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Measurements were made of sagittal plane movements of the larynx, soft palate, and portions of
the tongue, from a high-speed cinefluorographic film of utterances produced by one adult male

speaker of American English. These measures were then used to approximate the temporal
variations in supraglottal cavity volume during the closures of voiced and voiceless stop
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consonants. All data were subsequently related to a synchronous acoustic recording of the
utterances. Instances of /p,t.k/ were always accompanied by silent closures, and sometimes
accompanied by decreases in supraglottal volume. In contrast, instances of /b,d,g/ were always
accompanied both by significant intervals of vocal fold vibration during closure, and relatively
large increases in supraglottal volume. However, the magnitudes of volume increments during the
voiced stops, and the means by which those increments were achieved, differed considerably
across place of articulation and phonetic environment. These results are discussed in the context

of a well-known model of the breath-stream control mechanism, and their relevance for a general

theory of speech motor control is considered.

PACS numbers: 43.70.Bk, 43.70.Ve

INTRODUCTION

According to the myoelastic-aerodynamic theory of
phonation (van den Berg, 1958), the vocal folds will oscillate
when they are properly adducted and tensed, and when a
sufficient transglottal pressure gradient (and thereby, air-
flow) is present. During a vowel or continuant consonant—
when thoracic mechanisms supply a relatively constant driv-
ing pressure while the vocal tract is vented to atmosphere—
the second condition is virtually always met, so that the pres-
ence or absence of voicing depends largely upon the degree of
vocal fold approximation and stiffness. But, during a stop
consonant, complete closure is made at some point above the
glottis, blocking flow of air out of the mouth and causing the
pressure gradient across the glottis and airflow through it to
decrease. How is it, then, that the vocal folds can continue
vibrating through an entire stop closure, as is common for
intervocalic /b,d, o/ in American English, even thoueh one

intervocalic American English, even though one
of the conditions necessary for their vibration is not obvious-
ly met?

An answer to this question can be derived from consi-
deration of a simple model of the articulatory mechanism.
As a first approximation, we can suppose that the vocal tract
consists of two soft-walled cavities—the lungs and mouth—
separated from each other by a constriction formed by the
vocal folds, and from the atmosphere by constrictions
formed by the soft palate and posterior pharyngeal wall,
and/or by the lips or tongue and palate. Essential aspects of
this approximation are represented in terms of the equiva-
lent network (adapted from Rothenberg, 1968) shown in Fig.
1, wherein voltage and current can be considered analogous
to the acoustic quantities pressure and volume velocity. The
elements of the network and their articulatory interpretation

are as follows: the voltage source E, represents the net (inspi-
ratory or expiratory) pressure generated by the respiratory
musculature; C; and C, represent the respective acoustic
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compliances of air volumes below and above the glottis;

L, C andR,,L,,C, represent the lumped viscous-mass-
compliant character of walls surrounding the subglottal and
supraglottal cavities; the resistances R,,R,, and R, repre-
sent viscous and turbulent losses generated by flows through
potentially time-variable constrictions at the glottis, velo-
pharyngeal orifice, and mouth opening, while R, represents
some nominal loss generated by airflow through the trachea
and bronchi; L, represents the reactive part of the glotial
impedance; and finally, the current source I, represents
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cient nonlinear differential equations which describe system
response to time changes in resistances (when voltage across
at least one branch is not equal to zero), or to time changes in
the voltage or current sources themselves. We can approxi-
mate this set of equations by difference equations which are
easily programmed on a digital computer, thereby deriving a
method for simulating time functions of volume velocity and
pressure which may result from hypothetical changes in net

force of the respiratory muscles, volume of the supraglottal
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cavity, or dimensions of articulatory constrictions. Good ex-
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tervocalically, and suppose that the following conditions
hold: first, that pressure below the glottis derives entirely
from elastic recoil of the stretched tissues which surround
the lungs; second, that there are no muscularly induced
changes in supraglottal cavity volume over the vowel—conso-
nant-vowel sequence; third, that the tissues surrounding the
supraglottal cavity have uniform mechanical properties that
approximate those of the cheeks when muscularly tensed
(cf. Ishizaka et al., 1975); and fourth, that the degree of mus-
cularly induced vocal fold adduction and stiffness remain
constant. If we represent these articulatory conditions by
specifying values for appropriate elements in the model (cf.
Appendix), we can calculate that pressures above and below
the glottis will vary with time as shown in Fig. 2 during a
hypothetical labial stop which is held for 80 ms.
Assuming that the vocal folds will continue oscillating
as long as the pressure drop across them is greater than 2000
dyn/cm? (cf. Ladefoged, 1964; Lindqvist, 1972; Ishizaka
and Matsudaira, 1972; Baer, 1975), this simulation suggests
that voicing might continue for roughly 60 ms followmg an
(intervocalic) occlusion. This interval of voicing is due al-
ost entirely to comphance of tissues surrounding the su-
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different initial conditions for the resplratory mechanism
and/or laryngeal state. For example, voicing may occur dur-
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FIG. 2. Synthesized time functions of air pressures below (Ps) and above
(Pm) the glottis during an intervocalic labial stop. Walls of the supraglottal
cavity are assumed to have mechanicai properties simiiar to those of the
cheeks when muscularly tensed.
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from ( decreases to) atmosphere Moreover, voicing may
occur during stops adjacent to other segments which are
customarily articulated with an open glottis.
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ments internal to the larynx may prolong voicing under sub-
nnhmal conditions. Tension of the vocal folds may be de-

creased, thereby increasing their susceptibility to oscﬂlatlon
in low volume velocity flows (cf. Halle and Stevens, 1971); or
(average) glottal resistance to flow may be increased by de-
creasing (average) glottal area (effectively lengthening the
relevant time constant of the model). However, there are no
physiological data which show that speakers make such ad-
justments during voiced stops in any phonetic environment.
Thus some mechanism(s) external to the larynx must operate
to insure a transglottal pressure gradient sufficient for clo-
sure voicing during stops articulated under conditions much
different from those governing results shown in Fig. 2.
Inspection of the model suggests four such mechan-
isms. It is possible, first, that the requisite pressure gradient
might be maintained if subglottal pressure were increased
rapidly and in concert with the supraglottal pressure rise
which naturally accompanies vocal tract occlusion. In the
model, such a maneuver can be impiemented in terms of a
positive increase in £, and would have the articulatory in-
lCI'prCldllOIl Ol an lHLerbC lIl dCthlty OI I.HC cxplratory mus-
cles However, electromyographlc ev1dence for a robust ex-

Instead, measures of intratracheal pressures (cf Netsell,
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cles during the closures of voiced stops. Moreover, thoracic
mechanisms seem to function in essentially the same way for
voiced and voiceless stops.

A second mechanism which may be used to sustain an
adequate transglottal pressure drop during stops is partial
lowering of the soft palate and opening of the velopharyngeal
port. As early as 1913, Musehold (cited in Stetson, 1950:50)
suggested that this mechanism was characteristically used to
sustain phonation during German /b,d,g/, though Stetson
unceremoniously dismissed the hypothesis as “quite mistak-

n.” Modern acoustic and cinefluorographic evidence for
velopharyngeal opening during some instances of voiced
stops, occurring in a variety of environments, has been re-
ported by several authors (cf. Yanaghihara and Hyde, 1966;
Rothenberg, 1968; Kent and Moll, 1969; Dixit and MacNei-
lage, 1972). On the other hand, both Lubker (1973) and
Westbury (1979) conclude from nasal air-flow data on
American speakers of English that velopharyngeal opening
is likely not a significant voicing mechanism, at ieast for
stops occurring utterance medially. Nasal flows during me-
Uial VOiCCU bl.()pb are mlrcqucm unougn not l.ll'lKl'lOWl'l], ana
when measurable, are usually small enough to be attributed

ty nalatal nlntlnf:nr\ rothas
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stops.
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lottal flow during complete upper-tract occlusion is pres-
sure-actuated expansion of the supraglottal cavity (Rothen-

berg, 1968). The vocal tract walls are not rigid, but
compliant, especially at low frequencies, and thus will yield
to pressures acting upon them (cf. Fant, 1972; Ishizaka et
al., 1975; Fant et al., 1976). It is that fact which is largely
responsible for the relatively slow rise in Pm, and thereby,
the probable continuation of voicing past occlusion during
the stop simulated in Fig. 2.

Compliance of the vocal tract walls depends in part
upon (and varies inversely with) the level of activity in the
underlying musculature. Consequently, it should be possible
to affect voicing duration in stops by inhibiting or recruiting

buccinator and risorius, which line t}'e cheeks. Gestures
such as these determine the extent to which tissues sur-
rounding the cavity yield to increasing supraglottal pressure,

and thus the durations of intervals when closure
possible.

