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Abstract
Few studies have quantitatively discussed the acoustic
realization of metrical prominence across tone languages. This
study addresses this issue in word-level prosodic units, aiming
to identify effective acoustic cues for cross-language analysis
based on the realization of metrical prominence. Findings
include: (1) Within-dialect analyses reveal robust acoustic
cues for realizing metrically strong units: duration, pitch
height, and pitch slope for both left- and right-dominant
prominence, and intensity, pitch range and cumulative pitch
dynamics, an often-overlooked cue, for right-dominant one; (2)
Cross-dialect analyses by Boruta algorithm identify that all
these six acoustic cues are significant for the classification of
Chinese dialects according to their realization of metrical
prominence. Linear Discriminant Analysis emphasizes
duration, intensity, and cumulative pitch dynamics as key
discriminators across dialects.
Index Terms: acoustic realization, metrical prominence,
Chinese dialects, machine learning

1. Introduction

1.1. Metrical prominence across Chinese dialects

Metrical structure refers to the prominence of prosodic
elements [1]. Following the relative prominence initially
proposed by Liberman and Prince [1], Hayes [2] introduced
the concepts “trochaic” and “iambic” into linguistics and
focused on the differences between the trochaic types and the
iambic types among world languages.

Based on prosodic elements at the word level, the world
languages can be categorized into prototype systems including
tone languages and stress-accent languages [3]. In tone
languages, metrical prominence is related to the word-level
tonal patterns in the prosodic unit [4, 5, 6]. Metrical
prominence of Chinese dialects can be generally classified
into the left-dominant and the right-dominant metrical
structure [4, 5, 7, 8, 9].

The differences between the typically left- and right-
dominant metrical structures can partially be observed in the
surface tonal realization. In the left-dominant structure, a
strong-weak pattern is presented by the initial syllable
retaining the citation tone and the non-initial syllable
undergoing the sandhi tone [1, 5, 9], such as Chengdu
Mandarin [10], Changzhou Wu [9], and Dongkou Xiang [9].
In the right-dominant metrical structure, conversely, the weak-
strong pattern is presented by the final syllable retaining the
citation tone and the non-final syllable undergoing the sandhi

tone [4, 5, 7, 9], such as Xiamen Min [11], Fuzhou Min [12],
Kunming Mandarin [13], Tianjin Mandarin [14], and
Changsha Mandarin [5]. Previous research has noticed that the
tone sandhi usually occurs in the metrically weak unit at the
word level [5], also referred to as the metrical tone sandhi [15].

1.2. Acoustic realization of metrical prominence

Acoustic correlates of metrical prominence have always been
a focus of research. For languages with stress, stress is related
to longer duration, stronger intensity, higher pitch, more
peripheral vowels, and spectral tilt [16, 17, 18, 19, 20]. For
tone languages, studies concerning the acoustic realization of
metrical prominence mainly focus on cues including duration,
intensity, and pitch realization [2, 5, 6, 9, 19].

The role of duration in the realization of metrical
prominence is inconsistent in previous research. Several
studies on tone languages indicate duration as a reliable
phonetic parameter associated with stress [17], such as Thai
[21] and Kurtöp [22]. In Chinese dialects, duration has been
regarded as a correlate of prosodic strength [23, 24].
Specifically, a short-long pattern can be found in the right-
dominant metrical structure, regarded as a way to realize the
trochaic structure [25], such as the Fuzhou Min and Xiamen
Min [4, 5]. And a long-short pattern is found in the left-
dominant metrical structure, such as Changsha Mandarin [5].
In contrast, duration is insensitive to metrical prominence in
certain Chinese dialects, such as Chengdu Mandarin [5] and
Shaoxing Wu [6], thereby not serving as a universal cue of
metrical prominence.

Intensity can also indicate the prosodic strength at the
word level, realizing metrical prominence. In languages with
stress, the trochaic structure shows prominence mainly with
intensity contrasts [25]. And a weak-strong pattern can be
found in the right-dominant metrical structure, while a strong-
weak pattern can be found in the left-dominant one, such as
Rebkong Tibetan [26].

Pitch realization is the key parameter of metrical
prominence among Chinese dialects. Specifically, the pitch
correlates of prosodic strength in prior studies include pitch
height, pitch range, and pitch manifestation of tonal patterns [4,
5, 7]. The greater pitch range is associated with the realization
of stress [27]. For pitch manifestation of tonal patterns among
most of Chinese dialects, the citation tone is usually retained
by the metrically strong unit in the disyllabic word, while the
sandhi tone is presented in the metrically weak unit [5, 9].

