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The goals of this study were to characterize tongue surface displacement during production of
bilabial stops and to refine current estimates of vocal-tract wall impedance using direct
measurements of displacement in the vocal tract during closure. In addition, evidence was obtained
to test the competing claims of passive and active enlargement of the vocal tract during voicing.
Tongue displacement was measured and tongue compliance was estimated in four subjects during
production of /aba/ and /apa/. All subjects showed more tongue displacement during /aba/ than
during /apal, even though peak intraoral pressure is lower for /aba/. In consequence, compliance
estimates were much higher for /aba/, ranging from 5.1 tx8® ° cm®/dyn. Compliance values

for /apa/ ranged from 0.8 to 2310 ° cm?/dyn for the tongue body, and 0.520°° for the single

tongue tip point that was measured. From combined analyses of tongue displacement and intraoral
pressure waveforms for one subject, it was concluded that smaller tongue displacements for /p/ than
for /b/ may be due to active stiffening of the tongue during /p/, or to intentional relaxation of tongue
muscles during /bfin conjunction with active tongue displacement during./b® 1997 Acoustical
Society of Americd.S0001-49667)03407-3

PACS numbers: 43.70.Aj, 43.70.BRL ]

INTRODUCTION ties. Vocal-tract wall deformation has traditionally been ana-

o nIg/zed using a lumped parameter model whose low-frequency
What happens inside the vocal tract when an obstrueniy,jiyalent is shown in Fig. 1. The model parameters are

. o Init . . .
stop consonant is produced? Initially there is an increase i ubglottal pressureP, transglottal impedanceZ,, and

intraoral pressure, which can result in outward movement o . . .
. . vocal-tract wall resistanc®,, and complianceC,,. In this
the vocal-tract walls. All stop sounds require this pressur?

buildup to achieve a burst when they are released, but Voicegw-frequency approxmatlon,. valid below about 20 Hz, the'
and unvoiced stops require different articulatory adju:stmenté?qf'leS of the vocal-trapt walls is neglected. The parameters In
In particular, voiced stops require a transglottal pressure difthis model are not fixed. For example, compliance values
ference to sustain glottal vibratio@lthough it may not al- change greatly depending on whether articulatory muscles
ways be sustained throughout closuréwo main mecha- adopt a tense or lax state.

nisms have been proposed that may be used by speakers to Accurate measurements of the parameters listed above
maintain this pressure difference: it may be done witlive  are necessary to improve models for how long glottal vibra-
enlargement of the supraglottal vocal tra@®othenberg, tion lasts during closure, and also to improve our models of
1968; Kent and Moll, 1969; McGowaet al, 1999, and/or  the release of stop sounds. In particular, accurate estimates of
with a relaxed state of supraglottal muscfedich results in  vocal-tract compliancdi.e., the extent to which the vocal
paSSived-eformation of the vocal tract; cf. Per.ke",- 1969 tract deforms in response to pressl_m&a important for de-
Bell-Berti (1974 proposed that pharyngeal cavity size may signing articulatory models, because assuming rigid walls
be controlled with predominantly passive or active mechay,q|d lead to major errors in any model. Some existing es-
nisms by different speakers. Westbu$983 pointed out timates were obtained with indirect metho(Rothenberg,

that while there was good reason to believe in an act|v$1968 or using measurements made on surfaces outside the

cor_nponent to chmtate voicing during a stop, the issue 0\{ocal tract(Ishizakaet al, 1975; Wodickeet al,, 1993. The
active and passive contributions to vocal-tract enlargemen

would be difficult to settle on the basis of kinematic data'€2S°n for such indirect approaches is that it is difficult to
alone. measure movement parameters inside the vocal tract, espe-
At the end of a vowel preceding an unvoiced stop, g|ot_cially when the mputh and velum are closed. The goal_ of this
tal vibration may be stopped quickly by spreading the glottis Study was to refine current estimates of vocal-tract imped-
perhaps in combination with stiffening the vocal-tract walls.@nce using direct measurements of tongue surface displace-
Following release of the consonant, the intraoral pressurgent during production of labial stops. In particular, we
decreases and the walls are hypothesized to move inwailanted to obtain evidence to test the competing claims of
with a time constant that depends on their physical properpassive and active enlargement of the vocal tract during
voicing. Our approach was made possible by the use of an
dCurrently at the Department of Otolaryngology—Head and Neck SurgeryeIeCtromagnetiC midsagittal articulomet&VMA; see Per-

