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Abstract

Voice quality is a complex attribute of voice but one important aspect arises from the
regularity and duration of the closed phase from vocal fold cycle to cycle. The determination of
closed phase requires the accurate detection of glottal closure (GCI) and glottal opening (GOI)
instant. In literature, many methods have been suggested on this direction employing either
the Electroglottographic (EGG) or the speech signal. This work presents a robust algorithm for
the detection of glottal instants from the EGG signal and a study on the interaction between
Amplitude–Frequency components of speech and glottal phases.

The determination of GCIs and GOIs, is quite straightforward using Electroglottographic
(EEG) signals. The derivative of EGG offers a simple way in detecting the important instances
during the production of speech; the glottal closing and opening instants. In this thesis we
suggest an alternative method to the simple derivative which is based on the spectral methods.
Spectral methods provide an elegant way to conduct first and higher order derivatives on
discrete time data, with high accuracy.

Furthermore, we introduce a new way to differentiate the EGG signal for estimating the
main glottal instants. The gradient of electroglottographic signal is performed with a method
referred to as “Slope Filtering”. This approach shows to be robust in revealing the major peaks
in the slope filtered EGG signal, even in cases where the quality of the EGG recordings is not
good. Contrary to the simple derivative of the EGG signal, the peaks can be well distinguished
and uniquely specified in the slope filtered signal. The proposed method exhibits high accuracy
of voiced segments, including the onset and offset regions.

The derivation of glottal phases from speech signal has drawn great attention in recent
years. A novel approach, relying on the speech signal, is proposed based on a Quasi–Harmonic
(QHM) representation of speech. The adaptive QHM algorithm estimates the instantaneous
AM–FM components of the speech signal. The extracted components, which are used for
the reconstruction of the signal, are correlated to the glottal phases generated from the EGG
signal. The AM component follows a steady pattern for each glottal phase, whereas the FM
component shows low variations for various speakers.

Supervisor: Yannis Stylianou
Associate Professor
University of Crete
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Prosdiorismìc

stigm¸n kleisÐmatoc kai anoÐgmatoc thc glwttÐdac

sth fwn 

QristÐna Alex�ndra Lionoud�kh

Metaptuqiak  ErgasÐa

Tm ma Epist mhc Upologist¸n

Panepist mio Kr thc

PerÐlhyh

H poiìthta thc fwn c eÐnai èna sÔnjeto qarakthristikì, all� ènac shmantikìc pa-
r�gontac prokÔptei apì thn omalìthta kai th di�rkeia thc f�shc pou oi fwnhtikèc
qordèc paramènoun kleistèc apì kÔklo se kÔklo. O prosdiorismìc tou kleistoÔ autoÔ
diast matoc apaiteÐ thn akrib  anÐqneush thc stigm c kleisÐmatoc (GCI) kai thc stig-
m c anoÐgmatoc (GOI) thc glwttÐdac. Sth bibliografÐa, pollèc mèjodoi èqoun diexaqjeÐ
proc aut  thn kateÔjunsh pou qrhsimopoioÔn eÐte to Hlektroglwttografikì (EGG) s -
ma   to s ma fwn c. H ergasÐa aut  parousi�zei èna axiìpisto algìrijmo gia thn
anÐqneush twn glwttidik¸n stigm¸n apì to EGG s ma kai mia melèth sqetik� me thn
allhlepÐdrash metaxÔ thc Diamìrfwshc tou Pl�touc kai thc Suqnìthtac tou s matoc
fwn c me tic glwttidikèc f�seic.

O prosdiorismìc twn glwttidik¸n stigm¸n eÐnai polÔ �mesoc qrhsimopoi¸ntac ta
Hlektroglwttografik� s mata. H par�gwgoc tou EGG sto qrìno prosfèrei ènan aplì
trìpo gia ton entopismì twn shmantik¸n stigm¸n kat� th di�rkeia thc paragwg c tou
lìgou: twn stigm¸n kleisÐmatoc kai anoÐgmatoc thc glwttÐdac. Sthn paroÔsa ergasÐa
proteÐnoume mia enallaktik  mèjodo apì thn apl  par�gwgo, h opoÐa basÐzetai stic
fasmatikèc mejìdouc. Oi fasmatikoÐ mèjodoi parèqoun ènan kalaÐsjhto trìpo gia ton
upologismì thc pr¸thc kai megalÔterwn t�xewn parag¸gwn gia dedomèna sqetik� me
diakritì qrìno, me uyhl  akrÐbeia.

Epiplèon, sust noume èna nèo trìpo gia thn diafìrish tou EGG s matoc wc proc
thn ektÐmhsh twn kÔriwn glwttidik¸n stigm¸n. H klÐsh tou EGG s matoc proseggÐzetai
me mia mèjodo pou anafèretai wc “Slope Filtering”. Aut  h prosèggish deÐqnei na eÐnai
axiìpisth sthn apok�luyh twn kurÐwn koruf¸n tou <slope> filtrarismènou EGG s matoc,
akìmh kai se peript¸seic ìpou h poiìthta twn EGG katagraf¸n den eÐnai kal . Se
antÐjesh me thn apl  par�gwgo tou EGG s matoc, oi korufèc mporeÐ na diakrÐnontai
xek�jara kai na orÐzontai monadik� sto <slope> filtrarismèno s ma. H proteinìmenh mè-
jodoc parousi�zei uyhl  akrÐbeia sta èmfwna, sumperilambanomènwn kai twn perioq¸n
thc èmbashc (onset) kai èkbashc (offset) twn perioq¸n aut¸n.

H paragwg  glwttidik¸n f�sewn apì to s ma omilÐac èqei idiaÐtero endiafèron,
miac kai prìkeitai gia mh epembatik  mèjodo. Mia nèa prosèggish proteÐnetai, h opoÐ-
a sthrÐzetai sto s ma omilÐac kai basÐzetai sto perÐpou Armonikì montèlo (QHM). O
prosarmostikìc QHM algìrijmoc parèqei ektim seic twn stigmiaÐwn AM–FM sunistw-
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s¸n tou s matoc omilÐac. Ta stoiqeÐa pou ex�gontai, ta opoÐa qrhsimopoioÔntai gia
thn anakataskeu  tou s matoc, sugkrÐnontai me tic glwttidikèc f�seic pou par�gontai
apì to EGG s ma. H diamìrfwsh kat� pl�toc (AM) akoloujeÐ èna stajerì prìtu-
po gia k�je glwttidik  f�sh, en¸ h diamìrfwsh kat� suqnìthta (FM) deÐqnei mikrèc
diaforopoi seic apì omilht  se omilht .

Epìpthc: Iw�nnhc StulianoÔ

Anaplhrwt c Kajhght c

Panepist mio Kr thc

viii



Stouc goneÐc mou, PaÔlo kai Elènh,

sthn aderf  mou, Emmanouèla,
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EuqaristÐec
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Chapter 1

Introduction

1.1 Motivation

The voice quality depicts phonatory and resonatory characteristics such as harshness, breath-
iness, nasality. These features provide a sense of the perception of voice and of any existing
pathology. Laryngeal differences are related to voice quality and consequently any effect in
larynx, glottal airflow or vocal folds provides an additional information. Voice quality is a
complex attribute of voice but one important aspect comes from the regularity and duration
of the closed phase from vocal fold cycle to cycle.

Glottal Closure Instants correspond to the instants of significant excitation of the vocal
tract. These particular time events reflect the moments of high energy in the glottal signal
during voiced speech. The moment that vocal folds begin to close is called Glottal Closure
Instant (will be referred as GCI) and the moment that vocal folds begin to open is called
Glottal Opening Instant (will be referred as GOI).

The identification of the mentioned Instants and the determination of closing and opening
phases of vocal folds offer a more precise picture of vocal folds’ movement. The approxima-
tion of closing and opening phase and the relationship in duration of the closing and opening
stages of the vocal fold vibratory cycle constitute descriptors and measures for qualitative
(perceptual) and quantitative (physical) speech features. These measures contribute signifi-
cantly in visual feedback purposes and evidence of improvement in vocal fold function after
surgical intervention in existent pathology of the vocal folds. For instance, pathology such
as organic lessions of vocal folds [10] and puberphonia in adults [11], where the variation in
vocal fold contact is clearly observed between the closed and open phases of the vibratory
cycle. Many pathological cases are associated with larynx where diagnosis cannot be executed
without an invasive method, such as stroboscopy, photoglottography. Laryngeal pathology
includes polypoid of the vocal folds, vocal fold pseudocyst, vocal fold hematoma, sarcoidosis,
papilloma, unilateral vocal fold paralysis and others. It is of great importance to assess the
intelligibility of a patient’s speech before, during and at the end of therapy (with surgical
intervention or not). The final display of the characteristics of vibratory cycle is of particular
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CHAPTER 1. INTRODUCTION

value, not only in demonstrating change to the therapist and patient, but also in establishing
efficacy of treatment. By inference, the determination of GCIs, GOIs and the duration of each
phase may aid in diagnosis and assessment of treatment of laryngeal pathology.

A method for detecting glottal Instants is through the examination of the Electroglotto-
graphic (EGG) or Laryngographic signal. This is a direct method based on Lx/EGG wave-
form. Although, much work has been contributed in this area, more attention is given to
the identification of GCIs, while the opening Instants are related to GCIs and not appreciated
separately. The rapid rise in the waveform to a maximum on vocal fold approximation (the
‘closing phase’), the gradual fall (the ‘opening phase’) and their duration is important and
consequently the need for more accurate determination of GOIs is essential.

The derivative of EGG is widely applied with various approaches in this effort. The positive
peak of the derivative corresponds to the closure Instant of EGG and the negative peak to
the opening Instant. However, in several instances the peaks of the derivative are not easily
detected, especially the negative ones. In these cases the derivative forms many negative
peaks and the discrimination is complicated. Thus, the GCIs are firstly determined and then
the GOIs are located to a certain distance from the first. Furthermore, many approaches
impose a threshold on the differentiated EGG signal, which provide accurate results during
voiced speech but are prone to errors at the onset and end of voicing. In some cases, peaks
are doubled or imprecise, which points to special but not uncommon glottal configurations.

In addition, several techniques that estimate GCIs and GOIs extract information exclusively
from speech signal. This is a field of growing interest, as an aspect of voice quality may
be determined merely from speech signal. There are several areas of speech processing in
which it is beneficial to be able to identify the GCIs and the closing phase intervals. Many
speech processing algorithms are based in the detection of GCIs in voiced speech. Glottal-
synchronous processing in speech synthesis, speaker characterisation for synthesis, low bit-rate
speech coding and transmission, voice quality enhancement, voice transformation, prosodic
speech modification, speech dereverberation, speech recognition, speech analysis, speaker
normalization and recognition and fields of speech pathology and therapy apply detection of
GCIs. Accurate identification of the closed phases allows the blind deconvolution of the vocal
tract and glottal source through the use of closed phase analysis and modeling [46, 2, 7],
without the use of additional equipment (Laryngograph and electrodes).

The last few years considerable methods have been proposed in estimating GCIs and GOIs
from speech features. However, the presence of reverberation, noise and filtering by the vocal
tract render Instants’ estimation from real speech signal rather difficult to achieve compared
with the results detected from EGG, so EGG-extracted features have been often referred to
evaluate Instants’ approximation from speech signal.
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1.2 Contributions

The derivative of EGG offers a simple way to detect the important instances during the
production of speech; the glottal closing and opening instants. In this work we suggest an
alternative method to the simple derivative, that is usually used for generating the derivative of
EGG signal, which is based on the spectral methods [53]. Spectral methods provide an elegant
way to conduct first and higher order derivatives on discrete time data, with high accuracy.
Experiments have shown that spectral methods provide slightly better results compared to
the simple derivative approach, in terms of visibility of the major positive and negative peaks
used for the detection of GCIs and GOIs.

