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The purpose of this experiment was to study both the timing and positional properties of articulatory
movements in VCV utterances. Conventional cinefluorographic techniques were used to track the
movements of the upper lip, lower lip, jaw, tongue tip, and tongue body of two speakers who read
randomized lists of VCV utterances containing the vowels /i,a,u/ and the consonants /p,t.k/, in all
possible combinations. Results showed that the timing of articulatory movements in a2 VCV sequence are
constrained by the intervocalic consonant, even if the gesture for the consonant is not a contradictory one.
Anticipatory movements toward the second vowel always begin during the closure period of the
intervocalic consonant. The appearance of carry over coarticulation effects depends on the phonetic
identity of the particular segment or degree of involvement of the articulator. Carryover effects, like
anticipatory effects, did not extend beyond an immediately adjacent segment. These findings suggest that
the rules governing the segmental input to a speech string might be simpler than present models suggest.

PACS numbers: 43.70.Gr, 43.70.Ve, 43.70.Bk

INTRODUCTION

The purpose of this paper is to explore a number of
questions related to the properties of articulatory move-
ments in VCV utterances. The experiment was moti-
vated by the fact that there exist in the literature con-
tradictory reports concerning the nature and extent of
- various coarticulatory phenomena. While the tradition-
al view and the earlier papers of Ghman! and of Daniloff
and Moll, 2 for example, hold that coarticulation is in-
herent in the programming of speech sequences, and
that its effects can extend across various structural
boundaries, other more recent studies®® suggest that
the rules governing coarticulation (both anticipatory and

carryover) might be somewhat simpler than previously
believed.

Anticipatory coarticulation effects are essentially
timing effects: movements toward some parts of a fea-
ture target of a given segment begin before others. In
a study of anticipatory lip rounding, Kozhevnikov and
Chistovich® found that the onset of the rounding gesture
for the vowel /u/placedina CCV sequence occurred at the
beginning of the sequence. Daniloff and Moll,? in extend-
ing the observations of Kozhevnikov and Chistovich,
showed that lip rounding for /u/ can begin across as
many as four segments ahead of the vowel, In their
experiment, anticipation of lip rounding for the vowel
/u/ was studied for a number of mono- and disyllabic
single and two word utterances embedded in sentence
frames using lateral view cinefluorography. Onset of
lip rounding usually began during the closure phase of
the first consonant in the sequence, and was not affected
by the position of word or syllable boundaries within the
sequence. Another type of anticipatory coarticulation was
shown to exist by Ohman. In a spectrographic study of
coarticulation in VCV sequences, Ohman showed that
the variability observed in transition movements to the
consonant could be predicted by the formant frequencies
of the second vowel. This led Ohman to conclude that
vowel-to-vowel movement in a VCV is essentially diph-
thongal with the consonant simply superimposed on the
basic gesture; in other words, movements toward the
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second vowel begin independently from and at about the
same time as those toward the consonant. In other
studies, Moll and Daniloff’ showed that velopharyngeal
opening for a nasal consonant can begin two vowels in
advance of the consonant, and McClean® showed that, in-
a CVVN sequence, velar opening for the final nasal be-
gins ahead of the syllable boundary unless the two vowels
are separated by a marked junctural boundary. These
studies, among others, suggest that articulatory encod-
ing is a complex phenomenon whose effects can spread
across several adjacent segments. Most support, either
explicitly or implicitly, Henke’s® articulatory model

that proposes the operation of a mechanism that scans
future segmental inputs, or features thereof, and sends
commands for the immediate attainment of those fea-
ture targets that would not interfere with the attainment
of immediately intervening articulations.

However, in several recent studies, both electro-
myographic*!® and acoustic’®'!? evidence were used to
argue against the ubiquity of anticipatory coarticulation
effects in speech. In an experiment by Gay,!EMG re-
cordings were obtained from the genioglossus and orbi-
cularis oris muscles of two subjects during the produc-
tion of various VCV syllables. In those utterances
where the genioglossus muscle was involved in the prod-
uction of both the first and second vowels (as'- in /upi/ or
/itu/) or where the first and second vowels were the
same (as in /ipi/ or /utu/), a cessation of activity oc-
curred for the genioglossus muscle during the time of
consonant production. In other words, each vowel in
the sequence (even in a symmetrical VCV) was marked
by a separate muscle pulse. This finding was inter-
preted as reflecting a discontinuity in vowel-to-vowel
movement, and thus, a contradiction of Ghman’s! diph-
thongal movement hypothesis. Another finding of this
experiment was the presence of a trough in the orbicu-
laris oris envelope during the production of an alveolar
or velar consonant that separated two rounded vowels.
This finding was not consistent with others that showed
a considerably earlier onset of the lip rounding ges-
ture. #%!1 In another EMG experiment, Ushijima and
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Hirose!® showed that in a CVVN sequence, lowering of
the velum in anticipation of the final nasal was re-
stricted by the syllable boundary. While these results
were obtained from Japanese, they nonetheless argue

against a general model of anticipatory velar lower-
ing.

