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| ntroduction

It is now generally accepted that interaction betvthe laryngeal sound source and pressure vargatio
in the vocal tract during the glottal cycle canameimportant factor in determining voice qualithid
interaction can affect both the vibratory pattefthe vocal folds and the glottal airflow patteor &
given vocal fold vibratory pattern. My work has tened around the effect on the glottal airflow dor
given vocal fold motion (i.e., the source-tractastec interaction), and this will be the focus st

paper as well. | could also mention that the emighiaghis paper will be on an intuitive developrheh
the concepts involved, not on a precise analyticusnerical solution of the differential equations.

A number of studies, including my own, have invgastied the ways in which the inertance of the vocal
tract airflow tends to modify the waveform of thetgal airflow pulse so as to increase the proportf
energy generated at the closing of the vocal fafidsvever, the inertance of the vocal tract airflow
becomes the clearly dominant factor in source-maoustic interaction only when the lowest formant
frequency, F1, is at least about three times theavlondamental frequency, FO.

F1 Tuningin the Soprano Voice

What happens when F1 is much less than three #®@3 o0 help answer this question, let us consider
the upper range of a soprano, in which FO appraaEhor the vowel /a/. According to Sundberg
(1975), professional sopranos tend to alter thezal/tract as they sing in this range so as to kdep
close to FO. According to the standard linear, ntamactive source-tract acoustic theory, this typE1l
tuning would improve the efficiency of voice prodoa, since the fundamental frequency component of
the source waveform would be greatly amplified. Témulting radiated sound would be quite strong,
provided that the vibratory pattern of the vocdtifowas not weakened by the pressure pattern within
the vocal tract caused by F1 although the spectrifutime resulting vowel would be rather sinusoidad a
devoid of the coloration caused by higher harmorticavever, if we consider the acoustic interaction
between the glottal source and the vocal tractsttoimpedance, the picture changes significantly.

In order to understand the relationships betweettiajlarea, flow, and pressure, which explain tifece
of the source-tract interaction, we can start whith diagram of the projected glottal aredigure 19-1



Note that if F1 and FO are matched, the ac pressurations just above the glottis will be almost
exactly in phase with the waveform of projectedtgloarea, independent of the assumption we make
for source-tract acoustic interaction. This phasationship stems from a basic property of a resbna
system, namely, that the input impedance tends foubely dissipative (nonreactive) at the resonance
frequency. For a dissipative acoustic system, ittlea and applied pressure will be in phase. Tiate
the phase of the glottal airflow to the phase efdahea waveform and complete the argument, we must
also assume that the FO component of the presauiion just above the glottis, caused by the F1
resonance, is much larger than the other pressmeanents that might affect the glottal flow patter
These other components are, namely, the sub gftature variations and the supraglottal variation
caused by any acoustic impedance factor not retatdte F1 resonance (such as higher resonanees, th
radiation impedance at the mouth, and any inetoraponents due to the flow pattern within or near
the glottis). This assumption can be justifiech# tlamping of the first formant is very low, as \bbe

the case for a nonnasalized vowel with a high foshant produced with a nonbreathy voice,
conditions that appear to hold for a good sopramgirsg an open vowel in the upper part of her regis

Under these conditions, we would have a variatiommansglottal pressure (subglottal minus
supraglottal) similar to that in the figure. Pregsduring the most-closed portion of the glottatley

would be increased by the "resonance pressurelé wiat during the open portion of the cycle would
be decreased. The average transglottal pressuid Wwe@pproximately the average subglottal pressure
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Figure 19-1. Approximate variation in transglottal pressure when F, is close to F-, assuming low
F, damping and neglecting variations in subglottal pressure.



