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ABSTRACT

Standard Chinese (SC) is a tonal language. Differenm in the tone patterns of a syllable may lead to lexi-
cally semantic distinction, while a lot of complicated tone-sandhi arise in running speech. Some synthesis sys-
tems have synthesized out all monosyliables in SC, and have made up synthesis of words, phrases or sentences
and even a text by directly concatenating the syllables. Intelligibility of this kind of synthesized speech may be
accepted, but naturalness and fluency are very poor. In order to improve the quality of synthesized Chinese, it
is important to lay down a coarticulation rules which should be simulated coarticulation effects across syllables
and a set of prosodic rules which should be simulated tone-sandhi effects, etc.

On the basis of the tone model for synthesizing monaosyllables in SC, a new tonal model for synthesizing
polysyllabic words and phrases is built up. In this model, there are three model parameters; (1) the tonal base
value Fc which controls intonation, (2) the tonal range Fd which is related to the stress degree of the syllables
and (3) the tone pattern codes. In synthesizing a polysyllabic word or phrase, it is necessary only to assign the
tone pattern codes and the stress degrees of all syllables, the model can produce the Fo-contour as a whole. Lis-
tening test shows that the synthesized speech are very close to natural ones in both naturalness and fluency.

Using this tonal model, many complicated tone-sandhi in running speech may also be interpreted

reasonably.

INTRODUCTION




Standard Chinese (SC) is a tonal language. All phonological descriptions of SC have agreed on the exis-
tence of four distinctive tones which can be observed in the picth contour of monosyllabic morphemes, but, on
the other band, it is well known that several types of coarticulation effects in syllable sequences arise in running
speech. The coarticulatoin effects involves segmental and prosodic characters of each syllable, so that the
acoustic manifestatatin of a syllable in running speech differs more and less from that of the syllable which is
pronounced while it is a monosyllable. Prosodic features in running speech determine the naturalness and fluen-
cy of synthetic words, phrases and sentences for SC. Thus, it is important to handle well tones and tone-sandhi
for developing any speech synthesis system in SC.

A syllable in SC is a unit combining of graphemic, phonen.n‘c and semantic features together, and sound
changes of a syllable in running speech basically take place at phonetic level rather at phonemic level, monosyl-
lables are relatively stationary in running speech. On account of this, some synthesis systems have synthésized
out all monosyllables in"SC, and have made up synthesis of words, phrases or sentences and even a text by di-
rectly concatenating the monosyllables concerned. Intelligibility of such synthesized speech may be accepted,
but naturalness and fluency are very poor. In order to improve the quality of synthesized Chinese, it is impor-
tant to lay down a coarticulation rule which simulated coarticulation effects across syllables and a set of ;;rosodic
rules which simulates tone-sandhi effects, etc.

In order to handle tone matters for synthesizing polysyllabic words andsentences in SC, several strategies
been have suggested. Li(1985) used 15 types of Fo patterns for synthesizing disyllabic sequences. On phone-

mic level, the disyllabic sequences in SC have only 15 (=4 * 4—1) types of Fo pattern indeed, but the Fo

patterns of speech sequences may augment with the stress pattern of the sequences, and there are many stress
patterns for disyllabic words or sequences, so that only 15 types of Fo pattern are not enough for synthesizing
all disyllabic words in SC. If Li’s strategy was adopted for synthesizing trisyllabic, quadro-syllabic and more
syllabic words, phrases and sentences, innumerable types of Fo patterns must be used. It is evident that thus
strategy will get absolutely nowhere. Hsieh et al. (1989) after analyzing pitch contour shapes of speech in their
sensentes database, 14 types of representative tone patterns, intluding 2 types of 1st tone, 2 of 2nd tone, 3 of
3rd tone, 4 of 4th tone and 2 of neutral tone, and 9 tone concatenation rules were summed up. In a text-to-
speech system develaped by Zhang(1990), Lund’s generative intonation model (Gading -t al. , 1983) was
adopted, and the intonation marks are added manually to the model parameters, and the pitch contour of a sen-
tence can be generated by the model. Recently, based on an extension of a model that has already been proved
to be applicable to Japanese, Fujisaki el at. (1990) presented a model which could be used in analyzing and
synthesizing the fundamental frequecy contour of -vords and phrases in SC. ]

To improve quality of synthetic speech, especially words and phrasesin SC, we stutied as a whole the
prosodic characters of polysyllabic s-nqueces, and preliminarily summed up the prosodic rules, including the
tonal rules, duration rules and amplitude rules. This paper mainly discusses a tonal model and its tonal rules for
synthesizing polysyllabic words an. phruses in SC. This model can embody the tone-sandhl caused by

coarticulation effects in running speecl.. and can improve the naturalness and fluency of synthetic speech.