In an experiment performed by Bell-Berti and Harris,?
spectrographic measurements were made from 18 ut-
terance types that consisted of the vowels /i, a, v/ in
CVC combinations with the consonants /p, t, k/. The
data showed that the effects of the terminal consonant on
the midpoint of the stressed vowel were not nearly as
large as those of the initial consonant; in other words,
the carryover effect of the initial consonant on the
vowel is considerably greater than the anticipatory ef-
fect of the second consonant, The same results were
also obtained independently by Ohde and Sharf'?; ina
variety of CVC sequences, carryover consonant effects
on vowel targets were likewise greater than anticipatory
effects.

Carryover coarticulation effects are essentially me-
chanical effects and exist in the form of variability in
target (or target feature) positions as a function of changes
in phonetic context. Carryover effects have traditional-
1y been attributed to hysteresis or inertial effects and,
in general, have been studied less extensively than an-
ticipatory effects. Although carryover effects have been

shown to exist at both the EMG and articulatory levels,!*~1

the pervasiveness of these effects is somewhat in doubt,
In a study of the production of 36 CVC monosyllables,
MacNeilage and DeClerk®® found that some aspect of the
production of every phone was always influenced by
a preceding phone and almost always influenced by a
following phone. In particular, the size of the EMG
signal would be different depending on the identity of the
adjacent vowel or consonant. In countering the argu-
ment that a motor command representation of the phone
shows less variability than an articulatory target repre-
sentation, MacNeilage16 later proposed that the observed
EMG variability reflected a complex motor strategy, the
underlying goal of which is a relatively invariant articu-~
latory end. The concept of an articulatory based target
system as proposed by MacNeilage was further sup-
ported, at least for vowels by the cinefluorographic
data of Gay ef al.'” and Gay.® In the latter study, la-
{eral view x~ray motion pictures were obtained from
two speakers who produced the vowels /i, a, u/ ina
variety of VCV contexts. The results of this experi-
ment showed that for both subjects, the target positions
for both /i/ and /u/, in both pre- and postconsonantal
positions, remained quite stable (within 2—-3 mm) across
changes in the consonant and tra.nsconsonantal vowel,
Finally, a careful examination of Ohman’s! acoustic
data shows that carryover effects of the first vowel or
the intervocalic consonant on the formant frequencies
of the second vowel were virtually nonexistent: formant
frequencies fell within a 50~60~Hz range regardless .of
the identity of the preceding phones. However, in con-
trast to the studies cited above, carryover effects have
' been shown to exist at the articulatory level. Both
Sussman, MacNeilage, and Hanson'* and Gay, * for ex-
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ample, have produced data showing jaw position during
consonant and vowel production to be sensitive to the
degree of jaw opening of an adjacent phone. Thus, al-
though evidence exists to support an articulatory target
formulation, no present theory specifies the rules
governing failure to achieve a particular target.

The divergent research results of the last ten years,
whether arising from differences in interpretation or
the utilization of different experimental techniques,
nevertheless serve to point out that a number of impor-
tant questions concerning the dynamic properties of
speech gestures remain unanswered. In this experi-
ment, both the timing and positional properties of arti-
culatory movements were studied in VCV utterances
using conventional pellet tracking and spectrographic
techniques, in an attempt to provide answers to some of
these questions. The format of the experiment was
designed to explore questions related to two particular
issues: (1) the constraints an intervening consonant
might place on the movements of the articulators,
especially the tongue body, from one vowel {o another
(is the movement from vowel essentially diphthongal or
is it locked somehow to the intervocalic consonant?)
and (2) the extent of carryover coarticulation effects
throughout the syllable {are such effects limited to
phonetically unmarked features such as jaw position or
do they extend to other properties of both vowel and
consonant production?).

{. METHOD
A. Subjects and speech material

Subjects were two adult males, both native speakers

" of American English., The speech material consisted-

of CVCVC strings where the initial and final consonants
remained constant (/k/ and /p/, respectively) and the
medial VCV sequences contained the vowels /i, a, u/
and the consonants /p, t, k/, in all possible combina-
tions. Each of the 27 utterances was placed in the car-
rier phrase, “Say—again,” and random ordered into
a master list,

B. Data recording

Lateral view x~ray films were recorded with a 16~mm
cine camera at a speed of 60 fps. The x-ray generator
delivered 1 msec pulses at 120 kV to a 9«in, image
intensifier tube. For purposes of tracking articulatory
movements, 2.5-mm lead pellets were attached to the
upper and lower lips, tongue tip, dorsum, and body
(at two locations) of both subjects.® In addition, a
reference pellet was attached at the embrasure of the
upper central incisors. Jaw movements for both sub-
jects were tracked by measuring the distance between
the tip of the lower central incisors and the reference
pellet. -All pellets were attached at the midline using
a cyanoacrylate adhesive. The locations of the pellets
are shown for both subjects in Fig. 1.

