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ABSTRACT

This thesis discusses the development of a Chinese speech synthesis-by-rule
system and presents the structure and features of the system. The aim of the work
is to produce highly intelligible standard Chinese speech with natural sounding
intonation from unrestricted Chinese text, using a parallel formant speech
synthesizer.

The synthesis system accepts standard Chinese Pinyin text as input, either
from a conventional keyboard or from a computer readable file. Text to detailed
phonetic description conversion is carried out in three steps: 1) application of a
group of phonological and phonetic rules to convert Pinyin text into demisyllable
strings; 2) conversion of the demisyllables into a succession of phonetic elements
using a dictionary look-up strategy; 3) application of prosodic rules at different
levels. Two specific features of this text-to-phonetic conversion system are: the use
of a specially designed demisyllable dictionary which permits an effective and
reliable way of deriving phonetic elements from text, and the implementation of a
new generative intonation framework which enables a very wide variety of natural
sounding fundamental frequency contours to be generated automatically.

The acoustic-phonetic rules used in the system are developed from the
Holmes-Mattingly-Shearme (HMS) algorithm. A complete set of Chinese phonetic
tables, each of which contains the acoustic properties and co-articulation
information of an acoustic segment, has been developed on the basis of systematic

acoustic-phonetic analysis of standard Chinese syllables.



ABSTRACT

The synthesis system has been implemented on a BBC microcomputer to
drive a LSI parallel formant synthesizer. An IBM PC version of the system has also
been developed.

A segmental intelligibility test shows that the performance of the present
system is quite comparable with those of the best English speech synthesis-by-rule

systems now available.
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CHAPTER 1

INTRODUCTION

1.1 Organization of the thesis

Chapter 1 defines the aim of the present work and reviews speech synthesis
technology, including its applications, speech production models, different
techniques, and the problems at present of development. A review of the work on
Chinese speech synthesis is provided.

Chapter 2 describes the sound system of Standard Chinese in phonological
and phonetic terms. Some unique features of the Chinese language, which are
relevant to synthesis, are discussed. The special terminology used to describe the
sound system of Chinese, which appears in the following chapters, is introduced
here.

Chapter 3 describes and motivates the design of the Chinese speech
synthesis by rule system. The organization of the routines of the system are
explained. The chapter then clarifies what work is needed and what already exists
in the system. The existing SYNCON system for English synthesis and the LSI
speech synthesizer which have been used as parts of the system are briefly
described and their relevance discussed.

Chapters 4, 5, and 6 present the main body of the work. Chapter 4 details
the acoustic characteristics and synthetic realizations of Chinese sounds. In this

context it covers the following subjects: the format of the acoustic control
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parameters required by the system; analysis methods used; strategies for the
imitation of speech sounds. Chapter 5 reviews the work on analysis and modelling
tone and intonation and introduces an intonation model and describes its
implementation in the present system. Prosodic features of Chinese are studied at
different levels. Chapter 6 presents the text-to-sound conversion components of the
system.

Chapter 7 reports a perceptual evaluation of the synthetic speech produced
by the system. The perceptual confusions of the synthetic speech were compared
with those of natural speech under poor transmission conditions. Possible causes for
the perceptual confusions and further improvement are discussed.

The thesis is concluded in chapter 8 by a summary and discussion of the

results and suggestions for future development.

1.2 A brief review of speech synthesis technology

This review, though brief, gives a basic and general summary of speech
synthesis technology. Various techniques and different approaches are compared,
together with discussion of the advantages and drawbacks of each system. The work
concerning Chinese speech synthesis is reviewed in section 1.3 and some previous
work on synthesis will be discussed in further detail in latter relevant chapters.
Applications

Speech synthesis not only plays an important role in man/machine
communication but it is also a very useful tool for research in speech production
and perception. Developments in electronic and computer technology have been

greatly increasing the demand for man/machine communications. Speech, being the
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most frequently used means of human communication, is one of the most natural
and desirable modalities for man/machine communications. In particular, there are
many cases where speech is the only medium available, for instance where access
is only available through a normal telephone, when eyes are occupied on other
tasks, or for blind people. Synthetic speech has been used in many Information
Technology applications, including simple information services (Xia and Liu, 1989),
voice response devices (Chapman, 1971; Homsby, 1972), "text-to-voice" services
in electronic mail (Berney, 1985; Sorin et al., 1987), training aids (Atkinson, 1972;
Olson et al., 1985; Carlson et al., 1980), reading machines for the blind (Allen,
1973; Carlson et al., 1976; Kurzweil, 1976), and communication aids for the vocally
handicapped (Bernstein, 1984). As a flexible research tool, speech synthesis
techniques have been employed in the investigation of speech production and
perception. In speech perception, the synthesis technique makes it possible to vary
particular features of speech in order to determine their relative perceptual
importance in phonetic contrasts (e.g. Cooper et al., 1952; Stevens and Klatt, 1974;
Blumstein, 1980; Eilers et al., 1989). An early example of the use of synthetic
speech for speech perception was the classic set of experiments using the pattern
playback at Haskins laboratories in the 1950s (Cooper et al., 1952; Liberman et al.
1959). It is also possible to discover more about the mechanism of speech
production by adjusting the synthesizer controls to provide a close copy of the
features observed in real speech signals. For example, the strategies developed to
control an articulatory synthesizer may help to reveal interesting aspects of
articulatory control during the production of natural speech (Mermelstein, 1973;

Coker, 1976; Scully, 1984; Scully and Clark, 1986).
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Interest and activity in speech synthesis by mechanical devices can be traced
back to as early as 1779 (Kratzenstein, 1782). With the development of modern
electronic technology, many current synthesis systems use computers with digital
filters or special-purpose electronic devices to produce synthetic speech. Reviews

of historical efforts and early work on various speech synthesis techniques have

Speech Synthesis

pre-recorded text-to-speech

messages /\

linguistic acoustic
processing processing

N

concatenation synthesis-by-rule

articulatory formant
synthesizer synthesizer

cascade hybrid parallel

Figure 1.2-1 Organization of the review of speech synthesis technology

been given by Paget (1930), and also by Flanagan (1972). Figure 1.2-1 illustrates
the scheme of presentation followed within this review. The right divisions in the
tree structures will be discussed in more detail than the left divisions.

Pre-recorded messages vs. text-to-speech

Applications for synthetic speech output range from single word responses
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(e.g. Wiggins, 1980) to unrestricted text to speech (e.g. Allen, 1976). Pre-recorded
messages work well for applications where the vocabulary is limited and has a
rather rigid format, such as the voice response systems used to provide rapid
telephone access to stored information (Buron, 1968; Chapman, 1971).

The techniques for processing speech signals used in pre-recorded messages
fall into two main categories: 1) analogue storage, and 2) digital storage. Although
the techniques for storing analogue signals are well established, they do not allow
flexible and optimal manipulation of speech. It becomes necessary, therefore, to
digitise speech by converting analogue signals to digits (zeros and ones) which can
then be processed accordingly. The two most important criteria of a digital storage
system are the speech quality reproduced and the amount of storage required. The
technology has yet to establish the correct balance between the two; the ultimate
objective is to reduce the storage requirements without affecting the quality of the
reproduced speech. The techniques for digitising signals can be further divided into
a) waveform coding and b) parametric coding. A waveform coder usually operates
at a speed of over 6 Kbits/sec. and can also be used to encode signals other than
speech. A parametric coder usually operates at speeds less than 6 Kbits/sec. and the
techniques employed attempt to approximate the speech signals on the basis of a
reference model for speech production. The distinction between waveform and
parametric coding is made according to whether speech signals are digitised directly
and wholly, or are first sampled and only certain signals are extracted and digitised
accordingly.

Under waveform coding, complete utterances are encoded in a manner

similar to conventional analogue speech-recording techniques, without the need of
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having any knowledge of the human vocal apparatus or language structure. Since
memory size is the major limitation of these schemes, efforts have been made to
cut down the number of bits that must be stored. Various digital speech waveform
encoding techniques have been developed. The most important techniques are pulse
code modulation (PCM), differential pulse code modulation (DPCM), adaptive
differential pulse code modulation (ADPCM), delta modulation (DM), and adaptive
delta modulation (ADM).

There is a large amount of information presented in the acoustic signal, not
all of which is necessary for the understanding of the intended message. So under
parametric coding only certain ’core’ signals are extracted, on the basis of a
predetermined model of human sounds, and are then processed further. Examples
of parametric coding techniques are channel coding (e.g. Holmes, 1980), linear
predictive coding (e.g. Markel and Gray, 1976) and formant coding ( e.g. Holmes,
1978). (see Flanagan, 1972; Rabiner and Schafer, 1976, Holmes, 1982; and Jayant,
1990, for reviews of digital speech waveform encoding).

The pre-recorded methods are able to produce highly intelligible and
acceptable synthetic speech (Schroeder, 1981) but their application is limited
because of the difficulty in providing an easily extendible vocabulary. This is
because not only must all messages be recorded and stored, but must also be of the
same quality. So pre-recorded methods have disadvantages in applications where
a large number of messages need to be generated and output information changes
frequently.

On the other hand, text-to-speech systems are capable of synthesizing speech

of unlimited vocabulary from unrestricted text input. Text-to-speech systems are
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much more attractive because of their greater flexibility and potential in a wide

range of applications.

Linguistic and acoustic processing

Abstract
Input LINGUISTIC Underlying ACOUSTIC | _, Output
Text —* | PROCESSING |~ Linguiste. = |_PROCESSING Speech

* Morphological decomposition

* Syntactic analysis

* Structural semantic analysis

* Grapheme-to-phoneme conversion
* Allophone determination

* Stress assignment

* Prosodic parameters generation
* Phonetic-to-acoustic conversion
* Parametric-to-waveform transformation

Figure 1.2-2 Two-step procedure of text-to-speech conversion

Text-to-speech conversion is usually considered as a two-step procedure
(Figure 1.2-2). First, a set of modules in the linguistic processing analyzes the input
text and converts the text to an abstract underlying linguistic description consisting
of phonemes, stress marks, and syntactic structure indicators etc.. The processing
is largely language-dependent. In the second step, a set of modules transforms this
abstract linguistic representation into a parametric representation, and then a
synthesizer is used to produce the required speech waveform by converting these
parameters to analogue signals. The present review is concerned primarily with the
acoustic processing. The descriptions of the text analysis algorithms used in
different text-to-speech systems can be found in Allen et al. (1987) and Klatt (1987)
for English, Sagisaka and Sato (1986) for Japanese, Hunnicutt (1980, 1985) for

Swedish, and Cericola et al. (1989) for Italian.
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Concatenation of coded human speech and synthesis-by-rule

Speech synthesis systems may be classified into two broad categories
according to the different synthesis strategies: concatenation of coded human speech
(parametric synthesis) and synthesis-by-rule. The concatenation approach attempts
to take pieces of coded natural speech as building blocks to reconstitute an arbitrary
utterance. This is generally characterized by the large amount of stored data that is
required where unrestricted speech is to be produced. The most widespread
analysis/re-synthesis method in use today is linear prediction coding (LPC) (Atal
and Hanaver, 1971; Markel and Gray, 1976) or multipulse LPC (Atal and Remde,
1982; Moulines and Charpentier, 1988; Lee et al., 1989). In order to get high-
quality prosodic modifications, pitch-synchronous overlap-add (PSOLA) technique
is added to the LPC system for appropriate modifications of the excitation
(Charpentier and Stella, 1986; Hamon et al., 1989). The basic units of concatenation
are short sound segments that are smaller than syllables. These short segments
(variously known as diphones (Peterson et al., 1958; Dixon and Maxey, 1968),
dyads (Sivertsen, 1961; Olive,1977) or demisyllables (Fujimura and Lovins, 1978;
Browman,1980)) contain the transitions between adjacent pairs of speech sounds,
and have their boundaries in comparatively steady-state parts of the speech signal,
representing the centres of phonetically distinct sounds. Since concatenation systems
deal with reproduced natural speech, the most immediately promising feature of
these systems is that the voice quality and pronunciation style of the original
speaker will carry over into the synthesis. The whole analysis process of LPC is
entirely automatic (some corrections may be necessary on the F, values). The

intelligibility of carefully chosen diphones can be quite high, especially with
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modern methods, such as the use of multipulse linear prediction (Atal and Remde,
1982). But a potential disadvantage of the concatenation approach is that
discontinuities may appear at the boundaries of the waveform. Furthermore, the
specification of a durational rule is a problem in concatenation systems because
lengthening and shortening of speech tend to take place during steady-state portions
of sustainable phonetic segments, whereas the demisyllable or diphone is a mixture
of portions of steady states and transitions (Allen et al., 1987, p.77). So difficulties
in imposing good intonation and rhythm may cause additional losses to naturalness.
In addition there is no simple way to change voice quality over a sentence as a
function of the context.

On the other hand, the rule based approach is much more flexible. In a
synthesis-by-rule system, rules are used to convert phonemes to allophones, govern
the transitions between the various speech segments, generate fundamental
frequency contours, provide different types of excitations for different sound
segments etc.. The number of units stored is considerably less in synthesis-by-rule
than in synthesis by concatenation. This makes synthesis-by-rule relatively simple
and attractive at the implementation stage. And it also gives more insight into the
relevant features of speech, provides more realistic modelling of coarticulation
effects, and allows greater control over style of speech, speaker variation, and
prosody than is possible with the concatenation approach. In principle, rules could
be used to model any systematic property of the human speech production process.
But the construction of rules requires extensive knowledge and in-depth
understanding of speech production and perception processes at work in a language.

The rule must take into account all the perceptually different realizations that the
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phonetic segments undergo in different environments. There are usually exceptions
to most rules and these have to be incorporated either within the rules, or in an
exception table which has to be examined first.

Articulatory model vs. acoustic model

The success of a rule-based system largely depends on having an appropriate
speech production model which attempts to account for source characteristics, vocal

transmission and mouth-nostril radiation.

At first sight, it seems essential to use a model which is a close analogue
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Figure 1.2-3 An articulatory synthesizer. (a) Schematic diagram of the vocal
tract, including a coupled two-mass vocal cord mode. (b) Network representation

of the system, with time-varying input parameters indicated (After Flanagan and
Ishizaka, 1976).
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of the human articulatory system. In such an articulatory model, the transfer
function of the vocal tract is usually modelled by a direct transmission line analog
of the distribution of incremental pressures and volume velocities in a tube shaped
like the vocal tract (Figure 1.2-3). The first dynamic articulatory synthesizer was
developed by Rosen (1958) and the first rule-based articulatory synthesizer was
built by Kelly and Lochbaum (1962). Losses, lip radiation impedance and wall
vibrations have been included in the electrical transmission line of Flanagan et al.
(1975).

Scully and Allwood have developed a composite model of speech production
for articulatory synthesis (Allwood and Scully, 1982; Scully and Allwood, 1983).
The model comprises the final stages of speech production and contains the
following sections:

1. input stage and articulatory dynamics for the lungs, vocal folds and

vocal tract articulators;

2. aerodynamics of the whole respiratory tract;
3. acoustic sources including noise, and pulse derived from the vocal
folds;

4, acoustic response of the vocal tract (filtering effects of the acoustic
tube of the vocal tract);

5. radiation loading and output stage.

Because the composite model offers the possibility of separating speaker
characteristics from linguistic messages, the two factors which are always conveyed
within the acoustic signal of speech, the model has been used to study speaker-

specific articulation patterns (Scully, 1984), simulate different speaker types (Scully,
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1985), and investigate speech signal variation (Scully and Clark, 1986).

Sondhi and Schroeter (1987) have developed a comprehensive hybrid time-
frequency domain articulatory synthesizer which claimed to be much more versatile
and of less computational complexity than Flanagan’s system (Flanagan et al.,
1975).

The articulatory synthesizer has outstanding potential for directly
incorporating the constraints that characterize the vocal mechanism. However, in
practice, articulatory synthesizers will incur considerably great computational cost
due to the great complexity of motion of the vocal folds, the interaction between
the vocal tract and the vocal folds, and the shape of the vocal tract itself. In
addition, there is no readily inferable direct relationship between articulatory
gestures and the speech signal. This indirectness would make it very difficult to
derive articulatory patterns from speech signals. Because of the complexity and lack
of data upon which to base rules, although articulatory models are theoretically
attractive and it is possible to generate fairly natural sounding speech using a
modern articulatory synthesizer (Flanagan and Ishizaka, 1976, 1978; Sondhi and
Schroeter, 1987), acoustic models (i.e. formant based models) are more widely used
in practical applications at the present time.

Source-filter theory of speech production

The design of formant synthesizers is based on the source-filter theory of
speech production (Chiba, T. and Kajiyama, M., 1941; Fant, 1960, and Stevens and
House, 1961), which is summarized in Figure 1.2-4. According to the theory, one
or more sources of sound energy are activated by the build-up of lung pressure.

Each sound source, which may be separately characterized by a source spectrum,

31



CHAPTER 1 INTRODUCTION

SOUND SOURCE OCAL TRACT RADIATION
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P(f)= S(f) % T(f)% R(f)

Figure 1.2-4 The source-filter theory of speech production. The output

spectrum of a speech sound, P(f), can be represented in the frequency domain

as a product of a source spectrum S(f), a vocal tract transfer function, T(f), and

a radiation characteristic, R(f), after Klatt (1980).
S(f), in the frequency domain, excites the vocal tract which acts as a resonating
system analogous to an organ pipe. Since the vocal tract is regarded as a linear
system, it can be characterized in the frequency domain by a linear transfer
function, T(f), which is the ratio of lip-plus-nose volume velocity, U(f), to source
input, S(f). Finally, the spectrum of the sound pressure that would be recorded some
distance from the lips of the talker, P(f), is related to the lip-plus-nose volume
velocity, U(f), by a radiation characteristic, R(f), that describes the effects of
directional sound propagation from the head. A formant synthesizer is normally
made up of components to simulate the generation of several different kinds of
sound source, components to simulate the vocal tract transfer function, and a
component to simulate sound radiation from the head.

The primary sources of sound are voicing, caused by the vibration of the

vocal folds, and turbulence noise caused by a pressure difference across a

constriction. In practice, the voicing excitation in formant synthesizers is usually

modelled by representing the glottal pulse shape with some simple mathematical
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function (Rothenberg et al., 1975, Fant et al., 1985) instead of using a model of the
actual vocal folds to simulate its mechanical vibrations (e.g. Flanagan, 1972).
Recent efforts on characterizing the essential features of the voicing source
waveform for different male and female voices have led to several new parametric
models of glottal output (Ananthapadmanabha, 1984; Fant et al., 1985; Fujisaki
and Ljungqvist, 1986; Klatt, 1987; and see Allen, 1989 for a review). These models
attempt to compute the glottal airflow from parameters such as subglottal pressure,
vocal fold tension, and vocal tract shape. Voicing source models have been devised
for formant synthesizers that are intended to increase the naturalness of the output
speech by permitting a mixture of an impulse train and noise as the source
waveform (Kato et al, 1967; Holmes, 1973). The strategy is to specify a cutoff
frequency below which the source consists of harmonics, and above which the
source is flat-spectrum noise. Similar strategies for mixed-excitation synthesis have
been described by Rothenberg et al. (1975) and Makhoul et al. (1978). Turbulent
excitation can be modelled well by random electrical noise, or, in digitally
implemented synthesizers, by a pseudo-random sequence generator.

The radiation characteristic of the lips is modelled either by adding a lip
radiation filter at the end of the speech output (Klatt, 1980; Sinclair, 1987) or by
folding it into the sound sources for computational efficiency (Holmes, 1973; Klatt

and Klatt, 1990).

Cascade vs. parallel synthesizer

The filter systems in formant synthesizers simulate the vocal tract resonance
effects by either a cascade or parallel connection of resonators (Figure 1.2-5). The

first formant synthesizers to be dynamically controlled were Walter Lawrence’s
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Figure 1.2-5 The transfer function of the vocal tract may be simulated by a

set of digital formant resonators R connected in cascade (the output of one

feeding into the input of the next), or by a set of resonators connected in

parallel (where each resonator must be preceded by an amplitude control A),

after Klatt (1980).
Parametric Artificial Talker (PAT) and Gunnar Fant’s Orator Verbis Electris
(OVE ) (Lawrence, 1953; Fant, 1953). The designers of the original PAT and OVE
disagreed on whether the transfer function of the acoustic tube formed by the vocal
tract should be modelled by a set of formant resonators connected in cascade or in
parallel. The authors were in complete agreement with the theory (see Flanagan,
1957, for a discussion of the mathematical relations between the two approaches)
but disagreed on practical matters.

