim parameter
between normal and pathological speech. The study has been carried out in cooperation with
Otolaryngology Clinic in 5th Military Hospital with Policlinic in Krakow and the Chair and Clinic
of Otolaryngology Collegium Medicum of Jagiellonian University in Krakow. The group of 127
patients, both men and women, age 20 to 84 years was divided into 4 groups according to their
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diagnosis: A — acute states, B — chronic conditions, C — cancer, D — other diseases. In Group B
were isolated four subgroup; B1 — hypertrophic chronic rhinitis/laryngitis, B2 — edema of the vocal
fold(s), B3 — hard vocal fold nodule, B4 — soft vocal fold nodule (polypus).

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 to repeat three times: the vowels — a, e, i, u; the
vowels with the prolonged phonation — a, e, i, u; the words — ala, as, ula, ela, igla (i.e. Polish
names and Polish equivalent for “needle’’) and the sentence — dzis jest tadna pogoda (i.e. the Polish
equivalent of the sentence “It’s a nice weather today”).

5. Results

To depict and compare the F;,, determined by the acoustic and the electroglotographic
methods, the analysis in the frequency domain was made, using Short Term Fourier Transform
(STFT). Before frequency analysis, the data were subjected to the process of preemphasis with
the band-pass FIR filter, with f;,,, = 50 Hz and f,,;,, = 400 Hz. The dynamical spectrum W (t, f)
containing 56 lines with the Af = 10 Hz width, made with the At = 0.1 s time quantum and the
level quantum equal to AL = 0.2 dB, was obtained. The subject of analysis was 4 vowels
pronounced by each person (3936 records — 328 personsx4 vowelsx3 expression). The goal of this
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. 6.

I FO acoustic I 70 acoustic
j— 7T j— 1T
T { 70
0 &0
o 5 | @ 0
= =
% 40 1 g A
g . 3
E E
< 30 . 1 a 30 it
20 il | 20 I | i
e I I
un 100 200 300 400 500 nn 100 200 300 400 500
Frequency [Hz] Frequency [Hz]
a) a with the prolonged phonation b) i with the prolonged phonation

Fig. 6. Averaged spectrum of the vowel

Analysis of the frequency spectra carried out for each investigated signal sample, showed only
minor differences (in shape and envelope) between the fundamental tone spectra determined from
the acoustic signal and from the EGG signals. 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 next part
of this research, comparison between the averaged values of F;, obtained by the acoustic methods
and the F, value determined with the help of EGG was made. The algorithms carrying out the
detection of F, based on the zero crossing measure (ZCM), higher-order spectra analysis (HOSA),
cepstral analysis (CEPA). Were also implemented in the MATLAB environment. Estimation of
relative error was done. Table 2 details a sample results for F, determined in acoustic methods for
the a vowel and these are displayed vis a vis results for Fj, determined by the EGG method and
example of reference results for relative error AF,, determined according to Eq. (7), for the
evaluation of F, for the entire group:
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Fy—F;

0

AFO =

The data analysis showed that for all analyzed vowels (the prolonged phonation), the mean
squared error for the determination of F; by using the acoustic methods does not exceed 2 Hz for
the zero crossing measure (ZCM), 1.5 Hz for the cepstrum algorithm (CEPA), and only 1 Hz for
the higher-order spectra analysis (HOSA) in reference to EGG method. This makes clear that the
acoustic methods for F;, derivation are effective and accurate, and can be treated as precise tools
for the examination of non-pathologic F,, derived from a healthy glottis.

The next step of this research concerned estimation of mean, standard deviation, minimum and
maximum value of Jitt, Shim and OQgg; for normal and pathological speech. Table 3 shows
results of this parameters value estimated from EGG normal signals for 4 vowels with prolonged
phonation (3936 records — 328 personsx4 vowelsx3 expression).

Table 2. Example results for calculation of relative error of F, function for the a vowel
with prolonged phonation

IDof | Fi[Hz] | Fy[Hz] | F,[Hz] F, [Hz] AFy % AFy % AFy %
sample | (EGG) | (ZCM) | (CEPA) | (HOSA) | (ZCM) | (CEPA) | (HOSA)
1 119 119 119 119 0 0 0
2 109 109 109 109 0 0
3 101 101 107 100 0 6 1
4 98 99 104 98 1 6 0
5 126 128 122 126 1 3 0
6 123 122 121 123 0 2 0
7 108 108 108 108 0 0 0
8 123 123 121 123 0 2 0
9 94 94 101 94 0 8 0
10 120 120 118 119 0 1 0

Table 3. Results of Jitt, Shim and C Qg estimation for 4 vowel
with prolonged phonation — normal speech

Parameter Gender
Male Female Jointly

Mean 0,6 1,1 0,9
Std 0,3 0,6 0,5

. 0 b k) bl
Jiet [%] Min 0.2 0.4 0.2
Max 1,9 3,9 3,9
Mean 1,9 2,1 2,0
Std 1,0 1,1 1,0

- , , ,
Shim [%] Min 0,1 0,1 0,1
Max 4.8 4,7 48
Mean 45,0 43,6 443
Std 3,6 3,5 3,6

0, ) ) 9
00Qxqq [%] Min 33,1 36,3 33,1
Max 52,4 56,8 56,8

Table 4 shows results of parameters value estimated from EGG pathological signals for 3
exemplary diseases — polypus, vocal fold nodule, laryngeal cancer, 4 vowels with prolonged
phonation (936 records — 78 personsx4 vowelsx3 expression).

