ICVPB 2008
The 6th International Conference on
Voice Physiology and Biomechanics,
Tampere, Finland — August 6-9, 2008

USUAL TO PARTICULAR PHONATORY SITUATIONS STUDIED WITH HIGH-SPEED
VIDEOENDOSCOPY

Gilles Degottex, Erkki Bianco, Xavier Rodet

IRCAM, Analyse-Synthese
1, place Igor-Stravinsky, 75004 Paris
degottex@ircam.fr 0033 1 44 78 48 75

ABSTRACT

Current high-speed videoendoscopy (HSV) make it possible to obtain 4000 images of the larynx per second. By this process,
the analysis of the vocal folds can provide significant information. This is also possible to estimate the area of the glottis.
All this information is useful for the study of the various phonatory modes, but also for glottal flow estimation which allows
the improvement of our acoustic understanding of speech signals. For the usual modes then for other particular phonatory
situations, we present a comparison of various speech signals: acoustic, Electro-Glotto-Graphic, glottal area, and estimation of
the glottal flow by inversion of the vocal tract.

Index Terms— high-speed camera, videoendoscopy, glottis, voice

1. INTRODUCTION

In the production of speech and singing, we are interested in the acoustic source signal produced by the glottis. The estimation of
the glottal flow is a key problem for the modelling of the vocal production and its transformation. High-speed videoendoscopy
is an increasingly common new technology. It allows for the estimation of the area of the glottis. With this estimation it is
interesting to compare the glottal area with the various signals usually used in the study of voice production.

First of all, the various impacts of the physiology of the larynx on the acoustic source of the glottis can be observed on the
videoendoscopic images. Among the observable phenomena, we can see important leakage (Fig. 6) and frequent lateral and
longitudinal asymmetries [10]. In a such case, the closure instant of the vocal folds is difficult to define clearly, even on a HSV.
The temporal synchronization of a model of glottal flow (LF[1], R++[2], etc.) with the acoustic signal is a recurrent problem
in analysis of speech signals. This problem is usually simplified in a detection of the glottal closure instants (GCI). This instant
is defined on the models as the instant of the strongest negative derivative. The flow at this instant may have a value bigger
than zero. For all the phonatory situations, the following question arises: to what the GCI is associated with, in order to stay
coherent with all the signals. From a detection of the GCI on the acoustic signal, we developed a method to estimate the shape
of the glottal flow by inversion of the vocal tract [3, 4, 5, 6, 7].

Videoendoscopic images make it possible to follow the edges of the vocal folds [8, 9, 6, 10]. We have also developed a
program to measure the glottal area [8]. The glottal area cannot be directly compared to the glottal flow. The glottal flow is not
an immediate function of the area. Indeed, to obtain a flow from the area, it is necessary to solve a differential equation taking
into account the impedance of the glottis and that of the vocal tract [11, 12]. This calculation is in progress.

Comparing the images and the area measure, the interpretation of Electro-Glotto-Graph (EGG) signal is improved.

2. MEASURES AND ESTIMATES

Glottal area estimate (in thick red line in the figures): The vocal folds are filmed through a rigid endoscope which passes
through the mouth, connected to a high-speed camera ENDOCAM 5562 which provides 4000 color images a second in
256x256 pixels. The glottal area is estimated by a thresholding method of the luminance of the videoendoscopic images
[8]. The threshold is automatically computed by localising the edges of the vocal folds. The estimated glottal area is thus
sensitive to the first visible lip of the vocal folds seen by the camera. This lip is not the same according to the opening
and closing phase. During the opening phase of the glottis, the upper lip of the folds hides the lower lip. The estimated
glottal area is thus focused on the upper lip. For example, in the figure 1, there is a delay between the maximum of the



EGG derivative and maximum of the glottal areaderivative. This showsthat a part of the vocd folds, certainly the lower
lip, is moving whil e the glottal areadoes nat change. On the contrary, during the dosure, acording to the phoretory
mode and the importance of the Bernouli’s effed (see3.1), the lower lip shoud close ealier than the upper lip. During
this phase, the estimation o the glottal area ca focus onthe lower lip. Presently our method d area etimation daes not
alow usto oltain the constant of openingwhich expresses the leskage of the glottis. Over a period, the minimum of the
estimated areais aways zero.