In principle, the (lumped) mechanical impedance of tis-
sues surrounding the supraglottal cavity should be consid-
ered time variable. Unfortunately, there are no quantitative
data which describe either the relation between different lev-
els of activity in muscles underlying the walls of that cavity
and mechanical properties of surrounding tissue, or the tem-
poral variation in activity of those muscles. Thus, the vis-
cous-mass- compliant character of the walls is represented in

mple fashion in the model by fixed elem
Calculation of the time change in
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with properties different from those a
re represented in Fm 3. The dotted func

sumed in Fig.
on shows the

decay in that gradient 1f the walls are con31dered rigid, while
the lower and upper dashed functions show calculated de-
cays when the surrounding tissues are (uniformly) mechani-
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G. 3. Synthesized time functions of the transglottal pressure gradient
dur.ng an intervocalic labial stop bounded by rigid walls {dotied iracej, or
walls mechanically analogous to the neckwall (lower dashed trace), tensed
cheeks (solid trace), or relaxed cheeks (upper dashed trace). Points where the

pressure gradient faiis below voicing threshold are indicated by crosses.
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cally analogous to the neck wall, and to the cheeks when
mucularly lax, respectively (cf. Ishizaka et al., 1975). The

solid function shawn in thiqc ficure renregents the time
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change in difference between sub- and supraglottal pressures

shown in Fiu 2, where the vocal tract walls are consid

analogous to tense cheek tissue. The total compliance of the
supraglottal cavity walls for this last condition agrees closely
with Rothenberg’s earlier estimate of average supraglottal
compliance, for bilabial and retroflex closures (1968). The
points in time following occlusion when the pressure gradi-
ent falls below the voicing threshold—i.e., less than 2000
dyn/cm>®—are indicated by cross marks on each function. In
effect, then, this figure shows that we might expect voicing to
continue past occlusion for only 7 ms if the vocal tract walls
are rigid, roughly 30 ms if they are ‘“tense,” slightly more
than 60 ms if they are “moderate,” and easily a fuli 80 ms if
they are “lax.”

Relying solely on data on wall impedance reported by
Ishizaka et al. (1975), we can assume the dashed (“‘tense” and
“lsnr”\ functions in F . 3 to represent practical limits on

speakers ability to manipulate the decay of the transglottal
pressure, and thereby, the duration of closure voicing via
adjustments in tension of the vocal tract walls.! The extent to
which this mechanism is used in articulating voiced stops is
not well-known. Electromyographic recordings of the supe-
rior and middle pharyngeal constrictors from five speakers,
reported by Minifle et al. (1974), showed less activity, and
presumably greater compliance of the overlying surface dur-
ing intervocalic voiced than voiceless stops. Similarly, re-
cordings from the same muscles and palatopharyngeus and
palatoglossus from three additional speakers, reported by
Bell-Berti (1975), showed relatively lower peak act1v1ty, in
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A fourth voice-sustaining mechanism is muscularly ac-
tuated enlargement of the supraglottal cavity. Adding air to
a closed cavity will obviously cause pressure within the cav-
ity to rise. If at the same time, cavity volume is increased,
pressure within may still rise, but at a slower rate. Thus,
actively increasing volume of the supraglottal cavity during
a voiced stop—by lowering the larynx, raising the soft pal-
ate, advancing the tongue root, or drawing the tongue dor-
sum and blade down toward the mouth floor—can at least
partially accommodate the air volume transmitted to it per
giottal pulse, and thus proiong the interval during which
voicing is possible. In the model, provision for active cavity

A Lo o TEo

volume char fige is represeiniea oy the variable current source
1,. Cinefluorographic data reported by Perkell (1969) and
Kent and Moll il 69).2 and electromvogranhic data report-

O Al IO\ 2707, ana clectr O yOpiapiiiC dala ICpOr

ed by Bell-Berti (1975), suggest that cavity-enlarging maneu-
vers are characteristic of /b,d,g/ produced by some speakers
of American English, when those sounds occur between
vowels, or when clustered with nasals which are themselves
bounded by vowels. However, as Lisker (1977:305) has not-
ed, “whether [these reported] cavity-enlarging maneu-
vers...are sufficient to account for the durations of observed
voiced-closure intervals is still not entirely clear.”” Moreover,
the aforementioned studies do not consider whether and

John R. Westbury: Eniargement of the supraglottal cavity 1324



how cavity enlargement might be used for voiced stops oc-
l.[ld.Il utterance- mealauy—m env1ronments
which, by their nature, entail aerodynamlc conditions per-
haps less conducive to closure voicing than those underlying
the medial stop simulation illustrated in Fig. 2. A purpose of
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I, METHOD
Lme I nO0

An experiment was devised to examine the positioning
and extent and rate of movements of certain of the articuia-
tors, viewed in a sagittal plane, relative to the incidence and
duration of voicing during the production of stop conson-
ants. A cineﬂuorographic record of the articulation of stops
in several phonetic environments was obtained using equip-
ment described by Kent and Moll (1969) operated at a film
speed of 100 framies per second, 56 that continuous speech
gestures were sampled at 10-ms intervals. At the same time,

i an o enaarh camnla wae rannrdad A
an acoustic record of the speech sample was recorded on

magnetic tape. The acoustic and cinefluorographic records

were c\lnrvhrnnlvprl h\: means of a time code recorded on a

second channel of the tape recorder and between sprocket
holes of each film frame.

During the course of the experiment, the subject—a
normal English-speaking adult male—was seated upright
with the head firmly secured by a cephalostat. Immediately
prior to filming, the lips and under surface of the tongue were
liberally coated with a barium paste solution (Rugar). The
paste was subsequently swallowed to aid definition of the
soft tissue boundaries of the oral and pharyngeal cavities.

The speech sample for the experiment consisted of iso-
lated nonsense disyllables which were repeated at roughly
1.5-s intervals. The portion of the utterance inventory rel-
evant to this report is shown in Table I. The data described
herein are derived from one example of each disyllable. This
inventory was designed to satisfy a number of consider-
ations. First, it provided examples of each of the six Ameri-
can English voiced and voiceless stops occurring singly—in
utterance-initial, medial, and final positions, always preced-
ed and/or foliowed by the vowel /a/. Second, it provided
examples of each of the three nasal consonants /m,n,r/ oc-
curring singly and bounded on both sides by /a/. Third, it

TABLE . Test utterances, repeated with primary stress on initial syllables
and secondary stress on final ones.

batab pabpat panap
gapag padtat kamak
dakad pagkat tagat
padap papbat pampat
kabak patdat papmat
tagat pakgat pambat
pabmat
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FIG. 4. A sample tracing of one cinefluorographic frame, showing the ar-
ticulatory configuration preceding ciosure for mediai /g/, and iilustraiing
the measurements made from each frame.

provided examples of the four possible nasal-stop and stop-
nasal combinations of /m,p,b/, occurring intervocalically
and bounded by /a/. And finally, it provided examples of
medial stop clusters with mixed voicing which are possible in
American English—specifically, /pb/, /bp/, /td/, /dt/,
/kg/, and /gk/, all preceded and followed by /a/. In stop
clusters such as these, voicing (but not closure) is frequently
discontinuous—virtually always so for those whose initial
members are nominally voiced and whose final members are
nominally voiceless, and sometimes so, depending upon
speaker identity, for those whose initial members are voice-
less and final members are voiced (cf. Westbury, 1979).
Life-size outlines of the vocal tract, from the superior
margin of the vocal folds upward, were hand traced for all
individual frames in the cinefluorographic record during
oraily occiuded intervals of nasal and stop consonants. In
most utterances, tracings were also made of cavity configu-
rations for one or iwo frames before and afier ciosure and
release of these segments Many major hard-structure land-
marks (e.g., dental inlays in the upper and lower m
outlmes of the ma)nlla andlble, hyoid bone body, and cer-

inal Ahia

The principal object of synchronous recording of la-
teral-view cinefluorograms and speech was to monitor

chanegec in nacitione of sneech articulatore over time. relative
changes in posilions of speech articuiators over time, reaative

to the incidence and duration of voicing during stop conso-
qua sl-mdenendent

nant production. Thus the positions of
structures such as the soft palate, tongue, and larynx were
measured (by hand) relative to a common reference, the max-
illa. Inferior-superior measurements of the positions of
these articulators were made (to the nearest half-millimeter)
along vectors perpendicular to a primary reference line indi-

cated as PI in Fig. 4 and defined by the inferior edges of the

" central maxillary incisors and a distinctive dental filling in a

posterior maxillary bicuspid. Anterior—posterior positions
of articulators were measured along vectors parallel to PI,
and relative to the maxillary incisors themselves. Thus mea-
surements were made within a simple x—y coordinate system
with an origin at the intersection of the upper incisors and PL
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tal vmwma nla_ne were
measured as follows: larynx height (LH), the vertical dis-
tance between PI and the anterior end of the laryngeal ven-
tricle; velum height (VH], the vertical distance between PI
and a tangent to the superior-most aspect of the dorsal sur-
face of the soft palate; velopharyngeal width (VW), where
possible, the distance between the posterior pharyngeal wall
and dorsal surface of the soft palate, along a line 12 mm
above and parallel to PI; horizontal position of the tongue
root (TR 1-5), the distances between the posterior surface of
the tongue midline and the maxillary incisors, along vectors
parallel to PI and spaced at 1-cm intervals down from that
reference, with measurement TR 1 made 4 cm below the
reference, and TR 35 along P1 itseif; dorsai tongue height
(DH), displacement of the tongue midline away from PI
along a vector intersecting the reference at a 90° angle 52-
mm posterior to the maxillary incisors; and anterior tongue

Snecific dimengions in the sagi
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from PI along a vector intersecting the reference at a 45°
angle 15-mm nosterior to the maxillarv incisors
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The original time-by-displacement representations of
articulatory positions were smoothed by convolution with a
nine-point triangular window, and curves were then hand
fitted to the smoothed coordinates. Graphic representations
of movements of various articulators are illustrated in Figs.
5-12. In most instances, the vertical lines which intersect
movement records shown in those figures correspond to the
first frames in the cinefluorographic record showing clear
{midline) contact between the tongue and palate, or lips. No
attempt was made in data analysis to interpolate the mo-
ments of consonantal closure (or release) between film
frames. Consequently, actual occlusion {and release) oc-
curred sometime during the 10-ms interval immediately pre-
ceding the points in time when those events are indicated.