In this thesis, we present a new way to differentiate the EGG signal for estimating the
main glottal instants. We underline the insufficiency of the existing algorithms to estimate
glottal opening instants. Each opening instant is principally associated to its distance from
GCI. Furthermore, the gradient of electroglottographic signal is performed with a method
referred to as “Slope Filtering”, which was proposed in [55]. The EGG signal is filtered in
a frame-by-frame basis by an FIR system consisting of a short impulse response, taking into
account the vicinity of the samples around the center of each frame. This approach shows to
be robust in revealing the major peaks in the slope filtered EGG signal, even in cases where the
quality of the EGG recordings is not good. Then, the main glottal instants are easily detected
using a simple thresholding approach. Contrary to the simple derivative of the EGG signal,
the peaks can be well distinguished and uniquely specified in the slope filtered signal. The
proposed method exhibits high accuracy of voiced segments, including the onset and offset
regions.

Moreover, we apply an AM–FM decomposition method in order to reveal the relationship
between the AM–FM components of speech signal and the glottal phases. The iterative
AM–FM decomposition algorithm is based on the adaptive Quasi–Harmonic model (aQHM)
[40]. The aQHM suggests a non-parametric AM-FM decomposition algorithm, which proceeds
by successive adaptations of the decomposition basis functions to the characteristics of the
underlying sine waves of the input signal. The extracted components, which are used for
the reconstruction of the signal, are compared to the glottal phases generated from the EGG
signal. The AM modulation follows a steady pattern for each glottal phase, whereas the FM
component shows low variations for various speakers. The EGG signal is time–aligned with
the speech signal and glottal Instants are derived from EGG signal. The glottal phases are
depicted with the AM–FM components to derive the desired information of their variation
within a glottal cycle.

1.3 Thesis Outline

The remaining chapters are organized as follows. The second chapter covers the background
theory, in which the physiology of larynx and the interaction between the glottis and the vocal
tract are introduced. In addition, the relation between the electrolaryngographic signal and the
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glottal airflow is analyzed. The phases and Instants of EGG signal are thoroughly examined.
The third chapter outlines the research that has been reported so far in the detection of glottal
Closures and Openings from EGG signal or its derivative and from speech signal.

The next chapter refers to the spectral derivative of EGG signal and the “Slope Filtering”
method. The applied methodology for the determination of glottal Instants from the EGG
signal is described. The recorded database and the implemented techniques are analyzed.
The results of the experiments are explicitly presented and conclusions complete the chapter.

The fifth chapter includes the AM-FM decomposition algorithm description and the glottal
phases that are related to the AM and FM components of speech signal. In the last section of
the chapter the observations of the AM and FM components during closed and open phases
are discussed.
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Chapter 2

Background

In this chapter, we examine the larynx physiology and the vocal folds’ function, as it is
beneficial in order to understand in depth the significance of electroglottographic signal and
what it represents. The following section provides a description of the interaction of glottis
with vocal tract though a developed model. The next section outlines the methods of vibratory
cycle’s recording. The fourth section of this chapter defines the electroglottographic signal
and delineates the appliance of laryngograph. The phases and instants of an EGG signal
and the corresponded intervals in glottal airflow are illuminated. Afterwards, the EGG signal
is described in detail especially with respect to the shape of the waveform and to the time
domain characteristics of the physiological features.

2.1 Larynx physiology and Vocal Folds

The phonatory process is produced while the air expelled from the lungs effects the vibration
of the vocal cords, the glottis closes and the air flow is prevented. This glottal closure instant
(GCI) is followed by an interval during which the glottis remains closed, until muscle tension
and air pressure causes the folds to reopen at the glottal opening instant (GOI) [3]. The
process is repeated periodically as a series of pulses that produces “modal” voiced speech. All
voiced sounds are produced by an excitation signal that is filtered by a passive resonator called
the vocal tract. This excitation is produced by the vocal folds that form a constriction at the
top of the trachea as it joins the lower vocal tract. The glottis as we can see in Figure 2.1b
covers the vocal folds and the space between the folds. The epiglottis, which is shown at the
top of the figure shaped as a leaf, causes the intervention of the cartilage directing the food
and liquid into the esophagus and protecting the vocal folds and airway during swallowing. A
superior view of the vocal folds is shown in Figure 2.1a. The larynx’s cavity consists of two
pairs of soft tissue folds. The inferior folds are called vocal or true cords and above of them
are the vestibular or ventricular or false cords [21]. The false folds do not usually vibrate with
voicing, but they often adduct each other in people with muscle tension dysphonia, a disorder
defined by excessive muscular tension with voice production. On the other hand, the true
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(a) Larynx view from front (b) Larynx view from top

Figure 2.1: Larynx physiology

vocal folds open, while we are breathing and close during voicing, coughing and swallowing.

The glottis controls the airflow towards the vocal tract. In voiced speech, the primary
acoustic excitation normally occurs at the instant of vocal-fold closure. This marks the start
of the closed-phase interval during which there is little or no airflow through the glottis.
Acoustic theory shows that, for vowel sounds, the vocal tract acts as an all-pole filter whose
input is the volume velocity of air through the glottis. Below, in Figure 2.2 we can observe
the glottal flow and its derivative [23]. The glottal phases figured are:

• The duration from t1 to t2 corresponds to opening phase

• Closing phase occurs the time interval between t2 and t3

• Closed phase during t3 and t5

• The return phase occurs from t3 to t4

• Variable To refers to the time duration of a vibratory cycle

• Variable Oq describes the Open quotient that is assigned to the open phase time duration
divided by the fundamental period

• Variable Qa represents the return phase quotient that is defined as the ratio between
the effective return phase duration and the closed phase duration (1−Oq)T0. In the
case of an abrupt closure of the vocal folds, Qa = 0
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Figure 2.2: Glottal airflow and its derivative

2.2 Interaction of Glottis with Vocal Tract

A discrete–time model of speech production is developed in chapter 4 in [41]. The model was
derived from a set of concatenated lossless tubes approximating the spatially–varying vocal
tract, with a glottal input given by an ideal volume velocity source. Three speech sound sources
were utilized: speech sounds with periodic, noise and impulsive inputs. This “source/filter”
model initially assumed that the glottal impedance is infinite and the glottal airflow source
is not influenced by the vocal tract. However, in reality a nonlinear coupling exists between
the glottal airflow velocity and the pressure within the vocal tract. The pressure in the vocal
tract cavity just above the glottis falls against the glottal flow and interacts nonlinearly with
the flow. The vocal tract impulse response can abruptly decay within a glottal cycle. Thus, a
simplified model of vocal fold/vocal tract coupling was used, which predicts this “truncation”
effect and follows the modulation of formant frequencies and bandwidths within a glottal
cycle. The formant frequency is proportional to the derivative of the area function and rises
at the onset of the glottal open phase and falls near the termination of this phase. The
opening of the glottis only increases the bandwidth of the formant.

Figure 2.3 illustrates the frequency and bandwidth of the time–varying first formant F1
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Figure 2.3: Time–varying first formant F1 frequency and bandwidth for five vowels: (a)
glottal area function, (b) bandwidth, (c) formant frequency
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for five Russian vowels /a/, /o/, /u/, /i/, and /e/. The time–varying bandwidth (Figure
2.3b) is calculated as a function of time over two glottal cycles for the glottal area function
(Figure 2.3a). The increase in bandwidth due to the opening glottis is higher for vowels with
higher first formant. The change in formant frequency is rather instantaneous in both glottal
opening and closure and can range between 10–20% of the formant frequency. A decrease in
the impedance at the glottis as the glottis opens causes the “truncation”and the increase of
the bandwidth within a glottal cycle. The “truncation” in a speech waveform is depicted in
Figure 2.4. In the frequency domain, the energy drop, along with poor frequency resolution
of the wideband spectrogram, prevents a clear view of formant movement. The wideband
spectrogram (Figure 2.4b) was generated using a 4–ms analysis window and a 0.5–ms frame
interval.

Figure 2.4: Truncation in a speech waveform: (a) segment from /o/ in “pop”, (b) wide-
band spectrogram of (a)

2.3 Methods of Vibratory Cycle’s recording

Alternative devices with varied procedures of recording the movement of vocal cords have
been manufactured. The present techniques supported by separate devices are:

• Stroboscopy is a method of laryngeal endoscopy that depicts details for a precise di-
agnosis and assessment of vocal folds’ flexibility. It is performed through a telescope
or nasopharyngoscope. The obtained information concerns the nature of vibration and
provides an immediate image to detect the presence or absence of vocal pathology and
a permanent video record of the examination.
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• High-Speed Stroboscopy, in which the voice source is sampled at very high rates, ranging
from 1000 to over 8000 frames per second, as compared to the rate of 25-30 frames
per second that is seen with conventional stroboscopic systems. It has been used in the
quantification of normal and abnormal glottal vibratory patterns.

• Videokymography (VKG) was developed in 1994 in Groningen as a low-cost alternative
to a high-speed imaging system, and is especially addressed for examination of vocal
fold vibration. The system can work in two different modes: Standard and high-speed.
In the standard mode, the VKG camera works like a standard commercial video camera
with an image rate of 50 (interlaced) fields per second. In the high-speed mode, the
images are recorded from a single line (selected from the whole video field) at a rate of
around 7800 line images per second. However, this high-speed image rate is achieved at
the expense of greatly reduced spatial information and this is a big drawback in VKG.

• Photoglottography or Photoelectric glottography (PGG) is a method that converts light
intensity to electrical voltage. A light receptor is positioned at the glottis and while the
glottis is open, more light is transmitted. This transmission is reflected in the waveform.
Photoglottography assesses merely the open phase of the vocal cords.

• Electroglottography (EGG) becomes more and more popular as it is noninvasive, inex-
pensive, and easy to perform. An electrode is positioned on each side of the thyroid
cartilage and a current passes through them. The result is a waveform that depicts the
electrical admittance or impedance (depends on the device) of vocal folds during the
current transmission. Further details of this recording device follow in the rest of the
chapter.

• Ultrasound uses high frequency sound waves passed through body tissues. The sound
waves are reflected at the interface between two media differing in specific acoustic
impedance. The difference in acoustic impedance between tissues and the surrounding
air is so large that the transmission of ultrasound from the tissue to air is negligible. In
ultrasonography, two transducers are placed on both sides of the neck and echoes from
the vocal cords are recorded. Images are obtained in rapid sequence and the appearance
of continuous motion is given. Ultrasound can be a useful modality in the assessment
of vocal fold vibration.

2.4 ElectroGlottoGraphic Signal

The non-invasive examination of vocal fold vibration has been performed by a simple electrical
method described by the term ‘ElectroGlottoGraph’ or EGG for short. The device transmits
a high frequency electrical current (F≈ 1MHz) of small voltage and amperage that passes
through the neck of the subject. Between two electrodes the electrical admittance varies
according with the vibratory movements of the vocal folds, while speech is produced, increasing
as the vocal folds come in contact. The EGG signal is generated but also a simultaneous
recording of acoustic signal is executed by a microphone producing a two-channel waveform.
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Figure 2.5 indicates the apposition of the electrodes to the neck. The current passes through
the skin of the throat and is detected by the electrodes. The received signal reflects the
change in tissue admittance of the current’s path. Afterwards, the signal is demodulated
by a signal detector circuit, high-pass filtered, A/D converted and digitally stored. Figure
2.6 depicts the principle of the EGG device. The devices are commercially produced by
Laryngograph Ltd., Synchrovoice, F-J Electronics, EG2-PC by Tigers DRS and Kaypentax
Electroglottograph Model 6103. In this thesis the EGG signals needed for experiments are
generated by Laryngograph Ltd, an admittance–based device [20, 18].

