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Abstract

This paper presents a study on the control of fundamental
frequency (FO) in Cantonese text-to-speech (TTS) systems.
The surface FO contour of an utterance is considered as the
combination of tone-related local components and phrase-level
long-term variation. A novel method of FO normalization has
been developed to effectively separate them. Statistical
analysis is performed for the phrase curves and the tone
contours extracted from a large speech corpus, and the results
are summarized into regular patterns. These patterns are used
as the basic templates in a non-parametric FO model, from
which utterance-level FO contours can be generated.
Perceptual test shows the naturalness of speech naturalness is
significantly improved by the new FO model. The MOS
increases by 0.65 over a five-point scale.

1. Introduction

For the generation of highly natural synthetic speech, proper
control of FO (or fundamental frequency) is of primary
importance. FO contour is one of the major acoustical
manifestations of supra-segmental features such as tone, pitch
accent and intonation, which are all critical to perceptual
naturalness of human speech. However, FO is a highly
variable acoustical parameter. It is determined by both the
physical and the linguistic aspects of speech production.
While the value of FO measured at a particular instant
indicates the vibration frequency of the speaker’s vocal cords,
the time-varying FO contour carries abundant information
about the linguistic structure of the sentence. In addition, the
linguistic significance of FO is language-dependent. For most
Western languages, FO is a feature of lexical accent and
intonation. For many Asian languages like Chinese and Thai,
the meaning of a syllable is determined by its FO pattern.

The most effective way of understanding FO variation is
via the analysis of natural human speech. Existing approaches
can be categorized into acoustical analysis and analysis-by-
synthesis. Acoustical analysis deals with the acoustical
measurements directly and attempts to find out how the
surface FO contour depends on a particular factor of interest.
The approach of analysis-by-synthesis typically involves a
parametric production model that attempts to approximate the
observed contour. The optimized parameters in the best
approximation reveal the underlying contributions of the
respective factors [1,2].

This paper presents an investigation on the variation of FO
in natural Cantonese speech, with the goal of establishing an
effective mechanism of prosody control in Cantonese text-to-
speech applications. Cantonese is one of the major Chinese
dialects spoken by over 70 million people in South China,
Hong Kong and overseas [3]. Our investigation starts with
statistical analysis of FO contours extracted from a large
amount of continuous speech data. A novel method of FO

normalization has been developed to separate tone-related
local components from phrase-level long-term variation. In
particular, phrase-level intonation, word-level tone patterns
and their contextual variation have been studied. Accordingly,
a non-parametric prosody model is established for automatic
FO generation in a Cantonese TTS system that we developed
earlier [4]. The effectiveness of the prosody model is then
evaluated by subjective listening test.

2. Tones in Cantonese
2.1. Tone system

Spoken Cantonese is made up of a sequence of monosyllabic
sounds. Each Chinese character is pronounced as a single
syllable that carries a specific tone. Each syllable consists of
an Initial and a Final part. Cantonese is said to have nine
citation tones that are characterized by different stylized pitch
patterns as illustrated in Figure 1. The so-called “entering”
tones occur exclusively with “checked” syllables, i.e. syllables
ending in an occlusive coda /p/, /t/ or /k/. They are
contrastively shorter in duration but coincide with a non-
entering counterpart in terms of pitch contour. In many
transcription schemes, only six distinctive tone categories,
labeled as Tone 1 to Tone 6, are defined [5].
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Figure 1: Tones in Cantonese: schematic description

2.2. Acoustical realization

Acoustically, tone is realized by the FO movement across the
voiced portion of a syllable. In a Cantonese syllable, the Final
can be regarded as voiced while the Initial is either voiced or
unvoiced. Figure 2 depicts the measured FO contours of the
nine tones, which were computed by averaging over 1,800
monosyllabic utterances spoken by a male native speaker. The
utterances cover most of the tonal syllables used in today’s
Cantonese. It is seen that the acoustical realization of tones in
isolation reflects the schematic patterns very well.
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Figure 2: FO profiles of Cantonese tones uttered in isolation