Il. RESULTS

The results of this study are presented in three sections.
The first describes qualitatively the temporal control of voic-
ing during stop consonants and nasals occurring singly and
in clusters. The second section describes in greater detail the

pUBlLlUll auu l“UVClIlCllL Ul ulurvruucu ar llbuld.l-Ulb uur llls UIC
closures of such segments, particularly insofar as they relate

ta the ceameantal nraonertiee voicine and nlace and manner of
10 LIC segmentia: propernics voiCing ang p:ace ana manner o1

articulation. The third section then considers the cumulative

effect of several arflmﬂatnry movements relative to the tem-
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poral control of volume of the supraglottal cavity, and there-
by, to aerodynamic conditions which may affect the inci-
dence and duration of voicing during intervals of complete
upper-tract occlusion.

A. Voicing control during consonants

All utterances were digitized at a sampling frequency of
10kHz and displayed in brief sections {of roughly 100 ms) on
a computer-driven oscilloscope. Visual inspection of the di-
gitized acoustic waveforms showed, as expected, that voic-
ing was largely absent during the closures of all single voice-
less stops, though one or two glottal pulses could sometimes
be abserved following (judged) occlusion in such segments
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er: edlallv and ﬁ_nallv lece onset fol-
lowed release mtlal and medial voxceless stops by 30-60
ms.) In contrast, voicing was continuous through the (oral)
closures of single medial nasals and voiced stops, and medial
clusters containing both /m/ and /b/. Voicing was discon-
tinuous through the closures of medial clusters containing
both /m/ and /p/, and medial clusters containing both
voiced and voiceless stops. Among the latter, those with
voiced first members showed voicing for approximately the
initial half of their closure, and voicelessness thereafter,
while those with voiced second members were initially voice-
less and then voiced prior to second-member release. Voic-
ing was also discontinuous during the closures of single
voiced stops occurring utterance-initially and finally. Dur-
ing initial voiced stops, voice onset followed (oral and velo-
pﬂ&f 'yr‘lgeiu; O(.-Llllbl()ll, UUI always pI'CCﬁ(]C(l rﬂlCdbC Dy OU—T’U
ms, mvarlably continuing unbroken into the following vow-
al Thiras ratnnd atec At e A PN FPeey
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from the preceding vowel through the moment of occlusion,
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and in advance of release.

B. Movements of articulators
1. The larynx

The position of the larynx in the neck, relative to the
maxilla, varied over a vertical range of 17 mm, from a high of
73 mm below PI (approximately 70 ms following closure in
utterance-final /k/) to a low of 90 mm below that reference
(slightly before oral release in utterance-initial /d/). In gen-
eral, the larynx tended to be relatively low during /a/—383-
87 mm below PI—and usually somewhat higher during ad-
jacent consonants. Maximum vertical movement of the lar-
ynx within the closure interval of any single consonant or
medial cluster was roughly 6.5 mm, observed over a 130-ms
interval during medial /pb/.

j o P ;s AT e
I\CPICDCHLG.LIVC ldlyll)\ moveiient

3
consonants are shown in Fig. 5, while movements during
uttaranca_initial /d/ and /t/ untterance-final /o/ and /L /

ULLLL GIICUTIIALUGE 7 U/ il /Uy ULLCIGULUTILAE / 5/ QU /Ny

and the medial clusters /dt/ and /td/ are shown in Fig. 6. In

maost cases, m‘hr‘nlamrv movements during epampnfc having

---------------------- Lalis 12aVills

the same place of articulation are aligned at the first moment
of observed (oral) closure. However, movements during ut-
terance-initial stops are aligned at the moment of complete
upper-tract occlusion, when the velopharyngeal port was
also closed. Oral closure customarily preceded velopharyn-
geal closure in all initial stops produced by the speaker in this
study.

In these data, larynx position seems to be affected by
two factors. First, it can be seen that the larynx was generaliy
highest in the neck during velar consonants, lowest during
labials, and intermediate during alveolars. This effect of
place of articulation held among single consonants occur-

al concnnant oluc_

ring mnrliu"“ and finallv. and amonoe medi
anag imaidy, and among media: Consenans Cius-

LElig IECGRGRL

ters, but not among single initial stops. (Though not illustrat-
ed in Fig. 6, larynx position and movements during initial
/b,g/ and /p,k/ were very much like those shown for initial
/d/ and /t/, respectively.) It is tempting to attribute the rela-

tively greater laryngeal elevation during most velar conson-
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FIG. §. Vertical movements of the larynx during intervocalic nasals and
voiced and voiceless stops.

ants to anatomical connections between the larynx, hyoid
bone, and tongue mass, and the functioning of muscie groups
which serve to approximate the tongue dorsum with the pal-

necn l.b L«lUdlly can-
ovements of the

PUYE & GRu PUTOE - §. PR |

aiC. riOwWever, uuyux POSition ana movem
not be explained in terms of position and m
4+
L

dorsum. The distance between the two structures is not
fixed. Note, for example, that the larynx was lower during

medial /g/ than medial /k/, despite

positioning of the tongue body and its vertical displacement

S, In nrincinle. then

2 pLIRLIpPat, AL,

the fact that general

were vlrhm"v the same for the two sto

18}
Aliia@isy VA0 SQIIIT UL LIS LWL S

their relative positions may vary. Moreover, their move-
ments may be quite independent. During utterance-initial
/8/, the larynx was observed to move downward, away from
the maxilla, at the same time that the tongue dorsum moved
upward.

A second factor which affects larynx position is conso-
nantal voicing. Consistent with observations reported by
Kent and Moll {1969}, Perkell (1969), and Ewan and Krones
(1974), the larynx was relatively lower during single medial
voiced than voiceless stops, and even lower, as noted by
Riordan {1980}, during comparable nasals. Moreover, the
larynx was invariably lower during comparable voiced than
voiceless stops occurring utterance-initially and finally. Too,
the larynx tended to be lower during voiced than voiceless
portions of comparable stop clusters (though not during con-
trasting portions of clusters containing both a nasal and
stop). Considered together, these facts show a clear trend for
the larynx to be relatively low during consonants which are
voiced and somewhat higher during those that are voiceless.

The direction of larynx movement does not seem to be
systematically related to consonantal voicing, manner, or
place of articulation. In one respect, this fact is surprising.
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FIG. 6. Vertical movements of the larynx during utterance initial /d,t/,
utterance-final /g,k/, and the intervocalic clusters /td,dt/.

Al else being constant, larynx depression—because it en-
larges cavity volume above the glottis—will facilitate voic-
ing when it occurs during the closure interval of a stop. For
this reason, we mlght expect the larynx to move downward,

a aining fashion, during voiced stops. Certainly,
the larynx moved steadily downward during the closures of
h

in :

¢seni bl.uuy (c B
during utterance-initial, /b,d,g/, medial /b,d/, stop- cluster-
final /bhd a/ and clu “ter=""it' 1 3 )

IS S Uy By @Il vauo

larynx moved very little during the closures of other voiced
stops (e.g., medial /g/, utterance-final /b,d/, clu

LAdL=0) -8 B sialle-1 2 7 HGS, v-uuu

/b/ of /bp/ and cluster—ﬁnal/b of /mb/), and even upward
in the neck in still other instances (e.g., utterance-fin __1 /e/,
and cluster-initial /d,g/). Moreover, the larynx sometimes
(though less frequently) moved downward during nasals and
voiceless stops (e.g., during stop-cluster-final, /p,t,k/ and
medial /m,n/). Thus voice-sustaining movements of the lar-
ynx were observed during some instances of voiced stops,
but such movements were neither characteristic of nor
unique to the closures of those segments in all phonetic envi-
ronments.

ctar-inttial
r-inmal

Id
2. The tongue root

The pharynx is characteristically narrow during the
vowel /a/, measuring only 8-10 mm along TR 2 from its
posterior wall to the tongue root midline. During some con-
sonants, however, the pharynx may be considerably wider.
Approximately 40 ms prior to release of utterance-initial

/d/, for example, pharynx widih {aiong TR 2) measured
slightly more than 26 mm. Since the posterior pharyngeal
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FIG. 7. Horizontal movements of a lower portion of the tongue root during
intervocalic nasals and voiced and voiceless stops. Displacement toward the
top of each panei corresponds to anterior movement of the tongue root.

wall is largely stationary, changes in pharynx width can be
attributed to anterior—posterior movements of the tongue
root. In general, such movements into, during, and away
from consonantal occlusion were smallest for all places of
articulation at measurement levels TR 5 and 4, moderate at
level TR 3, and greatest at levels TR 2 and 1. Representative
movements of the tongue root (measured along TR 2) during
single medial consonants are shown in Fig. 7, while move-
ments during the four uiterance-initial stops /p,b,t,d/ and
the medial clusters /pm,bm/ are shown in Fig. 8.

