Anticipatory velar lowering: A coproduction account®
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Feature spreading and coproduction models make fundamentally different assumptions about
the nature and organization of speech motor control, and yet each model is supported by some,
but not all, of the existing empirical data. This has led some researchers to conclude that
speakers probably use alternative strategies at different times. This study suggests that the
identification of coarticulatory influences requires the concurrent identification of intrinsic
articulatory characteristics of the segment. Morcover, the evidence for feature spreading or
variable coarticulation strategies derives from the misidentification of such intrinsic
characteristics as context effects. This velar coarticulation study used a controlled comparison
between CV, N and CV, C minimal pairs, where C is an oral consonant, V,, is any number of
vowels, and N is a nasal consonant. Vocalic string duration was manipulated by varying the
number of segments and speech rate, allowing us to alter the time between the onsets of vocalic

and subsequent consonantal gestures. Velar lowering occurred in CV,, sequences, whether or

not a nasal consonant followed, and similar vocalic

gestures were observed across minimally

contrastive environments with and without the nasal consonant. Moreover, velar lowering for
the nasal consonant began in close temporal proximity to the nasal murmur. These results
strongly support the coproduction model and provide insight into previously conflicting

reports. '

PACS numbers: 43.70.Aj, 43.70.Bk, 43.70.Jt

INTRODUCTION

In early studies of speech production, coarticulation
was viewed as problematic because researchers’ intunitions
about the speech stream (the notion of “segments™) did not
match the acoustic or articulatory output that the new tech-
nology revealed (Harris, 1970; Kent and Minifie, 1977; Li-
berman et al., 1962). To continue to maintain the notion that
speech is, at some level, segmentally structured, required an
account of speech production that takes a string of discrete
segments as its input and outputs a stream of overlapping
and asynchronous gestures, Over the years, two such general
types of explanations of observed coarticulatory phenomena
have been offered: “feature spreading” models (e.g., Henke,
1966; Joos, 1948; Kozhevnikov and Chistovich, 1965; Moll
and Daniloff, 1971) and “coproduction” models (e.g., Bell-
Bertt and Harris, 1981; Browman and Goldstein, 1986;
Fowler, 1980; Ohman, 1966).

Studies of anticipatory nasal coarticulation (including
data on velar lowering movements, nasal airflow, velophar-
yngeal port opening, or levator palatini relaxation) along
with studies of labial coarticulation (including data on up-
per lip protrusion, lower lip protrusion, or orbicularis oris

*) Portions of this paper were presented at the Convention of the American
Speech-Language-Hearing Association, Boston, MA, November 1988,
and at the meeting of the Linguistic Society of America, Washington,
DC, December 1989.
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contraction) have been widely cited in studies proposing the
different coarticulation models (e.g., Bell-Berti and Harris,
1982; Benguerel and Cowan, 1974; Daniloff and Moll, 1968;
Kent ef al,, 1974; Moll and Daniloff, 1971). The present
study reexamines the theoretical and empirical bases for the
two models with a focus on nasal coarticulation. (We refer
the reader to similar discussions of lip rounding in Boyce,
1988; Boyce et al., 1990; Gelfer er al., 1989.) We begin by
reviewing the models themselves.

In “feature spreading” models, an articulatory planning
(or “look-ahead™) component determines what movements
are required for upcoming segments and initiates them as

. soon as their onset would not interfere with the more imme-

diate articulatory requirements [Fig. 1(a)]. In these theo-
ries, the temporal extent of such anticipatory adjustments is
limited only by characteristics of other segments (e.g.,
Henke, 1966), or of the syllabic (e.g., Kozhevnikov and
Chistovich, 1965) or syntactic structure of the utterance
(e.g., McClean, 1973). In the absence of such context-condi-
tioned limitations, however, these theories claim that coarti-
culation may be unlimited in extent. Thus, for example, velar
lowering for a nasal consonant is predicted to spread back to
the first vowel in a CV, N sequence,' but not to go beyond
the first vowel because of the confiicting high velum specifi-
cation of the initial oral consonant. This is schematized in
Fig. 1(a), where the onset of velar lowering for the nasal
consonant is indicated with a solid vertical line: this onset
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FIG. 1. Predictions of feature spread and coproduction models. (a) Fea-
ture-spread models predict that velar lowering in anticipation of a nasal
consonant extends to the beginning of the vocalic sequence preceding the
nasal consonant, regardless of vocalic string duration or number of seg-
ments. (b) Coproduction models prediet that velar lowering during a voca-
lic sequence preceding a nasal consonant begins at a stable time before the
nasal consonant, regardless of vocalic string duration.
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occurs earlier before the nasal consonant as the vowel se-
quence becomes longer, being limited only by the presence of
the oral consonant.

In contrast, “coproduction” models claim that coarti-
culation is a function of the overlap of gestures whose onsets
bear a stable relation to other aspects of the articulation of a
given segment [Fig. 1(b)]. For example, Bell-Berti (1980)
has proposed that the onset of velar lowering for a nasal
consonant (or velar raising for an obstruent consonant)
bears a stable temporal relation to the achievement of the
oral tract constriction that is characterized in units of time,
not numbers of segments. Furthermore, empirical evidence,
from studies of the velum and from the lips, in support of
these models suggests that gestural onsets are of limited tem-
poral extent (e.g., Bell-Berti, 1980; Bell-Berti and Harris,
1982; Gelfer et al., 1989). In this type of model, there is no
“look-ahead” component that alters the plan for a given seg-
ment as a function of context. That is, in coproduction mod-
els coarticulation does not affect the nature of the individual
gestures; rather, it is manifested in the way in which co-
occurring and successive stable gestures combine (Bell-Berti
and Harris, 1981; Munhall and Lofquist, 1991; Saltzman
and Munhall, 1989). In this model, gestures are modified
only by having their onsets delayed by the requirements of
preceding segments {i.e., carryover coarticulation), exem-
plified in the first row of Fig. 1(b), where the dashed vertical
line indicates the time at which velar lowering for the nasal
consonant would have begun if its onset had not been de-
layed by the requirements for the initial oral consonant (that
is, the time between the dashed and solid lines represents a
period of carryover coarticulation).