Now let us look at the implications for glottalféarv. Under the non-interactive assumption, thetglo
airflow would approximately follow the variation glottal area and be unaffected by the oscillations
transglottal pressure, as indicated in the sketéhgure 19-2

If linear acoustic interaction is assumed, the amdntal frequency component of the glottal flow
waveform would be suppressed by the variationsaimsglottal pressure. As indicated by the shaded
areas irFigure 19-2A, the result would be a suppression in the glsttakce waveform by an amount
that would have the waveform of a sinusoid at Fte @verage flow and higher harmonics would not be
affected. Thus, with a linear interactive modegé #dmhancement of the FO component is much less than
in the noninteractive model, though some enhancedwas occur. Also, the acoustic power (integral of
flow times pressure) dissipated at the glottis elases, even though average flow and pressure
(determining the power supplied by the respiragystem) remain the same. Thus, the voice becomes
acoustically more efficient.
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Figure 192, The glotal air flow that would result from the situation in Figure 19-1, assuming a
linear model (A), and two approximations to a nonlinear model (B and C).

However, there is one serious deficiency in thedim interactive model, even though it is signifitya
better at predicting voice quality and efficienbgm the noninteractive model. This deficiency is
illustrated by the fact that it predicts a nonzglaital airflow when the vocal folds are closedeevf

we assume a complete vocal fold closure duringpghase. But, if we assume that the greatly incoease
transglottal pressure during the closed phase waotedisturb the pattern of complete closure (that t
closure is firm enough to withstand the increasesgsure), then the flow must be forced to zeronguri
this period. By merely forcing the flow to go tar@es the closed period is approached, we gesta fir
approximation to the flow predicted by the nonlinegeractive model, as shown igure 19-B8.



Note that in this first approximation to the noelan model, the FO component has been greatly
strengthened as compared to the linear model; #veform looks more like a sinusoid at FO. This
would strengthen the radiated SPL at FO. But, re@meificantly, the waveform components at
frequencies other than FO have also been alterelhigh frequencies have been changed in a rather
complex way, which would depend greatly upon thiy dycle of the glottal pulse, but not grossly
increased or decreased in total for the rathec&ypmluty cycle assumed here. In addition, the carapb
at zero frequency, which is the average airflovaygha significant decrease. This reduced average
airflow not only causes a reduced glottal powesigition as compared to the dissipation predicied b
the linear model but decreased respiratory poweredls

To get a more accurate estimate of the glottal fiaveform in the nonlinear, interactive case, we
should take into account that the first-approximatvaveform has a strengthened FO component as
compared to the waveform with linear interactiohisTwould increase the supraglottal FO component
(Figure 19-) and, therefore, increase the degree of intenagtith the F1 resonance. gure 19-

this is indicated by a second-approximation .waxnafon which another FO component is removed
from the first-approximation waveform during theeopglottis segment. This results in a further
reduction in the average airflow. However, notd,tlidhe open quotient is more than 50 percenis(it
about 60 percent in the figure), the supraglottabpure becomes negative as the vocal folds begin t
open and as they approach closure, so as to iectieaglottal airflow at the onset and offset & th
glottal pulse. The net result will be a sharperetrasnd offset of the airflow pulse for the duty leyc
assumed in the figure. This sharper onset andtoffsald increase the energy in the higher harmonics

That our theoretical model of the effect of nondinacoustic interaction is plausible is illustrabsothe
actual glottal airflow waveform shown Figure 19-3from a professional soprano singirg With a

fairly high level of vocal effort during the vowgl]. For a note in this vicinity, FO is naturallipse to

F1 for the vowel [a], and therefore, a match betwée and FO is probably easiest to achieve for that
vowel. The flow waveform was obtained from a ciréarantially vented wire screen mask having an
acceptable frequency response to about 3000 HzmHBsé& output, measuring oral volume velocity, was
inverse-filtered using a manually adjustable tHoemant filter, while observing simultaneous aivilo

and EGG waveforms during the repetitive playbacl short segment, using a two-channel transient
recorder. The inverse filter was adjusted to makfitter output equal to zero during the closeoittg
period, as indicated by the EGG. The adjustmerd tidained was unambiguous and repeatable, though
it should be emphasized that it required a sulbjacing a clear period of complete glottal closurthes
pitch and a moderately strong EGG waveform, as digrs
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Figure 19-3. Gloteal atr flow as obtamed by inverse filtering oral air flow for « trained soprans
singmy at I°” with a high level of vocal effort. The EGG signal was used ro corroborate the
inverse fileer seteings by indicaring the approsimate glottal open and closed periods. Tu
preserve time alignment, the EGG signal was electronically delayed by a time ineerval equal
to the delay in the ploceal flow signal.

