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ABSTRACT

Recent research has shown evidence based on a minimal contrast paradigm that consonants and vowels are
articulatorily synchronized at the onset of the syllable. What remains less clear is the laryngeal dimension of the
syllable, for which evidence of tone synchrony with the consonant-vowel syllable has been circumstantial. The
present study assesses the precise tone-vowel alignment in Mandarin Chinese by applying the minimal contrast
paradigm. The vowel onset is determined by detecting divergence points of F2 trajectories between a pair of
disyllabic sequences with two contrasting vowels, and the onsets of tones are determined by detecting divergence
points of fy trajectories in contrasting disyllabic tone pairs, using generalized additive mixed models (GAMMs).
The alignment of the divergence-determined vowel and tone onsets is then evaluated with linear mixed effect
models (LMEMs) and their synchrony is validated with Bayes factors. The results indicate that tone and vowel
onsets are fully synchronized. There is therefore evidence for strict alignment of consonant, vowel and tone as
hypothesized in the synchronization model of the syllable. Also, with the newly established tone onset, the
previously reported ‘anticipatory raising’ effect of tone now appears to occur within rather than before the

articulatory syllable. Implications of these findings will be discussed.

1. Introduction

The syllable is arguably one of the most fundamental units of speech
(Coupé et al., 2019; Sun and Poeppel, 2023), but its nature has long been
unsettled (Ladefoged, 1982). Recent research (Liu et al., 2022; Liu and
Xu, 2021, 2023; Xu and Gao, 2018) has produced fresh evidence for a
particular view that conceives the syllable as a mechanism of synchro-
nizing consonant and vowel (CV) articulation at their onsets (Goldstein
et al., 2006; Kozhevnikov and Chistovich, 1965; Nam et al., 2009).
Along the same line of thinking, a further hypothesis is that laryngeal
gestures for tone and phonation register are also synchronized with the
vowel and consonants (Ohala and Kawasaki, 1984; Xu, 2020; Xu and
Liu, 2006). This hypothesis, however, has not been examined with the
same vigor as done on CV synchrony (Liu et al., 2022; Liu and Xu, 2021,
2023; Xu and Gao, 2018). The present study is conducted to fill this gap.

1.1. In search of the nature of the syllable

The nature of the syllable has long been a mystery. As remarked by
Ladefoged (1982: 220), “[a]lthough nearly everyone can identify syl-
lables, almost nobody can define them”. An early theory was proposed
by Stetson (1951), which asserts that a syllable is related to a sequence
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of muscular activities of the chest that control expiration. This chest
pulse theory was rejected by Ladefoged (1967), however, who showed
that thoracic muscle activities during speech correspond to slow inha-
lation and exhalation rather than to fast occurring syllables. Some the-
ories have taken syllable as the basic unit of speech, e.g., Stetson’s motor
phonetics (Stetson, 1951) and Fujimura’s (1994) C/D model. In Mac-
Neilage’s (1998) frame/content theory, the syllable is suggested to have
evolved from the ingestion-related cyclicities of mandibular oscillation
in chewing, sucking and licking. It has also been proposed that the syl-
lable is a unit of stored motor programs (Dell, 1988; Levelt et al., 1999).
On the other hand, the widely used theories of the syllable are mostly
descriptive, concerned mainly with how consonants and vowels are
arranged according to their sonority levels: high sonority ones in the
syllable center while low sonority ones at the edges (Sievers,1893;
Jespersen,1899; Whitney, 1865), or language specific phonotactics
(Selkirk, 1982). There are no clear accounts of why sonority hierarchies
are needed, or basic principles behind the phonotactic constraints. In
particular, none of these theories has offered a detailed account of the
articulatory dynamics of the syllable, especially in terms of the timing of
the articulation of consonants, vowels and tones.

A very different account of the syllable comes from a somewhat
forgotten line of work. Menzerath and de Lacerda (1933) observed in
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German, based on the means of articulatory observation at the time, that
the lip movement for the vowel /u/ in /pu/ starts at about the same time
as the articulation of the initial consonant. They proposed that the
phenomenon was due to a general organization principle of “koartiku-
lation” for articulatory control, a term that later became popularized as
the English word “coarticulation” (Kithnert and Nolan, 1999). A phe-
nomenon of syllable-based coarticulation similar to the original one was
again observed in Russian by Kozhevnikov and Chistovich (1965). They
reported that in a syllable consisting of /u/ and an initial consonant
cluster, the lip protrusion of the vowel begins at the same time as the
articulatory activation of the first consonant, regardless of the number of
consonants in the cluster. Based on this, they proposed the concept of
articulatory syllable: the temporal domain where the initial consonant
(s) and the vowel in a CnV structure are articulated.

The articulatory syllable hypothesis was soon challenged by the
finding of cross-segment anticipatory coarticulation that goes across the
syllable boundary marked by the acoustic consonant closure (Carney
and Moll, 1971; Fowler, 1981; Mok, 2012; Ohman, 1966). Those find-
ings were interpreted as suggesting that the articulatory domain of
vowel is larger than, hence cannot be equivalent to, the acoustic syllable.
Note that the reason behind the challenge is a lack of proposal by the
articulatory syllable hypothesis as to what the acoustic correlate of the
common onset of vowel and consonant should be at the start of the
syllable. As a result, the formant movements in the direction of the
second vowel in a VCV sequence found in Ohman (1966) are widely
assumed as anticipatory coarticulation. And this is despite Ohman’s
(1966:165) remarkable proclamation in his paper that “a motion toward
the final vowel starts not much later than, or perhaps even simulta-
neously with, the onset of the stop-consonant gesture.” It was only until
Xu and Liu (2006) that a suggestion was made that the acoustic onset of
the initial consonant, hence that of the syllable, should be at the start of
formant movements toward the initial consonant rather than at the start
of the consonant closure. Xu and Liu (2006) further proposed that not
only consonant and vowel are actually fully synchronized with each
other at syllable onset, thus in agreement with the articulatory syllable
hypothesis, but also lexical tone is synchronized with both consonant
and vowel. Furthermore, the time-locking nature of anticipatory coar-
ticulation observed by Bell-Berti and Harris (1979, 1981) suggests that
the start of vowel articulation in a CV syllable is not very far ahead of the
consonant closure, and the temporal scope coarticulation may not be as
variable as popularly believed. Up till the proposal of the time-lock
model, the influence of the conventional syllable remains notable. The
articulatory gestures initiated before the onset of conventional syllables
are consistently interpreted as anticipatory, which is now challenged by
studies on the synchronization model (e.g. Liu et al., 2022). Goldstein
et al. (2006) went a step further by proposing that vowel and consonant
gestures are aligned ‘in-phase’ at syllable onset, while coda consonants
are aligned ‘anti-phase’ to the nuclear vowel. In other words, the
articulatory gestures are synchronized with syllable boundaries. How-
ever, Goldstein et al. (2006) approached the alignment problem from a
phonological perspective, with limited emphasis on the details of strict
temporal alignment. It therefore remained unclear whether articulatory
gestures were synchronized with the conventional syllable boundaries
or with a timepoint earlier, i.e., the boundaries of articulatory syllable. A
similar idea was suggested in the time structure model of the syllable by
Xu and Liu (2006), which proposes that not only consonant and vowel,
but also tone, are all synchronized at the onset of the syllable.

