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ABSTRACT

We report the effect of a coronal consonant constric-
tion on the movement of a preceding but temporally
overlapping /a/. The dependent measure is the shape
of the /a/ velocity profile and the independent vari-
able is the temporal overlap of /a/ with the subse-
quent coronal constriction. We show that the /a/ ve-
locity profile develops a shallower peak and a fatter
right tail as the temporal overlap of /a/ with the sub-
sequent coronal increases. These results challenge
the idea that anticipatory consonant-to-vowel coar-
ticulation is tightly localized in time and space by
showing that anticipatory consonant-to-vowel coar-
ticulation has a longer temporal window and greater
spatial extent than originally thought.

Keywords: coarticulation, velocity profile, func-
tional data analysis, electromagnetic articulography.

1. INTRODUCTION

The properties of a consonant constrain tongue po-
sition during a preceding vowel. This anticipatory
consonant-to-vowel coarticulation is thought to be
tightly localized in time and space. In particular,
vocal tract shape varies contextually over a short
time interval before the consonant closure and over
a small spatial region around the consonant constric-
tion location [8, 12]. Nevertheless, electropalatog-
raphy has revealed that anticipatory consonant-to-
vowel coarticulation influences the palate contact of
certain vowels as early as their acoustic midpoint
(e.g. palate contact for /a/ varies contextually at its
midpoint with a subsequent coronal in Italian [5]).
This suggests that anticipatory consonant-to-vowel
coarticulation has a longer temporal window than
originally thought. Since an /a/ produces little palate
contact [22], electromagnetic articulography (EMA)
is well suited to measure the temporal and spatial ex-
tent of anticipatory consonant-to-vowel coarticula-
tion in regions of the vocal tract far from the palate-
air boundary. We provide the formal means to char-
acterize this extent and report early anticipatory ef-
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Table 1: Repetitions per target word by subject.

/kat/ /gat/ /kaʃa/ /galebna/ /galba/ /kamʃa/ /kam/
S1 16 16 8 8 8 8 16
S2 20 20 8 8 8 8 20
S3 16 16 8 8 8 8 16
S4 16 16 9 8 8 7 16

fects of a coronal consonant on a spatially distal /a/
movement. In particular, temporal overlap of /a/
with a subsequent coronal affects the global veloc-
ity profile shape of /a/ measured six centimeters pos-
terior to the apex from start to end of the to-phase
of /a/. The to-phase corresponds to the interval be-
tween the onset of movement and the achievement
of target (i.e. it precedes the release or fro-phase of
the movement). This effect indicates that anticipa-
tory consonant-to-vowel coarticulation takes place
between even spatially distal sections of the tongue
over a relatively long time window preceding conso-
nant closure.

2. DATA SET

The subjects are four speakers of Moroccan Collo-
quial Arabic: S1, S2, S3, and S4. S2 has training in
phonetics. The other three have none. S4 is female.
The other three are male.
Target words have a velar stop, then an /a/,

then /t,l,ʃ,n/, possibly followed by other segments.
The temporal overlap of /a/ with the coronal is
made to vary by presenting stimuli with zero (/kat/,
/gat/, /kaʃa/, /galebna/, /galba/), one (/kamʃa/), or
two (/kam#hnaja/) nonlingual consonants interven-
ing between /a/ and the coronal.
Electromagnetic articulography (EMA) data were

collected in the earlier experiment of [21], who re-
port the experimental procedure used for S1. This is
the same procedure used in other sessions with S2,
S3, and S4. Three receiver coils were placed on the
tongue. The most anterior receiver coil T1 is 1 cm
posterior to the apex and the most posterior receiver
coil T3 is 6 cm posterior to the apex. One more
coil T2 is between these. Movement was elicited by
presenting the target words of Table 1 in the carrier
phrase /ʒibi ___ hnaja/ on a monitor. The number of



repetitions of each stimulus is given in Table 1.