The FO value shown in the figure, 762 Hz + 10 Haswneasured from the cycles caught by the
transient recorder. (Some vibrato was presentarptbduction.) The resulting inverse filter setting
also shown in the figure, indicate that the subpéasely matched F1 (749 Hz + 10 Hz) to FO for this
production. The glottal flow waveform indicatesttkize airflow during the open-glottis period was
strongly suppressed by the supraglottal pressurativa at F1, which lagged the airflow pulse very
slightly. An attempt to reproduce this result a f@aeks later with the same subject produced aaimil
waveform except that the dip in the airflow pulseswot obvious; i.e., the flow waveform
approximated a "square wave."

It should be mentioned that one effect of the flesistance of the pneumotachograph mask used
(roughly about 0.5 cm ¥D-sec/liter) is to increase the damping of the Voeat formants. Thus, the
effect of F1 tuning shown iRigure 19-3would probably be stronger without the mask. (frresk also
results in a slight reduction of formant frequengyever, the singer may have taken this detumita i
account in her production.) This would imply thathwno mask in place, the supraglottal pressure
variation can be strong enough to drive the flowirtuthe center of the open-glottis phase evereclos
to zero than shown iRigure 19-3 For this to occur, the peak of the ac variatiosupraglottal pressure
would need to be similar in magnitude to the aversugpglottal pressure. Supraglottal pressures®f th
magnitude have been measured recently by Schudt®aker (in press) using dual catheter-mounted
miniature pressure transducers: one below theigkatid one above the glottis.



Peak pharyngeal pressures as high as the subgimtsdure, though not explained by a linear interac
model, are entirely consistent with a nonlinear elobh fact, the nonlinear model indicates thah#
resonance were sufficiently underdamped (efficight net transglottal pressure could actually neve
for part of the glottal cycle, to cause a briefiperof negative airflow (from the pharynx to thadhea).
Whether a resonance that efficient can be attamredhether proper vocal fold oscillatory behavior
could be maintained with such a flow pattern, isctear at this time, though Schutte and Miller's
measurements appear to show at least one casedn thls has occurred.

I mplications for the Soprano Voice

We have shown that a significant reduction in agerairflow can result from proper F1 tuning, giaen
non-nasalized production with a complete vocal fodtsure for some appreciable portion of the glotta
cycle, and assuming that the proper vocal foldatimy pattern can be maintained under these
conditions. This conclusion is supported not onhySindberg's (1975) formant measurements and
Schutte and Miller's measurements of supraglottdlteansglottal pressure, but also by the strong
feeling held by at least two sopranos | have tatke(dased on their introspection) that averagioair
can be affected significantly by vocal tract postufor example, one of these singers (Jo Estidljexh
with me her intuition of an increased airflow dyyinasalized vowels. This could be due to an inereas
in the damping of F1 and a resultant decreasesimémlinear, interactive effect.

Our model also indicates that, if in addition tegh conditions the glottal duty cycle is in thegamo
range, the reduced airflow due to vocal tract tgrdan be accompanied by a strong, harmonic-ricé. ton
From the qualitative analysis sketched earlier ggpmal duty cycle or open quotient required foe t
production of strong higher harmonics, as contcoffemarily by the degree of vocal fold adductia,
somewhat greater than 50 percent. With the opetiequareater than 50 percent, transglottal pressur
increases at the onset and termination of theajlpttlse. This increased pressure will cause a more
abrupt onset and offset of glottal airflow and,réfere, somewhat stronger higher harmonics. Open
guotients much greater than 50 percent, thoughrétieally producing a harmonic-rich tone, may not
result in a complete glottal closure and thus ¥etae assumptions of the model. This duty cycle
requirement appears to be different than the reqment in modal voice, in which the strength of the
higher harmonics tends to increase monotonicaltil widecrease in open quotient for a given level of
average airflow. However, a better specificatiorerpuired of the effect of glottal duty cycle ireth
soprano voice and its relation to the optimal vaidt tuning.

Aside from the optimization of the duty cycle amdessentially complete glottal closure, the detfils
the waveform of projected glottal area do not appe&e important.