Clearly, the two types of models, coproduction and fea-
ture spreading, make fundamentally different assumptions
about the nature and organization of speech motor control.
However, each model appears to account for some, but not
all, of the data. Thus we are confronted with a new problem
of coarticulation. That is, we are left either to accept the
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unparsimonious explanation that production strategies may
vary according to articulator, speaker, and token, or to con-
sider the possibility that some of the data have been inter-
preted inappropriately. We will, in fact, argue that one of the
major failures within studies of coarticulation, on the part of
both feature spreading and coproduction theorists, has been
the assumption that one can identify coarticulatory in-
fluences of a segment’s context without first identifying in-
trinsic articulatory characteristics of the segment itself, We
now turn to our explanation of this notion with respect to
nasal coarticulation.

In spite of some evidence to the contrary, a general as-
sumption in many studies of anticipatory velar lowering has
been that the articulatory plan calls for a uniformly low velar
position for nasal consonants, a uniformly high velar posi-
tion for oral consonants, and a uniformly neutral position for
vowels. According to this view, for anticipatory coarticula-
tion to occur, the neutral specification of the vowel must be
replaced, through feature copying, with the next specified
velar position. Data from a number of studies showing that
the velum begins to lower at the consonant release in CV,N
strings have been taken to support feature spreading models
(e.g., Kent et al.,, 1974; Moll and Daniloff, 1971; Ohala,
1971).

In contrast, Bell-Berti reported data explicitly calling
into question the uniformity, with respect to velar height, of
each of the three categories of sounds that have been de-
scribed, nasal consonants, oral consonants, and vowels. In
one study, she showed variable velar positions for different
vowels as a function of vowel height, as well as effects of
vowel height on velar position for adjacent oral or nasal con-
sonants (Bell-Berti et al., 1979). Ina subsequent study, Bell-
Berti (1980} showed that, within a given vowel environ-
ment, velar raising continued through long oral consonant
sequences (of 400 ms or s0), achieving the highest positions
for the longest sequences. These data suggest an additive
effect from the overlapping contributions of intrinsic velar
positions for adjacent oral consonants. The results also
showed that the effect of the following vowel on velar posi-
tion during the consonant sequence extended back only
about 250 ms; that is, the vowel affected velar position dur-
ing the preconsonantal vowel when the consonant sequence
was very short, but had no effect on the preconsonantal vow-
el or the early part of the consonant sequence when the con-
sonant sequence was very long. This suggests a limited tem-
poral window for coarticulatory effects of velar position, and
finds support in the work of Ushijima and Hirose (1974) on
Japanese and Benguerel et al. (1977) on French. Further-
more, whereas Bell-Berti's results are incompatible with fea-
ture-spreading models, they are predicted by coproduction
accounts of speech production.

In an attempt to sort out the two general types of mod-
els, Bladon and Al-Bamerni (1982) concluded that both
means of coarticulation are employed by individual speak-
ers. Thus they reported that, in some instances for each
speaker, velar lowering occurred at variable times before a
nasal consonant correlating with the duration of the vocalic
string. In other instances, velar lowering gestures showed a
“two-stage’” movement, with the first stage occurring well in
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advance of.the nasal consonant, in accord with feature
spreading models, and the second stage occurring as though
time locked to the onset of the closure for the nasal conso-
nant, in accord with coproduction models. Based on these
results, Bladon and Al-Bamerni suggest a model of speech
production that allows variable production strategies. Simi-
lar results in studies of lip protrusion have led Perkell to
propose a “Hybrid” model (Perkell, 1986; see also Perkell
and Chiang, 1986). Neither Perkell nor Bladon and
Al-Bamerni proposed a specific source for a speaker’s choice
among variable patterns.

In the present study, we will suggest that much, if not
all, of the evidence for feature spreading (whether in vari-
able strategy accounts or in straight feature spréading ac-
counts), may be due to the mistaken identification of an
intrinsic articulatory component of a given segment for a
coarticulatory effect of an adjacent or near-adjacent segment
(Bell-Berti, 1980). In part, the mistake is due to the adop-
tion of phonologically based characterizations in some mod-

els of speech motor control. For example, with respect to
- velar activity and nasalization, it has seemed appropriate to
assume that, for English, phonological description needs to
be concerned only with the specification [ 4 Jor [ =]
NASAL for consonants, but that it need not be concerned
with such a specification for vowels, since vowel nasalization
is not distinctive. I the articulatory domain, however, we
must also be concerned with documented differences in velar
position for different vowel phonemes in different languages
(e.g., Bell-Berti, 1980; Bell-Berti et a/,, 1979; Fritzell, 1969;
Henderson, 1984; Moll, 1962; Passavant, 1963; Ushijima
and Sawashima, 1972).> Moreover, velar height for oral
vowels has been shown to be lower than that for oral conson-
ants. Thus, when the coarticulation accounts describe the
earliest onset of velar lowering in a CV,N sequence as the
onset of coarticulation, they may, in fact, only have identi-
fied an expected transitional movement of the CV sequence,
a movement that is unrelated to the nasal consonant. To
argue otherwise requires clear evidence that such move-
ments occur only in the context of the upcoming nasal.

