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Abstract

In this study we tested the hypothesis that consonant and vowel
articulations start at the same time at syllable onset [1].
Articulatory data was collected for Mandarin Chinese using
Electromagenetic Articulography (EMA), which tracks flesh-
point movements in time and space. Unlike the traditional
velocity threshold method [2], we used a triplet method based
on the minimal pair paradigm [3] that detects divergence points
between contrastive pairs of C or V respectively, before
comparing their relative timing. Results show that articulatory
onsets of consonant and vowel in CV syllables do not differ
significantly from each other, which is consistent with the CV
synchrony hypothesis. At the same time, the results also show
some evidence that articulators that are shared by both C and V
are engaged in sequential articulation, i.e., approaching the V
target after approaching the C target.

Index Terms: coarticulation, GAMMSs, EMA, CV synchrony

1. Introduction

It has been long recognised that consonant and vowel are
temporally overlapped at syllable onset, and that such overlap
is the major source of coarticulation [1, 4]. For example, when
the phoneme /b/ precedes a rounded vowel such as /u/, lip
rounding can be observed around syllable onset, whereas the
rounding gesture is absent when the succeeding vowel is
unrounded [5]. It is much less clear, however, whether C and V
are fully synchronised at syllable onset [1] or are only partially
overlapped [6, 7]. The synchronisation view is a recent
theoretical development in articulatory phonology [8], but there
is not yet systematic empirical evidence. Empirical studies on
gestural timing have so far found evidence only for partial CV
overlap. For example, Shaw and Chen [7] have shown that
vowel onset occurs later than consonant onset in Mandarin
Chinese. Turk and Shattuck-Hufnagel [6, p.10] have cited
multiple sources of evidence showing that “the timing of
movement endpoint has higher priority than the timing of
movement onset”, due to failure of finding consistent alignment
of gestural onsets.

A critical issue in this debate is how to determine the onset
of a segment. The conventional method used in many studies is
to locate the onset at where its movement velocity reaches 20%
of its own peak velocity [2]. The problem with this method is
the lack of experimental control, which makes it difficult to rule
out confounds. One source of confound is the assumption that
the interval of a gesture can be determined simply by
identifying an articulatory trajectory moving in the direction of
the gestural target. As demonstrated by Gelfer et al. [9], this is
prone to error because not all movements, or portions of a
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movement, in the same direction have the same gestural
sources. They showed that some of the lip-rounding movements
are actually for un-spreading the spread lips during [i]. Another
source of confound is that, as recognised by proposers of the
threshold method [2], velocity timing is sensitive to articulatory
stiffness. Specifically, when a segment is produced with higher
stiffness, the 20% threshold is achieved earlier compared to
when stiffness is lower. They found a 41 ms mean difference in
durations of nucleus segments between lax and tense vowels
obtained with the method, and attributed the difference to
variation in stiffness. Variation in stiffness as a confound may
be even more problematic when determining CV timing, given
that it is known that consonants are likely to be articulated with
greater stiffness than vowels [10, 11, 12, 13].

1.1. The minimal pair paradigm

The problem of hidden confounds with the velocity threshold
method can be avoided by the minimal pair paradigm [3].
Gelfer et al. [9] used /iCyu/ to contrast /iC,i/ sequences in terms
of lip movement (e.g., /itu/ vs. /iti/), and showed that an early
lip activity can be observed in both sequences, which suggests
that the movement is unrelated to the rounded vowel. Rather, it
is a gesture for un-spreading the lips after [i]. This is made even
clearer, as they showed, when a second rounding movement
close to /u/ became increasingly separated from the first
rounding movement as more and more consonants were added
between [i] and [u] in the /iC,u/ sequence.

The minimal pair paradigm was successfully used in a
number of subsequent studies. Boyce et al. [14] found that,
among other things, velum lowering movements can be
associated with a low vowel as well as with a nasal consonant,
and this significantly reduces the temporal scope of nasal
articulation. Chen and Xu [15], also using the method, showed
that the neutral tone in Mandarin has a specified underlying
target rather than being targetless as had been widely assumed
[16]. Most relevantly, based on the minimal pair paradigm, Xu
and Gao [3] developed a triplet method to contrast two minimal
pairs, one for determining the consonant onset and the other for
determining the vowel onset. They used triplets of the form
CVi#C,V,, where numeric index indicates syllable number
and # stands for syllable boundary. In each triplet, the first two
words differ in terms of C,: /1/ vs. /j/, and the second two words
differ in terms of V,: /i/ vs. /u/. By directly comparing the
formant trajectories between the V and C pairs, they were able
to show, for the first time, clear acoustic evidence that C and V
are synchronised by their onsets at the beginning of the syllable.
The present study is to use the triplet method to test the CV
synchrony hypothesis by examining articulatory trajectories
tracked by EMA.
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2. Method

2.1. Speakers

7 male and 3 female native speakers of Mandarin Chinese
participated in the present study. All of the participants were
studying at the National Tsing Hua University in Taiwan and
were from the northern part of China (5 from Beijing and 5 from
Liaoning). No speaking or hearing difficulties were reported
prior to data collection.