Synchronization is a strong claim, however, for which solid evidence
is needed to show that a clearly identifiable onset of one phonetic unit is
fully aligned with the clearly identifiable onset of another phonetic unit.
Evidence of synchronization has been difficult to obtain. Goldstein et al.
(2006) have proposed, under the articulatory phonology framework,
that vowel and consonant gestures are aligned ‘in-phase’ at syllable
onset, while coda consonants are aligned ‘anti-phase’ to the nuclear
vowel. But no clear evidence has been shown for the in-phase alignment.
One of the reasons is that in studies under the framework of articulatory

Speech Communication 163 (2024) 103121

phonology, the onset of a gesture is determined as the point at which
velocity has reached a threshold, typically 10 % or 20 % of the peak
velocity of the gesture. With this method, consonant gestures have al-
ways been found to start earlier than vowel gestures (Gao, 2009; Shaw
and Chen, 2019; Yi and Tilsen, 2016). This has led to the suggestion that
synchronization is no longer assumed in articulatory phonology (Tilsen,
2020). Xu (2007) proposed a minimal pair method with four trisyllabic
phrases: [ni ji weil], [lou ji wei], [mao ji wei], and [ma ji wei], to
separately determine the onsets of consonants and vowels in Mandarin.
The paradigm was an extension of the minimal contrast method used in
Bell-Berti and Harris (1979, 1981) and Gelfer, Bell-Berti and Harris
(1989), with the added capability to directly compare the timing of
consonant and vowel in each syllable. The method was applied in Xu and
Gao (2018) and preliminary evidence of CV synchrony was shown.
Applying the same method, Liu et al. (2022) compared the timing of
consonants and vowels in both articulatory (Electromagnetic Articu-
lography or EMMA) and formant data, and found clear evidence of CV
synchrony in Mandarin based on generalized additive mixed models
(GAMMs) and Bayesian statistics. More evidence of CV synchrony was
further found in English syllables with initial consonant clusters (Liu and
Xu, 2021) and cases of resyllabification in English (Liu and Xu, 2023).

The synchronised onsets of C and V determined in these recent
studies are temporally well ahead of the conventional syllable onset
defined as the onset of initial consonant closure (Lehiste and Peterson,
1961; Turk et al., 2006). For the vowels, the newly determined onset
would correspond to what is reported by Ohman (1966) as the start of
the cross-syllable anticipatory vowel-to-vowel coarticulation. Fig. 1
shows an example of formant trajectories of a VCV sequence from
Ohman (1966), in which F2 in [aby] begins to anticipate [a] well before
the stop closure. This “anticipation” was reinterpreted by the synchro-
nization model as the onset of [y] based on the target approximation
mechanism of all articulatory gestures (Xu and Liu, 2006; Xu and Wang,
2001). Given also that similar “anticipation” of the [b] closure happens
at roughly the same time, as indicated by F1 in Fig. 1, Ohman’s (1966)
finding could have been viewed as evidence of C-V co-onset rather than
long-distance anticipatory coarticulation, and the point of CV co-onset
before the conventional syllable boundary would be redefined as the
onset of the syllable. As a result, the articulation of both C and V would
happen within rather than before the domain of the syllable, which is in
line with the hypothesis of Kozhevnikov and Chistovich (1965) that the
domain of a syllable is where the consonant cluster(s) and the vowel are
articulated.

The syllable is made up of not only consonants and vowels, but also
laryngeal activities that generate voicing with fundamental frequency
(fo) patterns. So, a complete model of the syllable needs to also have an
account of the laryngeal activities during its articulation. Ohala and
Kawaski (1984:123) hypothesized that “the division of sound sequences
into syllables” is “for the sake of synchronizing the segmental and su-
prasegmental articulations”. Ohala (1992:335) further speculates that
“syllable chunking may be done for the sake of synchronizing supra-
segmental and segmental events or to accommodate neuromotor

F3
ﬁ\ ‘i

Fig. 1. Formant trajectories of [aby] from Ohman (1966). The start of the
middle gap (where F2 and F3 end before the vertical axis) is conventionally
considered as boundary between the first and second syllables. The dotted
vertical line on the left represents the beginning of anticipatory coarticulation
(Ohman, 1966).
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constraints.” The synchronization model of the syllable (Xu, 2020; Xu
and Liu, 2006) hypothesizes that suprasegmental elements like tone and
phonation register also start from syllable onset, just like consonant and
vowel. Xu (2020) proposes further that the synchronization of conso-
nant, vowel and laryngeal element is for the sake of eliminating most of
the temporal degrees of freedom to make it possible for the central
neural system to coordinate multiple articulators during speech.

There has been some preliminary evidence for the hypothesized
synchrony of tone with the syllable (Ohala & Kawaski, 1984; Ohala,
1992; Xu, 2020; Xu and Liu, 2006). First, f movements toward the
underlying tonal targets appear to always occur within the temporal
scope of the (conventional) syllable (Xu, 2005). Second, the timing of
the tonal target approximation movement is not affected by voiceless
consonants in Mandarin (Xu and Xu, 2003) or English (Xu and Xu,
2021). Finally, the timing of the tonal target approximation is not
affected by the presence of nasal coda in Mandarin (Xu, 1998). However,
the observed tone-syllable synchrony in these studies is with the con-
ventional syllable, namely, temporal intervals demarcated by consonant
closures (to be discussed in detail in 1.2). The newly established CV
synchrony syllable raises the question as to whether tone is actually
synchronized with the newly established articulatory syllable rather
than the conventional acoustic syllable.

1.2. Tone and tonal alignment

Tones are fundamental frequency patterns used to differentiate
words or morphemes that are otherwise identical in segmental compo-
sition in many of the world languages (Yip, 2002; Hyman, 2011; Xu,
2019). Among the many tonal issues that have been researched is the
alignment of tone with segmental events. Prompted by a rich variety of
contextual variations in many African tone languages, Goldsmith (1976)
developed autosegmental phonology, which represents tones in an
autonomous tier separate from the segmental tier. Segments and tones
are then linked to each other based on language-specific association
rules. The free and flexible alignment of tone and segment is considered
as an essential and advantageous feature of this framework, as the in-
dependence of tone would allow freedom of association of tonal and
segmental features for explaining various tonal variations (Goldsmith,
1976). There have also been experimental studies that look for evidence
of contrastive fy peak alignment within the syllable in some tone lan-
guages (DiCanio et al., 2014; Remijsen and Ayoker, 2014; Zsiga and
Nitisaroj, 2007). Xu (2005) argues, however, that surface f; alignment
cannot be directly specified by phonology, because underlying tonal
targets have to be articulatorily realized through target approximation
(TA) (Xu and Wang, 2001), as schematized in Fig. 2. TA is similar to the
task dynamic (TD) model for segmental gestures (Saltzman and