This study, in contrast to previous studies of velar coar-
ticulation, included six minimally contrastive CV, se-
quences followed by either an oral or a nasal consonant (i.e.,
CV,Cvs CV,N). The sequences were designed to allow us
to systematically distinguish coarticulatory effects of the na-
sal consonant from intrinsic articulatory gestures of the ad-

TABLE I. Experimental utterance set.

Oral Nasal
/fasal/ (asal) /ansal/ (ansal)
Alasal/ {lasal) /lansal/ (lansal)
/A asal/ {a asal)® /a ansal/ (aansal)*
/4 lasal/ (a lasal) /a lansal/ (a lansal)
/sel asal/ (say asal) /sel ansal/ (say ansal}
/set lasal/ /sel lansal/ (say lansal}

(say lasal)

* Although these are not standard English sequences, subjects were able to
produce these sequences as requested, without using “an” as the indefinite
article.
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jacent segments, In addition, we adopted the strategy used in
most earlier studies of lengthening the vocalic sequence by
increasing the number of segments (up to three) to examine
the extent of anticipatory nasal coarticulation after factoring
out the intrinsic effects. We also used changes in speaking
rate as an alternative way of manipulating sequence dura-
tion, also allowing us to explore the effects of suprasegmen-
tal manipulation on the extent of coarticulation. We argue
here that the coproduction account receives strong support
when intrinsic segmental effects are distinguished from coar-
ticulatory effects.

I. METHODS
A. Subjects

The subjects were three native speakers of dialects of
American English that are spoken in the Metropolitan New
York area. None of the subjects reported a history of speech
or hearing disorder. Subject 1 is a coauthor of the paper.

B. Speech samples

Table I lists the target sequences for this study: half of
the utterances, the “nasal utterances,” contained a post-vo-
calic nasal consonant, /n/; the other half, the “oral utter-
ances,” contained a postvocalic oral consonant, /s/. The tar-
get words varied in the number of vocalic segments (from
one to three) preceding the consonant. The vocalic segment
immediately preceding the nasal or oral consonant was
/a/;/a/ was chosen to maximize velar lowering. Each target
was embedded in a carrier phrase, “It’s___ again.” Accord-
ing to the feature spreading models, the longer the vocalic
string, the earlier we can expect to see the onset of velar
lowering for the nasal consonant. Effects of sequence length
were examined by comparing sequences with different
numbers of vocalic segments and also by comparing se-
quences produced at different speech rates. Given the
matched sequences without nasal consonants, it was possible
to determine at what point in the vocalic string velar lower-
ing for the nasal consonant was evident as distinct from velar
lowering for the vocalic string itself. Note that we are taking
/1/ 1o be vocalic in nature in terms of velar height because of
evidence that it is produced with a velar position more like
that of vowels than oral consonants in English (see, for ex-
ample, Kuehn, 1976; Moll and Daniloff, 1971, Ohala; 1971;
Schourup, 1973).

The test words were presented to the subjects on individ-
ual index cards. Subjects were asked to produce six repeti-
tions of each utterance in each of two test orders, for a total
of 12 tokens of each of the 12 utterance types per subject. The
subjects were asked to produce the items at a self-selected
“conversational” speaking rate. To allow us to examine the
relation between speech rate and gestural organization, sub-
ject 3 was asked to produce an additional 12 repetitions of
the list at a rapid rate. Because subject 2’s “conversational”
rate was rapid, we had data from two subjects (subjects 1
and 3) at a slower rate, and from two subjects (subjects 2 and
3) at faster rates (Fig. 2). Subjects made a small number of
errors and, in a few instances, produced additional repeti-
tions, so that there were occasionally fewer and occasionally
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(in ms) of oral and nasal utterances at the self-selected normal rate for all
three subjects and at the fast rate for subject 3.

more than 12 tokens of each utterance type. Thus altogether
we recorded and analyzed 560 phrases: 271 oral and 289
nasal phrases.

C. Instrumentation

The Velotrace, a mechanical device developed by Hori-
guchi and Bell-Berti (1987) for the purpose of tracking the

reference
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FIG. 3. Schematics of the Velotrace, above, and of the device positioned in
the nasal cavity.
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time-varying position of the velum, was used to monitor ve-
lar kinematics. Figure 3 provides a schematic representation
of the Velotrace. It consists of three major parts: a curved
internal lever whose tip rests on the nasal surface of the ve-
lum, an external lever that remains in full view outside of the
nose, and a push rod (carried on a support rod) that con-
nects the internal and external levers. Because of this con-
nection, movements of the velum that result in changes in
the angle of the internal lever with respect to its fulcrum are
reflected in corresponding angular movements of the exter-
nal lever. The levers are connected so that when the internal
lever is raised, the external lever moves toward the subject.
The Velotrace has been shown to track even very rapid
movements of the velum accurately (Horiguchi and Bell-
Berti, 1987).

An optoelectronic system (Kay ez al., 1985) was used to
track the movements of infrared diodes (LEDs) attached to
the end of the-external lever, and to the fulcrum of the Velo-
trace (for reference). The positions of the LEDs in the sagit-
tal plane were tracked by a position-sensitive detector. The
output was then converted into pairs of x and y coordinates
for each LED. The acoustic speech signal was simultaneous-
ly recorded with the x and y coordinates onto a multichannel
instrumentation recorder.

