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Department of Linguistics

Prosodic boundary labeling is an important task not only for its direct application in speech
synthesis but also for constructing speech corpora for speech synthesis. However, due to the lack
of quantitive study on Mandarin prosody, it is hard to provide a unified standard for prosodic
boundary labeling.

In this work, I study the acoustic cues at prosodic boundaries in Mandarin with a large
corpus and with quantitative methods. First of all, the study of acoustic cues at prosodic
boundaries is done through experimental phonetics methods. Then, the acoustic cues are used as
features to study their relation to different boundary types through automatic prosodic boundary
labeling and feature ablation experiments. The one-way ANOVA results indicate that the
baseline is reset only after intonational phrase boundaries, and it slightly declines after prosodic

phrase boundaries. The results of ablation experiments employing a MaxEnt and an SVM



classifier, along with the ANOVA test results, demonstrate that silence duration is an essential
acoustic cue at the prosodic boundaries. The results of ablation experiments also provide some
information on acoustic-related acoustic cues: 1) Long-distance f0 variation (reset/declination)
might be useful for measuring the degree of f0 variation after a prosodic boundary, and might be
a useful acoustic cue for distinguishing different boundary types. 2) The pitch difference of the
prosodic word after the boundary and a prosodic unit before the boundary might be more helpful
to distinguish different boundary types. 3) The maximum pitch differences are not as useful as
minimum pitch differences for distinguishing different boundary types. The f0 variation
(reset/declination) at prosodic word boundaries and prosodic phrase boundaries might be mainly
reflected in the variation of the minimum pitch; while at intonational phrase boundaries, the f0
variation might be mainly reflected in the variation of the mean pitch.

Furthermore, the results of the one-way ANOVA test and automatic prosodic boundary
labeling both indicate that it is most difficult to distinguish prosodic word boundaries and
prosodic phrase boundaries. Employing the proposed features in an SVM achieves substantially

better results at distinguishing these two types of boundaries.
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Chapter 1. INTRODUCTION

Prosodic labeling is an important task not only for its direct application in speech synthesis but
also for constructing speech corpora for speech synthesis.

A conventional way of prosodic labeling for constructing speech corpora is manual labeling.
However, it is very time-consuming, and as the demand for speech corpora for speech synthesis
is ever-growing, it is hard to rely only on manual labeling.

Another problem with manual prosodic labeling is that it is often inconsistent among
annotators. The inconsistency is mainly due to the lack of a unified standard for prosodic
labeling. The reason behind it is that prosody itself, which is very complicated in human speech,
has not yet been fully studied. Although there has been a lot of research on Mandarin prosody,
the definition of three typical Mandarin prosodic boundary labels - prosodic word (PW),
prosodic phrase (PPH), and intonational phrase (IPH) is still controversial in Chinese academic
linguistics. In addition, many of these researches only focus on qualitative analysis but ignore
quantitative analysis. Thus, it is hard to give a general and definite description of PW, PPH, and
IPH in Mandarin. Therefore, current manual prosodic boundary labeling relies heavily on the
annotators' native language intuition rather than the acoustic cues, causing the labeling results to
vary from person to person.

Nowadays, automatic prosodic boundary labeling, which can be more efficient than manual
labeling, has been widely applied in speech synthesis as well as speech corpora construction.
However, manually annotated corpora are still necessary for training a machine learning model.
The inconsistency in the manual labeling brings difficulties to automatic prosodic boundary

labeling when these manually annotated corpora are used.



Furthermore, although there have been many approaches to improve the accuracy of
automatic labeling, it is still challenging to reach the accuracy level of manual labeling.
Therefore, when it is applied to speech synthesis or speech corpora construction, manual post-
editing is still a necessary step.

As to research on Mandarin automatic prosodic boundary labeling, many efforts have been
made in feature engineering, but most of the features are not selected in consideration of the
characteristics of prosodic boundaries in Mandarin. Even though some features might perform
well in automatic prosodic boundary labeling, these features are hard to interpret, and thus
cannot improve our understanding of Mandarin prosody.