Initial state — Cross-boundary
transferred from previous state  state transfer
—
'qp \"\
‘ Proaching 1ar9®_~~
[0} .7 /e\-
S o8
177 Q@
e \\(\0 Static target

Time —  Temporal interval of unit 1 Temporal interval of unit 2

Fig. 2. A generalized Target Approximation (TA) model for tonal as well as
other phonetic units. The dashed lines are underlying targets that are either
static or dynamic, and the solid curves are the results of asymptotic approxi-
mation of the underlying targets. The final state of the first TA movement is
transferred to the second movement to become its initial state, and the delayed
peak into the second syllable is the result of inertia due to the state transfer at
the syllable boundary.
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Munbhall, 1989) in that both assume that the basic mechanism of speech
production is to approach linguistically specified targets (gesture scores
or pitch targets). TA differs from TD, however, in assuming that targets
themselves can be dynamic, as illustrated by the first target in Fig. 2. The
rising or falling tones are commonly understood as having two tonal
targets (rising: low-high; falling: high-low) in other frameworks,
including TD. Also, as a model of tone, TA explicitly assumes that the
temporal scope of target approximation is the syllable.

Like TD, TA currently encompasses only a single articulatory
mechanism, namely, to approach the target by overcoming inertia. But
there are other known articulatory effects on the realization of tone as
well, most notably, an effect known as anticipatory raising, pre-low
raising, anticipatory dissimilation or H-raising. This effect was re-
ported almost simultaneously for Thai (Gandour et al., 1992; Gandour
etal., 1994), Yoruba (Laniran, 1992; Laniran and Clements, 2003), Igbo
(Liberman et al., 1993) and Mandarin (Xu, 1993; 1997). The core phe-
nomenon is that the high fy point of a tone becomes higher before a low
tone than before a high or mid tone. For Mandarin, however, the raising
effect is exerted also by a rising tone (Tone 2) and possibly by a falling
tone as well (Xu, 1997). The articulatory mechanism of pre-low raising is
still unclear, but it is likely related to the large downward movement of
the larynx needed for pitch lowering, which involves the contraction of
the external laryngeal muscles, particularly the sternohyoid (Atkinson,
1978; Erickson et al., 1995; Honda et al., 1999), as discussed in greater
detail in Xu (2019).

Previous reports of pre-low raising have not attempted to identify the
precise starting point of the effect, however. The substantial leftward
shift of the boundary in the newly established articulatory syllable (Xu
and Gao, 2018; Liu et al., 2022) raises the possibility that the raising
effect happens within rather than before the articulatory syllable. If
confirmed, this would remove another effect that has been considered
anticipatory, just like most of the V-to-V anticipatory assimilation as
discussed by Ohman (1966). But it would also introduce a significant
complication, that is, the monotonous articulatory movements toward
the target, labelled as gestures in TD or target approximation in TA,
would include an optional initial movement in the opposite direction of
the target if the syllable is assigned a low target, which would conflict
with the unidirectional target approximation principle specified by the
present version of TA and thus call for further update of relevant models
including TA. But this potential complication is actually another reason
why the determination of the precise tone-syllable alignment is of great
importance, as it may force an update of TA or similar models to address
a scenario that would be unimaginable based on only a vague notion of
the temporal interval of tone.

The present study is therefore aimed at determining the precise onset
of tone articulation, with two research questions: (1) Is tone articulation
synchronized with the CV syllable? (2) Does ‘anticipatory raising’ occur
before or within the articulatory syllable? Note, however, that the sec-
ond question can be answered only if a clear answer to the first question
is obtained.

2. Methodology

The basic method is to adopt the minimal contrast paradigm devel-
oped in Liu et al. (2022), i.e., to first determine tone and vowel onsets,
respectively, by identifying trajectory divergence points in minimal
contrast tone pairs and vowel pairs, and then compare their relative
onset times. Here vowel onset is treated as equivalent to consonant onset
as well as the onset of the articulatory syllable, based on the
vowel-consonant synchrony in Mandarin found by Liu et al. (2022). The
divergence point analysis is conducted with GAMMs; the timing differ-
ence of vowel and tone divergence is determined with LMEMs; and
vowel-tone synchronization is verified by Bayes factors.
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Table 1
Stimulus list.

Vowel group 1 Vowel group 2

Tone group IPA Tone Chinese IPA Tone Chinese

1 /ma.lu/ 11 o] 17 /mali/ 11 ]

2 /ma.lu/ 21 FRE 18 /mali/ 21 i

3 /ma.lu/ 31 =] 19  /mali/ 31 =11

4 /ma.lu/ 41 =1 20 /ma.li/ 41 =112}

5 /ma.lu/ 12 B 21 /mali/ 12 jEE

6 /ma.lu/ 22 ;3 22 /mali/ 22 iz

7 /ma.lu/ 32 =7=3 23 /ma.li/ 32 =)

8 /ma.lu/ 42 BR 24  /mali/ 42 B

9 /ma.lu/ 13 Be 25  /mali/ 13 )]

10  /ma.lu/ 23 e 26  /mali/ 23 ME

11 /ma.lu/ 33 =t 27  /mali/ 33 =]::)

12 /malw/ 43 BE 28 /mali/ 43 BE

13 /malu/ 14 B 29  /mali/ 14 L&)

14 /malu/ 24 Jiz3 30 /mali/ 24 RRAR

15  /ma.lu/ 34 =] 31 /mali/ 34 =10

16  /malu/ 44 BE 32 /mali/ 44 =137
These target words were to be embedded in a carrier phrase ‘bi ___ kang kai’
(IPA: [bi _ kap kar]), meaning ‘more generous than __’. With this carrier, the

embedded pseudo words are understood as personal names.
2.1. Stimuli

The stimuli consist of 32 disyllabic pseudo words, as shown in
Table 1, each in the form of C;V;#CyVy, where # indicates syllable
boundary. The words are divided evenly into two groups, which differ
from each other only in the vowel of the second syllable: /ma.li/ vs. /ma.
lu/. Within each group, a full set of bitonal combinations of the four
Mandarin tones' are assigned. The use of pseudo words was to both
minimize the word frequency effect (Wright, 1979) and solve the
problem that many of the tonal combinations do not have real words.

2.2. Participants

5 females and 3 males were recruited for the experiment. All par-
ticipants speak Mandarin Chinese as their native language and are from
the northern part of China (3 from Beijing, 2 from Shandong, 2 from
Shanxi and 1 from Henan). Data of 1 speaker was later removed due to
constant oversmoothing problems detected in GAMMs. Although the
participants also speak different dialects aside from Mandarin Chinese,
they have been exposed to and frequently speaking Mandarin since early
childhood. Also for each participant, the experimenter (the first author)
made sure that their Mandarin had no detectable accent before being
included.