The cascade connection is designed to model the transfer function from

glottis to lips of an unbranched vocal tract. This configuration is theoretically

attractive for vowel generation and very economically controlling information
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because the relative formant amplitudes are automatically set at the correct level by
setting the correct bandwidths for the formants. However, this cascade arrangement
cannot synthesize satisfactory nasalized vowels, nasal consonants or any consonants
that have their main excitation point above the glottis. For the most part such
sounds require a separate filter system to be added to the cascade synthesizer, as

shown in Figure 1.2-6. Another disadvantagc of the cascade synthesizer is that

| “
c PULSE
:g;s- FORMING GATE F3 Fa Fy
. CIRCUIT
Ay MIXER |— Ky +F3 - Fe+F2 [ Fs+F1 [
NOISE
~4 FORMING 3—1 GATE
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L Gate no N3 n2 e o = —[ﬂ
Ac Kq K‘ Kz
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NOISE FORMING GATE X0 K1 K2
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Figure 1.2-6 The cascade speech synthesizer OVE 1I, consisting of three
separate circuits to model the transfer function of the vocal tract for vowels
(top), nasals (middle), and obstruent consonants (bottom), after Fant and
Martony (1962). Available sound sources are voicing (top), aspiration noise
(middle), and frication noise (bottom).
changes in vocal effort cannot conveniently be modelled except by actually varying
the spectral shape of the voiced excitation source.
By contrast, the parallel formant synthesizer allows control of both
frequency and amplitude of the formants. The effects of changes of glottal source

spectrum with vocal effort can be approximated by amplitude controls. An example

of a parallel formant synthesizer is shown in Figure 1.2-7. Although it can be
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difficult to use a parallel formant synthesizer to produce the correct transfer
function for some vowel like sounds due to the difficulties: in controlling the
interference between the skirts of adjacent formants and the overall spectral tilt of
the synthesized spectrum (Sinclair, 1987), it has already been demonstrated that the
parallel formant synthesizer is capable of producing a synthetic version of an

utterance that is subjectively indistinguishable from the original, when provided

voiceless : :
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Figure 1.2-7 The JSRU parallel formant synthesizer, consisting of four
parallel formants and a nasal formant, each excited by a variable mixture of
voicing and/or noise, after Holmes (1983).

with control signals that carefully copy the measured properties of human utterances
(Holmes, 1973). A description of the JSRU parallel formant synthesizer is provided
in section 3.2. Holmes (1983) presents arguments in favour of parallel formant
generators for practical synthesis. He summarizes the relative merits of the cascade

and parallel synthesizers as follows:
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The parallel synthesizer can use the same source/filter system to
model all types of speech sound, and so can relate the synthesized
speech to directly measurable properties of human speech without
having to decide what type of sound is produced.

For those sounds for which the cascade model is well suited (e.g.
vowels) the parallel form needs additional amplitude control
information, but the ability to vary them enables vocal effort
variations to be modelled.

Although the implementation of vowel synthesis in parallel
synthesizers is more complicated than the cascade form, the overall
complexity is appreciably less than that in a complete cascade
synthesizer with adequate separate arrangements for consonant
sounds.

No special precautions are needed in parallel synthesis to ensure that
the peak signal level is roughly similar in each formant generator. In
consequence it is easier to achieve an adequate performance in terms

of noise or quantizing error than in the cascade type.

Klatt (1972) first proposed the desirability of using a hybrid synthesizer with

cascaded formants for synthesis of sonorants, and parallel formants (with the same
formant frequency values) for synthesis of obstruents. The problems associated with
the pure cascade or parallel connection can be largely overcome by introducing
such a hybrid system, at the cost of increased complexity (Klatt, 1980, 1990;
Sinclair, 1987). Figure 1.2-8 shows a block diagram of the KLSYNS88 (Klatt, 1990)

cascade/paralle]l formant synthesizer. One of the features of this synthesizer is that
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Figure 1.2-8 Block diagram of the KLSYN88 cascade/parallel formant
synthesizer. Three voicing source models are available: (1) the old KLSYN
impulsive source, (2) the KLGLOTT(88) model (the default), and (3) the modified
LF model. Also added are a tracheal pole-zero pair and control parameters
allowing the first-formant frequency and bandwidth to vary over a fundamental

period, after Klatt (1990).
it has a voiced sound source switchable to the three voicing source models. An
experiment (Klatt, 1990) verified that it is possible to mimic several female voices

with an accuracy that makes it difficult to distinguish between the original

recording and the synthesis.

The main problem in using formant synthesizers is acquiring data to operate
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them. Formant tracking is a very difficult task, which has not been totally
automated so far. The measurement of the formant bandwidths is even more
difficult than that of the formant frequencies and amplitudes. The final parameter
values have to be determined by trial and error methods.
Problems at present stage

Synthesizing speech from arbitrary input text requires the equivalent of
human speech production. This process involves both highly advanced information
processing and complex physiological control of articulatory organs. So the
implementation of a text-to-speech system requires a wide variety of knowledge and
technologies. Although today’s best synthetic systems are capable of producing
quite intelligible output, synthetic speech is lacking in naturalness and its noise-
resistant capability is much lower than that of natural speech (Logan et al., 1989).
There are many reasons for this, both theoretical and practical. The theoretical
barrier we have to face is that speech science has not so far reached a state where
it is able to offer a complete theory of speech production and perception. It is
because of the weakness of the theoretical side that there are many remaining
problems in modelling the human vocal system by a source/filter approach. For
example, the source-filter interaction theory has not yet been well established; it is
not known whether the voice source interplays with nasal coupling (Berg, 1962);
and it is still an open question as to how to model the larynx and trachea in a
satisfactory way, especially when generating breathy high-pitched vowels for
women and children; the perceptual significance of source-filter interaction effects
is not yet clear (Nord et al., 1986). Moreover, spoken language is structurally rich

and redundant. It is still difficult to tell which individual differences are
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perceptually important even when it is possible to compare a synthesized version
with the natural original produced by the person whose speech formed the basis for
the system development in different ways with modemn technology, such as by
spectrogram and spectra. This is due to the absence of a satisfactory perceptual
theory to account for listeners’ behaviour in terms of observable spectral or
waveform details. So we are in a situation where it is possible to collect spectral
data, yet be unable to relate it unambiguously to the underlying speech production
and perception processes (Klatt, 1987). The fundamental optimization of the
synthesis systems will, therefore, largely depend on a theoretical break-through.

On the practical level, the basic problems are how to properly control a
synthesizer at different levels.

At the source level, voice source characteristics need to be more carefully
modelled, especially the source dynamics. There is still a lack of knowledge
conceming the voice source variations in natural speech. The glottal pulse time
irregularities reported in the literature include terms such as "jitter", the period-to-
period random fluctuations in period durations (Horii, 1979), "shimmer", the period-
to-period random fluctuations in glottal-pulse amplitude (Horii, 1980), and
"diplophonic double pulsing”, the tendency for a voice to vibrate sometimes in a
mode where pairs of glottal pulses move toward one another, with the first often
being attenuated in amplitude (Timke et al., 1959). Various efforts have been made
to model the time irregularities of the glottal pulse (Rozsypal and Millar, 1979;
Yang, 1986; Klatt, 1990); to simulate the source-filter interaction by introducing
excitation-synchronous modification of first-formant bandwidth and frequency (Rye

and Holmes, 1982; Klatt, 1990) and an extra pole-zero pair for simulating the
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introduction of a tracheal resonance in the vocal-tract transfer function (Klatt,
1990); and to address the inter- and intra-speaker variations (Carlson et al., 1989).
However, due the lack of proper model of source-filter interaction, systematic rules
and accurate data, the source modelling is not yet very satisfactory.

At the acoustic-phonetic level, phonetic miscues and inadequate modelling
still affect the segmental intelligibility. In particular, natural speech contains
multiple acoustic cues for every phonetic distinction. The acoustic-phonetic
structure of natural speech reflects the physical and contextual constraints by vocal
tract acoustics and articulation. However, in synthetic speech, cue redundancy is
typically reduced because only a limited subset of the acoustic properties used to
convey phonetic information in natural speech can be implemented. How to choose
the most perceptually important and essential cues is by no means an easy task.

At the phonetic level, one of the problems is how to automatically provide
sufficient allophonic variations and generating more phonetic details.

At the prosodic level, since prosody plays a complex role in encoding
information of lexical contrast, syntactic structure, ssmantic meaning, speaker’s sex,
psychological state, and attitude, it is not easy for a prosodic model to handle so
many factors. Even if a comprehensive prosodic model were available, an additional
difficulty would be the lack of sufficient specifications as input to the prosodic
model.

At the linguistic processing level, generating an appropriate
phonetic/prosodic description from arbitrary text is a formidable problem since the
text does not indicate everything that one would like to know unless one builds a

machine that has linguistic knowledge comparable to that of the skilled human
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reader, and can thereby disambiguate syntactic ambiguities, and determine semantic
focus relations. Whereas this capability will largely depend on the development of
artificial intelligence.

In summary, the quality improvements of synthetic speech will come from
further research into better models of vocal tract excitation, intonation generation,
a clearer understanding of the speech production dynamics of the vocal tract and
the processes of speech perception, and the sophistication of the parsing algorithms
and processing efficiency to introduce further linguistic analysis into the synthesis

systems.

1.3 Review of work on Chinese speech synthesis

Chinese speech synthesis has received a great deal of attention during the
last few years (Huang et al., 1982; Li and Wolf, 1982; Zhou and Cole, 1984; Ouh-
Young et al., 1986; Zhang, 1986; Zou et al, 1987; Mao et al., 1987; Yang and Xu,
1988; Ni et al., 1989; and Javkin et al., 1989). Various approaches have been used:
concatenation synthesis (e.g. Huang et al, 1982; Ouh-Young et al., 1986; Mao et
al., 1987; Zou et al., 1987; and Ni et al., 1989), synthesis-by-rule (Yang and Xu,
1989), and using existing multilingual synthesis systems by adding language-
dependent rules to it (Zhang, 1986; Lii and Xia, 1989; and Javkin et al., 1989).

Concatenation systems

The earliest work reported on synthesizing Chinese speech is a demisyllable
concatenation system developed by Huang et al. (1982). The system is based on an
initial-final model (each Chinese syllable can be divided into an initial and a final,

see the chapter 2 for the detailed definition of the initial and final). Speech of
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unrestricted Chinese text is synthesized by concatenating the 58 semi-syllables
which are stored in the form of LPC parameters. The features of the system include
mixed excitation for affricate consonants, different pole-zero LPC models for
different types of sound (special 14-pole and 4-zero LPC model for the nasals,
lower order zero-pole model for fricatives, and all pole model with order 10 for the
rest of the sounds), and the implementation of basic tone sandhi rules.

Probably because Chinese is said to be a monosyllable based system and
there are only about 400 phonologically allowed syllables (exclusive of tonal
variations) in standard Chinese (Chao, 1968; see also chapter 2), a comparatively
large number of Chinese speech synthesis systems are based on monosyllable
concatenation concept. In these systems, the acoustic-phonetic information of about
400 first-tone monosyllables are stored either in LPC parameter format (Ouh-Young
et al., 1986; Mao et al, 1987; Ni et al., 1989) or in formant amplitude and
frequency format (Zou et al, 1987), then the tonal patterns are superimposed on the
syllables to synthesize the 1,200 Chinese syllables. An example of those syllable
concatenation systems is the one developed in Taiwan (Ouh-Young et al., 1986; Lee
et al, 1989). The system is designed on a monosyllable basis, using LPC
techniques. The completed system is implemented on an IBM PC with an extra
Digital Signal Processing board. The synthesizer is a LPC lattice structure
synthesizer with order 10, implemented on a Digital Signal Processor integrated
circuit. The syllable database consists of LPC coefficients of the 418 1st-tone
syllables and the standard patterns for the pitch contours of the four lexical tones.
A set of synthesis rules determines how the parameters obtained from the database

should be adjusted when the syllables are concatenated to form unrestricted

43



CHAPTER 1 INTRODUCTION

sentence with arbitrary text. In order to concatenate isolated syllables into fluent
speech, each syllable in their database is divided into three regions: onset, central,
and offset regions. The central region is the stable region where almost all acoustic
parameters remain unchanged except pitch during concatenation. The onset and
offset regions are modifiable regions where the acoustic parameters should be
modified by appropriate phonological/phonetic rules. The system first extracts the
parameters for the syllables from the database according to the input text. Syllable
duration is then defined, followed by insertion pauses, adjusting pitch periods,
modifying energy, and finally the LPC synthesizer produces the speech output.

A synthesis-by-rule system

Different from the concatenation systems mentioned above, a rule-based
system has been developed at the Institute of Linguistics, Chinese Academy of
Social Sciences, Beijing (Yang, 1986, 1987; Yang and Xu, 1988). The whole
system is written in FORTRAN and implemented on a microcomputer type BCM-3.
Figure 1.3-1 is the block diagram of the system. The following is a brief description

of the system.

1. Synthesizer

D/A Converter: The accuracy of the D/A converter is 12-bit, and its
sampling frequency is 10 KHz.

Sound Sources: The white noise generator is a pseudo-random
number generator, with Gaussian amplitude
distribution, and the glottal wave generator produces

the kind of waveform tested by Rosenberg(1971).
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Figure 1.3-1 Block diagram of the Chinese speech synthesis-by-rule system
developed by Yang, after Yang and Xu (1989).

Filters:

2. Rules

Acoustic Parameters:

Transition Calculation:

Tonal Contours:

The three vocal tract filters are all composed of
several second-order digital filters in a cascade

configuration.

The acoustic parameters are stored in the data files in
the units for allo-initials and allo-finals (conditional
varieties of initials and finals). The size of parameter
storage is 12 Kbytes.

An Initial-Final Transitién Model was developed to
calculate transitions between the initials and finals
caused by coarticulation effects.

Tonal contour of each syllable is generated by a

normalized Tone Model (Yang, 1986). The pitch
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range and the cardinal pitch value can be dynamically
controlled (The tonal model will be discussed in
detail in the chapter 5).

The two time-varying parameters A, and A,, which
represent voice source amplitude and noise source
amplitude respectively, are generated by an
Amplitude Model.

An Exponential Dynamic Model (Yang, 1987) has
been developed to generate acoustic parameters of the
13 compound vowels in Chinese from the target
values of the 6 phonemes.

Nasalization of a vowel after a nasal consonant is
realized by adding a pole-zero pair to the lower
frequency region of the vowel and broadening the
bandwidth of the inherent formants of the vowels.
The techniques used to synthesize fricatives are:
choosing an amplitude variation curve so that the
amplitude of the fricative section starts rather weak
and becomes gradually stronger as time goes on;
using appropriate pole and zero parameters; keeping
a gradual weakening noise element in the voiced
transition section.

The noise source is turned on in the aspiration

section, and the voiceless transition joins smoothly
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with the formants of the following voiced transition.
3. Evaluation
Intelligibility: A formal listening test for the intelligibility of the
synthetic syllables showed the scores are 85% for
whole syllable, 89% for initials, 95% for finals, and
100% for tones.

Using multi-lingual systems

There are also a number of reports on using a multi-lingual synthesis system
to synthesize Chinese speech. Zhang (1986) has done some preliminary work of
developing a Chinese synthesis system using the KTH text-to-speech system
developed at the Speech Transmission Laboratory, Royal Institute of Technology,
Sweden. To provide the acoustic information of the Chinese sounds to the
synthesizer, 10 vowels and 22 consonants have been defined in terms of distinctive
features and acoustic parameters. The rule system consists of 14 text-to-phonetic
rules; tonal patterns of the four Chinese lexical tones; a number of tone sandhi rules
and tone modification rules, including the light tone rules; and formant modification
rules for er-coloured finals' in Chinese.

Another attempt of using a multi-lingual system is to synthesize Chinese
speech using a MITalk-based (Allen et al., 1987) real-time system (Javkin et al.,
1989). The MITalk is a phoneme-based text-to-speech system using a
cascade/parallel formant synthesizer. The 58 initials and finals in Chinese were

chosen as the phonetic units. F, values are assigned to a syllable based on the

! see section 2.2.3 for description of er-coloured finals
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parameter table extracted from tonal contours of natural speech. Some amplitude
modification rules and duration rules have been implemented. Mixed excitation of
voicing and aspiration was used to synthesize voiceless, non-aspirated fricatives.
Text input

Because it is very difficult to use the traditional Chinese characters as input
to a synthesis system, almost all the Chinese speech synthesis system are using
Pinyin (a Roman alphabetical transcript system of Chinese) text as the input. Since
Pinyin is a quasi-phonemic transcription system, the text-to-phone rules are quite
simple and easy to write on one hand, but syntactic and semantic analysis is very
difficult to do on the other hand. As a result, although most of the Chinese speech
systems have, more or less, some prosodic control rules, information regarding
syntactic structures which are used by the prosodic rules are mainly input manually.
Concatenation vs. synthesis-by-rule for Chinese

It appears that most of the reported Chinese synthesis systems are based on
concatenation concept. For isolated syllable synthesis, concatenation of coded
human speech does offer a relatively easy way to generate intelligible synthetic
speech. But for continuous Chinese speech synthesis, a synthesis-by-rule method
is more attractive than the concatenation method. The main reason is that, as
Chinese is a language with syllabic tone, it offers a challenging richness of rule
governed pitch variation. The possibility of dynamic control of prosody seems even
more important for a Chinese speech synthesis system to enhance naturalness and
acceptability of synthetic output than for other non-tonal languages. When
comparing synthesis-by-rule with concatenation of coded speech, the former allows

greater control of prosody whereas the latter has inherent difficulties in imposing
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good intonation and rhythm, such as the difficulties in the specification of
segmental duration and allophonic variation.

However, in the Chinese speech synthesis field, far less work has been done
on rule-synthesis than on concatenation synthesis. So the aim of the present study

is to make up for inadequate research in the field of synthesis-by-rule.

1.4 Aim of the present study

As a part of a Chinese Speech Input/Output System (supported by SERC-
Alvey grant-MMI/054), the aim of the present study is to develop a Chinese speech
synthesis-by-rule system which aims to produce highly intelligible synthetic speech
with natural sounding intonation from Chinese Pinyin text, using a parallel formant
speech synthesizer manufactured by Loughborough Sound Images Ltd. (LSI). A
BBC microcomputer acts as the host computer. The acoustic-phonetic rule
component of the current system is adapted from an existing English phonetic
synthesis-by-rule system "SYNCON". The main task involved in the current study
falls into two parts: (1) generating a set of Chinese "phonetic element tables" which
represent the inventory of possible allophones of Chinese and contain all the
necessary acoustic information needed for the synthesis; (2) creating a rule system
for Chinese Pinyin text to phonetic element conversion with special emphasis on
producing prosodic control parameters for natural sounding intonation.

The present Chinese speech synthesis system has initially been aimed at
generating adult male speech. However, the system will provide needed flexibility

for speaker variations.
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CHAPTER 2

BACKGROUND OF MODERN STANDARD CHINESE

2.1 Introduction
Chinese is one of the most popularly used languages in the world with a
population of about 10” speakers. There are many Chinese dialects in use today. In
the current study, "Chinese" will only refer to modern standard Chinese
(Putonghua) unless otherwise stated.
Standard Chinese was established as a common language used in China in
1955. Its predecessor is known as ’guanhua’ or Mandarin in the West. Standard
Chinese is a language with the Beijing dialect as its basis of standard pronunciation,
Northern dialect as its source of vocabulary, and model modern writings in the
vernacular as its grammatical norm.
The characteristics of modern standard Chinese can be described by looking
at the following three aspects.
1. Phonetic aspects
a. Chinese is a tone language. Syllables in Chinese have lexical tonal
variations.
b. Chinese syllabic structure is relatively simple. A syllable consists of
maximally four phones and there are no consonantal clusters. Most
Chinese syllables end with a vowel sound. Nasals /-n/ and /-ng/ are the

only two consonants which can occur at the end of a syllable. Syllable
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boundaries in Chinese are very easy to identify.
c. There are only approximately 400 segmental syllables in Chinese. It is
a very small inventory compared to English which has perhaps more
than 10,000 syllables.
2. Lexicél aspects
One of the important characteristic features of Chinese vocabulary is that
most of Chinese morphemes are monosyllabic and most of Chinese words are
disyllabic. According to statistics (Ma, 1983), 6.01% of Chinese vocabulary is
monosyllabic words, 74.14% disyllabic words, 11.99% trisyllabic words, and 7.18%
quadrisyllabic words. It is therefore very clear that the great majority of Chinese
words are disyllabic. The majority of polysyllabic words in Chinese are made up
of disyllabic units. Disyllabic and polysyllabic words are ever increasing in number
instead of creating new morphemes to meet the growing demand of cultural
development.
3. Grammatical aspects
Chinese is an analytic language. Morphological changes are very rare.
Function words and word order are the main means of expressing grammatical
sense. Chinese is rich in measure-words' and modal words.
4. Syllables
In addition to the above aspects, the position of Chinese syllables in the

sound system is more important than what might be expected from experience with

' Chinese, a measure-word is needed in joining the common numerals with a noun. Each
measure-word is used with a particular class of noun particularly associated with it. There is no exact
equivalent of the measure-word in Western languages. Measure-words may have originated from the need
to distinguish between homophones for words in common use (Newnham, 1971).
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Indo-European languages. Unlike in Indo-European linguistics, with its alphabetic
background, the emphasis has been put on the sound segment or phone, the focal
unit of the Chinese sound system has traditionally been the syllable. The syllable
provides, as it were, the phonemic shape of what might be called the "basic natural
unit” in Chinese. The syllable appears as a kind of cross point where different
levels of Chinese grammar intersect: the overwhelming majority of morphemes in
Chinese are monosyllabic and most Chinese morphemes occur as basic syntactic
units (or words). Chinese speakers are very well aware of syllable boundaries.
There are many reasons for this. Kratochvil (1968) thought perhaps the primary
reason is the fact that syllables are usually significant markers of the limits of basic
grammatical units. Another reason for this might be the influence of the particular
type of writing system which one is accustomed to biassing one’s feeling about the
structure of one’s language from writing as well as speaking. Chinese uses a writing
system in which the basic unit (known as Chinese character) roughly corresponds

to a syllable.