3. METHODS

3.1. Segmentation

We identify the /a/ using the T3 coil signal and the
subsequent coronal constriction using the T1 coil
signal using the following procedure. Coil signals
are first filtered by applying a low-pass sixth order
Butterworth filter with a cutoff frequency of 20 Hz.
The /a/ and the coronal constriction are segmented
by delimiting the left and right edges of an interval I
over which the movement trace γ approaches the /a/
target and the coronal target, respectively. To find I ,
we proceed as follows. For each token, we find the
principal component u of γ over an 80msec interval
around the time of peak velocity of the movement.
We project γ down onto u to obtain proju(γ). By
projecting each γ down onto some u, we simplify a
two dimensional time series to one dimension in a
nonarbitrary way which captures nearly all variabil-
ity over the 80msec frame (minimum eigenvalue ra-
tio across all movement traces is 7.3). The derivative
d
dtproju(γ) of proju(γ) is estimated with central dif-
ferences. The maximum of | ddtproju(γ)| is the peak
velocity vp of γ along u. For each token we find
the quantity 0.2vp. The interval I is delimited on
the left and right by the time at which | ddtproju(γ)|
rises above and falls below, respectively, the thresh-
old 0.2vp.

3.2. Temporal overlap

Temporal overlap of /a/ with the subsequent coro-
nal constriction is quantified as the arithmetic differ-
ence, in msec, between the right edge of the T3 ve-
locity profile over /a/ and the left edge of the T1 ve-
locity profile over the coronal constriction. Positive
overlap means that /a/ and the coronal constriction
are unfolding simultaneously on T3 and T1, respec-
tively. Figure 1 illustrates this measure, which is the
predictor in the functional model of Section 3.5.

Figure 1: Temporal overlap of three selected /gat/
trials (triangle, square, circle) for S4 plotted with
the velocity profiles in absolute value.
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3.3. Velocity profile shape

We choose as our dependent measure the tongue
body velocity profile during /a/ because, in con-
formity with the motor control literature, measures
of velocity profile shape reflect the evolution of a
movement in time and bear readily on dynamical the-
ories of movement [15, 17, 18]. One measure of ve-
locity profile shape is skewness. We fit a seventh
degree polynomial function f(t) to each /a/ velocity
profile | ddtproju(γ(t))|, t ∈ I . The skewness S of f
is the third standardized moment

(1) S = E
[(f − µ

σ

)3 ]
,

where µ is the mean of f , σ is the standard deviation
of f , and E is the expectation operator. Positive S
means a long right tail and negative S means a long
left tail. The variable S is similar to proportional
time to peak velocity [2, 3, 4], but captures subtle
differences in the global shape of the velocity pro-
file which remain unexpressed by the time to peak
velocity measure.

3.4. Time-warping of velocity profiles

The velocity of an EMA receiver coil at time t msec
after the estimated onset of movement varies trial by
trial. However, the time intervals over which move-
ments unfold also vary in length. Thus, trial by trial
variability in velocity at time t is partially due to ob-
serving the unfolding movements at different points
in their evolution.
Functional data analysis offers tools for dealing

with this variability [9, 10, 20, 23]. A key to these
tools is a transformation in time applied to each ve-
locity profile via time-warping, also known as regis-
tration, functions. Registration transforms the time
parameter t of the ith profile to hi(t) so that quali-
tative features of the different profiles line up. By
transforming the time parameter of each profile, we
observe trial-level velocity variability at each trans-
formed time point which is due to genuine velocity
differences at time hi(t).
In our data, we register each /a/ velocity pro-

file over a 200 msec interval centered on the time
of peak velocity. A continuous, iterative optimiza-
tion procedure [19] finds the transformation hi(t)
of time t for the ith /a/ velocity profile to yield
d
dtprojui(γi(hi(t))), shown in Figure 2 for /a/. Veloc-
ity is negative because projui(γi(hi(t))) decreases as
/a/ unfolds. The /a/ begins and ends as the velocity
profile falls below and rises back above zero, respec-
tively.