1

Indiana University School of Medicine, Indianapolis, IN 46202-5200.  kell et al,, 1992, which allowed us to gather sufficient quan-
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Zg case pressure data, the signals were demultiplexed into
—1 separate, time-aligned signal streams. The digitized move-
Rw ment data were then low-pass filtered with 71-tap FIR filters
\ (cutoff frequency about 150 Hizand converted ta,y coor-
Ps () uw dinates with reference to anaxis which lies in the midsag-
ittal plane, and is parallel to the subject’s occlusal plane.
Figure 2 shows a display generated by the software used
- Cw to extract movement data. The acoustic signal during an
/apa/ utterance is shown in window 1, whefg, T,, and
FIG. 1. Lumped parameter circuit model of the supraglottal cavity during aTa indicate closure, release, and beginning of the second /a/,
stop consonantZ, represents transglottal resistanég;is subglottal pres-  respectively. Window 2 shows the expanded acoustic signal
sure;R,, and C,, are vocal-tract wall resistance and compliance; ahd around the time of releasg, . Time-aligned movement data
represents airflow. Vocal-t'ract wall mass is neglected at very |0V\{ frequen(the positions of a tongue transducare shown in window
cies. Release of the stop is represented by the closure of the switch. )

3: The three traces are tlkeandy coordinates of the tongue
transducer over time, and a measure of transducer misalign-
ment(see Perkelet al, 1992. Window 4 shows ax-y plot
of the displacement datghe front of the vocal tract is to the
right) and a reference circle of 1 mm radius. The trajectory of
the tongue transducer is indicated by the dotted line, with

The subjects were four young adult males. Two of themdots representing samples taken at 3.2-ms intervals. The
(S1 and Spwere native speakers of American English andacoustic events were marked interactively for each utterance:
the other two(S3 and Sjwere native speakers of Ewe, an the time of closureT,,, defined as the point in the acoustic
African language. Both English and Ewe voiced stops ar@ime waveform just after the last full glottal cycle of the first
typically produced with glottal vibration, at least at the be-/a/; the time of releasd;, , defined as the point in the acous-
ginning of the segment, when they are in intervocalic positic waveform where there is a sudden increase in high-
tion. The productions from these four subjects were no exfrequency noise amplitude at the end of the closure period;
ception, and the /b/ segments frequently showed glottahng T, defined as the point in the acoustic waveform just
vibration Fhroughout the entire closure. Subjects read at leagfefore the first full glottal cycle of the second /a/. A cursor,
ten repetitions each of three utterances: /apa/ and @ba/ (ime-aligned across all the displays, was used to mark the
which we were primarily interest¢dand /amafincluded as eventsT,, T,, andT,. The zoomed speech waveform with
a control condition We expected to find_minimal pressure- iha cursor located at release tifie, shown in window 2,
induced tongue surface displacement in the /ama/ contrQl ,¢ sed to locatd, more precisely. As the-y data in

condition, be_cause durm_g the production of /m/ t_he VeIOpha\'Nindow 4 show, beginning at the time of closure there is a
ryngeal port is open so intraoral pressure remains low, pre

ludi et def ton. W q loct downward displacement of the tongue, which is presumably
cluding any passive tongue detormation. Ve used an €1eclrQy, o 1, jncreased intraoral pressure. At the time of release
magnetic midsagittal articulometefEMMA: cf. Perkell

. intraoral pressure is sharply reduced and the tongue moves
et al, 1992 to measure displacement of the tongue dorsum P Py 9

A small transducer coil4 mm by 4 mm base, 2.5 mm back up.

