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ABSTRACT

The extent and sources of coarticulation remain
an active topic of research. Whalen [18] found that
vowel-to-vowel coarticulation occurred even when
the utterance was initiated before an intervening
consonant’s identity was known. Here, we address
vowel-to-vowel coarticulation in the articulatory
domain, replicating [18]. Spoken English nonsense
strings [9'bVCa] were recorded with electromagnetic
articulography. The V was [i] or [u] while the C
was [b] or [p]. In one condition, the V was known
but the C was not, it was reversed in the other
condition. The missing information appeared once
phonation began. Our results revealed speaker-
dependent motor control strategies, with anticipatory
effects of the V on the tongue position of the initial
schwa being present for speakers who anticipated
the V identity, but not otherwise. These patterns are
consistent with the position that coarticulation is
planned, corroborating Whalen’s [18] conclusions.
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1. INTRODUCTION

Segments in a linguistic utterance influence each
other in systematic but complicated ways through
the process of coarticulation [9, 11]. This overlap is
useful to human listeners because it allows them to
convey sounds more quickly than would be possible
without such overlap. While this is helpful to
humans, it has proven to be a major obstacle to
automatic processing. [7, 13]. Automatic speech
recognition (ASR) has improved greatly in recent
years, but it still has difficulty handling changes in
speaker or dialect [14] or with speech produced in
noisy environments [16]. If we can better understand
the operation of coarticulation, we can incorporate
that knowledge into ASR systems.

Listeners not only interpret the coarticulation in
speech, they depend on it [4, 6, 15]. The effects of
vowel place and lip rounding on fricative noises also
provide information for vowels, and the acoustic
feature of duration provides information about

vowel quality and consonant voicing category at the
same time [17].

Coarticulation was once described as the formant
transitions immediately following the release of a
consonant constriction [10] but is now more widely
understood as the influence of one segment on
another. While adjacent segments clearly influence
one another, segments that are separated by one or
more additional segments can be affected as well [2,
3]. The formants of vowels can come to resemble
those of another vowel even if they are separated by
a consonant [1, 12]. Whalen [18] examined the
acoustic signal for evidence of the relative influence
of planning and inertia. The current study re-
examines this issue using articulatory measures.

The methodology of [18] involved presenting a
nonword of the form [e'bVCa] to a speaker on a
computer screen, but in every stimulus one letter
was missing. Sometimes the missing letter was the
V, and sometimes it was the C. The speaker
prepared the utterance and then began speaking.
Once phonation began, the letter representing the
missing segment (either a consonant or a vowel)
appeared on the screen, and the speaker attempted to
complete the utterance as naturally as possible.
Coarticulation was examined both before the C or V
(anticipatory) or after it (perseverative). Anticipatory
effects of the vowel were reduced or eliminated
when it was unknown at initiation, but they were
typical when it was known, even if the effect crossed
a segment (the consonant) whose identity was not
known. Perseverative effects were similar in all
conditions. The results were interpreted as showing
that planning was responsible for the large temporal
extent of the anticipatory effects.

The present experiment has investigated the
extent of planning involved in vowel-to-vowel
coarticulation, using the same stimuli as Experiment
2 of [18], in which English nonwords of the form
[o'bVCa] were used. The V was [i] or [u] while the
C was [b] or [p]. In one condition, the V was known
but the C was not, with the reverse in the other
condition. We predict anticipatory articulatory
effects will be detected on the first vowel of the
sequence when the second vowel is expected.



2. EXPERIMENT
2.1.1. Apparatus

Kinematic data were acquired using electromagnetic
articulometry (EMA; WAVE, NDI). Speech
movements were digitized at 100 Hz, and
concurrently recorded audio was sampled at 44.1
kHz. Sensors were glued to the lips (upper, lower
and mouth corner), tongue (tip, center and dorsum),
upper and lower incisors, and left and right
mastoids. The data were corrected for head
movement and translated to the occlusal plane.

2.1.2. Participants

Three native speakers of English served as
participants. Two were female (FO1 and F02) and
one, male (M03). They provided informed consent
and were paid for their participation.

2.1.3. Stimuli and procedure

The experiment uses the same stimuli and follows
the same general procedure as that of Experiment 2
of [18]. English nonsense strings [o'bVCa] were
used. The stressed V was [i] or [u], while the C was
[b] or [p]. Either the V or the C was unknown at the
beginning of each trial, yielding eight stimuli in
total: four words ([o'buba], [o'biba], [o'bupa], and
[o'bipa] * 2 levels of the Unknown factor (levels:

unknown consonant, unknown vowel).