Each subject was positioned in a head holder. The
subjects were instructed to read the list at a comforta-
ble speaking rate and with equal stress placed on the
two syllables. A brief practice session preceded each
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SUBJECT FSC

. run. During the x-ray run, the corresponding acoustic
signal was also recorded on magnetic tape.

C. Data analysis

A semiautomated system for analyzing the x-ray data
was developed for this purpose. It consists essentially
of a 16-mm film analyzer (Perceptoscope, Mark 1) and
digitizing tablet (Summagraphics) that is interfaced to
a small laboratory computer (D.E.C., PDP/ 8E), The
film image is projected, frame~by-frame, via an over-
head mirror system onto the surface of the digitizing
tablet. The position coordinates of each pellet (or other
anatomical landmark) are stored in the computer when
a hand-held pen is depressed over the pellet location.
Sections of the tablet outside the image area are used
for control operations, e.g., storing a special skip
code or indicating end of utterance. The computer
measures the X and ¥ coordinate positions of each pel-
let relative to the position of the reference pellet and
stores the accumulated data, frame-by-frame-by-ut-
terance, on disk. A second program is used to display
the X and Y components separately as a movement track
on a large display scope. The resolution of the digitiz-
ing tablet is 0.25 mm. By projecting the film twice
real size, measurement error is easily reduced to
within £1 mm. This was the usual maximum real size
error obtained from repetitive measurements of se-
lected samples.

One particular problem inherent in x-ray pellet track-
" ing techniques are the obstacles dental fillings presentin
marking pelletlocations. Because of the density of amal-
gams, the pellets become lost when they enter behind
such fillings. Dental restorations interfered with the
tracking of the first tongue body pellet of subject FSC
and the tongue body and tongue tip pellets of subject
GNS, both to varying degrees in different utterances.

Wide-band spectrograms, using a Haskins Laborato-
ries digital spectrograph routine, were made for all ut-
terances. A particular advantage of this routine is a
software thresholding feature that can be used to reduce
the background noise produced by the x-ray generator.
This permitted spectrographic measurements to be made
for almost all of the vowel nuclei, although the less in-
tense parts of the signal associated with formant transi-
tions were lost in the noise.
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SUBJECT GNS
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FIG. 1. Locations of pellets for
tracking articulatory movements,
Jaw movements were measured at tip
of lower central incisors.

The acoustic recordings of both subjects were analyzed
for the purpose of determining whether stress differ-
ences appeared for the first and second vowels. Per-
ceived destressing occurred consistently for /a/ in pre-
consonantal position for subject GNS. Destressing of
preconsonantal /a/ was also evident in the spectrograph-
ic measures. First and second formant frequencies for
/a/, pooled across consonants and vowels, were 640 and
1340 Hz for the initial position, and 810 and 1210 Hz, for
the final position. Instances of first vowel destressing
for /a/ also occurred for subject FSC, but not consis-
tently. These were the only stress effects that appeared
for either subject.

Il. RESULTS AND DISCUSSION
A. The timing of articulatory movements

One of the basic questions addressed in this experi-
ment concerns the coordination of articulatory move-
ments throughout a VCV utterance, that is, the relative
timing of the movements of the tongue body in relation to
those of the lips, jaw, and tongue tip, especially during
the production of the intervocalic consonant. The three
different consonants appearing in the various utterances
were selected on the basis of the varying degrees of in-
volvement of the tongue during their production: com-
plete independence as a primary articulator for /p/,
only tongue tip involvement for /t/, and complete involve~
ment of the tongue body as a primary articulator for
/k/. As will be shown, however, tongue body move-
ments are either involved in or constrained by each of
the three different intervocalic consonants.

Measurements of the relative onsets of articulatory
movements in the various VCV sequences are summa-
rized in Fig. 2. This figure shows the ranges of onset
times of tongue body, jaw, and primary articulator
(either the lower lip, tongue tip, or tongue body for /p,
t, k/, respectively) movements, from the first vowel to
the intervocalic consonant and from the intervocalic con-
sonant to the second vowel. Onset times are relative to
the time of closure for the consonant and are plotted
separately for the three consonants., These data pro-
vide an overall picture of the relative timing of articula-
tory movements through the VCV sequence.