Hariocnntal nagitinn Aftha tananna rant lika vartd
1ULIzZUNwal pUDILIUIL Ul the tUlLB UL FUUL, 11IK€ VErt

sition of the larynx, appears to be affected both by consonan-
tal nlm‘e of articulation and vmf-mo Note foremost from

Flg. 7, for example, that the tongue root was most advanced
(toward the maxillary incisors) during alveolar consonants,
least advanced during labials, and intermediate during ve-
lars. The relatively more anterior tongue root position dur-
ing lingual than labial consonants has also been noted by
Perkell (1969), and is probably related to the fact that articu-
lation of a lingual consonant-—particularly when following
/a/—requires that some portion of the tongue (other than
the root) be moved upward and/or forward to form a con-
striction with the palate. Given that tongue volume must

remain constant. the tongue roct must chift forviard haoin
1lilialll vulioLalil, i L\Jllsu\— EVUUL JLIUDL DIILLL 1R YYaAru U\'Elll-

ning some time before the first moment of occlusion, some-
times continue in that direction for much of the consonant

duration, and then reverse direction slightly before or con-
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FIG. 8. Horizontal movements of a lower portion of the tongue root during
utterance-initial /p,b,t,d/ and the intervocalic clusters /pm,bm/.

comitant with release. During labial consonants, on the oth-
er hand, the principal articulatory constriction is formed by
the lips. Consequently, there is no need to actively move the
PO RO o eamaath mAantly 1

torngue about in the mouth, muep"uuu tiy Of olner ongoing

movements of the mandible and larynx. The tongue body is
therefore freer during labial than Ilnoua] consonants to

LHCITIVIC 11CC) wiiiipg Dial Liiail il COIINOIAN

maintain the narrow pharyngeal configuration characteris-
tic of 7a/.

Data illustrated in Fig. 7 also show that tongue root
position depends upon consonantal voicing. In virtually all
instances, the tongue root was most advanced at the first
moment of occlusion, and/or advanced more thereafter, for
voiced than voiceless stops (cf. Kent and Moll, 1969; Perkell,
1969). Note also from Fig. 7 that tongue root positions dur-
ing homorganic nasals and voiceless stops were more alike
than during nasals and corresponding voiced stops. Togeth-
er, these facts suggest that a reiativeiy anterior tongue root
position is specific to voicing in stop consonants.

A rnrnts vea tongue root movement H not sy

Tha ~f + y
The direction of tonguc root movemeint iS no

atically affected by consonantal place or manner of articula-

tion, but does appear to depend upon ynlmno In virtually

..... app. wpetil YOI viIlly

every voiced stop, including those occurring singly and clus-
tered with other consonants, the tongue root moved general-
ly forward, in a cavity-enlarging and thereby voice-sustain-
ing fashion, during the portion of the closure when the vocal
folds were vibrating. The only exceptions were during /b/
occurring utterance-initially, and cluster-finally in medial
/mb/. The tongue root also moved generally forward during
the closures of some voiceless stops—notably, medial /t,k/,
and utterance-final and stop-cluster-initial /p,t,k/. How-
ever, the tonguc root remained generally still, or moved rear-

xroed A momnagale o

- Qo A A marinteat e vt nalaso o Tt
warda aur l 5 11adalid aliu tllC rcliial. lllls vOiCCICSS StOps. LILUY,

all env1ronments.
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3. The soft palate
The soft p:uatc is Ci]StOITl&ﬁiy iow in the nasopnarynx
d the velopharyngeal orifice is contmuously open during
T g 1€ 11 dbdl consonarts. L,ouplmg Ul l.l'lC Urdl dﬂ(l ﬂdbal cav-
ities occurs as much as 50 ms prior to (oral) closure for these

cmiinde amAd iicis
Sounas, ana us

[PURPR. £a JI-SU

lly pclblbl,b WCll aner l.llcll lClCdbC l.ll con-
trast, the soft palate is relatively higher in the nasopharynx
and generally in contact with the posterior pharyngeal wall
during the closures of non-nasal stop consonants. No in-
stances were observed in which the ‘v'clupual _yuscal pun T was
not occluded during stop closure intervals when the vocal

fald iheots Thia
101GS Were VIOTauing. i1nus mCGmﬁnete VelGﬁuarjﬂgeal clu'

sure does not seem to have been used as a voicing-mainte-

o . S
nance mechanism by the speaker in this study. Representa-

tive movements of the soft palate during single medial
consonants are shown in Fna Q and are nnm‘\mpqnlpﬂ helow
by measures of velopharyngeal width for /m,n,z/.

Neither the nosition of the soft nalate nor its direction of

ANCEUUE LiiL PUASILECLL UL LIGU SULL pPAiait UL v A eairie UL

movement were affected by consonantal voicing or place of

articulation amone sinegle stons. In narticular, the dorsal sur-

i UL laauiUnn Qg SRI25I0 Sups. Pat VILAAIRE, VAL LUISRI S22

face of the palate was equally high at clcsure and release, and
elevated pmmllv dnrma closure, for voiced and voiceless cog-
nates in all environments. This result is consistent with re-
ports of Moll {1962) and Ushijima and Sawashima {1972),
but in contrast with reports of Lubker ez al. (1970) and Kiin-
zel (1979), who note greater palatal elevation during voice-
less stops, and Bell-Berti (1975), who published indirect
(electromyographic) evidence for greater palatal elevation
during voiced stops.

Position and movements of the soft palate were also
unaffected by place of articulation among medial consonant
clusters. However, palatal position (but not movement) was
affected by consonantal voicing in stop clusters. The soft
palate was consistently higher by 2-3 mm, for example,
throughout the closures of voiced—voiceless than compara-
ble voiceless—voiced sequences of homorganic stops.

An interesting voicing-related contrast in palatal posi-
tion and movement was observed during the medial clusters
/bm/ and /pm/. In the former cluster, as illustrated by
dashed functions in Fig. 10, the soft palate was well-elevated
at first-member closure and the velopharyngeal orifice ap-
parently closed. During the initial portion of that cluster, the
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FIG. 9. Vertical movements of the soft palate during intervocalic nasals and
voiced and voiceless stops. Changes in width of the velopharyngeal port are
shown for nasals.
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palate moved slowly but steadily downward while maintain-
ing contact with the posterior pharyngeal wall. Then, ap-
proximately 50 ms prior to second-member release, the pal-
ate began lowering more rapidly and the velopharyngeal
port began to open. In marked contrast, as can be seen via the
solid function in Fig. 10, the port was open throughout the
oral closure for medial /pm/. Velopharyngeal opening was
first observed at least 40 ms prior to this cluster’s first-mem-
ber closure, during the latter third of the vowel which pre-
ceded it, and was sustained for virtnally the full duration of
the vowel which followed.

It is clear from /bm/ that “early” opening of the velo-
pharyngeal port is not necessary during a homorganic stop-
nasal cluster. That is, the port may be initially closed and
then opened somewhat later, “in time™ for the cluster-final
nasal. We are left to wonder then why early opening occurs
in /pm/. In at ieast one respeci, the faci that it does so is
surprising. Certainly in some phonetic environments, voice-
lessness during a stop closure seems to depend crucially on
neutralization of the transglottal pressure gradient—so
much so that if intraoral pIEsSsSure is mechamcauy vented to
atmosphere during the closure interval, voicing will resume
(Cf. ‘v’cﬁpu‘v, 1968 Putnam and Sulpp, 1197.)’ C}early, velo-
pharyngeal opening precludes an increase in pressure above

tha olattic and far that raacan ig ntnavnantad diring a ctnn
[l slUl.l.lD, QAU 11 Liatl 1vadssil, 15 ullLAl}\,\/lLu Ul LaE & O

closure which is underlyingly voiceless. It is well-known,

hawavar that a cfnp conconant mav he voicelese when ac-

LUWOUTWy tide & SuUp VALESUIaGEaL LEdy O VURLLILSS Wiltil ab

companied by abduction or adduction of the vocal folds.
Glottalized stops are the customary allophones of American

English /p,t, k/ which occur as the mmal components of
certain medial consonant clusters (cf. Fujimura and Sawa-
shima, 1971; Zue and Laferriere, 1979). Undoubtedly, the
initial portion of the present instance of /pm/ was voiceless
by virtue of this mechanism. Aerodynamic data recorded for
the same speaker considered here but in other experiments
indicate that instances of /p,t,k/ which occur as the first
members of medial consonant clusters are produced with
both oral and glottal closures (Westbury, 1979; Westbury
and Niimi, 1979). The fact that the cluster-initial /p/ was

glottalized “explains” why velopharyngeal opening was pos-
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FIG. 10. Vertical movements of the soft palate, and changes in width of the
velopharyngeal port, during the intervocalic clusters, /pm,bm/.
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sible during its articulation. Voicelessness due to glottaliza-
tion does not depend upon any increase in pressure above the
glottis, and is therefore not incompatible with simultaneous
velopharyngeal opening.

Notice, however, an interesting consequence of this
view. If we suppose that articulatory gestures may be coarti-
culated Umy when uicy do not Sei‘iO‘dSi'y' compromise the
acoustic and physiological properties which distinguish any

particular speech sound from all others, then the instance of

medial /pm/ illustrated in Fig. 10 suggests that the speaker
“knew,” prior to actual articulation, that “early” opening of
the velopharyngeal port (for the cluster-final nasal) would
not jeopardize voicelessness during the preceding stop. This
result suggests, then, that the articulatory gestures (and/or
acoustic properties) which characterize segmental allo-
phones are specified and “known” to a speaker prior to spe-
cification of the precise nature of articulatory transitions

between adjacent speech sounds in an utterance.

4. The tongue dorsum and tip

The articulatory constriction for a velar consonant is
formed by elevating the tongue dorsum so that it touches the
paiate. In velar consonants observed in the present study, the
dorsum usually appeared to move directly upward in transi-
tion from a preceding /a/, characteristically contacting the
palate 58—64 mm posterior to the central maxillary incisors.