Figure 2.5: The apposition of the electrodes to the neck and the Vocal Fold Contact Area
(VFCA)

Figure 2.6: The principle of EGG device

Fabre (1957) was the first that applied the technique of Electroglottography. He introduced
the term ‘Electroglottography’ (Electroglottographie) as the information derived from the
device was related to glottal activity. Afterwards the term ‘Laryngograph’ appeared with the
homonym device and the generated waveform was named ‘Lx’.
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The signal extracted from the EGG device contains information concerning the vibration
of the vocal folds but also the slower movements of the other structures in larynx. Therefore,
Fourcin and Abberton [19, 16, 17, 18, 1] proposed the name ‘Gx’ for the waveform of larynx
movement and the name ‘Lx’ for the vibration component. The Gx component can be caused
by swallowing and generally by the vertical movement of the larynx. Fluctuations of this
type are usually slightly informative and are removed from further analysis. The effects of
the varying larynx height are compensated by the use of additional electrodes or high pass
filtering of the registered signal. These methods may involve signal distortion, especially for
low-pitched voices. The distortions may be caused by a too high cutoff frequency of the
filter (or a too wide filter transition band). This can cause the attenuation of the Lx signal
component. The non-uniform phase response function of the filter may change the shape of
the filtered waveform. Nevertheless, even the unfiltered output of the EGG device is not free
of distortion. Particularly the demodulation circuit whose frequency transfer function may
influence the frequency response of the EGG device, especially in the low frequency range,
constitutes an additional source of signal shape deformation. Thus, many of the commercially
available devices include an automatic gain control facility that is used to compensate for the
variations of the signal level that are due to varying throat admittance. Such circuits respond
with a small time delay and the time constant of the device may influence the EGG waveform
at low frequencies.

The proper placement of the electrodes is of high importance since a slight shift might
cause spurious effects in the recorded signal. The generation and the amplitude of the EGG
signal depends on:

• the configuration and placement of the electrodes, the signal to noise ratio (SNR) is
optimized when the electrodes are positioned at the level of the vocal folds

• the distance between the electrodes

• the electrical contact between the electrodes and the skin

• the position of the larynx and the vocal folds. Vertical larynx height changes for different
articulations and phonational qualities (F0). This results in a change in the relationship
of the electrodes to the vocal folds and thereby influences the EGG waveform.

• the amount and proportion of muscular, glandular and fatty tissue around the larynx.
Fat tissue is a very poor conductor. A fatty layer under the skin can degrade the LX
signal considerably.

During a vocal-fold vibratory cycle, the corresponding EGG signal can be described by four
main phases, as it is illustrated in Figure 2.7:

• 1-3: Closing phase The lower margins of the vocal folds initiate the contact (1-2) and
then upper margins are coming in contact as well (2-3). As closing is generally faster
than opening, this phase is characterized by a steep slope in the EGG signal. The instant
of maximum slope can be found at 2, which corresponds to a strong positive peak in
the derivative of the EGG signal “DEGG” signal.
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Figure 2.7: The vibratory cycle depicted in EGG signal and Glottal Flow
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• 3-4: Closed phase At this interval the vocal folds are in full contact, preventing air from
passing through the glottis.

• 4-6: Opening phase The separation of vocal folds begins from the lower margins (4-5),
followed by separation along the upper margins (5-6) gradually. The negative peak in
the “DEGG” signal that corresponds to the instant of maximum slope (5) is weak due
to the gradual separation.

• 6-1: Open phase The vocal folds are in no contact. A relatively flat signal is observed,
as there is little variation in the admittance.

An example of a speech waveform and the respective EGG signal with GCIs’ and GOIs’
markers are shown in Figure 2.8. A series of eight stroboscopically derived images of the vocal
folds with the corresponding EGG waveform under each image is pictured in Figure 2.9. Each
image represents a different vocal folds’ phase:

• Case a: Closure Instant (GCI)

• Cases b, c: Instants in Closed phase

• Case d: Opening Instant (GOI)

• Cases e, f, g, h: Instants in Open phase

If the vocal folds adduct very rapidly and all along the vertical movement, the closing
and closed phases become indistinguishable and consequently the slope of the closure phase
becomes steep. The slope of closing segment is more gradual than the slope of closed in low
to normal recorded intensities.

The time derivative of the Lx waveform is widely processed in the detection of signal’s
periodicity. It is also beneficial in identifying the distinguishable changes in the slopes during
the phases of increasing and decreasing current-admittance of vocal folds. The positive peak
of the derivative is regarded as an indicator of the GCI. The computation of fundamental
frequency from an acoustic signal is more complicated and less precise than extracting it
from the derivative. Furthermore, if a relatively strong EGG is registered, it is preferable to
refer to the derivative for an accurate measurement of speech fundamental frequency (F0).
However the signal-to-noise ratio (SNR) should be low and F0 should not be measured during
voice offset and onset, whereas several EGG pulses can exhibit a distorted shape, in order to
obtain valid results. Pitch or Fundamental period is usually defined as the duration between
maximum positive peaks in the differentiated EGG waveform. The inverse of Fundamental
period gives the Fundamental frequency of the voice. The marking of pitch period is usually
done by algorithms that use a threshold value to detect the peaks of the signal derivative.
The threshold is usually defined as a medium value between the minimum and the following
maximum peak of the waveform. Nevertheless, this method does not always brings reliable
results even for normal voices due to the rapid baseline changes caused by the vertical larynx
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Figure 2.8: Speech and EGG waveform from a female young speaker with GCIs and GOIs
markers from the sustained vowel /a/. (GCIs-Red Color, GOIs-Green Color)
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Figure 2.9: Stroboscopy and EGG aligned waveform in modal voice
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movements (Gx signal). In these cases multiple peaks in the DEGG signals may occur even
for modal speakers or if the signal is noisy.

On the other hand, the negative peak of the EGG derivative indicates the GOI. The EGG
waveform at the Opening Instant descents and the minimum of the derivative’s time waveform
corresponds to that moment. Firstly, the EGG decreases monotonically, reflecting the decrease
in lateral contact between the vocal folds. During this interval the EGG waveform is convex
as it is illustrated in Figure 2.8. Then, as the upper margin of the vocal folds separates, the
waveform of the EGG changes to a concave shape. There have been remarkable observations
that add doubts about this procedure of GOI’s detection supporting that there is an impact
of additional mechanisms that can mask or delay this moment in the EGG signal. There is
evidence for the mucus bridging effect, in which a strand of mucus can bridge the glottis as
the vocal folds initially open. When the mucus bridge breaks, the EGG waveform records a
sharp fall even though the glottis is already open.

GOI is defined equally to the Open Quotient (Oq) of the glottal flow provided the as-
sumption that the opening instant is determined correctly. The duration between the glottal
opening instant and the consecutive glottal closing instant corresponds to the open time. The
Open Quotient can then be derived from these two measures as the ratio between open time
and fundamental period. The Open Quotient indicates the duty ratio of the glottal airflow.
A change of the duty ratio substantially changes the spectrum of an excitation. Additionally,
it is highly correlated to physiological constraints, as is the case in different phonation types.
For instance, the breathy voice phonation quality is characterized primarily by its longer open
phase [29]. The Closed Quotient (Cq) is respectively defined as the ratio between the time
duration that vocal folds remain closed and the glottal period. Open and Closed Quotient
are of significant value as they comprise a voice quality measure. Changes in inferred vocal
fold open/closed quotient are considered as an aspect of acoustic efficiency variation. In
experiments related to voice pathology any of the quotients are examined for the pathol-
ogy evaluation [12]. Furthermore, in case that a therapy is addressed, the Cq is measured
before and after the treatment. The majority of voice pathology demonstrate a low closed
quotient and consequently, a high open ratio. After the received therapy the closed ratio is
usually increased. The quantification of Cq expedites the professional singers. The trained
singer by increasing the ratio of vocal folds’ contact is able to make use of a natural acoustic
consequence of an adjustment to the manner in which the folds vibrate to increase overall
system efficiency. A different feature was studied in [38]; the “Derivative EGG Closure Peak
Amplitude” (DECPA), the amplitude of DEGG signal at glottal closure instant. The study
discusses the correlation between the DECPA and the accent

The admittance fluctuation caused by the vocal cords’ movements is too weak to be
registered for many speakers. EGG signals of acceptable quality are harder to obtain from
women and children than from men. This is related to the smaller mass of the vocal folds,
the wider angle of the thyroid cartilage and different proportions between various types of
tissue. In the case of pathological voices the location of the closure instant in the EGG signal
is no longer as obvious as for normal voices. The adduction phase is not always smooth
and additional peaks in the DEGG waveform are often observed. In breathy voice the vocal
tract resonances are less well defined in amplitude because this voice quality is associated
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with a less rapid closing phase [36]. Although Lx waveform seems periodic, breathy voice
gives an auditorily perceptible component of irregularity in open intervals of the speech signal
waveform from period to period. The EGG waveform does not reliably reflect the glottal
activity for voices with a continuously open glottis. In that case, the variation of the larynx
admittance does not correspond to the glottal area. Particularly the amplitude of the Lx
waveform fluctuation may change in accordance with the reduced contact between the folds.

At last Electroglottography provides a better representation of the closed and closing
phases, especially of the vertical contact area, than the other relative methods. The high
advantage of EGG relies on the fact that it is not uncomfortable to speakers, as it does
not influence at all the articulation and voice production. In that way it is considered to be
non-invasive.
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Related Work

Much research work has been conducted on the detection of glottal instants from the EGG
signal and these studies are included in the first part of this chapter. The next part is devoted
to the derivative of EGG, which has not attracted much attention until the past decade,
although it yields reliable indicators of GCIs. The last part of the chapter discusses the
extraction of the glottal Instants from the speech signal that has drawn widely the interest
with various approaches.

3.1 Determination of Glottal Instants in

ElectroGlottoGraphic Signal

Several researches have analyzed the EGG signal and compared it with other methods such
as stroboscopic photography, high–speed cinematography, photoglottography [13]. All of
these studies have generated waveforms from the mentioned techniques with simultaneous
recordings with EGG and compared the results in order to evaluate the Electroglottographic
signal. The examined features were the GOIs, GCIs, the instant of the maximum opening of
the glottis, open quotient and the relative average perturbation measured from the glottal
area to that estimated from the EGG. The experiments indicated that the vocal–fold contact
area (VFCA) was reflected to the EGG waveform, as the larger the contact surface, the larger
the measured admittance.

The detection of glottal Instants has mainly based on the EGG signal. The common
applied method is the threshold–based that has been widely used and it is shown in Figure
3.1 [42]. The threshold or criterion–level (hereafter CL) can be determined in few ways,
with the most apparent methods involving a comparison of either the area (time–integral)
or the amplitude of the waveform above and below a proposed CL. The definition of a CL
is equivalent to making the CL the average value of the waveform during each cycle. The
selection of a CL from the maximum and minimum amplitudes of the waveform during the
vibratory cycle will be referred as using a %–level criterion or threshold. The easiest aplied

19



CHAPTER 3. RELATED WORK

Criterion–Level is the average–value level (50%), however, the threshold 35% reflects better
any existent greater degree of vocal fold adduction. Another threshold that has been initially
tested in open quotient estimation is 70%.

Generally, the threshold–based technique in EGG involves the selection of a level line as
a percentage of the amplitude between the minimum and the maximum of the signal over
a glottal period. The two crossing points between the level line and the EGG signal are
considered as the glottal closure and opening instants respectively. These points are used for
the open (or closed) quotient approximation. This kind of thresholds is very convenient for
medical purposes, as it can be applied even on noisy or weak signals. However, the results of
such methods are a priori unprecise compared to that measured on a glottal flow signal. The
major drawback of such methods is the lack of accuracy for the GCI detection and missing of
GOI.