2.2 Phonetic and phonological descriptions
2.2.1 Chinese phonetic alphabet: Pinyin

Unlike most of the western languages, the traditional Chinese character
writing system carries very little information concerning pronunciation but mainly
aims to represent meaning instead. In particular it is important to note that the great
majority of morphemes in Chinese are represented by a single character. So Chinese
writing is a morphemic script instead of phonemic script such as English. In

comparison to phonemic writing systems, Chinese morphemic script has the
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advantages of stability, in the historical sense, and uniformity both in social and

geographical senses. Because the morphological system of a language develops and

changes much more slowly than the phonemic system, dialects of a language

normally share more morphological than phonemic and phonetic features. For

instance, the speakers of different Chinese dialects may not be able to understand

each other by oral communication but they can communicate by writing.

Sometimes, however, the complex structure and lack of phonemic information make

the Chinese writing system relatively impractical. For pedagogical and practical

reasons, a quasi-phonemic Roman transcription system known as "Pinyin" was

officially introduced as a standard for the representation of the sounds of standard

Chinese in 1958. The English translation of Pinyin is "Chinese phonetic alphabet”.

According to "The Scheme for the Chinese Phonetic Alphabet” published by

the committee for the Chinese script reform, the Pinyin system may be described
as follows:

1. Pinyin is a Roman alphabetical transcript system. It uses the 26 letters

of the Roman alphabet as in English except that "v" is written as "i".

2. The Pinyin system is arranged according to traditional Chinese

phonology, i.e. a syllable is described by its "initial”, "final" and "tone"

(see page 58 for definition) instead of phones. Thus a syllable is made

up from an optional initial followed by a final and with a tonal pattern

superimposed on the voiced part of the syllable. The scheme stipulated

21 initial consonants, 38 finals and 4 tones. The Pinyin initials and

finals are listed in Table 2.2.1-1 and Table 2.2.1-2 respectively with the

corresponding International Phonetic Alphabet (IPA) in square brackets.

54



CHAPTER 2 BACKGROUND OF MODERN STANDARD CHINESE
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In the Pinyin system tones 1-4 are marked by putting tone marks " ~,
“, 7, " over the nucleus vowel and the neutral tone is left unmarked.
For typing convenience, each tone is marked in this thesis by means of
a superscript tone number, and "0" is used for the neutral tone. Note

that henceforth, Pinyin transcriptions are placed in slants / /, and IPA

in square brackets [ ].

Table 2.2.1-2 Table of Chinese finals in Pinyin in with the corresponding IPA
in square brackets.

ian [i=n] [uan]
Nasal en [en] | in [In] uen [uan] | Gn [yn]
finals ang [an]l] iang [iap] | uvang [uag]
eng ([9an]]| ing [In] ueng [uen]
ong [up]| iong [yn]

3. Pinyin is a quasi-phonemic system. The rules governing Pinyin spelling
are:

a. Pinyin /i/ is used for the following three sounds in different

environments: [1] when the initial is one of the dentals / c-, s-, z-/;

[1] when the initial is one of the retroflexes / ch-, sh-, zh-, r-/; and

[1] in other cases.
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b. [d] is written as /er/ when it functions as a final and as /r/ when it
functions as a suffix.

c. [€] is written as /&/ when it occurs without an initial consonant.

d. When there is no initial consonant, the finals in the i-type column
(refer to Table 2.2.1-2, page 56) are written as /yi, ya, ye, yao, you,
yan, yin, yang, ying, yong/, the finals in the u-type column as /wu,
wa, wo, wai, wei, wan, wen, wang, weng/, and in the ii-type column
as /yu, yue, yuan, yur/. fii/ is written as /u/ when preceded by one
of /j, q, x/. The rules can be summarized as: (1) when there is no
initial consonant, substitute the medial /i/ of the i-type finals by /y/
and the medial /u/ of the u-type finals by /w/ respectively (e.g. "ia"
— /ya/ and "uai" — /wai/) but add a /y/ to finals /i, in, ing/ and a /w/
to final /u/ where the /i/ and /u/ act as the nuclei (e.g. "in" — /yin/
and "u" — /wu/) ; (2) when there is no initial consonant, add a /y/
to all the ii-type finals (e.g. "tie" — /yiie/); (3) substitute the /ii/ of
the ii-type finals by /u/ when the finals are preceded by one of /j,
q, X/ (e.g. "ji" — /ju)).

e. /iou, uei, uen/ are written as /iu, ui, un/ when preceded by an initial

consonant.

2.2.2 Syllabic structure and phonological constraints
Relatively simple syllabic structure has been mentioned as one of the
characteristic features of Chinese. According to the traditional Chinese phonological

approach, the Chinese syllable may be analyzed into three constituents:
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1. The initial: maximally a single consonant at syllable-initial;

2. The final: the remainder of a vocalized component with or

without a nasal ending;

3. The tone: a prosodic pattern carried by the voiced part of the

syllable.

A specific feature of this approach is that the highly coarticulated, vocalized,
syllable internal clusters are treated as unit "finals" rather than as a general pattern
of phoneme distribution. Finals can be further divided into medial, nucleus, and
ending. The medial is a vowel glide into the nucleus, and is always a high vowel
(/i, u, 1/). The nucleus is one of the vowels /a, o, e, i, u, ii/. And the ending is
either vocalic (/-i/ or /-u/) or consonantal (/n/, or /ng/). Each Chinese syllable may
therefore be analyzed as a sequence of (initial) + (medial) + nucleus + (ending) +
tone, where the parentheses indicate that the items inside are optional. Examples

arc:

syllable initial medial nucleus ending tone
yi (one) y i 1
gu  (bone) 4 u 2
leng (cold) 1 e ng 3
huai (bad) h u a i 4

It is apparent that the initial, medial, and ending do not necessarily occur in
a syllable, but the nucleus and tone are essential. This is a basic formatting rule for
Chinese syllables.

There are a total of 22 initial consonants, including zero consonant, and 38

finals in Chinese. The structure of Chinese syllables may be summarized as in
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Figure 2.2.2-1.
Chinese Syllable:
Tone
Initial Final
Medial| Nucleus Ending
Vocalic |Consonantal
ending ending
@
syllable
/\
segment tone
(initial) final 1234
—_— T
(medial) nucleus (ending)

b -i- a i -n

p -u- o -u  -ng

m -y- e

f i

u

y
(total 22)

®)

Figure 2.2.2-1 Chinese citation syllable constituents
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The phonotactic distribution of Chinese initials and finals is very

symmetrical and systematic as shown in Table 2.2.2-1, in which the initial

Table 2.2.2-1 Phonotactic constraints between Chinese initials and finals

| Bilabial /b,p,m/
l Labiodental /£/
Alveolar /d4,t/
/n,1/
Palatal /j,q,x/
Velar /g,k,h/
Retroflex /zh,ch,sh,r/

Dental /z,c,s/

[zeso

Note: where "+" indicates the initials can go with the finals

consonants are grouped according to the place of articulation and the finals are
grouped according to the nature of the medials. The distribution of finals in the
same group in regard to the preceding initial consonants are roughly the same. The
rules which govern the arrangement of initial consonants and finals can be
summarized as follows:
1. Bilabials /b, p, m/ and alveolars /d, t/ can occur with 0-type, i-type, and
u-type finals but not with ii-type finals.

2. Labiodental /f/, velars /g, k, h/, dentals /s, z, ¢/, and retroflexes /sh, zh,
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ch, r/ can occur with O-type and u-type finals but not with i-type and ii-
type finals.
3. In contradistinction to the case 2 above, palatals /j, q, x/ can only occur
with i-type and ii-type finals but not with O-type and u-type finals.
4. Alveolars /n, I/ can occur with any group of finals. All finals can occur
with zero initial.
The above four rules are a broad outline of the initial-final distribution.
There are some combinations which could be expected to occur which do not exist
in Chinese, such as combination /lua/. Moreover, the actual syllables in existence
depend not only on the initial-final combination constraints but also on the possible
occurrence of tonal patterns. For example, the /ri/ combination only appears with
tone four. Therefore, there are roughly 400 possible initial-final combinations from

which about 1,200 tonal syllables are formed.

2.2.3 Phonetic description

This section only gives an overview of the Chinese sound system. The
detailed acoustic-phonetic description is presented in the chapter 4.
Initial consonants

The classification of initial consonants according to their voicing, aspiration,
and manner and place of articulation is shown in Table 2.2.1-1. It shows that the
most striking feature of Chinese initial consonants is the overall occurrence of the
opposition aspirated versus non-aspirated on the one hand, and the almost total lack
of the opposition voiced versus unvoiced on the other haﬁd. This feature is just the

opposite of the corresponding situation in English. The two initial consonants /sh/
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and /1/ are the sole pair distinguished by voicing. The absence or presence of
aspiration is a distinctive feature which identifies the pairs of homo-organic plosives
(/b, p/, /d, t/, and /g, k/) and affricates (/z, c/, /sh, ch/, and /j, q/) as separate
phonemes. There are no aspirated fricatives, laterals, or nasals, and the respective
consonants do not pattern in pairs, except for the above mentioned /sh/ and /1/.
Finals

Chinese finals may be grouped into simple, complex and nasal finals in
terms of their phonetic makeups, or classified into four groups: O-type, i-type, u-
type, and ii-type in terms of the nature of the medials (refer to Table 2.2.1-2, page
56). The medials of the O-type, i-type, u-type, and ii-type types of finals are zero,
i/, v/, and /ii/ respectively. As mentioned in section 2.2.2, the same types of finals
have roughly the same distribution pattern in regard to the preceding initial
consonant.

There are eight simple finals /a, o, e, i, u, ii, & er/ which represent ten
simple vowels since the final /i/ has three variants: [i], [1], and []] as mentioned in
section 2.2.1. The three sounds are in complementary distribution: [1] and [|] occur
only after apical fricatives and affricates and are characterized by the tongue
positions of these consonants, i.e. both are homorganic with the preceding
consonant. The mid central retroflex /er/ and the mid front plain /&/ occur only
without an initial. The ten Chinese simple vowels are listed in Table 2.2.3-1
according to their vowel height, degree of backness, and degree of lip rounding.

Chinese complex finals are diphthongs and triphthongs. They are complex
vowels, not combinations of individual simple vowels. They are produced by the

shape of the oral cavity smoothly shifting in the general direction of the vowel
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Table 2.2.3-1 Chinese simple vowels with the IPA in square brackets

Front Central Back

un- rounded - un- rounded
rounded rounded
plain i [1] i [yl u [u]
High
retro -i [1] -i Nl
-flex
plain & [e] e [7v] o [>]
Mid
retro er [
-flex
a [a]
Low |plain
L=

sounds concerned, but not necessarily starting from, crossing through or reaching
the target position of these sounds. The diphthongs fall into falling and rising types.
There are four falling diphthongs /ai, ei, ao, ou/ and five rising diphthongs /ua, uo,
iie, ia, ie/ in Chinese. A falling diphthong has its first element as the prominent
element, i.e. with greater intensity and longer duration, and a rising diphthong has
its second element as the prominent one. There are four triphthongs /iao, iou, uai,
uei/. The middle elements of fiou/ and /uei/ are unstable, i.e. /iouw/ and /uei/
commonly sound either like diphthongs or triphthongs. However, this variability is
somewhat restricted when the finals occur without an initial: /iou/ and /uei/ then
appear in a more uniform shape of triphthongs.

The complex character of Chinese complex finals is also reflected in their
duration as compared with that of simple vowels. Generally speaking, although
diphthongs and triphthongs have slightly greater duration than simple vowels, this

is much smaller than the combination of the durations of their components
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occurring as simple vowels. Length is not a phonemically distinctive feature in
Chinese, since there is no opposition of long versus short between either simple or
complex finals.

Nasal finals are formed by a single vowel or a diphthong followed by a
nasal consonantal ending. The two nasal consonants /-n/ ([n] produced in the
alveolar position) and /-ng/ ([n] produced in the velar position) are the only two
consonants which can occur at the end of a syllable. Both the nasals cause a slight
nasalization of the preceding vowel sound, and the position of the preceding vowel
sound is influenced by the given nasal.

When finals occur without an initial, the onset is either zero (the transition
from silence to sound is breathed), a glottal release (the vowel is preceded by a
closure of glottis and released plosively), or a semivowel (the vowel is preceded by
a semiclosure in the palatal position [j-] or in the bilabial position [w-]). None of
these three onset features is phonemically distinctive. The semivowel components
occur with the i-type, u-type, and ii-type finals. [j-] (/y-/) precedes all i-type and ii-
type finals, and [w-] (/w-/) precedes all u-type finals. All other finals have zero or
glottal release onset. The preceding glottal release occurs more frequently in slowly
and carefully produced speech.

"er-coloured” finals

The sound /er/, under certain conditions, clusters with the preceding syllable
to distinguish lexical meaning (e.g. yar® (eye) vs. yanr’ (small hole)), part of speech
(e.g. jian' (sharp) adj. vs. jianr' (tip) noun), and to form a pet name. This
phenomenon is called 'retroflex modification’ and the modified finals are called er-

coloured finals. Unlike the r-coloured vowels in American English, the retroflexion
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of a Chinese er-coloured final occurs through out the whole final, which results in
a new retroflex final rather than just adding a retroflex tail (Wang and He, 1985).
The phenomenon of retroflex modification is not purely phonemic, since the

conditions are morphological.

2.2.4 Tonal system

Chinese is a tone language. As defined by Pike (1948), a tone language has
lexically significant, contrastive, but relative pitch on each syllable. The contrastive
function of fundamental frequency (F,) at word level is called tone. In Chinese the
domain of contrastive tonal patterns is a syllable. There are four lexical tones in
standard Chinese, three of which involve gliding movements. Tones of this kind are
called contour tones. The tonal pattern carried by the voiced part of the syllable
differentiates syllables identical in segmental structure. The constituent of tone is
just as essential as the initial and final in the formation of Chinese syllables.
The four lexical tones

A tonal pattern has three salient acoustic dimensions: fundamental frequency
(Fy), duration, and intensity, of which the F, (perceived as relative pitch) pattern is
the most important factor for identification of a Chinese tone. The subjective pitch
shapes which correspond to the four lexical tones in citation forms, i.e. when they

appear in isolation, can be concisely described as follows:

Tone Description Pitch Graph  Example Gloss
1 High level 55: n ma' mother
2 Rising 35: 1 ma? hemp
3 Dipping 214: v ma® horse
4 Falling 51: N ma* scold
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where the notional pitch values and the graphs are in a normalized five-grade
notation proposed by Chao (1930) which is a convenient system to describe Chinese
tonal patterns. In the notation system ( as illustrated in Figure 2.2.4-1), the tonal

contours are represented schematically by ’time-varying pitch graphs’ attached to

T1(55)

N W A~ O

T4(51)

Figure 2.2.4-1 Normalized five-grade pitch notation

the left of a vertical reference line, which indicates the normal tonal variation range
(tonal register) of a speaker’s voice, and is equally divided into four intervals by
five points. The resultant five points 1, 2, 3, 4, 5 correspond to low, mid-low, mid,
mid-high, and high pitch levels respectively. Then the tonal contours can be
represented graphically by the simplified pitch curves beside the ruler. It is in this
way that the tonal graphic symbols have been formed. Each of the graphic symbols
consists of a reference pitch range line to the right, preceded by a line indicating
the pitch of the tone. The digital sequence indicates the pitch values at the start
point, turning point (for tone 3 only), and ending point of the tone. Thus tone 1 is

a high-level tone remaining at pitch level 5. Tone 2 is a rising tone, going from
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pitch level 3 to pitch level 5. Tone 3 begins falling from pitch level 2 to the lowest
possible level and then rises to pitch level 4. Tone 4 falls from pitch level 5 all the
way to pitch level 1. The advantage of using this notation is that the differences in
individual pitch ranges can be discounted.

The tones differ not only in pitch pattern but also in duration. When tones
in citation form, tone-3 has the greatest duration, tone-4 has statistically the shortest
duration, while tone-1 and tone-2 are intermediate in duration between tone-3 and
tone-4 (Woo, 1969; Howie, 1976; Luo and Wang, 1981; and Leather, 1988).
Tone sandhi

It is a characteristic of many tone languages that the phonetic realization of
a particular tone depends heavily upon the tones occurring in neighbouring
syllables. Either the occurrence of tone on a syllable or its phonetic realization may
be influenced by the tonal environment. This phenomenon is known as "tone
sandhi”. There are many ways in which tone sandhi may operate. For example, in
Chinese a dipping tone is realized as a rising tone when followed by another
dipping tone, and a falling tone is realized as a half falling when followed by
another falling tone. The formulation is given by:

T3-->T2/__T3 (224-1)
T4 --> half T4/ _ T4 . (2.2.4-2)

So in Chinese both the tonal pattern (the former case) and the tonal shape
(the latter case) can be affected by the neighbouring tone. In the present study, tone
sandhi will refer to the case of changing tonal pattern only, while changes in tonal
shapes are dealt with as tonal variations since they are partly caused by lexical

prominence distribution. Under this definition, there is only one tone sandhi rule
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expressed by formula (2.2.4-1). In Chinese the domain of the sandhi pattern appears
to be conditioned by syntactic boundaries and speech tempo (Wang, 1967).
Neutral tone

In addition to the four lexical tones, Chinese has a special kind of neutral
tone (or light tone) which also expresses lexical and grammatical distinctions, such
as: da'y® (careless) vs. da'yi‘ (summary), and cheng’li’ (in the city) vs. cheng?li’
(downtown). Neutral tone is characterized by shortening of the duration (about half
the length of a tonic syllable) but its intensity level is not necessarily lower than
normal (Lin and Yan, 1980). The pitch realization of neutral tone entirely depends
on the preceding tone. In the five-grade notation, the pitch value of neutral tone can
be denoted as: low-mid (value "2") after high level tone, mid (value "3") after
rising tone, high-mid (value "4") after dipping tone, and low (value "1") after
falling tone (Chao, 1968). The syllable with neutral tone also exhibits changes in

quality, such as vowel reduction and missing ending etc. (Lin and Yan, 1989).
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CHAPTER 3

OUTLINE OF THE CHINESE SYNTHESIS-BY-RULE SYSTEM

3.1 Overview of the system

A complete speech synthesis-by-rule system usually consists of a rule system
and a speech synthesizer. The function of the rule system is to relate the linguistic
content of an utterance to a suitable parametric acoustic description. Then the
synthesizer completes the conversion from the parametric description to a speech
waveform.

There are many levels at which the rules can operate. At the lowest
acoustic-phonetic level, rules calculate the control parameters of the synthesizer
from a detailed phonetic description. Above this level are the prosodic rules which
interpret the specification of prosodic features in the form of duration, pitch and
loudness for individual phonetic elements, and rules governing the choice of
particular allophones of phonetic units of the language. At a higher level still is the
conversion from either conventional text or semantic concepts into a phonemic
description, with ancillary information (such as markers of syntactic boundaries,
tonal marks).

A schematic overview, with chapter pointers, of the Chinese speech
synthesis-by-rule system presented in this thesis is provided in Figure 3.1-1. The
components previously in existence in the SYNCON/LSI synthesis system are
marked as shaded blocks. Figure 3.1-2 illustrates the detailed output from each
block in Figure 3.1-1 by an example of synthesizing the word guo’jia’ ’country’

from the text.
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Text

Pinyin text

See chapter 6 for Applg Phon_°|°9|ca|
details and Phonetic Rules
demisyllable
string
See sections syntactic Demisyllable etlgrtnetgt
4}2(;3 dS;;Si.lZs.l indicators cht|onary conversion
element string
with temporal pattern
See chapter 5 for .
details — Apply Prosodic Rules
element string with
prosodic control parameters
See chapter 4 for Phonetic Elementy | ...
details Tables
phonetic
synthesis
by rule
synthesizer control
See chapter 3 for parameters

details

Figure 3.1-1 Schematic diagram of the Chinese speech synthesis-by-rule system
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Figure 3.1-2 An example of synthesizing the word guo’jia’ from Pinyin text.
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As shown in Figure 3.1-1, the system consists of a cascaded set of
processes. The following is a brief summary of the functional content of the
processes.

Text input representation

A standard Pinyin representation (with tonal marks) of each input sentence
is required by the system. Text can be either typed in through a conventional
keyboard or stored in an ASCII file using the standard orthography of Chinese
Pinyin system, then fed into the synthesis system. There is no length limit for input
messages. In addition to the Roman alphabet, other symbols recognized by the
system are blank spaces and punctuation marks, including commas, semicolons,
colons, double or single quotation marks, periods, question marks, and exclamation
marks.

Text to detailed phonetic description conversion

The rule system for text to detailed phonetic description, which comprises
a phonetic element string with prosodic indicators, conversion is made up by the
following three modules:

(1) A phonological/phonetic module

The function of this module is to convert Pinyin text into
demisyllable strings (demisyllable refers to Chinese initial or final).
It contains a group of orthographic/phonological rules, phonetic and
allophonic substitution rules. Syntactic information concerning word
and phrase structure, and sentence type is derived from the text and
diverted directly to the prosodic module. The full details of this

module is discussed in chapter 6.
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2) A demisyllable dictionary
Demisyllable to phonetic element conversion is based on a dictionary
look-up strategy. A demisyllable dictionary is used, which contains
sub-phonetic and temporal information for each demisyllable (see
sections 4.2.3 and 5.2.1 for details).

3) A prosodic module

The prosodic module accepts syntactic and phonetic information
from the preceding modules. The function of this module is to apply
prosodic rules at different syntactic levels and to assign duration,
fundamental frequency values, and controls of overall intensity to
each phonetic element. The demisyllable dictionary and the prosodic
module is further discussed in chapter 5.