Figure 2: Unregistered (top) and registered (bot-
tom) /a/ velocity profiles over a 200 msec frame
around the time of the vowel’s peak velocity.
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3.5. Functional mixed model

The registered /a/ velocity profile becomes the
dependent variable of a functional mixed effects
model [14]. The model expresses how the /a/ ve-
locity profile depends on the temporal overlap of /a/
with the subsequent coronal constriction. Specifi-
cally, the model allows inference on how the shape
of the velocity profile, which is a function of time,
depends on temporal overlap, a continuous inde-
pendent variable. The model specifies a likeli-
hood function L(θ|Y), which indicates how the ma-
trix Y, whose ith row is the velocity profile yi =
d
dtproju(γi(hi(t))), is generated by themodel param-
eters θ. The likelihood function L specifies that yij ,
which is produced by subject j, is

(2)
yij = β0(t)x0i+β1(t)x1i+. . .+β4(t)x4i+uj(t)+ei(t).

The predictor x0i is 1 for all i; β0(t) is the inter-
cept. The predictor x1i is the temporal overlap in
msec of /a/ with the subsequent coronal constriction;
β1(t) is the fixed effect for temporal overlap. The
variable x2i is the sum coded categorical predictor
for whether /k/ (x2i = +0.5) or /g/ (x2i = −0.5)
precedes /a/ in γi. The variables x3i and x4i code
a three level treatment contrast between /l/, /t/, and
/ʃ/ (x3 = 1 if /t/ follows /a/, else x3 = 0; x4 = 1
if /ʃ/ follows /a/; else x4 = 0). The by subject ran-
dom intercept uj(t) and the residual error ei(t) are
realizations from Gaussian processes. These predic-
tors code factors which give themodel the expressive
power to characterize the manipulated variables.
A Markov Chain Monte Carlo (MCMC) proce-

dure samples from the posterior probability distribu-
tion p(θ|Y) of the model parameters θ, given the ob-
served velocity profiles Y and a prior p(θ). See [7],
Chapter 11 for an overview of MCMC. Our model
is the implementation of [13]. The posterior sample
size is 10,000.

4. RESULTS

Velocity profile shapes, our main observables, re-
flect the evolution of a movement in time. Fig-
ure 3 plots /a/ velocity profile skewness S against the
temporal overlap of /a/ with the subsequent coronal
constriction. The figure includes /kat/, /gat/, /kaʃa/,
/galebna/, /galba/, and /kamʃa/. Temporal overlap
and S are weakly positively correlated, r(264) =
0.25, p = 5.3 × 10−5. S does not in turn correlate
with the amplitude of /a/ movement along the princi-
pal component of T3, r(264) = −0.006, p = 0.92.
See Figure 4. Therefore, temporal overlap specifi-
cally affects some measures like S but does not af-
fect others like amplitude.
Figure 5 is the sampling distribution of /a/ velocity

profile skewness for /kam/. The coronal constriction
for /kam/ trials is in the subsequent word /hnaja/ and
does not overlap at all with the /a/ constriction. We
do not further analyze /kam/.
We now turn to the posterior distribution of the

fixed effects functions β0(t), . . . , β4(t) of Equa-
tion 2. The functional model generates each veloc-
ity profile as the sum of a fixed part and a random
part. The fixed part of each velocity profile is a linear
combination of the functions β0(t), . . . , β4(t). We
interpret the mean, 5 percentile, and 95 percentile
of the marginal posterior distribution of these func-
tions. The 5 and 95 percentiles of the marginal pos-
terior distribution indicate for each time t an interval
over which ninety percent of the posterior probabil-
ity density lies. The marginal posterior mean is an
estimator of β0(t), . . . , β4(t).
Figure 6 shows summary statistics of the poste-

rior distribution of the fixed effects intercept β0(t)
and the fixed effect β1(t) for temporal overlap. The
intercept β0(t) captures roughly the shape of the ve-
locity profile. The effect β1(t) for temporal overlap
is near zero before the time of peak velocity. At the
time of peak velocity, β1(t) is positive. This means
that peak velocity diminishes as overlap increases
because the linear combination of β0(t) and β1(t) is
closer to zero around the time of peak velocity than
β0(t) alone (cf. the velocity minima of Figure 8).
After the time of peak velocity, in the right tail of
the velocity profile, β1(t) is negative. This means
that the right tail becomes fatter as temporal over-
lap increases because the linear combination of β0(t)
and β1(t) has a fatter right tail than β0(t) alone (cf.
the right tails of Figure 8). Thus, we infer that an in-
crease in overlap of /a/ with a subsequent coronal has
a slow-down effect around the time of peak velocity
and a speed-up effect afterward.
Figure 7 shows summary statistics of the poste-