Three critical and progressively related issues remain
unresolved, regarding the realization of metrical prominence
in tone languages. First, prior studies have not reached a
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consensus on which acoustic cues are the most robust to
realize metrical prominence. Second, the pitch realization, a
key parameter for metrical prominence, calls for detailed
exploration. While studies concerning the pitch realization of
metrical prominence usually focus on sandhi patterns [4, 5, 9,
15], there is a mismatch between sandhi prominence and
metrical prominence in tone languages [6, 7]. Other studies
tend to emphasize roles of pitch range and pitch height in
realizing prominence [26], neglecting the importance of the
role of pitch dynamics. Given its significance in classifying
tone languages, pitch realization deserves a more detailed
investigation according to the realization of metrical
prominence. Third, most importantly, the comparison of tone
languages based on metrical prominence require acoustic cues
effective for both within- and cross-language analyses. Such
cues facilitate a cross-language measurement of acoustic
correlates of metrical prominence, enhancing classification
and identification of tone languages.

This study aims to identify the effective acoustic cues for
cross-language analysis based on the realization of metrical
prominence, in the case of three Chinese dialects with either
left- or right-dominant metrical prominence. First, the within-
dialect analysis, with a detailed exploration in pitch realization,
explores how metrical prominence is realized by acoustic cues
in one metrically left-dominant dialect (Chongqing Mandarin)
and two metrically right-dominant dialects (Kunming
Mandarin and Xiamen Min). Second, the cross-dialect analysis,
with machine-learning approaches, conducts a cross-dialect
comparison based on the acoustic realization of metrical
prominence, to identify the effective cues cross dialects.

2. Methods

2.1. Materials

The selected Chinese dialects include one metrically left-
dominant dialect (Chongqing Mandarin) and two metrically
right-dominant dialects (Kunming Mandarin and Xiamen Min).
Both Chongqing Mandarin and Kunming Mandarin are
variants of the Southwestern Mandarin group. Xiamen Min is
a variant of the Min dialect group. The tone inventories of
three dialects are listed in Table 1. The rationale for selecting
these dialects is that Kunming Mandarin and Chongqing
Mandarin are phonologically closer, while Kunming Mandarin
and Xiamen Min share similarities in realizing prominence.
Such a selection can verify the effectiveness of cross-dialect
analyses and further enrich our understanding of the
classification of tone languages.

The materials of production experiments are disyllabic
prosodic words in the selected dialects. For each tonal
combination in each dialect, three disyllabic words in closely
connected structures with high frequency were chosen. The
checked tones are excluded as the duration of the checked tone
is shorter compared to other tones. To control the effects of
sandhi domains across different dialects, the carrier sentence is
not used. All materials were read two times by each speaker,
producing a total of 2,736 tokens.

Table 1: Tone inventories of the dialects [28, 29, 30].

2.2. Participants

A total of 24 middle-aged participants were recruited,
including eight native speakers of Chongqing Mandarin,
Kunming Mandarin, and Xiamen Min, respectively. The
detailed information is shown in Table 2. Strict standards were
guaranteed during recruitment. All participants were born and
raised in their native language-speaking regions, frequently
engaged in dialectal communication in their daily interactions,
with both their parents and grandparents being native speakers
of the dialect. And participants never left their native
language-speaking regions for more than three months.

Table 2: Information of participants.

2.3. Procedure

This study was approved by the ethical committee. The
experiments were conducted in Chongqing, Kunming, and
Xiamen city, respectively. Each participant read materials
presented on a screen at a natural and fluent speed in a quiet
room. The recording equipment was a Plantronics Blackwire
3220 Series headset microphone connected to a computer. The
audio samples were recorded with Praat [31] at a sampling
rate of 44.1 kHz, 16-bit resolution, and were stored as mono
tracks.

2.4. Measurements for robust acoustic cues

2.4.1. For within-dialect analysis

The within-dialect analysis is to find out the dominant acoustic
cues for realizing metrical prominence in metrically left- and
right-dominant dialects, respectively.

For the tone-bearing unit of each syllable in disyllabic
words, the duration, intensity, and f0 values of ten points were
extracted by Praat [31]. With the z-score method [32], the raw
data was normalized for each participant.

For analyses of the duration and intensity, to investigate
whether there is a significant difference in the duration
distribution and intensity distribution of the two adjacent
syllables within the word, a Mann-Whitney test was conducted
on the normalized data, followed by Bonferroni correction.