i i Because tha-y data were rotated to make the occlusal
nelgy was fed Lo the tonidue surfadsetween 4 a0 o o lane horizontal, the axis is the direction perpendicular to
from the tongue tipwith a biocompatible cement. Alternat- P Ny perp

ing magnetic fields generated by a three-transmitter systerwe occlusal plane. Mechanical compliance per unit area was

induce an alternating voltage in the transducer coil. Thecalculated as the displacement perpendicular to the occlusal

transduced voltages from the tongue coil, as well as fronP!ane (i-e., along they coordinat¢ that occurred between
two other coils placed on the upper incisors and the bridge of b @ndTr, divided by the estimated peak intraoral pressure.
the nose for fixed reference points, were low-pass filtered af NiS Way of calculating compliance assumes that the tongue
100 Hz and digitized at 312.5 samples pefsps. Subject d|splacem(_ent perpe_ndlcular tq the occlusal plane between
S4 had an additional transducer attached to the tongue bladby andT: is due to increased intraoral pressure. Therefore,
approximately 1 cm from the tip. systematic movements perpendicular to the occlusal plane
With subject S2, a Glottal Enterprises differential pres-and unrelated to pressure would result in over- or underesti-
sure transducer was used to simultaneously measure intraofRtes in our compliance measurements. Peak intraoral pres-
pressure(re: atmospheric pressure The transducer was Sure estimates were obtained from a study of pressure during
coupled to the oral cavity via a plastipolyethyleng probe ~ VCV syllables in males, females, and children by Subtelny
tube approximately 10 cm in length and with an inner diam-€t al. (1966. We used the average male values from that
eter of 0.2 cm. The pressure measurements were calibratédudy: 6.43 cm of KO for /p/ and 4.37 cm of kD for /b/.
using a U-tube manometer and were found to be linear oveWhile this methodology is appropriate to obtain reasonable
the pressure range of interd®24 cm HBO). estimates of compliance, it may be refined in future studies
The acoustic signal was recorded through a directionaby measuring intraoral pressure for all subjects. Another pos-
microphone, low-pass filtered at 4.8 kHz and sampled at 18ible refinement would involve the simultaneous analysis of
kHz. After digitizing the acoustic, movement, afid S2's  the locations of several pellets to separate the local reaction

tities of kinematic data from vocal-tract structures during bi-
labial closure.

I. METHODS
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FIG. 2. Display used to extract movement data. Window 1 shows the speech signal for one /aba/ token. Three points afig, mémkéeginning of closure,
defined as the point in the acoustic time waveform just after the last full glottal cycle of the first /a/; the time of feleakined as the point in the acoustic
waveform where there is a sudden increase in high-frequency noise amplitude at the end of the closure peFipdefined as the point in the acoustic
waveform just before the first full glottal cycle of the second /a/. Window 2 shows the expanded acoustic signallarolinte axis values are in s. Note

the weak periodicity befor@, and the release noise immediately followiig. Time-aligned movement data are shown in window &ndy coordinates

of the tongue transducéin dm), and a measure of transducer misalignment corre¢ser Perkelet al, 1992. Window 4 shows ax-y plot of the same

data, with the occlusal plane being parallel to thaxis and the front of the vocal tract placed to the right. The tongue surface starts a more pronounced
downward displacement at closure tiffig, it reverses its movement direction at release tirne and remains relatively steady after the second vowel starts
atT,. A 1-mm circle is displayed as a reference, and the two horizontal lines to the right fytreata indicate measured displacement for this token.

to pressure on the tongue surface from the global componeistusal plane andh, b, andk are constants representing mass,

of tongue deformation. damping, and stiffness per unit area, respectively. Equation
The pressure and movement signals obtained from sulfd) can be discretized and rewritten as:

ject S2 were used to assess the validity of a passive tongue

displacement model. If tongue displacements during closure ~ FTeSSUren) =apy(n)+a;y(n—1)+azy(n—2) 2

were mostly passive and driven by intraoral pressure, thgyr the purpose of fitting discrete-time signals. For each of
displacement trace should lag pressure by a small time intefne ten /aba/ and ten /apa/ tokens, a least-squares procedure
val (determined by the impedance of the vocal-tract Walls \yas applied to obtain values af,, that minimized the dif-