Calibration of the displacement of the external lever was
accomplished by moving one diode a known distance (two
centimeters) in the focal plane of the optoelectronic position
sensor using a precision calibration device, and then record-
ing its output. After digital sampling, the observed change in
sampled values corresponding to this 2-cm movement was
used to calibrate the recorded channels of articulator and
reference signals. Note that the calibrated values of the Velo-
trace reflect the magnitude of movement of the external le-
ver, rather than that of the velum itself. The external lever is
about two times the length of the internal lever and so the
obtained displacements are likewise larger than the actual
displacements. Furthermore, it is not possible to compare
the absolute magnitudes of velar gestures across subjects be-
cause, depending upon the precise positioning of the internal
lever on the nasal velar surface, the magnitude of the move-
ments of the Velotrace lever may differ.

D. Procedure

Each subject was seated in a dental chair with a headrest
adjusted to support the head in a stable and upright position.
The Velotrace was positioned after the application of a topi-
cal anesthetic and decongestants to the nasal mucosa. The
fulcrum of the internal lever was positioned in the nasal cav-
ity above the end of the hard palate, with the internal lever
resting on the nasal surface of the velum and the support rod
on the floor of the nasal cavity. A special headband kept the
Velotrace stable. A highly directional microphone was posi-
tioned in front of the subject for the purpose of obtaining a
high-quality audio recording of the session, and a videotape
recorder was set up to provide an audio-visnal record as well.
Before, during, and after the experiment, the subject was
asked to produce a number of speech sounds and nonspeech
postures for the purpose of checking the Velotrace signal.
These included: (1) sustained /m/; (2) sustained /s/, and
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(3} nasal breathing, The signals obtained during these test
maneuvers were monitored on-line and recorded on FM tape
for further analysis. The sustained /s/ is associated with an
extreme raised position of the velum, while the sustained
/m/ and nasal breathing positions are associated with ex-
treme lowered positions. These positions provided a means
for determining whether the Velotrace was tracking the full
excursions of the velum in the test utterances of the experi-
ment. We found that for one of our subjects (S3), it was not
possible to identify the end of the lowering gesture for some
tokens because the Velotrace signal apparently “leveled off”
at the nasal breathing position. Since velar lowering offset
‘was not one of our crucial measures and only a limited num-

ber of tokens were affected, this problem did not affect the
results of the study.

E. Ahalysls

In the present study, we examined the vertical move-
ments of the velum, the traditional indicator of nasal coarti-
culation, because they reflect changes in velar port size be-
yond the point at which the port is closed. The Velotrace and
reference signals were digitized at 200 Hz. Once sampled,
the Velotrace reference signal was smoothed {using a 25-ms
smoothing window) and then subtracted from the raw Velo-
trace signal in order to correct for head movement. The re-
sulting Velotrace signal (minus the reference) was
smoothed with the 25-ms window as well and its velocity was
obtained by taking the first derivative of the smoothed move-
ment signal. The velocity signal was then smoothed with the
standard 25-ms window. We also examined the acoustic
speech signal, which was sampled at 10 000 Hz.

‘We identified 4 specific number of events in the acoustic
waveform and in the movement signal (Fig. 4). For all
utterances, we marked the acoustic offset of the /s/ as “s1”
in “It's____ > or “It’s say___.” We marked the acoustic
onset of the /n/ as “n” in the target sequences with nasal
segments and the acoustic onset of the medial /s/ as “s2”* in
the matched target sequences containing only oral segments.
(The end of “s1” was identified as the moment at which
frication noise was no longer evident in the acoustic wave-
form; the beginning of “n”* was identified as the moment at
which vowel formant energy was no longer evident in the
acoustic waveform; and the beginning of “s2” was identified
as the moment at which frication noise was evident.) We
determined the duration of the vocalic sequence (that is, “n-
s1” for the nasal utterances and “s2-s1” for the oral utter-
ances).

We identified kinematic events using the displacement
and velocity functions: Examining the displacement and ve-
locity functions for the velum, we determined the earliest
onset of velar lowering in each of the test utterances. In addi-
tion, we identified the onset of all subsequent lowering ges-
tures [e.g., Fig. 4(b)], since many tokens showed a pattern
of multistage lowering (cf. Bladon and Al-Bamerni, 1982).
The method used for determining the onsets of velar lower-
ing was derived from the commonly used approach in which
movements are taken to begin and end at the time when the
velocity function passes through zero. However, because it is
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FIG. 4. Representative velocity, displacemient, and acoustie signals for
three tokens (two nasal and one oral ), with displacement and acoustic land-
marks labelled.

often the case with the velum that the velocity hovers just
below or above zero (before or after passing through zero),
while the associated movement appears to have ceased, strict
use of zero crossings seemed inappropriate for these data.
Thus, for each utterance, a negative velocity noise band be-
low zero was used. When the velocity moved from within to
below this band, a lowering movement was considered to
have begun. The noise band was defined as follows. For each
token, peak lowering velocity within the target itemn was ob-
tained. Then, the peak values were averaged within an utter-
ance type. For each utterance type, the noise band was de-
fined as 10% of the average peak lowering velocity. [See
Krakow (1989) for further discussion of this type of crite-
rion. ]

Il. RESULTS

A, Temporal extent of velar lowering and nasal
coarticulation '

Traditionally, the earliest evidence of velar lowering be-
forea CV, N sequence has been identified as the beginning of
the gesture for the nasal consonant (e.g., McClean, 1973;
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‘Mol and Daniloff, 1971), a gesture that has been shown to .

occur earlier in the vocalic sequence as the duration of the
vocalic sequence increases. However, before linking the be-
ginning of downward velar movements with the production
of an upcoming nasal consonant, one must show that such
movements do not occur in the absence of a nasal consonant.
The approach we have taken here, supported by the reports
of velar-position variations across oral utterances and differ-
ences among oral consonants and among vowels, was to ex-
amine minimally contrastive utterances for the presence of
velar lowering for vowels preceding both nasal and oral con-
sonants (Fig. 4).

