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ABSTRACT

Current high-speed videoendoscopy (HSV) make it possibéibtain 4000 images of the larynx per second. By this process
the analysis of the vocal folds can provide significant infation. This is also possible to estimate the area of thdiglot
All this information is useful for the study of the variousgtatory modes, but also for glottal flow estimation whicloat

the improvement of our acoustic understanding of speeatmkig For the usual modes then for other particular phopator
situations, we present a comparison of various speechlsigaaoustic, Electro-Glotto-Graphic, glottal area, astineation 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 interesttittincoustic source signal produced by the glottis. Thmasitin of
the glottal flow is a key problem for the modelling of the vopadduction and its transformation. High-speed videoeodpg
is an increasingly common new technology. It allows for teneation of the area of the glottis. With this estimatiosit
interesting to compare the glottal area with the variousaigusually used in the study of voice production.

First of all, the various impacts of the physiology of theylax on the acoustic source of the glottis can be observeden th
videoendoscopic images. Among the observable phenomeneamsee important leakage (Fig. 6) and frequent lateral and
longitudinal asymmetries [10]. In a such case, the closwstant of the vocal folds is difficult to define clearly, evanaoHSV.
The temporal synchronization of a model of glottal flow (LF[R++[2], etc.) with the acoustic signal is a recurrent peoip
in analysis of speech signals. This problem is usually difedlin a detection of the glottal closure instants (GCl)islihstant
is defined on the models as the instant of the strongest negigrivative. The flow at this instant may have a value bigger
than zero. For all the phonatory situations, the followingstion arises: to what the GCI is associated with, in ordlstay
coherent with all the signals. From a detection of the GClhanacoustic signal, we developed a method to estimate tipe sha
of the glottal flow by inversion of the vocal tract [3, 4, 5, 6, 7

Videoendoscopic images make it possible to follow the eddeke vocal folds [8, 9, 6, 10]. We have also developed a
program to measure the glottal area [8]. The glottal areaaidre directly compared to the glottal flow. The glottal flemnit
an immediate function of the area. Indeed, to obtain a flomftioe area, it is necessary to solve a differential equatikimg
into account the impedance of the glottis and that of the Moaet [11, 12]. This calculation is in progress.

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

2. MEASURES AND ESTIMATES

Glottal area estimatéin thick red line in the figures): The vocal folds are filmedaigh a rigid endoscope which passes
through the mouth, connected to a high-speed caBBROCAM 5562vhich provides 4000 color images a second in
256x256 pixels. The glottal area is estimated by a threghglshethod of the luminance of the videoendoscopic images
[8]. The threshold is automatically computed by localising edges of the vocal folds. The estimated glottal areais th
sensitive to the first visible lip of the vocal folds seen bg tamera. This lip is not the same according to the opening
and closing phase. During the opening phase of the gldtiésupper lip of the folds hides the lower lip. The estimated
glottal area is thus focused on the upper lip. For exampltherfigure 1, there is a delay between the maximum of the



EGG derivative and maximum of the glottal area derivatiMeisBhows that a part of the vocal folds, certainly the lower
lip, is moving while the glottal area does not change. On th&trary, during the closure, according to the phonatory
mode and the importance of the Bernoulli's effect (see 3hE)Jower lip should close earlier than the upper lip. During
this phase, the estimation of the glottal area can focus®tother lip. Presently our method of area estimation does not
allow us to obtain the constant of opening which expressetetikage of the glottis. Over a period, the minimum of the
estimated area is always zero.

Acoustic measuréhin and black lines): The acoustic signal is recorded witsampling frequency of4150H z by

a microphone placed on the endoscope, in front of the mouth5.acm from the head of the camera. During the
recording, the head of the camera is in the back of the orgphliaiVe estimate a distance oropharynx/laryn @fm.
The acoustic delay glottis/microphone is thus estimatdz{©.155 + 0.10) /340 = 0.75 - 103s. On figures, this delay is
thus compensated (shown by a thin black interval on figuk&g)ask to the patient to pronounce /e/ for their comfort and
to clear the field of the camera. The epiglottis is the modicawith a /e/, except /i/ which is not possible to pronoenc
with endoscopy because of the position of tongue which isggist the palate. The pronounced phoneme sometimes
changes t@chwa When a formant of the vocal tract get closer to the glottahfant, the phases and the amplitudes of
this formant distort the glottal flow reproduced in the a¢msignal. The ¥ formant of /e/ or /i/ is around20 — 500 H .
Knowing that the frequency of the glottal formant is betwélem ' and 4" harmonic [5] (around 00 — 400H z), the
influence of the I vocal tract formant on the glottal flow is not insignificarttis thus very difficult to localize an instant
of glottal closure directly on the acoustic signal.

