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Abstract
This study investigates the temporal organization of prenuclear
glides [j] and [w] in Hefei Mandarin using acoustic measure-
ments. While the status of prenuclear glides in Chinese sylla-
bles remains debated, we employ a recently developed acoustic
approach to analyze how CjV and CwV syllables are coordi-
nated. Our results suggest that prenuclear glides in Hefei Man-
darin are more likely to be part of the rime rather than forming
complex onsets. The findings align with previous research on
the status of Mandarin prenuclear [j] but reveal inconsistencies
for prenuclear [w] compared to prior studies. This research con-
tributes to the understanding of Chinese syllable structure and
highlights the utility of acoustic methods in inferring abstract
phonological structures.
Index Terms: prenuclear glide, syllable structure, temporal or-
ganization, Hefei Mandarin

1. Introduction
In Mandarin and other Chinese dialects, the canonical maxi-
mal syllable template is generally accepted as CGVX (where G
represents a glide and X can be a glide or stop)[1], but the affil-
iation of prenuclear glides remains controversial. Various anal-
yses have proposed different positions for the prenuclear glide:
as part of the onset (e.g., [2]), part of the nucleus (e.g., [3]), an
independent slot (e.g., [4, 5]), or as a secondary articulation of
the preceding consonant [6]. These proposals have often been
argued for based on rhyming patterns, language games, speech
errors, phonotactics, etc. (see [1] for an overview).

However, recent studies have begun to examine the na-
ture and organization of prenuclear glides in Mandarin [7, 8]
and Cantonese [9] from the perspective of the coupled os-
cillator model of syllable structure in Articulatory Phonology
[10, 11, 12, 13]. Drawing upon kinematic data, [7] and [8]
found that jV in CjV syllables is more accurately analyzed as
part of the rime, whereas Cw in CwV syllables can behave ei-
ther as a consonant cluster or as a complex segment. Beyond
Mandarin and other Chinese varieties, similar cases that have
been studied in the framework of Articulatory Phonology in-
clude English onglides (and offglides) [14, 15] and Romanian
diphthongs [16, 17, 18].

As noted by [7] and [8], the organization of prenuclear
glides can vary across dialects. Building on this observation, the
present study examines the temporal organization of prenuclear
glides in Hefei Mandarin and investigates how [j] and [w] coor-
dinate with a consonant in CjV and CwV syllables, or the orga-
nization between C and rising diphthongs, a term that is some-
times used to refer to GV sequences (e.g., [ja] and [wa]). Hefei
Mandarin, a variety of Jianghuai Mandarin spoken in Hefei (the
capital of Anhui Province), has 13 diphthongs, [ja, wa, jE, wE,

we, ůe, jO, jW, jã, wã, wæ̃, j̃I, ů̃I] [19] (cf. [20]), all of which
are rising diphthongs. Thus, this rich inventory makes Hefei an
ideal case for exploring the status of prenuclear glides in sylla-
ble structure. Through this analysis, we aim to provide further
insights into Chinese syllable structure from a novel perspec-
tive.

We adopt the theory of Articulatory Phonology to investi-
gate how Cj and Cw are coordinated, which links to the organi-
zation of elements in syllable structure. Rather than relying on
kinematic data, we employ a recently developed approach that
uses measurements of acoustic production to infer temporal co-
ordination [21]. A key advantage of this method is the relative
ease of data collection, which has facilitated further research
along these lines, including recent studies by [22] and [23].

Putting together, the goal of this paper is to investigate the
temporal coordination between a consonant and a prenuclear
glide in Hefei Mandarin, using acoustic measurements. We aim
to contribute to the understanding of Chinese syllable structure
and to demonstrate the application of new methods.

2. Production experiment and analysis
2.1. Participants

We recruited 10 native Hefei Mandarin speakers (5 male, 5 fe-
male) between the ages of 18 and 22. All participants were
college students and were raised in Hefei. They speak Stan-
dard Mandarin at school but use Hefei Mandarin at home with
their families. However, three speakers exhibited significant in-
fluence from Standard Mandarin and were therefore excluded
from the analysis, leaving a final sample of seven participants
(3 male, 4 female).