In continuous speech, the actual realizations of tones may
vary greatly. An example is shown as in Figure 3. The
utterance contains a Cantonese sentence. The curve in the
upper part is the extracted FO contour and the lower part is the
concatenation of the respective schematic tone patterns. The
characters and their respective tone identities are also shown
in alignment with the FO contour. Clearly, in continuous
speech, tones are not realized as their canonical patterns. Even
the same tone can be realized quite differently, like the five
occurrences of Tone 3 in the example. In addition, at the
syllable boundaries, especially when the tones are opposite in
terms of levels, there is an obvious tendency that the tone
contours compromise with each other to make a smooth
transition. By examining the whole FO contour, it is found that
the later the position is, the lower height the tone is realized
with, as seen from the occurrences of Tone 3 and Tone 1
(marked with circles).
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Figure 3: F0 contour of a continuous speech utterance

3. Speech Corpus: CUProsody

This research is done based on a large corpus of continuous
speech, namely CUProsody, which was developed at the
Digital Signal Processing Laboratory of the Chinese
University of Hong Kong [7,8]. The corpus was recorded
from a trained female speaker. It consists of 1,200 newspaper
sentences and 1,000 spontaneous sentences. Only the
newspaper sentences are used in this research. The speech
data in CUProsody were manually annotated at orthographic
and phonemic levels. Each utterance is accompanied with a
Chinese sentence and the respective syllable pronunciations
labeled by the Jyutping (LSHK) scheme [S5]. The text content
of each utterance was manually segmented into words.

All utterances were automatically segmented at Initial and
Final level using the forced alignment technique with a set of
pre-trained hidden Markov models (HMM). Subsequently the
duration of Initial and Final segments were obtained. FO
contours were automatically extracted using the function
“get f0” of the ESPS software [6].

Table 1: A summary of the CUProsody corpus [7]

Overall range of FO: 140-300Hz

No. of sentences = /200;  Average utterance length: 66 syllables

No. of words = 38743;  Average word length: 2.05 syllables

1-syllable words | 2-syllable words | 3-syllable words |4-syllable words

22.9% 58.6% 11.4% 5.5%

No. of syllables = 79528;  Average syllable duration: 0.1/92s

Tone 1 Tone 2 Tone 3 Tone 4 Tone 5 Tone 6

25.3% 12.6% 16.1% 17.1% 6.4% 22.6%

4. FO0 Normalization

In order to capture tone contours precisely from an utterance,
we have proposed a method of FO normalization based on a
properly estimated phrase curve [7]. The phrase curve reflects

the long-term trend of FO movement over an intonation phrase.
Suppose that all syllables in the phrase carry the same tone.
The phrase curve is defined as a straight line that best
approximates the FO variation across the whole phrase.

However, in most cases, syllables generally carry
different tones. To facilitate the estimation of the phrase curve,
we proposed to use a set of relative tone ratios to convert one
tone to another tone with an equivalent FO level. The creation
of such tone ratios is based on the assumption that, for the
same speaker, the relative positions of different tones remain
largely invariant locally, i.e. between neighboring syllables.
Details about the computation of tone ratios can be found in
[7,8]. Table 2 shows a six-by-six matrix of the tone ratios,
computed based on 1,200 utterances in the CUProsody, where
R;; denotes the relative height ratio of Tone i over Tone ;.