Phonetic synthesis by rule

The phonetic synthesis by rule part is adopted from an existing English
system -- the HMS system (Holmes et al., 1964) and the language dependent
component, the phonetic tables (discussed in chapter 4), is added to it.

The HMS system has been known for some time as a system both elegant
in its simplicity and remarkable in its performance. The implementation of this
system used in the current system is SYNCON/LSI. SYNCON is a phonetic
synthesis-by-rule software package written for the BBC microcomputer to
interactively control the LSI parallel formant synthesizer (Holmes, 1986). The
existing SYNCON system and LSI synthesizer are briefly described in the following

sections.
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3.2 The LSI parallel formant speech synthesizer

The LSI speech synthesizer is a parallel formant synthesizer based on the
work done at the Joint Speech Research Unit (JSRU) over 20 years (Holmes et al.
1964). The synthesizer is often called the hardware version of the JSRU synthesizer.
A full description of the design of the synthesizer can be found in Quarmby and
Holmes’s paper (1984).

General layout

The synthesizer is implemented on a single programmable signal processing
chip (NEC upD 7720).' A simplified block diagram of the parallel formant filter

system is shown in Figure 3.2-1, and the parallel formant network is further

elaborated in Figure 3.2-2.

unvoiced unvoiced
exciation
generator excitation output
weighting
paratiel -formant filter :ﬁf;‘u?
glottat glottal network
area
voiced area
waveform excitation
stores generator voiced
glottal
pulse excilation
clampable
controt | __V | 0 lioel .. o
smoolhing LPF LPF LPF
fillers
A MS v Ae K
control signal interpreter

ii control signals

Figure 3.2-1 Block diagram of the LSI parallel formant synthesizer, after
Quarmby and Holmes (1984).
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|—e—] mixer resonator
I
—J A F— A
voiced exciiation tixed filter with lwo
excitation mix2r resonators for F, band
|

Figure 3.2-2 Parallel formant network of the LSI synthesizer, after Quarmby
and Holmes (1984).

The LSI synthesizer covers the frequency range up to 4 KHz. This limit was
chosen as a compromise, to simplify the task while including almost all voiced
energy and still maintaining the ability to distinguish reliably between voiceless
fricatives.

. The synthetic speech waveform is generated in sampled-data form at a rate
of 10,000 samples/s. The control signals are specified every 10 ms, but are
interpolated at a 1000 Hz sampling rate with the aid of low-pass filters as shown
in the lower part of Figure 3.2-1.

There are two connectors provided for linkage to a host computer, one via
which the control codes can be sent (8 bit parallel), and one for reading digitized
waveforms (12 bit parallel). The control connector is pin-compatible with the "user

port" of the BBC micro-computer.
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Excitation generation

The two forms of excitation represented on the left hand side of Figure 3.2-1
are separately generated. A pseudorandom number generator is used to create
unvoiced excitation. The voiced excitation generator uses tables describing
waveform samples associated with a single vibration cycle of the vocal folds. These
tables represent both a glottal area waveform (used for dynamic control of formant
bandwidth) and its second derivative, which provides the voiced excitation
waveform corresponding to each complete glottal pulse in human speech
production. A typical glbttal area waveform used is depicted in Figure 3.2-3. The
synthesizer has four different shapes of voiced excitation pulse available, numbered
1-4. There is provision for switching to different excitation waveforms for different
categories of speaker, such as men, women or children. The Mark/space ratio (MS)

of glottis-open to glottis-closed time is under dynamic control, but is usually held

— ~—
cycle of raised -+ cycle of
half-omplitude sine wave
sine wave

Figure 3.2-3 Typical glottal area waveform made up from sine segments, after
Holmes (1983).

at a constant value. The excitation waveforms are stored as a set of 12 sample
values which are used to synthesize a composite excitation pulse, of which the

is
duration]determined by the current value of fundamental frequency F, and MS. The
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voiced excitation generator includes a fixed filter providing a low frequency
emphasis, as described by Holmes (1983).
Excitation mixing

The five formant resonators are each provided with individual excitation
signals, generated by adding together the voiced and unvoiced excitation,
appropriately weighted. For fully voiced sounds, the voiced weighting factors are
all unity, and for completely unvoiced sounds they are zero. Between these limits,
the degree of voicing control "V" is used to calculate the weights. Figure 3.2-4
shows the factor applied to the voiced excitation for each formant as the voicing
control is varied. The lower formants are voiced more than the higher ones for
mid-range values of this control. For example, when the speech is half voiced, the

lowest formant receives only voiced excitation, the middle ones have a mixture, and

Volced—
g _% &N ‘)
23
Unveiced 0 Voicing contrel

Figure 3.2-4 Characteristics of the excitation mixing system of the LSI
synthesizer as the degree of voicing is altered, after Holmes(1983).

the highest formant is completely voiceless. Experience has shown that this methods
is extremely successful in generating voiced fricatives and stops (Holmes, 1988).

Formant resonators

The four formant resonators FN, F1, F2 and F3 are identical in structure.
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They are second-order recursive digital filters. The resonator outputs pass through
individual spectrum-shaping filters prior to summation. The synthesizer is
completed by a simple output filter, whose transfer function has one pole and one
zero.

The fourth formant modelling is very crude, the frequency location is fixed.

The latest version of the "Research” synthesizer has two alternative fixed filters for
the F4 region, numbered 1 and 2. Number 1 is appropriate for adult male speech
(fixed at 3.5 KHz), and number 2 for adult female speech (Holmes, 1986, p12).
Control parameters

The LSI synthesizer uses 12 control parameters. They are:

FN -- alow frequency resonator for controlling the spectral intensity below
the frequency of F1, particularly in the lowest resonance of nasal
consonants and nasalized vowels, in Hz;

V -- amulti-level "degree of voicing" for controlling mixed excitation. Its
value ranges from 1 (completely unvoiced ) to 63 (completely
voiced), with intermediate values being suitable for voiced fricatives
and stops;

F, -- the fundamental frequency of repetition of the model excitation pulse
shape stored in the synthesizer. It has values in the range 1 to 63
which control fundamental frequency on a logarithmic scale from
27.3 Hz to 400 Hz;

MS -- the "Mark/space” ratio, i.e. the ratio of excitation pulse duration to
the interval between pulses. Since it has only a very small effect on

speech quality, for most purposes this is left fixed at a mid-range
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value of 32;

F1, F2, F3 -- the frequencies of the first, second, and third formants,
in Hz;

Al, A2, A3 -- the amplitudes of the first, second, and third formants,
in dB;

ALF -- the low-frequency amplitude which controls the intensity of
the signal at the low-frequency end of the spectrum
(normally below the frequency of F1), in dB;

AHF -- the high frequency amplitude, i.e. of the fourth formant
region, in dB.

Special features

The LSI synthesizer has many special features, such as:

1) The separate specification of low-frequency gain (FN), independent
of the intensity of F1, offers very natural transition between voiced
consonants and adjacent vowels;

2) The stored glottal excitation pulse enables certain features of voice
quality to be achieved, which are not possible using the more usual
single impulse with minimum-phase spectral shaping for voiced
excitation;

3) The excitation synchronous modification of formant bandwidth is
incorporated in the synthesizer to model the increase in formant
bandwidth during the glottal open period. This is necessary to
prevent excessive level fluctuations, as the excitation harmonics

cross the formant peak, for F1 especially, if the bandwidth is made
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narrow enough to achieve the right degree of spectral prominence;
4) The possibility of dynamic control of glottal open/closed ratio and
use of arbitrary glottal pulse shapes;
5) And another unusual feature in a sampled-data synthesizer is the
interpolation scheme for making the F, change smoothly as the pitch

is varied.

3.3 The SYNCON synthesis control software

SYNCON is a phonetic synthesis-by-rule software package written for the
BBC microcomputer to interactively control the LSI parallel formant synthesizer.
Apart from the utilities that are very useful when developing the system, the main
function of SYNCON used in the current system is to convert the detailed
phonetic/prosodic descriptions into a succession of the 12 control parameters
required by the LSI synthesizer.
Input specification

The SYNCON system provides versatile control of F, and timing. The input
to SYNCON is a sequence of subphonetic units called "phonetic elements", each
phonetic element is associated with prosodic information which is used to specify
duration and fundamental frequency. There is also an option to vary the loudness
of each element from its default value. Their definition and specification are as
follows:

1. Phonetic element: the phonetic element is a subphonetic unit. Each

allophone of the language is specified either by one such element or

by a sequence of two or three elements. Generally, the stationary
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sounds like vowels are modelled by one phonetic element, while
non-stationary sounds like stops are represented by two or three
elements;

2. Duration: the elément duration can be specified in the range from 0
to 63 in centiseconds. Zero values can be useful for special effects,
because an element’s identity can thus be made to influence
boundary value calculations without the element itself being
synthesized;

3. Fundamental frequency: the fundamental frequency (F,) is the value

corresponding to the beginning of the specified element. The value
of F, at the end of the element is given by the F, value of the
succeeding element. The F, values over the duration of the element
are interpolated linearly between these two end values. The F, values
can range between 1 (27.3 Hz) and 63 (400 Hz). The increments
correspond to equal frequency ratios (1.0443), which means that 16
steps cause a change of one octave. On a musical scale, four steps
would correspond to three semitones;

4, Intensity: the overall "loudness” control can be specified in the range
from -10 to 10 steps. Each step causes a 2 dB decrease/increase in
the amplitudes of A1, A2, A3, and AHF, and a 1 dB change in that
of ALF.

Acoustic-phonetic rules

The acoustic-phonetic rules that are used in SYNCON are a development

from principles described by Holmes, Mattingly and Shearme (1964). The
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characteristic of the synthesis algorithm is to have a very small number of
computational procedures, driven by a large set of tables to represent the inventory
of possible allophones.

The basic idea of the table-driven method is that speech sounds can be
represented by one (such as simple vowels and continuant consonants) or a
sequence of (such as diphthongs and plosives) phonetic elements, each of the
elements may be associated with a target specification and some transition rules for
changing between targets. These target values and information relating to how
transitions between target values are calculated can be conveniently stored in the
“phonetic tables". The synthesizer control parameters can then be calculated by
table look-up and interpolation.

Table values

The acoustic-phonetic rules to be applied for each phonetic element are
defined by a set of phonetic tables each of which contains 51 parameters. Examples
are shown in Table 3.3-1.

First, each element has been given a rank number in order to indicate which
element dominates a transition between two consecutive elements. The ranks range
from 1 to 63. The ranking system gives highest rank to those elements which have
the strongest effect on determining the nature of transitions and lowest rank to
vowels.

For each of the 10 parameters (from Fn to V) the table will contain:

1. its own target value (Tgt.);

2. the proportion of the target used in deriving the boundary value

(Prop.);
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Table 3.3-1 Six phonetic element tables for the Chinese speech synthesis-by-
rule system.
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3. a fixed contribution to the boundary value (F.C.);

4. the transition duration within the high-rank element, i.e. the internal
duration (I.D.);
5. the transition duration within the low-rank element, i.e. the external

duration (E.D.).

Boundary value calculation

The dominance system, determined by the ranks, plays an important role in
the calculation of the boundary value between two adjacent elements. If the two
elements both have the same rank and the rank is greater than 31, the parameter
values jump directly from the target value of the first element to that of the second
element at the boundary between them. For two elements having the same rank
which is lower than 31, or any sequence of two elements, the earlier element in the
former case or the higher ranking one in the latter case is chosen to be the
dominant element. It is the table values of the dominant element that determine the
transitions. The only quantities used from the dominated element tables are their
target values. Suppose element-1 is the dominant one, the boundary value is
calculated by the equation:

Boundary Value = Tgt., * Prop, + F.C,; . (3.3-1)

Transition interpolation

The interpolation of transitions is carried out in two steps in SYNCON. First
the transitions at both sides of the element are separately constructed by a two-step
linear interpolation, as illustrated in Figure 3.3-1. If the transition durations are less
than the element duration, the target value is filled in for the remaining of the

frames of the element. Then the final parameter track is constructed by taking a
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weighted sum of the two component transitions over the duration of the element.
The weighting function goes linearly from 1 to O for the initial transition, and from
0 to 1 for the final transition. The result of the linear weighting function applied to
the linear transitions is to make the final components of the two transitions
parabolic. An example is shown in Figure 3.3-2.

In SYNCON all transitions of the 10 parameters are calculated and
combined by the same algorithm described above. The output of SYNCON is a

succession of one complete set of 12 control parameters once every 10 ms.

External duration

/

Boundary value

Target-2

Target-1 N
Internal
_duration

Nominal boundary between elements

1st step§ 2nd step

Transition

Figure 3.3-1 Two-step linear interpolation of transition, using the HMS algorithm.
The element-1 is assumed to be the dominant.
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Weighting function Weighting function-
for [w] transition. for [1]transitign

2000Hz [e]target [Ntransition

w] transition

1450 Hz
boundary
value

[Ntarget
950 Hz

[w}target

[, ]
—

Figure 3.3-2 Method for dealing with transitions in the SYNCON system,
after Holmes (1988).
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CHAPTER 4
ACOUSTIC CHARACTERISTICS AND SYNTHETIC REALIZATION

OF CHINESE SPEECH SOUNDS

4.1 Introduction

This chapter concerns the development of the Chinese phonetic synthesis-by-
rule system. The production of Chinese sounds and their acoustic correlates will be
briefly discussed, but the focus is put on detailed acoustic descriptions and synthetic

realizations.

4.1.1 Classification and acoustic description of speech sounds

Vowel vs. consonantal sounds

Speech sounds fall into two classes: vowel sounds and consonantal sounds.
When comparing the production of these, consonants differ from vowel sounds
mainly in two ways: (1) in sound sources, and (2) in vocal tract shaping.

The sound source for vowel sounds is always periodic, but a consonant may
be produced with a periodic sound source, an aperiodic sound source, or a
combination of periodic and aperiodic sources. Aperiodic sources of consonant
sounds are caused by constrictions in the vocal tract. The periodic sound source for
consonants is the airflow fluctuations resulting from the periodic movements of the
vocal folds, just as for vowel sounds.

The vocal tract shaping of consonants constricts the tract to a larger degree

than for vowel sounds. The constriction differences cause important general
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differences in sound pattern between consonants and vowel sounds. The openness
of the oral tract during vowel sounds gives them the general characteristic of strong,
voice-pulsed sound. In contrast the constrictedness of consonants results in their
having weaker voiced sound, aperiodic sound, or absence of sound. These different
types of sound will be discussed in detail later.

Vowel sounds and formant

Vowel sounds refer to the sounds produced by periodic vibration of the
vocal folds with an open oral cavity. They include simple vowels, diphthongs, and
triphthongs. The traditional articulatory descriptions of vowel sounds are related to
the formant frequencies. A formant is a resonance of the vocal tract. The formants
are physical properties of the vocal tract. Their acoustic correlates are the spectrum
peaks. The formants of a speech sound are numbered from low to high frequencies
and are called the first formant (F1), second formant (F2), third formant (F3), and
so on, as far as needed.

Different vocal tract shapes result in various formant patterns for different
vowel sounds, The frequency locations of the formants, especially F1 and F2, are
closely tied to the shape of the vocal tract as the lips, tongue, pharynx, and jaw
move to articulate the vowel sounds.

Consonants: a descriptive acoustic-phonetic framework

The acoustic patterns of consonant sounds are rather more complicated than
those of vowels. Many of the consonants are aperiodic and therefore have no
harmonic structure, they last on the whole a much shorter time than the vowels, the
plosives, in particular, involving very short bursts of noise; and they are often the

result of turbulent excitation noise generated at different points along the length of

92



CHAPTER 4 ACOUSTIC CHARACTERISTICS AND SYNTHETIC REALIZATION OF CHINESE SPEECH SOUNDS

the vocal tract so that the filtering effects of the tract are very complex.

The classification of consonantal sounds is usually in terms of voicing, place
and manner of articulation. Most speech sounds are made with egressive lung air.
At any point of articulation, a consonantal articulation may be voiced or voiceless
(Gimson, 1970) depending if the vocal folds vibrate or not. Place of articulation
refers to the chief points during the articulation of consonants, such as (with special
reference to the sounds of Chinese) bilabial, labiodental, dental, alveolar, retrofiex,
palatal, and velar etc. Manner of articulation is used to describe how the
obstruction was made in consonantal articulation, such as plosive, affricate, nasal,
and fricative etc. A classification of Chinese consonantal sounds is provided in
Table 2.2.1-1 (page 55).

In Chinese, most of the consonants occur at syllable-initial positions only
except for the two nasal endings. An acoustic-phonetic framework is introduced in

the present study to describe the acoustic patterns of Chinese initial consonants:

segment-1 segment-2  segment-3 segment-4 segment-5
silence burst frication aspiration transition
/voicing

In the framework all the possible acoustically distinguishable segments of
a Chinese initial consonant are listed and numbered according to the possible
occurring orders. Some segments may represent different types of features such as
segment-3. The basic features of each segment will be briefly discussed below.

Segment-1 -- silence. The silence segment occurs in plosive and affricate

consonants which are produced by a movement that completely occludes the vocal
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tract. During the occlusion there is complete silence for an unvoiced plosive or
affricate. The corresponding part in the spectrogram shows an empty section.
Though there is no acoustic energy during the silence, its presence is very important
for the perception of plosive or affricate sounds in continuous speech.

Segment-2 -- burst. This is also a segment characteristic of plosive and
affricate consonants. When the occlusion is suddenly released, a short burst of
noise-like sound occurs. The burst appears in the form of one or more very narrow
vertical strokes in the spectrogram and the stroke usually spreads across a wide
frequency range.

Segment-3 -- frication and/or voicing. Almost every consonant has either
a frication segment, a voicing segment, or voiced frication segment though the
spectral realization of it may differ according to the different voice sources, such
as aperiodic for voiceless consonants, periodic for nasals, and both aperiodic and
periodic for the voiced fricative.

For voiceless consonants, the turbulent air flow caused by a constriction in
the vocal tract shows up on the spectrogram as a random noise pattern usually
called fricative noise pattern. The fricative noise is normally predominantly
scattered over the high frequency region. The duration of the frication varies
considerably with the manner of articulation of the consonants. It is the longest for
fricatives, then affricates, and the shortest for plosives.

For the voiced initial nasals and the lateral, this segment shows a formant
pattern similar to that of vowels except having lower intensity. The acoustic pattern
of the voiced fricative has a formant pattern with random noise pattern

superimposed on it.

94



CHAPTER 4 ACOUSTIC CHARACTERISTICS AND SYNTHETIC REALIZATION OF CHINESE SPEECH SOUNDS

Segment-4 -- aspiration. This segment is characteristic of aspirated plosives
and affricates. After the release of the burst during the production of the aspirated
plosives and affricates, the vocal folds do not start to vibrate immediately but
remain open letting air-flow through. The sound source of aspiration is the turbulent
flow generated by the constriction at the vocal folds and some points along the
vocal tract. The acoustic pattern of the aspiration is characterized by random noise
and dynamic movement of the ’formants’. Since the acoustic pattern of the
aspiration is often coordinated with that of the following transition segment, the
aspiration can be assumed as a ’voiceless transition’.

Segment-5 -- transition. Most of the consonant sounds, especially plosives,
convey their quality by their effect on the adjacent vowel. When a consonant is
adjacent to a vowel, the movement in the oral cavity from the articulation position
of the consonant to that of the vowel results in rapid changes in the formant
frequencies. These rapid changes in the vowel formants adjacent to a consonant are
known as formant transitions. Though the transition mainly lies on the vowel side,
it is primarily a property of the consonant. Generally, there are three types of
formant transition: rising, falling, and straight. For initial CV transitions, a transition
is called ’rising’ or ’falling’ according to whether it originates at a frequency lower
than (rising) or higher than (falling) the steady state of the corresponding formant
of the following vowel. In forming consonant constrictions the vocal tract shape has
to change from being open to constricted at different places, causing transitions in
the formants frequencies. Thus the transitions, especially the F2 transition, are
associated with the place features of the consonants.

The transitions of a specific formant from a given consonant to a number
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of different vowels may vary both in direction and in extent. But normally we can
find a fixed frequency position -- or ’acoustic locus’ at which a transition begins
or to which it may be assumed to ’point’ (Delattre et al., 1955). So various formant
transitions can be simply described as movements from the acoustic loci to the
corresponding steady-state levels of the vowels. The term locus always relates to
a specific formant for a given consonant, such as the second-formant locus for /b/

(pD.

4.1.2 Synthesis strategies of formant synthesis-by-rule

Formant synthesis-by-rule systems have been developed in a number of
laboratories. Each rule system attempts to make appropriate generalizations and
simplifications concerning the form and content of rules for synthesis of speech.
Although synthesis strategies vary with the system, a phonetic synthesis-by-rule
system can generally be split into three parts:

* a library storing for segmental unites and their associated acoustic

variables and features;

* rules of changing these units into contextual dependent segments;

* algorithms of smoothing between the finally selected variable values.

So far the usual method of choosing rules for an acoustic-phonetic synthesis
system has required the skill of an experimental phonetician assisted by instruments
such as a spectrograph (Holmes, 1988). Phonetic theory, which specifies the normal
acoustic consequences of various articulatory events, has been widely used to
formulate initial sets of rules for subsequent improvement. Optimizing phonetic

rules is normally facilitated by synthesis-by-analysis and trial-and-error method.
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The MITalk system
The MITalk system (Allen et al., 1987) bases on a cascade/parallel formant
synthesizer (Klatt, 1980 and 1990). The phonetic component of the system accepts

input from the higher level component in the form of an array of phonetic segment

Table 4.1.2-1 Variable control parameters specified in the MITalk system,
after Allen et al. (1987).