In this work, I would like to study the acoustic cues at prosodic boundaries in Mandarin with
quantitative methods. First of all, the study of acoustic cues at prosodic boundaries is done
through experimental phonetics methods. Then, acoustic cues are used as features to study their
relation to different boundary types through automatic prediction of boundary classes.

The remainder of this thesis is laid out as follows: chapter 2 details previous work on
Mandarin prosody and automatic prosodic boundary labeling in Mandarin; chapter 3 provides
details of the data and experimental framework; chapter 4 describes the details of the
experiments and chapter 5 shows the experimental results and analysis. Finally, in chapter 6, I

present my overall conclusions and describe future work.



Chapter 2. BACKGROUND

2.1  PROSODIC HIERARCHY IN MANDARIN

During communication, speech is divided into smaller units due to the physiology of speech and
the meaning of a sentence. Between the units, breaks of different strength can be inserted.
Broadly speaking, prosody includes tonal events (pitch accents, phrase accents, and boundary
tones) and prosodic breaks. In a narrow sense, the study of prosody focuses on the prosodic
structure, which is a prosodic hierarchy that describes a series of increasingly smaller prosodic
units.

C-ToBI system was first proposed in 1996 for transcribing and annotating the prosodic
structure of Mandarin read speech [Li, 1997]. It has later been developed for labeling
spontaneous speech [Li, 2002]. Theoretically, the C-ToBI system includes the following eight
tiers: a Pinyin tier, an initial and final tier, a tone and intonation tier, a break index tier, a stress
index tier, a sentence function tier, an accent tier, a turn-taking tier, and a miscellaneous tier.
However, due to the lack of a workable intonational theory for Mandarin, especially for
Mandarin spontaneous speech, intonation transcription can be very ambiguous. Therefore, the
Pinyin tier and the tone and intonation tier often fuse into a Pinyin and tone tier in practice.
Intonation labeling is often omitted when annotating the corpora.

A typical Mandarin prosodic hierarchy includes prosodic word (PW), prosodic phrase (PPH),
intonational phrase (IPH), and utterance (U). In C-ToBI system, boundaries after PW, PPH, IPH,
and U correspond to break indices 1 to 4, respectively.

Tseng et al. [Tseng and Chou, 1999] [Tseng et al., 2005] also proposed adding the prosodic

phrase group (PG) as a higher-level governing unit over the utterance (U) in the prosodic
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hierarchy. They pointed out that the characteristics and manifestation of phrase- or sentence-f0
contours will vary according to their relative positions within the PG.

However, in this work, I will employ the typical Mandarin prosodic hierarchy, which only
includes PW, PPH, IPH, and U. Graph 2.1 shows an example of a typical Mandarin prosodic

hierarchy tree and the corresponding break indices at prosodic boundaries in the C-ToBI system.

U
IPH IPH
PPH PPH PPH PPH PPH
PW PW PW PW PW PW PW PW PW PW PW

FX EE PR OME BB URKN BEEF KR UR JGE BEN TN

benwen zhuyao yanjiu hanyu yunlv bianjiede yuyin xiansuo yiji hanyu yunlvde yuce

1 1 1 2 1 1 2 1 3 2 1 1 4

Figure 2.1: Four-level Mandarin prosodic hierarchy tree and the corresponding break indices

at the prosodic boundaries.



2.1.1 Prosodic Word

In the Mandarin prosodic hierarchy, a prosodic word is a constituent higher than a syllable and a
foot but lower than a prosodic phrase. A prosodic word is an f0 variation group [Lin, 2002]. The
boundaries between characters/syllables and within a prosodic word are clitic boundaries. Feng
[Feng, 1997] pointed out that a prosodic word should consist of at least one foot, and the foot in
Mandarin is usually a two-syllable foot, which is because most Mandarin lexical words are
disyllabic words. However, different from languages like English, a prosodic word in Mandarin
is not always equal to a lexical word. Some one-character function words can form a prosodic
word together with the nominal word before or after it. Also, some 4-character words (usually
idioms) might be considered as two prosodic words. Sometimes, a prosodic word can also be
part of a lexical word. Thus, the segmentation of prosodic words in Mandarin can be challenging.
There has been much work focusing on the characteristics of Mandarin prosodic words and
prosodic word segmentation. For example, Peng et al. [Peng et al., 2014] reported discrepancies
found between lexical words parsed from text and prosodic words annotated from speech data,
and proposed a statistical model to predict prosodic words from lexical words.