Figure 3.1: Illustration of three threshold–based methods for measuring the open quotient
(or its equivalent, the closed quotient) on an EGG signal

3.2 Observations and Determination of

Glottal Instants in Differentiated EGG

3.2.1 Observations in DEGG

The hypothesis that DEGG signal can provide us with reliable indicators of Glottal Instants
has been supported with simultaneous recordings of EGG, inverse–filtered derived glottal flow
and ultrahigh–speed cinematography. The signals were synchronized in order to be evaluated.
In non–pathological cases, it was proved that the observed peaks in DEGG were related to
the GCIs and GOIs, defined as the instants of initialization and termination of glottal area
variation. Other simultaneous measurements with electroglottograph and photoglottograph
pointed out that DEGG peaks were related to the peaks observed in the derivative of pho-
toglottographic signals and to the opening and closing instants extracted from the glottal flow
and its derivative.
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The peaks in DEGG are not always well–defined [22]. Some cases are shown in Figures
3.2, 3.3, 3.4. The first case (Figure 3.2) indicates the absence or imprecision of the opening
peak. The DEGG signal in the left column has no negative peak to be detected, thus an
opening instant is absent. More than one negative peaks are observed in the right DEGG
signal and one of them should be pointed as GOI.

Figure 3.2: Examples of two–period EGG and DEGG signals, where the opening peaks
are imprecise

Figure 3.3: Examples of two–period EGG and DEGG signals, where the opening peaks
are double

Although the closing peak is precise, in several recordings two peaks are observed as
illustrated in Figure 3.4. The opening peaks may be double as it is shown in Figure 3.3.
The reported double–peak opening (or closing) feature is related to either a difference in
how opening (or closing) takes place over the thickness of the vocal folds or to a time–lag
opening (or closing) at two different parts of the glottis. A time–lag may occur due to the
time difference between glottis–anterior opening (or closing) and glottis–posterior opening
(or closing). Conclusively, the open quotient and glottal Instants’ determination cannot be
accurately measured on a DEGG signal, unless the closing and opening peaks are single and
precise.
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3.2.2 Determination of Glottal Instants in DEGG

The EGG signal is proportional to the glottal contact area, whose derivative during voiced
speech is an impulse train. Many approaches exploit this property and they are discussed
below.

Threshold–based methods

The dominant algorithms applied for the determination of Glottal Instants are the
threshold–based ones. The positive peak in DEGG indicates the GCI and the nega-
tive one the GOI. Different thresholds are used to detect peaks related to the maximum
value (for GCIs) and the minimum value (for GOIs). The common implemented thresh-
old has been 50% for each peak and it is illustrated in Figure 3.5. Nevertheless, unless
the peaks are both precise, the Instants and the open/closed quotient is difficult to be
measured.

These approaches make use of dynamic thresholds to obtain an accurate estimation
of GCI during voiced speech. Howard [26, 25] proposed a method, where the GCI is
detected from the DEGG positive peak and the GOI is estimated through an EGG–based
threshold method. The GOI detection should be more accurate than previous methods
due to its connection to the respective GCI. The EGG signal with a 3/7 threshold dif-
ference between the minimum and maximum value of the signal over a glottal period is
used in combination with the detection of glottal closing instants in the DEGG signal.
The article, which suggests this method, describes a measure that ranks trained and
untrained singers appropriately. The hypothesis of the study was that during singing,
the laryngographically derived Open Quotient is reduced with experience and training.
The vocal improvement related to Open and Closed quotient measurements from elec-
trolaryngograph were compared to the measurements from an automatic inverse filtering
technique. The derivation of Closed quotient (Cq) from the electroglottographic output
that applied in trained and untrained female singers is depicted in Figure 3.7.

The subsequent applications use a threshold in DEGG for the location of glottal In-
stants. SPAR (Speech–Pattern Algorithms and Representations)[28] (1987) is a project
concerned with advanced speech analysis algorithms that provides a unifying framework
for software development and a consistent user interface. Many different representa-
tions of a speech token can be stored in a single speech file. A speech file may contain
an unlimited combination and repetition of types, such as Speech pressure waveform,
Laryngograph waveform, Fundamental frequency, Points of voiced excitation and others.

SPAR was improved and the SFS (Speech Filing System) [27] (2008) was recently
developed. The algorithm txgen in SFS generates open and close phase markers from
laryngographic signal. This algorithm consists of the following steps:

• Low–pass filter the Lx waveform at 3000Hz

• Differentiate the Lx waveform

• Find maxima and minima of differentiated signal that lie above a threshold. These
are taken as the positions of closure and opening on the Lx waveform.
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Figure 3.4: Examples of two–period EGG and DEGG signals, where the closing peaks
are double

Figure 3.5: Illustration of a threshold–based method for measuring the open quotient (or
its equivalent, the closed quotient) on a DEGG signal

23



CHAPTER 3. RELATED WORK

• The positions of larynx opening are determined as the next point in the Lx wave-
form at amplitude equal to that at closure

The function High–Quality Tx (HQTx) produces excitation periods from a laryngo-
graphic signal. The characteristic shape of the Lx waveform during voiced excitation
is exploited. Two derived functions are utilized: the sample–by–sample differential and
the instantaneous gradient. Tx points are extracted from these functions using an
automatic threshold determination procedure.

The thresholding methods applied in simple derivative lack in GOIs identification, since
the derivative shows no clear negative peaks in majority of real recordings. GOIs are
principally associated to their distance from GCIs and they are not detected separately.
The SFS described earlier shows several GCIs within a glottal cycle, although only single
positive peaks exist in DEGG signal. GOIs are misidentified, since they are related to
misdetermined GCIs.

DECOM

A different DEGG–based method DECOM (DEGG Correlation–based method for Open
quotient Measurement) was proposed by Henrich[22] in 2004. DECOM can be applied
to the case of quasisteady voiced sounds and it is based on the standard methods for
fundamental frequency estimation of a voiced signal. The principle of the DECOM
method is to measure fundamental frequency (F0) and open quotient (Oq) using a
correlation based method to estimate the distance between two consecutive closing
peaks and the distance between an opening peak and the consecutive closing peak.
In addition, an automatic detection of the number of peaks at closing (npeak clos-
ing) and at opening (npeak opening) is performed. The derivation of DECOM’s open
quotient is compared to EGG–based threshold techniques and to inversed–filtered glot-
tal flow measurements. The open quotient measurements using the DECOM method
are, on average, in much better agreement with the glottal–flow measurements than
most threshold–based methods for sustained phonation, when double peaks are rejected.
The corresponding algorithm with a schematic description is presented step–by–step in
Figure 3.6.

The DECOM method focuses on open quotient measurement and double peak detection,
exploiting the simple derivative. This method is more robust when double peaks exist
in DEGG signal. The double peaks are determined and are excluded in open quotient
computation.

SIGMA

The SIGMA (Singularity detection In EGG with Multiscale Analysis) algorithm [50, 51],
introduced in 2007, describes an alternative method for EGG–based GCI estimation,
which is based on the stationary wavelet transform. The GCI detection is executed with
a group delay function and Gaussian Mixture Modeling is applied for discrimination
between true and false GCI candidates. In this group delay approach the negative–
going zero crossings of the average slope of the negative unwrapped phase of the
Fourier transform of the EGG derivative are identified and calculated over a sliding
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Figure 3.6: Schematic description of the DECOM algorithm
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window. The number of false candidates that may arise are removed by modeling three–
dimensional feature vectors as Gaussian distributions and clustering with an unsupervised
EM algorithm. This method compares the generated GCIs to the respective ones of
HQTx algorithm (SFS). The HQTx appears to be prone to detect more GCIs per glottal
cycle than the correct ones.

Figure 3.7: Illustration of a threshold–based method for measuring the open quotient (or
its equivalent, the closed quotient) on an EGG signal and its derivative

3.3 Determination of Glottal Instants

in Speech Signal

Remarkable research work has been conducted on the detection of glottal closure and opening
instants from the speech waveform, without the use of the electroglottographic signal (EGG).
The proposed algorithms may rely on speech signal’s energy, linear predictor, and/or group
delay measure. Therefore the following categories are not independent and few methods use
a combination of them.

Linear Prediction Model

The vocal tract reflects a strong excitation when the glottis closes abruptly. Free
oscillations follow the closure, since the glottis opens more slowly than the closing. Thus
the glottal closure instant will lie close to the most noticeable increase of amplitude of
the sound pressure. Consequently, the prediction error will be distinguishable there,
since the signal cannot be well represented. The free oscillations render the prediction
knowledge inadequate. Several ambiguities appear in the prediction error and there are
no definite intervals where the GCI occurs.
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Linear prediction (LP) of the sound pressure is a useful means for extracting various
physical parameters of the speech signal for coding or analysis. Linear Predictive Coding
(LPC) residual is obtained by applying the LPC inverse filter to a preemphasized speech
waveform. Its waveform includes an impulsive feature at closure and a similar but smaller
impulse at opening. The use of this LPC residual waveform for detecting glottal closure
instants requires the following assumptions: (i) the vocal tract acts as an all–pole filter,
(ii) the filter can be estimated adequately from the speech waveform alone and (iii) the
LPC residual will contain an identifiable impulse at closure for voiced speech sounds.

Several approaches search for discontinuities in a linear model of the speech production.
One of the earliest approaches applied a predictability measure to determine GCIs by
finding the minimum of the Gram determinant of the autocovariance matrix of the
speech signal [47] in 1974. The method was tested with stationary male vowels only
and produces inadequate results for some vowel sounds. Furthermore, many covariance
matrices and their determinants must be formed resulting in a computationally expensive
algorithm. In 1979 [56] GCIs and GOIs were detected at the minimum energy in the
LPC residual, using a sliding window. The approach is based on a sequential covariance
analysis and a normalized total squared error criterion.

In [2], Ananthapadmanabha and Yegnanarayana implement the location of disconti-
nuities from the derivative of the glottal air flow. A thorough analysis of LP residual
indicated that the ambiguities arise mainly due to zeros in the vocal tract system and the
phase angles of formants at the instant of excitation. The method relied on computing
the Hilbert envelope of the error signal and was tested by extracting glottal pulses and
comparing the instants of slope discontinuities in the glottal pulses with the epoch loca-
tions. The detection may be imprecise, since noise may produce similar discontinuities
to those of the voice production. In 1999 [7] expressions for the flow of acoustic energy
in the lossless–tube model of the vocal tract are suggested. It was shown that linear
predictive analysis could be used to estimate the waveform of acoustic input power at
the glottis and identify the glottal instants during voiced speech.

Subsequent LP analysis on the closed–phase speech data is executed in [37] in 2001.
The closed phase of the glottal cycle is determined with the exclusion of intervals that
are not within the closed phase. The measure used is the log determinant of the Kalman
filter estimate error covariance matrix.

The recently proposed method [15] in 2009 firstly computes intervals where the glottal
instants are expected to occur and then detects a discontinuity in the determined area
of the linear prediction residual.

Energy Peaks

An alternative approach of detecting glottal Closure Instant is to search for energy peaks
in waveforms derived from the speech signal. As a development of [47], in 1994 [33]
the GCI is identified as the maxima of the Frobenius Norm of the signal matrix and the
Singular Value Decomposition (SVD) method is utilized. The Frobenius Norm offers a
short–term energy estimation of the speech signal. An energy value is assigned to each
speech sample with the usage of a sliding window. The computational efficiency of the
algorithm is based on the calculation of the Frobenius norms of signal matrices.
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Many approaches rely on energy peaks in waveforms derived from features in speech
time-frequency representation. In [54] (1999) the wavelet transform used to represent
the speech and determine glottal closure instants. The analysis is based on a dyadic
wavelet filterbank. Lines of amplitude maxima in the time-frequency plane are defined
using a dynamic programming algorithm. Lines seems strong for voiced speech and
weak for unvoiced speech. The GCIs are identified to correspond to the line with the
maximum accumulated amplitude within each pitch period.