In examining our analysis for possible implicatioakted to vocal abuse, it should be noted that ou
model indicates the importance of a fairly complgitgtal closure during the closed phase of thétglo
cycle for an efficient soprano singing voice. Caisedy, it is possible that if a singer on a patacuay
cannot produce the essentially complete vocaldtiddure required for a strong interactive effebg s
may experience an excessively high airflow andsaltig increased risk of vocal abuse. Any attetapt
compensate by the use of increased vocal fold diteuio reduce airflow might bring its own risk of
vocal abuse through fatigue of the adductory mdate, as well as a possibly unacceptable tonal
balance due to too small an open quotient.



Since the model described indicates that, for argiv0, small changes in the frequency or damping of
the first formant, or in the degree of vocal fotttaction, can greatly affect the relative strerjthll

the harmonics of FO, these factors can conceiviadyge a significant effect on vowel quality and
perceived vowel identity. The possible sensitigfywowel identity to these factors is not predicbsda
linear model, nor, apparently, is it present inemsihging.

Another tentative conclusion for the soprano vaitght be that nasalized vowels or notes at lower
pitches may require a technique other than supitaghmcal tract tuning to reduce the average @irfl
during the open glottal phase while maintainingghtSPL. The inertive acoustic loading mechanism
apparently used by the bass or baritone singarasandidate for such a mechanism.

|mplications for Modal Voice

We have argued that, for sopranos, a crucial faontproducing vocalization at high sound pressure
levels without vocal abuse is the ability of theyfax and vocal tract, working together, to maintain
reasonably low average airflow at elevated levelsmg pressure, without the strain of excess vocal
fold adduction. There is considerable evidenceah&iwer values of FO, for both males and females
and in speech as well as singing, a similar functian be performed by inertive vocal tract loadlhcs
now generally accepted that, when FO is much smihiéen F1, the inertance of the vocal tract airflow
by creating an appropriate variation in transglgitassure during the glottal cycle, suppresses the
buildup of airflow during the glottal opening phas® maintains a higher airflow during the glottal
closing phase, thus skewing the glottal airflonspuio the right and concentrating an increased
generation of high frequency energy near the instwocal fold closure. If lung pressure is held
constant and vocal tract inertance varied, this tyjpsource-tract acoustic interaction will leachto
increase in energy in the third formant regionlodwa 5-10 dB, depending on the degree of interactio
and the model assumed for the calculations (F&82;1Rothenberg, 1981).

However, increasing vocal tract inertance alsoeks®s the average airflow for a given lung press$ure
when calculating the effect of varying vocal trax#rtance, we consider the average glottal airtiowe
constant and average lung pressure as a deperat@atile that assumes the value necessary to nraintai
average airflow, then the increase in higher-formesnergy that can conceivably be caused by this typ
of interaction increases to as much as 20 dB {Rdibgy, draft manuscript). Thus, the large diffee=nc
in vocal efficiency in modal voice that are obseranong otherwise normal voices could be explained
by interaction with vocal tract inertance. Howewee, must break away from the concept that voice is
produced by a fixed reservoir of pressure, whialelatively constant between speakers for a given
"vocal effort," and change to the concept thatrédspiratory system is a source of airflow, which is
relatively constant between speakers for a givecaleffort,” with lung pressure being a secondary
variable in voice production.

This new concept is at least as supportable plogicdlly as the concept of a fixed reservoir of
pressure. Excessive airflow can dry out the mudesa, to too-frequent breath pauses, and possibly
even hyperventilation in a speaker or singer whmisalizing continuously over a long period of time
On the other hand, measurements with a manomedea tube at the lips will easily show how easily
attainable are lung pressures much higher than aoymeported for speech. Moreover, high values of
lung pressure are produced by relatively large aidal and intercostal muscles that usually arefelot



to be fatigued, even in stressful vocalizationagituns, and that could be developed further, ieseary,
by the professional vocalist.

What is more likely to be fatigued as subglottagsure is increased are those elements of thegkeayn
musculature that must hold the vocal folds suffidigadducted to maintain an acceptable rate of
airflow at the increased lung pressure. The paranoétadductory tension is undoubtedly an important
contributor to the total concept of vocal effortdahould not be confused with subglottal pressewen
though the two tend to co-vary in a single indiafjdor a given flow rate.