For analysis of the pitch manifestation, the normalized
data were smoothed using a linear time registration, using B-
spline interpolation in R [33] for pitch contour refinement.
Four acoustic parameters concerning the pitch realization of
each syllable will be calculated, including pitch height (mean
f0), pitch range (maximal f0 minus minimal f0), pitch slope (f0
range divided by duration), and cumulative pitch dynamics
(sum of absolute f0 change rates across sequential time points).
The first three parameters have been focused on in prior
studies, whereas the last parameter is often overlooked. Since
this parameter measures the overall dynamics of the pitch
change, this study also takes it into account. To reduce the
tone-irrelevant variation, 10% of the extreme f0 values at both
ends of the pitch contour were omitted from calculations. The
Mann-Whitney tests were conducted to explore the differences
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of the two adjacent syllables in pitch height, pitch range, pitch
slope, and cumulative pitch dynamics.

2.4.2. For cross-dialect analysis

The cross-dialect analysis is to conduct a cross-dialect
comparison based on the acoustic cues of metrical prominence.
To effectively measure the acoustic realization of the
prominence, the differences between two adjacent syllables in
the six acoustic parameters—duration, intensity, pitch height,
pitch range, pitch slope, and cumulative pitch dynamics—are
measured by their differential normalized values (σ1 minus
σ2), generating six features for cross-dialect analysis.

First, feature selection for cross-dialect comparison was
conducted with the Boruta algorithm in the R package [34], a
method based on the Random Forest classification. The Boruta
algorithm identifies statistically significant features by
generating “shadow features”, which are randomized
permutations of the original features in the dataset, to establish
a benchmark for evaluating the significance of actual features.

Second, Linear Discriminant Analysis (LDA), a
statistical method for dimensionality reduction and
classification, was trained and run with the R package MASS
[35] to reduce features to two dimensions for cross-dialect
visualization. Features evaluated as important by the Boruta
algorithm were used for cross-dialect comparison, based on
their acoustic realization of metrical prominence. Even in the
potential presence of correlations among features (six acoustic
parameters), LDA can still be used for dimensionality
reduction. It aims to maximize the ratio of between-class
variance to within-class variance, thereby seeking the most
effective separation of dialects. And five-fold cross-validation
is conducted to ensure the robustness of model evaluation.

3. Results and Discussion

3.1. Within-dialect analysis

Figure 1 shows the distribution of six acoustic parameters—
normalized duration, mean intensity, pitch height (mean f0),
pitch range, pitch slope, and cumulative pitch dynamics—for
disyllabic words in Chongqing Mandarin, Kunming Mandarin,
and Xiamen Min. Following sections analyze robust acoustic
cues in left- and right-dominant prominence, respectively.

Figure 1: Distributions of the six acoustic parameters
across the three dialects.

Mann-Whitney tests were conducted to test the differences
between the two adjacent syllables in the six acoustic cues
across the dialects, with results listed in Table 3.

Table 3: Results of Mann-Whitney tests.

3.1.1. Realization of left-dominant metrical prominence

In the dialect of the left-dominant metrical prominence
(Chongqing Mandarin), there are significant differences
between σ1 and σ2 for the duration, mean intensity, mean f0,
and pitch slope, and there is no significant difference between
σ1 and σ2 for pitch range and cumulative pitch dynamics.

The metrically strong unit in the left-dominant metrical
structure is related to longer duration, stronger intensity,
higher mean f0, and greater pitch slope. Results of durational
realization reach a consensus with findings in [5]. The results
of the intensity realization may not be due to metrical
realization but to the first syllable at the utterance, where
intensity naturally increases. Results of pitch realization
complement prior studies by refining several parameters of f0
realization, indicating that the metrically strong unit in the
left-dominant structure is more related to the direction of pitch
change, but not to its overall dynamic.

3.1.2. Realization of right-dominant metrical prominence

Dialects of the right-dominant metrical prominence include
Kunming Mandarin and Xiamen Min in this study. The results
from these two dialects are in agreement with each other.
There are significant differences between σ1 and σ2 for the
duration, mean intensity, mean f0, pitch range, pitch slope, and
cumulative pitch dynamics.