Electro-Glotto-Graphic measure (EG@&hick dotted blue lines): According to the recording, wedishe devic&EG90

of F-J Electronicsfor figures 1 in 8 and the devidearyngograph(former version) of the comparnyaryngographfor
figures 9 and 10. The signal is sampled in perfect synchraaizwith the acoustic signal with a sampling frequency of
44150H z. The EGG is finally high-pass filtered with a cut of frequenty@H = to remove the influences of the larynx
movements. The synchronization delay between the imagetherEGG is at most 3 images what implies a maximum
delay of0.75ms (shown by the same thin black interval as the glottis/mibiage delay).

Glottal flow estimatéthick dotted green lines (grey in black&white printingBy following the source-filter hypothesis,
the parameters of a LF-model [1] is estimated from the a@wsaiginal by a method of vocal tract inversion [3]. At first,
the glottal closure instants are estimated then the shapieeafiave of the glottal flow. The model of the vocal tract is
an all-pole stable filter, and thus of minimal-phase. It do@smodel the delay of propagation in the vocal tract. On the
figures, this delay is also compensated for as on the acaigtial. The effective glottal closure instant as the instédin

the strongest impulse of the glottal source can be badly efiRor example because of the leakage of the glottis or the
asymmetry of the movement of vocal folds. Because our teatggnchronization of the glottal flow model is based on
this unique instant, the whole model can be badly placed (Fig 5 6). We work at present on a joint estimate of the
parameters of the model. Computing so in this way, the symihation and the shape in the same time.

3. PRESENTED SITUATIONS

For each figure: the left column shows a videoendoscopicénudighe glottis with the posterior part at the top. In the tigh
column, the top graph shows the area in the thick red lineEtB& in the thick dotted blue line and the estimation of glotta
flow in the thick dotted green line (except for the case of tkieaded fry). The bottom graph shows the acoustic signalén th
fine black line and the derivatives of the previous mesurdsstimates. For a better readability, amplitudes of theatgare
normalized to their standard deviation.

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

The modd is the most common phonatory mode used in speech. The miniphderivative of the EGG signal seems to well
coincide with the minimum of the derivative of the aréa.(the moment when vocal folds move the fastest). On the othet,ha
this coincidence does not appear during the opening of thtéggI The EGG thus reveals a behavior hidden by the uppeofip
the vocal folds.

According to literature, vocal folds separate graduallgt altose quickly. The Bernoulli’s effect explains this effet the
closure by an aspiration of the upper lips of the vocal foldswever, this effect is not systematic, the figure 1 showstse
we mostly observed: an opening nearly as fast as the closure.



The figure 2 illustrates Bernoulli's effect. In that case,sa@ notice that the opening is made of two steps. Maybe becaus
the vocal folds are made of layers. This cauggsleson the glottal area. During the closure, 4000 images pemskElanit the
precision of estimation of the movement of vocal folds.

Currently, the EGG of the figure 2 seems too much difficult teripret. It has thus been removed.

3.2. Modell (Fig. 4 and 5)

The moddl is usually present in a high-pitched voice. In that case, @t&ea generally that vocal folds are more tightened and
more parallel. Vocal folds are in movement throughout theople Therefore, the duration of the closed phase in a mofdel o
glottal flow should be zero. The glottal area is more like & iarve and the derivative of the area supports this praposin

the opposite way of the modgeonly the vocal fold cover is moving and so, there is only dpeWe can thus consider that the
glottal area estimate well describe the effective glottaha

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

Acoustically, the breathy voice is defined by the presencairoh the sound. But there is not necessarily creaky noise T
videoendoscopic image of the figure 6 shows, over a peri@dmihst closed glottis. The leakage on the posterior parteof th
vocal folds is evident and omnipresent in this situationisTéakage generates the turbulence noise of this voicepdsierior

part is practically immobile while the anterior part geritegaa harmonic sound. A part of the glottis thus remains apene
throughout the period. The resonances are less marked deetfael bandwiths of the formants are bigger in the case of an
opened glottis which provokes a supplementary acoust 18s in moddl, vocal folds are also always in movement. This
implies a closed phase of the glottal flow to be zero and a sbighe glottal area getting closer to a sine curve.