Acoustic measure (thin and Hadk lines): The aoustic signdl is recrded with a sampling frequency of 44150H z by
a microphore placad onthe endascope, in front of the mouth, at 15.5¢m from the head of the canera. During the
recording, the head of the cameraisin the badk of the oropharynx. We estimate adistance oropharynx/larynx of 10cm.
The aoustic delay glottissmicrophoreisthus estimated to be (0.155 + 0.10) /340 = 0.75 - 10%s. On figures, thisdelay is
thus compensated (shown by athin blad interval onfigures). We &k to the patient to pronource/e/ for their comfort and
to clea thefield of the canera. The eiglottisisthe most verticd with a/e/, except /i/ which is not possbleto pronource
with endascopy because of the position o tongue which is up against the palate. The pronourced phoreme sometimes
changes to schwa. When a formant of the vocd trad get closer to the glottal formant, the phases and the amplit udes of
thisformant distort the glottal flow reproducedin the amustic signal. The 1% formant of /e/ or /i/ isaround320 — 500 H .
Knowing that the frequency of the glottal formant is between the 1% and 4" harmonic [5] (around100 — 400H z), the
influenceof the 1% voca trad formant onthe glottal flow is not insignificant. It isthus very difficult to locdize an instant
of glottal closure diredly onthe amustic signal.

Eledro-Glotto-Graphic measure (EGG) (thick dotted blue lines): Accordingto the recording, we used the device EG90
of F-J Eledronics for figures 1 in 8 and the device Laryngogaph (former version) of the company Laryngogaphfor
figures9 and 1Q The signal is ssmpled in perfed synchronizaionwith the aoustic signal with a sampling frequency of
44150H z. The EGGiisfinally high-passfiltered with a aut of frequency of 40 H = to remove the influences of the larynx
movements. The synchronization delay between the images and the EGG is at most 3 images what impli es a maximum
delay of 0.75ms (shown by the same thin blad interval asthe glottissmicrophore delay).

Glottal flow estimate (thick dotted green lines (grey in bladk& white printing)): By foll owingthe sourcefilter hypahesis,
the parameters of a LF-model [1] is estimated from the amustic signal by a method d vocd trad inversion[3]. At first,
the glottal closure instants are estimated then the shape of the wave of the glottal flow. The model of the vocd trad is
an all-pale stable filter, and thus of minimal-phase. It does not model the delay of propagationin the vocd trad. On the
figures, thisdelay is also compensated for as onthe aoustic signal. The dfedive glottal closureinstant as the instant of
the strongest impulse of the glottal source can be badly defined. For example because of the legage of the glottis or the
asymmetry of the movement of vocad folds. Because our tempora synchronizaion o the glottal flow model is based on
this unique instant, the whole model can be badly placed (Fig. 1 4 5 6. We work at present on ajoint estimate of the
parameters of the model. Computing so in this way, the synchronization and the shape in the same time.

3. PRESENTED SITUATIONS

For ead figure: the left column shows a videoendascopic image of the glottis with the posterior part at the top. In the right
column, the top graph shows the areain the thick red line, the EGG in the thick dotted blue line and the estimation o glottal
flow in the thick datted green line (except for the case of the exhaled fry). The bottom graph shows the aoustic signal in the
fine bladk line and the derivatives of the previous mesures and estimates. For a better readabilit y, amplitudes of the signals are
normali zed to their standard deviation.

The most usual phonatory modes
3.1. Model (Fig. 1,2 and 3)

Themode| isthe most common phoratory mode used in speed). The minimum of derivative of the EGG signal seemsto well
coincidewith the minimum of the derivative of the aea(i.e. the moment when vocd folds move the fastest). On the other hand,
this coincidencedoes nat appea duringthe opening o the glottis. The EGG thus reveds a behavior hidden by the upper li ps of
the vocd folds.

According to literature, vocd folds separate gradually and close quickly. The Bernouli’s effed explains this effed at the
closure by an aspiration o the upper lips of the vocd folds. However, this effed is not systematic, the figure 1 shows the case
we mostly observed: an opening realy asfast asthe dosure.



Thefigure 2 ill ustrates Bernouli's effed. In that case, we can ndticethat the openingis made of two steps. Maybe because
the vocd folds are made of layers. This causesripples onthe glottal area Duringthe dosure, 4000images per seaondlimit the
predsion o estimation o the movement of vocd folds.

Currently, the EGG of the figure 2 seanstoo much difficult to interpret. It has thus been removed.

3.2. Modell (Fig. 4and 5)

Themodell isusually present in ahigh-pitched voice Inthat case, we naticegenerally that vocd folds are more tightened and
more parallel. Vocd folds are in movement throughot the period. Therefore, the duration o the dosed phase in a model of
glottal flow shoud be zeo. The glottal areais morelike asine aurve andthe derivative of the aeasuppatsthis propasition. In
the oppasite way of the mode |, only the vocd fold cover is moving and so, thereis only onelip. We can thus consider that the
glottal area etimate well describethe efedive glottal area

Particular phonatory situations
3.3. Breathy voice (Fig. 6)

Acoudticdly, the breahy voiceis defined by the presence of air in the sound But there is not necessarily cre&ky noise. The
videoendascopic image of the figure 6 shaws, over a period, the most closed glottis. The legkage on the posterior part of the
vocd foldsis evident and omnipresent in this stuation. Thisle&age generates the turbulencenoise of thisvoice The posterior
part is pradicdly immobile while the anterior part generates a harmonic sound A part of the glottis thus remains opened
throughou the period. The resonances are less marked becaise the bandwiths of the formants are bigger in the case of an
opened glottis which provokes a suppementary amustic loss Asin mode II, vocd folds are dso always in movement. This
impliesa dosed phase of the glottal flow to be zero and a shape of the glottal areagetting closer to asine aurve.