THE TONAL MODEL

i



When developing the synthesis system for all monosyllable in SC, we-have presented a normalized tone
model (Yang,1986), which is similar in form to Fujisaki’s model for Japanese (Fujisaki et al. , 1971). The
block gram of the normalized tone model is shown in Fig. 1 and the formula for generating Fo-contour of a syl-

jable is as follows;
Foi(1) =log™![Fc +Fd % foi(1)] i=1,2,3,4 1)

Where tis the normalized time, t=t/T, t is the actual time and T is the duration of a syllable. The index
i,i=1,2,3,4 , is called as the tone type codes, corresponding to four types of tone respectively. Foi(1) is
Fo-contour for i’th tone. Three input parameters are needed for this model; (1) Fc, the cardinal pitch (or
tonal base) represets the neutral picth of the voice; (2) Fd, the tonal range represets the sphere of picth varia-
tion for four types of tone; (3) the tone type code i, the tone contour function foi(t) is a data array. Using
this model, we have synthesized all the 1268 monosyllables in SC. Listening test showed that quality of the
synthetic syllables were close to that of natural syllables with respect to both intelligibility and naturalness.

(Yang & Xu,1988) Tfm(”
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Fig. 1 Block diagram of the tone model for synthesizing monosyllables
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If variation laws governing Fo contour for a given syllable in a syllabic sequence, e. g. how do the tone
types, Fc and Fd vary, can be found, it is possible to turn the tone model for monosyllable into a tonal model
for polysyllabic sequences.

On the bases of this tentative idea, we presented a tonal model by which the batter rusults for synthesizing
disyllebic words would be attained (Yang, 1990a). After modifying and perfecting, now the tonal model
(Fig. 2) for synthesizing polysyllabic words and phrases in SC is presented. The Fo-contour of a certain sylla-
ble in the syllabic sequence is genetated by the following formula .

Foi (1) =log ~! [Fc+Fd * foi(t) +Fb % Lb(1) +Fe % Le(1) ] 2
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where 1 is still the normalized time, and the defination of Fc, Fd and Foi(t) are as same as the ones for
the model of monosyllable. The tone type codesi , i=1,2,3,4,5. When i=5, it is the half-3rd tone. The
Fb and Fe are so-called former- and latter-linking coefficents respectively, and Lo(1) and Le(x) are the for-
mer- and latter-linking curves respectively. When syllable begins with a vowel or a voiced consonant, Fb will
be not zero, while when a succesive syllable begins with a vowel or a voiced consonant, the Fe will be not ze-
ro. The Lb(t) and Le(x) are two data arraies.
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Fig. 2 Block diagram of the tone model for synthesizing polysyllables

B 2 &% & EE R E R AER

Using the method of analysis-by-synthesis, the input parameters of the model for a syllabic sequence can
be extracted. As an example, Fig. 3a shows the narrow-band spectrogram of the quadrosyllabic word ” #3 k3
Fi” (a hail of bullets). First, from the spectrogram we measured a number of Fo values which were shown by
small circles in the figure, then the optimal input paramters for the model would be attained by trail and error.
Fig. 3(b) shows a calculated rusults macthed with the measured value shown by more thick lines in the figure.
It is seen that the calculated curve of first syllable lies over the measured points, and that implys that Fc¢ is too
small. While, the calculated curve at front half part of third syllable closes to the measured points, and they at
back half under the measured points. That implys that the Fd of the syllable is less. Fig. 3(c) shows a better
macthed rusult, and it is seen that the calculated curve passes through or close to the measured points.
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After applying the method of analysis-by-synthesis to a lot of polysyllabic words and phrases, we find that
Fd, one of the most important model parameters, greatly correlates with the stress degree Sd of the syllable,
and Fc correlates to the position at which a given syllable lie in a syllabic senquence. Below, we will discuss in
grealer detail the correlation between Fd and Sd, and sumup a tonal rules for synthesizing polysyllabic words