Prosodic word segmentation is a first step towards building prosody models from text.
However, the segmentation of prosodic words in Mandarin is more related to the syntax.
Therefore, the acoustic cues are less critical than lexical information. As the focus of this work is
exploring acoustic cues that can distinguish prosodic word boundaries, prosodic phrase
boundaries, and intonational phrase boundaries, the segmentation of prosodic words goes beyond

the scope of this work, and will not be the focus of this work.



2.1.2 Prosodic Phrase

In the Mandarin prosodic hierarchy, a prosodic phrase is a constituent higher than a prosodic
word but lower than an intonational phrase. The segmentation of a prosodic phrase is not only
related to the syntax but also related to semantics and pragmatics. A prosodic phrase in
Mandarin is not always equal to a syntactic phrase. There might be breaks between prosodic

phrases to strengthen the rhythm of the sentence.

2.1.3 Intonational Phrase

In the Mandarin prosodic hierarchy, an intonational phrase is a constituent higher than a prosodic
phrase but lower than an utterance. According to Ladd [Ladd, 1996], an intonational phrase is
the largest phonological unit into which an utterance can be divided and has its own specifiable
intonational structure. It matches with syntactic and discourse structures, so it is usually

accompanied by a punctuation mark.

2.2  THE ACOUSTIC CUES AT PROSODIC BOUNDARIES IN MANDARIN

Since prosody is not only related to the syntax or the structure of a sentence but also related to
the physiology of speech and the sentiments of the speaker, the acoustic cues at prosodic
boundaries are crucial for segmenting the prosodic structure.

Precious research on Mandarin prosody had found that the acoustic cues at prosodic
boundaries are more related to pitch and duration. Pitch-related acoustic cues include f0 reset or
{0 declination. Duration-related acoustic cues include the lengthening of the last syllable before

the boundary and the silence period at the boundary.



2.2.1  Prosodic Word Boundary

Syllable lengthening is found as a duration-related acoustic cue at prosodic word boundaries.
Wang et al. [Wang et al., 2004] reported that there is vowel lengthening in the last syllable
before prosodic word boundaries, and there is usually no silence period at prosodic word
boundaries. As to pitch-related acoustic cue at prosodic word boundaries, Lin [Lin, 2002]

concluded that f0 between prosodic words always reset.

2.2.2  Prosodic Phrase Boundary

Syllable lengthening is also found at prosodic phrase boundaries. Lin [Lin, 2000] reported that
there might be vowel lengthening in the last syllable before a prosodic phrase boundary. Shih
and Ao [Shih and Ao, 1994] also found that the vowel duration in the last syllable in a Mandarin
prosodic phrase is lengthened. They also pointed out that vowel lengthening mostly occurs at the
end of a prosodic phrase, rather than at the end of an utterance.

The silence period is another duration related acoustic cue at prosodic phrase boundaries.
Lin [Lin, 2000] pointed out that at prosodic phrase boundaries there might be a silence period.

A vital pitch related acoustic cue at prosodic phrase boundaries is the reset of f0 baseline (a
line which links the fO bottom points of the prosodic words). He et al. [He et al., 2001] concluded
that baseline declination is a critical characteristic of prosodic phrases. That is, the baseline

declines within a prosodic phrase, and the baseline is reset at a prosodic phrase boundary.

2.2.3  Intonational Phrase Boundary

The duration-related acoustic cue at intonational phrase boundaries is the silence period. Wang et
al. [Wang et al., 2004] found that the duration of the silence period at intonational phrase

boundaries is longer than that at prosodic phrase boundaries.