Table 2: Relative tone ratios derived from CUProsody

R; 1 2 | 3 4 | s 6
1097 [ 1.39 | 1.28 | 1.60 | 1.39 | 1.35

2 1070099092 tit[095]097

i 3 1080 [1.07 102|132 113 ] 113
4 065091083 1.081.00]094

5 1071099093116 1.02 | 1.01

6 073101095 122]1.07] 1.0

In our research, Tone 3 is selected as a reference tone, to
which all tones would be converted. Given an occurrence of
Tone k , we can convert its height to an equivalent height as
if what Tone 3 should be in this position, by multiplying with
the conversion ratio Ry, . For example, if the height of an

occurrence of Tone 4 is 150Hz , the equivalent height of Tone
3 would be equal to 150Hz x1.32 =198Hz . In this way, all
tones’ heights in the phrase are converted to Tone 3’s. The
phrase curve is then obtained by performing linear regression
over these converted tone heights.

Subsequently, FO normalization is done by dividing each
original tone contours by the corresponding FO value on the
phrase curve. It was observed that the variance of tone
contours would be much reduced (up to 30%) by the proposed
method of FO normalization [8].

5. FO0 Analysis

We assume that the FO contour of a Cantonese utterance is the
combination of phrase-level intonation movement and local
tone contours. Similar assumption has been widely adopted in
other research [2][9] [10].

5.1. Phrase curves

At sub-utterance level, intonation phrase boundaries were
detected by a pause longer than 0.35 seconds. As a result,
there are a total of 4,973 phrases available for our analysis of
phrase intonation. Most phrases show declining FO. The
average slope of phrase curves is -2.13 Hz/syllable. This
perfectly agrees with the results that we attained with the
approach of parametric modeling with Stem-ML [11].

An utterance may consist of several intonation phrases
whose contents are inter-related. Figure 4 shows the averaged
phrase curve pattern of all utterances that consist of four
phrases. It is observed that the phrase curve depends on its
position. Especially, both the initial value and downshift slope
of the first phrase are significantly greater than those of



succeeding phrases. FO reset can be clearly observed at the
phrase boundary.
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Figure 4: Averaged phrase curve of four-phrase utterances

5.2. Tone contours

Context-independent tone contours

For each of the six tones, an averaged contour is computed
from the normalized five-point contours of all occurrences in
the database. The results are shown in Figure 5. Obviously,
the tone contours in continuous speech deviate greatly from
their canonical patterns in isolated case. For almost all tones,
the beginning section of the contour shows a much greater
variation than the ending section. This suggests that tone co-
articulation from the left context is more significant than that
from the right one.

1.4

[ )
3
[}
=
o

Normalized FO

o
%

.
D

feel T

one 4

et pecncs
4 5

Normalized time/section

Figure 5: Context-independent tone contours

Co-articulated contours of disyllabic words

In order to find the templates that can carry tone co-
articulation, we expand our analysis to lexical word. In
particular, we focus on disyllabic words, which form the
majority of the lexical words in Cantonese. All the disyllabic
words with the same tone combination are grouped together
and an averaged FO contour is computed. Figure 7 shows a
few examples of co-articulated tone contours of disyllabic
words. In Figure 6(a), the three word contours differ from
each other because of the different identities of the second
tone. Figure 6(b) shows three tone combinations, which have
different identities of the first tone. It can be seen that the
contour corresponding to the first tone tends to resemble the
context-independent single-tone case, regardless of the
identity of the succeeding tone. The second tone shows a
much severely co-articulated contour. It starts by following
the height of the preceding tone and then gradually resumes
its own position.

Cross-word contours

In this section, cross-word contours, i.e. neighboring tones
locating at the boundary of two connected lexical words, are
investigated. In Figure 7, the solid line draws the contour of
two disyllabic words with tone combination of 1-4. It is just
the direct connection of two averaged disyllabic word
contours without considering any cross-word effect. The
dashed line is the measured cross-word contour of tone
combination 4-1. It is quite obvious that the cross-word effect
plays an important role in continuous speech.
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Figure 6: Examples of co-articulated tone contours
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Figure 7: Comparison of disyllabic word contour and
cross-word contour for the tone combination 4-1

Phrase-initial contours

The initial tone of a sentence or a phrase is considered to have
no left neighbor. This special case is analyzed separately in
our analysis. The results are shown as in Figure 8. It is very
clear that phrase-initial tones have very different behavior
from the context-independent tone patterns. Without a left
neighbor, the beginning sections of phrase-initial tones are
more voluntary to approximate the canonical target pattern.
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Figure 8: Comparison of averaged phrase-initial
tone and context-independent tone patterns

6. FO0 Modeling

Our baseline Cantonese TTS system is a sub-syllable based
synthesizer developed at the Digital Signal Processing Lab of
the Chinese University of Hong Kong [4]. This system only
provided a single FO template for each Cantonese tone.