The metrically strong unit in the right-dominant metrical
structure is related to longer duration, lower mean intensity,
lower mean f0, greater pitch range, greater pitch slope, and
greater cumulative pitch dynamics. Results of durational
realization reach a consensus with previous studies [5, 17].
Results of the intensity reveal a new observation: despite the
higher intensity of the initial syllable caused by the utterance
start, the initial syllable in the right-dominant structure shows
greater intensity than that in the left-dominant one under the
same conditions, indicating that intensity is not always a
robust acoustic cue for realizing prominence. Results of pitch
realization illustrate that the metrically strong unit in the right-
dominant structure is related to the overall dynamic, direction,
and the overall range of pitch change. The cumulative pitch
dynamics is rarely explored in prior research, but it is a robust
cue for realizing the right-dominant structure in tone
languages.
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3.2. Cross-dialect analysis

3.2.1. Selection of acoustic cues

The cross-dialect analysis aims to compare and visualize
dialects based on the acoustic realization of metrical
prominence. To identify the most relevant acoustic cues, we
employed the Boruta algorithm, a feature selection method
based on Random Forest classification. Plotted in Figure 2, the
Boruta algorithm identified all the six acoustic parameters—
duration, intensity, pitch height, pitch range, pitch slope, and
cumulative pitch dynamics—as significantly important, with
all attributes surpassing the shadowMax threshold. And it also
suggests a strong effect of durational realization.

Figure 2: Importance of acoustic cues estimated by the
Boruta algorithm.

3.2.2. Dimensionality reduction and visualization

Linear Discriminant Analysis (LDA) was applied to project
the six statistically significant acoustic features to a lower-
dimensional space with optimal class separability, making it
possible for cross-dialect visualization based on the realization
of metrical prominence.

LDA calculates the means for each acoustic cue in dialect
group, indicating the centroids of the dialects in the
transformed space, suggesting the cumulative pitch dynamics
as the most significant acoustic cue across dialects.
Specifically, the metrically left-dominant dialect (with a group
mean of 1.304617 in Chongqing Mandarin) contrasts sharply
with the metrically right-dominant dialects (with group means
of -6.297154 in Kunming Mandarin and -9.306130 in Xiamen
Min) in the cumulative pitch dynamics. The pitch realization
has been considered as a robust indicator of the metrically
binary contrast previously [5], and the current study goes
further into the cumulative pitch dynamics.

In terms of the coefficients of the linear discriminants,
the first linear discriminant (LD1) accounts for 98.12% of the
variance, largely influenced by the feature of duration. The
second linear discriminant (LD2), although it explains a minor
portion of the variance (1.88%), is primarily influenced by
intensity, further distinguishing dialects when combined with
LD1.

The LDA results is shown in Figure 3. The metrically
left-dominant dialect (Chongqing) and metrically right-
dominant dialects (Kunming and Xiamen) are roughly
separated along the LD1 axis. Notably, the overlapping data

points of Kunming and Xiamen dialects underscores their
shared characteristics in right-metrical prominence. This
observation validates this approach to exploring metrical
prominence. In detail, despite Chongqing and Kunming
Mandarin both being classified within the Southwestern
Mandarin group, which is different from the Min dialect group
of Xiamen Min, the LDA model groups Kunming Mandarin
with Xiamen Min. This outcome suggests that this LDA
model, which primarily focuses on metrical prominence,
provides an alternative perspective to traditional phonological
origin-based classifications for tone languages.

Figure 3: Results of LDA analysis.

4. Conclusions
This study identifies key acoustic cues for cross-language
analysis based on the realization of metrical prominence in
tone languages, with the quantitative investigation of one
metrically left-dominant dialect (Chongqing Mandarin) and
two metrically right-dominant dialects (Kunming Mandarin
and Xiamen Min).

Within-dialect analyses reveal the differences in the
realization of metrically strong units between left- and right-
dominant structures. Left-dominant metrical prominence is
realized by longer duration, higher mean f0, and greater pitch
slope. Right-dominant one is realized by longer duration,
lower intensity, lower mean f0, greater pitch range, greater
pitch slope, and greater cumulative pitch dynamics.

The cross-dialect analysis suggests that all the six
acoustic cues—duration, intensity, pitch height, pitch range,
pitch slope, and cumulative pitch dynamics—are statistically
significant for the classification of dialects based on the
realization of metrical prominence, estimated by the Boruta
algorithm. And the LDA model emphasizes the duration,
intensity, and cumulative pitch dynamics as key discriminators
across dialects. These findings will facilitate improvements of
the classification and identification of tone languages.

The study highlights an often-overlooked acoustic cue,
cumulative pitch dynamics, for the realization of metrical
prominence. Furthermore, the attempt to explore metrical
prominence using machine-learning approaches provides a
new perspective of the comparison of tone languages based on
acoustic correlates of metrical prominence. There are possible
limitations related to uncontrolled variation in vowel quality,
which will be further explored with more materials. The future
work is to enrich database with more tone languages,
enhancing our understanding of metrical prominence with a
comprehensive perspective.
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