Very few works have aimed in the determination of GOI from speech signal. The
energy of the excitation at GOI is weaker and more dispersed than at GCI, rendering its
detection rather difficult. In 2004 a method for detection of both glottal instants based
on a multiscale product of wavelet transforms was proposed [4] with no quantitative
results. Various scales are applied that produce the wavelet transform coefficients in
order to enhance edge detection and estimation. A relevant approach is adopted in
[5, 6].

Group Delay

A group delay function can be evaluated for either the speech signal or the LPC residual
to detect GCIs. Several methods exploit the phase properties of GCI (impulse) by
computing a group delay function.

The difference between the methods depends on what measure is used to determine
the group delay of the sliding window. A measure applied [45] in 1995 is the average
value over all frequencies. It was the first attempt of using a group delay measure
to determine the acoustic excitation instants. The method calculates the frequency–
averaged group delay over a sliding window applied to the LPC residual. The measures
proposed by Stylianou [49] in 1999 are the zero frequency value of the group-delay
and the energy–weighted phase. Both of them were applied to the problem of inter–
segment coherence in concatenative speech synthesis. The last suggested measure in
2002 is the energy–weighted average of the group delay applied in DYPSA algorithm
[30, 31, 39, 9, 34, 35].

The Dynamic Programming Projected Phase–Slope Algorithm (DYPSA) algorithm ex-
tended the technique of group delay. The projected phase–slope estimates GCIs can-
didates that previous algorithms missed. The phase–slope function is defined as the
slope of the unwrapped phase of the short–time Fourier transform of the LPC residual.
The GCIs are identified as positive–going zero–crossings in the phase–slope function.
A dynamic programming (DP) with a cost function is employed to eliminate spurious
detections that correspond to glottal openings or other events. The computational effi-
ciency of the algorithm is achieved with the retainment of the N–best path segments at
each stage of DP. In [9] it is proved that if the measures are applied to the preempha-
sized speech instead to the LPC residual, the timing accuracy worsens but the detection
rate improves slightly. In [35] an improvement of DYPSA algorithm is presented. A
voiced/unvoiced/silence discrimination measure, based on speech extracted features, is
additionally applied in order to minimize the false candidates of GCIs. Speech classifi-
cation is performed that classifies candidates as voiced or non–voiced. An application
of the DYPSA algorithm to segmented time scale modification of speech is included in
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[52]. The DYPSA method and Multi–Scale product are evaluated in [43](2008) and it
is reported that Multi–Scale product detects more precisely GCIs.

Other Methods

The nonlinear components of speech signals are generated by several effects based on
the speech production process and the excitation. An approach based on a weighted
nonlinear prediction was proposed in [44] in 2007. Feature signals are obtained from
the nonlinear prediction of speech using a sliding window technique. The glottal clo-
sure causes a maxima in the feature signals relative to that from DEGG signal. This
contribution proved that small prediction orders and individual nonlinear coefficients are
beneficial.

In 2009 [14] proposed a method of detecting GCIs using a glottal shape estimation
and a standard lips radiation model. The speech spectrum divided by the vocal– tract
filter generates the time–derivative glottal source. The GCIs are easily identified by the
derivative of glottal source.
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Chapter 4

Determination of Glottal Instants
in EGG

This chapter introduces an alternative method to the conventional derivative. This approach is
based on the spectral methods [53] that are thoroughly examined. The spectral differentiation
is introduced and its usage to the EGG signal. Afterwards, a new way of differentiating the
EGG signal is presented. The method was proposed in [55] and is called “Slope Filtering”.
The filtered EGG signal provides a distinct illustration of its slope and the main glottal Instants
are well distinguished. Furthermore, the results of the applied methods and the experimental
database are explicated. The conclusions of the current approaches are stated at the end of
the chapter.

4.1 Spectral Methods

The fundamental principle of spectral collocation methods, for a finite grid, is to interpolate
the data globally and then evaluate the derivative of the interpolant on the grid:

• Given υ, its band–limited interpolant p is determined

• Let p be a single function (independent of j) such that p(xj) = uj for all j.

• Set wj = p′(xj).
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The proposed method focalizes on a spectral differentiation on a bounded, periodic grid.
The basic periodic grid will be a subset of the interval [0, 2π]:

The translations to other intervals such as [−π, π] exhibit the same behavior. The peri-
odic grid implies that any data values on the grid are extracted from evaluating a periodic
function. The number of grid points will be referred to N and it is even. The formulas can be
redetermined for an odd N . The spacing of the grid points is: h = 2π/N , which is equivalent
to:

π

h
=
N

2
(4.1)

The interval [−π/h, π/h] is the range of wavenumbers distinguishable on the grid.

Let consider the Fourier transform on the N -point grid. The mesh spacing h implies that
wavenumbers differing by an integer multiple of 2π/h are indistinguishable on the grid, and
thus it will be enough to confine our attention to k ∈ [−π/h, π/h]. The Fourier domain is
discrete and bounded. Waves in physical space must be periodic over the interval [0, 2π], and
only waves eikx with integer wavenumbers have the required period 2π.

Physical space : discrete bounded : x ∈ {h, 2π, . . . , 2π − h, 2π}
l l

Fourier space : bounded discrete : k ∈ {−N
2

+ 1,−N
2

+ 2, . . . , N
2
}

The Discrete Fourier Transform (DFT), for a function υ defined on h, 2h, . . . , 2π with
value υj at xj, is defined by

υ̂k = h

N∑
j=1

e−ikxjυj, k = −N
2

+ 1, . . . ,
N

2
, (4.2)

The number υ̂k can be interpreted as the amplitude density of υ at wavenumber k. Conversely,
the reconstruction of υ from υ̂k with the inverse DFT is:

υj =
1

2π

N/2∑
k=−N/2+1

eikxj υ̂k, j = 1, . . . , N. (4.3)

The variable x is the physical variable, and k is the Fourier variable or wavenumber. The
k and spatial index j take only integer values. Equation (4.2) and (4.3) are inverses of one
another for arbitrary vectors (υ1, . . . , υN)T ∈ CN
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A complication arises since the inverse transform (4.3) would give a term eiNx/2 and
derivative (iN/2)eiNx/2. The term eiNx/2 represents a real wave on the grid and its derivative
should be zero at the grid points. However, a complex exponential is produced as the highest
wavenumber is treated asymmetrically. After determining υ̂ and defining ˆυ−N/2 = ˆυN/2, the
equation (4.3) is replaced by:

υj =
1

2π

N/2∑
k=−N/2

eikxj υ̂k, j = 1, . . . , N, (4.4)

where the prime indicates that the terms k = N/2 are multiplied by 1
2
. A band–limited

interpolant is needed for the spectral differentiation and the inverse transform in (4.4) provides
us one. The interpolant p is a trigonometric polynomial of degree at most N/2 and is defined
by

p(x) =
1

2π

N/2∑
k=−N/2

eikxυ̂k, x ∈ [0, 2π]. (4.5)

The band–limited interpolant of delta function can be used to interpolate a grid function
υ. Then we can compute and expand υ as a linear combination of translated delta functions.
The delta function is periodic:

δj =

{
1 j ≡ 0 (mod N),
0 j 6≡ 0 (mod N).

(4.6)
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If we replace υj with δj in equation (4.2), we find that δ̂k = h,∀k. Thus equation (4.5)
results in:

p(x) =
h

2π

N/2∑
k=−N/2

eikx =
h

2π

(
1

2

N/2−1∑
k=−N/2

eikx +
1

2

N/2∑
k=−N/2+1

eikx
)

(4.7a)

=
h

2π

(1

2

N/2−1+1/2∑
−N/2+1/2

eikx+x/2 +
1

2

N/2−1/2∑
−N/2+1−1/2

eikx−x/2
)

(4.7b)

=
h

2π

(1

2

N/2−1/2∑
−N/2+1/2

eikxex/2 +
1

2

N/2−1/2∑
−N/2+1/2

eikxe−x/2
)

(4.7c)

=
h

2π

(1

2
eix/2

N/2−1/2∑
−N/2+1/2

eikx +
1

2
e−ix/2

N/2−1/2∑
N/2+1/2

eikx (4.7d)

=
h

2π

( N/2−1/2∑
−N/2+1/2

eikx
(1

2
(eix/2 + e−ix/2

))
(4.7e)

=
h

2π
cos(x/2)

N/2−1/2∑
k=−N/2+1/2

eikx (4.7f)

=
h

2π
cos(x/2)

ei(−N/2+1/2)x − ei(N/2+1/2)x

1− eix
(4.7g)

=
h

2π
cos(x/2)

e−i(N/2)x − ei(N/2)x

e−ix/2 − eix/2
(4.7h)

=
h

2π
cos(x/2)

sin(Nx/2)

sin(x/2)
(4.7i)

If we apply the identity (4.1), the band–limited interpolant to δ is the periodic sinc function
SN (Figure 4.2):

SN(x) =
sin(πx/h)

(2π/h) tan(x/2)
(4.8)

The δj−m can be interpolated as the delta function previously. Band–limited interpolation
is a translation–invariant process in the sense that for any m, the band–limited interpolant of
δj−m is SN(x− xm). The grid function υ can be written as:

υj =
N∑
m=1

υmδj−m (4.9)

and the interpolant p:

p(x) =
N∑
m=1

υmSN(x− xm) (4.10)
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We differentiate the interpolant p of equation (4.10):

wj = p′(xj) =
N∑
m=1

υmS
′
N(xj − xm) (4.11)

The differentiation of (4.10) generates:

S ′N(xj) =

{
0 j ≡ 0 (mod N),
1
2
(−1)j cot(jh/2) j 6≡ 0 (mod N).

(4.12)

The spectral differentiation matrix N ×N is described by (4.12). The equation (4.11) is
interpreted as a matrix equation and the vector S ′N(xj) is the column m = 0 of D, with the
other columns obtained by shifting this column up or down appropriately. The mth column of
a spectral differentiation matrix contains the values p′(xj), where p(x) is the global interpolant
through the discrete delta function supported at xm:

DN =



0 −1
2

cot 1h
2

−1
2

cot 1h
2

. . . . . . 1
2

cot 2h
2

1
2

cot 2h
2

. . . −1
2

cot 3h
2

−1
2

cot 3h
2

. . .
...

...
. . . . . . 1

2
cot 1h

2
1
2

cot 1h
2

0


(4.13)

The matrix (4.13) is a toeplitz matrix. An example of the applied spectral differentiation
to the function : esin(x) is shown in 4.1. The Spectral Derivative exhibits error of 10−13

compared to the conventional derivative.

The calculated toeplitz matrix is multiplied with the EGG signal. An example of the
spectral differentiation on EGG signal is illustrated in Figure 4.3.

The calculation of higher spectral derivatives requires the differentiation of interpolant
p in equation (4.10) several times. For example, the second-order spectral differentiation is
computed as:

S ′′N(xj) =

{
− π2

3h2
− 1

6
j ≡ 0 (mod N),

− (−1)j
2 sin2(jh/2)

j 6≡ 0 (mod N),
(4.14)
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Figure 4.1: (a) Function esin(x) (b) The spectral derivative of esin(x)

which can be written in the matrix form:

D
(2)
N υ =



. . .
...

. . . −1
2

csc2(2h
2

)
. . . 1

2
csc2(1h

2
)

− π2

3h2
− 1

6

1
2

csc2(1h
2

)
. . .

−1
2

csc2(2h
2

)
. . .

...
. . .