N Symbol Name

1 AV amplitude of voicing in dB

2 AF amplitude of frication in Db

3 AH amplitude of aspiration in dB

4 AVS amplitude of sinusoidal voicing in dB
5 FO voicing fundamental frequency in Hz
6 F1 first formant frequency in Hz

7 F2 second formant frequency in Hz

8 F3 third formant frequency in HZ

9 F4 fourth formant frequency in Hz

10 FNZ nasal zero frequency in Hz

11 B1 first formant bandwidth in Hz

12 B2 second formant bandwidth in Hz

13 B3 third formant bandwidth in Hz

14 A2 second parallel formant amplitude in dB
15 A3 third parallel formant amplitude in dB
16 Ad fourth parallel formant amplitude in dB
17 AS fifth parallel formant amplitude in dB
18 A6 sixth parallel formant amplitude in dB
19 AB bypass path amplitude in dB

20 not currently used

names, and a segmental stress feature, segmental duration, and two fundamental
frequency targets for each phone, and produces output values for 20 synthesizer
control parameters (Table 4.1.2-1) every 5 msec.

The phonetic component includes a large array of target values for various
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control parameters for each of about 60 phonetic segment types. Smoothing
between target values depends on time constants computed by rule and the
parameter value assigned to the time of the segment boundary. A large number of
context-dependent rules have been formulated in order to model details of the
spectra of phonetic transitions. The general form of a rule is as follows:

variable « value / pattern
which means:"variable gets set to value in the context of pattern”. In addition to
the « operation, there are the T and | operations which mean to increase or
decrease (respectively) the value of variable by the amount value.

In the development of the system, the generalization concerning vowel
categories and the locus theory have been used to set up the initial target
parameters. The final synthesis parameters, such as formant bandwidths, amplitude
controls, and formant frequencies are determined by trial-and-error spectral
matching to a large set of natural speech sounds. The detailed procedures for
synthesis of different categories of English sounds using the system have been
given by Klatt (1980).

The KTH system

The latest KTH text-to-speech system developed in Sweden is based on a
GLOVE synthesizer (Carlson et al., 1990) which is an extended version of the
classical OVE III cascade formant synthesizer (Liljencrants, 1968). The rules of the
KTH system are written in a special high-level programming language to facilitate
writing rule system for a variety of languages (Carlson and Granstrom, 1976;
Carlson et al., 1981).

The language was designed to conform as closely as possible to phonetic
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and linguistic terminology. The format of the rules used in the system is closely
parallel with the one used in generative phonology. The basic structure of the rules
is

X->Y/A&B
which means "the structural description X changes to Y in the context ’A B’ ".

The rules work on string elements defined by the user. The definition can
include a specification of distinctive features and variables associated with a string
character. It is possible to operate rules on both variables and linguistic features
associated with string elements.

In the system development, programs have been written to compare the
result of the rules with a computerized pronunciation dictionary of frequency-
ordered word. The errors are listed along with statistics on error frequency and error
type. The parameters can be interactively manipulated with on-screen reference to
natural speech, using the possibility to overlay a spectrogram of natural speech on
the speech synthesis parameter traces.

The JSRU system

Different from the above two synthesis-by-rule systems, the JSRU synthesis-
by-rule system is characterized by having a very small number of computational
procedures, driven by a large set of tables to represent the inventory of possible
allophones (Holmes et al., 1964). The detailed strategies of using the JSRU system
for English synthesis are discussed by Holmes (1988). The following section 4.2
concerns the strategy for developing phonetic-to-parametric rules and summarises
the form and content of individual rules for control parameter specification while

using the JSRU system to synthesize Chinese speech sounds.
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4.2 Framework for the establishment of the Chinese phonetic tables
4.2.1 The Chinese syllable database

A basic component of a synthesis system is the information concerning the
segmental features of all sounds in the language. In the current system, the
information is stored in a set of phonetic tables (Appendix A). The first step in
preparation of such a phonetic table database is to obtain a natural speech database
for guidance because experience has shown that not all synthesis control parameters
can be deduced from theoretical considerations.

The Chinese syllable database (CSD), from which the segmental properties
are derived, comprises all 1265 possible syllables in Chinese (complete set of 409
segmental syllables, each in all of its occurring tones). For recording convenience,
the syllables were randomly divided into 51 lists (see Appendix B). Each list
contains 25 syllables except for the S1st which has only 15 syllables. High quality
PCM recordings were made by a single native male speaker (PCT). The syllables
were uttered in isolation with a 5 second interval between each. The PCM
recordings were 5 KHz low-pass filtered, digitised at 12.8 kHz sampling rate via
an OROS AI Adaptor and saved as computer files in which every syllable token

was manually labelled.

4.2.2 Methods of acoustic analysis
Spectrogram

A spectrogram is a plot of frequency versus time in which blackness
represents the energy present within a specified bandwidth. It is a very useful

method for visualizing general acoustic characteristics and provides a three

100



CHAPTER 4 ACOUSTIC CHARACTERISTICS AND SYNTHETIC REALIZATION OF CHINESE SPEECH SOUNDS

dimensional graphic display of the basic physical attributes of sound: frequency,
time, and intensity. The principal virtue of a spectrographic display of such
frequency-time-intensity patterns is that it captures the dynamic aspect of running
speech with its moving formants and its shifting harmonic structure.

In this thesis, all the spectrograms are obtained from a laser printer by a
SPAR software program "Ispect” based on a MASSCOMP computer. The analysis
method used is fast fourier transform (FFT). The analysis bandwidth, intensity
display range, and display duration are user definable. In this chapter, all the
spectrograms were produced by setting the analysis bandwidth as 200 Hz in order
to produce "wide bandwidth" spectrograms for better frequency resolution. The
intensity display range was fixed at 50 dB for easy comparison. The natural speech
was "pre-emphasized”, i.e. lifting the spectrum by 6 dB/Octave in the region higher
than 100 Hz, in order to show up the formant pattern more clearly in the high
frequency region. But spectrograms of synthetic speech were done without any pre-
processing in order to show a non-distorted formant amplitude pattern.

Figure 4.2.2-1 (page 158) is an example of the spectrogram of /bian'/
([pizn]). A time scale is shown along the bottom of the picture, and the vertical
scale shows the frequencies in Hz. The relative intensity of each component
frequency is shown by the darkness of the mark, consequently the formants show
up as dark horizontal bars.

The JSRU formant tracker

The JSRU formant tracker is a software package to produce synthesizer
control parameters in the LSI format from a speech waveform (Seeviour et al.,

1976; Holmes, 1978; and Dupree, 1984). It is a program based on an "analysis-by-
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synthesis" technique. The characteristic of this system is that a model of the
synthesis process is incorporated into the analyzer, and its controls are adjusted to
give the best copy of the input according to a suitable error criterion, related to
some extent to perceptually significant features of the acoustic signal.

The analysis procedure is as follows. First, the power spectra are derived by
larynx-synchronous analysis for voiced sounds and by appropriate time averaging
for unvoiced sounds. Then each power spectrum is matched, trying several different
allocations of formants to the spectral peaks. An analysis-by-synthesis procedure
interactively updates the formant frequencies and amplitudes for each allocation.
The final choice from these formant parameters is made every 10 ms, and depends
on both the spectral match and speech-like constraints.

The 12 synthesizer control parameters can then be plotted as parameter
tracks (Figure 4.2.2-2, page 159) and listed out (Table 4.2.2-1) using SYNCON, or
displayed in graphical form as shown in Figure 4.2.2-3 (page 160) by using a
display program (Ds) on the MASSCOMP. In Figure 4.2.2-3, the formants are
plotted as horizontal bars, the vertical widths of which indicate the amplitudes of
the formants. Voicing/voicelessness is indicated by solid/dotted lines. The lowest
trace is the fundamental frequency contour display on a linear scale. The parameters
FN, ALF, MS, and V are not shown in the figure.

Spectral sections

In addition to being able to see indications of the positions and course of the
formants in time, as in the spectrogram or the synthesizer control parameters
displays, we also want to be able to examine the individual components of the

spectrum at points of interest. For this purpose a spectral section display is very
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Table 4.2.2-1 List of the 12 synthesizer control parameter values of /bian'/
generated by the JSRU formant tracker.

Frame FN FN ALFF1 F1 A1 F2 F2 A2 F3 PF3 A3 AHF V FO FO0O MS
No. Q Hz dB Q Hz dB Q Hz dB Q Hz dB dB Q Q Hz Q
6 32 250 1 19 575 1 18 1400 1 23 2450 1 1 1 36 124 32
7 32 250 1 19 S75 1 18 1400 1 23 2450 1 1 1 36 124 32
8 32 250 1 19 575 1 18 1400 1 23 2450 1 1 1 36 124 32
9 32 250 1 16 500 1 16 1300 1 24 2500 1 1 1 47 200 32
10 32 250 1 16 500 1 16 1300 1 24 2500 1 1 1 44 176 32

11 32 250 44 12 400 23 16 1300 30 13 1950 29 27 63 44 176 32
12 32 250 44 12 400 23 16 1300 30 13 1950 29 27 63 44 176 32
13 32 250 44 11 375 45 33 2150 53 24 2500 49 49 63 44 176 32
14 32 250 46 10 350 46 34 2200 SO 26 2600 46 47 63 43 168 32
15 32 250 48 10 350 46 34 2200 S50 29 2750 42 48 63 43 168 32

16 32 250 44 10 350 45 34 2200 48 28 2700 44 49 63 43 168 32
17 32 250 44 10 350 45 34 2200 47 31 2850 39 44 63 43 168 32
18 32 250 44 10 350 45 36 2300 45 30 2800 39 39 63 43 168 32
19 32 250 44 11 375 45 34 2200 43 34 3000 33 37 63 43 168 32
20 '32 250 44 11 375 46 36 2300 46 31 2850 37 44 63 43 168 32

21 32 250 42 12 400 43 36 2300 46 29 2750 41 46 63 43 168 32
22 32 250 38 13 425 41 34 2200 46 28 2700 37 45 63 43 168 32
23 32 250 40 11 375 40 34 2200 48 25 2550 42 44 63 43 168 32
24 32 250 38 13 425 41 34 2200 49 28 2700 41 41 63 43 168 32
25 32 250 42 16 500 39 34 2200 S1 26 2600 45 44 63 43 168 32

26 32 250 44 16 S00 40 33 2150 51 26 2600 46 44 63 43 168 32
27 32 250 42 16 500 44 33 2150 51 26 2600 45 41 63 43 168 32
28 32 250 44 17 525 46 31 2050 50 26 2600 46 43 63 43 168 32
29 32 250 42 18 550 44 31 2050 49 28 2700 45 42 63 42 161 32
30 32 250 44 17 525 42 31 2050 S1 26 2600 47 45 63 42 161 32

31 32 250 46 18 550 41 30 2000 49 24 2500 48 34 63 42 161 32
32 32 250 44 20 600 42 28 1900 49 25 2550 50 40 63 42 161 32
33 32 250 46 20 600 43 28 1900 51 25 2550 51 42 63 42 161 32
34 32 250 46 22 650 43 28 1900 51 25 2550 St 43 63 42 161 32
35 32 250 48 22 650 44 28 1900 52 25 2550 51 42 63 42 161 32

36 32 250 44 20 600 41 28 1900 47 25 2550 48 43 63 42 161 32
37 32 250 46 20 600 39 27 1850 46 26 2600 45 34 63 42 161 32
38 32 250 46 20 600 37 27 1850 46 26 2600 42 34 63 42 161 32
39 32 250 44 20 600 32 27 1850 42 28 2700 37 32 63 42 161 32
40 32 250 36 8 300 33 27 1850 31 30 2800 22 22 63 42 161 32

41 32 250 36 8 300 34 25 1750 24 22 2400 16 14 63 42 161 32
42 32 250 34 10 350 33 27 1850 17 23 2450 15 13 63 43 168 32
43 32 250 36 10 350 30 25 1750 17 26 2600 14 8 63 43 168 32
44 32 250 34 8 300 31 25 1750 13 28 2700 14 7 63 42 161 32
45 32 250 32 8 300 25 25 1750 14 28 2700 10 7 63 42 161 32

46 32 250 32 8 300 15 27 1850 5 30 2800 11 6 63 42 161 32
47 32 250-30 8 300 18 28 1900 6 3i 2850 1 2 63 42 161 32
48 32 250 30 26 750 1 24 1700 1 19 2250 1 1 63 42 161 32
49 32 250 18 8 300 17 30 2000 8 22 2400 10 2 63 42 161 32
50 32 250 18 10 350 18 27 1850 1 19 2250 12 1 63 42 161 32

103



CHAPTER 4 ACOUSTIC CHARACTERISTICS AND SYNTHETIC REALIZATION OF CHINESE SPEECH SOUNDS

useful.

A spectral section is a detailed plot of spectral data at a selected time point
along the speech waveform. It gives a picture of the distribution of energy along
with the frequency. In Figure 4.2.2-4 (page 161) there are four spectral sections in
which the spectrum components, at the points "b, i, a, n", are plotted on a linear
scale of frequency versus amplitude in dB. The spectral data is produced by fourier
transform on selected windows of a spectrographic analysis. A Hamming window
is used for the analysis. The analysis window size and overlap can be selected as

desired.

4.2.3 Strategies of imitating Chinese speech sounds
This section provides general strategies and detailed procedures for the
synthesis of Chinese speech sounds using the current system.

General procedures

When developing the current system, the general procedure for modelling
Chinese speech sounds, as shown in Figure 4.2.3-1 (page 162), is as follows:

* first the preliminary sets of phonetic table parameters were derived from the
JSRU formant-analyzed data, guided by phonetic knowledge;

* further modifications of the table parameters have been carried out by
means of spectrographic and perceptual comparisons between the original
natural speech and the synthetic output generated by rules;

The parameters can be interactively manipulated with on-screen reference
to the formant tracked data, using software developed by the author to overlay an

analyzed trace of natural speech onto the speech synthesis parameter trace produced
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by rules. The techniques used are mostly of the "analysis-by-synthesis" type, with
a human interpreting of differences between natural and synthetic speech in the
feedback loop. One important point is that a "good" synthetic waveform may be not
necessarily a exact copy of the original signal when looked at spectrographically,
but should, however, be perceived by the listener to be the same. Because it is
impossible to copy every details of the natural speech due to the limitation of the
synthesizer (e.g. lack of control of bandwidth, fixed frequency range), synthesizing
speech by a rule system has to make some compromises.

Generating phonetic tables

Choosing the preliminary sets of control parameters for the LSI parallel
synthesizer consists of the following steps:

(1)  determining how many phonetic elements are needed to generate a
particular sound; then for each phonetic element;

2) assigning a rank number;

A3) selecting target values of formant frequencies and amplitudes;

(4)  constructing different types of formant transitions by setting
appropriate proportion value (Prop.), fixed contribution (F.C.),
internal duration (I.D.) and external duration (E.D.).

The following gives a detailed break-down of the processes.

Step 1: determining phonetic elements

The number of phonetic elements needed to synthesize a sound depends on
the type of the sound. Generally, the stationary sounds like vowels and fricatives
are modelled by one single phonetic element, whereas non-stationary sounds like

diphthongs and plosives are synthesized by two or more phonetic elements. It is
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also at this stage that the temporal structures of the phonetic elements are
constructed (this will be discussed in detail in chapter 5). Table 4.2.3-1 (page 107)
and Table 4.2.3-2 (page 110) are the lists of the phonetic elements for finals and
initials respectively.

In Table 4.2.3-1 (page 107), each row lists out the phonetic elements for a
particular final, each phonetic element is specified by (1) the name of the element,
(2) durational proportion (D.P.), and (3) the degree of overall loudness modification
(Lou.).

Name: the name itself is just a symbol to connect the speech segment with
its acoustic specifications stored in the phonetic table under that name.

Durational proportion: temporal information concerning finals is provided
by assigning to each phonetic element a value proportional to the total length of the
final in order to allow a rule-based duration assignment scheme to operate at the
prosodic control level. The absolute duration value of the phonetic element for the
final is then obtained by multiplying its proportional value by the total durations of
the final, which is subject to variation under different contextual constraints and
controlled by prosodic rules.

Loudness modification: the overall loudness modification is found to be
useful to improve the naturalness of sounds, especially at the end of some finals.

It can be seen from Table 4.2.3-1 that most of the simple vowels are
modelled by a single phonetic element (the extra element for loudness control is not
counted) except for /er/ ([07) and /ii/ ([y]) which is generated by two phonetic
elements in order to model the diphthongal characteristics of these two sounds.

Most of the diphthongs are modelled by two phonetic elements and triphthongs by
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three or four phonetic elements. Nasal finals are modelled by two or three phonetic
elements in which one or two are for the nasal portion of the final.

The format of Table 4.2.3-2 ( page 110, for initials) is different from that
of Table 4.2.3-1 (pages 107 & 108) for finals) in the following two aspects: (1) two
allophonic variants have been used for those initial consonants, especially for
velars, which exhibit a duality of acoustic structure reflecting the relative shift in
place of articulation preceding front and back vowels. Those indicated by a
subscripted "1" are used before theu-type finals, i.e. the finals which begin with a
high back rounded vowel (or medial) /u/ ([u]), except for the "1," which is used
before the finals beginning with one of the high vowels /i, u, ii/ ([i, u, y]); (2) the
duration of the phonetic elements which constitute an initial are specified by their
inherent absolute durations in centiseconds.

The number of phonetic elements needed to form a consonantal sound is
roughly the same as the number of the phonetic segments of that sound. Non-
aspirated plosives /b, d, g/ ([p, t, k]) are modelled by two elements, one corresponds
to the silence and one to the burst of the plosives. Aspirated plosives /p, t, k/ ([p*
t‘, k‘]) are modelled by three elements. The third element corresponds to the
aspirated portion of the sound. Fricatives, nasals, and the lateral are normally
formed by one single element except for some of the fricatives which need an extra
element for loudness control at the beginning of the sound. Non-aspirated affricates
are modelled by two elements and aspirated affricates are formed by three phonetic

elements.
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Table 4.2.3-2 List of phonetic elements of Chinese initials

“ INITIAL | VARIANT PHONETIC ELEMENTS
Name Dur. Lou. | Name Dur. Lou. Name Dur. Lou.
|| b - BO 11 Bl 1 H
|| d - DO 10 D1 1 H
g GO 10 Gl 2 "
g; GO 10 G2 2
P ~ PO 9 Pl 1 P2 8
t t TO 8 T1 1 T2 9 ﬂ
t, TO 8 T1 1 T3S 9
k k KO 8 K1 4 K2 5
k, KO0 8 K3 4 K4 5
n £ - r 13
s - S 4 -5 S 14
II sh ~ SH 4 -5 SH 11
Il - 4 -3 X 15
I h h H 12
h, H1 12
r - R 10
z z z3 8 z4 8
z, z3 8 z5 6
zh zh z0 8 zZl 4
zh, z0 8 22 5
- Jo 6 Ji 2 J2 6
c - co 8 Cl 3 c2 13
ch - Cc3 8 c4 5 C5 9
q - Q0 8 Q1 1 Q2 15
m m M 10
M1l 10
n n N 10
|| n, NO 10
‘I 1 1 L9
1, Ll 9
L v - | -
Lv- - L 7
Notes: "Dur." -- Duration in centisesond
"Lou." -- Overall Loudness control
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Step 2: assigning ranking number

Once the number of phonetic elements is decided, the next step is to assign
a ranking number for each phonetic element. Generally, the elements which
constitute an initial have been assigned a ranking number higher than 31, and the
elements which form a vowel sound have a ranking number lower than 10. By this
arrangement, at the consonant/vowel and vowel/consonant boundaries, it is always
the consonant which dominates the transition, but within each consonant, elements
have no effect on each other if they have the same rank.

Table 4.2.3-3 gives an overview of the rank values for all the phonetic
elements used in the current system. Elements on the same row have the same

rank,rows are in order of decreasing rank. It can be seen that the three special

Table 4.2.3-3 Ranking values of phonetic elements

Silence

Plosive & TO T1 T2 T3 20 23
Affricate 61 c4 PO P1
60 C2 C5 J2 Q2 =zl 22 z4 25
Nasal & 42 N5 N
Lateral 40 L L1 M NG Ng NO N1 N2 N4 N6
Fricative 35 F H H1 R 8 SH X

Semi-vowel
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elements (Q*, QQ, Q) which are used to generate silent intervals have the highest
rank. The elements which constitute plosives and affricates have a rank between 60
and 62. The elements of nasals and the lateral have a rank around 40. The elements
of fricatives have been given a rank of 35. Semi-vowels have a rank of 4 and
vowels have a rank between 2 and 3.