2.2. Stimuli

A total of 6 triplets, consisting of 18 C;V#C,V, words in
Mandarin were used, as presented in Table 1. In each triplet, the
vowel pair differs in terms of V, and the consonant pair differs
in terms of C,. All 18 words bear the rising tone on both
syllables.

Table 1: Stimuli in pinyin and IPA. IPA
transcriptions are presented in square brackets.

1 14ili [laili] laila [larlu] laiyi [larji]
2 1éili [letli] 1¢ilu [letlu] 1éiyi [lerji]
3 16uli [lovli] 16ulu [lovlu] l6uyi [louji]
4 mali [mali] mala [malu] mayi [maji]
5 maoli [mauvli] maolt [mavlu]  madoyi [mauvji]
6 nili [nili] nila [nilu] niyi [niji]

The target words were embedded in a carrier sentence — “bi
_ weishan” ([bi ___ wer san]), meaning “more hypocritical
than 7. Participants read aloud the sentences with 10
repetitions each in randomised blocks, yielding 1800 tokens in
total.

2.3. Data collection and processing

Data collection was done by the third author at the Phonetics
Laboratory at the National Tsing Hua University, Taiwan. The
articulatory data were collected while subjects read aloud the
stimuli using an NDI Wave system. Following procedures in
[17], the kinematic data were sampled at a rate of 400 Hz, and
the distance values were converted from voltage with a filter
with a cut-off frequency of 20 Hz for the upper and lower lips
and 40 Hz for the tongue tip. The origin of the coordinate
system was placed between the upper incisors on the lower
front position. Acoustic data were recorded simultaneously
with a sampling rate of 24 kHz.

The auditory tokens were manually annotated at syllable
boundaries in the format of [C,V#C,V #wer] with a Praat
script, which segmented the formant trajectories and
corresponded them with the EMA trajectories. The left-most
and right-most boundaries were determined by acoustic onset
of C; (e.g., nasal murmur in ‘maliwei’) and end of voicing of
[wer], respectively. All trajectories were aligned at the first
boundary and sampled at 5 ms intervals (i.e., with a sampling
rate of 200 Hz). The formant data was calculated with standard
parameters using the Burg algorithm (window length = 0.025 s;
male maximum formant = 5000 Hz; female maximum formant
= 5500 Hz; dynamic range = 30 dB; pre-emphasis from 50 Hz).

Speaker 4’s data were excluded from analysis due to
background noise present in the audio recording, which led to
difficulty in discerning acoustic segmental boundaries for
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annotation. Out of the remaining 1620 tokens, due to
mispronunciation or background noise, 20 were excluded for
speaker 1, 1 was excluded for speaker 9, and 1 was excluded
for speaker 10.

2.4. Analysis

2.4.1. Articulatory dimension for detecting vowel and
consonant onset

For detecting consonant onsets by contrasting /I/ and /j/, the
tongue tip in the vertical dimension was used. This is motivated
by findings on coarticulation resistance of /l/. Recasens and
Espinosa [18] have found that for the Spanish /l/, across
speakers, tongue tip in the vertical dimension (TTy) shows the
least variation between vowel contexts at consonant mid-point,
indicating that this is the primary articulatory dimension for /1/.
For detecting vowel onsets by contrasting /i/ and /u/, upper lip
protrusion (LP) was used.

2.4.2. Determining significant divergent time points between
contrastive pairs using generalised additive mixed models
(GAMM)

To determine the articulatory onset of consonants and vowels,
we used GAMM in R [19] to model articulatory trajectories of
minimal pairs, and tracked statistical differences in articulation
over time. GAMM is a kind of non-linear regression, which can
model dynamic data while accounting for subject, item or time
related variability [20]. For each speaker and each triplet, two
GAMMs were built — one for LP for the vowel pair and one for
TTy for the consonant pair. Due to GAMMs’ requirement of
time normalisation, and for the sake of retaining real time
information, each token was trimmed to the same length as the
shortest token across all tokens (465 ms). Prior to model
construction, each speaker’s data were normalised into z-scores
separately.

GAMMs were constructed using the bam function from the
mgcv package [20] in R [19]. Autocorrelation of the residuals
was accounted for by incorporating an autoregression model of
the error at lag 1, which is supported in the bam function. For
each GAMM, word was used as the main effect, and a time by
word smooth was included with the k parameter set to 15, which
accounts for the strong non-linearity of articulatory data. In
order to account for variation between repetitions of words, a
random smooth modelling non-linear difference over time in
relation to repetition was also included in the model. The
random smooth is conceptually comparable to a full random
effect in Linear mixed effects models, which accounts for the
variability in the non-linear trajectories between repetitions (i.e.,
random slope), as well as the overall height of the trajectory (i.e.,
random intercept).