υ (4.15)
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Figure 4.2: The periodic sinc function SN , the band–limited interpolant of the periodic
delta function δ, plotted for N = 8.
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Figure 4.3: A sustained vowel /a/ recorded by a young female speaker. Illustration of
the (a)EGG signal, (b) Simple Derivative of EGG signal, and (c)Spectral Derivative of
EGG signal.
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4.2 “Slope Filtering” Method

The “Slope Filtering” method has its origins in telecommunication and particularly in com-
munications systems [55]. Nevertheless, this technique can be used effectively in several ap-
plications such as communications receiver carrier recovery, signal rate of change estimation,
signal transition and transition-polarity detection.

The slope filtering method was evolved in communications systems, where the design of a
carrier recovery process was essential. The communications’ receiver and transmitter oscilla-
tors vary in frequency, though for short–time intervals they have nearly constant frequencies.
The phase offset error function is derived from the instantaneous phase of the received signal
and the phase of the ideal signal. The error function is approximately linear with respect to
time. The phase offset error has to be estimated and minimized to demodulate the received
signal. The linearity of the error function’s noise directs a statistical method for its estimation.

The slope filtering method was initially developed from linear regression in the field of
statistics for efficient computation of the phase error function. A set of N ordered pairs
(x0, y0) , (x1, y1) , ..., (xN−1, yN−1) define the data. There is no assumption of equal spacing
for the xk values. If we fit, via a least squares method, a straight line through the data then
the regression line is:

ŷ = α + βx̂,

where

α =

(∑
k

yk

)(∑
k

xk
2

)
−
(∑

k

xk

)(∑
k

xkyk

)
N

(∑
k

xk
2

)
−
(∑

k

xk

)2 (4.16)

β =

N

(∑
k

xkyk

)
−
(∑

k

xk

)(∑
k

yk

)
N

(∑
k

xk
2

)
−
(∑

k

xk

)2 (4.17)

and k = 0, 1, . . . , N − 1.

The slope of the best–fit line to a N–length set of data is given by β. As it is shown
in (4.17) the β is dependent of xk, yk and this relation renders restrictions for an efficient
implementation in a signal processing application. Therefore the yk should be separated from
xk. First of all, the index k of the summation over y is replaced with a different index from
that of x. The index i is used for this purpose.
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β =

N

(∑
i

xiyi

)
−
(∑

k

xk

)(∑
i

yi

)
N

(∑
k

xk
2

)
−
(∑

k

xk

)2 (4.18)

and k, i = 0, 1, . . . , N − 1.

Then the yi samples are factored out:

β =
∑
i

( Nxi −
∑
k

xk

N

(∑
k

xk
2

)
−
(∑

k

xk

)2

)
yi (4.19)

The equation (4.19) can be written as

β =
∑
i

βiyi (4.20)

where βi are defined as follows

βi =

Nxi −
∑
k

xk

N

(∑
k

xk
2

)
−
(∑

k

xk

)2 (4.21)

According to (4.19) if all xi samples are known a priori, then the βi coefficients may be
precomputed. By inference, if the N–length βi coefficients are prestored for a set of N–length
data, the computation of the slope of the data is computationally efficient.

Slope filtering is appropriate for applications in which continual rate of change estimations
are essential. If the xk samples are equally spaced in an ascending order, then every sample
can be rewritten as xk = x0 + k, where k = 0, 1, 2, . . . , N − 1. The βi are redefined from
(4.21) :

βi =

N(x0 + i)−
∑
k

(x0 + k)

N

(∑
k

(x0 + k)2
)
−
(∑

k

(x0 + k)

)2 (4.22)
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after algebraic simplification results in

βi =
12i− 6(N − 1)

N

(
N2 − 1

) (4.23)

The implemented (4.20) is designed for filter correlations. If the delay line structure
is addressed for filter convolutions, the βi coefficients need to be reordered in a negative
symmetry. The Figure 4.4 depicts a real–time slope filtering structure with a convolution
delay line structure. The equation (4.23) describes the coefficients of an odd symmetric
linear–phase finite impulse response (FIR) filter, which has a constant delay of (N − 1)/2
samples. Furthermore, these coefficients can be precomputed and are independent of the
data, since in (4.23) there is no x–input sample. Therefore βi are time-invariant coefficients
and are determined by N . If the expected transition’s duration is M samples, the N in the
equation becomes M . Additionally, the longer width in samples than M may increase SNR in
the slope filtering output. The selection of the width should not exceed much. The duration
of 20% to 50% greater than the transition width (M) is considered to be effective.

The slope filtering applied in signal transition detection is illustrated in Figure 4.5. A series
of noisy input signals with transitions of 80 samples length are depicted with red color and the
slope filtering output with black. In the first case, a short sample duration in slope filtering
is used, N = 21, thus the output is considerably noisy. The second output is extracted
from N = 101 samples, duration greater than the transition length of ≈ 26%. The result is
significantly less noisy than the first. The last slope filtering output exhibits a reliable rate of
change transmition signal, although the input signal contains greater noise than the previous
inputs.

The ends of the data length are determinant for the regression method. On the contrary,
the conventional differentiators accumulate the strongest weights near the middle. Therefore
the time–domain slope filtering is noise tolerant. Moreover, another difference between the
two approaches is the first–order polynomial applied in slope filtering method and the low–
order trigonometric polynomial used in the conventional differentiators.
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Figure 4.4: FIR real–time slope filtering structure

4.3 Data Processing

4.3.1 Database

Eleven male and five female young speakers participated in the experiments and were recorded
in an anechoic chamber. Speech pressure waveform (Sp) and electrolaryngographic output
waveform (Lx) were extracted with Laryngograph Ltd [32] and Speech Studio software. The
microphone, which was used for the audio recording, was placed at a distance of ≈ 9 cm
from the mouth. Particular care was taken with the positioning of the electrolaryngograph
electrodes for a maximum amplitude Lx waveform during the procedure. The sampling rate
was 16000 kHz. Each subject was asked to produce three separate recordings of each of the
sustained vowels (/a/, /e/, /i/, /o/, /u/).

4.3.2 Align Speech with Egg Signal

The speech and EGG signals were time aligned to compensate for the larynx to microphone
delay. There is a substantial physical distance between the microphone and laryngograph’s
electrodes placed at distant locations, thus there exists a time delay misalignment between
the signals from different input channels. The computation of the distance between the larynx
and the microphone and the air velocity define the time delay.

In addition, the speech and EGG signals are compared as illustrated in Figure 4.6 in order
to confirm the alignment [24, 8]. If the glottal closure instant (GCI point 7) is defined as
the point of maximal closing of vocal folds, then it is not possible to determine it from the
speech signal itself, because there is no characteristic point in the speech signal which can be
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Figure 4.5: Slope filtering examples: (a) N = 21, (b) N = 101, and (c)N = 101, with a
very noisy input signal
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consistently declared as the point where the GCI occurs. The time instant at which the lower
margins of the vocal folds are touching each other (point 6) can be uniquely and consistently
determined on the basis of the speech signal itself.

The phases, delineated in Figure 4.6, are described below:

• 7-8: Interval in which Vocal folds are closed.

• 8-1: Vocal folds are separating from lower margins towards upper margins.

• 1-2: Upper margins are opening.

• 2-3: Upper margins are still opening. Changed slope is due to phase differences along
the length of the vocal folds.

• 3-4-5: Vocal folds are fully apart.

• 5-6: Lower margins are approaching each other with a phase difference along the length
of the vocal folds.

• 6: Lower margins of vocal folds are touching each–other. This leads to sudden reduction
of electrical resistance between the electrodes of the Laryngograph as well as to sudden
change in the airflow through the glottis.

• 6-7: Vocal folds are closing from lower margins towards upper margins.
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Figure 4.6: Comparison between Speech and EGG signal with glottal cycle markers
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4.3.3 Selection of N in slope Filter

The variable N used in equation (4.23) depends on the transitional duration. In EGG signal
the respective transition in samples has been observed to fluctuate from 10 to 15 samples.
Therefore, the selection of N would be close to this transition. The slope filtered EGG signal
with different selections of N is depicted in Figure 4.7. The simple derivative of EGG is
illustrated in Figure 4.7a. Below the derivative, the EGG signal is filtered from the described
FIR system for N = 9, 11, 13. The usage of N = 9 is not recommended since it does not
cover the period of the transition and there are several negative peaks observed. Nevertheless,
it is fundamental to appreciate the effect of N . The result for N = 13 is smoother than the
previous used and the peaks are not well–distinguished. The N = 11 was preferred since
the outcome approaches more effectively the conventional derivative. The positive peaks are
discrete and the negative peaks are related to those in simple derivative. The delayed samples
in the FIR system are (N − 1)/2 = 5. Moreover, the “slope filtering” can adjust to various
transitions in EGG with different selections of N .

100 200 300 400 500 600 700 800 900 1000

0

2

4

6
x 10

−3 Conventional Derivative of EGG

100 200 300 400 500 600 700 800 900 1000

0

0.02

0.04

Slope Filtered EGG with N = 9

100 200 300 400 500 600 700 800 900 1000

0

0.02

0.04
Slope Filtered EGG N = 11

100 200 300 400 500 600 700 800 900 1000
−0.01

0
0.01
0.02
0.03

Slope Filtered EGG N = 13

samples

Figure 4.7: Illustration of the (a) simple derivative applied to the EGG signal, and “slope
filtering” applied to EGG with different N (b) N = 9, (c) N = 11, (d) N = 13

4.3.4 Thresholding Method

A differentiated signal displays two peaks for each glottal cycle, corresponded to the GCI
and GOI. A method is required in order to extract the glottal Instants. The most widely
implemented technique in DEGG signal is the usage of threshold. Large changes in amplitude
of EGG can cause errors in dynamic threshold–based algorithms. If the threshold gain is set
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too high, sometimes missed peaks occur and if it is set too low, erroneous Instants from
noise are estimated. The pick of the appropriate threshold is determinant as it concerns the
GCI and the relevant positive peak in differentiated signal. In addition, the right minimum
threshold should be set for the GOI and the corresponded negative peak. Particular interest
attracts the onset and offset of voiced speech, since the majority of approaches lack in the
determination of the glottal Instants in these areas. However, the proposed method is robust
to these misidentifications. The input signal is divided into segments to estimate efficiently
the local maximum and minimum. Thus, maximal and minimal thresholds are assigned for
each segment. This process is essential as any differentiated signal consists of many variations
in amplitude. A total threshold (e.g. maximal) would cause the miss of lower peaks in an
interval, in which the signal shows weaker peaks.

Alternative thresholds have been applied and tested compared to the Speech Filing System,
which follows a thresholding technique. In this thesis, the threshold was set at 40% for GCI
and GOI location. This threshold supported the determination of both peaks in double–peak
case (3.2.1) as illustrated in Figure 4.8.
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Figure 4.8: Detection of double closure peaks (marked with ‘*’)

A thresholding approach combined with the spectral derivative exhibits similar efficiency
to those with the simple derivative. The filtered signal from “slope” method is more robust
to noise and a thresholding approach generates more reliable estimations than applied to the
other differentiation ways.
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Figure 4.9: Illustration of the (a) EGG signal, (b) Simple Derivative of EGG and (c)
Spectral Derivative of EGG signal, and (d) Slope Filtered EGG for a young female speaker
and the phoneme /a/ (GCIs-? markers, GOIs- ◦ markers)

4.4 Evaluation

The EGG signal is aligned to the speech waveform as it was described above and it is low–
passed at 3000Hz. Then, it is differentiated with spectral approximation or “slope filtering”
and a “Thresholding” technique is applied to determine the glottal Instants. The evaluation
of the presented methods involves the computation of the simple derivative and the “thresh-
olding” extraction of the glottal information. The generated Instants from the conventional
derivative are the referenced ones for the experiments that follow. The assessment of the
performance of the methods is based on the measures defined in [39] and pictured in Figure
4.10. These measures include:

• Identification Rate (IDR): the percentage of larynx cycles for which exactly on glottal
instant (GCI/GOI) is detected

• Miss Rate (MR): the percentage of larynx cycles for which no GCI/GOI is detected

• False Alarm Rate (FAR): the percentage of larynx cycles for which more than one
GCI/GOI is detected

• Identification Error: the timing error between the reference GCI/GOI and the detected
GCIs/GOIs in the cycles for which exactly one Instant has been detected (-ζ = (td(i)−
tref (i)), td(i) is the detected Instant in larynx cycle i and tref(i) is the reference Instant
in larynx cycle i )
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• Identification Accuracy (IDA): the standard deviation of the error (of ζ)

• Mean Error: the mean value of error ζ is computed for correction

• Accuracy: the rate of detections for which the timing error is smaller than the defined
bound (±0.25ms)

Additionally, the F-Measure was used, which can be interpreted as a weighted average of
the precision and recall. F-Measure ranges in the interval [0,1] and reaches its best value at
1 and worst score at 0.:

F =
2× precision× recall
(precision+ recall)

Figure 4.10: Characterization of Glottal Instants with examples of each possible case
from their estimation for each larynx cycle.