3.4. Tensevoice (Fig. 7)

Physiologically, it is an excess of pressure of the venlaicfolds, without reaching the critical case of pressea&oiAlong
thebreathy tenseandpressedvoices, we can define a scale of relaxation-tension. Accalltj this scale is defined by a ratio
between the level of noise and the level of the harmonic so@mdthis scale, théensevoice is opposite to thbreathyvoice.
The closed phase of thensephonation is longer than ibreathyphonation. Compared to thweathyvoice, the EGG shows
that the distance between the maximum and the minimum ofdrigative is correlated to the opened phase duration, witho
being equal to it. The minimum of the EGG derivative and thaimum of the area derivative seems to coincide. This is not
the case for the maxima.

3.5. Pressed voice (Fig. 8)

The false vocal folds and the interarytenoid muscle interféth the vocal folds when opening and restrain them frorking

an ample movement. The vocal folds remain somehow stuckeaanther while allowing brief air impulses to pass trough.
In these conditions, the computation of the glottal areadms work. This voice is produced by a tightening of the ientar
folds. By reflex action, a space between the vocal folds cést.e®n the scale of relaxation-tension (see 3.4) this viEee
degenerate case of extreme tension. The EGG shows a movehtieatmasses of the larynx while the glottis is not visible.

3.6. Exhaled and inhaledfry (Fig. 9 et 10)

The fry voice (often called mod®) is defined by creaky quality, a low fundamental frequeney50H z), a short opening
phase, a fast closure and irregular instants of closureadgscof this irregularity, this voice is nearly impossildestudy by
stroboscopy. By comparing the EGG and the glottal area @&nd 10 at the top right), we can notice that the EGG does not
reveal movement of the vocal folds which is not shown by tleaaiThe variations of the EGG are temporarily synchronized
with those of the area. The visible lips seen by the cameraetefielatively well the whole movement of the vocal folds.
Moreover, the mass of the vocal muscle does not move, indgétat only the upper lips move and close the glottis. The
exhaledtry is made by a relaxation of the larynx and a subglottal pressuver than in a usual phonation. The inhaled version
is made by a tension of the vocal folds and a contraction oflthghragm which aims to create a depression in the lungs. The
impulses made by the opening of the glottis can be regulargmto perceive a pitch. The reached intensity is more inapbrt
thanks to the short opening phase and the very importanedsipn. Contrarily to the exhaled version and surprisinmijy

the lower lips close the glottis.



4. CONCLUSIONS

Physiologically, we can notice that the posterior part efdffottis can remains opened while the anterior generatasmadnic
sound (Fig. 6). Furthermore, depending of the significarfcén@ Bernoulli's effect, the videoendoscopic images arel th
estimation of the glottal area show us that the vocal foldeatalose necessarily faster than they open (Fig. 4, 5 and 6).
Concerning the glottal area: because of the coupling betwezvocal tract and the glottal sourcgplesappears on the
glottal flow. We can see thaipplescan also appears on the glottal area (Fig. 2). Moreover,lttesgdoes not stop varying in
modell and breathy phonation. The closed phase duration of theagftutw should thus be zero.
By comparing the EGG and the glottal area, we can notice flenfimg elements: the instant of strongest negative déviga
of the EGG seems to correspond with the strongest negatixatiee of the area. This is the instant when the vocal faldse
the fastest but not necessarily when they touch each othmedwer, The maximum of the EGG derivative reveal behawibrs
the masses which are hidden by the visible lips seen by thergamhe measured duration between the maximum and minimum
of the EGG derivative seem proportional to the maximum-toimum duration of the glottal area derivative (duratiotvseen
the fastest opening instant and the fastest closure instdowever, this duration is not equal to the effective cohtiuration
of the vocal folds.
The measure of the acoustic pressure, after synchronizaith the other signals, shows us that the strongest acousti
depression does not correspond necessarily to the indtaffeotive closure of the vocal folds. Furthermore, théneation of
the glottal flow does not seem synchronized with the otheradggas long as its shape and its temporal synchronizatéonair
jointly estimated.
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Fig. 5. mode Il of a man
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Fig. 10. Inhaled Fry