Baseline reset is also found at intonational phrase boundaries. Wang et al. [Wang et al.,
2004] pointed out that the baseline reset is more pronounced at intonational phrase boundaries

than at prosodic phrase boundaries.

224  Summary

The above research has already explored some acoustic cues at prosodic boundaries in Mandarin.
However, these conclusions are only based on a small number of corpora, and they haven't been
evaluated statistically. Therefore, in this work, one of the aims is to verify the above findings on
a larger corpus with statistical methods.

Besides, as to the pitch-related acoustic cues, some research did not quantify the fO reset or
declination. For example, Lin’s [Lin, 2002] research did not detail how he measures the f0 reset
between the prosodic words, so it is hard to tell whether the fO reset between prosodic words is
different from the baseline reset between prosodic phrases and intonational phrases. Thus, in my
work, I would like to examine further the fO variation (reset/declination) at prosodic boundaries

in Mandarin.

2.3 AUTOMATIC PROSODIC BOUNDARY LABELLING

Automatic prosodic boundary labeling has wide application in speech synthesis as well as in
constructing speech corpora for speech synthesis. Through automatic prosodic boundary labeling,
we can also study the relation of the features used in the model to different boundary types,
which can improve our understanding of prosody in return.

In general, automatic prosodic boundary labeling can be regarded as a sequence labeling
task. Current automatic prosodic boundary labeling approaches can be classified into two

categories.



One is the approaches that need feature engineering. For example, Qian et al. [Qian et al.,
2010] and Sun et al. [Sun et al., 2009] selected various features and applied them in the
Conditional Random Field (CRF) model. Ni et al. [Ni et al., 2012] proposed a range of features
and tested them in various machine learning models, such as the CRF model, the Decision Tree
model, and the support vector machine (SVM) model.

The other is the approaches that use models that are less dependent on feature engineering,
such as neural networks. For example, Ding et al. [Ding et al., 2015] proposed to use stacking
feed-forward and bidirectional long short-term memory (BLSTM) recurrent network to predict
prosodic boundary labels directly from Chinese characters without any feature engineering. Xie
et al. [Xie et al., 2018] suggested a prosodic boundary prediction method based on the
"encoding-decoding" framework while using an effective position attention mechanism to further
improve performance.

The deep learning approaches often show higher accuracy than traditional machine learning
approaches, as they use word embeddings and take into account the distributional behavior of
words. However, they might not reveal the nature of different prosodic boundary types because
these approaches discover multiple levels of feature representations from the basic feature
vectors, and thus the features in the neural networks model are less interpretable.

As the focus of this work is studying the acoustic cues at prosodic boundaries in Mandarin,
automatic prosodic boundary labeling in this work is only used to study the relation of the
features used in the model to different boundary types. In this sense, traditional machine learning
models have more advantages. Therefore, in this work, I employ traditional machine learning
models such as Maximum Entropy (MaxEnt) and support vector machine (SVM) in the

automatic prosodic boundary labeling task.
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2.3.1  Features Used in Automatic Prosodic Boundary Labelling
In previous researches, features used in automatic prosodic boundary labeling can be generally
classified into two types: text features and acoustic features.

Text features refer to features that encoded information extracted from the text, such as the
word's POS (part-of-speech) tag, the position of the word, and word count. These features are
more closely related to the syntax or the structure of a sentence. For example, in Sun et al.’s [Sun
et al., 2009] work, they used text features based on Zhao’s [Zhao et al., 2003] research, including
part-of-speech (POS), length in syllables and the words themselves surrounding the boundary.

Acoustic features refer to features which encoded acoustic information of the sentence, like
pitch and duration. Since prosody is not only related to the structure of the sentence but also
related to the factors such as the physiology of speech and the sentiments of the speaker, acoustic
features can reflect other aspects of prosody. For example, in Qian et al.’s [Qian et al., 2010]
work, a study on English automatic prosodic boundary labeling, acoustic features are applied in
addition to text features: silence after word, duration of last syllable, and duration of last stressed
syllable.