The proposed methods and the simple derivative are compared based on their noise robust-
ness. A white Gaussian noise is added to the EGG signal in different levels. The Signal–to–
Noise Ratio (SNR) varies from 25dB to 40dB. The glottal Instants that are detected through
a “thresholding” technique in DEGG signal (simple derivative), before noise added to EGG,
are used as the referenced Instants. The distorted EGG signal is used as input to the simple
derivative, to the spectral differentiation and to “slope filtering” method. The results are
shown in the following tables. Tables 4.1 and 4.3 indicate the F-Measure for all phonemes
aggregated for all men and for all women, respectively, in the database. The F-Measure of
each method increases, as the SNR increases as well. The tables demonstrate that the slope
filtering method outperforms the compared algorithms. More specifically, tables 4.6 and 4.5
show the rates of identification, miss, false alarm and identification accuracy for female and
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male speakers in EGG signals with additive noise of SNR = 40dB. It is observed that the
slope filtering process exhibits better efficiency, despite the fact that the same thresholding
algorithm has been applied to all comparative algorithms. It is noticeable that except for the
high Identification Rate of the slope filtering algorithm, the Miss Rate and False Alarm Rate
are very low.
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Figure 4.11: Illustration of original EGG signal and its simple derivative (green color)
and the distorted (SNR = 25dB): (a)EGG signal, (b) Simple Derivative, (c) Spectral
Derivative, (d) Slope Filtering Differentiation
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Table 4.1: Comparative Results in terms of F-Measure of Male speakers for all phonemes

F-Measure, Male
Event Method SNR=25dB 30dB 40dB 100dB

GCI
simple 0.9974 0.9974 0.9977 1

spectral 0.8749 0.8950 0.9190 0.9190
slope 0.9982 0.9984 0.9984 0.9985

GOI
simple 0.9928 0.9932 0.9970 1

spectral 0.8663 0.8780 0.9083 0.9143
slope 0.9966 0.9971 0.9971 0.9971

Table 4.2: F-Measure difference in Male speakers from SNR = 100dB to 25dB

Event Method Difference in F-Measure

GCI
simple 0.0026

spectral 0.0441
slope 0.0003

GOI
simple 0.0072

spectral 0.0480
slope 0.0005

Table 4.3: Comparative Results in terms of F-Measure of Female speakers for all
phonemes

F-Measure, Female
Event Method SNR=25dB 30dB 40dB 100dB

GCI
simple 0.9877 0.9948 0.9950 1

spectral 0.9370 0.9372 0.9508 0.9575
slope 0.9887 0.9951 0.9951 0.9951

GOI
simple 0.9877 0.9948 0.9950 1

spectral 0.9602 0.9667 0.9732 0.9766
slope 0.9950 0.9951 0.9951 0.9951

Table 4.4: F-Measure difference in Female speakers from SNR = 100dB to 25dB

Event Method Difference in F-Measure

GCI
simple 0.0123

spectral 0.0205
slope 0.0064

GOI
simple 0.123

spectral 0.164
slope 0.0001
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Table 4.5: Comparative results in terms of IDR (%), MR (%), FAR (%), IDA (ms) and
Accuracy to ±0.25ms(%) for male speakers

Male, SNR = 40dB
Event Method IDR MR FAR IDA Accuracy

GCI
simple 99.78 0.15 0.06 0.09 99.67

spectral 70.83 28.75 0.41 0.28 69.49
slope 99.27 0.3 0.41 0.62 90.51

GOI
simple 99.38 0.6 0.007 0.22 96.4

spectral 78.38 21.56 0.04 0.55 73.88
slope 99.42 0.57 0.0001 0.4 96.33

Table 4.6: Comparative results in terms of IDR (%), MR (%), FAR (%), IDA (ms) and
Accuracy to ±0.25ms(%) for female speakers

Female, SNR = 40dB
Event Method IDR MR FAR IDA Accuracy

GCI
simple 98.99 1.00 0.002 0.07 98.96

spectral 90.62 9.37 0.007 0.03 90.52
slope 99.01 0.97 0.002 0.08 97.19

GOI
simple 98.98 1.01 0.0007 0.26 96.27

spectral 93.54 6.44 0.01 0.49 83.42
slope 99.01 0.98 0.001 0.39 90.44
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4.5 Conclusions

In this chapter we proposed two methods to perform the gradient of electroglotographic
signal;spectral and slope filtering. Experiments conducted with the described database. Com-
parison of the methods with equivalent and widely adopted approach showed that the spectral
differentiation demonstrates similar behavior to the simple derivative. In terms of visibility,
both of differentiations lack in exposing a clear, strong negative peak in common cases. The
generated results from both methods range in close ratios. On the contrary, the slope filtering
technique applied to the EGG signal offers great visibility of the major positive and negative
peaks used for the detection of GCIs and GOIs. This approach proved to be more robust in
revealing the GCIs and the GOIs, even in cases of noisy EGG recordings (SNR = 25dB, 30dB,
40dB). The technique relies on equations derived from linear regression and offers an estima-
tion of the gradient of the EGG signal. In literature, the detection of GOIs has not attracted
much interest as the location of GCIs. The identification of GOIs from the simple deriva-
tive using a thresholding approach meet difficulties in common cases, due to the presence of
many negative peaks with similar amplitude. In slope filtered EGG signal the peaks are well
distinguished and the negative peak can be uniquely specified. Therefore, the thresholding
technique brings better results combined with slope filtering differentiator. Furthermore, the
fact that the negative peak is more discrete than in simple derivative provides a more reliable
indicator of GOI.
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Chapter 5

High Resolution Speech Analysis

This chapter describes the relation between glottal phases and speech signal. The adaptive
Quasi–Harmonic Model is applied to the speech signal, producing the AM and FM waveforms.
The methodology is analyzed in the first part of the current chapter. Afterwards, the generated
waveforms are compared to GCI and GOI that are derived from EGG signal through slope
filtering process and the relative observations are discussed in the last part of the chapter.
The Amplitude and Frequency Modulations of First and Second Formant are studied during
glottal open and closed phases. The glottal activity is related to the AM–FM components of
the speech signal.

5.1 Quasi–Harmonic Model of

AM–FM Decomposition

In [48] (chapter 4) the quasi–harmonic component of a speech signal, within an analysis
window, is modeled as

s(t) =

(
K∑

k=−K

(ak + tbk)e
j2πkf0t

)
w(t) (5.1)

where f0 is the fundamental frequency of the harmonic signal
K specifies the order of the model, i.e., the number of harmonics
ak are the complex amplitudes
bk are the complex slopes
w(t) denotes the analysis window which is typically a Hamming window and zero outside a
symmetric interval [−T, T ].]

Thus, t = 0 will always denote the center of the analysis window. In real signals such as
speech, audio, etc., a−k = a∗k and b−k = b∗k where ∗ is the conjugate operator. The model
in (5.1) can also be written for non-harmonically related frequency components. Therefore, a
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more general model can be expressed as

s(t) =

(
K∑

k=−K

(ak + tbk)e
j2πfkt

)
w(t) (5.2)

where fk will be referred to as initial estimates of the frequencies.

Assuming that the speech signal x(t) is defined on [−T, T ], the estimation of the model
parameters {f0, K, ak, bk} is performed into two steps. At first, the fundamental frequency, f0
and the number of harmonic components, K, are estimated using spectral and autocorrelation
information as described in [48]. Then, the computation of {ak, bk}Kk=−K is performed by
minimizing a mean squared error which leads to a simple least squares solution.

From (5.2), the instantaneous amplitude of each component is a time-varying function
given by

Mk(t) = |ak + tbk|

=
√

(aRk + tbRk )2 + (aIk + tbIk)
2

(5.3)

where xR and xI denote the real and the imaginary parts of x, respectively.

Since both the amplitudes ak and the slopes bk are complex variables, the instantaneous
frequency of each component is not a constant function over time but varies according to

Fk(t) =
1

2π

dΦk(t)

dt

= fk +
1

2π

aRk b
I
k − aIkbRk
M2

k (t)

(5.4)

while the instantaneous phase is given by

Φk(t) = 2πfkt+ ∠(ak + tbk)

= 2πfkt+ atan
aIk + tbIk
aRk + tbRk

(5.5)

The Fourier transform of s(t) in (5.2) is described by

S(f) =
K∑
k=1

(
akW (f − fk) +

jbk
2π

W ′(f − fk)
)

(5.6)

where W (f) is the Fourier transform of the analysis window, w(t), and W ′(f) is the derivative
of W (f) over f . For simplicity, the kth component of S(f) is considered for the further
calculations.

Sk(f) = akW (f − fk) +
jbk
2π

W ′(f − fk) (5.7)

The projection of bk onto ak is defined by

bk = ρ1,kak + ρ2,kjak (5.8)
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where jak denotes the perpendicular (vector) to ak, while ρ1,k and ρ2,k are computed as

ρ1,k =
aRk b

R
k + aIkb

I
k

|ak|2
(5.9)

and

ρ2,k =
aRk b

I
k − aIkbRk
|ak|2

(5.10)

Thus, the kth component of Sk(f) can be written as

Sk(f) = akW (f − fk)−
akρ2,k

2π
W ′(f − fk)

+
jakρ1,k

2π
W ′(f − fk)

(5.11)

The Taylor series expansion of W (f − fk − ρ2,k
2π

) is defined as

W (f − fk −
ρ2,k
2π

) =

= W (f − fk)−
ρ2,k
2π

W ′(f − fk) +O(ρ22,kW
′′(f − fk))

(5.12)

For a rectangular window it holds that W ′′(f) ∝ T 3 where T is the duration of the analysis
window, w(t). Since the duration of the analysis window determines its bandwidth, it turns
out that the larger the bandwidth the smaller the value of the term W ′′(f) at fk. Thus,
assuming short analysis windows and low values for ρ2,k, (5.12) is approximated as

W (f − fk −
ρ2,k
2π

) ≈ W (f − fk)−
ρ2,k
2π

W ′(f − fk) (5.13)

Consequently, from (5.11) and (5.13) it follows that

Sk(f) ≈ ak

[
W (f − fk −

ρ2,k
2π

) + j
ρ1,k
2π

W ′(f − fk)
]

(5.14)

which is written in the time domain as

sk(t) ≈ ak
[
ej(2πfk+ρ2,k)t + ρ1,kte

j2πfkt
]
w(t) (5.15)

From (5.15), it is clear that
ρ2,k
2π

accounts for the mismatch between the frequency of
the kth component and the initial estimate of the frequency, fk, while ρ1,k accounts for the
normalized amplitude slope of the kth component. Another way to see this relationship, is
to associate the time domain and the frequency domain properties of QHM. From (5.4) and
(5.10) it follows that

ρ2,k
2π

= Fk(0)− fk (5.16)

Therefore,
ρ2,k
2π

accounts for a frequency deviation between the initially estimated frequency,
fk, and the value of the instantaneous frequency at the center of the analysis window (t = 0).
Similarly, for ρ1,k, we have

ρ1,k =
dMk(t)
dt
|t=0

Mk(0)
(5.17)

which shows that ρ1,k provides the normalized slope of the amplitude for the kth component,
considering the instantaneous amplitude at the center of the analysis window.
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5.2 Adaptive AM–FM Decomposition

Initialization of aQHM is provided by QHM. The updated frequencies, corresponded ampli-
tudes and phases of time are denoted by f̂k(tl), Âk(tl), and φ̂k(tl), at time instant tl (center
of analysis window), with l = 1, . . . , L where L is the number of frames. These parameters
are estimated using QHM as follows:

f̂k(tl) = Fk(0) = fk(tl) +
ρ2,k
2π

(5.18a)

Âk(tl) = Mk(0) = |ak| (5.18b)

φ̂k(tl) = Φk(0) = ∠ak (5.18c)

In case the distance between the consecutive analysis time instants correspond to one
sample then, QHM provides an estimation of the instantaneous amplitude, Âk(t) and instan-
taneous phase φ̂k(t). Then, in aQHM the signal model is given as:

s(t) =

(
K∑

k=−K

(ak + tbk)e
j(φ̂k(t−tl)−φ̂k(tl))

)
w(t) (5.19)

with |t| ≤ T where 2T denotes the duration of the analysis window.