The tanana hodv than annaarad ta roll farward fallawing
1 1IC WONgUS SOGY uldil applarca O I'Ou ICTwWarG 10a0wing

occlusion, so that the area of contact between dorsum and
nalme was anterior at release (hv as much as 8 mm) to its

position at closure (cf. also Houde, 1968; Perkell, 1969). Sub-
sequently, the dorsum appeared to move both rearward and
downward in transition to a following /a/, largely in concert

with the mandible, tongue root, and hyoid bone.

T T 1
AH ‘
|
o i J
i |
| LABIAL ALVEOLAR
o 1t 1t ]
!
— |
E 4 F —H k =
Iy
o Lo I |
e- ]
T T - T T T T
Y lon DOH on =
.<—( s N
g s it ir/ .
E OCCLUSION
@ o 1L R .
o I
9 |
p|
& s 4L /L 4 0 i
=] — VOICELESS
S—"orar -~ VOICED
\'\ RELEASE ~—— NASAL
o 4+ S~ i b ;
I
5 { I | 1 L L
40 ©0 40 80 40 ©0 40 80 -40 O 40 80

iME RELATIVE TO ORAL OCCLUSION {(ms)

FIG. 11. Oblique movements of the tongue blade, and vertical movements
of the tongue dorsum during intervocalic nasals and voiced and voiceless
stops.
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Similarly, the articulatory constriction for an alveolar
consonant is formed by contacting the palate with the tongue
tip. In transition from a preceding /a/, the tongue tip ap-
proaches the palate obliquely from below, eventually con-
tacting that surface some 8-12 mm posterior to the central
maxillary incisors. During closure, the area of contact

..... - bl o P4

UCI.WCCII LIiC Luusuc l.l.p auu dlll.Cl lUl pdldl.c lcludll—
constant. The tongue tip then moves away from the palate in

trancition ta a fallawine /a/ alono ronohlv the came nath
transition to a following /a/ along roughly the same path

which it follows in its approach from that vowel.

The general positioning of the tongue dorsum and tip,
and the nature of their approach and release movements,
were largely unaffected by voicing of velar and alveolar
stops, respectively. Representative measurements of posi-
tion of those portions of the tongue during single medial
consonants are shown in Fig. 11. The only notable difference
in extent of tongue movements within each of the three
places of articulation shown in this figure occurred among
the velars, where the dorsum was lower (by 3-4 mm) during
/1/ than either /g/ or /k/. This difference is not surpising
given that the palate itself was lower during the nasal than
orai stops, and thus the dorsum need not have been elevated
as high to contact it.
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they are potentially free to move about (and thereby affect
cavity volume) during consonants whose constrictions are
anterior to them. For that reason, movements of these por-
tions of the tongue may play a role in the voiced-voiceless
distinction among stops. In fact, Perkell (1969) has noted
previously that the tongue dorsum appears to be depressed
somewhat during the closure of medial /d/ but not /t/.

In most instances in the present study, position and
movements of the upper tongue surface were unaffected by
voicing during anterior stops. During medial /b/ and /p/, as
shown in Fig. 11, both the dorsum and tip appeared to move
slowly but steadily downward following occlusion. During
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ments of the tongue blade during utterance-initial /p,b/.
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both medial /d/ and /t/, on the other hand, the dorsum
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ance-initial labial and alveolar stops. Moveme

wu y\) i res ' A
dorsum and tip during initial /p/ and /b/ are illustrated in
Fig. 12. Note particularly that both portions of the tongue

appeared to move do wnward in the mouth at a markedly
faster rate following occlusion for the voiced stop. (Move-
ments of the dorsum during initial /d/ and /t/ differed in the
same way.) A consequence of the markedly faster downward
movements during initial /b/ was a rapid increase in volume
of the oral cavity during the interval prior to release when
voicing was both initiated and sustained.

C. The temporal control of supraglottal volume

The cumulative effect of articulatory movements on
volume of the cavity above the glottis is more relevant to the
problem of voicing maintenance during consonantal closure
than are the direction and extent of movements of any single
articulator. Recall from data described previously, for exam-
ple, that the larynx, tongue dorsum, and tongue tip moved
steadily downward during the closure interval of utterance-
initial /b/. At the same time, the tongue root moved steadily
rearward. When considered alone, the first three movements
(which are undoubtedly interdependent both with one an-
other and with movement of the tongue root) cause cavity
volume above the glottis to increase, and thereby facilitate

voicing during closure. Conversely, rearward movement of

the tongue root constricts the supraglottal cavity, and will
impede ciosure voicing. it is important to know whether the
net effect of changes in vocal tract dimensions resulting from
several on lgumg movements such as these is Posi sitive ( u €.,
cav1ty enlarging, and thereby voice sustaining) or negative

cavity nangtrinting) Fars thic rancan n-\'\-’\v|mat;nnc n

\l .£. ITY \—avu—y DUllDl-lll’l-llls, 4'UL ULLD 1vaduldly appiuUuallll

the temporal control of supraglottal cavity volume relative

tnthaincidan
to the incidence and duration of voicing during stop closures

have been calculated from data described in previous sec-

Changes in cavity volume between successive cinefluor-
ographic frames can be approximated in rough form as the
sum of products of movements of individual articulators
between those frames and the respective surface areas over
which those movements act. The articulator surface areas
used in computing such changes were as follows: for the lar-
ynx, 2.5 cm?; for the soft palate, 3.0 cm?; for the tongue root,
2.8cm?atlevel TR 1,2.9 cm?at TR 2, 3.0 cm? at TR 3, 3.1
cm? at TR 4, and 3.2 cm? at TR 5; for the tongue dorsum,
10.0 cm?; and for the tongue blade/tip, 7.0 cm? The esti-
mates of relevant surface areas of the larynx, soft palate, and
portions of the tongue root are based upon anatomical data
described by Goldstein (1980), while estimates of surface
areas of the tongue dorsum and blade/tip are based upon
measures of dental casts of the speaker in the current study.

Approximations of volume change per time change
beiween successive film frames can be plUl.l.c‘:d as a function
of elapsed time during any segment of interest, yielding a
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effect of cavity-enlarging movements is llkely sufficient to
initiate and/or sustain voicing during the closure interval of
a stop consonant.’

Functions which show the time change in supraglottal
cavity volume during all consonants and consonant clusters
considered in the current study are illustrated in Figs. 13 and
14. The volume function for any given consonant or cluster
is derived from all measured articulatory movements behind
the principal consonantal constriction (except for move-
ments of the soft palate during intervals when the velophar-
yngeal orifice was open).

Itis readily apparent from Fig. 13 that cavity volume—
insofar as it is determined by positions of the larynx, soft
palate, and portions of the tongue—generally increased dur-
ing the closures of all single voiced stops. In every case but
one—e.g., utterance-final /b/—cavity volume was increas-
ing during the interval immediately after occlusion, and con-
tinued to increase thereafter, never beginning to decrease
more than 20 ms prior to consonantal release {or voicing
offset, if the latter occurred first). Cavity volume also in-
creased during some but not ali of the closures of single na-
sals and voiceless stops. However, for any place of articula-
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FIG. 13. Changes in supraglottal volume during the closures of intervocalic
nasals, and voiced and voiceless stops occurring utterance-initiaily, intervo-
calically, and utterance-finally.
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;P

tion and phonetic environment where cavity volume
increased during both (or all three) consonant types, the rate,
and/or duration of the volume increase during the voiced
stop was greater than during its nasal or voiceless cognate.
Data in Fig. 14 also show that cavity volume generaliy
increased after occlusion in most medial consonant clusters.

S Y TP

Amona the ctaon chictare narticnlasly t is bu"h interesting

$RLLIVIIE IV OLVE viUoWvld, paltivulally,

and significant to note that the initial rate of volume increase
was greater during two of three comparable sequences with
voiced than voiceless first members, while the duration of
the volume increase was greater for two of three sequences
with voiced than voiceless second members. The results for
contrasting pairs of mixed medial stop clusters—in which
voicing is discontinuous—show then that the temporal con-
trol of supraglottal cavity volume seems to be related to the
position of clusters’ voiced intervals.

Perhaps because they are so few, the data do not reveal
any siartling effect of phonetic environment on the rate and
duration of cavity expansion during the voiced stops.
Among the single voiced stops themselves, volume incre-
ments are somewhat more robust during initial than medial
or final /b d/ If is also annarpnt that volume incremante

during mixed medial clusters—m which voiced stops abutt
their voiceless cognates—tend to be greater, in absolute

terms, than during most single stops.
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lll. DISCUSSION

Although the data presented in the preceding section
derive from a small set of utterances produced by one
speaker, they show a number of systematic effects. Voiced
stops were invariably accompanied by a general increase in
volume of the suprag]ottal cavity, 1ndependent of the pho-
natic anviranmant in W il thaw ~amcsesend PO,

netic environment in which they occurred. In conir ast, some

voiceless stops were accompanied by a decrease in cavity

volume. Cavity volume increased during other instances of

/p,t,k/, but the rate and/or duration of such increases were
customarily less than during comparable instances of
/bd,g/.