Step 3: selecting target values of formant frequencies and amplitudes

Various methods were used to assist in choosing the parameters. First
estimates of formant frequencies and formant amplitudes were derived from the
JSRU formant tracking parameters or from spectrograms. Normally, it is
comparatively simple to find the major peaks in the spectrum of a voiced sound,
and, in general, these peaks can be well represented by the formants available in
the synthesizer. However, there are frequent occasions when the number of peaks
does not correspond to the number of formant generators, possibly because two
formants are close enough to produce only a single spectrum peak, and also because
some sounds, particularly nasals, often have more formants than the synthesizer
provided for. In these cases, decisions have to be made about which spectral peaks
should be associated with the various formant generators. The process is quite
complicated and time consuming. Choosing appropriate formant frequencies for
voiceless consonants is more difficult than for voiced sounds. The procedure
normally involves the following steps:

1. Formants are selected on the basis of continuity between the spectral
peaks of the noise and formant peaks in adjacent voiced intervals;
2. Formant amplitude controls are used to adjust the amplitude of peaks in

the frication spectra;
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3. For those formants that are invisible during fricative generation, the
formant frequencies are filled in from continuity constraints and
theoretical considerations.

Step 4: constructing transitions

The term transition used here is a general term, which refers in a broad sense
to the dynamic changes between two steady states. The term transition can be
applied not only to formant frequency changes, i.c. so called formant transition, but
also to the formant amplitudes to describe the way the energy level changes with
time at the boundaries of speech segments.

Transitions always occur at a boundary between two speech segments, which
corresponds to the boundary between two phonetic elements in the current synthesis
system. On the basis of a systematic acoustic analysis of the data in the Chinese
Syllable Database (Appendix B), it is found that there are four types of boundaries
according to the nature of the adjacent phonetic elements in Chinese:

1. within a consonant, such as within a plosive;

2. between an initial consonant and a vowel;

3. within a vowel sound, such as within a diphthong;
4. between a vowel and a consonantal ending.

Different types of boundaries employ different kind of transition patterns.
From a time domain point of view, the possible Chinese transitional patterns are
modelled in the present work by the four templates shown in Figure 4.2.3-2 (page
163), which are similar to the templates for smoothing adjacent phonetic segment
targets used in the MITtalk (Allen et al.,, 1987). The discontinuous type of

transitions is generally used at the boundaries within a consonantal sound; the
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smooth type of transitions at the boundaries within a vocalic sound; the smooth-
discontinuous type of transitions at a boundary between a vowel and a consonantal
ending (V/C boundary); and the discontinuous-smooth type of transitions at the
boundary between an initial consonant and a vowel (C/V boundary).

In the frequency domain (not applicable to amplitude transitions), the
direction and the extent of the formant transitions are variable too, especially at the
C/V and V/C boundaries. For instance, for a given vowel, the second formant
transition varies with adjacent consonants according to the place of articulation at
which they are produced; and for a given consonant, the transition pattern takes on
different characteristics depending on the nature of the following vowel.

In the current system, the table values used to construct transitions are the
parameters for calculating boundary values (proportion value ’Prop.’ and fixed
contribution 'F.C.”) and the parameters used to specify the transitional durations
(internal duration 'LD.’ and external duration ’E.D.’).

The four templates of Chinese transition patterns defined for the present study
are shown in Figure 4.2.3-2 (page 163) can be easily constructed by setting

parameters '1.D.” and ’E.D.’ as follows:
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Transition type ILD. E.D.
1. discontinuous 0 0

2. smooth >0 >0
3. smooth-discontinuous >0 0

4. discontinuous-smooth 0 >0.

The task of controlling the duration, direction, and spectral extensiveness of
the vowel formant transition according to context is slightly more complicated. For
convenience, we will explain how to generate a consonant-vowel transition. The
basic techniques are the same for other types of transition.

The duration of vowel formant transition is specified by the external duration
(E.D.) of the preceding consonants. The direction and extent of a formant transition
at a C/V boundary are determined by the difference between the boundary value
and formant target value of the vowel. For explanatory convenience, here a
parameter "d" is introduced to represent the deviation of the formant transition from
its target value. The parameter "d" is defined by equation:

d = boundary value - target value. (4.2.3-1)

Thus for an initial transition, when d > 0, the transition is downward in
frequency; when d < 0, the transition is upward in frequency; and when d = 0, the
transition is straight.

Substituting equation (3.3-1) into equation (4.2.3-1) yields,

d=FP-1)f+F (4.2.3-2)
where "P" is the proportion of the vowel target used in deriving the boundary value,

which is specified at the corresponding row under the title *Prop.’ in the phonetic
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table of the consonant and varies from O to 1; "f" is a variable for the target
frequencies of a set of different vowels, "F" is a fixed contribution to the boundary
specified for the initial consonant (F.C.). There are four types of transition patterns
from a given consonant to a set of vowels as shown in Figure 4.2.3-3 (page 164).
When P = 1, then d = F, the direction and extent of the transitions entirely depend
on the fixed contribution no matter what the value of the formant frequency is, i.c.
different vowels will have the same formant transition when preceded by the
consonant. The transitions are downward in frequency when F > 0 (Figure 4.2.3-3
(a) ) and upward in frequency when F< 0 (Figure 4.2.3-3 (b) ). The straight
transition can be constructed by setting P = 1 and F = 0, or F = (1-P)f (Figure
4.2.3-3 (c)). When 1 > p > 0 ( Figure 4.2.3-3 (d) ), the deviation of the formant
transition varies linearly against formant frequency. There is a special cross point
f.. at which the deviation of formant transition is zero. When the formant
frequencies are lower than f,_, the transitions are downward in frequency. When the
formant frequency is higher than f,_, the transitions are upward in frequency. When
the formant frequency is equal to fi, the transitions are straight. The extent of the
transition is proportional to the distance between f . and f, i.e. the further the
formant frequency is away from f, ., the greater extent of the transition is. It is clear
that all the formants of a set of vowels seem pointing to f,.. So we can think that
the f,,. represents the locus of the formant for the consonant.

Once the locus, i.e. fi, is established, the two parameters P and F are not
independent. The relation between them is governed by the equation:

F=(-P) f,. (4.2.3-3)

Substituting equation (4.2.3-3) into equation (4.2.3-2) yields,
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d = (P-1)(f-f,). (4.2.3-4)

Equation (4.2.3-4) shows that the transition extent is inversely proportional
to parameter P at a given formant frequency.

In summary, to construct appropriate formant transitions from a given
consonant to a set of vowels, the first step is to choose the loci according to the
results of acoustic analysis and phonetic knowledge, and then to decide the
parameter P (or F) according to the extent of transition needed.

By suitable choice of table entries a very wide variety of transitions,
appropriate for formant frequencies, formant amplitudes and degree of voicing, can
be constructed. The dominant system, determined by the ranks, is capable of

providing for many of the co-articulation effects.

4.3 Vowel sounds

Vowel sounds refer to the sounds produced by periodic vibration of the vocal
folds with an open oral cavity. They include simple vowels, diphthongs, and
triphthongs. Different vocal tract shapes result in various formant patterns for
different vowel sounds. Vowel sounds can be described in terms of formant
frequencies as well as formant amplitudes, and any frequency movements and
amplitude changes associated with diphthongization. Thus it is essential to choose
appropriate formant frequencies for synthesizing intelligible and natural sounding
vowel sounds. Apart from formant frequencies, formant amplitudes are also very
important control parameters when using a parallel formant synthesizer.

In the following subsections, a rough phonetic description of the sounds and

their acoustic patterns will be given. Subsequently, the synthetic realizations of
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those sounds and the synthesis parameter settings will be discussed in detail.

4.3.1 Simple vowels

Acoustic correlates of vowel height, degrees of backness and lip rounding

Simple vowels can be characterized in terms of three features: (1) the so-called
vowel height, which is inversely proportional to the frequency of the first formant;
(2) the so-called degree of backness, which is proportional to the difference
between the frequencies of the second and first formants; and (3) the degree of lip
rounding, an articulatory feature that has complex acoustic correlates.

Figure 4.3.1-1 (page 165) shows a spectrogram of eight Chinese simple
vowels produced by a male speaker (PCT). It is clear that the first formant
frequency increases as the speaker moves from the high vowel /i/ ({I]) to the low
vowel /a/ ([a]), and that it decreases as the speaker goes from the low vowel /a/ to
the high vowel /u/ ([u]). The first formant, therefore, is inversely related to vowel
height. We can also see that the second formant frequency decreases as a speaker
goes from the front vowel /i/ to the back vowel /u/. But the correlation between the
second formant frequency and degree of backness of a vowel is not as good as that
between the first formant frequency and vowel height. There is a better correlation
between the degree of backness and distance between the first two formants, which
are far apart in front vowels and close together in back vowels.

The degree of lip rounding also affects the frequencies of the formants. In
general, as sounds become more rounded, the frequencies of the higher formants
decrease. We can see this clearly in Figure 4.3.1-1 (page 165) by comparing the

spectral patterns between the two high front vowels /i/ and /ii/ ([y]) which are
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mainly distinguished by the un-rounded versus rounded feature. But the situation
is complicated in which the effect is greater in the third formant for front vowels
and in the second formant for back vowels. The frequencies of the first two
formants determine the vowel height and backness. The frequency of the third
formant conveys comparatively little information about either of these aspects of
vowel quality but refers to other information about the vowel quality, such as a
rhotacized quality. In Figure 4.3.1-1 (page 165) we can see that there is a marked
lowering of the third formant frequency in the retroflex vowel [1].

Acoustic parameters and the synthetic realization

Data of formant frequencies of simple vowels in standard Chinese have been
published by Howie (1976) for one speaker, Bao (1984) for the averages of eight
males, eight females, and four children, and Svantesson (1984) for four male
speakers.

The formant frequency data used in the current system (Table 4.3.1-1) is
based on the measurements of the one male speaker (PCT) and modified according
to perceptual judgement. The phonetic elements used to form the simple vowels are
shown in Table 4.2.3-1 . Table 4.3.1-1 includes target values of the control
parameters that are used in the current system to differentiate among Chinese
vowels. Figure 4.3.1-2 (page 166) shows an example of the resultant control patters
for the synthesis of the eight simple vowels.

The formant frequencies listed in Table 4.3.1-1 are initially derived from the
JSRU formant analysis data and subsequently modified by comparing the resultant
synthetic version with the natural speech. The amplitude settings are taken from

relative measures. First the Al of each sound is set at 45 dB, and adjusted by a few
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Table 4.3.1-1 Parameter values for the synthesis of Chinese simple vowels.

Vowel Phonetic Formant frequency Formant amplitude
element (Hz) (dB)
F1 F2 F3 ALF A1 A2 A3 AHF
i I 300 2450 3200 48 44 46 44 42
ii \Y 300 1600 2400 48 44 40 44 42
1 IP 375 1250 2550 48 46 40 30 28
a A 800 1150 2700 48 47 53 46 4
e E2 550 1150 2500 46 48 44 30 26
o 03 500 750 3050 48 48 46 40 30
n IR 400 1500 2000 48 45 48 40 30
u U9 325 600 2600 50 48 36 30 28

dB according to the JSRU parameters. Then the remaining amplitude parameters are
chosen according to their relative intensity to Al.

All the elements for synthesizing the simple vowels have been assigned the
lowest rank "2". So their table values, except for the target values, are only in use
when the two adjacent elements have the same rank. In order to generate a flat and
smooth transition between the elements having the same name (such as the cases
of /a/ ([a]) and /o/ ([3]), an extra duplicated element is provided for loudness
control purpose), the proportion values and the fixed contributions of each element
for the simple vowels are set to "0.5" and the half of the formant target values

respectively.

4.3.2 Diphthongs
The general description of diphthongs can be given as follows: (1) strong

voicing is maintained throughout the duration of the diphthong; (2) acoustic
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parameters suggest that the speech articulators start at some state close to one of
the natural vowels of the language and move towards the state of another vowels.
Hypotheses

There are a number of diphthong models. Potter et al. (1966) regard
diphthongs as just the targets of two end points joined by a smooth spectral
transition. Gay (1970) argues against the dual target hypothesis for diphthongs. This
is because he notes significant variability in the final positions in observed speech.
A hypothesis for diphthong characterization is that each diphthong shows
parameters of one of the vowels at its beginning and then a change in the
parameters, so that the initial parameter set and the "slope" of the change in
parameters are sufficient to characterize the diphthong. Bond (1982) substitutes a
direction for the slope in the above representation. These researchers hypothesize
an invariability in slope and propose this as a better characteristic of the diphthongs.
Bladon (1985) points out that the dual target or formant plus direction postulates
are adequate for describing diphthongs. The initial target plus slope hypothesis
appear to have little support these days and may be abandoned. The conclusion as
to which of the above two models is better depends somewhat on the experiments
conducted. Therefore if the experiments involve the perception of various
synthesized sounds, the dual target model might be preferred. Observation of natural
speech, however, suggests that the final target is not so important. Peeters (1987)
also reports that the dual target model appears to be very satisfactory for synthesis.

Chinese "falling” and "rising" diphthongs

The nine Chinese diphthongs fall into two categories: four "falling"

diphthongs /ai, ei, a0, ow/ ([al, e, v, Au]) and five "rising" ones /ua, uo, iie, ia,
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ie/ ([ua, v, yg, ia, i€]) . From their spectrograms shown in Figure 4.3.2-1 (page
167), it is apparent that falling diphthongs have falling first formants whereas rising
diphthongs have rising ones . The position of the prominent element of the
diphthong is different between the two types of diphthong: it is the first element for
the falling type of diphthongs and the second element for the rising type of
diphthongs. The prominent elements of the Chinese diphthongs are the open vowels
/a, e, o/. Therefore they inherently have greater acoustic energy than the non-
prominent elements, the close vowels /i, u, ii/. The durations of the prominent
elements are longer than those of the non-prominent ones. The formant pattern of
a diphthong is characterized by a smooth change in the acoustic parameters, and
usually there is a short initial (for the falling type) or final (for the rising type)
steady state in the spectrum. A previous study (Svantesson, 1984) shows that
Chinese diphthongs exemplify different types of timing for steady states and
transitions between them. Not only the formant frequencies of steady states but also
the timing of the transitions between them are important, and differs between
different Chinese diphthongs.
Synthesizing diphthongs

In the current system, the diphthongs are synthesized by two or three
phonetic elements ( see Table 4.2.3-1, page 107) based on a model in which both
the "dual targets” as well as the "slope"” of the transitions are counted. The initial
and final targets of a diphthong are specified by the target values of the first and
the last phonetic elements respectively as shown in Table 4.3.2-1. The duration and
slope of the formant transitions are controlled by the parameter settings of the first

element or the first two elements in cases of /ai/ and /ao/. The details of the timing

122



CHAPTER 4 ACOUSTIC CHARACTERISTICS AND SYNTHETIC REALIZATION OF CHINESE SPEECH SOUNDS

Table 4.3.2-1 Initial and final formant target values for the synthesis of
Chinese diphthongs.

Diphthong  F1 (Hz) F2 (Hz) F3 (Hz)
LT. FET. ILT. FET. LT. F.T.
ai 800 500 1150 2050 2700 2600
ei 600 300 1700 2450 2700 3200
ao 675 550 1100 850 2600 2800
ou 600 400 1000 650 2500 2450
ua 525 800 850 1150 2800 2700
uo 400 525 800 800 2700 2600
iie 350 450 1900 2000 2200 2700
ia 300 800 2450 1150 3200 2700
ie 300 450 2450 2000 3200 2700

Note: I.T. -- Initial Target, F.T. -- Final Target

of steady states and the transitions will be discussed in the next chapter, section
5.2.3 "temporal structure of finals". The control patterns and the spectrograms are
shown in Figure 4.3.2-2 (page 168) for the synthetic falling diphthongs and Figure
4.3.2-3 (page 169) for the synthetic rising diphthongs.

The diphthong /ai/ is synthesized by three elements: "A, I1, I12". The element
"A" is the dominant element which occupies five-eighths of the total duration of the
sound. It not only specifies the initial target value but also controls the formant
transitions. The transition durations at both sides of the boundary between the
element "A" and the following element are 150 ms long, in order to produce a
gradually changing transition pattern. The reason for using two elements "I1" and
"I2" in the final part of /ai/ is that the F1 transition and the F2 transition of the /ai/

need to start at different points. The formant frequency change is much later for F1
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than for F2. The other function of the third element "I2" is to reduce the acoustic
energy at the end of the sound /ai/.

The diphthong /ei/ is synthesized by the two elements "E3" and "I". The
duration of the formant transitions on the element "E3" side is 90 ms. long but on
the other side is 200 ms. long, which are longer than the possible duration of the
second element "I" of /ei/; therefore the formants of the synthetic /ei/ start with a
steady state (about 1/3 of the total duration) and go to (but do not attain to) the
intended target specified by the element "I".

The formant transitions of /ao/ are relatively short compared to those of /ai/
and /ei/. But its high frequency energy is substantially reduced in the second half
of the sound. The durations of the transitions are set at 60 ms. which is much
shorter than those of /ai/ and /ei/.

The sound /ua/ is a rising type diphthong, the prominent element of which
is modelled by the element "A" and the transition of which is controlled by the
element "US". The element "US5" has a long internal transition duration and a
relatively shorter external transition durations. So the resultant synthetic /ua/ (Figure
4.3.2-2, page 168, section "ua") has a changing start and a steady state ending.

The diphthongs /ou/ and /uo/ involve far fewer articulator movements
compared to other diphthongs. Consequently their formant patterns are steadier than
those of the others. For the sound /ou/, F1 moves slowly downward (from about
550 Hz to 400 Hz) and F3 moves gradually upward. For the sound /uo/, F1 and F3
move slightly upward (from about 450 Hz to 550 Hz, and from about 2500 Hz to
2800 Hz respectively). For both /ou/ and /uo/, the second formant shows a very

long steady state at about 800 Hz. The diphthong /ou/ is synthesized by the
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elements "O6" and "U2". For the element "O6", the ED. and L.D. of all three
formant transition durations are set at 30 ms. This makes the total formant transition
between "06" and "U2" 60-ms long. Thus the formant pattern of the synthetic /ou/
is characterized by a relatively long steady state and short transition. The sound /uo/
is synthesized by elements "U3" and "O7". The formant transition durations are also
short (total 60 ms) except for the F1 transition which is slightly longer (80 ms).
The sound /iie/ is synthesized as a sound with a short transition and long final
steady state. In contrast, the sounds /ia/ and fie/ are characterized by big gradual

formant changes.

4.3.3 Triphthongs
Spectral characteristics

Examples of spectrograms of the four Chinese triphthongs are shown in
Figure 4.3.3-1 (page 170). A triphthong can be regarded as a voiced sound
generated when the articulators move from one vowel position toward one or more
positions without interruption in voicing. Like diphthongs, the acoustic patterns of
triphthongs are characterized by gradually changing formants. The formants of a
diphthong usually move in one direction, whereas the formants of a triphthong may
involve changing direction towards more than one target, for example F1 of the
triphthong /iao/ ([ioww]) in Figure 4.3.3-1 (page 170, section "iao" and "uai") moves
first upward, and then downward in frequency.

The formant pattern of /uei/ ([uel]) is characterized by a slight downward
movement in F1, and a large upward movement in F2 and F3 (Figure 4.3.3-1,

section "wei"). One interesting point is that the movements of the F2 and F3 of
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/uei/ are asynchronous. F2 shows a rapid frequency increase at a very early stage.
This results in a short initial steady state and a very long second steady state. But
the third formant shows a gradual increase in frequency, the second steady state of
F3 starts later and is shorter than that of F2.
Acoustical modelling

The synthesizer control patterns for synthesis of the four Chinese triphthongs
are graphically displayed in Figure 4.3.3-2 (page 171), together with the resultant
spectrogram. The acoustic patterns of /iao/ ([iav]) and /uai/ (fual]) show up and
down movements which may be described as a "three target" pattern. But the
acoustic patterns of fiow/ ([iov]) and /uei/ ([uel]) are more similar to those of the

diphthongs, i.e. showing a "dual target" pattern.

4.3.4 Semivowels
Definitions

A semivowel is a kind of approximant which is intermediate between a vowel
and a consonant, partaking of the nature of both. At the beginning of a syllable, it
usually consists of a rapid glide from a high vowel position to that of the following
vowel. The articulation of semivowels is characterized by transition, rising or
falling from one point to the other, with swift frequency change. Semivowels are
high vowels made consonantal by narrowing the passage so as to have noticeable
obstruction. Semivowels are characteristically:

* rapid in articulation;

* short in duration and less stressed than vowels;

* non-syllabic or unprominent in a syllable;
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* articulated with very slight frication.
Two Chinese semivowels /y-/ and /w-/

There are two semivowels in Chinese: /y-/ and /w-/, which appear only before
i-type and u-type finals respectively, when there is no initial consonant. In other
words the two semivowels are always in syllable-initial positions and followed by
the high vowels /i/ or /u/. The Chinese semivowels are different from the English
semivowels in the following aspects: (1) the Chinese semivowels have no phonemic
distinctive function as in English between "year" and "ear"; (2) the Chinese
semivowels are more like a special kind of vowel rather than consonants since they
are produced with less constriction of the vocal tract than those of English. The
Chinese semivowels can be regarded as the natural onset of the two vowels /if and
/.

Productive and acoustic characteristics

The production of the two semivowels is characterized by a changing
articulation or a glide. The sounds start with the articulators at positions very
similar to those of the two vowels /i/ and /u/ for the semivowels /y-/ and /w-/
respectively. Then they glide towards the next sound. Thus the formants of a
semivowel are rapidly changing and there is no steady state. The syllables with the
semivowels /y-/ and /w-/ begin with low sonority and low F1. This shows the
acoustic effects of an articulation which starts with a greater constriction of the
vocal tract than most of the vowels.

The spectrograms in Figure 4.3.4-1 (page 172) show the acoustic
characteristics of the two Chinese semivowels. The semivowel /y-/ has spectral

characteristics like the vowel /i/, of very small duration, which glides to the vowel
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[I] so that this glide lasts somewhat around 70 ms.