For both subjects, the timing of articulatory move-
ments from the first vowel to the consonant were far
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more constrained than articulatory movements from the
consonant to the second vowel. For closing movements,
the onset times of tongue body, jaw, and primary artic-
ulator movements fell within the same overall time win-
dow. While the window, itself, is rather wide, coordi-
nation within the window is much more constrained, with
the movements of the tongue body, jaw, and primary ar-
ticulator beginning within 10-15 msec of each other.
The observed overall variability could not be attributed
to either the duration of consonant closure or the identity
of the first vowel, although there was some tendency for
earlier starting times to oceur for /a/, probably as a
function of greater articulatory displacement. It should
also be noted that in a number of instances, notably
those sequences where the first vowel is /u/, closing
movements of the primary articulatory were not ac-

" companied by corresponding movements of either the
tongue body or jaw.'?

In contrast to the synchronous closing movements from
the first vowel to the consonant, opening from the con-
sonant to the second vowel was characterized by a stag-
gered pattern of movements. For both subjects, open-

- ing toward the second vowel began with the tongue body,
and was followed by the jaw and primary articulator, in
that order. Movements of the tongue body began any-

where from 5-50 msec for subject FSC and 5~60 msec
for subject GNS after the time of consonant closure. All
tongue body movements, however, were underway before
the time of consonant release. The onset time of jaw
opening also varied within the interval of consonant clo-
sure, but usually followed tongue movements and pre-
ceded primary articulator movements. The variability
of opening onset times, like those for closing, did not
correspond to any feature other than a tendency for ear-
lier opening to occur for a following open vowel.

The dynamic properties. of articulatory movements in
a VCV sequence, and the rules that govern these move-
ments, will be discussed for each consonant category
using graphical illustrations produced from the frame-
by-frame measurements of the x-ray films. The move-
ments of the tongue body, lips, and jaw for a VCV se-
quence where the intervocalic consonant is /p/ are il-
lustrated for both subjects in Fig. 3. This figure shows
the movement track of the height dimension for the se-
quence /ipa/. Each track was graphed from discrete
points measured every film frame, that is, at approxi-
mately 17-msec intervals. Measurements begin during
the closure period of the initial /k/ and end at the time
of closure for the final /p/; 0 on the abscissa corre-
sponds to the time of consonant closure. This figure il-
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lustrates the constraints the intervocalic consonant
places on the timing of tongue body movements from
vowel to vowel. The movement of the tongue body from
the first vowel tothe second vowel does not beginuntil af-
ter closure for the intervocalic consonant is completed.
This, of course, was a salient feature inthe production of
all VCV utterances by both subjects (see Fig. 2). This fig-
ure also shows that the movements of the tongue body
begin ahead.of:those for the jaw. The delay time is ap-
proximately 40 msec for subject FSC and 60 msec for
subject GNS. This delay suggests that tongue body
movements toward the vowel are probably independent
from jaw movements toward the vowel. This figure al-
so illustrates. the variability of jaw movements associ-
ated with consonant production. For subject FSC, jaw
closing begins at the time of lip closing while jaw open-
ing precedes lip opening. For subject GNS, on the other
hand, jaw closing does not accompany lip closing andjaw
opening follows lip opening (this pattern is the only ex-
ception to the general rule). As is also evident in this
figure, upper lip contributions to lip closure were neg-
ligible for both subjects. Finally, subject FSC showed
a pattern of lip closure that was often characterized by
continued compression throughout the elosure period.

Consonant constraints on vowel-to-vowel movements
are as evident in the front-back dimension as in the

100

height dimension. Figure 4 shows tongue movement in
the X dimension plotted against the same baseline as
lower lip movement in the Y dimension, both as a func-
tion of time, for the sequence /ipu/. Again, it is appar-
ent that tongue movement toward the second vowel does
not begin until after consonant closure. The data for
subject GNS also show what might be a tongue body ges~
ture associated with the consonant. Such'a gesture,
however, did not appear regularly in the data nor did the
tongue body appear to reach a specific, repeatable tar-
get position when such a gesture did appear.

The same rules for tongue body movement associated
with /p/ are also evident for utterances where /t/ is the
intervocalic consonant (Fig. 5). Here, as before,
movements toward the second vowel do not begin untit
after closure for /t/. Also, this figure shows that the
movements of the tongue body, tongue tip, and jaw are
again, independent from each other; they all begin mov-
ing into the second vowel at different times, with the
tongue body leading the jaw and tongue tip, in that order.