2.3. Recording

Sound recording was done in a sound-proof recording booth in the
Research Laboratory in Chandler House, University College London. All
utterances were recorded with Praat (Boersma, 2001) at a sampling rate
of 44.1 kHz. Before the recording, each participant was given some time
to familiarize themselves with the stimuli. During the recording, one
sentence was shown on a computer screen at a time. The participant read
aloud the given sentence one at a time. They were instructed to speak at
a normal speech rate. Each sentence was recorded 10 times in a
computer-generated randomized order that was blocked by repetition. A
total of 2560 utterances (32 sentences *10 repetitions * 8 speakers =
2560) were recorded.

The recordings were annotated manually with Praat as illustrated in
Fig. 3. Intervals were marked at the conventional syllable boundaries (i.

! The four Mandarin tones are Tone 1 (high level), Tone 2 (rising), Tone 3
(low), and Tone 4 (falling).
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e., the landmark of abrupt spectral shift). The first boundary was placed
at the onset of nasal murmur in /ma/, the second boundary at the onset
of the /1/ closure, and the final boundary at the offset of voicing in /i/ or
/u/. The fp and formant trajectories were extracted by a customized
version of ProsodyPro (Xu, 2013) and FormantPro (Xu and Gao, 2018).
Most of the parameters for ProsodyPro were set at the default values (fp
range = 75Hz-600 Hz, Sampling rate = 200 Hz). For the f; trajectory
extraction, manual corrections of the vocal pulse markings were made in
cases where the automatic pulse marking by Praat was problematic.

Most of the parameters for FormantPro were also kept at the default
setting (Max number of formants: 5; Window length: 0.025 s; Time step:
0.005 s; Smoothing window width: 0.10 s), except for maximum
formant. To ensure the capturing of continuous F2, it was set at 6000 Hz
for female speakers for /i/, where F2 could be almost as high as F3. For
male speakers, it was set at 5500 Hz for /ma.li/ and 4500 Hz for /ma.lu/.
The reason was that for /ma.lu/ produced by males F2 could be so low
that it approaches F1, triggering Praat to mistake F3 for F2. The lowered
maximum formant reduced such failures. A similar adjustment was not
applied to /ma.lu/ produced by females because the improvement was
negligible.

To ensure sufficient time resolution for testing the synchronization
hypothesis, the time-normalized sampling rates of both f; and formant
are set at 25 points per interval (syllable), which is much higher than the
default ProsodyPro (10) and FormantPro (20) values.

2.4. Analysis

2.4.1. Locating divergence points

The basic design of the stimuli was to enable the onset of the vowel
and tone to be indicated by the point of departure between the trajec-
tories of the contrasting vowel or tone in the second syllable, e.g.,
/maliXX/ and /maluXX/ for vowel (where X stands for any tone), and
/malY11/ and /malY12/ for tone (where Y stands for either /i/ or /u/).
More specifically, to locate the F2 divergence point for vowel, the tokens
were organized into two groups: /mali/ and /malu/, regardless of the
tones in each word. To locate the f divergence point for tone, the tokens
were grouped according to their tonal combinations, with a division of
four minimal quadruplets, within each the second tones were in
contrast, as shown in Table 2. For example, the first quadruplet (column
1 in Table 2) consists of Tonell/Tonel2/Tonel3/Tonel4. In other
words, within each quadruplet, combinations ending with Tones 2, 3,
and 4 were compared with the ones ending with Tone 1 respectively.
Also, because Tone33 undergoes tone sandhi, which renders it similar to
Tone23 (Chao, 1968), this combination was compared with Tone21
rather than Tone31 (Columns 2 and 3 in Table 2).

To detect the divergence points, there is a likely confounding factor
that needs to be taken into consideration. In a contrasting bi-tonal pair,
the fo trajectories under comparison can be moving either in similar
directions, as in T11 (/high # high/) vs. T14 (/high # fall/), or in
opposite directions T11 (/high # high/) vs. T12 (/high # rise/). It is
conceivable that the divergence point is detected later between two
similar-direction trajectories than between two opposite-direction tra-
jectories. To test whether this is the case, an additional grouping strat-
egy, shown in Table 3, was applied for some of the comparisons during
data analysis.

Both F2 and f, data underwent z-score transformation (Kingston,
2007; Lobanov, 1971) before further analysis, to make sure that data
collected from different speakers are comparable with each other.
Following Liu et al. (2022), the z-score transformed trajectories were
then fitted into GAMMs, which model non-linear trajectories with
random effects. For F2, one model was fitted for /mali/ versus /malu/.
For fy, one model was fitted for all tonal combinations, with each tonal
combination as a separate level. The models were constructed for each
speaker so that the variance between trials can be considered, yielding
more accurate fits. Per requirement of GAMMSs, 25 data points were
extracted from each syllable, rendering 50 data points from the two
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Fig. 3. An example of manual annotation. Interval boundaries are set at the onsets of the nasal and lateral closures as the conventional syllable boundaries. The f;
track is displayed by the Praat setting, but was not used in the analysis. The f contours used in the analysis were generated by ProsodyPro as described in the text.

Table 2

Contrastive quadruplet bi-tonal combinations for detecting f, divergence points. Each column shows a quadruplet (although Quadruplets 2 and 3 consist of 5 and 3
tone combinations, respectively, due to Tone 3 sandhi). The numbers refer to Mandarin tone names, and the lines depict the schematic underlying pitch shapes. For the

real f; trajectories, see Fig. 7 in the Result section.

Initial tone Quadruplet 1 Quadruplet 2 Quadruplet 3 Quadruplet 4
1 11 21 /7 31 _ 41 N\
2 12 7/ 22 // 32 _7/ 42 N/

3 13 7 _ 23 /_, 33_ _ 43 N\ _
4 14 N\ 24 /\ 34 AN 44 N\

target syllables for both F2 and f; trajectories.” To make the normalized
time scale largely comparable to real time to make interpretation easy,
the total normalized time was set to 0.5, so that the first conventional
syllable spans from 0 to 0.25 and the second syllable from 0.25 to 0.5.

The analysis was done with the mgcv (Wood, 2017) and itsadug (van
Rij et al., 2022) packages in R. GAMMs were fitted with the bam()
function. The dependent variable was fy and F2, with vowel and tone as
the main effects, respectively. The models included a by-vowel or a
by-tone smooth function through time to track F2 or fy changes over
time. To prevent inaccuracies caused by autocorrelation, a rho value
extracted from acfresid() was added to the model.> Based on the

2 It was not possible to use real-time trajectories as in Liu et al. (2022)
because the fastest speakers were almost twice as fast as the slowest speakers,
making the GAMMs analysis impossible.

3R syntax for the GAMM: model <- bam(FO ~ Tone + s(Time, by=Tone, k =
15) + s(Time, Trial, by=Tone, bs="fs’, m = 1), rho=fOacf n[2], AR.start = data
$start.event, nthreads=3)

diagnosis report produced by gam.check(), the value of k, a parameter
that controls the flexibility of each smooth, was set to 50 for formant
analysis and 15 for f; analysis. Speaker 8 was excluded from the GAMM
analysis because the models for his F2 were always reported as over-
smoothed, even though k has been set to maximum.