The semivowel /w-/ starts with the articulators in a position similar to that
of the vowel /u/, but with more lip rounding. Since the vowel /u/ is of low sonority
and lip rounding restricts the airflow further, the semivowel /w-/ also shows a dip
in signal intensity. The effect of lip rounding on the spectral characteristics is not
straightforward (Ladefoged, 1975), but probably leads to a lowering of the second
formant frequency.

Table 4.3.4-1 Parameter values for the synthesis of the Chinese semivowel /y-/
(element "Y") and vowel /i/ (element "I").

Element "Y" Element "I"
F1 (Hz) 300 300
F2 (Hz) 2300 2450
F3 (Hz) 3450 3200
ALF (dB) 34 48
Al (dB) 30 44
A2 (dB) 30 46
A3 (dB) 28 44
AHF (dB) 26 42

Synthetic realization

The semivowel /y-/ is modelled by the phonetic element "Y" with a 70 ms
inherent duration. Compared to the element "I", used for synthesizing the vowel /i/,
the element "Y" has much lower amplitude levels and lower F2 and higher F3
target values as shown in Table 4.3.4-1.

Figure 4.3.4-2 (page 173) shows the synthesized /i/ ([I]) and /fia/ ([ia]) with

or without a preceding semivowel /y-/. Those with a semivowel start with a
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relatively lower intensity and have F2 and F3 further apart at the beginning.

The element "W" is used to synthesize the semivowel /w-/. The inherent
duration of the element "W" is also 70 ms like the element "Y". The formant
frequency and amplitude differences between the elements "W" and "U9", which

is used to synthesize the vowel /u/, are shown in Table 4.3.4-2.

Table 4.3.4-2 Parameter values for the synthesis of Chinese semivowel /w-/
(element "W") and vowel /u/ (element "U9").

Element "W" Element "U9"
F1 (Hz) 325 325
F2 (Hz) 550 600
F3 (H2) 2800 2600
ALF (dB) 42 50
Al (dB) 40 48
A2 (dB) 32 36
A3 (dB) 10 30
AHF (dB) 10 28

As shown in Figure 4.3.4-3 (page 174), the element "W" generates a sound
with very little energy above 600 Hz and the second and third formants are further

apart.

4.4 Nasal endings

Inventory
There are two nasal endings /-n/ ([n]) and /-ng/ ([)]), which occur at the end

of 16 nasal finals in Chinese.

Interaction between nasal murmur and vocalic segment
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The nasal ending as well as the preceding vowel sounds in a Chinese nasal
final are integrative rather than the pattern vowel sounds (which occur without an
ending, i.c. the open syllable vowels) with a complete nasal tail added to them. The
vocalic component of a nasal final is not only effected by nasalization but also has
a vowel quality different from pattern vowel sounds. According to the results
published by Svantesson (1984), the main changes in vocalic components before
nasal endings as compared to open syllable vowels are: /i/ is lowered in nasal
contexts, /e/ and /a/ are fronted before /-n/, and /u/ is considerably lowered before
/-ng/ (where the /u/ in a nasal final is written as /o/ in the Pinyin spelling) and
fronted-lowered before /-n/.

Nasal murmurs

For these nasal murmurs, the output is mainly from the nose. Generally, their
four main acoustic features are (Scully, 1989):

1) a very low frequency F1 near 250 to 300 Hz, well separated from higher

formants, F1 is dominant with higher formants weakened relative to vowels;

2) bandwidths comparable to or larger than in non-nasalised vowel-like

segments, individual formants have different bandwidths;

3) a higher density of formants than in vowel vocoid segments, with four

formants and one zero in frequencies up to 2 KHz;

4) antiformants giving spreading of spectral energy.

Vocoid - contoid boundary

The boundary between the vocalic and nasal components of a Chinese nasal

final is less sharply defined than that between initial nasals and the following

vowels. There are some instances where it is very difficult to specify the point of
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the segmentation between the V/C boundary because the cues signalling the
beginning and the end of the speech segments are overlapped. An example is shown
in Figure 4.4-1 (page 175). The spectrogram of /nong?/ [nur)] in the figure shows
a clear boundary between the initial /n-/ and the vowel /u/ at about 0.11s following
a rapid energy change, but the boundary between the vowel /u/ and nasal ending
/-ng/ [-n] is less clearer. Peterson and Lehiste (1960) suggested that in the narrow-
band spectrograms, the approximate boundaries between vowels and final nasals
could be located as the position at which there was a sudden change in the relative
marking of the various harmonics. These harmonics that were not within the
frequency region of either the oral or nasal resonances were marked much more
lightly following the vocalic period, and thus a boundary point could be established.
The decision to establish a boundary between a nasal ending and the preceding
vowel has to be made on the spectral features and the speech waveform shapes. By
carefully inspecting the spectrogram and waveform in Figure 4.4-1, the boundary
between the [u] and [n] seems to occur at around 0.26s because the high frequency
energy is significantly reduced after 0.26s, sudden changes in the amplitudes of the
first and second formants, and obvious variation in the waveform.
Transition

Spectral analysis of the data in the Chinese syllable database shows that the
F1 and F2 transition patterns before /-n/ and /-ng/ are quite different: a diverging
F1 and F2 before /-n/ (except for /in/ ([In]) and fiin/ ([yn])), and a close F1 and F2
before /-ng/. The formant transitions from a vowel to the nasal /-n/ are usually
smooth, but the F3 transition from a vowel to the nasal /-ng/ normally exhibits

discontinuity and shows a "rising/smooth - flat/discontinuous” type of transition.
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Duration

The duration of a nasal ending depends on two factors: (1) the openness and
place of the preceding vowel; (2) the articulation place of the nasal ending itself.
The further back and the closer the preceding vowel, the longer the nasal ending.
The velar nasal ending /-ng/ is normally longer than the alveolar nasal ending /-n/.
Synthetic modelling

The strategies for synthetic realization of the vocalic components of a nasal
final are similar to those of the corresponding simple vowels and diphthongs,
together with all the necessary changes of parameter settings. For example, the
vowel component /a/ of the diphthongs /ua/ ([ua]) and /fia/ ([ia]) is much more
front (i.e. with higher F2) before the nasal ending /-n/ than before the nasal ending
/-ng/. The full details can be found in the phonetic tables (Appendix A) and the
graphic displays of the synthetic parameters (Figures 4.4-2, 3, 4, and 5, pages 176,
177, 178, and 179). In this section, mainly the realization of the nasal endings and
their effects on the preceding vowel will be discussed.

Phonemically, there are only two nasal endings /-n/ and /-ng/ in Chinese. But
the acoustic pattern of a nasal ending may vary in different vowel contexts. In the
current system, the two nasal endings are generated by a number of phonetic
elements as shown in Table 4.4-1.

The proportions of the synthetic nasal endings vary from 25% to 50% of the
total duration of the nasal finals (see Table 4.2.3.-1). Some of the nasal finals, such
as /eng, in, ing/, have inherently long nasal endings (about half of the total
duration), but some have much shorter nasal endings, like /fiian/ ([yzn]) (only 25%

of the total duration).
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Table 4.4-1 Phonetic elements for nasal endings.

Phonetic element Nasal final
N ian
N1 ian
N2 en, an, in, uan
N4 & N5 uen
N6 & N5 iin
Ng ing, iong
NG ang, eng, ong,

iang, uang, ueng

Experiments of Martony (1964) showed that the most important cue for a
nasal consonant in the synthetic stimuli was a low amplitude for the F2 peak in the
murmur, which was about 8-12 dB lower than the standard vowel values. The F1
peak needed to reduced by 3-5 dB.

In the present system, a nasal formant around 250 Hz is modelled by setting
FN at 250 Hz and the difference between ALF and A1l (i.e. ALF-A1) at about 12-
18 dB. For all the phonetic elements of nasal endings, A1 is abut 10 dB, A2 20 dB
and A3 and AHF 20-30 dB lower than the average vowel values (except for the
nasal ending in /uen/ and /iin/).

In natural speech, sonorants after nasals and even more so before nasals are
usually nasalized. Spectral peaks are found to be widened and flattened relative to

non-nasalized vowels of similar formant patterns (Scully, 1989). There seems to be
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some disagreement in modelling F1 variation due to nasalization. Hawkins and
Stevens (1985) showed F1 moved slightly down in frequency for all the nasalised
vowels they synthesised except for [a:]; while Fujimura and Lindqvist (1971) for
example stated that F1 always moved up in frequency when the vowel was
nasalised. Hecker’s (1962) articulatory modelling of nasalised vowels gave an
upward shift for low F1, but a downward shift for the high F1. There was no
change in the F1 frequency if it was near 400 Hz.

In the current system, F1 changes due to nasalization are modelled
individually according to vowel contexts to match the natural speech data. The
external transition durations into the preceding vowel are normally set quite long,
especially the ones for A3 and AHF to model the weakening high frequency energy
of the preceding vowels.

The major differentiating factors between the elements for synthesizing /-n/

Table 4.4-2 Differences between the synthetic nasal endings /-n/ and /-ng/.

Phonetic element for /-n/ for /-ng/

Murmur energy stronger weaker

(ALF + Al)

F2 frequency higher lower

F1 and F2 diverging close

transitions

F3 transition smooth rising/discontinuous
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and /-ng/ are listed in Table 4.4-2.

For the elements "Ng" and "NG", the external transition durations of the
second, third, and high formants are set very long, combined with the settings of
parameters for calculating boundary values, the high frequency energy of the vowel
preceding /-ng/ is greatly reduced. Since the acoustic patterns of the nasal finals
show discontinuity in the nasal formant, the external and internal durations of the
first formants of elements "Ng" and "NG" are both set to "0". This results in the
first formant jumping from the target of the vowel directly to the target of the nasal
ending at the boundary between them. It is also found that the rising and
discontinuous F3 transition is very important in the synthesis of a nasal final with
a velar ending /-ng/. The F3 locus of the element "NG" is set to 3600 Hz. The F3
transition boundary value of the vowel is usually realized around 3200 Hz, which

is calculated by adding 1800 Hz to half of the F3 target value.

4.5 Initial consonants

In this section, 21 Chinese initial consonants are grouped according to the
manner of articulation and are analyzed and described in different sub-sections.
Each sub-section starts with a brief phonetic description of sounds in the group,
followed by a discussion of the acoustic properties which characterize the common
features of the sounds in the same mannerof articulation, and which are features
distinguishing them from sounds with different places of articulation. Subsequently
the relevance of those to the synthetic realization of the sound is discussed, i.e. the
method of using elements to model speech sounds and the technique of setting table

values to construct a desired acoustic pattern.
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In this section, "transition" refers to initial transition only, and the "vowel"

usually means the adjacent vowel or the medial of the adjacent final.

4.5.1 Plosives

Plosive sounds are produced by complex movements in the vocal tract. With
the nasal cavity closed, a rapid closure is effected at some point in the oral cavity.
Behind the point of the closure pressure is built up, which is suddenly released
when the closure is released. The release of a plosive consonant usually involves
two phases -- explosion and frication -- and may contain a third, aspiration. The
distinction between explosion and frication is a matter of source, and aspiration is
essentially an unvoiced version of the following vowel (Fant, 1958).

Plosive sounds are characterized by silence, bursts, aspiration (for aspirated
plosives) and formant transitions. Normally a fairly long period of silent interval
(of the order of at least several centiseconds) can be observed before a very short
burst. Another feature of plosives is that rapid and brief formant transitions occur
at adjacent vowels.

There are three pairs of plosive sounds in Chinese. The two homorganic
sounds in each pair are contrasted by a non-aspirated versus aspirated feature (refer
to Table 2.2.1-1, page 55). All the Chinese plosives are voiceless consonants.
Non-aspirated plosives /b, d, g/ ([p, t, k])

The non-aspirated plosive sounds in Chinese are bilabial /b/ ([p]), alveolar /d/
([t]), and velar /g/ ([k]). Figure 4.5.1-1 (page 180) is a spectrogram comparing the
three initial plosives followed by the low back vowel /a/ with tone 4. The

differentiating factors among the three places of articulation are: (1) the duration,
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energy level, frequency extent, and frequency location of the release burst; and (2)
the formant transitions into the adjacent vowel (Wu, 1986).

The bilabial plosive /b/ is characterized by a very short burst of noise,
normally shorter than 10 ms, with relatively weak energy which covers a fairly
wide frequency band from about 1500 Hz upward. The second and third formant
transitions of /b/ are upward in frequency except when followed by u-type finals
which begin with a high back vowel /-u/, the second formant transition from /b/ to
/-u/ is rather flat and sometimes even slightly downward in frequency.

The release burst of the alveolar /d/ is also short and spread, but much
stronger than that of /b/. The second and third formant transitions of /d/ are just the
opposite of those of /b/. Both of them are downward in frequency.

The velar plosive /g/ has a longer burst of noise than /b/ and /d/. The release
bursts are rather strong and not spread out as much as it is for the alveolar /d/.
Multiple release bursts are common for alveolars and velars in back vowel contexts,
and invariably present for velars in front vowel context (Repp and Lin, 1989). The
spectrum of /g/ varies with context. Before high front vowels, i.e. the vowels having
F2 above 1200-1500 Hz, the spectral peaks of the burst of /g/ is the lowest both in
frequency and in intensity (Wu, 1986). The acoustic pattern of /g/ is characterized
by diverging F2 and F3, i.e. the second formant transition is downward and the
third formant is diverging upward from the F2 transition.

In summary, comparing the global spectral shapes, the bilabial burst is diffuse
and weak, the alveolar burst is also diffuse but strong, and the velar burst is
compact and strong (Stevens and Blumstein, 1978; Repp and Lin, 1989). The major

concentration of energy during the noise burst is in a slightly different region for
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each place of articulation. It is the lowest in frequency for /b/, and the highest for
/g/. When comparing formant transitions, all three plosives have rising first formant
transitions. The difference in place of articulation mainly relates to F2 transitions:
bilabial /b/ has a rising second formant whereas alveolar /d/ has a falling second
formant. Diverging second and third formants are typical for the velar sound /g/.
Actually these transition features are common for consonants produced at the same
place of articulation. In generally, almost all the consonants have rising F1
transitions because the degree of vocal tract constriction is always from large to
small after the release of the consonant articulation. The second formant is closely
related to the front/back position of the constriction. So F2 transitions significantly
vary with different places of articulation. The rank order of F2 loci for different
places of articulation from low to high is bilabials, retroflex, alveolars, and palatals
(Wu, 1986).

The three non-aspirated plosive sounds are simulated by sequences of two
phonetic elements (Table 4.5.1-1). The function of the first element of each sound
(BO, DO, GO) is to provide a silent interval. For this purpose, all the amplitude
controls of the first elements "BO, D0, G0" are set to the lowest level 1
(henceforward, when it refers to the table value settings, please see the relevant
table in Appendix A). The first element of each sound has no influence on the
second element because the two adjacent elements of a plosives have the same rank
of a value greater than 31, the parameter values jump directly from the target value
of the first element to that of the second element at the boundary between them.
The only quantities used from the first element tables are their target values. The

second element of each sound (B1, D1, G1, G2) generates a burst noise and
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Table 4.5.1-1 The synthetic constituents of non-aspirated plosives.

Consonant Phonetic  Duration Rank
element ( ms.)

b BO 110 62
Bl 10 62

d DO 110 62
DI 10 62

g GO 100 62
Gl 20 62

g GO 100 62
G2 20 62

controls the formant and amplitude transitions. Some examples of synthetic
realizations of plosive sounds followed by different vowels are shown in Figures
4.5.1-2, 4.5.1-3, and 4.5.1-4 (pages 181, 182, and 183). The bilabial burst of /b/ is
generated by the element "B1". In order to form a diffuse and weak burst energy,
the F2 and F3 are set to 1700 Hz and 2500 Hz respectively, A2, A3 and AHF are
set around 37 dB and Al at a lower level (34). This arrangement ensures a diffuse
energy spread mainly in the frequency region from 1500 Hz upward.

The formant transitions from /b/ to adjacent vowels are controlled by the
proportion values and fixed contribution values of the phonetic element Bl.
Because the first formant frequencies of all the Chinese vowels are higher than or
at least equal to 300 Hz, the locus of F1 for /b/ is chosen as 300 Hz to ensure that
the F1 transitions from /b/ to a set of vowels are upward or at least level in

frequency. The locus of F2 for /b/ is set to 660 Hz which is lower than the F2
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frequencies of most Chinese vowels, so the F2 transition is always upward in
frequency with one exception it is slightly downward in frequency when followed
by a high vowel /u/. The F3 locus for /b/ is 1800 Hz which is lower than any F3
frequency of a Chinese vowel. This setting generates a rising F3 transition for all
vowels following /b/.

The alveolar burst of /d/ is generated by the element "D1". The formant
amplitudes are set to around 40 dB, which are higher than those of /b/ especially
in the high frequency region. The F1 locus of /d/ is also set to 300 Hz as for /b/ to
obtain rising F1 transitions. The F2 locus of /d/ is 2100 Hz. This creates a falling
F2 transition for all the vowels except for the high front vowel /i/. The F3 locus of
/d/ is very high at 6900 Hz which is far higher than any F3 frequency of the
vowels. This generates a very sharp falling F3 transition for all adjacent vowels.

It is known that the articulatory place of production of the velar /g/ is
displaced somewhat according to the vowel that follows it (Halle et al., 1957). In
the current system, the velar /g/ has two variants: "g," before u-type finals which
begin with a high back rounded vowel /u/, and "g" before the open type finals. The
two allophones "g" and "g," are differentiated by the different parameter settings
of their second elements "G1" and "G2". The major differences between the two
varieties are that the element "G2" has a lower and weaker spectral peak for the
burst than that of the element "G1". The phonetic element "G1" generates a burst
with a strong energy concentrated at 1900 Hz by setting the F2 and F3 at 1800 Hz
and 2000 Hz, with strong A2 and A3, whereas the element "G2" generates a burst

with much less energy mainly spread from 1600 Hz downward. The F1 locus of the

element G1 is 300 Hz like the other two plosive sounds. The F2 and F3 loci of the
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variant ’g’ are set at 1800 and 2000 Hz respectively, a frequency region
intermediate between the F2 and F3 of most vowels. So the F2 and F3 transitions
diverge from this intermediate region. Since the F2 and F3 of the high back
rounded vowel /-u/ are both low in frequency, the loci of F2 and F3 for ’g,’ are set
in a lower region accordingly (1200 and 1600 Hz) to produce a diverging F2 and

F3 transition pattern suitable for /-u/.

Aspirated plosives /p, t. k/ ([p°. t. k]

The essential difference in classic phonetic terms between the two classes
of plosives /b, d, g/ ([p, t, k]) and /p, t, k/ ([p°, t*, k‘]) lies in the fact that in the
production of the latter group more pressure is built up behind the closure than in
the production of the former group. This difference in pressure results in higher
intensity bursts followed by aspiration for /p, t, k/ (Figure 4.5.1-5, page 184). The
release of aspirated plosives is marked by a sharp onset of a burst of noise that
appears as a comparatively random pattern in the upper frequencies. The location
of the burst energy of the aspirated plosives is roughly the same as their non-
aspirated counterparts, except that the whole duration and VOT of the aspirated
ones are longer. Formant transition pattern of aspirated plosives is similar to the
non-aspirated one but with shorter duration and flatter rate since part of the
spectrum shift caused by the movement of the articulator when moving from the
consonant to a vowel is;completcd within the aspiration segment. Change in VOT
for voiceless aspirated plosives from one place of articulation to another is reported
by Lisker and Abramson (1964): the longer VOT’s are observed for velars than for

dentals, and for dentals than for labials. Variations in VOT lead to changes the
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duration of the aspiration between the plosive release transient and vowel onset.

Each of the aspirated plosives is generated by three phonetic elements as
shown in Table 4.5.1-2. For each sound, the first phonetic element (PO, TO, K0)
generates period silence, the second phonetic element (P1, T1, K1, K3) produces
a burst of energy, and the third element (P2, T2, T3, K2, K4) corresponds to the
aspiration portion of the sound and controls the formant transitions to adjacent
vowels.

Figure 4.5.1-6 (page 185) shows the three synthesized aspirated plosives

Table 4.5.1-2 The synthetic constituents of aspirated plosives.

Consonant  Phonetic Duration Rank
element (ms.)

p PO 50 61
P1 10 61
P2 80 62

t TO 60 62
T1 10 62
T2 90 62

t, TO 60 62
T1 10 62
T3 90 62

k KO 50 62
K1 40 62
K2 50 62

k, KO 50 62
K3 40 62
K4 50 62
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followed by a low back vowel /a/ with tone-1. Compared to Figure 4.5.1-2 (page
181), which shows the synthesized non-aspirated plosives, we can see that the
formant transition patterns of the corresponding sounds are very similar, with rising
F1 for all the three sounds, rising F2 transitions for the bilabials, falling F2
transitions for the alveolars, and diverging F2 and F3 for the velars. But the extent
of formant transitions of the aspirated plosives is less than those of their
counterparts.

The bilabial burst of /p/ is generated by the element "P1", with energy peaks
at 1100 Hz and 3500 Hz. The element "P2" produces aspiration noise with the
major energy located in the higher frequency region. The formant transition pattern
and the loci of /p/ are controlled by the element "P1". The F1 locus of /p/ is 180
Hz, which is lower than any first formant frequency of a vowel, therefore the F1
transition from /p/ is always upward in frequency. The F2 locus of /p/ is 500 Hz,
which is again very low in order to generate a rising F2 transition for all vowels.