Vowel and consonant onset times were collected when the
GAMMs indicated significant divergence of articulation
between minimal pairs. To avoid type I errors, only divergence
that lasted for 50 ms or longer were recorded as segment onset.
In total, 108 (6 x 2 % 9) onset times were collected.

2.4.3. Comparison of C and V onset time using linear mixed
effects models (LMEM)

Linear mixed effects models were built in R using the /me4
package to compare C and V onset time [19, 21]. The models
included a fixed effect of contrast/onset type (vowel vs.
consonant), and random effects of speaker and triplet. In order
to test the significance of the main effect, the anova function in



R was used to compare models with and without the fixed
effect.

3. Results

Figure 1 shows mean articulation trajectory for LP and TTy of
triplet 1. Note that in order to demonstrate systematic patterns
of articulation, trajectories are averaged across speakers and
repetitions. Only trajectories for triplet 1 are presented here.
Other triplets show similar patterns of divergence. It can be
observed in the upper panel, the vowel contrast between /i/ and
/u/ in ‘lailiwei’ vs. ‘lailuwei’ starts to show substantial
articulatory difference in LP by around 150 ms. In contrast, as
expected, no substantial consonant divergence can be seen
between ‘lailiwei’ and ‘laiyiwei’, as LP is presumably the same
for the articulation of /j/ and /1/.

a lailiwei
= 9 = lailuwei
laiyiwei
7.
0.0 0.1 0.2 0.3 0.4
Time (s)
4-
-8-
> lailiwei
~ = lailuwei
-12- laiyiwei
-16-
0.0 0.1 0.2 03 0.4
Time (s)

Figure 1: Mean articulatory trajectories across
speakers and repetitions for triplet 1. Shaded ribbons
indicate standard error of the mean.

The lower panel in Figure 1 shows mean articulation in the
TTy dimension for triplet 1. Compared to LP, a reversed
divergence pattern is shown, between around 150 ms to 300 ms.
During this temporal interval, the articulation of the consonants
in the second syllable is carried out. Therefore, as a primary
parameter for /1/, tongue tip does not differ vertically between
‘lailiwei” and ‘lailuwei’, and the divergent point between
‘lailiwei’ and ‘laiyiwei’ can be regarded as the articulatory
onset of /1/.

After 300 ms, divergence between the vowel pair (‘lailiwei’
vs. ‘lailuwei’) can be observed, which indicates that by this
point, the approximation of the [I] target is over, so that the
tongue tip can start to move toward the vowel target. This
suggests that when an articulator is needed for both the vowel
and the consonant on a particular dimension, articulation is
sequential along that dimension (to be discussed in section 4).

In the following analysis, therefore, consonant and vowel
onset in the syllable /li/ were identified as the point where
articulatory trajectories diverged in the TTy dimension in the
consonant pair and in the LP dimension in the vowel pair,
respectively.

3.1. CV onset times determined by GAMMs

Figure 2 shows results of the two GAMMSs model for triplet 1
and speaker 6. Analogous patterns were found for other triplets
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and speakers. The left two plots show the modelled articulation
by GAMM, and the right plots show the difference between the
minimal pairs calculated from the GAMM prediction. Intervals
where significant differences can be found between trajectories
are indicated by red lines in the difference plots. The shaded
ribbons represent 95% of the confidence interval, such that the
calculated difference become statistically significant when the
grey bands are above or below zero. As Figure 2 shows,
articulation between the consonant pair become significantly
different at around 180 ms (top-right graph), and around the
same time for the vowel pair (bottom-right graph). CV onset
times were collected via GAMMs for all speakers and triplets,
and results are shown in Figure 3. The average onset time in /1i/
is 200 ms for the consonant, with a standard deviation of 38 ms,
and 190 ms for the vowel, with a standard deviation of 67 ms.
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Figure 2: Articulation modeled with GAMM and difference
between the GAMM smooths for triplet 1 and speaker 6 for C
and V pairs; The shaded bands indicate 95% of the confidence
intervals.
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Figure 3: Box plot for CV onset times.

3.2. LMEMs for comparison of CV onsets

For analysis of the effect of onset type on segment onset time
in CV, a likelihood ratio test was performed on the full model,
with onset type as the fixed effect and a null model without the
fixed effect. Result shows that there was no significant effect of
onset type on onset time (¢ = -1.02 (LMEM output); X? (1) =
1.03, p = 0.31 (likelihood ratio test output)). In other words,
consonant onset times did not differ significantly from vowel
onset times in the current data.