On the other hand, if vocal-tract expansion was activelfference between predicted and actual displacement. To the
driven, displacement and pressure signals would not necégytent that tongue displacement is passive and the second-
sarily be time synchronized. We assessed the synchrony bgrger model in Eq(2) is accurate, this model should give a
tween pressure and displacement waveforms in two waygyood prediction of displacement as a function of the driving

First, we found the time difference corresponding to_th?pressure. The other model that we used incorporated a linear
maximum of the correlation function between each pair Oftrend, in addition to the parameters of the first model:

pressure and displacement signdisiding one signal fixed

and applying variable time shifts to the other signglecond, Pressuren) +agn+as=agy(n)+ay(n—1)

we determined the relative positions of the most prominent +ay(n—2) 3)

peak in the(smoothed first derivatives of each pressure and 2Y '

displacement signal. These peaks indicate the instants wherhe left side of the equation now includes, in addition to the

each signal is changing at a maximum rate. measured intraoral pressure, a linear term that represents ac-
We also assessed the pressure-displacement relation gye expansion of the vocal tragte., downward tongue dis-

applying two kinds of mathematical models to the pressureplacement If vocal-tract expansion was passive, H&)

displacement data. First we used a second-order model of thgould give good predictions of tongue displacement, and Eq.

form (3) would not yield substantially better fits than Eg). On
d?y dy the other hand, if vocal-tract expansion was at least partly
Pressure m e +b at +Kky, (1) active, Eq.(3) should provide better fits to the data than Eq.

(2) and the estimated values af should be positive, indi-
wherey is vocal-tract displacement perpendicular to the oc-cating that downwardrather than upwasddisplacement of
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o Figures 4 and 5 show intraoral pressure and displace-
i ment over time for S2, for /apa/ and /aba/ tokens, respec-
I:l:l tively. Intraoral pressure rises rapidly during /apa/, which is
- - consistent with oral closure and the open glottal configura-
tion necessary to stop voicing. Pressure during /aba/ rises
more slowly, with lower values at the time of release. This
result is consistent with the need to maintain a transglottal
pressure difference that is compatible with continued glottal
T T vibration (the pressure traces do indeed show fluctuations
i D ] due to glottal vibration almost through the end of most /aba/
=l

(= L

O 2 N W
T

tokens. It is interesting to observe that the relatively sharp,
fast downward tongue dorsum displacements during /apa/ or
/aba/ were generally close to the rise in intraoral pressure.
Consistent with this observation, maxima of the cross-
TONGUE TIP, S4 correlation functions betwe(_an pressure _and displacemen'; for
DISPLACEMENT (mm) all /apa/ tokens were obtained, with displacement lagging
T : pressure by a mean of 1.3 ms and a standard error of 1.0 ms.
. In other words, the cross-correlation function is maximized
|j . when pressure is delayed by about 1.3 ms. Results for /aba/
i

o = N W A
T

o = N W
T

1 were qualitatively similar, with a mean lag of 5.4 ms and a
] standard error of 1.9 ms.

We also compared the timing of the peaks of the first
FIG. 3. Mean tongue displacement and standard errors for each categorglerivative for the pressure and displacement traces. This
subject, andin S4's casg each tongue transducer. Transducers are in thecomparison indicates the timing between rapid changes in
tongue body for all subjgcts and, in S4’s case, there is an additional tranghe two signals. The comparison was made both for the tim-
ducer near the tongue tip. . . .

ing between pressure increase and downward tongue dis-
. ) o _placement, and for the timing between pressure release and
the vocal trapt is taking place and that this displacement ig,o <oncomitant upward displacement of the tongue. For
unrelated to intraoral pressure. Japa/, the maximum of the first derivative of the pressure rise
preceded the one for displacement by 10.0(standard er-
Il. RESULTS ror: 1.2 mg and the maximum for the pressure decrease pre-
A. Tongue displacement and estimated compliance ceded the one for displacement by 8.2 (standard error: 0.9
). First derivative maxima for displacement traces showed
nger lags for /aba/: 18.2 ms for the pressure rise and 12.1
ms for the releaséstandard errors of 1.4 and 2.7 ms, respec-

