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ABSTRACT

Current high-speed videoendoscopy (HSV) make it possible to obtain 4000 images of the larynx per second. By this process,

WKH DQDO\VLV RI WKH YRFDO IROGV FDQ SURYLGH VLJQL¿FDQW LQIRUmation. This is also possible to estimate the area of the glottis.

All this information is useful for the study of the various phRQDWRU\ PRGHV� EXW DOVR IRU JORWWDO ÀRZ HVWLPDWLRQ ZKLFK DOORZV

the improvement of our acoustic understanding of speech signals. For the usual modes then for other particular phonatory

VLWXDWLRQV� ZH SUHVHQW D FRPSDULVRQ RI YDULRXV VSHHFK VLJQDls: acoustic, Electro-Glotto-Graphic, glottal area, and estimation of

WKH JORWWDO ÀRZ E\ LQYHUVLRQ RI WKH YRFDO WUDFW�

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

1. INTRODUCTION

,Q WKH SURGXFWLRQ RI VSHHFK DQG VLQJLQJ� ZH DUH LQWHUHVWHG LQ the acoustic source signal produced by the glottis. The estimation of

WKH JORWWDO ÀRZ LV D NH\ SUREOHP IRU WKH PRGHOOLQJ RI WKH YRFDO production and its transformation. High-speed videoendoscopy

LV DQ LQFUHDVLQJO\ FRPPRQ QHZ WHFKQRORJ\� ,W DOORZV IRU WKH Hstimation of the area of the glottis. With this estimation it is

LQWHUHVWLQJ WR FRPSDUH WKH JORWWDO DUHD ZLWK WKH YDULRXV VLJnals 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

YLGHRHQGRVFRSLF LPDJHV� $PRQJ WKH REVHUYDEOH SKHQRPHQD� Ze can see important leakage (Fig. 6) and frequent lateral and

longitudinal asymmetries [10]. In a such case, the closure iQVWDQW RI WKH YRFDO IROGV LV GLI¿FXOW WR GH¿QH FOHDUO\� HYHQ Rn a HSV.

7KH WHPSRUDO V\QFKURQL]DWLRQ RI D PRGHO RI JORWWDO ÀRZ �/)>�@� 5��>�@� HWF�� ZLWK WKH DFRXVWLF VLJQDO LV D UHFXUUHQW SURElem

in analysis of speech signals. This problem is usually simplL¿HG LQ D GHWHFWLRQ RI WKH JORWWDO FORVXUH LQVWDQWV �*&,�� 7Kis instant

LV GH¿QHG RQ WKH PRGHOV DV WKH LQVWDQW RI WKH VWURQJHVW QHJDWLYH GHULYDWLYH� 7KH ÀRZ DW WKLV LQVWDQW PD\ KDYH D YDOXH ELJJHU

WKDQ ]HUR� )RU DOO WKH SKRQDWRU\ VLWXDWLRQV� WKH IROORZLQJ TXHVWLRQ DULVHV� WR ZKDW WKH *&, LV DVVRFLDWHG ZLWK� LQ RUGHU Wo stay

FRKHUHQW ZLWK DOO WKH VLJQDOV� )URP D GHWHFWLRQ RI WKH *&, RQ WKH DFRXVWLF VLJQDO� ZH GHYHORSHG D PHWKRG WR HVWLPDWH WKH VKDpe

RI WKH JORWWDO ÀRZ E\ LQYHUVLRQ RI WKH YRFDO WUDFW >�� �� �� �� �].