The question of which is the primary aerodynamigalde in the generation of voice-average lung
pressure or average airflow-may not have a peyfetghr answer because of the difficulty in defgin
and equating among speakers the degree of "vdeat.eft is an important question, neverthelesst. F
example, a measure of vocal efficiency proposets&lyiki(1981), namely the ratio of ac to dc airflow
would be supported by a conclusion that flow isnany. The question is surely worthy of future
research and debate.

Epilogue

The decreased average flow brought about by pnogued tract tuning should come as no surprise to an
electronic engineer familiar with radio transmitsenplifiers or to an experienced ham radio operdtor
would only be necessary to point out that a sopsamging in the upper part of her range is analsgou
the final amplifying stage of a radio transmitfEhis amplifier must supply a maximum electrical gow
to the antenna while drawing a minimum averagetetat current from the power supply. In the so-
called class C amplifier, commonly used for thisgmse, the power supply current is allowed to ftow
a tuned electrical circuit, and thence to the amefor only a short interval during each cycleha
transmitter signal (Terman, 1947). The transmétagineer can check for the proper tuning (proper
resonance frequency) of this antenna circuit bysttjg the tuning for a minimum average power
supply current, just as the trained soprano camsadier vocal tract tuning for a minimum average
expenditure of lung air.

From a mathematical - not an aesthetic - point@fvythe primary difference in operation betweea th
transmitter amplifier and the soprano is that tmpl#ier, for proper operation, uses a duty cyaa (
open quotient) much smaller than 50 percent. Lapkinthe amplifier analogy for lessons, a soprano
might well note that an output amplifier that ogesaover a period of time during which it is impeody
tuned can overheat and blow its fuse.
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Discussion

Dr. Scherer: When you look at subglottal pressure measurenmeatie with a wide bandwidth, like
those of Miller, the subglottal formant shows ttieg subglottal pressure falls to about 50 percétiien

mean value somewhere in the subglottal cycle. 8irsare what are the subglottal resonances for
females, but if they are tall singers with longtraas, the formant frequencies might be relatiloty



so this negative-going part of the subglottal puessnight coincide in time with the open portiontioé
vibratory cycle. This would be a negative pressutéed to the pressure in the pharynx, and thatdvoul
help to drive this flow back. Do you want to comrmen that?

Dr. Rothenberg: A factor that's important in creating this higipsaglottal pressure is the efficiency of
the resonance. For example, it may sometimes lessary to keep the pharyngeal wall stiff to keep th
resonance efficient. In addition, as mentionedhegaper, our results might explain Jo Estill'sitidan
that nasality increases airflow. If a female singjaging in the high soprano range opens the mesal
slightly, the vocal tract resonances will be damedi this damping might cause airflow to increase.
The efficiency of the resonance is very important.

Since the subglottal resonances tend to be moreethan the supraglottal resonances, they may not
be as effective in altering glottal airflow. Nevsgtess, it is true that the peak-to-peak subglptessure
variation can be significant compared to the aveadglottal pressure. However, if the soprano uses
"tuning"” of the supraglottal resonance to redueediottal airflow, the reduced airflow will also
suppress the subglottal pressure variations. Saglarproperly executed tuning maneuver, the
subglottal pressure may be of much less importdmae the supraglottal resonance.

Dr. Sherer: Thank you. A long time ago Bartholomew gave agpap JASA deal in with male
phonatiof saying that, for a good quality, male singers haeesinger's formant region enhancement,
as well as a low frequency enhancement aroundrgtddrmant, around 500 Hz or so. Do you think
that, if you were to take spectra of the double pedwaveforms you showed, you would in fact have
some energy from the spectra that would allow atired enhancement of a low region and a high
region? I'm trying to figure out a laryngeal, rattigan vocal tract, acoustic reason for the enhaeoé

of these two regions.

Dr. Rothenberg: In looking at the soprano voice, | neglecteditieztive effect and | also examined
pitches at which the resonance was very impor@moiiversely, in the male voice | have looked at just
the inertive effect and did not look at resonarféeces. There is a big range between sopranos and
basses, and there's a lot of complexity in betw¥en.can have both effects in one voice, and in the
future we should look at how they interact.