The divergence point was identified with plot difference(), which
produces a difference plot of the minimal pairs and lists all time points
where the difference reaches statistical significance. Fig. 4 is an example
of the F2 trajectories modelled with GAMMs and its difference plot.
Region(s) of significant difference was marked by red dotted vertical
lines. The beginning of the significance period that lasted for more than
0.05 norm-time is recorded as the divergence point, which is roughly
equivalent to the 40 ms threshold for avoiding Type I error in Liu et al.
(2022).

Determining divergence points was more complex for fo models. As fo
contours of tone minimal pairs often cross each other (Xu, 1999), it is
natural for the significant difference to be interrupted by intersections
with the x-axis. Fig. 5 shows an example where the fy contours of a
minimal pair crisscross each other several times. Since the first period of
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Bi-tonal minimal pairs for detecting f, divergent points. The top group consists of pairs where f; trajectories are expected to move in similar directions at syllable
boundary. The bottom group consists of pairs where fj trajectories are expected to move in opposite directions at syllable boundary. The numbers refer to Mandarin
tone names, and the lines schematically depict the underlying tone shapes. For the real f, trajectories see Fig. 7.

Group 1 11— 21/ 31_ 41 \

Similar 14 T\, 24 /\ 34\ 41 N0\

direction

Group 2 11— 1 — 21/ 21/ 31 7 21/ 41N\ 41\
Different 12 = / 13 227/ 23/ 32_7/ 33 42 \\/ 43\ _

directions

significant difference already exceeded the 0.05 norm-time threshold,
the beginning point of this period was recorded as the diverging point,
irrespective of later returns below the significance level. The difference
analysis produced 91 onset times (1 F2 onset + 12 f; onset) * 7 speakers)
in total.

2.4.2. Comparing divergence timing in fp and F2 trajectories

To compare the timing of vowel and tone, the Ime4 R package (Bates
et al., 2015) was used to produce linear mixed effect models (LMEMs).
The type contrast between fy and F2 was modelled as fixed effect, and
speaker and minimal pair were considered as random intercepts.’
Random slopes were excluded to prevent singular fits, following Liu
et al. (2022). A nested model that did not include type contrast was also
fitted for ANOVA comparison, with which the significance of the type
contrast can be quantified. A significant p value would suggest that the
onset times of fy and F2 were significantly different.

2.4.3. Establishing divergence synchrony with Bayes factor

With inferential statistics produced with LMEMs, a nonsignificant
comparison can indicate either the difference between two models is
negligible or the data is insufficient to reach a firm conclusion. Non-
significance alone therefore cannot provide direct evidence for the
synchronized onset of F2 and fj in the articulatory syllable. Following
Liu et al. (2022), to ascertain tone-vowel synchrony, Bayes factor was
calculated to evaluate whether the data support the null model (i.e.,
onset synchrony) or the alternative model (i.e., onset asynchrony)
(Stone, 2013).

Bayes factor is calculated by dividing posterior odds by prior odds, as
shown in formula (1). As F2 and f, onset synchrony has not been fully
established, the prior odds were set to 1 (Dienes, 2016; Liu et al., 2022),
indicating that synchrony and asynchrony are equally likely in prior
belief. The posterior odds were calculated by dividing the posterior
distribution of the null model with that of the alternative model. As
previous studies suggest, replication of studies is prone to fail when
Bayes factor is about 1, but a Bayes factor higher than 3 can be
considered as valid support for the null model (Dienes, 2016; Lakens
etal., 2020). Therefore, this study adopted a threshold value of 3, that is,
synchrony is validated only if Bayes factor exceeds 3.

__ Posterior odds

BFy=————
0 Prior odds

(€))

The calculation was conducted with the brms package in R (Biirkner,
2021). A non-linear model was fitted with the brm() function with a
syntax similar to LMEMs." The fixed effect and random intercept settings

4 R syntax for the LMEM: model<- Imer(time~type + (1|speaker)+ (1]
contrast), data= data, REML= FALSE)

5 R syntax for the Bayesian model: model <- brm(onset~type + (1| contrast)
+ (1|speaker), data=data, family=gaussian(), prior=prior, warmup=2000,
iter=7000, save_pars=save_pars (all=TRUE), control=list (adapt_delta =.99).

were identical to the LMEM. A dataset following normal distribution
with a mean of zero was used as the model priors in model training
(Nalborezyk et al., 2019). Each model undergoes 2000 iterations for
warmup and 5000 iterations for training. A nested model that does not
consider the fixed effect (i.e., type contrast) was also fitted. As iterations
may be corrupted and become divergent transitions due to sampling
errors, model diagnosis was conducted with nuts params() to highlight
the divergent transitions in the parallel coordinate plots. The models are
considered acceptable as long as the divergent transitions do not show a
particular pattern (Gabry et al., 2019). Bayes factor was then calculated
using the bayes factor() function to compare the full model against the
nested model.

3. Results

Figs. 6 and 7 show mean F2 trajectories of /mali/ and /malu/ and
mean fy contours of all the minimal bi-tonal pairs, respectively, averaged
across 7 speakers. The center of the trajectories shows the means, and
the shaded ribbons represent the 95 % confidence interval. The x-axis is
normalized time with 0.5 representing the full length of both syllables,
and 0.25 at the conventional boundary of the two syllables. The scale of
the y-axis is z-score normalized F2 and fy. The vertical dash-dot line in
each plot represents the divergence point determined by GAMMs anal-
ysis to be discussed later.

3.1. F2 and fy divergence points

The fitted GAMMs provided informative descriptions of F2 and fy
changes over the two syllables. As reported by the model summaries,
approximately 84.41 % of F2 deviance and 88.57 % of f deviance were
explained by the models. The percentage of explained deviance of each
speaker is displayed in Fig. 8. It is true that the percentage was excep-
tionally low for Speakers 5 and 6, but the k-indexes were constantly
higher than 1 and the p values were nonsignificant in the model check.
So the models are unlikely to be oversmoothed, and the results from
Speakers 5 and 6 were not excluded.

The divergence points determined by the GAMMs analysis from F2
and fy trajectories were similar to previous reports (Liu et al., 2022; Xu
and Gao, 2018; Xu and Liu, 2007). On average, F2 started to diverge for
the second syllable at 0.137 norm-time® (95 % CI = +0.032, SD =
0.035), which is 0.1294 s before the conventional boundary in real time,
as shown in Fig. 9. The divergence of f; contours was also similar. The
point of divergence occurred at 0.145 norm-time on average (95 % CI =
40.018, SD = 0.082), which is 0.1202s before the conventional
boundary. Overall, the divergence timings of both F2 and f, were almost
identical across speakers. Divergence may occur at any point within 42

% The conversion rate of norm-time: 0.01 norm-time = 4% syllable length.
Norm-time data in this study use ‘norm-time’ as the unit and follows the
specified ratio.
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Fig. 4. Left: GAMMs fitted for /mali/ and /malu/ produced by Speaker 3. The shaded portions represent 95 % confidence intervals. Right: F2 difference between
/mali/ and /malu/ over time. The red dotted vertical lines marked region(s) of significant difference.
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Fig. 5. Left: mean f; contours of Tone 31 and Tone 34. The shaded portions represent 95 % confidence intervals. Right: difference contour of Tone 31 vs Tone 34

produced by Speaker 6.