As long as the vocal folds remain suitably adducted and
tensed, cavity enlargement will clearly facilitate their vibra-
tion during a stop closure. Enlargement may in fact be neces-
sary for closure voicing, especially if the vocal tract walls are
stiff, and/or the closure itself is relatively long or articulated
close in time to other articulatory gestures which substan-
tially lower either the driving pressure generated by thoracic
mechanisms or the magnitude of giottal resistance to flow.
Conversely, cavity enlargement or constriction will little af-
fect voicele

either tight

vocal folds. The

ess dur mg asiop which is voiceless by virtue of
a ductlon or relatively wide abduction of the
nrnlohnﬂchun atura,

ali Aot
réanuonsnip between g 5nu|.|.f.u impedance and

glottal area is nonlinear. In particular, muscularly actuated
Sﬁparati()n_ Of h VO(‘R] folds—ag ic cnetomarvy for nravacalic

cal folds—as is customary for prevocalic
/p,t.k/ in American English—will hasten considerably the
rise in pressure above the glottis. As a consequence, any
transglottal pressure gradient which exists prior to occlusion
will decay rapidly during a stop articulated with an open
glottis, independent of even large changes in volume of the
supraglottal cavity. For these reasons, we can assume—and
the data seem to show—that cavity volume is a significant
control variable for the speech motor system during stops
which are phonetically voiced, but not during those which
are both voiceless, and aspirated or glottalized.

Temporal controi of supragiottai cavity volume was si-
milar among the voiced stops only in categorical terms, in
th

aqanan that vl

~ ..,.,._...AII.. 2

tiie sense tnat volume generally increased uurmg the closure
of every instance of /b,d,g/. However, the rates of observed
increases and their time fune,zcﬂ.s varied widely across both
place of articulation and phonetic environment. For exam-
ple, maximum rates of volume change within the closure

intervals of voiced stops ranged between roughly + 40
cm’/s (sustained for virtually the full duration of medial / g/)
and something more than + 200 cm®/s (shortly after occlu-
sion during medial /d/). Minimum rates of volume change
ranged between roughly — 130 cm’/s preceding second-
member release of medial /td/ and + 40 cm®/s (prior to
voice offset in medial /dt/). Despite such variation, all in-
stances of /b,d,g/ were again categorically similar in that all
evidenced significant intervals of voicing during their clo-
sures. Thus the incidence of closure voicing does not seem to
d N a ananific timma fanatiae Af val o

upon a speciic time runction of voiume umugc

Asa ntrol parameter in speech, volume velocity flow

ue to (active) cavity enlargement (/) may be represented as

a pulse whose own magnitude and duration are independent-
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FiG. 15. The relationship between rate of volume change and caicuiated
duration of closure voicing, determined by using the model shown in Fig. 1.
All input functions to the model were the same as those used in generating
Fig. 2, except for Iyt ), which is here defined to be zero preceding occlusion
and following release, but equal to some constant during the intervening
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of compliance of the vocal tract walls.

ly variable, and whose synchronization with the moments of
articulatory closure and release is also variable. The model
described in the introduction to this study can be used to
estimate what values of /7, magnitude, for example, will in-
sure a pressure gradient continuously greater than some
voicing threshold for the full duration of a stop. Figure 15
illustrates the effect of I, magnitude on the estimated dura-
tion of voicing during an intervocalic closure having a dura-
tion less than or equal to 200 ms, for the class of functions
I(t ) wherein [, is zero preceding consonantal occlusion and
following release and equal to some constant during the in-
terval bounded by those events.
Accordmg to this figure, a medial sto
u&‘v’ii‘lg a closure duration |
to 152 ms w 11 b fully voiced even when I is zero during

hanancathalav wallg allaw
oClausl ulv 1aX Wails aud

insure a suitable pressure drop over that
e same condition {i.e., I, = 0), stops bounded
moderate, tense, or rigid walls will be fully voiced as long as
their rpcnecflvg s do not exceed 62, 32, or 7 ms ﬂnp-
pose, however, that a closure has a duration of 100 ms. What
constant value of J; is necessary to maintain voicing for its
full duration? If the walls of the supraglottal cavity remain
rigid for the full closure interval, voicing will be continuous
through it only if I, is at least + 40 cm?/s, or if active me-
chanisms increase cavity volume 0.4 cm® every 10 ms. For
tense and moderate cases, respectively, at least 37 and 25
cm?®/sare required, while for the lax case, active mechanisms
may produce decrements in cavity volume at a rate of up to
35 em®/s. (This is because the walls yield rapidly enough to
absorb both the glottal flow and “negative” flow generated
by larynx and tongue raising and palatal lowering.) An inter-
esting conclusion suggested by Fig. 15 is that closure voicing
can be sustained virtually indefinitely—independent of vari-
ation in wall impedance—for values of I, greater than
roughly + 40 cm?/s, as long as the rate of cavity enlarge-
ment is uniform over the full closure interval.

However, the rate of cavity enlargement is rarely uni-

closure
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maneuver and calculated duration of closure voicing, for different levels of
compliance of the vocal tract walls. Preceding occlusion, and coincident
with or preceding release, I, is zero.

form in any of the volume functions shown in Figs. 13 and
14. Maximum rates of volume change derived from those
functions are sometimes considerably in excess of + 40
cm?/s. But rates of active volume change are less than that
amount—in some instances, even negative—at some point
during the closure of virtually every voiced stop. What is the
effect of enlarging the cavity volume for only part of a stop
closure? The model is used to estimate the effect of I, dura-
tion on closure voicing duration, for the class of functions
I,(t ) wherein I, is zero prior to occlusion, increased stepwise
to + 50cm?/sat that point and held constant for some inter-
val, and then reduced stepwise back to zero prior to or coin-
cident with release. In Fig. 16, the duration of closure voic-
ing is plotted as a function of the duration of a 50 cm®/s
cavity-enlarging maneuver, for intervocalic closures less
than or equal to 200 ms in length. Note, for example, that
when 7, is held constant at + 50 cm?/s for the initial 80 ms
of a medial closure, voicing will continue through a stop
bounded by rigid, tense, moderate, or lax walls having a du-

endine ~L 07 QL 1NT Ae 10N o ranmantivale Dae vAat~ing
1auvll U1 064, OU, IU/, UL 17U 111D, ICBPCDL yoly. 1°UL VIL1IE
over a full 100-ms interval, the duration of a closure-initial
anlargine mananvar nfthat maonitnde mnct fall hatwaan QA
willai sllls 1HiAlIVU YVl Ul LiiaL lllusllll“u\a AJAVIDL AGII UNL YT WAL /WP
100 ms for a rigid or tense-walled stop, 70-100 ms for a
moderate stop, and 0-100 ms for a lax stop.

If it is more important during voiced stops to control
whether (rather than how) the vocal folds oscillate, then all

cavity-enlarging maneuvers whose magnitude and duration
satisfy the boundary conditions necessary for oscillation can
be considered equally well-suited for that behavioral goal. In
this regard, then, closure voicing is not unlike other acoustic
properties in speech which “can be generated by the articula-
tory apparatus without...precise positioning or maneuvering
of the articulatory structures” (Stevens, 1972:52}. Certainly
there is good reason to believe the acoustically well-defined
phenomenon to be insensitive to variation in form—i.e.,
magnitude and relative timing—of one of the principal ar-
ticulatory parameters which give rise to it.

It is also apparent that the means by which volume in-
creases are effected vary considerably among the different
voiced stops. Data describing the positioning and move-
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ments of individual articulators show, for examnle- that the
directions of articulatory movements which aﬂ'ect cavity
volume can differ among voiced stops produced in the same
environment but having different places of articulation. Re-
call from Fig. 5 that the larynx moved generally downward
during single medial /b/ and /d/, enlarging the cavity
above, but remained relatively stable in the neck during me-
dial /g/. At the same time, as shown in Fig. 7, the tongue
root moved steadily forward during virtually the entire clo-
sures of /d/ and /g/, but first slightly forward and then
rearward during /b/. The directions of voicing-related
movements can also differ among voiced stops having the
same place of articulation but occurring in different environ-
ments. During /b/ occurring utterance-initiaily, for exam-
ple, thelarynx, tongue dorsum, and tongue tip moved down-
ward, éﬁlai'giﬁg the supragu:‘;uan t,avu._y, while the tongue
root moved rearward. During /b/ occurring intervocalical-

v the larunx. dorcum . and tin acain moved cteadilv down-
iyy iU Jal ylin, GUISUIL, alil up aga:ill INNUVCS Swilaliuy GUWI

ward, but the root moved initially slightly forward and then
rearward. During /b/ occurring utterance-finally, the lar-
ynx remained relatively stationary while the tongue dorsum
and tip moved slightly upward, and the root moved forward.
These examples illustrate that physiological realization of
the categorical feature specification [ + voice]—when con-
sidered in terms of several quasi-independent articulatory
movements (which may or may not be specific to, but are
undeniably relevant to control of closure voicingj—is
neither place nor context-invariant. Rather, interpretation
of that specification by the speech motor system is as vari-
able as the combination of place of articulation and environ-
ment will aliow.

The observation that “a given feature may be given
o*e than one moior inierpretaiion” {Kent and Minifie,
977:131) is not new. But, the significance of the explanatory

roblem oosed by su oh an ahlcaryatine fara canaeal thaney of
Uiciil PUM Uy IULIL all JUdLl vauuu iUl a sbllclm UILUL ¥ UL

":j -—-"‘l

speech motor control cannot be overstated. Such a theory

must exnlain not onlv whv, for a common articulatorv or

nust explain not only why, for a common articulatory
acoustic goal, variability is possible in the movement pat-
terns by which it is achieved, but also, what principles deter-
mine the specific movement pattern we observe in any single
implementation of that goal. Answers to the first question
have been suggested above. Recall that the incidence of clo-
sure voicing does not require a specific time function of vol-
ume change for its successful realization. Any of a great
number of active volume adjustments—including no change
at all-—can be consonant with ongoing vibration of the vocal
folds. Moreover, any given function I,(¢) sufficient for clo-
sure voicing may be achieved in many ways. If we consider
the larynx, soft palate, tongue raot, dorsum, and tip each to
be at least parily independent, the number of coordinated
combinations of their movements (each having its own direc-

tion. rate and rlurahnn\ cohcf\nnn the ceneral congtraint
tion, rate, tsiymng ge

that volume above the glottls increase somewhat in time is
quite large. Thus variability in motor behavior at least com-
patible with closure voicing is possible both because that end
is (presumably) categorical in nature, and because the num-
ber of degrees of freedom which can be brought to bear on it
is relatively large.