Ms. Estill: Would you like to know how | do this tuning?

Dr. Rothenberg: Go ahead.

Ms. Estill: | can describe my tuning maneuvers. To make/afistriction close the port, tighten the
ari-epiglottic ring, and then anchor the whole naubm, perhaps by tightening the pharyngeal wall.
But these three different kinds of constrictions\abthe glottis may contribute to the supraglottic

pressure that we're talking about.

Dr. Rothenberg: Some of those maneuvers would tend to make avaltdube with a sharp resonance,
and maybe that would reduce the damping.

Dr. Baer: Martin, | want to clarify a point. When you sugted we think of the larynx as responding to
flow rather than pressure, you meant the contrsiesy for the larynx rather than the mechanical



structures. I'm glad you flagged that point, beeams paper claims exactly the opposite: that over
breath groups, it's pressure that's controlled avéenot talking about control within a glottal ayciow
but control over the level of syllables. When yavé obstruent syllables, it appears more that the
pressure is being dynamically controlled over sergdength intervals.

Dr. Rothenberg: There's no conflict really. | was not really tall about the control during a syllable;
because, obviously, if you change the pressuremnyou may have to change the pressure on the
bottom to compensate. | was talking about the obas it relates to loudness.

Dr. Baer: In singing, for instance, which is different fraeading sentences, your task is to get the
loudness set up and to get a rich quality.

Dr. Rothenberg: Or vocal effort. If | want to increase my voc#ioet, | am really increasing the airflow.
And, to do this, | have to have a higher presdBu¢, | can also talk louder by increasing the ais] not
by increasing the pressure, even though | am dwitig. It's not dynamic control during the syllatiat
I'm talking about.

Dr. Sevens: Would you have any comment about how people obltudness when they are at say,
10,000 feet, where the relation between pressutevalocity is different? Do people who live at high
altitudes control pressure the same way as werdiy they control velocity?

Dr. Rothenberg: We have reported an experiment, using a heliuggenr mixture, in which we found
that the flow was increased by the helium for agilung pressuféHowever, it appeared that after
using the helium for just a short while the subpdapted by increasing vocal fold adduction to cedu
flow. Speakers may do something analogous at Highdes.

Editor: Relevant observations have been made by Watham-Bod Michaels (1968).

Dr. Cranen: | would like to stress the point | made this mogy comparing normal speakers and singers
for glottal closure. Is there a leak area or noti¥eWyou look at the back slope of the singer'sallot

flow waveform, you see that, although the top ef @éimplitude of the glottal form waveform is the
same, the back slope is much steeper; and thexelif€e is related to vocal efficiency. So, when you
want to compare singers with un-trained speaklkesriie or Lou, it is important to consider the leak
area as an important factor.

Dr. Rothenberg: | agree.

Dr. Titze: I'm a little nervous about your going throughthlk rationale without paying attention to what
happens to the tissue in this strong nonlinearact®n. | was wondering if you can make your case,
you do, without involving changes in the drivingtbé tissue. Either the tissue is insensitive &s¢h
pressure changes, moving essentially in its nommale pattern - which is something that | have
believed for some time - or, if that isn't the ¢asmi would have to consider changes in vibratory
movement and basic glottal configuration to detasmi the vocal folds oscillate. Considering thghai
frequency part of the source spectrum, | can'hseeyou can do that independent of what the pressur
does to the vibration.



Dr. Rothenberg: Yes, I'm glad you reminded me of that. You calst your hypotheses easily by

looking at the electroglottograph waveform. Eveouth we may not know exactly what it means in
terms of the movement, we know that if it staysgme then the movements stay the same, grossly.
However, | would do this experiment with a subjibett had a stronger electroglottograph waveform

than those I've shown, since a weak electrogladimlymwaveform has two components. One is the
component due to vocal fold contact area, but tlseeaéso a component caused by other FO-synchronous
vibrations of different parts of the anatomy, p@hér from the glottis, such as tongue surface
vibrations. If you vocalize loudly you can feel tmague surface vibrating. When the EGG waveform is
very strong, you can assume that it's coming mdsiiy the vocal folds, but sometimes the signairfro

the vocal folds is relatively weak.