and phrases.
THE CORRELATION BETWEEN Sd AND Fd

It is commonly considered that the stress patterns by which each syllable in words are pronounced, are dif-
ferent, and it is an important factor influencing prosodic feacture. Zhao pointed out that ”Stress in Chinese is
primarily an enlargement in pitch range and time duration and only secondarily in loudness. ” (Zhao, 1968,p.
35) In other words, the stress degree of a syllable is closely correlated with pitch, duration and loudness. Re-
cently, some acoutic-phonetic studies, e. g. Lin, et al. (1984), Lu (1984) and Yan & Lin (1988) also
demonstrated such correlation. So that, at studying synthesis of polysyllabic words and phrases, the sfress de-
gree of a syllable is considered as one parameter controlling prosodic feacture, and according to the stress de-
grees of each syllable, their tonal ranges, durations and source amplitudes can be assinged. In this paper, the
influence of stress on tonal range is discussed emphatically.

In fact, the stress patterns of words in SC are established afterlong-term usage, and can be marked phone-
mically through phoneticians’ sum-up. For example, there are two utterances: ” il 53 7N i K 75" ( he can not
distinguish east from west) and ” ftb 32 £ K 7§” (he goes and bay things). The disyllabic word " JRF§” of the
former should be pronouced by middie-heavy stresed pattern, while that of the latter by heavy stressed-neutral
tone pattern and confusion in meanning may arise or listened unnatural, if they are pronounced in other ways.

The stress pattern of a certain word pronounced individually may be appointed, but their stress degrees of
each syllable in this word would change with speech context. We consider that sound change with speech con-
text can be observed from two level ; phonemic level and phonetic one. As an example, there are two sentences
here: "B R RIILM A TG and "R P AT BEIL” . The disyllabic words ” ZiF§” in the two sentences
above are appointed as middle-heave streess pattern on phonemic level, but in the actural utterances, the stress
of the word ” ZRF§” may sound different, a result of changes caused from phonetic level. In the first sentense,
the " ZK TG " lies at sentence’s end, and it is basically still pronounced with .nidlle-heavy stressd pattern, but the
» %" is pronounced more unstressed. While ” JXP§” in the second sentence lies at sentence’s middle, and "
T§” is pronounced more stressed then ” K" .

Till now. No final conclusion has yet been reached on stress patternsof all words in SC. For disyllbic
words, most of phonetic studies considered that there were only two stress patterns; middle-heavy and heavy
stress-neutral tone. While some other students pointed out that there were still other two stress patterns: heavy-
weak and heavy-midlle. Taking some phonetic studies (e. g. Yin, 1982; Xu, 1982; Lu,1984: Yu,1988) in-
to consideration ‘and basing on our exepriments, we consider it necessary to classify the stress degrees of sylla-
bles as four grades; heavy stress, middle stress, weak stress and neutral tone, and the syllabic stress grade may
be marked numerically as 4,3,2,1 respectively. In general, the larger the numeric value of stress degree of a



syllable is, the larger the numeric value of its tonal range, duration and amplitude. As for neutral tone, specfic
changes in tonal base and timbre may occured in syllables whose stress degree are marked asl .

Linguistic studies consider commonly that most of monosyllabic wordsand disyllabic words in SC are basic
units using which all words of more than three syllables can be made. For example, "iE&H %" = "FF" +
nEEn and "IBE SR = "{FEHE" + "4 /" . Inour study, the stress degrees of monosyllabic and disyllabic
words are appointed as the following

monosyllabic word ; 4, 3, 2, 1

disyllabic word; 3—4, 4—1, 4—2, 4—3.

The stress pattern of more than three syllabic words can be appointed phonemically, or establshed accord-
ing to their word-formations. For most of tri- and quadro-syllabic words, their stress patterns can be appointed
as 3—2—4 and 3—2—3—1 respectively. For many compound words with affix, their stress patterns should
be establshed separately.