. ) . . tively). Longer lags for /aba/ than for /apa/ are consistent
in all cases, the magnitude of peak displacement for Aba/ with the greater compliance measured during the voiced

the direction perpendicular to the occlusal plawas signifi- stop, since(according to the model depicted in Fig) the

cantly higher than for /apa/, and significantly higher for /apa/displacement time constants are the product of vocal-tract
than for /ama/. Displacements during /ama/ were not signifi- : :

) . wall resistance and compliance.
cantly different from zero. Table | shows average peak dis-

placements and the compliances associated with them.

o = N W &

Figure 3 shows plots of mean tongue displacement an{g
standard error values for each token, subject, @andS4'’s
case each tongue transducer. A seried-@ésts revealed that

C. Modeling tongue displacement

TABLE |. Average displacement perpendicular to the occlusal plane for Fi 6 sh tical t displ t for t
each subject, token type aftfibr subject S4 transducer location. All num- igure shows verucal tongue displacement Tor two

bers are the mean from ten measurements. The two bottom rows list cof€presentative /apa/ tokens, as well as the two model predic-
pliance values calculated based on the displacements that appear in the fitteons for each token. Connected dots show actual data; dotted
three rows. lines are the predictions made by the second-order model
sa sa with no trend, and the solid lines are predictions made by the

S1  S2  S3 (tongue body (tongue tip model that includes a linear trend. \_/|sual_exam|nat|0n of 'Fhe

top panel reveals that the model with a linear trend predicts

displacementmm) 2’;‘: 8;2 ‘0-1050 06022 0-1328 ‘0'3;)233 displacement much better than the model with no trend,
aba 289 220 253 364 o553  While both models provide similarly good predictions for the
token in the bottom panel. One way to quantify this obser-
Compliance apa 151 206 0.82 2.35 0.52  yation is to calculate the rms of the residuéls., the rms of
Egﬁ‘:ﬁ?ﬂ”@ers are aba 674 513 5.90 8.49 590 the difference between model predictions and actual dis-
X10-5) placementfor each token and each model. Residuals for the

token in the top panel were 0.78 m@model with no treng
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FIG. 4. Tongue displacemefperpendicular to the occlusal plarend pressure waveforms for /apa/ utterances from subject S2. The top trace in each panel
shows tongue displacement in the direction perpendicular to the occlusal(jplaim), and the bottom trace shows presstinecm H,0). The horizontal axis
is time (s), and the plots span 500 ms.
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FIG. 5. Tongue displacement and pressure waveforms for /aba/ utterances, subject S2. The top trace in each panel shows tongue displacement in the directior
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FIG. 6. Black dots show tongue deformation in the direction perpendicula|F|G' 7. Black dots show tongue deforma'_uon in the direction perpendlculgr
to the occlusal planéversus timg for two representative /apa/ tokens. The (© the occlusal plane for two representative /abal tokens, and the superim-
superimposed lines show model predictions for each token. Dotted Iineﬁ_losed lines show model pre_dlctlons for both tokens. Residuals were poor for
correspond to a second-order model with no trend, which gave a poor fit fo e model with no trencﬁre5|du_als of 0.52 _and 0.75 mm, respectiveiyt

the token shown in the top pan@ésidual of 0.78 mand a good fit for the were good for the model that included a linear tréAc®1 and 0.29 mm

token in the bottom panétesidual was 0.28 mmPredictions of the model

with a linear trend are represented with solid lines. This model yielded good . .
fits for both tokens, with residuals of 0.17 and 0.23 mm for the top andWeII fit by the model. The average residu@l93 mm was

bottom panels, respective{giote how the solid lines seem to match the data quite large. Results using the model with no trend were much
relatively wel). better for /apa/ than for /aba/: Five tokens gave a good fit,
only two gave a poor fit and three were intermediate. The
and 0.17 mm(model with linear treny whereas for the to-
ken in the bottom panel residuals were 0.28 iimodel with  TABLE I1. rms values of the difference between modeling results and actual
no trend and 0.23 mm(model with linear trengd Figure 7  tongue displacemengi.e., residuals for each /aba/ and /apa/ token, for
shows two representative Jaba/ tokens and model predictionge_cond-order models with and without a superimposed linear displacement
Residuals were poor for the model with no trefdsiduals trend. Estimates for the trends superimposed on each individual token are