A training session familiarizing the participants
with the task preceded the experimental session by
1-3 days. During the experimental session, for
speaker FO1, twenty blocks of the test stimuli were
presented, each containing one repetition of the
stimuli in a randomized order. For speakers F02 and
F03, a longer training session was used and the
number of experimental blocks was reduced to 12 to
minimize the total length of the experiment.

Custom software (Marta, Haskins Laboratories)
was used to control stimulus presentation, phonatory
monitoring, and audio recording. The speaker was
seated before a computer screen on which the
stimuli were presented. For each trial, the stimulus
was shown missing one letter (e.g., “UHBI_A”). The
missing letter appeared once phonation exceeded a
particular target amplitude threshold. The task of the
speaker was to incorporate the new segment as
smoothly as possible into the utterance, and to then
repeat the word fluently with all information
available. Here, the analysis of the words that
involved segment incorporation is presented. Only
correct productions of the test words were included
in the analysis.

2.1.4. Measurements

The kinematic data were labelled using velocity
extrema with Mview (Haskins Laboratories).
Specifically, the point of maximal opening tracked
by the tongue dorsum (TD) sensor during the
production of the schwa and the V (i/u) were
detected (Figure 1), since these were taken to be
representative approximations of the articulatory
targets of their respective vowels. For each of these
points, the following pair of values was extracted:
horizontal (from posterior to anterior) and vertical
(from inferior to superior) TD displacement.

Figure 1: An instance of [a'biba], with the second C
unknown, as uttered by speaker FOl. The first two
panels correspond to the audio signal (waveform and
spectrogram). The third, fourth and fifth panels
represent vertical displacement, horizontal displacement
and velocity of the tongue dorsum respectively. The last
panel represents lip aperture. The vertical lines across
all panels show the points of maximum opening for the
schwa ([2]) and the V ([i]) respectively.
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3. RESULTS

Figure 2 presents three pairs of plots, corresponding
to speakers FO1, FO2 and M03 respectively. The left
column shows the target positions of the tongue
dorsum for the tokens of the schwa, i.e., the first
vowel of the word. The right column displays the
respective positions for the V, i.e., the second vowel,
which is either [i] or [u] depending on the condition.
Red represents [i], and blue [u]. Circles mean that
the consonant is unknown and the vowel is [i]
(cons 1), squares that the vowel is unknown and will
be [i] (vowel i), triangles that the consonant is
unknown and the vowel is [u] (cons_u), and crosses
that the vowel is unknown and will be [u]
(vowel u). The figure also includes 95% confidence
ellipses superimposed on the four groups. Solid
ellipses include tokens with the consonant unknown,
and broken ellipses tokens with the vowel unknown.



Figure 2: Tongue dorsum position (in mm) (along with confidence ellipses) in the two-dimensional space at the
articulatory target for the schwa (left column) and the V (right column) for each speaker separately. Horizontal
displacement is presented from posterior (right of the x axis) to anterior (left of the x axis), and vertical displacement from

inferior (bottom of the y axis) to superior (top of the y axis).
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As Figure 2 reveals, speaker FO1 shows a distinct
pattern from speakers F02 and MO03. Specifically,
the quality of the following vowel (V) affects the TD
position during the articulatory target for the schwa.
The tongue dorsum is more anterior, and possibly
more superior as well, when the following V is [i]
than when the V is [u], especially in the consonant
unknown condition (i.e., when the V is known). For
the other two speakers (F02 and M03) on the other
hand, the quality of the second vowel does not exert
any effect on the TD position during schwa’s
articulatory target, regardless of whether the V
identity is known (i.e., when the consonant is
unknown) or not. These patterns are reversed when
turning to the spatial profile of the V. For speaker
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FO1, the V observations are not clearly classified
into two distinct V qualities ([i] and [u]), although
their identity was already known to the speaker by
the time they were produced and they were heard as
correct. Contrary to FO1, speakers F02 and MO3
have two distinct TD position categories
corresponding to the front vowel [i] and back vowel
[u] respectively.