3.4. Tensevoice (Fig. 7)

Physiologicdly, it is an excessof presaure of the ventricular folds, withou reading the aiticd case of pressd voice Along
the breathy, tense and pressed voices, we can define ascde of relaxation-tension. Acousticdly, this deis defined by aratio
between the level of noise and the level of the harmonic sound On this <de, the tense voiceis oppdite to the breathy voice
The dosed phase of the tense phoretionis longer than in breathy phoretion. Compared to the breathy voice, the EGG shows
that the distance between the maximum and the minimum of his derivative is correlated to the opened phase duration, without
being equal to it. The minimum of the EGG derivative and the minimum of the aeaderivative seems to coincide. Thisis not
the cese for the maxima.

3.5. Pressed voice (Fig. 8)

Thefalse vocd folds and the interarytenoid muscle interfere with the vocd folds when opening and restrain them from making
an ample movement. The vocd folds remain somehow stuck to ore ancther while dlowing brief air impulsesto passtrough
In these conditions, the computation o the glottal areadoes not work. Thisvoiceis produced by atightening of the ventricular
folds. By reflex adion, a spacebetween the vocd folds can exist. On the scde of relaxationtension (see 3.4) this voiceis a
degenerate case of extremetension. The EGG shows a movement of the masses of the larynx whil e the glottisis nat visible.

3.6. Exhaled and inhaled fry (Fig. 9 et 10)

The fry voice (often cdled mode 0) is defined by cresky quality, a low fundamental frequency (~ 50H z), a short opening
phase, afast closure and irregular instants of closure. Because of thisirregularity, this voiceis nealy impossble to study by
strobascopy. By comparingthe EGG and the glottal area(Fig. 9 and 10at the top right), we can natice that the EGG does not
reved movement of the vocd folds which is not shown by the aea The variations of the EGG are temporarily synchronized
with those of the aea The visible lips e by the camera defines relatively well the whole movement of the vocd folds.
Moreover, the mass of the vocd muscle does nat move, indicaing that only the upper lips move and close the glottis. The
exhaled fry is made by arelaxation o the larynx and a subgdottal pressure lower than in a usual phoretion. The inhaled version
is made by atension o the vocd folds and a contradion o the diaphragm which aims to creae adepressonin the lungs. The
impulses made by the opening o the glottis can be regular enoughto perceive apitch. The readed intensity is more important
thanks to the short opening phaese and the very important depresson. Contrarily to the exhaled version and surprisingly, only
the lower li ps close the glottis.



4. CONCLUSIONS

Physiologicdly, we can ndticethat the posterior part of the glottis can remains opened whil e the anterior generates a harmonic
sound(Fig. 6). Furthermore, depending o the significance of the Bernouli’s effed, the videoendascopic images and the
estimation o the glottal areashow usthat the vocd folds do na close necessarily faster than they open (Fig. 4, 5 and 6).

Concerning the glottal area because of the cmuping between the vocd trad and the glottal source, ripples appeas onthe
glottal flow. We can seethat ripples can also appeas onthe glottal area(Fig. 2). Moreover, the glottis does not stop varyingin
mode Il and kreahy phoration. The dosed phase duration o the glottal flow shoud thus be zeo.

By comparingthe EGG andthe glottal areg we can ndticethefoll owingelements: theinstant of strongest negative derivative
of the EGG seamsto correspondwith the strongest negative derivative of the aea Thisistheinstant when the vocd folds close
the fastest but not necessarily when they touch ead other. Moreover, The maximum of the EGG derivative reved behaviors of
the masseswhich are hidden bythevisiblelips ssen bythe canera. The measured duration between the maximum and minimum
of the EGG derivative seem propartional to the maximum-to-minimum duration o the glottal areaderivative (duration between
the fastest opening instant and the fastest closure instant). However, this durationis not equal to the dfedive mntad duration
of the vocd folds.

The measure of the aoustic presaire, after synchronization with the other signals, shows us that the strongest acmustic
depresson deaes nat correspond recessarily to the instant of eff edive dosure of the vocd folds. Furthermore, the estimation o
the glottal flow does nat seem synchronized with the other signals aslongasits shape and its temporal synchronizaionare not
jointly estimated.
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Fig. 5. modell of aman
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