Group
— mali
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Fig. 6. Time-normalized mean F2 trajectory of the contrastive disyllabic vowel
sequences by 7 speakers plotted on a normalized time scale. The mean contours
are z-score normalized and averaged across all repetitions by each speaker. The
shaded ribbons around the mean trajectories mark the 95 % confidence in-
tervals. The vertical dash-dot line marks the divergence point detected by the
GAMMs analysis; the dashed grey line marks the conventional boundary be-
tween the two syllables.

%—67 % of the first conventional syllable, and there was much overlap
in the timing of F2 and f; onsets despite some differences. Whether such
difference was statistically significant is explained in the following
section.

3.1.1. Comparison of F2 and f, divergence points

The timing difference between f; and F2 divergence points was
nonsignificant as found by LMEMs, with the t value of —0.233. Given
that tonal combinations that end with Tone 4 involve two similar-
direction trajectories, while F2 movement in /li/ and /lu/ are always
in opposite directions, another comparison was made between F2 and fj
divergence points with the exclusion of those tone pairs where f, toward
the second tone move in similar directions (T), so as to reduce uncer-
tainty. The timing difference remained nonsignificant. The LMEM pro-
duced a t value of 0.288, and the ANOVA test rendered a Chi-square
value of 0.083 and a p value of 0.774.

As the divergence can also be grouped according to the directional
difference at syllable boundary, as shown in Table 3, a comparison of
onset time was also made between similar-direction and opposite-
direction fy trajectories. Fig. 10 shows the divergence points of the
similar direction and opposite direction groups. The average divergence
time was at 0.177 norm-time (for the similar direction group (95 % CI =
4+0.034, SD = 0.087), which is 0.0836 s before the conventional
boundary, and 0.129 norm-time for the opposite direction group (95 %
CI = 4+0.018, SD = 0.071), which is 0.1385s before the conventional
boundary. The t value reached 2.74 in the LMEM, with Chi-square at
6.953 and p value at 0.008 in ANOVA. Hence, although the difference
between fy and F2 onset was nonsignificant overall, the directional
difference at syllable boundary did have a significant effect on the
estimated divergence point.

Interestingly, the type of tonal target (dynamic vs. static) in syllable
1 did not have a significant effect. The t value of the LMEM model was
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Fig. 7. Mean f;, contours of the contrastive disyllabic tone sequences plotted on a normalized time scale. The mean contours are z-score normalized and averaged
across all repetitions by each of the 7 speakers. The shaded ribbons represent 95 % confidence intervals. The vertical dash-dot line marks the divergence point
detected by the GAMMs analysis; the dashed grey line marks the conventional boundary between the two syllables.
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Fig. 8. Percentage of explained deviance by fitted GAMMs for each speaker.

Traditional
boundary
F2 onset
0.113
FO onset
0.105
L 1 1 1 1
0 0.05 0.10 0.15 0.20 0.25
Norm-time

Fig. 9. F2 and f, divergence points on normalized time. The bold vertical bars
in the middle of the shaded boxes represent the means, while the widths of the
boxes represent the 95 % confidence intervals. The numbers above the hori-
zontal lines show distances between mean onset times and conventional syl-
lable boundaries.
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Traditional
boundary
Same-direction
0.073
Opposite-direction |
0.121

1 1 L 1 1
0 0.05 0.10 0.15 0.20 0.25

Fig. 10. Divergence points of similar direction and opposite direction groups
plotted on the normalized time scale. The bold vertical lines represent the
means, and the grey boxes represent the 95 % confidence intervals. The
numbers above the horizontal lines show the distance between the mean onset
time and the conventional onset of syllable 2.

—0.124, and ANOVA comparison produced a nonsignificant p value of
0.9011. However, divergence time differed significantly between dy-
namic and static targets in the second syllable. The t value was —2.593,
and the p value was 0.013, indicating that divergence points occurred
later on the normalized time scale for the dynamic targets (0.160, SD =
0.082, 95 % CI = £0.022) than for the static targets (0.113, SD = 0.083,
95 % CI = +0.032).

3.1.2. Bayesian analysis of F2 and fy alignment

Fig. 11 shows the results of the Bayesian analysis for the alternative
model, i.e., onset asynchrony (top panel), and the null model, i.e., onset
synchrony (bottom panel). There were no divergent transitions reported
in the modelling and diagnosis process (which would have been dis-
played as green lines in the right panels (Biirkner, 2021)). So the models
for Bayesian Analysis are successfully constructed. The Bayesian anal-
ysis showed that the differences between fy and F2 had an estimate of
0.01 (b_type_contrast in Fig. 11, 95 % CI = +0.08). The intercepts for the
null model and the alternative model were also very close. The estimate
was 0.14 for both models. The 95 % CI was +0.04 for the null model and
+0.02 for the alternative model. The Bayes factor was 252.84 in the

alternative b_Intercept

|
|

b_type_contrast

?

sd_contrast_Intercept

?

sd_speaker_Intercept

o

sigma

0.0 0.1

null

|
¥

b_Intercept

'
|

sd_contrast_Intercept

f

sd_speaker Intercept

sigma -

0.2

0.00 0.05 0.10 0.15

Speech Communication 163 (2024) 103121

comparison, which is well beyond the threshold of 3. The results
therefore provide strong support for onset synchrony over the normal-
ized time scale.

3.2. Verification of F2-fy synchrony in real time

The trajectory comparison done on normalized time may be ques-
tionable, however. Time normalization may have masked some of the
variability in the original real time, especially given the cross-speaker
variability in speech rate. To verify the validity of the results in
normalized time, the GAMM-detected F2 and f; divergence points were
restored back to real time using formula (2).

v
tr = P trs1 (0 <ty <tns)
NS
2

v — tns
tr = trs1 +

X trsa (ty > tns)

where ty is real-time divergence time, ty is normalized divergence time,
and tys is the length of the normalized syllable. tgs; and tgsz are the
durations of the first and second target syllable in real-time. The con-
version was applied to every repetition of every speaker, rendering 320
F2 divergence times and 240 f, divergence points. Thus, a total of 560x7
= 3920 divergence times were restored.

3.2.1. F2 and fy divergence points

The restored real-time divergence points were similar to the
normalized ones, as shown in Fig. 12. The average divergence time was
0.1568 s (95 % CI = +0.001, SD = 0.030) for F2, which is 0.1294 s
before the conventional syllable boundary (95 % CI = +0.002, SD =
0.049), and 0.1660 s (95 % CI = +£0.005, SD = 0.099) for fy, which is
0.1202 s before the conventional syllable boundary. These values are
very close to the mean divergence points based on normalized time
presented earlier. There was a marked decrease in the confidence in-
terval of both F2 and f divergence times compared to those of
normalized time in Fig. 8, so that the time ranges of F2 and f were no

b_Iutércept b_type_ sd_contrast sd_speaker sigma

0.00 1
b_Intercept

sd_contrast
_Intercept

sd_speaker sigma

_Intercept

Fig. 11. Left: results of Bayesian analysis. The light horizontal bars represent 50 % confidence intervals, and the dark horizontal bars represent the 95 % confidence
interval. The means are represented by unfilled circles. Right: Parallel coordinate plots, with each line representing one iteration.
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Time (s)

Fig. 12. Real-time F2 and f, divergence points. The bold vertical bars represent the means. The 95 % confidence intervals, however, are too narrow to be visible. The
numbers above the horizontal lines show distances between the mean onset time and the conventional syllable boundaries.

longer overlapped.