. Iso shown.
of 0.52 and 0.75 mm, respectivelput were good for the a0 shown
model that included a linear trer{@.21 and 0.29 mm Model with no trend Model with linear trend
Table Il lists the rms residuals obtained for each /aba/ aba apa aba apa
and /apa/ token using each model. To summarize the data, residuals  residuals resid  trend  resid  trend

we may classify residuals in three categories: residuals (mm) (mm) (mm) (mm/ig (mm) (mm/s
smaller than 0.3 mm indicate a very good fit since measure=
ment noise for the EMMA system we used is in the order of ;
0.2 mm; residuals greater than 0.5 mm are classified as 5
“poor” and residuals between 0.3 and 0.5 mm are classified 4 0.52 0.28 0.21 2.8 0.23 0.7
as “intermediate.” Although any classification scheme such 5 1.54 0.42 0.67 71 0.40 0.5
as this one has to be somewhat arbitrary, other definitions of s 05 0.27 o 61 027 00

8

9

10

2.53 0.41 0.47 11.0 0.29 15
0.74 0.34 0.27 4.1 0.19 13
0.53 0.78 0.21 54 0.17 4.9

good, bad, and intermediate tokens would not change the 8'23 g'g? g'ig g'g 8?2 :é'g

conclusions we draw from the data. 075 027 0.29 44 014 —10
The first column in Table Il shows that the fit was quite 0.46 0.22 0.33 25 017 -05

poor for /aba/ tokens using the model with no trend: Eight pean 0.93 0.39 0.36 47 0.22 0.48

tokens gave a poor fit, two were intermediate, and none were
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average residual was 0.39 mm. Residuals for /aba/ were sub:38x 10~° cm?/dyn. These values are somewhat lower than
stantially better with the model that incorporated a linearthe ones we measured. This discrepancy may be due to the
trend than with the model with no trend: Five tokens weredifferent nature of the measurements: Rothenberg measured
well fit by the model, only two were poorly fit, and three average vocal-tract compliance while we measured compli-
were intermediate, with a mean residual of 0.36 mm over alhnce of the tongue dorsum and tip, which should be higher
tokens. Addition of a linear trend to the model improved thethan average vocal-tract complian@es discussed below
fit to the /apa/ tokens as welinean residual was 0.22 mm It is important to note that the method we used for esti-
but this improvement was less dramatic than for /aba/mating compliance is correct only for pressure-driven move-
mostly because the model without a linear trend was quiténents (as tongue displacement during /p/ may have been
good for /apa/ tokens to begin with. during these experimentbut not for movements that are at
Table Il also shows that the linear displacement trendseast partly active. Assuming that the 4.7-mm/s linear dis-
obtained with the model were quite different for voiced andplacement trend estimated for /b/ was the active part of the
unvoiced tokens: /aba/ tokens required sizeable trends th@iovement, and that the average time from closure to release
were always positive, indicating a downward trend in tongueyas 100 ms, the average deformation due to active move-
movement(4.8 mm/s on the averagewhile /apa/ tokens ment would be about 0.47 mm. If this estimate applied to all
were best fit with rather small trendmean of 0.48 mmjs  subjects in the study, the compliance estimates for /b/ would
that were sometimes positive and sometimes negative. Thise 13%-21% too high, because the displacement due to
result suggests that a significant downward tongue movepressure alone would be 0.47 mm less than the values listed
ment, unrelated to intraoral pressure, occurred during proin Table I. In addition to this systematic error, there is a
duction of /aba/ but not during /apa/. However, this was not‘random” source of error in our measurements, arising from
enough to influence initial compliance estimates signifi-using values from the literature for intraoral pressure. Inter-
cantly. Finally, the second-order coefficients were quitesubject variability in intraoral pressure, as measured by the
small, suggesting that the second-order model does not pr@tandard deviations in Subtelny and Worth’s study, was
vide a substantially better description than the first-order . 07-cm HO for /b/ and 1.42-cm kD for /p/. These stan-