Perhaps the best illustration of consonantal con-
straints on tongue body movements is one where the
first and second vowels of the utterance are the same.
Figure 6 shows the movement tracks for the jaw and
four tongue pellets during the production of /iti/ for sub-

Subject GNS

FIG. 5. Movement tracks for utterance
/ita/. The tongue body pellet for subject
FSC is the second, more posterior, one.
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FIG. 6. Movement tracks (height) for utterance /iti/, subject
FsC.
ject FSC. Instead of the tongue maintaining the /i/ tar-

get during the consonant, the tongue blade and both
tongue body pellets show movement throughout the con-
sonant gesture. The blade and anterior tongue pellet
appear to shadow movements of the tip while the posteri-
or tongue body pellet moves in the opposite direction
(lower). Because the tongue body is displaced at least

5 mm from the vowel target during the time of conso-
nant production, the movement is probably not passive
{(a pressure perturbation, for example). Rather, it
would seem that the gesture is a facilitory one or one
that reflects a strategy to modulate the degree of aspira-
tion that might otherwise occur if the postalveolar chan-
nel were too constricted, ?® It should also be noted that
the present finding agrees with the x-ray data of Kent®
which also showed tongue body movement in a symmet-
rical VCV at the time of consonant production.

The most interesting tongue movements are those as-
sociated with /k/ production. Figure 7 shows both the
height and fronting components of tongue body move-
ment during the production of /aki/, /aka/, and /aku/,
for subject FSC. These traces show that the tongue
body is in continuous movement throughout the closure
phase of the consonant. From the time of /k/ closure,
the tongue body continues to move upward and forward
for a following /i/ or /a/, and upward and slightly back-
ward for a following /u/. Continuous movement. of the
tongue body during /k/ production has also been reported
in a number of other papers. The data of both Kent®
and Perkell?® show elliptical patterns of movement of the
tongue body for /k/ in symmetrical /VkV/ and /akV/
sequences, respectively. A similar pattern exists in the
present symmetrical /VkV/ sequences and would emerge
from the /aka/ data in Fig. 7 if a composite trace were
constructed from the two movement tracks. The pres-
ent data are also in general agreement with those of
Houde® who showed that the tongue body was in continu~
ous movement during /k/ in an asymmetrical /VkV/
sequence.

Of particular interest in the present data is the find-
ing that, irrespective of the identity of the second vowel
in the sequence, closure for /k/ occurs at approximately
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the same location in the vocal tract. Tongue movement
continues through the consonant, with release occurring
at different locations in anticipation of the following
vowel (see Fig. 7). While the three movement tracks
are within 3 mm of each other, in both dimensions, at
closure, they diverge towards release, at which pomt
the dxfferences are 8 mm between /i/ and /a/ in the
height dimension, and 10 mm between /i/ and /u/ in
the fronting dimension. Thus, consistent with the data
forboth /p/ and /t/, the data for /k/ show anticipatory
movements to occur primarily during the closure phase
of the consonant.

For VCV utterances containing either /p/, /t/, or
/k/ as the intervocalic consonant, the usual sequence
of articulatory events is as follows. Movements of the
jaw, tongue body, and primary articulator begin at
about the same time, with jaw closing continuing past
the time of occlusion for the consonant. Shortly after
closure for the consonant occurs, tongue body move-
ment toward the second vowel begins. This movement
is followed independently, by jaw opening, and release
of the consonant, Articulatory movements for the post-
vocalic vowel always begin between the time of conso-

nant closure and consonant release.

The data of this experiment, in showing consonant
constraints on vowel movement in a VCV utterance, are
not consistent with Ohman’s? hypothesis that vowel-to-
vowel movement in a VCV sequence is essentially diph-
thongal, Ohman’s hypothesis is based on the assumption
that tongue body movements toward the second vowel be-
gin at about the time of onset of closing for the conso-
nant. However; the present data show that movement
toward the second vowel begins much later, some 5-60
msec after closure for the consonant has already been
completed. This pattern of movement even occurs for
/VpV/ sequences, where the tongue body is not actively
involved in the production of the intervocalic consonant.
These data suggest that either the tongue body, itself,
attains a target during consonant production, or, more
likely, that the release of the consonant and the move-
ment toward the vowel are linked in a basic gesture.
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In addition to questions concerning anticipatory move-
ments of the tongue body, it was expected that the data
of this experiment could be used to track the onset of lip
rounding for a rounded vowel preceded by a variety of
" different phones. Lateral view x rays can provide an
indication of lip rounding in the form of degree of lip
protrusion. Unfortunately, however, this measure was
not a very sensitive one for the two speakers used in thig
experiment, The difference in protrusion between the
spread vowel /i/ and the rounded vowel /u/ averaged
only 5 mm for both speakers. It might be noted though,
that in no case did evidence of a protruding gesture ap-
pear for the rounded second vowel in any of the VCV ut-
terances until after closing for the intervocalic conso-
nant was completed. '

To summarize the data thus far: the relative timing
of articulatory movements in a VCV sequence is affected
by the intervocalic consonant, even if the gesture for the
consonant is not a contradictory one. The intervocalic
consonant affects both tongue body and jaw movements
toward the second vowel. Anticipatory movements to-
ward the second vowel always begin during the closure
period of the intervocalic consonant, suggesting that the
CV component of the VCV sequence might be organized
as a basic unit,

B. The attainment of articulatory targets

Carryover coarticulation effects were studied in rela-
tion to both the influence the first vowel exerts on the
position of the intervocalic consonant, and the influence
the intervocalic consonant exerts on the attainment of the
target for the second vowel.