2.2. Materials

Hefei Mandarin has a rich inventory of rising diphthongs, but
this study focuses on five of them, [jO, jW, wa, wE, we], exclud-
ing [ja], [jE], and [űe], as well as the nasalized series. The dis-
tribution of [ja] and [jE] is limited to alveopalatals ([tC, tCh, C]),
and (near-)minimal pairs such as [tCja]/*[tCa] and [tCjE]/*[tCE]
cannot be established for comparison in this study (see [20] for
their treatment of rising diphthongs in Hefei). The diphthong
[űe] is excluded due to its variation among the younger speak-
ers, which aligns with the observation in previous research.

Our materials consist of 32 target syllables, categorized
into three types: GV, CGV, and CV, as illustrated in Table
1. These syllables form various (near-)minimal GV/CGV pairs
and CV/CGV pairs for comparison. For example, [jO] pairs with
each of the six CjO syllables, while there are four CjO/CO pairs:
[pjO53]/[pO53], [tjO53]/[tO53], [ljO53]/[lO53], and [mjO53]/[mO53].
The tones are marked by superscript digits (where “1” indi-



cates the lowest pitch, and “5” indicates the highest) and are
carefully controlled, except for certain accidental gaps. These
target syllables yield 15 GV/CGV pairs and 12 CV/CGV pairs.
The number of comparable pairs is limited due to the restrictive
distribution of phonotactics and tones in Hefei Mandarin.

Table 1: Target GV, CGV, and CV syllables.

GV (5) CGV (15) CV (12)

[jO53] [pjO53], [tjO53] [pO53], [tO53]
[ljO53], [mjO53] [lO53], [mO53]
[CjO53], [tCjO53]

[jW53] [ljW53] [lW53]
[CjW53], [tCjW53]

[wa53] [kwa24] [kha24]
[xwa53]

[wE53] [kwE53] [pE53], [kE53]
[ùwE53] [ùE53]

[we53] [kwe53] [ke24]
[ùwe53] [ùe53], [se53]

We embedded the target syllables in the carrier sentence
[ , tu@P5 tsę21] (“ , read .”) . Each sentence
was repeated 10 times in a randomized order. We focus on the
second token in each sentence in the following analysis.

2.3. Recording

The data were collected in a quiet room in Hefei in 2023.
Recordings were made using a Zoom H6 recorder and Praat
software [24] on a laptop computer, with a sampling rate of
44,100 Hz.

2.4. Annotation

The audio files were annotated by trained research assistants.
Annotation was performed with reference to both the spectro-
gram and waveform, following a set of rubrics adopted in pre-
vious studies [21, 22].

First, we marked the left and right boundaries of each syl-
lable. For GV syllables, the left boundary was identified as the
appearance of a clear formant structure with strong energy. For
CGV and CV syllables, when C was a plosive or affricate, the
left boundary was marked at the ending point of the preceding
syllable [tu@P5] in the carrier sentence. When C was a fricative,
nasal, or liquid, the left boundary was marked at the appearance
of a clear formant structure and an associated change in the
waveform. The right boundary for all syllables was identified
as the moment when the clear formant structure disappeared
and the energy dropped sharply in the waveform. Second, the
boundary between C and G in CGV syllables was also annotated
following the same procedure as in GV syllable annotation.

2.5. Analysis

2.5.1. Computing relevant intervals

The analysis is based on acoustic measurements following the
methodology of [21]. The acoustic landmarks consist of the
temporal midpoint of each segment and the endpoint of the
vowel in each syllable, which is referred to as the anchor.
Three key intervals were calculated using the time points ex-
tracted from the annotation: the left-edge-to-anchor, C-center-
to-anchor, and right-edge-to-anchor intervals. These intervals
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Figure 1: Measurements of three intervals.

are illustrated in Figure 1, where t0, t1, t2, and t3 correspond to
the left edge of the syllable, the boundary between C and G, the
boundary between G and V, and the right edge of the syllable,
respectively.