We began our analysis by examining the nasal sequences
and comparing our results with those of previous studies
that had provided support for the feature spreading model.
Weused the procedure of those earlier studies; that is, identi-
fying the earliest instance of velar lowering in relation to the
occlusion for the nasal consonant. In agreement with those
studies (e.g., McClean, 1973; Moll and Daniloff, 1971), we
observed that velar lowering began earlier in advance of a
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FIG. 5. (a) Scatterplots of the onset of velar lowering before /n/ versus the
duration of the vocalic string, above, with data pooled across subjects
{r=10.923). (b) Scatterplots of the onset of velar lowering before /s/ ver-
sus the duration of the vocalic string, pooled across subjects (r = 0.913),
superimposed on the data shown in (a).
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nasal consonant when the preceding vocalic sequence was
lengthened by the addition of segments. And, as observed in
the other studies, we found a strong positive correlation
(r=10.923) between the duration of the vocalic sequence
and the duration of the interval between the onset- of velar
lowering and the acoustic onset of the nasal consonant (ie,
the duration of the “anticipation”) [Fig. 5(a)].

We then turned to the oral utterances, to determine if
there is velar lowering in vocalic sequences occurring in the
absence of an upcoming nasal consonant, and if so, whether
the temporal characteristics of the lowering gesture are simi-
lar to those of velar lowering gestures before nasal conson-
ants. We took the equivalent measure that we used for our
nasal utterances: we compared the time of the earliest velar
lowering for vocalic sequences preceding the postvocalic ob-
struent /s/ (in the oral sequences) with the durations of
those vocalic sequences. This comparison also revealed a
strong positive correlation between these measures
(r = 0.913), one that was not significantly different from the _
correlation for the nasal sequences [Fig. 5(a) and (b)]. The
individual-subject data (Table II) also reflect the essential
similarity of this measure for nasal and oral utterances.

This result reveals the error of identifying the earliest
velar lowering onset in a CV, N string as anticipatory nasal
coarticulation, Instead, these data suggest that at least some
portion of the velar lowering movements previously attribut-
ed to feature spreading from nasal segments is, in fact, relat-
ed to the articulation of the vowel string itself, since there is
velar lowering in both contexts, but a nasal consonant in
only one. Indeed, these results are not surprising given the
cross-language evidence that the velum lowers in the transi-
tion from an oral consonant to a following vowel even in oral
sequences (e.g., Bell-Berti, 1980; Bell-Berti er al., 1979; Hen-
derson, 1984; Ushijima and Sawashima, 1972).

However, we also noted something about which most
earlier studies have made no comment: a consistent differ-
ence in the velar lowering patterns of our sequences as a
function of their length. That is, as segments were added,
increasing the duration of the vocalic sequences, multistage
lowering movements became increasingly evident (Fig. 6).
In the longer strings, we typically saw a large velar lowering
movement in close temporal proximity to the nasal conso-
nant and a shallower lowering movement earlier in the vowel
string. Note that the feature spreading approach predicts a
single smooth lowering gesture; it does not predict the ap-

TABLE II. Correlations between onset of velar lowering and vocalic se-
guence duration.

Nasal utterances Oral utterances =
Subject 1 0.932 0916 0.63472
Subject 2 0.857 0.897 (.9929*
Subject 3 0.991 0.947 47313
(normal rate) .
Subject 3 0.974 0.979 0.3446*
(fast rate}
*p>0.05,
bp <0.01.
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FIG. 6. Representative velocity, displacement, and acoustic signals for to-
kens of three nasal utterances with successively longer vocalic sequence du-
rations achieved by the addition of segments: /lansal/, /4 lansal/, f
/sel lansal/, Cross-hatched rectangles indicate first (or only) component
of downward movement and clear rectangles indicate second cotnponent of
downward movement, identified using velocity and displacement functions
{see text for complete description).

pearance of discrete vocalic and consonantal velar gestures
in sequences consisting of an oral consonant, some number
of vowels, and a nasal consonant. Such patterns are, how-
ever, fundamental to the coproduction approach and the
particular pattern seen here is precisely what this approach
predicts. That is, separately identifiable vocalic and conso-
nantal velar gestures are expected to be evident when they
have enough time in which to appear, as in sequences of
longer duration.* In contrast, in the shorter sequences the
vocalic and consonantal gestures would be predicted to over-
lap in such a manner that only a single lowering movement
would be evident.

B. Isolating the vocalic and consonantal gestures

In order to apportion the velar lowering movement
between the vocalic and consonantal articulations, we first
examined the “normal” speech rate utterances of each of our
subjects in which the vocalic sequences were systematically
lengthened by adding segments; we then examined the “fast”
utterances of our third subject to examine the effects of
changing speech rate.

1. Segmental manipulation

Recall that in Fig. 6 we showed that velar lowering
movements are affected by sequence lengthening due to seg-
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- ment addition: with increasing vocalic sequence duration,

separate (vocalic and consonantal) gestures become in-
creasingly evident as distinct movement components. Con-
sidering relative durations across the utterances of our
speakers in the normal rate condition, we found that shorter

“utterances had only a single, smooth, lowering movement

while longer utterances had two-stage lowering movements.
The velocity functions reinforce this point. Note that in the
longest of the three utterances shown [Fig. 6(c) 1, the veloc-
ity function returns to zero between the two components,
whereas in the midlength utterance {Fig. 6(b)], the velocity
only approaches zero between the two components, and in
the shortest utterance, it reflects only a single smooth move-
ment.