In contrast to timing measurements, useful positional
measurements for /p/ could not be obtained. The im-
portant positional information for /p/ appears primarily
in the coronal plane; lateral view x rays simply do not
reveal this information. However, the present data do
show a rather strong vowel effect on jaw position during
/p/. Figure 8 illustrates this effect for both subjects.
These plots, which agree with the data of Sussman,
MacNeilage, and Hanson'* and of Gay'® show that the
position of the jaw during the production of /p/ is sensi-
tive to the openness of the adjacent vowel: greater jaw
opening for the consonant occurred with a more open ad-
jacent vowel. This figure also shows what is presumed
to be a stress effect in the data of subject GNS. Jaw

opening (and consequently tongue height) for /a/ is re-
duced in the preconsonantal position.

Carryover effects of the first vowel on the positional
properties of /t/ did not appear in either the tongue tip
or jaw measurements. Figure 9 illustrates the insensi-
tivity of tongue tip position for /t/ to different preceding
vowels, in both the height and fronting dimensions. It
Is apparent that neither the retrusiveness of /u/ nor the
openness of /a/ had any measurable effect on the /t/
target, in either dimensions. The only differences in
the three traces appear in the timing of the closing
movements. Since the onset of closing is earliest for
/a/ and latest for /u/, the differences are presumed to
be displacement related. Finally, jaw movements for
/t/, unlike those for /v/, were not affected by the open-
ness of the preceding or following vowel.

The most interesting and extensive carryover effects
of the first vowel on consonant production appeared in the
movement track of the tongue body during /k/ produc-
tion. This is illustrated in Fig. 10 for the VCV sequence
where /i/ is the common second vowel. Here the pre-
dicted effect of different first vowels is evident. At the
time of closure for /k/, the tongue body is higher and
more fronted for /i/, and progressively lower and more
retruded for /u/ and /a/. The magnitude of these ef-
fects is on the order of 7 mm between /i/ and /a/ in the
height dimension and 5 mm between /i/ and /a/ in the
fronting dimension. The most interesting feature of
this graph, however, is that the carryover effects of the
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FIG. 9. Movement tracks for tongue tip, subject FSC.
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FIG. 10. Movement tracks of second tongue body pellet for
/ika/, /aka/, /uka/, subject FSC. ‘

first vowel do not extend far into consonantal closure. .
On the contrary, the three curves converge before con-
sonant release at about the time movement begins to-
ward the second vowel. The relative invariance of the
movement from consonant release toward the second
vowel further strengthens the suggestion that the CV
transition is produced as an integral unit.

Carryover effects of the first vowel on the production
of the intervocalic consonant were variable; they could
not be adequately measured for /p/, they did not appear
for /t/, but did appear, in a predictable way, for /k/.
The jaw effect evident for /p/ is apparently due to the
secondary importance of jaw closure in bringing about
lip closure for /p/. Although closure for /p/ can have
both lower lip and jaw components, the jaw component
is probably facilitory and, as such, sensitive to phonetic
environment. Likewise, the difference in effects for
/t/ and /k/ is presumably related to the differences in
degree of involvement of the tongue body during the
production of the two consonants.

Carryover effects of the intervocalic consonant on the
following vowel appeared only for the open vowel /a/,
and were reflected in differences injaw and, consequent-
ly, tongue body height. These effects, which are con-
sistent with those reported by Gay,® are illustrated in
Fig. 11. This figure shows the differences in tongue
body and jaw height for the vowel /a/ when the inter-
vocalic consonant varies from /p/ to /t/. Opening for
the vowel is greater when the intervocalic consonant is
/p/ as opposed to /t/. The difference in tongue body
height for the first vowel is probably due to differences
in stress between the two utterances. However, this
was not apparent when listening to the tapes.  This fig-
ure also shows what appears to be tongue body involve-
ment during the production of /t/. The movement track
for the tongue body shows greater elevation than that for
the jaw during the time of consonant production. This
means that the tongue body position during consonant
production is not simply being carried passively by the
jaw, but rather has underlying it, an active muscle
component as well. Although variability in tongue body
and jaw opening appeared in the articulatory data for
both subjects, similar variability was not reflected in
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9

the corresponding acoustic measures, Apparently, the

differences in jaw position as measured anteriorly at the
incisors either do not correspond to the size of the pha-
ryngeal constriction for /a/, or are much less when the

arc of rotation is measured closer to the hinge axis of
the jaw.