Since the focus of this work is studying the acoustic cues at prosodic boundaries in
Mandarin, I will be essentially examining the relation of the acoustic features to different

boundary types in Mandarin.

2.3.2  Acoustic Features Used in Mandarin Prosody Researches

The acoustic features used in previous research on Mandarin prosody can be generally classified
into three types: duration-related features, pitch-related features, and energy-related features.
Fu et al. [Fu et al., 2018] applied the silence duration for each word as the acoustic features

together with other text features in Chinese prosodic boundary labeling. The silence duration for
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each word proved to have a better correlation with the prosodic boundaries than the acoustic
features used in traditional methods which are extracted frame-by-frame.

Ni et al. [Ni et al., 2012] proposed various duration-related features, pitch-related features,
energy-related features and lexical and syntactic related features in the prosodic break detection
task, and analyzed the functions of different features in the Mandarin prosodic break detection
task. Table 2.1, Table 2.2, and Table 2.3 list the duration-related features, pitch-related features,

and energy-related features used in their work.

Feature Name Feature Description
SilD The silence duration after the syllable
SylDur The duration of the syllable

SylDurRatio = The ratio between the following syllable dura-
tion and the current syllable duration

PDur The duration of pitch discontinuing between
the syllable and the following syllable

Table 2.1: Duration-related features



Type Feature Name

Feature Description

Pitch Pth_Max
Statistical Pth_Min
Pth_Range

Pth_Mean

Pitch Con_Pth_a0,

Contour Con_Pth_al,
Con_Pth_a2,
Con_Pth_a3,
Con_Pth_a4,
Con_Pth_a5

Pitch PDIt

Comparison

BPDIt

TPDIt

PMDIt

PRatio

The maximum of the syllable
pitch

The minimum of the syllable
pitch

The difference between Pth-Max
and Pth_Min

The mean of the syllable pitch

The coefficient of 5-order Legen-
dre polynomial expansion

The difference between the last
non-zero pitch value of the syl-
lable and the first non-zero pitch
value of the following syllable
The difference between the mini-
mum pitch of the syllable and
the minimum pitch of the follow-
ing syllable

The difference between the
maximum pitch of the syllable
and the maximum pitch of the
following syllable

The difference between the mean
pitch of the syllable and the
mean pitch of the following syl-
lable

The ratio between the last non-
zero pitch value of the syllable
and the first non-zero pitch value
of the following syllable

Table 2.2: Pitch-related features

Type Feature Name Feature Description

Energy Eng_Max
Statistical Eng_Min
Eng_Range

Eng_Mean
EngRatio

Energy Con_Eng_a0,
Contour  Con_Eng_al,
Con_Eng_a2,
Con_Eng_a3,
Con_Eng_a4,
Con_Eng_a5

The maximum of the syllable en-
ergy

The minimum of the syllable en-
ergy

The difference between Eng Max
and Eng_Min

The mean of the syllable energy
The ratio between the mean of the
syllable energy and the mean of the
following syllable

The coefficient of 5-order Legendre
polynomial expansion

Table 2.3: Energy-related features

12
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Although in this research, they are only concerned with whether the syllable is followed by
a prosodic break or not (i.e., they did not make a distinction between different types of prosodic
breaks), the features they proposed are still inspiring. However, one problem is that they did not
take into consideration the characteristics of Mandarin prosody when selecting the features.
Therefore, although they have compared the performance and analyzed the functions of the
features, they were not able to give a sound explanation that has a theoretical basis, and the

findings could not improve our understanding of Mandarin prosody in return.
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Chapter 3. METHODOLOGY

3.1 DATA

The data used for the experiments in this work is ASCCD (Annotated Speech Corpus of
Chinese Discourse) corpus. The texts of ASCCD contain 18 pieces of discourses, and each
contains 2~5 sections and 300-500 syllables. The texts are read by 5 female speakers and 5 male
speakers, who are F001, F002, F003, F004, F005, M001, M002, M003, M004, and MO005
respectively.