3.2.2. Alignment of fo and F2 divergence points

Despite the non-overlap of fo and F2 divergence points, the statistical
difference between them was nonsignificant. The LMEMs produced a t
value of —0.41, and the Chi-square and p values were 0.167 and 0.682,
respectively. Similarly, timing difference was also nonsignificant for
tone groups involving movement of opposite directions. The t value was
0.002, while Chi-square and p values were at 0 and 0.998, respectively.
Overall, the results in real and normalized times are consistent with each
other, and no significant differences in the timing of divergence points
were found in either time scale.

The difference between the similar direction and opposite direction
groups shown in Table 3 was also calculated on the real time scale.
Fig. 13 shows the divergence points of the two direction groups. The
divergence points in the opposite direction group are much earlier than
those of the similar direction group. The mean divergence points in the
same and opposite direction groups were 0.2026 s (95 % CI = +0.008,
SD = 0.099) and 0.1477 s (95 % CI = +£0.002, SD = 0.060), respectively.
The t value of the difference between the two groups was 2.61, and the
ANOVA tests showed a Chi-square value of 5.456 and a p value of 0.019,
indicating that the timing difference between the two direction groups is
significant. This is in line with the results on the normalized time re-
ported in 3.1.2.

Similar to the results on normalized time, the type of tonal target
(dynamic vs. static) in syllable 1 also did not have a significant effect.
The t value was —0.147, and the corresponding p value was 0.883. It was
the target type of syllable 2 that led to a significant difference. The
average divergence time for dynamic and static targets were 0.1825 s
(SD = 0.099, 95 % CI = +0.006) and 0.131 s (SD = 0.098, 95 % CI =
+0.008), respectively. The divergence points of static targets in syllable
2 were significantly earlier, with a t value of -2.500 and a p value of
0.026.

Opposite-direction

3.2.3. Bayesian analysis of F2 and fy divergence points in real time

Fig. 14 shows the results of the Bayesian analysis for the alternative
model, i.e., onset asynchrony (top panel), and the null model, i.e., onset
synchrony (bottom panel). Three divergent transitions were reported in
the diagnosis for the null model (the green lines (Biirkner, 2021) in the
bottom right panel). The number of divergence transitions was low, and
did not indicate a single-point convergence of the estimated parameters
(Gabry et al., 2019), the null model was considered reliable. These re-
sults of the Bayesian analysis of real-time data were in line with those of
the norm-time data. The estimated effect of onset type was also 0.01 (95
% CI = +0.09), very close to 0. The estimated intercepts were 0.15 (95
% CI = 4+0.05) and 0.16 (95 % CI = +0.03) for the alternative and null
models, which suggests a limited difference. The Bayes factor was
229.79, which again well exceeds the threshold of 3, indicating strong
support for tone-vowel synchrony.

4. Discussion

The results of the study have provided answers to the two research
questions raised in the Introduction: (1) Is tone articulation synchro-
nized with the CV syllable? (2) Does ‘pre-low raising’ of tone occur
before or within the articulatory syllable? For the first question, we used
disyllabic sequences consisting of one vowel minimal pair and 12 tone
minimal pairs to determine the articulatory onsets of vowel and tone,
respectively. The vowel minimal pair contrasted the vowels of the sec-
ond syllable (/mali/ vs. /malu/), while the tone minimal pairs con-
trasted the tones of the second syllable (Tables 2-3). GAMMs were fitted
to detect the time point when F2 and f, start to diverge towards the
vowel and tone targets, respectively. LMEMs were then applied to
compare the F2 and f; divergence points detected by GAMMs. ANOVA
comparison of LMEMs found the timing difference between F2 and fy
divergence points to be nonsignificant. To assess if the non-significant
difference between the vowel-tone divergence points is merely null re-
sults due to insufficient data or due to underlying synchrony, Bayes

Traditional
boundary
Same-direction |
0.0836
0.1385
1 1 1
0.15 0.20 0.25 0.2862

0 0.05 0.10

Fig. 13. Divergence points of similar direction and opposite direction groups plotted on real time scale. The bold vertical lines represent the means, and the grey
boxes represent the 95 % confidence intervals (invisible for the opposite direction group because it is too narrow). The numbers above the horizontal lines show the

distance between the mean onset time and the conventional onset of syllable 2.
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Fig. 14. Left: results of Bayesian analysis. The light horizontal bars represent 50 % confidence intervals, and the dark horizontal bars represent 95 % confidence
intervals. The means are represented by the unfilled circles. Right: Parallel coordinate plots, with each line representing one iteration. The green lines in the null
model represent the divergent transitions reported in the diagnosis (Biirkner, 2021).

factors were calculated, and the results showed that the synchrony hy-
pothesis was over 200 times more likely for both time-normalized and
real time divergence points. Therefore, following the first quantitative
evidence for CV co-onset (Liu et al., 2022), we now also have quanti-
tative evidence for onset synchronization of vowel and tone. And given
the synchrony of vowel and consonant onsets (Liu et al., 2022; Liu and
Xu, 2021, 2023), the current results suggest that tone onset is syn-
chronized with the consonant onset as well. So, the answer to the first
research question is affirmative. In other words, there is now quantita-
tive evidence for full CVT co-onset as proposed in the synchronization
model of the syllable (Xu, 2020; Xu and Liu, 2006). Such fully syn-
chronized CVT onset is consistent with the hypothesis that the nature of
the syllable is to synchronize segmental and suprasegmental articula-
tions (Ohala, 1992; Ohala and Kawasaki, 1984), and with the suggestion
that such synchronization eliminates most of temporal degrees of
freedom to make the central neural control of multi-dimensional artic-
ulation possible for human speech (Xu, 2020).

The tonal alignment results of the present study were obtained with a
quantitative method that differs from previous methods used to assess
tonal onset. Gao (2009), for example, used maximum and minimum f,
points as indicators of the onset and offset of tonal gestures. As is already
known, however, fy turning points are highly variable due to the influ-
ence of various confounding factors (Xu, 1997, 1998; Xu and Wang,
2001). The best way to control these confounding factors is to apply the
principle of minimal contrast all the way down to a direct comparison of
movement trajectories (Bell-Berti and Harris, 1979, 1981; Gelfer et al.,
1989). In this way, the influence of the confounding factors, both known
and unknown, would apply to all members of the contrasting pair, and
the observed difference is safely attributable to the intrinsic differences.
Also, because the same method was used in this study to assess both
vowel and tone onset time, the current results are free of potential
confounds due to the use of different assessment methods as seen in Gao
(2009), where C and V onsets were assessed by velocity threshold, but
tone onset was assessed by fy turning points.