In Figure 1, the C-center of a consonant cluster is deter-
mined by averaging the midpoints of the segments in the cluster
(assuming CG is a cluster), while the left and right edges of the
cluster correspond to the midpoints of the leftmost and right-
most segments in the cluster, respectively. It is important to note
that in GV and CV syllables, the three intervals are identical.

Among the crucial time points, t0, t1, and t3 were extracted
from the annotated TextGrids, whereas t2 (the boundary be-
tween G and V) was determined mathematically. We adopted
the approach proposed by [25], which calculates the Dynamic
Quality Change (DQC) of a diphthong to analyze its internal
structure. In brief, for a diphthong, the change in vowel quality
between each pair of consecutive time points qi and qi−1 was
calculated using the equation in (1) after [25, pp. 48]; namely,
the Euclidean distance between qi and qi−1.

DQC = ||qi − qi−1|| × 10, 000 (1)

In (1), qi is the vowel quality at time point i, defined by
three coordinates (xi, yi, zi). Following [26] and [25], we de-
fine SF1, SF2, and SF3 as the lowest three formant frequen-
cies, with SR serving as the base frequency used as a reference.
Thus, x, y, and z are defined as the logarithmic distance from
SF1 to SF2, from SR to SF1, and from SF2 to SF3, re-
spectively [26, pp. 2121]. We adopted 185 Hz as the SR of
female speakers and 155 Hz as the SR of male speakers [26,
pp. 2121]. Based on the calculated DQC trajectory, the peak of
the trajectory is identified as the boundary between the two ele-
ments within the diphthong, denoted as t2 [25, pp. 48] (cf. [27]
for an alternative method to determine the boundary between G
and V). See Figure 2 for an illustration, where the dashed line
indicates the locus of the peak. In some cases, the peak of the
DQC trajectory is located at the final portion of the vowel due
to instability or miscalculations of formant values near the end.
We visually inspected these cases and selected the peak accord-
ingly.

2.5.2. Comparison of target pairs and stability analysis

It has been argued that whether a prevocalic consonant sequence
forms a complex onset can be diagnosed by the presence or
absence of a C-centering pattern in the temporal organization
of consonants (e.g., [10, 11, 28]). In this pattern, the mean
of the midpoints of the consonantal gestures, which forms the
C-center of the cluster, is temporally aligned with a following
anchor, such as the end of the following vowel. Therefore, if
CG also exhibits a C-centering effect, the coordination pattern
would suggest that CG forms a complex onset and G is more
consonantal by nature.



Figure 2: Illustration of the DQC trajectory ([tjO53]).
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Figure 3: Comparison of target pairs.

This diagnosis is typically based on stability analysis. To
evaluate the temporal organization, we conducted two compar-
isons for each (near-)minimal GV/CGV pair (Figure 3a, b) and
CV/CGV pair (Figure 3c, d) based on the calculated intervals,
after similar practice of [21] and [22].

For GV/CGV pairs, we compared the C-center-to-anchor
interval with the right-edge-to-anchor interval of the target syl-
lables in each pair. If the C-center-to-anchor is more stable, i.e.,
dur1 and dur2 exhibit less variability in Figure 3a, this suggests
a rightward shift of G. Conversely, greater stability in the right-
edge-to-anchor interval indicates a leftward shift of C (Figure
3b).

For CV/CGV pairs, we compared the C-center-to-anchor
interval with the left-edge-to-anchor interval of the target sylla-
bles in each pair. If the C-center-to-anchor interval is more sta-
ble, this suggests a leftward shift of C (Figure 3c). However, if
the left-edge-to-anchor interval is the least variable across both
types of syllables in a target pair, this suggests that the prenu-
clear glide is “pushed” even further rightward, making it less
likely to be part of the onset (Figure 3d).

Finally, if the C-center-to-anchor intervals in both GV/CGV
and CV/CGV pairs show greater stability, this would indicate
a C-centering effect of CG, implying that CG patterns like a
complex onset.