Each speaker has 78 sound files, and each sound file is around 30 seconds. The recordings
were made in a professional sound booth with CONDENSER CR 1-4 microphone (distance
between the mouth of the speaker and the mic is about 20 centimeters), and CREATIVE
SOUND BLASTER LIVE! soundcard. The speech signal was recorded in two channels: the
speech waveform and the glottal impedance waveform. The speech waveform channel was
recorded by SONY DTC-55ES recorder, and the glottal impedance waveform channel was
recorded by KAY Laryngograph Model 6094. The sampling rate is 16kHz, and the bit rate is 16-
bit rate.

Each sound file has a corresponding TextGrid file, which is annotated with segmental and
prosodic annotations including canonical Pinyin and tone tier, initial / final tier of real
pronunciation and stress tier. Stress is labeled by indices 1, 2, and 3, which correspond to
prosodic word stress, prosodic phrase stress, and intonational phrase stress, respectively. The
prosodic boundaries are labeled by break indices 1, 2, 3, and 4, which correspond to prosodic
word break (PW), prosodic phrase break (PPH), intonational phrase break (IPH), and
sentence/utterance break (U) respectively. Table 3.1 shows the distribution of the four types of

break indices in the whole corpus.
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PW PPH IPH U
Count 14758 7675 6957 3710

Table 3.1: The distribution of the four types of break indices in the whole corpus

3.2  EXPERIMENTAL FRAMEWORK

In this work, the experiments are divided into two parts.

The first part is experimental phonetics experiments. This part aims to study the acoustic
cues at different prosodic boundaries in Mandarin with quantitative methods. I also would like to
verify and concretize the previous findings of the acoustic cues at the prosodic boundaries in
Mandarin mentioned in section 2.2 with a larger corpus.

Previous research on Mandarin prosody has found that the acoustic cues at prosodic
boundaries in are more related to pitch and duration, as mentioned in Section 2.2. Therefore, the
acoustic measures | select are duration and pitch. Duration-related acoustic cues are syllable
lengthening before the prosodic boundary and the silence period at the prosodic boundary. Pitch-
related acoustic cue is f0 rest or declination after prosodic boundaries. To further study the
specific manifestation of f0 variation (reset/declination) after different types of prosodic
boundaries, I not only measured the pitch difference of the syllables before and after the
boundary but also measured the pitch difference of the prosodic words before and after the
boundary and their combinations. Furthermore, I also measured the pitch difference of the
syllable/prosodic word after the boundary and the syllable/prosodic word after last intonational
phrase boundary (BI=3), so as to find out the degree of long-distance f0 reset or declination (i.e.,
the degree of f0 variation compared to last intonational phrase boundary.) Section 4.2 will detail

the procedure of measurements and calculations.
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The second part is to study further the relation of the acoustic cues to different boundary
types with machine learning methods. In the first part of the experiments, I have explored several
acoustic cues at prosodic boundaries in Mandarin. To find out which of these acoustic cues are
more characteristic of each boundary type, and which of these acoustic cues can better
distinguish different boundary types, I use these acoustic cues as features and apply them in the
automatic prosodic boundary labeling task, using the MaxEnt (Maximum Entropy) model and
the SVM (Support Vector Machine) model. I also ran ablation experiments to study the function
of each feature (acoustic cue) and its relation to different boundary types. Section 4.3 will detail

the procedure of automatic prosodic boundary labeling and ablation experiments.