model depicted in Fig. 1. dard deviations amount to 17% of the mean values for /p/

and 32% of the mean values for /b/. Since the relative accu-

IIl. DISCUSSION racy of distance measurements obtained with EMMA is
_ much lower than this 17%—-32% rangeerkellet al, 1992,

A. Values of tongue compliance the accuracy of our compliance estimates is limited by the

All subjects showed more tongue displacement duringiccuracy of the intraprallpressure values that we use(_j. Future
Jaba/ than during /apalp<0.05, two-tailedt-tests, even studies sh_ould obtain S|multaneou.s pressure and kinematic
though peak intraoral pressure was lower for /aba/. In conMeasures in a Iarge.number of subjects, and attempt to factor
sequence, compliance estimates were much higher for /ab@Ut the effect of active vocal tract movements.
ranging from 5.1 to 8.5 10" °> cm®dyn. Compliance values
for /apa/ ranged from 0.82 to 2.35.0"° cmP/dyn for the
tongue body and 0.5210° for the single tongue tip point
that was measured. Tongue displacement values for /ama/ ,
were not significantly different from zero, indicating that the B- Tongue compliance versus average vocal-tract
tongue movement observed during the plosives was not Simc_omphance
ply a coarticulatory effect of bilabial closure. In order to make a more informed comparison between

To the extent that they can be compared, these valuesur compliance measurements and those obtained by Roth-
are consistent with the literature. Ishizadtaal. (19795 mea- enberg, we need to assess the possible range of average
sured the compliance of the cheek and neck outer surfacegpcal-tract compliance. An indirect way of estimating aver-
finding cheek compliance values of X320 ° cm®dyn fora  age vocal-tract compliance during /aba/ is to estimate the
tense posture and 1.¥80 ° cm’/dyn for a lax posture of volume of air passing into the vocal tracluring the closure
the cheek, roughly equal to the values found by Wodickaor the voiced stop and the average displacement of the
et al. (1993 for the maternal abdomen. These values are 2—8ubject’s vocal-tract surface. The ratio of these two param-
times smaller than the ones we found for the tongue, possiblgters is the average displacement of the vocal tract, and it can
reflecting an actual difference in compliance for tongue verbe used to estimate compliance. Since all our subjects are
sus cheek surfaces. In another study, Rothenli&€$8 male, we used a vocal-tract surface area of 100fomthese
measured the average compliance of the vocal tract by meaalculations(the approximate area of a cylinder that has an
suring the change of pressure resulting from the introductiormverage cross section of 3 ¢@and a length of about 17 om
or removal of known quantities of air from the oral cavity. Holmberget al. (1988 measured average flow during pro-
With the articulators positioned for a bilabial stop and as-duction of a vowel in 25 male subjects, finding an average of
suming a lax posture, the measured value was .19 I/s and a standard deviation of 0.07 I/s. Average glottal
X 10 ° cm?/dyn; when the cheeks and lips were tensed, thdlow during /b/ is less than during a vowel because transglot-
measured value was 0.880 ° cm®dyn. Assuming an al- tal pressure decreases during closure, as intraoral pressure
veolar closure position with lax vocal-tract walls, the com-rises. As a rough approximation, we estimate average flow
pliance was 0.58 10 ° cm*dyn and with tense walls it was during /b/ as 50% of the vowel flow. Average closure dura-
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tion during /b/ was approximately 100 ms for our subjects. Intongue displacements. This close synchrony is consistent
consequence, the amount of air entering the vocal tract dumwith passive, pressure driven increase of supraglottal size but
ing /b/ is estimated as not with solely active expansion, unless we are willing to
volume=0.19 /s<0.5x0.1 s=0.0095 9.5 cn?. postulate that active tongue movements and pressure in-
creases are synchronized so well that the lag between them
In a vocal tract with 100-cfsurface, the average deforma- has a standard deviation of 1—2 ms, a time interval about the
tion would be 9.5 crf100 cnf=0.095 cm=0.95 mm. same length as a single action potential. Thus the close syn-
Assuming a peak pressure of 5-crgQHfor /b/, the re-  chrony favors a passive component. An active component is
sulting average compliance during /b/ is 1.94indicated by the modeling of tongue deformation for /aba/
X 107° cm’ldyn, consistent with Rothenberg’s values andtokens, which shows reasonably good results only when a
between 2.6 and 4.4 times lower than our tongue compliancknear trend is included in the model. The fitted slopes are
values. Even if we use very conservative val(@s$ I/s, the  positive (i.e., downward tongue displacemgrfor all ten
highest flow measured by Holmbesrd al. among 25 sub- /aba/ tokens and are quite substantial, averaging 4.7 mm/s.
jects; /b/ duration of 150 instead of 100 Jnshe resulting  On the other hand, modeling /apa/ tokens shows that reason-
estimate of average vocal-tract compliance would be 4.@bly good fits can be obtained without a linear trend. When a
X 107° cm¥dyn, lower than any of our measured values forlinear trend is included in the voiceless data, the slopes are
the tongue. We conclude that compliance of the tongue dorsometimes positive, sometimes negative, and they average
sum (at least during production of /bfis quite probably only 0.48 mm/s. In summary, a presumably active, substan-