The Relativized Standard Deviation (RSD) of each inter-
val was calculated to assess stability patterns, using the for-
mula in (2), where σ and µ represent the standard deviation
and mean, respectively. The utility of RSD in studying tem-
poral coordination has been supported by various authors (e.g.,

[29, 30, 21]). For each GV/CGV pair, the RSD was calculated
across all tokens for each of the seven speakers. Taking the pair
[jO53]/[pjO53] as an example, we pooled the C-center-to-anchor
interval of all the tokens for the same speaker and calculated
the RSD. Similarly, we pooled the right-edge-to-anchor interval
for the same speaker and calculated its corresponding RSD. The
same procedure was applied to CV/CGV pairs, except that we
computed the RSD for the C-center-to-anchor and left-edge-to-
anchor intervals instead.

RSD =
σ

µ
× 100 (2)

The results of the stability and duration analyses were fur-
ther examined using mixed-effects regression modeling with the
lme4 package [31]. All statistical analyses and visualizations
were conducted in R [32].

3. Results
3.1. Palatal glide [j]

We first present the results for the jV/CjV and CV/CjV syllable
pairs. Figure 4a illustrates the duration comparison between jV
and CjV syllables, pooled across pairs and speakers. A visual
inspection suggests that the C-center-to-anchor interval shows
greater stability across these syllables, since the C-center-to-
anchor durations for jV syllables closely align with those of CjV
syllables. In contrast, the comparison between CV and CjV syl-
lables reveals less variability in the left-edge-to-anchor interval,
as shown in Figure 4c.

(a) Duration: jV/CjV (b) RSD: jV/CjV

(c) Duration: CV/CjV (d) RSD: CV/CjV

Figure 4: Duration and RSD: jV/CjV, CV/CjV pairs.

The findings are further supported by the RSD values pre-
sented in Figure 4b and 4d, as well as by mixed-effects model-
ing. The dependent variable in the models was the RSD values.
The best model for both pairs included a fixed-effects structure
of an intercept, interval type (C-center or right-edge/left-edge).
The random effects included by-syllable pair and by-speaker
random slopes and intercepts. The results indicate statistically
clear smaller RSD values for the C-center-to-anchor interval
in the jV/CjV pairs (baseline: C-center; β̂ = 8.01, SE =
1.27, p = .00; see Table 2), and smaller RSD values for the
left-edge-to-anchor interval in the CV/CjV pairs (baseline: C-
center; β̂ = −3.52, SE = 1.30, p < .05; see Table 3).

The results suggest that Cj does not exhibit a C-centering
effect, and the prenuclear glide is shifted further to the right.



Table 2: The fixed effects of jV/CjV RSD comparison.

est. SE df t Pr(> |t|)
(Intercept) 10.16 2.17 1.68 4.67 0.06
right-edge 8.01 1.27 7.19 6.30 0.00

Table 3: The fixed effects of CV/CjV RSD comparison.

est. SE df t Pr(> |t|)
(Intercept) 10.76 1.37 4.37 7.86 0.00
left-edge −3.52 1.30 4.490 −2.72 < .05

3.2. Labiovelar glide [w]

Similarly, Figure 5a illustrates the duration comparison between
wV and CwV syllables, pooled across pairs and speakers, sug-
gesting that the C-center-to-anchor interval shows greater sta-
bility across these syllables. Conversely, the comparison be-
tween CV and CwV syllables indicates less variability in the
left-edge-to-anchor interval, as shown in Figure 5c.

(a) Duration: wV/CwV (b) RSD: wV/CwV

(c) Duration: CV/CwV (d) RSD: CV/CwV

Figure 5: Duration and RSD: wV/CwV, CV/CwV pairs.

Following the same procedure, the results of mix-effects
modeling indicate statistically-clear smaller RSD values for
the C-center-to-anchor interval in the wV/CwV pairs (baseline:
C-center; β̂ = 6.65, SE = 1.08, p = .00; see Table 4),
and smaller RSD values for the left-edge-to-anchor interval in
the CV/CwV pairs (baseline: C-center; β̂ = −4.14, SE =
1.10, p = .00; see Table 5).