3.3 DATA PREPROCESSING

First, I ran a Praat script to cut the sound files and the corresponding TextGrid files into smaller
files at the sentence/utterance boundaries (BI=4), because in this work, I only focus on the
acoustic cues at prosodic word boundaries (BI=1), prosodic phrase boundaries (BI=2) and
intonational phrase boundaries (BI=3). Then, I removed the sound files in which the pitch track
is incomplete. (That is, the pitch value cannot be obtained automatically from Praat.) Table 3.2

and Table 3.3 shows the number of files of the female speakers and male speakers before and

after processing.
Speaker index Unprocessed After cutting After removing
001 78 421 418
002 78 374 316
003 78 303 244
004 78 369 366
005 78 271 266
Total 390 1738 1610

Table 3.2: The number of files before and after processing of the female speakers



Speaker index Unprocessed After cutting After removing
m001 78 496 410
m002 80 370 267
m003 78 442 414
m004 78 345 157
m005 78 319 251
Total 392 1972 1499

Table 3.3: The number of files before and after processing of the male speakers

17
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Chapter 4. EXPERIMENTS

4.1 FEATURE SETUP

In the experimental phonetics experiment, I select 24 pitch-related acoustic cues and 2 duration-
related acoustic cues. And then, in the automatic prosodic boundary labeling task, these acoustic
cues are used as the features for the classification task. Table 4.1 shows the details of the features.

Feature #1 to feature #24 are pitch-related features. For each prosodic boundary, I measured
the pitch of two prosodic units after the boundary: 1) the syllable after the boundary and 2) the
prosodic word after the boundary, and four units before the boundary: 1) the syllable before the
boundary, 2) the prosodic word before the boundary, 3) the first syllable after last intonational
phrase boundary (BI=3) and 4) the first prosodic word after last intonational phrase boundary
(BI=3). I took the difference of the pitch of a unit after the boundary and the pitch of a unit
before the boundary. Thus, there are 8 combinations in all. And for each combination, I took the
difference of the maximum pitch, the mean pitch , and the minimum pitch of the two units. Thus,
there are 24 types of pitch difference in total for each prosodic boundary.

Feature #25 and feature #26 are duration-related features. Feature #25 is the percentage of
the duration of the final of the last syllable before the boundary and the duration of the syllable.

Feature #26 is the duration of the silence period.



F:I?;:;e Feature Description
1 f0 next syllable maximum — {0 _last syllable maximum
2 f0_next syllable mean — f0_last_syllable mean
3 f0_next syllable minimum — {0 _last syllable minimum
4 f0_next syllable maximum — {0 _last prosodic_word maximum
5 f0_next_syllable mean — f0_last prosodic_word mean
6 f0_next syllable minimum — f0 _last prosodic_word minimum
7 fO_next syllable maximum —
f0_boundary next syllable maximum
8 fO0_next syllable mean — f0_boundary next syllable mean
9 fO0_next syllable minimum —
fO0_boundary next syllable minimum
10 fO_next syllable maximum —
f0_boundary next prosodic word maximum
11 fO0 next syllable mean — f0_boundary next prosodic_word mean
12 fO0_next syllable minimum —
f0_boundary next prosodic word minimum
13 f0_next prosodic_word maximum — {0 _last syllable maximum
14 f0_next prosodic word mean — f0_last_syllable mean
15 f0_next prosodic_word minimum — {0 _last syllable minimum
16 f0_next prosodic_word maximum —
f0_last prosodic_word maximum
17 f0_next prosodic word mean — f0 last prosodic word mean
13 f0_next prosodic_word minimum —
f0_last prosodic_word minimum
19 f0_next prosodic_word maximum —
f0_boundary next syllable maximum
20 f0_next prosodic_word mean — f0_boundary next_syllable mean
fO0_next prosodic word minimum —
21 - — ..
fO0_boundary next syllable minimum
2 f0_next prosodic_word maximum —
f0_boundary next prosodic word maximum
f0_next prosodic word mean —
23 .
f0_boundary next prosodic word mean
24 f0_next prosodic_word minimum —
f0_boundary next prosodic word minimum
)5 the percentage of the duration of the final of the last syllable
before the boundary and the duration of the syllable
26 the duration of silence period

Table 4.1: Features used in the automatic prosodic boundary labelling task
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4.2  EXPERIMENTAL PHONETICS EXPERIMENTS

421 Acoustic Measurement

When measuring the pitch, the pitch range for female speakers in the pitch settings is set to be
55-400 Hertz, and for male speakers, th