9LGHRHQGRVFRSLF LPDJHV PDNH LW SRVVLEOH WR IROORZ WKH HGJHV of the vocal folds [8, 9, 6, 10]. We have also developed a

program to measure the glottal area [8]. The glottal area canQRW EH GLUHFWO\ FRPSDUHG WR WKH JORWWDO ÀRZ� 7KH JORWWDO ÀRZ Ls not

DQ LPPHGLDWH IXQFWLRQ RI WKH DUHD� ,QGHHG� WR REWDLQ D ÀRZ IURm 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 �LQ WKLFN UHG OLQH LQ WKH ¿JXUHV�� 7KH YRFDO IROGV DUH ¿OPHG WKURXJK D ULJLG HQGRVFRSH ZKLFK SDVVHV

through the mouth, connected to a high-speed camera ENDOCAM 5562 ZKLFK SURYLGHV ���� FRORU LPDJHV D VHFRQG LQ

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

VHQVLWLYH WR WKH ¿UVW YLVLEOH OLS RI WKH YRFDO IROGV VHHQ E\ WKe camera. This lip is not the same according to the opening

and closing phase. During the opening phase of the glottis, tKH XSSHU OLS RI WKH IROGV KLGHV WKH ORZHU OLS� 7KH HVWLPDWHG

glottal area is thus focused on the upper lip. For example, in WKH ¿JXUH �� WKHUH LV D GHOD\ EHWZHHQ WKH PD[LPXP RI WKH



EGG derivative andmaximum of theglottal areaderivative. This showsthat a part of thevocal folds, certainly the lower
lip, is moving while the glottal areadoes not change. On the contrary, during the closure, according to the phonatory
mode and the importanceof the Bernoulli ’seffect (see3.1), the lower lip should close earlier than the upper lip. During
thisphase, the estimation of theglottal area can focuson the lower lip. Presently our method of area estimation doesnot
allow us to obtain the constant of openingwhich expresses the leakageof theglottis. Over a period, theminimum of the
estimated areaisalwayszero.

Acoustic measure (thin and black lines): The acoustic signal is recorded with a sampling frequency of 44150Hz by
a microphone placed on the endoscope, in front of the mouth, at 15.5cm from the head of the camera. During the
recording, the head of the camera is in the back of the oropharynx. We estimate adistanceoropharynx/larynx of 10cm.
The acoustic delay glottis/microphoneis thusestimated to be (0.155+ 0.10)/340 = 0.75 · 103s. On figures, thisdelay is
thuscompensated (shown byathin black interval onfigures). We ask to thepatient to pronounce/e/ for their comfort and
to clear thefield of the camera. The epiglottis is themost vertical with a /e/, except /i/ which isnot possible to pronounce
with endoscopy because of the position of tongue which is up against the palate. The pronounced phoneme sometimes
changes to schwa. When a formant of the vocal tract get closer to the glottal formant, the phases and the amplitudes of
this formant distort theglottal flow reproduced in the acoustic signal. The1st formant of /e/ or /i/ isaround320−500Hz.
Knowing that the frequency of the glottal formant is between the 1st and 4th harmonic [5] (around100 − 400Hz), the
influenceof the1st vocal tract formant on theglottal flow isnot insignificant. It is thusvery difficult to localize an instant
of glottal closuredirectly on the acoustic signal.

Electro-Glotto-Graphic measure (EGG) (thick dotted blue lines): According to the recording, we used the deviceEG90
of F-J Electronics for figures 1 in 8 and the device Laryngograph (former version) of the company Laryngograph for
figures9 and 10. The signal is sampled in perfect synchronizationwith the acoustic signal with a sampling frequency of
44150Hz. The EGG is finally high-passfiltered with a cut of f requency of 40Hz to removethe influencesof the larynx
movements. The synchronization delay between the images and the EGG is at most 3 images what implies a maximum
delay of 0.75ms (shown by thesamethin black interval as theglottis/microphonedelay).