At the last step of aQHM, the signal can be finally approximated as the sum of its AM-FM
components:

x̂(t) =
K∑

k=−K

Âk(t)e
jφ̂k(t) (5.20)

Based on the definition of phase, the instantaneous phase for the kth component can be
computed as the integral of the computed instantaneous frequency. For instance, between
two consecutive analysis time instants tl−1 and tl, the instantaneous phase can be computed
as:

φ̌k(t) = φ̂k(tl−1) +

t∫
tl−1

2πf̂k(u)du (5.21)

The frame boundary conditions at tl are not taken into account, which means that there is no
guarantee that φ̌k(tl) = φ̂k(tl)+2πM , where M is the closet integer to |φ̂k(tl)−φ̌k(tl)|/(2π).
The modification of (5.21) in order to guarantee phase continuation over frame boundaries
results in:

φ̂k(t) = φ̂k(tl−1) +

t∫
tl−1

2πf̂k(u) + a sin

(
π(u− tl−1)
tl − tl−1

)
du (5.22)

The derivative of the instantaneous phase over time in both formulas provide the instantaneous
frequency computed from tl−1 to tl. In (5.22), the continuation of instantaneous frequency
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at the frame boundaries is also guaranteed by the use of the sine function. Using (5.22) the
instantaneous phase at tl will be equal to φ̂k(tl) + 2πM if a is selected to be:

a =
π(φ̂k(tl) + 2πM − φ̌k(tl))

2(tl − tl−1)
(5.23)

where M is computed as before.

A pseudocode of the aQHM algorithm is presented below. Adaptive AM-FM decom-

position alg. (aQHM)

1. Initialization (QHM):
Provide initial estimate f 0

k (t1)
For l = 1, 2, ..., L

(a) Compute ak, bk using f 0
k (tl) as initial frequency estimates in (5.2)

(b) Update f̂ 0
k (tl) using (5.18a) and

(c) Compute Â0
k(tl) and φ̂0

k(tl) using (5.18b) and (5.18c), respectively

(d) f 0
k (tl+1) = f̂ 0

k (tl)

end
Interpolate f̂ 0

k (t), Â0
k(t), φ̂0

k(t) as described

2. Adaptations:
For i = 1, 2, ...

For l = 1, 2, ..., L
a) Compute ak, bk using φ̂i−1k (t) and (5.19)

b) Update f̂ ik(tl) using (5.18a) and (5.10)

c) Compute Âik(tl) and φ̂ik(tl) using (5.18b) and (5.18c), respectively
end
Interpolate f̂ ik(t), Âik(t), φ̂ik(t) as described

end

5.3 Correlation between the Glottal Instants and the

AM–FM Components

The adaptive QHM algorithm projects the input signal in a space generated by time varying
non–parametric sinusoidal basis functions. The non-parametric basis functions are updated
iteratively, minimizing the mean squared error at each iteration.
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The peaks that are observed in the spectrum envelope, formants, for a certain vowel have a
similar behavior. For instance, the first and second formant in vowels /a/, /u/ are closer than
in the vowel /i/ for all speakers. A short–time Hamming window has been applied in aQHM
algorithm depended on each recorded vowel. The algorithm is initialized with a formant’s
frequency. Two formants have been mainly studied; the first and second. The frequency of
each formant is estimated through root–solving of LPC coefficients.

The descripted database in 4.3.1 was used in the experiments with aQHM method. The
EGG signal is time–aligned with the speech signal and glottal Instants are derived from EGG
signal. The glottal phases are depicted with the AM–FM components to derive the desired
information of their variation within a glottal cycle.

The following Figures depict the aQHM algorithm applied in a young Female’s speech
signals. Each Figure shows the recorded speech signal, the slope filtered EGG signal, the
EGG signal and the AM, FM components derived from aQHM method. The GCIs, GOIs are
extracted with slope filtering processing of time–aligned EGG signal. The closed and open
phases are illustrated in all signals with red and green color respectively. Figure 5.1 refers
to the recorded sustained vowel /i/ and indicates the Amplitude, Frequency Modulations of
First Formant (F1). Figure 5.2 includes the extracted components from the First Formant of
sustained vowel /o/ and Figure 5.3 contains the information of the second Formant of vowel
/o/. Figure 5.4 comprises the modulations of the First Fromant of sustained vowel /u/.

The Figure 5.5 depicts the same signals and modulations as in previous figures for a young
male speaker and sustained vowel /u/.

The closed phase of glottis is noticed in the Amplitude Component of speech signal near
its maximal values, as it is shown in Figure 5.6. The open phase of glottis is related to the
minimum values of Amplitude. Concluding from the observations, when the glottis closes, the
amplitude is increased and when the glottis opens, the amplitude drops. On the contrary, the
Frequency Modulation exposes a different activity. The formant frequency is not related with
glottal phases in the same way for all speech signals. However, a general pattern is followed.
It is observed that the formant frequency rises at the onset of the glottal open phase and
decreases near the end of the phase. It is noticeable that there is a similar variation for all
the recorded sustained vowels.

The second Formant indicates similar modulations to that of the first formant. The glottal
phases are related to the AM–FM components of second formant in the same way as in the
first.

58



CHAPTER 5. HIGH RESOLUTION SPEECH ANALYSIS

200 400 600 800 1000 1200 1400 1600 1800
−0.05

0

0.05

Speech Signal

 

 

Open
Closure

200 400 600 800 1000 1200 1400 1600 1800
−0.02

0
0.02
0.04
0.06

Slope Filtering

200 400 600 800 1000 1200 1400 1600 1800

−0.02
0

0.02
0.04

Egg Signal

200 400 600 800 1000 1200 1400 1600 1800
0.01

0.015

0.02

Amplitude Formant 1

200 400 600 800 1000 1200 1400 1600 1800

300

400

Frequency Formant 1

Figure 5.1: Recording of sustained vowel /i/ from Female Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
Frequency Component of 1st Formant
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Figure 5.2: Recording of sustained vowel /o/ from Female Speaker:(a) Speech Signal,
(b) Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
Frequency Component of 1st Formant
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Figure 5.3: Recording of sustained vowel /o/ from Female Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 2nd Formant, (e)
Frequency Component of 2nd Formant
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Figure 5.5: Recording of sustained vowel /u/ from Male Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
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Figure 5.6: Closed and Open phase in a glottal cycle on the Amplitude Component of
Formant
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5.4 Discussion

This chapter has concentrated on the high resolution speech analysis. The glottal area function
with the bandwidth and formant frequency of first F1 formant was discussed in 2.2 and
illustrated in 2.3. The developed model verified that the increase in bandwidth is caused
when the glottis opens and when it closes, the bandwidth drops. During the closed phase
of glottis the bandwidth remains invariable and close to zero value. The formant Frequency
rises at the onset of the glottal open phase and falls near the termination of the phase. The
observations derived from the model are not expected to be completely represented in real
speech signals. However, correlations between the components of speech signal and those of
the model can be proposed.

The AM and FM components derived from the AM–FM Decomposition algorithm, which
was described in this chapter, are observed during open and closed glottal phases. The glottal
phases are generated from the EGG signal and are time–aligned with the speech signal. The
results of the applied aQHM algorithm that presented in this chapter demonstrate that the
frequency formant follows the descripted model in general. The amplitude of the formant
increases at the open phase and decreases at the glottal closure instant. During the closed
phase it is not obtained a steady value as in the model. The fact that the signal is real justifies
this effect. On the other hand, the amplitude modulation of each formant is increased during
glottal closure and falls in glottal opening phase.

Furthermore, based on the current results and observations a long Hamming window (≈
30ms) is proposed to be applied in aQHM algorithm to reveal the sinusoidal frequencies that
are close to the First Formant. A quadratic interpolation will show the frequency and amplitude
modulations of the formant. The purpose is the disclosure of any existent correlation of the
Formant’s modulation with the glottal phases. Moreover, it would be of great significance to
observe the correlation among the amplitude and frequency activity of formant for different
vowels.
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Abbreviations

AM Amplitude Modulation

aQHM adaptive Quasi–Harmonic Model

CL Criterion Level

Cq Closed quotient

DECOM DEGG–Correlation based method for Qpen quotient Measurement

DECPA Derivative EGG Closure Peak Amplitude

DFT Discrete Fourier Transform

DEGG Derivative of EGG

DYPSA Dynamic Programming Projected Phase–Slope Algorithm

EGG Electroglottograph

FAR False Alarm Rate

FIR Finite Impulse Response

FM Frequency Modulation

GCI Glottal Closure Instant

GOI Glottal Opening Instant

IDA Identification Accuracy

IDR Identification Rate

LPC Linear Prediction Coding

MR Miss Rate

Oq Open quotient

QHM Quasi–Harmonic Model

SIGMA Singularity detection In EGG with Multiscale Analysis
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APPENDIX A. ABBREVIATIONS

SNR Signal–to–Noise Ratio

SPAR Speech–Pattern Algorithms and Representations

SFS Speech Filing System

SVD Singular Value Decomposition

VFCA Vocal Fold Contact Area

HQTx High Quality Tx
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Appendix B

Amplitude-Frequency Modulations
during Glottal Phases

The figures below depict the behavior of Amplitude and Frequency Components during the
closed and open phase of vocal folds. Each Figure shows the recorded speech signal, the
slope filtered EGG signal, the EGG signal and the AM, FM components derived from aQHM
method (as described in Section 5.2). The GCIs, GOIs are extracted with the slope filtering
process of time–aligned EGG signal. The closed and open phases are illustrated in all signals
with red and green color respectively. The applied method is thoroughly explained in Section
5.3.
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Figure B.1: Recording of sustained vowel /o/ from Male Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
Frequency Component of 1st Formant
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Figure B.2: Recording of sustained vowel /a/ from Male Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
Frequency Component of 1st Formant
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Figure B.3: Recording of sustained vowel /i/ from Male Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
Frequency Component of 1st Formant
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Figure B.4: Recording of sustained vowel /e/ from Male Speaker:(a) Speech Signal, (b)
Slope Filtered EGG, (c) EGG Signal, (d) Amplitude Component of 1st Formant, (e)
Frequency Component of 1st Formant
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