There is an intuitive appeal to acoustic and articulatory
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goals which permit considerable variation in the means by
which they are achieved. Motor behavior directed toward
such goals will likely be highly successful, independent of the
peripheral state of the articulatory mechanism when such
behavior is initiated, or of perturbations of that behavior
which may arise in the course of speaking. As a consequence,
the control mechanism need not devote significant time and
energy to monitoring, moment-to-moment, the relationship
between its state and concurrent and future intentions. Mo-
tor activity relevant for “quantal’” acoustic (or articulatory)
goals, as they have been described by Stevens (1972), might
therefore be initiated in an open-loop fashion and without
regard for context.

ouppose, then, that motor behavior relevant for stop
voicing is not somehow “‘tuned” to the contexts in which it

acenre Thic accuimntinon imnliag aithar that ciich hahagine
AAYUL D. A L1LD uaﬂulllyllull llllPllDB CiLlivi uiial suwil Ublla'lul

should be the same for all contexts, or that such behavior
may vary across contexts but—implansible as i1t mav

a4y ACLlOss COIICALS, DAL RIAPRAUSIVIC &5 Ray

seem—in an unpredictable way. The new data reported
here—derived from single examples of each of three voiced
stops in several phonetic environments—show clearly that
the former is not true. However, it is equally clear that these
same data cannot show whether the contextual variations in
motor behavior relevant for stop voicing are predictable. It
would be of great interest to know whether and to what ex-
tent voicing-related behavior might vary for the same stop,
repeated many times by the same speaker, in the same pho-
netic environment. For two reasons, data such as these are
crucial for a theory which seeks to relate categorical descrip-
tors such as features to their specific motor interpretations.
First, such data wiii show whether the relationship between
a feature and its interpretation is indeed deterministic. And
SeCOﬁ(l, in mc event [Ila[ it lb I]O[, SUCﬂ aa(a may provnuc
insight into optimization criteria which favor some of the
possible feature interpretations over others, or alternatively,

suggest factors which greatly constrain the set of feature-

compatible behaviors.

CLUIRPALIVIC VLnayiul

Positions and movements of the larynx, soft palate, and
various portions of the tongue have been measured from a
high-speed cinefluorographic record of isolated disyllables
produced by a single speaker of American English. The
movements of each of these articulators may affect the time
change of volume of the cavity above the glottis, and may
therefore affect the incidence and duration of voicing during
stop closure. Summing the “‘voiume contributions™ of indi-
vidual articulatory movements reveals that stops which are
both categorically and phonetically [ + voice] always exhi-
bit active volume increases during their closures. That is not

the case for stops which are[ r_— vr\u\p] There is crnn('l reason

AACIT

to believe that an active increase in supraglottal volume will
facilitate voicing during a stop, as long as the glottal state
remains constant and esscntlally like that during a vowel. On
the other hand, an active change in supraglottal volume will
little affect voicelessness during a stop, if the stop is voiceless
by virtue of substantial changes in the degree or nature of

approximation of the vocal folds. Thus, Asow supraglottal
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cavity volume changes with time is relatively more impor-
tant for stop voicing that voiceiessness.

We note, however, that when volume increases occur
during voiced closures, how large they are, and how they are
generated, vary widely across both place of articulation and
phonetic environment. This observation suggests that the
precise nature of any active volume increase during any in-
stance of /b,d,g/ is not especially important for ciosure voic-
ing. The same conclusion may be derived from consideration

PPy IR, P

of a model of breath-stream uyi‘u’i nics. In particular, there
are infinitely many ways to satisfy the boundary condmons

far vnining during alagnira e n..n,“l'u. sanlyihat

Th P
101 YOICINg Quring CiOsure, 1 nus speciry ’is Oflly tnat

[ + voice] implies very little about how

4‘ rtionlati
controlled in time. Perhaps the place of articulation o

and where in an utterance it occurs must also be known.

That is to sav, the motor internretation of the voicin

o
v 13 ey y vAAL ILULUL AAVI P Ui U iilg ivatui v

during a stop may depend upon interpretations of its other
features, and of features of its en

Atures, ana of rearures of 1ts en

vironment.
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APPENDIX

Values for fixed elements in the model are as follows:

— N1 aead A
C, =vu.1 Cmi/ayn

, =3.7%x10~? dyn-s*/cm®
R, =3.3 dyn-s/cm’
C, =3.437 X 1073
R, =3.0 dyn-s/cm’
C,=5.625 X% 107* cm’/dyn
L, =12 X% 1072 dyn-s*/cm’
R, = 8.48 dyn-s/cm®
C,=8.1x 1073

The last four values are considered appropriate for a
vocal tract bounded by moderately tense walls (cf., Ishizaka
et al., 1975), having a length of 16 cm and uniform eliptical
cross section with major and minor axes of 4 and 2 cm (cf,,
Fant et al., 1976). The surface area of such a tube, which
determines any of R, C,, or L, has been adjusted down-
ward somewhat to 125 cm? to take into account the fact that
a large portion of the palate is hard. Values for R, C,, and
L,,, for “lax” and “tense” conditions simulated in Figs. 3, 15,
and 16, are 6.4 dyn-s/cm®, 1.479 X 107> cm’/dyn,
1.68 x 107? dyn-s*/cm®, and 1856 dyn-s/cm’

r\!ns/dvn

Lals fGya

cm/dyn.
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2.5458 X 10~*cm®/dyn, 1.92 X 10~2 dyn-s?/cm®, respec-
tively (again, based on data of Ishizaka er a/., 1975).

When the model is initialized to approximate an inter-
vocalic stop, as in Figs. 2, 3, 15, or 16, E, is set to zero, with
pressure drops of — 1.0 X 10°dyn/cm?and 9.8 x 10° dyn/
cm? across C, and C,, respectively, and a volume velocity
flow of 125 cm®/s through L,. The glottis is assumed to be a
rCL[dI]guldI' COHStﬁCthﬂ Wl[l'l constani (]lmCl'lSl()Ilb (.)I l 8 cm
(length), 0.022 cm (width), and 0.3 cm (thickness, parallel to
the direction of laminar ﬁuw) Pres

cross-sectional area (of roughly 0.

gy 2a ke

umably, its constant
04 cm?) approximates the
er

114
average area of the glottal slit o

vocal folds are vibrating during

;
¥
been made to renresent the time ck

me n o,
ULl LaUL WU ILPIOO0ILL VAL LIV VLG

occurs during voicing, since the focus of this
consider pressure dvn amics over time intervals congidera

v
longer than the glottal period (cf., discussion by Miiller and
Brown, 1980). It should also be noted that vocal-fold stiff-
ness is not represented directly in the model. Rather, that
parameter is included only insofar as it determines the pres-
sure gradient threshold necessary for oscillation.

The glottal “state”—in particular, its area—remains
unchanged over the full 200-ms interval illustrated in Fig. 2.
It is assumed that no overt effort is made to adjust position of
the vocal folds in a vowel-voiced stop-vowel sequence. The
velopharyngeal orifice is considered closed, while mouth
opening (at the lips) is represented in terms of a rectangular
constriction with two dimensions fixed—0.2 cm in length
(parallel to flow) and 2.0 cm in width—and one dimension
(height) variable. The occlusions in Figs. 2 and 3 are simulat-
ed by “closing” and “opening” such a constriction at uni-
form rates of 20 cm/s over the 15-ms intervals immediately
preceding occlusion and foliowing reiease.

'Using methods different from those of Ishizaka et al. (1975), Rothenberg

(1968) determined that total compliance of the supraglottal cavity walls

might be roughly three times greater than the “upper limit” used to derive
data summarized in Fig. 3—perhaps as high as 5 X 1073 cm®/dyn. If to-
tal compliance may be as large as that, then the duration of medial closure
voicing which might result from making the walls “as lax as possible”
could approximate 500 ms.

It is at least difficult, if not impossible, in cinefluorographic data like that
described by Perkell (1969), Kent and Moll (1969), or in this study, to dif-
ferentiate changes in vocal tract dimensions resuiting from cavity expan-
sion and cavity enlargement. Following Rothenberg (1968), expansion re-
fers to volume increases resulting from movements of the elastic vocal
tract walls due to air pressure they contain. Enlargement, on the other
hand, refers to volume increases resulting from muscularly actuated
movements of certain articulatory structures, If we suppose the vocal tract
walls to be everywhere as compliant as tense cheek tissue, then they will be
displaced outward 0.045 mm per 1000 dyn/cm?’. If those surfaces are me-
chanically “‘cioser” to the neck walil, they wili yield perhaps 0.02 mm per
1000 dyn/cm?; or if they are “closer” to lax cheek tissue, 0.118 mm per
1000 dyn/cm?. Assuming further that wall compliance is constant, and
that air pressure in the mouth approaches (relatively slowly) a maximum
of 10 000 dyn/cm? during a stop consonant, we can expect the walls to
move passively outward perhaps as much as | mm. But because the actual
compliance is unknown, we cannot know the extent to which relatively
small movements of surfaces bounding the vocal tract are due to expansion
or enlargement. It is certainly plausible, however, to assume movements of
more than 1.5 mm to result from significant muscular effort to enlarge the
cavity above the glottis. Discussion of this point has particular relevance
for data presented in latter sections of this study. It is something of a fic-
tion, though unavoidable, to attribute the volume changes observed dur-
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ing various voiced and voiceless stops to the control parameter I,. Un-
doubtedly, some portion of what is referred to as I, is I, .