To check separability of the class of vocal tract condition visualization of the results obtained
Jitter and Shimmer parameter in a 2 dimensional space was proposed. Fig. 7 provide visualisation
of the EGG normal signals for 4 vowels with prolonged phonation only for 15 female and 15 male
persons (because of good clarity of figure was used a reduced amount of presented data). Both
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Table 3 and Fig. 7 show that none of the normal speech parameter value (Jitt, Shimm) exceeds
the value of 5 %. Fig. 8 provide visualisation of the EGG pathological signals for 4 vowels with
prolonged phonation for 9 female and 21 male persons.

Table 4. Results of Jitt, Shim and C Q¢ estimation for 4 vowel
with prolonged phonation — pathological speech

Parameter Disease
Polypus | Vocal fold nodule | Laryngeal cancer

Mean 3,2 2.9 63

Std 0.8 1.9 a1

o ) : :
TP Putin |20 1.6 2,0
Max 6,1 8,0 233
Mean 5,9 6,6 11,7
Std 1.9 32 39

e ; ’ )
Shim [%]  —r- 2,0 2.9 20
Max | 9.5 18,2 472
Mean 442 47,8 50,3
Std 6.3 54 34

o 5 , ;
0Qree [] viin [ 321 39,3 37,4
Max 55,9 56,5 65.8

In contrast, Fig. 9 shows a total arrangement on the plane normal and pathological conditions
of glottis. We see a clear area of division between objects diagnosed as speech pattern from objects
diagnosed as disease. In addition, the division of the area contains objects with a diagnosis; vocal
fold nodules, further polypus and at the end - laryngeal cancer. Such an arrangement (in that order)
has its justification in terms of the assessment of disease — cancer of the larynx, as the most
burdensome and advanced disease, vocal fold nodules — as a more “delicate”. In Fig. 8 for each
diagnosis of the disease trend lines were determined. These lines for laryngeal cancer and vocal
fold nodule has been growing (value Jitt and Shim increases linearly), and for polypus character
is constants (for a constant parameter shimmer (approx. 5 %)). The average values of Jitt for the
analyzed glottis diseas are not less than 2.9 % (vocal fold nodule — 2.9 %, polypus — 3.2 %,
laryngeal cancer — 6.3 %) and the average values of Shim are not less than 5.9 % (vocal fold
nodule — 6.6 %, polypus — 5.9 %, laryngeal cancer — 11.7 %). This fact, with significantly lower
values of these parameters for normal speech, confirm the usefulness of these parameters in the
diagnosis of the glottis conditions.
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Fig. 7. Visualization of Jitter x Shimmer feature for normal speech (female, male)

Severability OQg;; parameter values in the classes is the most noticeable between laryngeal
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cancer 50.3 = 5.4 % and 44.3 normal speech £3.6 %. Inside the classes it is also evident between

the polypus 44.2 + 6.3 % and laryngeal cancer 50.3 + 5.4 %, and to a lesser extent, with vocal fold
nodules 47.8 £ 5.4 %.

50

45

N
S

w
o

—_ °
R0 o o
g2 o % o ® .
£ ¢ ¢
‘£ 20 ¢ o 3
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--trend line (cancer) —trend line (vocal fold nodule)

Fig. 8. Visualization of Jitter x Shimmer feature for pathological speech
(laryngeal cancer, polypus, vocal fold nodule)

— - normal speech area
----- pathological speech area

Shimmer [%]

15 20 25
Jitter [%]

o polypus o laryngeal cancer a vocal fold nodule + normal speech (both female, male)
Fig. 9. Visualization of Jitter x Shimmer feature for pathological speech
(laryngeal cancer, polypus, vocal fold nodule) and normal speech (both female and male)

6. Conclusions

This paper presents a next, consecutive stage of author’s research, concerning simultaneous
measurement of fundamental frequency of vocal fold vibration by the electroglottography (EGG)
and with the acoustic methods for both pathological and normal speech signals. The analysis of
the glottogram function exactitude, its parametrization and the usefulness of these methods were
executed too. The presented results may be used as practical premises during construction of
computer systems employing the speech signal for medical diagnosis and therapy. Such systems
(implemented in mobile computers) may be used the therapeutic teams (laryngologists,
phoniatrists, speech therapists). Further studies are directed towards the application of effective
recognition processes to the medical imaging (e.g. artificial intelligence algorithms — artificial
neural networks, multidimensional analysis — supportive vectors machine). Such systems are
successfully used for monitoring the status of machines or technical objects [14-19].
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