Figure 3: /a/ velocity profile
skewness against temporal over-
lap of /a/ with the subsequent
coronal (plus jitter).
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Figure 4: /a/ amplitude against
temporal overlap of /a/ with the
subsequent coronal (plus jitter).
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Figure 5: Sampling distribution
of /a/ velocity profile skewness
for /kam/.
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Figure 6: Posterior mean (solid)
and 5 and 95 percentiles (dashed)
of the fixed intercept β0(t) (left)
and fixed effect β1(t) (right).
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Figure 7: Posterior mean (solid)
and 5 and 95 percentiles (dashed)
of fixed effects β2(t) (left), β3(t)
(middle), and β4(t) (right).
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Figure 8: Functional model pre-
dictions for /a/ velocity profile
shape. Temporal overlap with a
subsequent coronal varies.
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rior distribution of the fixed effects functions β2(t),
β3(t), and β4(t). The fixed effect β2(t) for the voic-
ing of the preceding velar is near zero except on the
left tail and around the time of peak velocity, where
β2(t) is negative. This means that the magnitude of
/a/ velocity is greater after /k/ (x2 = +0.5) than after
/g/ (x2 = −0.5) on the left tail and around the time of
peak velocity. The functions β3(t) and β4(t) code a
fixed effect for the identity of the subsequent coronal
(baseline: /l/; β3(t) treatment: /t/; β4(t) treatment:
/ʃ/). The function β3(t) is negative on the left tail
and positive around the time of peak velocity. This
means that the magnitude of /a/ velocity is greater
over the left tail and smaller over the peak velocity
before /t/ than before the baseline /l/. The function
β4(t) is near zero until the far right tail, where β4(t)
spikes. This means that the magnitude of /a/ velocity
is smaller over the far right tail before /ʃ/ than before
the baseline /l/.
In sum, we detect in our data influences of a subse-

quent coronal consonant on the vowel velocity pro-
file as a function of vowel-consonant overlap.

5. DISCUSSION

The results indicate that a subsequent coronal affects
the global velocity profile shape of /a/ measured six
centimeters posterior to the apex from start to end of
the to-phase of /a/. More specifically, the /a/ veloc-
ity profile develops a shallower peak and fatter tail
as overlap with this coronal increases. Nevertheless,
overlap with the subsequent coronal does not influ-
ence /a/ movement amplitude (cf. Figure 4). This is

consistent with vowel movement amplitude remain-
ing relatively stable as overlap varies. In contrast,
the velocity profile undergoes global change in shape
as overlap varies. Figure 8 shows how the functional
model predicts that /a/ velocity profile shape changes
in response to increasing overlapwith the subsequent
coronal. As overlap increases, a deep peak becomes
shallow and a slender right tail grows fat.
Global changes in velocity profile shape are like-

wise the response to experimental manipulations in
discrete aiming [11] and reciprocal tapping [1] tasks,
as well as in saccade eliciting tasks [16]. In the man-
ual domain the velocity profile develops a fatter tail
in response to increasing task difficulty (in the sense
of Fitts [6]). In the saccadic domain the velocity pro-
file develops a fatter tail in response to a decrease
in peak velocity (as the result of fatigue or the drug
diazepam). Whether the phenomenon reported here
bears more than superficial similarity to these phe-
nomena from other domains of human movement
warrants further investigation.
Our results open new empirical ground for mod-

eling of speech movements, namely, to predict that
as temporal overlap between a vowel and a subse-
quent consonant increases, the vowel velocity pro-
file drops in peak velocity and gets a fatter right tail,
even as the increasing overlap induces no systematic
variability in vowel movement amplitude. Model-
ing the temporal extent and influence of anticipatory
consonant-to-vowel coarticulation will lead to new,
quantitatively verifiable hypotheses about coarticu-
lation and the linkages among spatially distal sec-
tions of the tongue.
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