Dr. Titze: If the larynx is not protruding enough or if taegle is wide, then the electric field pattern
goes way out instead of straight across. This dfsgpens with women and children; you can't getigoo
EGG because the field goes in a wide arch instéddextly between the electrodes.

Dr. Rothenberg: Yes, that may be, because I've seen obvioustcirate waveforms on both men and
women, sometimes under conditions for which | colildlentify the causal factors. In such cases, the
noise component which is synchronous with the glafibrations can even dominate the signal. But you
always have both components mixed together to stegeee.

Dr. Hirano: When the soprano singer tunes the formant téuth@amental frequency, how does she
differentiate different vowels?

Dr. Rothenberg: Let me give you an anecdotal example, The sitigemworked with found a way of
singing the passage with an /i/ vowel that waseedsr her. She was able to make something thaecam
across as an /i/, but perhaps it had the first éotmaised, So, she was able to find the vocal trac
configuration that gave her a proper first formdat singing) but was acoustically acceptable ag.dn
want to repeat this experiment again with her sowghkat the formants actually were, to see if she wa
tuning, My prediction would be that that is whatsAmppening.

Dr. Scherer: | would like to ask Martin and the authors of\poeis papers to combine their ideas on
these aspects of more efficient singing and otbeustic effects, plus constrictions downstream. ¥Wha
were the effects and what you would expect?

Dr. Titze: It's been suggested that for the so-called pymagister transition, which is roughly the same
for male and female speakers and occurs somewbkesedn 290-350 Hz, there could be an
acoustically triggered change in the mechanismlahgx, and the vibratory pattern of the vocatifl
Further, it would seem that some kind of supragldttading could, in fact, enhance the oscillatignto
the first formant, when an abrupt transition is sm&@m an inductive to a capacitive load. This wibul
be an undesirable loading that kicks the systemdntnething like a falsetto from the normal chest
system. | was wondering how your analysis here ditnglat the slightly higher end of the resonance.
Two years ago, in Stockholm, | did a paper on timging to show how the subglottal and supraglottal
pressures would change the driving pressures ofdbal folds, and it appeared that ideal conditions
were achieved right into the region of the forma&hit right above the formant, the phases turned
around and it seemed as though the tract presawndd not maintain the vibration very well. Haveuyo
looked at those glottal waveforms just slightlytbe high side of that formant?



Dr. Rothenberg: The answer is no. We did some very gross loadiagsurements, such as trying to
change the resonance by putting a partial obstmuctear the lips and looking at average airflowt Bu
the inverse filtering technique we use is veryywdifficult under these conditions, So to modifgth
procedure and still get accurately inverse-filtefted signal (it's now being done by hand justdor
short segment during which the formants are asswoestant) is tedious.

Dr. Sevens: Using these kinds of mechanical changes, youigarp something in the mouth, phonate,
and change the constriction suddenly. Then youwadaust (change the constriction) So that you have
tuned exactly to the fundamental. After that, yan change the constriction even more, so that the
formant goes above the fundamental, and observe velppens both to the waveform and to the
spectrum. At least, you can measure the spectrutreafound that's radiated.

Dr. Rothenberg: Now, suppose you don't do it quite instantangoudhe singer is listening; she adapts
and moves her formant back to compensate to whes@si supposed to be because she feels
uncomfortable. We've tried this technique, but walnd know how the singer was compensating.

Dr. Fujimura: When the vocal tract is in tune, it will be mamgportant to consider the effect of
damping for the formant. Most probably, there waodda peculiar damping effect. By over-damping
the first formant, it would not be crucial any mdéoehave the F1 in the right place, even though the
vowel quality wouldn't be clear. It is not misinested as another vowel and, to me that seems to be
exactly what's happening in singing. You can'tlyei@ll the phonetic value very clearly, but it do&
mislead you either.

Dr. Rothenberg: | think what you are saying is, if you damp tbenfiant, then you won't have the strong
spectral differences as a function of pitch, faaraple.

Dr. Fujimura: Well, it may be a function of pitch, but the pletic quality doesn't matter so much. The
vowel quality may not be clear, but it doesn't aade another vowel.