Again, the results suggest that Cw does not exhibit a C-
centering effect either, and the prenuclear glide [w] is also
shifted further to the right.

4. Discussion and closing remarks
The results suggest a similar organizational pattern of Cj and
Cw. The analyses of the GV/CGV pairs (where G = [j] or
[w]) reveal a potential rightward shift of G, as indicated by the
greater stability of the C-center-to-anchor interval (see Figure
3a, b; Figure 4a, b; Table 2, 4). Additionally, the CV/CGV pairs
demonstrate a left-edge effect, with the left-edge-to-anchor du-
ration exhibiting greater stability (see Figure 4c, d; Figure 5c, d;
Table 2, 4). Taken together, these results suggest that the prenu-
clear G in both CjV and CwV is “pushed” further rightward,

Table 4: The fixed effects of wV/CwV RSD comparison.

est. SE df t Pr(> |t|)
(Intercept) 9.23 0.77 8.20 12.00 0.00
right-edge 6.65 1.08 8.33 6.18 0.00

Table 5: The fixed effects of CV/CwV RSD comparison.

est. SE df t Pr(> |t|)
(Intercept) 11.70 1.08 8.39 10.81 0.00
left-edge −4.14 1.10 8.742 −3.78 0.00

making it more likely to be part of the rime, rather than acting
more like a complex onset that exhibits a C-centering effect.

This method slightly differs from what was used in [21]
and [22], who focused only on the CV/SCV pair to determine
whether word-initial sibilants (S) form part of a complex on-
set. In the study of English of [21], for example, the duration
and RSD analyses indicate that the C-center-to-anchor interval
is more stable, suggesting a complex-onset pattern of SC clus-
ters in English. However, in the case of CGV syllables, previous
research has found that G may behave either like a complex on-
set with its preceding C, or as a vocalic element in the rime [8].
Therefore, we need to examine both GV/CGV and CV/CGV
pairs to determine whether both G and C exhibit shifts in CGV
syllables.

The results are partially consistent with [7] and [8], who
investigated the temporal organization of prenuclear [j] and [w]
in Standard Mandarin and Taiwan Mandarin. Their kinematic
data consistently show a “GV overlap” pattern of CjV syllables
in both varieties of Mandarin, indicating that [j] is part of the
rime [8, pp. 44]. This finding also aligns with previous findings
on English glides, where [j] is argued to be more vocalic [14].

However, Cw shows variations in previous research. In [7]
and [8], some speakers exhibited a C-centering pattern, while
other speakers showed a right-edge effect of CV/CwV pairs,
indicating a potential overlap of C and [w]. This indicates that
Cw could either be a complex onset or secondary articulation
Cw, differing from the findings of the current study on Hefei
Mandarin. Additionally, [27] investigated the perceptual center
in Mandarin syllables and concluded that the prenuclear glide
(particularly [w]) in CGV syllables behaves more like a vowel
in the rime. Thus, the conflicting results of Cw across various
studies highlight the need for further investigation.

In conclusion, the present study, through acoustic analysis,
finds that the prenuclear glides [j] and [w] in CGV syllables
behave more like vowels in the rime rather than as part of the
onset. The results for Cj align with previous research, reinforc-
ing the understanding of its nature and role in Chinese sylla-
bles. Moreover, this study demonstrates the utility of acoustic
methods in investigating syllable structure. The ease of data ac-
quisition gives the method the potential to be applied to similar
studies. In addition, [33] also pointed out that learners may ac-
quire certain aspects of syllable structure from acoustic input,
and therefore, it should be possible to infer abstract phonologi-
cal representations through acoustic data. However, the pattern
of Cw remains inconsistent across studies, suggesting the need
for further investigation. Future research incorporating articu-
latory data and simulations could help determine whether these
conflicting findings result from dialectal variation or other fac-
tors.
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