Glottal flow estimate (thick dotted green lines(grey in black&whiteprinting)): By followingthesource-filter hypothesis,
the parametersof a LF-model [1] is estimated from the acoustic signal by a method of vocal tract inversion [3]. At first,
the glottal closure instants are estimated then the shape of the wave of the glottal flow. The model of the vocal tract is
an all -pole stable filter, and thus of minimal-phase. It doesnot model the delay of propagation in the vocal tract. On the
figures, thisdelay is also compensated for as on the acoustic signal. The effectiveglottal closure instant as the instant of
the strongest impulseof the glottal source can be badly defined. For examplebecauseof the leakageof the glottisor the
asymmetry of the movement of vocal folds. Because our temporal synchronization of 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 a joint estimate of the
parametersof themodel. Computingso in thisway, thesynchronizationand theshape in thesame time.

3. PRESENTED SITUATIONS

For each figure: the left column shows a videoendoscopic 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 of glottal
flow in the thick dotted green line (except for the case of the exhaled fry). The bottom graph shows the acoustic signal in the
fine black line and the derivativesof the previousmesuresand estimates. For a better readabilit y, amplitudesof the signals are
normalized to their standard deviation.

The most usual phonatory modes

3.1. Mode I (Fig. 1, 2 and 3)

Themode I is themost common phonatory modeused in speech. The minimum of derivativeof theEGG signal seems to well
coincidewith theminimum of thederivativeof the area(i.e. themoment when vocal foldsmovethefastest). On theother hand,
thiscoincidencedoesnot appear duringtheopening of theglottis. TheEGGthusrevealsabehavior hidden bytheupper lipsof
thevocal folds.

According to literature, vocal folds separate gradually and close quickly. The Bernoulli ’s effect explains this effect at the
closureby an aspiration of the upper lips of the vocal folds. However, this effect is not systematic, the figure1 shows the case
wemostly observed: an opening nearly as fast as the closure.



Thefigure2 ill ustratesBernoulli ’seffect. In that case, we can noticethat theopening ismadeof two steps. Maybebecause
thevocal foldsaremadeof layers. Thiscauses ripplesontheglottal area. Duringthe closure, 4000imagesper secondlimit the
precision of estimation of themovement of vocal folds.

Currently, the EGGof thefigure2 seemstoomuch difficult to interpret. It has thusbeen removed.

3.2. Mode II (Fig. 4 and 5)

Themode II isusually present in ahigh-pitched voice. In that case, wenoticegenerally that vocal foldsaremoretightened and
more parallel. Vocal folds are in movement throughout the period. Therefore, the duration of the closed phase in a model of
glottal flow should be zero. Theglottal areaismore like asine curve andthederivativeof the areasupportsthisproposition. In
theoppositeway of themode I, only the vocal fold cover ismovingandso, there isonly one lip. We can thusconsider that the
glottal area estimate well describe the effectiveglottal area.

Particular phonatory situations

3.3. Breathy voice (Fig. 6)

Acoustically, the breathy voice is defined by the presenceof air in the sound. But there is not necessarily creaky noise. The
videoendoscopic image of the figure 6 shows, over a period, the most closed glottis. The leakage on the posterior part of the
vocal foldsisevident and omnipresent in this situation. This leakagegeneratestheturbulencenoiseof thisvoice. Theposterior
part is practically immobile while the anterior part generates a harmonic sound. A part of the glottis thus remains opened
throughout the period. The resonances are lessmarked because the bandwiths of the formants are bigger in the case of an
opened glottis which provokes a supplementary acoustic loss. As in mode II , vocal folds are also always in movement. This
impliesa closed phaseof theglottal flow to be zero anda shapeof theglottal areagettingcloser to a sine curve.

3.4. Tense voice (Fig. 7)

Physiologically, it is an excessof pressure of the ventricular folds, without reaching the critical case of pressed voice. Along
the breathy, tense and pressed voices, we can define ascale of relaxation-tension. Acoustically, this scale is defined by a ratio
between the level of noise and the level of the harmonic sound. On this scale, the tense voiceis opposite to the breathy voice.
The closed phase of the tense phonation is longer than in breathy phonation. Compared to the breathy voice, the EGG shows
that the distancebetween 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 areaderivative seems to coincide. This is not
the case for themaxima.