The alveolar /t/ has two allophonic variants: ’t’ and ’t,” which have different
third phonetic elements. The variant t, is used only before u-type finals. The element
T2 (for the ’t’) generates a sound with the energy located in the frequency range
above 1000 Hz, but the element T3 (for the ’t,’) produces a sound with more spread
energy (Figure 4.5.1-7, page 186). The F2 loci of the elements "T2" and "T3" are
set at 2300 Hz and 800 Hz respectively in order to produce a falling F2 transition
for most of the following vowels except for the high front vowel /i/.

The velar /k/ also has two allophonic variants 'k’ and ’k,’. The variant ’k,’
is used before u-type finals. The second and third elements of the two variants are

both different. As shown in Figure 4.5.1-8 (page 187), when compared to the
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variant ’k’, the variant ’k,’ (section ’ku’) has stronger A1 and less high frequency
energy. The F2 transition is upward in frequency in variant ’k’ but downward in

variant ’k,’.

4.5.2 Fricatives
Voiceless fricatives /f, s, sh, x f, s X

Voiceless fricatives are all produced by turbulent air-flow caused by a narrow
constriction in the vocal tract at some point in or above the larynx. The point of
constriction determines two main resonant cavities within the vocal tract. The shape
and size of the front cavity will have a frequency-filtering effect and will mainly
determine the spectral characteristics of the fricative. The back cavity will have the
effect of introducing anti-resonances into the system and will therefore determine
the position of zeros in the fricative spectrum. The low-frequency resonances of the
shaping cavity are at frequencies inversely related to the size of the cavity (Heinz
and Stevens, 1961). The turbulent flow may vary with the constriction position in
the tract, degree of constriction, area of constriction, shape of orifice, and finally
the pressure or rate of the flow. A variation in any combination of these factors can
be expected to cause a variation in the acoustic pattern of the resulting fricative
sound.

Voiceless fricatives are characterized by random noise pattern, especially in
higher frequency regions. The overall spectrum shape of the fricative is determined
by the size and shape of the oral cavity in front of the constriction. Each place for
articulation result in a distinct spectral shape. The formant transitions of fricatives

are normally flatter than that of a plosive. In fact fricatives are long in duration,
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which supply enough contrastive information to make the transition cue relatively
less important for fricative identification than for plosive’s (Wu, 1986).

The fricative noise of the labiodental fricative /f/ is spread over a very wide
frequency range. But its significant energy is mainly located above 4 kHz (Figure
4.5.2-1, page 188, section ’f’). The second formant transition is upward when
followed by a low back vowel /a/, and downward when followed by u-type finals.

The three fricatives /s, sh, x/ have roughly the same durations. Their fricative
noise is in the high frequency region and the lower cut-off of the fricative noise are
stable and clear (Figure 4.5.2-2, page 189). The three fricatives are distinguished
mainly by the low frequency limits of the fricative noise. This is the highest for /s/,
and lowest for /sh/. The differences in lower limits reflect the front/back positions
of the tongue. Generally speaking, the more front the tongue position, the higher
the lower limit.

The velar fricative /h/ is a short and faint sound (Figure 4.5.2-1, page 188,
section ’h’) with very little individual character. The articulation place of /h/ is
usually coordinated with the following vowel or medial, so its acoustic pattern is
somewhat similar to that of the following sound. The formant transitions between
/h/ and the following vowel are flat in most cases. For the voiceless fricatives, the
rank order of intensity from low to high is /f, h, s, sh, x/, and the rank order of the

low frequency limit of the fricative noise from low to high is /f, h, sh, x, s/.

Voiced fricative /r/ [z]
A voiced fricative is made up by two components: a component of turbulent
noise and a component of voice. The major difference in articulation is that in the

voiced fricative for a given air-pressure the air flow is less than that for the
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voiceless items, since the breath stream is being interrupted and reduced in flow by
the action of the vocal folds. So for a given air-pressure the acoustic intensity of
the noise component of a voiced fricative is inherently less than that of the
voiceless counterparts.

The acoustic characteristics of the fricative noise of /r/ correspond, in most
respects, to those of its voiceless counterpart /sh/. But the fricative noise of /t/ is
much fainter than that of the voiceless fricatives, especially in continuous speech.
Figure 4.5.2-1 (page 188) shows that the energy present in the high frequency
region is clearly less in the voiced fricative /r/ than that in the voiceless /f/ and /h/.
On the other hand, the low frequency components of /r/ are very strong due to the
vibration of the vocal folds. Nevertheless the low frequency region of voiceless
fricatives is never prominent. A very low F3 is characteristic of retroflex
consonants. This is very noticeable in the voiced retroflex fricative /r/ as shown in
Figure 4.5.2-1 (page 188), section ’ru’, in which F3 is almost as low as F2. The
second formant transition of /r/ is downward except that when followed by the front
retroflex vowel [] it is upward. The duration of the voiced fricative /t/ is shorter
than that of voiceless ones.

All the fricatives are modelled in the present system by a single phonetic
element (Table 4.5.2-1). The first element of each /s, sh, x/ is used just for
providing a gradual increase in amplitudes.

The task of synthetic realization of the fricatives is mainly concentrated on
setting the right intensity level in the right frequency range. The frication energy
of a natural fricative normally stretches over a very wide frequency range.

Modelling this can have some difficulties due to inability to change formant
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Table 4.5.2-1 The synthetic constituents of fricatives.

Consonant Phonetic Duration Loudness
element ( ms.) modification
(dB)
f F 130 -
) S 40 -5
S 140 -
sh SH 40 -5
SH 110 -
X X 40 -3
X 150 -
h H 120 -
h, H1 120 -
r R 100 -

bandwidth and the 4 KHz frequency range when using the JSRU synthesizer. The
synthesizer control settings can be seen more clearly in Figures 4.5.2-3 and 4.5.2-4
(pages 190 and 191, in which the synthesizer control patterns are graphically
displayed.

To generate a spread and strong friction noise for /f/, the A2, A3, and AHF
of the element F are set at high levels (36, 40, and 42 respectively) with
approximate 1000 Hz frequency intervals between them (Figure 4.5.2-3, page 190,
section ’f’).

Because there is no energy in the low frequency region for the three fricatives

/x, s, sh/ (Figure 4.5.2-2, page 189), the ALF and A1l of the phonetic elements "X,
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S, SH" are all set to the lowest level 1. The higher formant amplitudes of the three
phonetic elements, especially the AHF are all at high intensity levels. The lower
frequency limits of the fricative noise are different for the three elements: the
highest for /s/ at 2500 Hz, the lowest for /sh/ at 1300 Hz, and an intermediate value
for /x/ at 2300 Hz. The overall energy of the fricative noise is the lowest for /s/,
strong and roughly the same for /x/ and /sh/.

The velar fricative /h/ has two variants ’h’ and ’h,” modelled by the elements
"H" and "H1" respectively. The variant h, is used before u-type finals. Compared
to other voiceless fricatives, the higher formant amplitudes (A3 and AHF) of the
elements "H" and "H1" are set at lower levels, but the lower formant amplitudes
(Al and A2) are at higher levels. The major difference between the elements "H"
and "H1" (as shown in Figure 4.5.2-5, page 192) is that the higher formant
amplitudes A2, A3, and AHF of the element "H1" are set at lower levels since the
following high back vowel /u/ has little energy in the high frequency region.
Because the acoustic pattern of /h/ is always coordinated with the following vowel,
for both elements "H" and "H1", all the proportion values and fixed contributions
of the three formants are set at ’1’ and "0’ respectively. Thus the boundary values
between /h/ and the following vowel are the same as the target values of the vowel.
Since the internal formant transition durations of the element "H" are very long (40
centiseconds), the energy peaks (like the formants for a vowel) of /h/ gently merge
to the formants of the following vowel.

The duration of the synthetic voiced fricative /r/ is 10 centiseconds which is
shorter than the voiceless fricatives. For the element "R", the lower formant

amplitudes ALF, A1, and A2 are set at middle levels, the higher formant amplitudes
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A3 and AHF are set at low levels. The F2 locus of /1/ is 1200 Hz, therefore the F2
transition of /r/ is downward in frequency for most of the vowels except that it is

upward when followed by [1].

4.5.3 Affricates

Affricates are produced like fricatives that are preceded by an occlusion
instead of a more open articulation. Therefore, affricates combine in sequence some
of the articulatory features of plosives (e.g., complete but momentary obstruction
of the air-stream) with the features characteristic of fricatives (e.g., partial
obstruction of the air stream). The spectral pattern of an affricate is made up by
silence, burst, friction, aspiration (for aspirated ones only), and transition. The burst
is not always apparent in the spectrogram. In the analysis based on spectrograms,
Gerstman (1957) showed that affricates could be distinguished from fricatives by
the overall duration of the fricative noise and the rise time. The friction segment
of the affricates are similar to that of the corresponding fricatives but with shorter
duration. But in the articulation of the affricates, the sudden release of energy after
the burst results in the friction energy reaching to the highest level in a very short
time. This is a striking contrast to the gradually increased friction energy in
fricatives. So apart from the difference in duration of the friction, the dynamic
change in the amplitudes of the friction is another important distinctive feature
between affricates and fricatives. An important additional point is that the place of
articulation of the plosive release is frequently not the same as the place of the
fricative articulation with the same sound. The relative levels of the plosive release

and fricative portions may also be different. Consequently the“fricationpart of an
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affricate may consist of two segments having different spectra like the /c, ch/ ([ts*,
t§‘]) shown in Figure 4.5.3-1 (page 193).

There are three pairs of affricates in Chinese, each with an aspirated and a
non-aspirated member. They are non-aspirated /z, zh, j/ ([ts, t§, t¢]) and aspirated
fc, ch, ¢/ ([ts*, ts*, 19 ]). As shown in Figure 4.5.3-2 (page 194), among the three
non-aspirated affricates, /zh/ is the shortest in duration and has the lowest lower
frequency limit of friction noise. The durations of the fricative portions of aspirated
affricates are longer than those of non-aspirated affricates but still shorter than those
of the corresponding fricatives.

Synthesis of the non-aspirated affricates /z,zh.j/ ([ts, ts, t

The two non-aspirated affricates /z/ and /zh/ both have two allophonic
variants (Table 4.5.3-1). Again the variants ’z,” and ’zh,’ are used only before u-
type finals. All four variants for /z/ and /zh/ are generated by two phonetic
elements. For each variant, the first element (Z3 or Z0) generates a silent interval,
and the second element produces the friction part of the sound. The acoustic
patterns of the friction noise are determined not only by the target values of the
second element but are also influenced by the first element because the first
element has higher rank than the those of the second element. One of the functions
of the first element is to produce a rise time of thclfricationnoise for each sound,
by setting the boundary values of the amplitudes at a number of dB lower than the
target values. Here the term "rise time" is used to describe the rate of increase in
the intensity of the frication noise. The shorter the rise time, the quicker the
frication energy built up.

The differences between the variants of /z/ and /zh/ are: (1) the frication
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Table 4.5.3-1 The synthetic constituents of affricates.

Consonant Phonetic Duration Rank
element ( ms.)
z Z3 80 62
ZA 80 60
zZ, yA) 80 62
74 60 60
zh Z0 80 62
Z1 40 60
zh, Z0 80 62
Z2 50 60
j JO 60 62
J1 20 62
J2 60 60
c Co 80 62
C1 30 62
C2 130 60
ch C3 80 62
C4 50 61
C5 90 60
q Qo 80 62
Q1 10 62
Q2 150 60

portions (determined by the second elements) of /zh/’s variants are shorter in
duration than those of /z/’s (refer to Table 4.5.3-1); (2) the energy locations of the
frication noise are in different frequency regions (Figure 4.5.3-2, page 194, sections
’zui’ and ’zhui’), those for ’z’ and ’z,” being 2500 Hz upward, and those for ’zh’
and ’zh,’ being lower, at 1900 and 1800 Hz upward respectively.

When comparing the variant ’zh,’ with ’zh’, the former, which is used before
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the high back rounded vowel /u/, has a lower F2 and A2, A3, and AHF are set at
lower levels than those of the latter. The only difference between the variants of /z/
is that the second phonetic element of ’z,’ is 20 ms. shorter in duration.

The non-aspirated palatal affricate /j/ is modelled by three phonetic elements.
The first element "JO" is for the silent portion at the beginning of /j/. The second
and third elements (J1 and J2) are responsible for generating the friction noise of
the /j/. Between the two elements, the element "J1" is the dominant, and controls
the rise time of the formant amplitudes at a large effect since some of the external
durations are very long (50-60 ms). The joint effort of the elements "J1" and "J2"
is to produce a strong high frequency friction noise with the lower limit of the

energy at 3000 Hz (Figure 4.5.3-3, page 195, section ’jun’).

Synthesizing the aspirated affricates /c.ch ts', ts”, t

The aspirated affricates are all generated by three phonetic elements (Table
4.5.3-1). The first element of each sound is for the silent interval, and the second
and third elements are for the friction noise.

The friction noise of /g/ is generated by the elements "Q1" and "Q2". The
element "Q1" is very short, only 10 ms. Its main usage is to produce a rise time for
the first and second formant amplitudes A1 and A2. The element "Q2" is quite long
(150 ms). It creates a strong friction noise with the main energy spread from
2000 Hz upward (Figure 4.5.3-4, page 196, section ’qiu’).

The friction portions of /c/ and /ch/ are both created by two phonetic
elements whose energy peaks are located at different places. The first strong

portions of friction noise for /c/ and /ch/ are generated by the elements "C1" and

"C4" whereas the second fainter portions are generated by the elements C2 and C5
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(Figure 4.5.3-4, page 196, sections ’cen’ and ’chen’). The difference between /c/
and /ch/ is realized by locating the energy peaks of the elements "C1" and "C2" (for
/c/) at a higher frequency region than those of the elements "C4" and "C5" (for
/ch)).

Comparing with the synthetic realizations of fricatives, affricates are
synthetically realized in shorter frication duration and rise time.
4.5.4 Nasals and the lateral
Initial nasals /m, n/ [m, n]

In the nasal articulation, the airstream is stopped by a complete obstruction
at some point in the oral tract but the soft palate is down so that it can go out
through the nose. Nasals are low frequency murmur sounds with weak spectral
peaks at high frequencies. In nasal consonants there is usually a very low first
formant centred at about 250 Hz. Adjacent vowels often have weakened first
formants with raised frequency due to nasal coupling. For the perception of nasal
consonants, both the nasal murmur and vocalic segments of adjacent vowels seem
to be important.

The initial nasal consonants /m/ and /n/ are illustrated in Figure 4.5.4-1 (page
197, sections 'mi’ and ’ni’). Each of these nasal sounds has a formant structure
similar to that of a vowel, except that the bands are somewhat fainter and in certain
frequency locations depending on the characteristic resonances of the nasal cavities.
The spectral patterns of /m/ and /n/ do not differ significantly from each other. The
bilabial /m/ has a higher first formant and a lower second formant compared to the
alveolar /n/. The two nasals are distinguished mainly by the different formant

transition patterns which are similar to those of plosives articulated at the same
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place, except for the fact that nasalization occurs in the intervals following nasal
consonants, thus greatly complicating the description of the formant transitions. For
Nakata’s (1959) synthetic /CV/ stimuli, low, mid and high onset frequencies for F2
gave judgements of /m/, /n/ and /N/ respectively, with some vowel context effects.
The best /m/ was associated with shorter duration formant transitions, 20 or 50 ms;
the longer transitions of 50 or 100 ms were better for identification of /n/ and /N/.
Lateral /1/ [1]

In the articulation of the lateral /l/, the tongue is raised to the alveolar ridge
or palate. This forms an obstruction of the airstream at a point along the centre of
the oral tract, with incomplete closure between one or both sides of the tongue and
the roof of the mouth. As a result the formant energy is reduced in the lateral /1/.
At the moment of release, the tongue tip is suddenly lowered to open the vocal
tract. This sudden change in the shape of the vocal tract causes an abrupt change
in the formant structure between the lateral and the following vowel (see Figure
4.5.4-1, page 197, section ’li’). The lateral /I/ exhibits some characteristics similar
to the nasal consonants. It has low intensity in the high frequency region and
discontinuity is observed in the first and second formants when going from the /l/
to a vowel. The /I/ is characterized by strong and broad band low frequencies and
moderate strength mid-formants. Its formant positions vary according to the sounds
in its vicinity. Its second formant is higher when followed by high vowels than
when followed by low vowels. The duration of /l/ is the same as that of the nasals.

Synthetic modelling

The nasal and lateral consonants are synthesized by single phonetic element

as shown in Table 4.5.4-1. The synthesis parameters are graphically shown in
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Table 4.5.4-1 The synthetic constituents of initial nasals and the lateral

Consonant Phonetic element duration(ms)

m M 100
m, M1 100
n N 100
n, N1 100
1 L 9%
1, L1 90

Figure 4.5.4-2 (page 198), together with the resultant spectrogram.

By comparing the table values of the elements "M" with those of "N", the
distinctive features between the bilabial nasal /m/ and the alveolar nasal /n/ are
realized as shown in Table 4.5.4-2 .

The effect of nasal coupling is mainly modelled by the F1 and A1 parameter
settings. An example is the parameter settings of the element "N". The portion of
the adjacent vowel effected by nasal coupling is set at 80 ms long (the external
durations of F1 and A1l are 8 frames long). The Al boundary value between the
nasal and the vowel is 15 dB lower than the Al target value of the vowel. So the
first formant amplitude of the adjacent vowel moves upward starting from a point
15 dB below the target during the first 80 ms when it is under the influence of
nasal coupling. The F1 locus of /n/ is 400 Hz, therefore the F1 is raised to 400 Hz
in the first 80 ms if the original F1 is lower than 400 Hz.

Modelling context effects Nasal murmur spectrum exhibit context-dependent
acoustic structures. The murmur spectrum for [m] varies more rapidly with vowel

context than that for [n] (Fujimura, 1962). For example, in the study of Martony
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Table 4.5.4-2 Distinctive features between the synthetic bilabial nasal /m/ and
alveolar nasal /n/.

Phonetic element Comparing
M N M with N

(1) Formant frequencies (Hz)

F1 350 275 higher
F2 1100 1800 lower
F3 2500 2500 same

(2) Formant amplitudes (dB)

Al 26 40 lower

A2 36 20 higher

A3 39 24 lower

AHF 1 10 higher
(3) F2 loci (Hz)

1100 1800 lower

resultant F2 transition rising falling

(4) Duration of F2 transition shorter

(5) Amplitude onset
of the adjacent vowel sharp  soft

(1964), damping of F1 relative to F1 in a non-nasalized vowel with the same
formant pattern provided a cue that was very important for /a/, less important for
fu/, and hardly important for /i/.

In the present system, two variants (as shown in table 4.5.4-1) are provided
for each of the nasals and lateral to model context effects. The variant 'm,’ is used
before i-type finals, i.e. before the high front spread vowel /i-/. Compared to the

variant 'm’, the variant 'm,’ has a higher F2 , lower F3, and stronger A1l as shown
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in Figure 4.5.4-3 (page 199). The nasal /n/ has two variants: 'n’ and ’n,’, which are
generated by the elements "N" and "NO" respectively. The variant ’n,’ is used
before u-type finals. Since the vowel following ’n,’ is the high back rounded /-u/
which has a very low second formant frequency and relatively weak high frequency
resonances, the element "NO" has a lower F2 frequency but stronger high amplitude
onset for the adjacent vowel compared to the element "N" (Figure 4.5.4-4, page
200).

The two variants of /I/ are '1’ and ’l,’, which are generated by the elements
"L" and "L1" respectively. The variant '’ is used before O-type finals and the
variant ’l,’ is used before finals which begin with one of the high vowels /i, u, ii/,
i.e. the i-type, u-type and ii-type finals. Both elements L and L1 have mid-level

amplitudes, but the element L1 has higher F2 and F3, and lower level Al.
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Figure 4.2.2-2 Pl:ot of the 12 syrithcsizer' control parameters of /bian'/ generated
by the JSRU formant tracker.
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Figure 4.2.2-3 Graphic display of the synthesizer control parameters of /bian'/

generated by the JSRU formant tracker.
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Figure 4.2.2-4 Spectral sections at the four points of the syllable /bian'/.
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(1) Transition type: discontinuous

™Va | BV
e TV .

Value

elementa elementb

(2) Transition type: smooth

TVa BVab

!
! t
elementa elementb

Value

(3) Transition type: smooth-discontinuous

TVa Byab
\n

Value

TVy

elementa elementb

(4) Transition type: discontinuous-smooth

Va | BVq
<«

elementa elementb

Value

Figure 4.2.3-2 Four templates of Chinese transition patterns for the given target
values (Tv, and TV,) and the boundary value (BV,,).
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d=(P-1)f+F Initial Transitions
for a set of vowels
d f
(a) F>0, P=1 downward ;,
0 f o t
d
(b) F<0, P=1 £ f
0 —
upward —
0 >t
d f
(c)F=0, P=1 l '
or F=(1-P)f f Stl'alght
0 | ot
0
d f< floc downward ]
(d) F>0, 0<P<1 l f= fo straight = f,..
. f NS——
0| floe £> floc upward .t

Figure 4.2.3-3 The deviation of formant transition (d) varies linearly against
formant frequency (f). And formant transitions change accordingly.
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