In running speech, a sentence ,especially a longer one, is pronounced by one phrases after another, ‘and a
phrase is composed of two or more than two words. In the course of composing words into phrase, the stress de-
grees of each syllable will change more or less on phonetic level. It is considered that such a change is caused
from so-called ” position effect” and ”syllabic number effect” . In view of the two effects, the stress degree Sd’
of the syllable in a phrase should be computed through the following formula,

Sd’ = Sd — Dp — Dn 3

Where Sd is the stress degree of the sylable in a word; Dp and Dn are so-called ”position decrement” and
¥ syllabic number decrement” respectively, and may be obtained with experimental formulae.

The so-caled ” position effect” is that the stress degree of a syllable which lies at the word boundary in a
phrase may decrease. Accoding to our measurements, the Dp at differant positions are as follows; '

Dp=0 at phrase beginning (PB) )

Dp=(Sd—1)/3 at word beginning after word boundary (WB)

Dp=0 at word middle (WM) )
Dp=2(Sd—1)/3 at word end before word boundary (WE)

Dp=0 _ at phrase end (PE)

The so— called ”syllabic number effect” is that the stress degrees of syllables may decrease with increase of
syllabic number in a phrase. By try and error, Dn can be calcutelated with the following formula.

Dn=0. 14-0. 4{1—exp[—0. 23(N—1)]} (5

Where N is the syllabic number in the phrase.

As an example, in phrase "2 BT R B I” (a violin player’s example domonstration) composed of
eight (N==8) sylables, the Dp,Dn and Sd’ of each syllable have been calculated by using the formulea above,
and are listed in Table 1 .



Table 1 The Sd and Fd of an example

syllable # 5 I i ax i) * H
position PB WM WE WM WB WE WB PE
Sd 3 2 4 1 3 4 3 4
Dp 0 0 2 0 0.67 2 0.67 0
Dn 0.42 | 0.42 | 0.42 0.42 0. 42 0. 42 0. 42 0. 42
sd’ 2.58 | 1.58 | 1.58 | 0.58 | 1.91 | 1.58 | 1.91 | 3.58
Fd 0.229 | 0.179 | 0.179 | 0.129 | 0.196 | 0.179 | 0.196 | 0.279

Now, we can more reasonably appoint the stress degrees for a word, and recalculate the stress degr
each syllable in the phrase. The acoustical relation of stress degree have been studied preliminarily, and t
lationshjp between the tonal range Fd and the stress degree Sd is described roughly by the following form
Fd = 0.1 4 0.05 # Sd (6.

As an example, the Fd of each syllable for the phrase " $2 S §4 7R /" are listed in the last r
Table 1.

APPLICATION OF THE TONAL MODEL AND ITS TONAL RULES

In our speech synthesis system, the synthetic parameters data base with units of the initials (includii
loinitials) and the finals has been established. To synthesize a polysyllabic word or a phrase, it is only 1
sary to input a series of the initial codes, the final codes, the tonal codes and the stress degrees which are r:
to the syllables in the word or phrase. Fig. 4 shows a block diagram for synthesizing polysyllabic wor
phrase. The coarticulation rules shown by block (3) are used to modificate and calculate the segment pal
ters (e. 8. the formant frequecies of syllabic end), so that coarticulation effect in timbres between the ad,
sylables can be simulated (Yang,1990b). The prosodic rules shown by the block (4) include the tonal t
duration rules and amplitude rules.

Below, we will illustrate with an actual example how to generate ultimately a fundamental frequ

curve of a gaven phrase by means of the tonal model and rules mentioned above. A phrase to be synthe

still the "R FIFFY R AL FE " . Fig. 5 shows the whole procedure generating the Fo-curve of the phrase
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'ig. 4 Block diagram for synthesezing polysyllbic words and phrases

941 EREEVRBHRESR

(a) Monosyllable processing stage: to appoint a certain tone type and the stress degree for each syllable in
he phrase. In the figure, each small block corresponds to a syllable, and the width and height of the biock rep-
esent the duration and the tonal range of the syllable, respectivily. The horizontal dotted line and vertical one,
[ any, represent the tonal bese Fc and the boundary between un-voiced initial and voiced final of the syllable
espectively. In this stage, the stress degree of each syllable was appointed as 4, and the every block wa§ to be
eparated. The real lines at the blocks represent the syliabic Fo-pattern.