Carryover effects of a preceding consonant on the
production of the vowels /i/ and /u/ were small. These
effects are summarized in Fig. 12 and Table I. The
figure shows the relative positions of the upper lip, low-
er lip, jaw, and tongue body at the time the tongue body
reached its target (point of maximum displacement) for
each of nine utterances containing the vowel /i/ in final
position. Table I shows the corresponding values of the
first and second formant frequencies at that point in
time.

As is evident in the figure, variability of tongue body
target positions is minimal (2.5 mm for subject FSC
and 3 mm for subject GNS). Lower lip and jaw posi-.
tions, on the other hand, vary within a large range, ap-
proximately 5 mm for subject FSC and 10 mm for sub-
ject GNS. Imterestingly, lower lip and jaw targets seem
to vary independently from tongue body positions but co-
vary for both subjects. This finding contradicts that of
Hughes and Abbs® who showed that mouth opening for
/i/ remained relatively constant because of tradeoffs
between lower lip and jaw displacements. This type of
equivalence was not evident in the present data for either
/i/ or /u/. Differences between the two sets of data
might be attributable to differences in either or both the
speech material and instrumental methods used in the
two experiments. '

The acoustic measurements of target formant fre-
quencies showed some variability among the nine ut-
terances (Table I). First formant frequencies were
within a range of 40 Hz for both subjects while second
formant frequencies fell within a range of 230 Hz for
subject F'SC and 120 Hz for subject GNS. The measured
acoustic variability did not appear to correspond to any
observed articulatory variability. For example, ut-
terances 2 and 7 for subject FSC were characterized by
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FIG. 11. Movement tracks of tongue body (pellet 2) and jaw

height for /apa/ and /ata/, subject FSC.
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FIG. 12. Coordinate positions of upper lip, lower lip, jaw,
and tongue body for the target positions of the vowel /1/, both

subjects. Each utterance number corresponds to the utterance
in Table I,

similar articulatory target points but quite different
formant frequencies. Conversely, utterances 3 and 4,
and 1 and 9, were characterized by virtually the same
formant frequencies, but different articulatory target
points. Either the variability observed fell, for the
most part, within the range of measurement error, or
more likely, a four-point parametrization tracking pro-
cedure of the type used in this experiment is simply in-
adequate for the purpose of relating differences in artic-
ulatory target points to the acoustic output. It might
also be noted-that acoustic variability for both /u/ and
/a/ were, in terms of percentage, within the same range
as variability for /i/. ]

Carryover effects, then, when they do appear, areun-
like anticipatory effects in that they depend on the pho-
netic identity. of the particular segment. Like anticipa«
tory effects, however, carryover effects seem to spread
no farther than the neighboring phone. These findings
support an articulatory based formulation of speech
production. ** For the most part, an articulatory target
corresponded as a relatively invariant representation of
a phoneme. Articulatory variability, when it did occur,
did so only under special circumstances. First, carry-
over effects for a consonant are reflected mainly in
variability of jaw position, and only when the jaw is not
primarily involved in the production of the phone, as in
/p/. However, when the jaw is more tightly involved in
the production of a phone (/t/, for example), degree of
jaw opening was not sensitive to that of the adjacent
phone. The only other strong carryover effect appeared
in tongue body movements for intervocalic /k/. Here,
unlike variability in jaw opening, carryover effects on
tongue body movements do not seem to be either random
in appearance or inertial in origin. Unlike /VpV/ and
/VtV/ sequences where the tongue body is usually in a
waiting position before it moves toward the second vow-
el during consonant closure, in a /VKV/ sequence, the
tongue body is involved as a primary articulator in the
production of the consonant. The movements of the
tongue body through /k/ (Fig. 10) seem to be directed,
in a straight-line fashion, to a common target position
for release of the consonant. The data for /k/ provide
a fairly convincing illustration of the limited spreading
effects of coarticulation in a VCV sequence. Because of
continuous tongue body involvement in the production of
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CVC syllables containing /k/ as the intervocalic conso-
nant, the elements of these syllables, especially /k/ it-
self, should be the most sensitive to the spreading of
coarticulation effects, in both directions. Yet, the as~
similation of carryover effects and the onset of anticipa~
tory movements both occur within the closure period of
the consonant, with movements from the same. vowel in-
to /k/ (see Fig. 7), or movements toward the same vow-
el from /k/ (see Fig. 10), not being affected by the ar-
ticulatory event on the other side of the consonant,