The pattern of increased separation between vocalic and
consonantal gestures with increased vocalic sequence dura-
tion was evident in the data of subjects 1 and 3; for subject 2,
on the other hand, we observed two-stage patterns in only a
few of the longest utterances. An explanation for our cross-
subject differences is that there were differences in our sub-
jects’ speech rates, with subjects 1 and 3 using a siower “nor-
mal” rate than subject 2. As shown in Fig. 2, the longest
vocalic sequence durations in subject 2’s utterances were
substantially shorter than the corresponding utterances of
subject 1 and subject 3’s “normal” speech rate. In fact, the
duration range of subject 2’s utterances was most like that of
subject 3's “fast” speech rate utterances. We argue that our
results show both within- and between-subject effects of se-
quence duration, with subject 3 showing considerably fewer
multistage velar lowering movements at the faster speech
rate. The upper panels in Fig. 7 provide examples of tokens
of short nasal utterances produced by each of the three sub-
Jects: Each token reveals a single large velar lowering move-
ment. The lower panels in Fig. 7 show the movements for
tokens with long vocalic sequences (lengthened by adding
segments). Here, the more complex, multistage patterns are
clearly evident, as are the between-subject differences. That
is, two separate lowering components are readily observable
in the longer tokens of subjects 1 and 3, whereas for subject 2,
the component (vocalic and consonantal) gestures are not
completely separate, although there is a complex lowering
pattern for the longer sequence, a pattern that is quite dis-
tinct from that obtained from this subject’s productions of
shorter sequences. Still, it is not surprising that subject 2
showed little evidence of multistage movements since her
longer sequences were similar in duration to subject 3’s long-
er fast-rate sequences (see Fig. 2). The nature of the com-
plexity suggests to us the presence of at least two underlying
components, one (or more) vocalic, and another, consonan-
tal.

While we have established the greater likelihood of
multistage or complex gestures occurring with sequences of
longer duration, we wish to strengthen our claim that the
vocalic sequence is the source of the earlier stage, and that it
only becomes evident when given an adequate time frame.
To do this, we compared the velar displacement functions
for oral-nasal minimal pairs of sufficient duration for both
the vocalic and consonantal gestures to become evident. Fig-
ure 8 offers two examples of such data for longer sequences,
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FIG. 7. Displacement functions of representative short and long nasai utterances for all three subjects,

showing simple and complex movements, respectively.

Displacement is represented on the ordinate, with velar lowering indicated by a downward movement. Time is represented along the abscissa, with “0”
tarking the end of the /s/ of the carrier phrase, (Because the data are displayed on the same time scale, we see the end velar lowering for the preceding
utterance early in subject 2's data, reflecting this subject’s Faster speaking rate.)

in which we see two discrete movements in the nasal utter-
ance, an early gesture of small magnitude followed by a sec-
ond gesture of much greater magnitude. In the correspond-
ing oral utterances, we would expect to see a gesture that

a asal
eeeeeens 8 ansal

a lasal

a lansal

e

Y

time (in units of 100 ms)

FIG. 8. Displacement functions of two representative minimally contras-
tive oral and nasal utterance pairs, demonstrating similar lowering onsets
within each pair for subject 3. Displacement is represented on the ordinate,
with velar lowering indicated by a downward movement. Time is represent-
ed along the abscissa, with “0” marking the end of the /s/ of the carrier
phrase. : :

119 J. Acoust. Soc. Am., Vol. 90, No. 1, July 1991

matches that of the first stage of the complex gesture; and,
indeed, we find an early gesture (of small magnitude) that is
highly similar to the early movement in the longer nasal
utterances.’

2. Rate manipulation

If the emergence of underlying gestures as sepatate on
the surface is a function of reducing overlap by increasing
segment duration, then the effects of speaking at a slower
rate should resemble the effects of adding vocalic segments.
This is not to say that the articulatory processes and strate-
gies involved in each are the same—certainly they are not,
but the two manipulations share one characteristic—that is,
an increase in the duration of the vocalic string. If the predic-
tions of the coproduction model are correct, then the result
of this increase (whether due to adding vocalic segments or
to speaking at a slower rate) should be a reduction in the
overlap between velar lowering for the vocalic sequence and
lowering for the nasal consonant. We have had an indication
(by comparing the data of subject 1 and subject 3's self-
selected “normal” rate with those of subject 2) that speech-
rate differences can affect the amount of overlap between
successive gestures. To allow us to examine the relation
between speech rate and gestural organization systematical-
ly for a given subject, subject 3 was asked to produce the test
utterances at a rapid speech rate in addition to the normal
rate. When we explored the within-subject effects of speech
rate by comparing her productions at the two different rates,
we found that the slower utterances were more likely to show
the multistage movements (Fig. 9). Note that both the nor-
mal and fast rate oral utterances show a vocalic velar lower-
ing movement, but that, in these tokens, only the normal rate
nasal utterance reveals separate lowering gestures for the
vowels and the nasal consonant. The faster nasal utterance is
simply not long enough to allow the separate components to
emerge as independent. However, even in the fast rate utter-
ances, once the vocalic portion reached some critical dura-
tion (roughly 250 ms), we did observe discrete movements
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for the oral and nasal portions of the utterance (Fig. 10).
Thus we see the same effect of increased vowel-sequence du-
ration, whether the increase was achieved by adding seg-
ments or by speaking at a slower rate: both manipulations’
resulted in an increased incidence of multistage lowering
gestures. Furthermore, and as we have seen in Fig. 8 for
normal speaking rate utterances, the early lowering gestures
in both the normal and fast nasal utterances are paralleled in
the normai and fast oral utterances (compare Figs. 9 and
10).