3.3. Comparison between the threshold and minimal pair
methods’ results

To examine how different the results would be with the
conventional approach, we applied the 20% threshold method
to determine the vowel onsets in /lu/ based on LP. Words with
rounded vowels in the first syllable (e.g., ‘louluwei’) were
excluded to avoid the effects from the first rounding gesture for
the threshold method. Overall, V onsets in /lu/ determined by
the threshold method was 17 ms earlier than by the minimal pair
method. Due to highly uneven sample sizes between the results
from the two methods, only qualitative analysis is offered here.

Velocity of LP for lailiwei and lailuwei

N
3

Word
lailiwei
= lailuwei

Velocity

o

25- ‘ ; ‘
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Figure 4: Velocity of LP as a function of time for
‘lailwei’ vs. ‘lailuwei’. The shaded ribbons indicate
standard error of the mean. The blue dotted vertical
line marks mean /u/ onset determined by the threshold
method and dashed line indicate that of the minimal
pair method.

Figure 4 shows velocity contours of LP for the words
‘lailiwei’ (pink) and ‘lailuwei’ (blue). For the blue line, it may
seem that the entire rising section of the velocity trajectory
belongs to /u/ in ‘lailuwei’. Indeed, the threshold method
indicates that the /u/ onset is around the start of the rising
movement, as marked by the dotted vertical line. However, the
velocity trajectory of ‘lailiwei’ also shows a similar LP
movement on a smaller scale. This suggests that the start of the
LP movement for ‘lailuwei’ is not for the rounding of /u/, but
for an unspreading movement after /lai/. The true onset of /u/
should be later: at the point when the trajectories of /lu/ and /1i/
move away from each other. Indeed, that is exactly the mean
onset determined by the minimal pair method, as marked by the
dashed vertical line. That onset time occurs right after the LP
velocity of ‘lailiwei’ makes a slight turn toward a reduced
velocity slope.

4. Discussion

4.1. Articulatory evidence for CV synchrony

With the triplet method based on the minimal pair paradigm, we
tested whether there is evidence of synchronous onset of C and
Vin CV syllables in Mandarin. The results show that, for all the
triplets, the moment when the LP trajectories start to diverge
toward the contrasting vowels is no different from the moment
when the TTy trajectories start to diverge toward the contrasting
consonants. This suggests that consonant and vowel in CV
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syllables in Mandarin Chinese are synchronised at syllable
onset. This finding is consistent with the previous finding based
on formant trajectories, also using the triplet method [3]. We
have therefore seen both acoustic and articulatory evidence that
the production of consonants and vowels are synchronised at
the onset of CV syllables in Mandarin.

We have also found that, with the velocity threshold method
widely used in previous articulatory studies, vowel onsets
would have been located at an earlier point than the those
determined by the triplet method. This is because the velocity
threshold method is prone to confounds due to lack of
experimental control. The major confounds in articulatory
analysis may include articulatory movements that are in similar
directions as the movement in question but associated to an
adjacent segment [9, 14], and intrinsic differences in stiffness
between consonants and vowels [2, 10, 11, 12, 13].

4.2. Evidence for articulator-specific sequential target
approximation

Synchronised onset of C and V does not mean that all the
associated articulatory movements are in synchrony, however.
Those that are shared by both C and V may need to be
sequentially executed, i.e., C before V [1]. Signs of sequential
articulation can be seen in the current data, e.g., in the lower
graph of Figure 1. There the divergence of TTy between /ji/ vs.
/li/ at around 150 ms indicates that the consonant articulation
has started. However, no divergence of TTy can be seen
between the vowel pair /1i/ vs. /lu/ until after around 300 ms.
This means that the tongue tip has to first meet the requirement
of /1/ for making an alveolar contact, which is terminated only
at the end of the consonant around 300 ms.

Sequential articulation as a solution to direct articulatory
conflicts has been reported before [22]. But it is inconsistent
with the hypothesis that articulatory gestures involving the
same articulator can be overlapped through blending [23, 13].
The present data are not enough to resolve the difference, which
would require further research.

5. Conclusion

In this study we used EMA data to test for evidence of
synchronised articulation of consonant and vowel at syllable
onset in Mandarin. We applied a triplet method previously
developed for acoustic analysis [3] based on a minimal pair
paradigm to detect divergence points in contrastive pairs of C
and V before comparing their relative timing. Results show that
articulatory onsets of consonant and vowel in CV syllables do
not differ significantly from each other. These results provide
the first clear articulatory evidence in support of the CV
synchrony hypothesis. In addition, we have found evidence of
sequential articulation at syllable onset for articulators that are
shared by consonants and vowels. These findings demonstrate
the effectiveness of the minimal pair paradigm as a means to
implement full experimental control in articulatory
investigation, as suggested long ago [9, 14].
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