3The aspect of cavity volume most relevant to voicing maintenance during
stops is not its absolute value, That is, voicing during closure will not nec-
essarily be well-served by neuromotor commands to articulators which
entail, as their goal, a vocal tract configuration defining some absolute
vaiue. The fact that the pharynx is generaily larger at the first moment of
occelusion for voiced than voiceless stops is of relatively little use in sustain-
ing voicing during the former. Rather, voicing will be better served by
commands which entail what we might loosely refer 1o as a trajectory of
volume change, wherein change per unit time, for all moments in time,

exceeds some reference value,

Baer, T. (1975). "[nvestigation of Phonation Using Excised Larynxes,” un-

ST L T Rt R I T P GNP gt

puuuauw yovtolal ul&l‘vl Latu, lvll l

Bell-Berti, F. (1975). “Control of Pharyngeal Cavity Size for English Voiced
and Voiceless Stops,” J. Acoust. Soc. Am. 57, 456-464.

van den Berg, Jw. (1958). “Myoelastic-Aerodynamic Theory of Voice Pro-
duction,” J. Speech Hear. Res. 1, 227-244.

Dixit, R. P., and MacNeilage, P. F. (1972). “Coarticulation of Nasality:
Evidence from Hindi,” J. Acoust. Soc. Am. 52, 131.

Ewan, W. G., and Krones, R. (1974). “Measuring Larynx Movement Using

______________ Y DL A 1797_11&
I.llC lllle\.IlllUlUl[lClCl J. rnon. &, 3£f=330.

Fant, G. (1972). “Vocal Tract Wall Effects, Losses, and Resonance Band-
widths,” Speech Trans. Lab. Q. Prog. Status Rep. 2-3, 28-52.

Fant, G., Nord, L., and Branderud, P. (1976). “A Note on the Vacal Tract
Wall Impedance,” Speech Trans. Lab. Q. Prog. Status Rep. 4, 13-20.
Flanagan, J. L., Ishizaka, K., and Shipley, K. L. (1975). “Synthesis of
Speech From a Dynamic Model of the Vocal Cords and Vocal Tract,”

Bell Syst Tech.J. 54 (3), 485-506.

......... acd Qo 1T o 2 LR L o PRy - PR,
l ujll[luld., U ana 5sdawdsiina, lVl A¥71). LOonxomnant DCunlle& dllu Ld-

ryngeal Control,” Ann. Bull. Res. Inst. Logoped. Phoniat. (Tokyo) 5, 1-
6.

Goldstein, U. G. {1980). “An Articulatory Madel for the Vocal Tracts of
Growing Children,” doctoral dissertation, Massachusetts Institute of
Technology (unpublished).

Halle, M., and Stevens, K. N. {1971). “A Note on Laryngeal Features,”
MIT Res. Lab. Electron. Q. Prog. Rep. 101, 198-213.

Houde, R. A. {1968). “A Study of Tongue Body Motion During Selected
Speech Sounds,” Speech Commun. Res. Lab. Mono. No. 2.

Ishizaka, K., and Matsudaira, M. (1972). “Fluid Mechanical Consider-
ations of Vocal Cord Vibration,” Speech Commun. Res. Lab. Mono. No.
8.

Ishizaka K., French, J. C_ and Flanagan, 1. L. {1975). *Direct Determina-
tion of Vocal Tract Wall Impedance,” IEEE Trans Acoust., Speech Sig-
nal Process. ASSP-23 (4), 370-373.

Keni, R. D., and Moii, K. L. {i969j. ““Vocai Traci Characierisiics of ihe
Stop Cognates,” J. Acoust. Soc. Am. 46, 1549-1555.

Kent, R. D., and Minifie, F. D. (1977). “Coarticulation in Recent Speech
Production Models,” J. Phon. 5, 115-133.

Kiinzel, H. J. (1979). “Some Observations on Velar Movement in Plosives,”
Phonetica 36, 384404,

Ladefoged, P. (1964). “‘Comment on ‘Evaluation of Methods of Estimating
Subglottal Air Pressure,’ ” J. Speech Hear. Res. 7, 291-292.

T saova v

Llﬂﬂqvlb[, J.(1¥1a). Laryngcal Articulaiion Siudied on Swedish DUD]GC[S

1336 J. Acaust. Sac. Am., Vol. 73, No. 4, April 1983

Speech Trans. Lab. Q. Prog. Stat. Rep. 2-3, 10-27.
Lisker, L. (1977). “Factors in the Maintenance and Cessation of Voicing,”

Phonetica 34, 304-306.
Lafquist, A. {1975). “A Study of Su

LOIQVISE, A aY L SUGY Cf uuv glos

of Swedish Stops,” J. Phon. 3, 175—189.

Lubker, J. F. (1973). “Transglottal Airflow During Stop Consonant Pro-
duction,” J. Acoust. Soc. Am. 53, 212-215.

Lubker, J. F., Fritzell, B., and Lindgvist, J. (1970}. “Velopharmygeal Func-
tion: An Electromyographic Study,” Speech Trans. Lab. Q. Prog. Stat.
Rep. 4, 9-20.

McGlone, R. E., and Shipp, T. (1972). “Comparison of Subglottal Air Pres-

cnrac Acenciated unth /mn/and /h/” T Aranct €ns Am B1 ARA LAS

sures Associated with /p/ and /b/,” 1. Acoust. Soc. Am. 51, 664-665.

Mermelstein, P. (1973). “Articulatory Model for the Study of Speech Pro-
duction,” J. Acoust. Soc. Am. §3, 1070-1083.

Mintfie, F. D., Abbs, J. H., Tarlow, A., and Kwaterski, M. (1974). “EMG
Activity Within the Pharynx During Speech Production,” J. Speech
Hear. Res. 17, 497-504.

Moll, K. L. (1962). “Velopharyngeal Closure on Vowels,” J. Speech Hear.
Res. 5, 30-37.

Miiller E. M. and Brown, Ir., W, S. 110801 “Variations in the Supraslottal

Miiller, E. M., and Brown, Jr., W. S. (1980). “Variations in the Supraglottal
Air Pressure Waveform and their Articulatory Interpretation,” in Speech
and Language: Advances in Basic Research and Practice, Vol. 4 edited by
N. Lass (Academic, New York}, pp. 317-389.

Netsell, R. {1969). “‘Subglottal and Intraoral Air Pressures During the In-
tervocalic Contrast of /t/ and /d/,” Phonetica 20, 68-73.

Perkell, J. S. (1969). Physiology of Speech Production (MIT, Cambridge).

Putnam, A. H. B., and Shipp, T. (1975). “EMG-Aerodynamic Measures for

Intarvacalic /n/ Peaductinn T Acanet Sas Am Quanl 187 €70

Intervocalic /p/ Production,” J. Acoust. Soc. Am. Suppl. 157, §70.

Riordan, C. J. (1980). “Larynx Height During English Stop Consonants,” J.
Phon. 3, 353-360.

Roihenberg, M. (1968). “The Breath-Stream Dynamics of Simpie-Re-
leased-Plosive Production,” Bibl. Phonetica 6.

Stetson, R. H. (1950). Motor Phonetics (North Holland, Amsterdam).

Stevens, K. N. {1972). “The Quantal Nature of Speech: Evidence from Ar-

ticulatory-Acoustic Data,” in Human Communication, A Unified View,
edited by P. F. Denes, and E. E. David, Jr. (McGraw-Hill, New York)

equiea encs, ang . L°8VIG, 5T, (VACoraw-ili, INEW Y OIK),

Chap. 3, pp. 51-66.

Ushijima, T., and Sawashima, M. {1972). “Fiberscopic Observation of Velar
Movements During Speech,”™ Ann. Buil. Res. Inst. Logoped. Phoniatr.
{Tokyo) 6, 25-38.

Vencov, A. V. (1968). “A Mechanism for Production of Voiced and Voice-
less Intervocalic Consonants,” Z. Phonet., Sprachwiss. Kommunika-

tionsforsch. 21, 140-144.
Wpuhnru IR “070\ “Asgneacts of the Temnoral Control of Voicin

estbur R. pects of the poral Control of Voicing
Consonant Clusters in English,” Texas Linguist. Forum 14, 1-304.

Westbury, J. R., and Niimi, S. (1979). “An Effect of Phonetic Environment
on Voicing Controi Mechanisms During Stop Consonants,” in Speech
Communication Papers presented at the 97th Meeting of the Acoustical
Society of America, edited by J. Wolf and D. Klatt {(Acoust. Soc. Am.,
New York).

Yanaghihara, N., and Hyde, C. {1966). “*An Aerodynamic Study of the Ar-

hmllnlnnl Mechanism in the Production of Bilabial Stos Consonants.”
......... Mechanism in {ne Froqucty adia: Stop Consonants,”

Stud. Phonolog 4, 20-27.
Zue, V. W, and Laferriere, M. (1979). “Acoustic Study of Medial /t,d/ in
American English,” J. Acoust. Soc. Am. 66, 1039-1050.

John R. Westbury: Enlargement of the supraglottal cavity 1336