Figure 2 shows that the same point can be made by look-
ing at between-subject differences in rate. To show how simi-
lar these two independent variables (rate and segment num-
ber) were with respect to this outcome, Fig. 11 shows the

number of tokens with multistage lowering for subjects 1 and
3 as a function of utterance type (i.e., number of. vocalic
segments) and rate (only subject 3). With regard to subject
2, recall that the durations of her vocalic sequences were
considerably shorter than those of subjects 1 and 3; not sur-
prisingly, subject 2 provided scanty evidence of multistage
gestures, and for this reason her data are not included in Fig.
11.° The incidence of multistage lowering gestures clearly
increased along with the duration of the vocalic string. Least
likely to show multistage movements were the faster (rate),
shorter (number of segments) sequences and, most likely,
were the slower, longer sequences.

To quantify the effect of vocalic sequence duration on
the number of stages observed in the lowering gestures, we

NORMAL FAST
ansal ansal
SHORT
FIG. 10. Displacement functions of represen-
y . m L . n : " L tative tokens of short and long utterances at
42 0 2 4 8 42 0 2 4 8 two speaking rates for subject 3. Displace-
ment is represented on the ordinate, with velar
lowering indicated by a downward move-
say lansal say lansal ment. Time is represented along the abscissa,
with “0" marking the end of the /s/ of the car-
/,_—, rier phrase,
LONG
R N I R N
time (in units of 100 ms)
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FIG. 11. Histogram of frequency of multistage gestures in nasal utterances
of subject 1 and subject 3.

pooled the data for our subjects and divided the nasal utter-
ances into two groups, those having a single stage and those
having more than one stage. We also divided the utterances
into two groups on the basis of vocalic sequence duration, a
group of “short” utterances (those falling below the median
duration of 241 ms) and a group of “long” utterances (those
falling above the median duration). The resulting frequency
distribution is given in Table III.

ill. DISCUSSION

In feature spreading models, anticipatory velar lower-
ing is predicted to extend back to the first vocalic segment in
a string preceding a nasal consonant. That is, the motor plan
for a nasal consonant is presumed to change with changes in

TABLE 111, Observed frequency of single and multiple gestures as a func-
tion of vocalic sequence duration (short or long).

Short Long Totals
One 118 40 158
(74.68%) (25.32%)
Multi 27 104 131
(20.61%) (79.39%)
Totals 145 144 289

121 J. Acoust. Soc. Am,, Vol. 90, No. 1, July 1991

the context in which it is embedded., Moreover, the effect of
the nasal consonant is theoretically unbounded. In copro-
duction models, anticipatory velar lowering is simply viewed
as an effect of the temporal overlap of the intrinsic velar
gestures for adjacent vowels and consonants. That is, each
segment, including the vowels, is specified as having an asso-
ciated velar gesture, and the influence of a segment on its
neighbors is presumed to be limited in duration.

This experiment is designed to compare the predictions
of feature spreading and coproduction models systematical-
ly for sequences consisting of an oral consonant followed by
some number of vowels and a nasal consonant. Using mini-
mally contrastive sequences of the form CV,Cand CV,N
has allowed us to clarify the role of articulatory movements
intrinsic to a particular segment and the coarticulatory influ-
ence of phonetic context in producing observed velar dis-
placement patterns, and has provided strong support for the
coproduction model of Bell-Berti and Harris (1981).

The results indicate that much of what has been attrib-
uted to the coarticulatory influence of a nasal consonant is
actually velar lowering that would be observed in any CV,
sequence, independent of the presence of an upcoming nasal
consonant. It should have come as no surprise to researchers
that the velum lowers in the transition between an oral con-
sonant and an oral vowel, since it has long been known that
vowels are produced with their own intrinsic velar positions
and that these positions are lower than those observed for
oral consonants. With a short vocalic sequence between an
oral consonant and a nasal consonant, it is difficult to sepa-
rate the vocalic and nasal consonantal influences, because
they appear as one continuous lowering movement. How-
ever, when a vocalic string is lengthened, either by segment
addition or by speaking at a slower rate, separate vocalic and
nasal consonantal movements emerge. What is more, the
relatively shallow early part of the lowering movement ob-
served in the CV, N sequences matches that observed in
minimally contrastive CV,C sequences that end with an
oral, rather than a nasal, consonant. Those ending with a
nasal consonant, of course, also contain a sharp, extensive
velar lowering gesture; however, this latter movement oc-
curs at a relatively stable time in close temporal proximity to
the acoustic onset of the nasal murmur and, by inference, the
achievement of oral closure.

Previous research, carried out without minimally con-
trastive oral sequences, has led to the earliest onset of velar
lowering being identified as the onset of nasal coarticulation.
This approach has its origin in the phonological notion of
segment underspecification and the specific hypothesis that
lacking an oral/nasal contrast, English vowels are unspeci-
fied for velar position and, thus, strongly affected by their
consonantal context. Underspecification is a crucial notion
in phonology and also, it has been suggested, in some pho-
netic domains [see Keating (1988) for a recent discussion of
this issue]. However, our results indicate that it is an inap-
propriate and misleading notion when applied to the organi-
zation of articulatory gestures, including velar movement

[see Boyce et al. (1991) for a discussion of the same issue
concerning lip rounding}. Moreover, even though phono-
logical descriptions need only specify a binary distinction
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between “oral” and “nasal,” the articulatory organization
requires n-ary (i.e., multivalued) distinctions of velar height
that also clearly have phonological implications. For exam-
ple, the relation between vowel height and velar height is
relevant to an understanding of why, in the languages of the
world, distinctive vowel nasalization is more commonly
found in low than in high or mid vowels {see Beddor, 1983).