Also compared to previous methods of using running t-tests to detect
event onsets (Xu et al., 2004), there is an advantage of GAMMs. As

11

pointed out by Liu et al. (2022), the former method is more prone to
Type I error due to repeated t-tests. GAMMs, in contrast, only create one
model per minimal pair, which would greatly reduce the risk of Type I
error.

4.1. Increased complexity of tone articulation

In regard to the second research question, the common onset of
vowel and tone determined in the present study has shifted the CVT
synchronized syllable onset leftward from the conventional acoustic
onset by over 125 ms in real time, or 43.6 % in normalized time. This has
introduced a complication to the mechanism of tone articulation, as
predicted in the Introduction. That is, the previously reported pre-low
raising effect is no longer ‘anticipatory’ across syllables, as it is now
shown to be mostly happening after rather than before the common onset
of the CVT syllable, as can be seen in Fig. 7. The patterns can be divided
into three different cases as specified below with reference to Fig. 7.

Case 1—Columns 1-2, rows 1-2. Tone of syllable 1 is High (T1) or
Rising (T2): fp peak around normalized time 0.2 is higher when the tone
of syllable 2 is Rising or Low than when it is High. But these peaks are
well after the divergence points marked by the first vertical line, and so
are no longer anticipatory.

Case 2—Row 3. Tone of syllable 1 is Low (T3). No raising effect can
be seen, as the Low tone is not subject to anticipatory raising (Xu, 1997,
1999). The only exception is Column 2, Row 3, where the Low tone is
changed into Rising tone due to tone sandhi (Chao, 1968).

Case 3—Column 3, Rows 1-3. Tone of syllable 2 is Fall (T4): The f;
peak seems to be raised compared to the contrasting High tone (T1). This
is a case previously reported to also show anticipatory raising (Xu,
1997). But given that the f; peak occurs rather late, around 40 % into the
second conventional syllable, it now seems that the raised peak is more
likely due to the intrinsically higher f; of T4 rather than T1 as is the case
in the canonical forms of the two tones (Xu, 1997). In other words,
thanks to the leftward shift of the syllable boundary, T4 no longer seems
to exert a pre-low raising effect.

Case 4—Row 4. Tone of syllable 1 is Fall (T4): The f; peak is higher



W. Kang and Y. Xu

when the tone of syllable 2 is Rise (T2—column 1) or Low (T3—column
2) than when it is High, indicating a raising effect. The peak, however,
occurs before the tone divergence point marked by the first vertical line.
This might suggest that the raising effect is anticipatory, but it needs to
be pointed out that the divergence point is not necessarily the actual
onset of the tone. As shown in Liu et al. (2022), the acoustically detected
divergence point is roughly 60 ms later than the articulatorily detected
divergence point based on EMMA data, which is likely due to the greater
amount of noise intrinsic to acoustic data that would tend to delay the
first detection of the divergence of the trajectories. So, a further leftward
shift of the divergence point would mean that the raised f; peak is again
within rather than before the CVT articulatory syllable.

Case 5—Column 3, Row 4. Here the early f; peak is slightly higher
when the tone of syllable 2 is Fall than when it is High. But the height
difference is small, so it is unclear whether there is a real raising effect.
Data reported in Xu (1997, 1999) do not seem to show an anticipatory
raising effect by a following T4 on the preceding T4. So this case needs to
be clarified in future studies.

Overall, therefore, given the new syllable onset detected by the
synchronized divergence points, pre-low raising now seems to occur
within rather than before the syllable that carries the triggering tone.
This would mean that the raising is part of the articulation of the tone
itself rather than its preparation. This finding might have important
implications for the modeling of tone articulation as a simple target
approximation process (Xu and Wang, 2001). At first glance, a revision
of the target approximation model seems to be needed. But another
possibility is to assume that there can be an optional initial target added
before the main target. This initial target is set to increase the distance of
the articulation movement by modifying the target onset in the opposite
direction of the final goal. As argued in Xu (2020), a movement
requiring a high velocity as its goal, e.g., a badminton smash, may
involve an initial move in the opposite direction of the final velocity to
increase the traveling distance of the racket. In the case of pre-low
raising, the need to increase the traveling distance is evoked by the
extra effort required to lower fo beyond the medial level (Atkinson,
1978; Erickson et al. 1995; Ohala, 1972). However, the distance
increasing strategy in a badminton smash may consist of two phases. The
first is a slow backward movement of the whole arm, and the second is a
rapid backward flexion of the wrist right before the forward movement
of the racket. What the current finding suggests is that the laryngeal
equivalence of this backward wrist flexion may occur within the tem-
poral domain of a tone itself. To the extent that tone articulation is a
motor skill just like other motor activities, the finding may have broader
impications on motor control in general (Xu, 2020). But that is a topic
beyond the scope of the present paper.

A further caveat is that, while the leftward shift of the syllable
boundary from the conventional acoustic boundary may look remark-
able —over 125 ms in real time, or 43.6 % in normalized time, it may
still be short of revealing the true articulatory onset of either vowel or
tone. As mentioned earlier, the articulatory divergence points based on
EMMA data are roughly 60 ms earlier than the acoustically detected
divergence point (Liu et al., 2022). In fact, even articulatory divergence
is just the result of muscle activities that must have commenced some-
time even earlier. Therefore, what the divergence points in the present
study indicate is that both tone and vowel should have at least started by
that time.

5. Conclusion

The present study has applied a recently developed segmentation
method (Liu et al., 2022) to investigate the temporal alignment of tone
and vowel in Mandarin syllables. We first determined the onsets of
vowel and tone by detecting the divergence points in F2 and fy trajec-
tories of contrastive vowel and tone pairs using GAMMs, and then
established their synchrony by LMEMs as well as Bayes factor analysis.
The results show clear evidence of full synchrony of articulatory onsets
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of tone and vowel in Mandarin syllables. Given the existing evidence of
consonant-vowel synchrony at the syllable onset (Liu et al., 2020; Liu
and Xu, 2021, 2023), the current results therefore provide evidence for
full synchrony of consonant, vowel and tone onsets in Mandarin sylla-
bles. This finding lends further support for the synchronization model of
the syllable that views it as a synchronization mechanism that freezes
most of the temporal degrees of freedom to enable simultaneous artic-
ulation of consonantal, vocalic and tonal elements of speech (Xu, 2020).

A notable corollary of the current finding is that the newly deter-
mined common onset of tone and vowel has shifted the syllable
boundary earlier from the conventional boundary by at least 125 ms in
real time, or 43.6 % in normalized time. This change has relocated the
previously observed ‘anticipatory raising’ effect, namely, the raising of
fo peak before a low-pitched tone, to within rather than before the syl-
lable that carries the low-pitched tone. This finding may have significant
implications for the understanding of not only tone articulation, but also
other motor skills that require similar preparatory actions.
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