Dr. Rothenberg: | don't want to give the idea that women "tunkttee time. Probably a good singing
technigue requires a number of different mechanisnd#fferent parts of the range and at different
volume levels. But | would assume that when tumgngsed a minimum damping is important for a
loud, higher pitched vocalization, especially Wias held. But it may not be always necessary, and
increasing the damping may even be necessary oti&r circumstances in singing.

Dr. Luschei: | understand there may be some disagreement #imekact nature of these pressure
pulses. However, people are agreed that, with dna@éducers in place, there are substantial pressu
waves at the fundamental frequency of oscillatigpraglottically and subglottically. If that's thase

and if there's no suspicion that those pressuresvaxe due to movements of the pressure transgducers
then you have to conclude that any mechanorecejptting vicinity are also subject to those pressure
modulations. If so, probably any sensitive mechasuaptors in the area must be masked properly.
Their behavior is going to be dictated by the puessariations, if they are at all physically sénsito

the actual phonation taking place. This would, theovide a good explanation why one might not see
pressure variations, or reflex responses to presamations, at low frequencies. It also means,
interestingly enough however, that the afferents®ihas to be a potential source of feedback
independent of the auditory system, if the nenagsaxtually respond to these pressure variatiamst S



seems to me that a useful thing might be to se¢hghéhese afferent fibers supraglottically or
subglottically respond to these pressure variatiBaos | want to make sure it is not just some kafid
turbulence in the standing wave or some funny thkegwhat is being measured here.

Dr. Titze: | think there have been a number of investigatiofithe subglottal pressure variation. The
fluctuations tend to be around 40 percent of theamtmalue. That's just a rough value. And it shops u
in all the simulations that we have done. So, if&v@rong, we are collectively wrong on some very
central assumptions.

Dr. Sevens: | think we can calculate that the actual motibthe tissue due to these pressures is a
fraction of a miliimeter. | would guess that wowlertainly be enough to excite those receptors.

Dr. Rothenberg: These high pressures may give more credibility&singers’ characterization of their
vocalizations, like "head voice." These strong pues variations must give some sort of a sensétiain
a singer could identify and relate to parts ofahatomy.

Dr. Scherer: What is the source for the wall movement measares) Dr. Stevens?

Dr. Sevens: | take the more or less accepted acoustic mageatall - | think people agree it's in the
range 1-2 (or ¥2-2) grams per thrand calculate from that the motion.

Dr. Megirian: Coming back to the story of the mechano-recemsrgsart of a feedback loop, | think we
can point out that some earlier work by Bruce Mahlohn Widdecomb's lab shows that the mechano-
receptor in the upper airway is a very fast adgptaceptor. | would like to ask Dr. Sasaki if tHieets

of local anesthetization on the singing voice hiagen studied.

Dr. Sasaki: | believe that Dr. Gould and his associatesve done experiments of this sort.

Dr. Luschei: Dr. Wyke mentions the effects of topical anesthes$ the subglottal laryngeal mucosa in
the discussion of his paper at the last conferénbde, 1985 He says that topical anesthesia of the
subglottic laryngeal mucosa has little effect om ¢cbnversational speaking voice but produces
perturbations of the declamatory speaking voiceranders singing almost impossible, because of lack
of accurate pitch and intensity control.

Dr. Harris: There are experiments in the speech literatuthemrffects of trigeminal nerve block,
superficial anesthetization of the oral mucosay@®n, Harris, & Catena, 1973; Scott & Ringel, 1974)
and anesthetization of the temporo-mandibular ji{eiso & Tuller, 1983f Although there are
procedural problems with these studies, the ovegalllt is that these proceedings have surprisingly
little effect on speech.

Dr. Rothenberg: These comments lead me to an idea about howidl t@come a soprano. Those of us
who can't sing could still experience a singetsatiory sensations by introducing an artificialeanto

the vocal tract, That's similar to what | think Sberg (1979) has already done at lower pitches, with
bass singers, measuring the vibration of the tharakabdomen, | believe that he was trying to getes
intuition about where the term “"chest voice" coritem. But we can also get these sensations by bavin



sounds artificially introduced into the vocal tradntil recently, the experiment could not haverbee
performed well for the soprano voice, since he dikimw how high the pressure levels were.
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