Based on the results and observations of FO analysis
described above, a more sophisticated FO model is developed.
In this enhanced model, FO is described at both phrase and
word levels. At phrase level, FO targets are described as linear



phrase curves. At word level, the templates include word,
phrase-initial and cross-word tone contours.

To implement enhanced FO model, the text analysis
module segment a sequence of Chinese input into
monosyllabic and disyllabic words. According to the tone
combination of each word, the word templates are selected and
connected together. Then the phrase-initial template and cross-
word templates are applied to refine the connected FO contour.
The refined parts are the initial three points of initial tone, the
initial three points and the last point of word tone contours. We
change the FO at word boundary especially the word initial
part to capture smooth transition between words and
meanwhile keep the smoothness within the word. To generate
the ultimate FO contour, the local tone contours in normalized
FO value are scaled with the respective phrase curve. Each
point on the tone contour is multiplied by a syllable-dependent
scaling factor, which is computed by

S, ; = Initial , + Slope,, -i 2)

where p represents the p” phrase in a sentence and i

represents the i syllable in a phrase. Finally the FO contour

is recovered to normal values and phrase curve is also
implemented. At each phrase boundary, a break of fixed
duration of 0.35 second is inserted.

7. Performance Evaluation

To test the performance of the enhanced FO model, a
perceptual test has been carried out. The material is 100
sentences randomly selected from newspaper. The length of
sentences is from 9 to 66 characters. Over half of them are
multi-phrase sentences. Each phrase contains about 10
syllables. To avoid excessive workload for the subjects and
learning effect [12], the sentences are divided into 10 groups.
Each tester is only allowed to access one group and each
group is tested by two subjects. For each sentence, 3 different
versions were generated:

Version 1 — baseline model: context-independent single-tone
patterns

Version 2 — enhanced 1 model: word contour; phrase curve;

Version 3 — enhanced 2 model: word contour; phrase curve;
phrase-initial tone contour; cross-word contour.

The subject is first asked to read the sentence on the
screen, and then listen to the three versions of the synthetic
speech, which appear in a random sequence. Each sentence is
allowed to be accessed not more than three times. Finally, the
subject is requested to give a Mean Opinion Score (MOS) in a
five-point scale for each version.

Table 3 shows the result of the listening test. It can be
seen that both versions with enhanced FO models are
statistically graded higher than the baseline. The naturalness
of TTS output has been significantly improved. With the
incorporation of word contours, phrase-initial contours, cross-
word contours as well as phrase curves, the enhanced model
Version 2, attains an MOS of 3.43, which is 0.65 higher than
the baseline version.

Table 3: Result (MOS) of listening test

Version Baseline Enhanced 1 Enhanced 2

Mark 2.78 3.28 343

8. Conclusions

This paper has presented an investigation on the analysis of
FO contours in continuous Cantonese speech. It is found that
Cantonese has a clear left-to-right control pattern. At phrase
level, declining intonation is consistently observed. Co-
articulated tone contours at word level and across words have
been analyzed. The resulted phrase curves and context-
dependent tone patterns have been utilized to establish a non-
parametric model for FO prediction. To generate smooth FO
contour for an input sentence, the statistically derived
templates are integrated in a compromised way by
concatenating, overlapping and adding. Subjective listening
test confirms the effectiveness of the newly developed FO
model.
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