(b) Word processing stage: to appoint the stress degree Sd of each word in accordance with its phonologi-
al appointment and to process the phonological tone-sandhi.

In the example just cited, one trisyllabic word ” #2 % Jifi” , one monosyllabic auxiliary ” f}” , and two di-
yllabic words " 75 {i” and # # " were included in the phrase. The stress degree Sd of the each syllable in the

our words were listed in the Table 1 now.
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Fig. 5 An example generating the Fo-curve of the phrase
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In this stage, there are the phonological tone-sandhi rules as thefollowing

(1) 3rd tone + 3rd tone — 2nd tone + 3rd tone;

(2) 3rd tone + non— 3rd tone — half — 3rd tone + non-3rd tone;

3 "—, £, )\, A" tone-sandi rules (see,Xu,1980,pp. 124—127);

(4) the parameters of the tonal model for a neutral tone syllableshould be procesed by’ the neutral tone
rules’ (Yang,1991).

In this example, " F " is composed of ”FE” and " J” with 3nd tone, the tone type of ” 3" should be
modified as 2nd tone. In Fig. 5(b), the blocks are different in width and height (i.e. the duration and tonal
range Fd), because the stress degree of each syllable has been modificated by formule (6). In addition , Fc of
the syllables in the same words should also fall successively.

(c) Phrase processing stage: to recalculate Sd and Fd of each syllable in the phrase by formulea (3) -
(6).

In this example, the phrase is composed of words; "{2 27, "f)” , "7;RN"” and " I|" , and the re-
sulting Sd’ and Fd are already listed in the Table 1. It is seen from Fig. 5(c) that the Fd of the syllables; ”
Jifi", "§5” and "F” which lie at word boundaries in the phrase, decrease obviously.

.
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(d) Optimization precessing stage: to do the so-called imitating and the so-called smoothing to the pitch
contour of each syllable.

The so-called imitating means that the onset and offset curving sections should be added in the pitch con-
tour of each syllable. While the so-called smoothing means that the Fo curve of a syllable whose initial was
voiced should link with the Fo curve of the preceding syllable. Through imitating and smoothing, naturalness
and fluency of the synthetic sequences can be improved.

Using our speech synthesis system, quite a number polysyllabic words and phrases have been synthesized,
and their quality in naturalness and fluency are better, than that of speech made up of concatenation of monosyl-
lables. As an example, Fig. 6 show the spectragram of the synthesized phrase MBI R R -

/U i t'ginsg 1 te s 1 fa npiao i a
# ® [ Zi i = &

Fig. 6 the spectragram of the synthesized phrase
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It is worth mentiching that many tone-sandhi which were described over and over again by phonetics can

be more reasonably explained by our tonal model and its tonal rules. For example, phonetics has pointed out



that ” A 4th Tone followed by another 4th does not fall to bottom; that is , 51; + 51; — 53, 51.”
(Zhao, 1968,p. 28). According to our view, such tone-sandhi is one which takes place on phonetic level. As
such disyllabic words are pronounced with ” middle-heavy stress pattern’, the stress degree Sd of the former
syllable is less than that of the latter syllable and the tonal range Fd of the former syllable is less than that of
the latter syllable, while the tonal base value Fc of the former syllbale is larger then that of the latter syllable,
so that the tone value of the former syllable is 53 instead of 51 (see the word "5 #E” in the Fig. 5(b)). As
another example, phonetics has pointed out that, ” If in a three-syllable word or phrase ABC, A is in the st or
2nd Tone, B in the 2nd Tone, and C in any except the neutral tone, then changes into 1st Tone for speech at
conversationul speed, but does not change at a deliberate speed, ” (Zhao,1968,p. 27) According to our view,
such trisyllabic words are pronouced with’ midlle-weak-heavy stress pattern’, and the stress degree Sd and the
tonal range Fd of the 2nd syllable is smallst among the three syllables, so a rising of its Fo-contour is not obvi-
ous , and it may be heard as st Tone. In our example shown in Fig. 5(b), "#2 3 fi” belongs to such tone-
sandhi on phonetic level.

Of course, the tonal model and its tonal rules for synthesizing speech in SC are still tentative, and it will

be nédessary to modify and consummate them further.
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