Returning for a moment to the frequent observation
that velar height for vowels is lower than that for oral con-
sonants, we believe that this relation has explanatory power
for reconciling the data of Bladon and Al-Bamerni (1982)
with our own. They claimed to have found a combination of
feature spreading and coproduction strategies that, we be-
lieve, is compatible with the predictions of the coproduction
model alone if intrinsic velar positions for vowels and the
effects of variable overlap of vocalic and consonantal ges-
tures are included in the analysis, Their primary argument
for concluding that speakers combine both feature spreading
and coproduction strategies was their observation of move-
ments in which there was two-stage lowering: a first stage
that began near the release of the initial (oral) consonantina
CV, N string, and a second stage that was closely timed to
the onset of the nasal consonant occlusion. Since the first
stage appeared earlier in advance of the nasal consonant oc-
clusion as the vowel string increased in duration, they con-
sidered this as evidence for feature spreading. The second
stage was considered as evidence for time locking (i.e., co-
production ), because of its constant and relatively close tem-
poral relation to the nasal consonant occlusion. However,
this is precisely the pattern one would expect if the early,
stage 1, movement reflects lowering for the vowel and is
unrelated to the upcoming nasal consonant, and the stage 2
movement reflects lowering for the nasal consonant. This is
the pattern that we observed when we lengthened the vocalic
string sufficiently for the observation of discrete vocalic and
nasal consonantal velar gestures.

Bladon and Al-Bamerni were also puzzled by the alter-
nation between such two-stage movements and single-stage
lowering that appeared smooth and continuous and whose
onset occurred earlier in relation to the nasal consonant as
the vocalic string was lengthened. We also found this alter-
nation; in our data, its source can be clearly seen to reside in
changes in the duration of the vocalic string that led to more
or less overlap between vocalic and nasal consonant gestures
and, thus, more or less observed separation of the two lower-
ing components. Unfortunately, it is not possible to reconcile
our interpretation of this pattern with that of Bladon and Al-
Bamerni because their report is not sufficiently detailed to
make it possible for us to determine the durations of their
CV, Nstrings. We would obviously expect the patterns to be
correlated with durational differences.

In our discussions, we have assumed that separate voca-
lic and nasal consonant gestures are present in the shorter or
faster utterances, but that they are coincident, or, at least,
overlap substantially, and are, therefore, not independently
observable (Fig. 10). We want to make it clear that we also
believe that the vocalic lowering we have observed includes
separate components for the individual vowels in the se-
quence, although the present experiment was not designed to
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separate those from one another. Nonetheless some of our
slower and longer utterances showed multiple shaflow ges-
tures in the vocalic sequence (i.e., Fig. 9—long normal rate
utterance). The velum has often been referred to as a “slow”
articulator, and Bell-Berti (1980) reported data suggesting
that, all else being equal, movements for a segment begin
about 250 ms before the oral articulation. Our present data
support the view that there is a limited and stable timing
relation between the onsets of velar movements and the cor-
responding oral gestures. It is, perhaps, not surprising, then,
that one does not find evidence of each of the vocalic gestures
in the displacement pattern, since few of them achieved indi-
vidual durations of such length. Furthermore, to make such
effects evident one must use segments of clearly differing
intrinsic velar positions; this, in turn, requires further study,
to determine, for example, the intrinsic positions for the lig-
uid and glide segments that were used in creating our long
vocalic sequences. Since we found that the number of ges-
tures in a displacement trajectory varied with speaking rate
and the length of the sequence (in segments), we suggest
that the timing of velar gestures is stable across speaking
rates. We therefore suppose that if very slow speech were
studied, one would find more separate gestures in the dis-
placement pattern.

IV. CONCLUSION

To reconcile the disagreements about the adequacy of
the two types of coarticulation models, we conducted a care-
fully controlied study of velar movements in CV,C and
CV,N sequences. The results indicate that the interpreta-
tion of the earliest onset of velar lowering in CV, N strings as
coarticulation of the nasal consonant is unfounded. That is,
similar lowering occurs in strictly oral sequences. Instead,
these data show that there are intrinsic velar positions for the
vocalic sequence and for the upcoming nasal consonant,
each of temporally limited extent. Observed patterns of coar-
ticulation, then, are simply the result of the temporal overlap
of the nasal consonant gesture with the gestures for the voca-
lic sequence. The portion of the vocalic sequence that is over-
lapped by the nasal consonant gesture increases as the dura-
tion of the vocalic sequence decreases. This study strongly
supports the coproduction model and shows how certain

misinterpretations of data have led to the conflicting conclu-
sions.
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' Cis an oral consonant, ¥, is any number of vowels, and N is a nasal conso-
nant.

The languages studied include English, Hindi, German, and Japanese.

*Such patterns are aiso seen in CV sequences containing high and mid vow-
els (Bell-Berti, 1980; Bell-Berti ef af., 1979; Henderson, 1984).
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*'These results also reflect the report of Bladon and-Al-Bamerni, although
they do not report Consistency of this pattern, nor do they comment on the
relation between vocalic sequence duration and number of stages.

> We expeot the slope of the early stage observed in longer nasal utterances
to become more like that of the oral utterances as vocalic sequence dura-
tion increases, pushing the onset of the nasal consonant gesture further
from the onset of the (first) vocalic gesture, which would reduce the ges-
tural overlap earlier in the vocalic sequence.

$The few tokens in which multi-stage gestures are found are, however, to-
kens of “long" utterances.
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