Stability of tongue body targets for vowels (at least
/1/ and /u/) was also the rule rather than the exception..
The only substantial articulatory variability occurred in
Jaw displacement, with /a/ showing. the greatest effects
and /u/ the least. As was mentioned before, however,
variability in jaw displacement for /a/, as measured -
anteriorly at the incisors, might be either exaggerated
or irrelevant in relation to variability that might exist
in the pharyngeal constriction for /a/. Likewise, the
variability of maximum jaw displacement for both /i/
and /u/ seems unrelated to the variability observed in
the position of the tongue body for those vowels. Thus,
the two features, tongue body height and jaw displace-
ment, might be independent ones, with jaw opening be-
ing a facilitory gesture and an unmarked phonetic fea-~
ture. This formulation suggests a reevaluation of mod-
els of vowel articulation that specify jaw position as a
primary determiner of tongue height. &

i, SUMMARY AND CONCLUSIONS

The major findings produced by this experiment are
as follows. First, anticipatory movements toward the
second vowel in a vowel-stop consonant-vowel se-
quence begin during the closure period of the intervocal-
ic consonant. This restricted coarticulatory field in-
cludes both tongue body and jaw movements associated
with the second vowel. Furthermore, the size of this
field is not affected by the identity of the intervocalic
consonant. Second, like anticipatory effects, carry-
over effects did not extend beyond an immediately neigh-
boring segment. Unlike anticipatory effects, however,
the appearance of carryover coarticulation effects de-
pended on the phonetic identity of the particular segment
on which these effects might act.

TABLE 1. First and second formant frequency values (Hz) for
the vowel /i/ in nine different VCV utterances, Each utterance
number corresponds to that of Fig. 12,

Subject FSC Subject GNS

Utterance Fy F, Fy F,

1. ipi 340 2200 310 2230
2. api 360 2030 320 2250
3. upi 360 2220 300 2160
4, iti 360 2220 330 2200
5. ati 320 2120 340 2210
6. utl 350 1990 320 2120
7. iki 320 2210 © 320 2270
8. aki 360 2160 320 2160
9, uki 350 2190 320 2250




The implication of these findings is that the rules gov-
erning the segmental input to a VCV string might not be
as complex as present models suggest. The finding that
anticipatory movements begin and primary carryover
effects end at about the same time during the closure
period of the consonant, suggests that the release of the
consonant and movement toward the vowel are organized
and produced as an integral articulatory event.

This formulation, which suggests a limited coarticu~
latory field is not consistent with the operation of a
complex scan-ahead mechanism. This does not nec-
essarily mean, however, that a scan-ahead mecha-
nism does not operate on larger units or at another stage
of the speech production process. For example, Lind-
blom and Rapp, *® Nooteboom and Cohen, # and Fromkin,?
have suggested the existence of an anticipatory mecha-
nism in the temporal formulation of speech sequences.
Likewise, the complex reordering of comimands ac~-
companying changes in speaking rate'” also suggests that
the temporal features of a downstream segment might be
known in advance. »

Thus, while it has been traditionally considered that
the serial ordering of segments is governed by complex
rules whose effects can s'pread across several adjacent
segments, and the temporal control of speech is gov-
erned by a simple adjustment of timing of commands to
the articulators® it may well be that the reverse is true:
The segmental input to the speech string is governed
primarily by simple rules which act upon syllable sized
units, while the temporal formulation of the string re-
quires complex articulatory adjustments based on ad-
vance information obtained from a higher level scan-
ahead mechanism.

Like most studies of speech organization, especially
those using high-speed cinefluorographic techniques,
the results of this experiment are based on data ob-
tained from a relatively small subject population and
are applicable to the production of only a few phonetic
elements, themselves constrained by the artificial for-
mat in which they were placed, Thus, the findings of
this experiment are obviously far from conclusive, and
go only part way toward answering those questions posed
at the outset. The present findings can serve, however,
as a basis for examining or reexamining a number of
questions concerning the organization of segmental ges~
tures. For example, it was shown that a four-point
parametrization procedure for relating articulatory tar-
gets to acoustic targets is inadequate. In order to re-
solve the differences between the acoustic data of Oh-
man’ and the articulatory data of the present study,
formant tracking must be matched to a far more com-
prehensive multipoint parameterization of the vocal
tract. The present results also suggest; without pro-
viding convincing evidence, that the onset of anticipa-
tory lip rounding might be conditioned differently in
CCCV and VCV sequences; also, they raise further
questions about the use of trade~offs between tongue and
jaw movements in achieving articulatory targets, and
the importance of jaw position in determining tongue
height in vowel articulation.
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