higher than for the rest of the vocal tract. tial, consistent linear displacement is superimposed on pres-
sure driven tongue displacement during /aba/ but a similar
C. Passive displacement or active expansion? case may not be made for /apa/, where tongue displacement

an be reasonably explained by passive, pressure driven de-
ormation only. However, these conclusions cannot be over-
generalized because they are based on few data: a single
VQ}eshpoint of a single talker. The relative contribution of
pressure driven deformation and active movement during bi-
labial stops remains an open question that should be explored
in future studies, to refine the estimates of tongue compli-

Cineradiographic studies have found that voiced stop
are produced with a larger supraglottal volume than thei
voiceless cognatetKent and Moll, 1969; Perkell, 1969
Perkell proposed that this difference may be due to passi
expansion permitted by more lax vocal-tract walls during
production of the voiced consonatdt least for alveolays
Kent and Moll preferred the explanation that the larger su
praglottal volume during voiced stops was due to active exance.
pansion of the vocal tract. In a study that modeled the aero-
dynamic data obtained by fgvist et al. (1995, McGowan V. SUMMARY
et al. (1995 found support for the hypothesis of active upper

Y_oca_l-trgct volume control. Rothenbef068 estimated that physical description provided in the Introduction, based
in bilabial and retroflexed closures thsupraglottal cavity . .
on a simple lumped parameter model that includes vocal-

can be used to absorb the glottal air flow to maintain VOiCingcract resistance and compliance. Smaller tongue displace-

during a .reasonablyl long art|culatory. closure,” but he ments for /p/ than for /b/ may be due to active stiffening of
thought this explanation was less plausible for some occur;

rences of voiced alveolar stops. Bell-Bet974 found that the tongue during /p/, and/or to intentional relaxation of

speakers use different mechanisms to allow pharyngeal e)‘g(_)ngue muscles during /h conjunction with active tongue

pansion during utterance-medial voiced stops. It is indeegsplacement during /b/in order to accommodate airflow

difficult to select one of the two explanations without access!mo the oral cavity while maintaining a transglottal pressure

to appropriate experimental data. Westb(@993 correctly differential that will allow vocal fold vibration. Finally, these
indicated that “it is at least difficult, if not impossible..] to data allow us to refine estimates of vocal-tract wall compli-

: : . : . . ance obtained with indirect methods.
differentiate changes in vocal-tract dimensions resulting

from vocal-tract expansion and cavity enlargemeirite.,
passive or active expansipaosing only kinematic data. ACKNOWLEDGMENTS
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