3.5. Pressed voice (Fig. 8)

Thefalsevocal foldsandthe interarytenoid muscle interferewith thevocal foldswhen openingandrestrain them from making
an ample movement. The vocal folds remain somehow stuck to one another while allowing brief air impulses to passtrough.
In these conditions, the computation of theglottal areadoesnot work. Thisvoiceisproduced bya tightening of theventricular
folds. By reflex action, a spacebetween the vocal folds can exist. On the scale of relaxation-tension (see3.4) this voice is a
degenerate caseof extremetension. TheEGG showsamovement of themassesof the larynx while theglottis isnot visible.

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

The fry voice (often called mode 0) is defined by creaky quality, a low fundamental frequency (∼ 50Hz), a short opening
phase, a fast closure and irregular instants of closure. Because of this irregularity, this voice is nearly impossible to study by
stroboscopy. By comparing the EGG and the glottal area(Fig. 9 and 10at the top right), we can noticethat the EGG doesnot
reveal movement of the vocal folds which is not shown by the area. The variations of the EGG are temporarily synchronized
with those of the area. The visible lips seen by the camera defines relatively well the whole movement of the vocal folds.
Moreover, the massof the vocal muscle does not move, indicating that only the upper lips move and close the glottis. The
exhaled fry ismadeby arelaxation of the larynx andasubglottal pressure lower than in a usual phonation. The inhaled version
is madeby a tension of the vocal foldsand a contraction of the diaphragm which aims to create adepression in the lungs. The
impulsesmadeby theopening of theglottiscan beregular enoughto perceive apitch. Thereached intensity ismore important
thanks to the short opening phase and the very important depression. Contrarily to the exhaled version and surprisingly, only
the lower lipsclose theglottis.



4. CONCLUSIONS

Physiologically, we can noticethat the posterior part of the glottiscan remainsopened while the anterior generatesa harmonic
sound(Fig. 6). Furthermore, depending of the significance of the Bernoulli ’s effect, the videoendoscopic images and the
estimation of theglottal areashow us that thevocal foldsdo not closenecessarily faster than they open (Fig. 4, 5 and 6).

Concerning the glottal area: because of the coupling between the vocal tract and the glottal source, ripples appears on the
glottal flow. We can seethat ripplescan also appearson theglottal area(Fig. 2). Moreover, theglottisdoesnot stop varying in
mode II and breathy phonation. The closed phaseduration of the glottal flow should thusbe zero.

By comparingtheEGGandtheglottal area, we can noticethefollowingelements: theinstant of strongest negativederivative
of theEGGseemsto correspondwith thestrongest negativederivativeof the area. This is theinstant when thevocal foldsclose
the fastest but not necessarily when they touch each other. Moreover, Themaximum of theEGG derivativereveal behaviorsof
themasseswhich arehidden bythevisiblelips seen bythe camera. Themeasured duration between themaximumandminimum
of theEGGderivativeseem proportional to themaximum-to-minimumduration of theglottal areaderivative(duration between
the fastest opening instant and the fastest closure instant). However, this duration is not equal to the effective contact duration
of the vocal folds.

The measure of the acoustic pressure, after synchronization with the other signals, shows us that the strongest acoustic
depression doesnot correspond necessarily to the instant of effective closureof thevocal folds. Furthermore, the estimation of
theglottal flow doesnot seem synchronized with theother signalsas longas its shape and its temporal synchronizationarenot
jointly estimated.
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Fig. 1. ModeI of aman
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Fig. 2. ModeI of a man with fast closure
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Fig. 3. ModeI of a woman
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Fig. 4. ModeII of a woman
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Fig. 5. modeII of a man
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Fig. 6. Breathy voice
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Fig. 7. Tensevoice
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Fig. 8. Pressed voice
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Fig. 9. Exhaled Fry
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Fig. 10. Inhaled Fry