The classification patterns shown in Figure 2 are
further clarified by the means of two sets of linear
discriminant analysis; one set assessing the V quality
(i.e., whether V is either [i] or [u]) as a classifier of
the TD position in the two-dimensional space during
the schwa, and the other set during the V. Each
speaker is examined separately. Tables 1 and 2



present the cross-validation results (shown as
percentages) of these two sets of analyses
respectively. Columns represent members of actual
classes, and rows members of predicted classes.
Correctly predicted instances are located in the
diagonal cells. The quality of V is a fairly good
predictor of TD position during the schwa for
speaker FO1 (59% success when the V is [i], and
62% when the V is [u]). For the other two speakers,
the model performs better for one vowel context
(72% when the V is [i] for FO1, and 92% success
when V is [u] for M03), but fails in the other (27%
when the V is [u] for FO1, and 0% when the V is [i]
for M03). Turning to V, its quality is an excellent
predictor for TD position for FO2 and M03, with on
average 95% observations correctly classified as
either [i] or [u]. The success rate is lower for speaker
FO1, especially for [u] (81% for [i] and 64% for [u]).

Table 1: Cross-validation (in %) of the linear determinant
analysis with tongue displacement during the schwa.

Schwa FO01 F02 MO03
[i] [u] [i] [u] [i] [u]
[i] 59 38 72 73 0 8
[u] 41 62 28 27 100 92

Table 2: Cross-validation (in %) of the linear determinant
analysis with tongue displacement during V.

V (i/u) F01 F02 M03

[i] | [u] [i] [u] [i] [u]

lil 81 36 97 6 95 5

[u] 19 64 3 94 5 95

Hence, TD position during V affects TD
position during the schwa for speaker FO1. This
pattern holds when V is [i] for FO2, and when V is
[u] for MO03. V quality has an effect on TD position
during the V as well (less for speaker FO1). The
effect of V’s quality on TD position during both the
schwa and the V itself is further confirmed by four
sets of linear mixed effects models, which examined
TD horizontal and wvertical displacement as a
function of Vowel (levels: [i], [u]) and Unknown
(levels: unknown consonant, unknown vowel) for
the schwa and the V respectively. Item nested within
speaker was treated as random effects. The analyses
on the schwa revealed an effect of Vowel on the
horizontal TD displacement (= 2.81, p= 0.005), but
not of Unknown. Neither factor was significant with
respect to the vertical TD displacement. The
analyses of the V showed an effect of Vowel on both
the horizontal (= 11.92, p< 0.001) and the vertical
displacement (= 3.28, p= 0.001). The factor
Unknown was not significant.

4. DISCUSSION

Our results reveal two distinct speaker-dependent
patterns. On the one hand, speaker FO1 showed
anticipatory coarticulatory effects on the first vowel
of [obVCa] that differentiated between schwas
preceded by [i] and [u], while not clearly
distinguishing between [i] and [u] during V,
although V was known by the time it was produced.
On the other hand, speakers F02 and MO03, who
clearly defined [i] and [u] during V, did not present
differential anticipatory coarticulation during the
schwa. F02 adopted an [i]-like and M03 an [u]-like
TD position during the production of the schwa.

One possible interpretation of these patterns is
that speakers adopted one of two different strategies
for performing the task. Speaker FO1 anticipated the
following vowel and planned for it, showing
respective anticipatory coarticulatory effects on the
preceding vowel (schwa) and mixed articulatory
target positions for the anticipated vowel (V).
Speakers F02 and MO3 treated the schwa as a
preparatory stage for the upcoming planning and
assumed a default articulatory configuration [cf. 9].
This configuration involved a TD position that was
more similar to [i] for speaker FO2 and to [u] for
speaker M03. Another possibility is that speaker FO2
was more often predisposed to [i] in the V position,
and speaker M0O3 to [u], in which case the spatial
profile of their schwas reflects anticipatory
coarticulation  driven by  their  respective
predispositions. Both possible interpretations of
speakers’ strategies are further supported by the
duration measures reported in the acoustic
component of the current study [19], according to
which speakers F02 and MO03 had longer schwas
than FO1, who had longer bilabial stops in the
second syllable instead. = These measures also
confirm that the speakers incorporated the missing
segment successfully into the utterance.

These conclusions further suggest that
anticipatory coarticulation depends on planning, thus
supporting [18], and is not simply an artefact of
inertia. Focusing on the articulatory aspect of
coarticulation offers a promising window into
planning, with possible theoretical and practical
extensions [cf. 14, 16]. We are currently continuing
our investigation by examining other tongue body
positions (it is possible that some coarticulatory
effects were not detected here because of the very
posterior location of the TD sensor), more speakers,
and more conditions. These include strings not
involving a missing segment, and contrasts in
production amplitude (i.e., loudly, when we expect
coarticulation to be naturally perturbed, vs. normal
levels).
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