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ABSTRACT

While the tonal characteristics of Chinese
have been qualitatively described in traditional
phonetics, a more quantitative analysis requires a
mathematical model. We present such a model for
the fundamental frequency contours of the Standard
Chinese, based on an extension of a model that has
already been proved to be applicable to Japanese.
This model allows one to Iinterpret a given Fo
contour in terms of tone commands and phrase com-
mands, and to analyze various tonal phenomena in
quantitative terms. Based on the analysis of a
number of words and short sentences using this
model, several rules are derived to express various
sandhi phenomena found in connected utterances.

1.INTRODUCTION

Chinese is a typlcal tone language where a
syllable possesses several tone types, representing
real but different morphemes in almost all the
cases. Therefore, the tone is one of the most
important factors in speech research for Chinese
and many contributions have been conducted relating
to speech production, synthesis and recognition.
In the case of Standard Chinese, there are four
tone types, called first, second, third and fourth
tones. They are high/flat, rising, falling/rising
and falling tones and are respectively denoted by
Tl, T2, T3 and T4 or just by 1, 2, 3 and 4. For
example, in the case of syllable "ma,"” mal, ma2,
ma3 and mad respectively have the meaning "mother,”
"hemp," "horse" and "to abuse."

While these tone types have rather clear mani-
festations In the time-contour of fundamental fre-
quency (henceforth the Fo contour) in the case of
isolated syllables, they undergo various modifica-
tions in connected speech due to interactions from
tones of adjacent syllables, as well as from the
syntactic and the pragmatic information of the
whole utterance. The well-known rules of tone
sandhi provide only a qualitative description of a
small part of the entire phenomenon [1].

With an attempt to obtain a deeper insight
into the nature of these interactions and to de-
scribe them in quantitative terms, a quantitative
analysis of the Fo contours of Chinese monosyllab-
ic, dissyllabic and trisyllabic words has been
conducted using the tone model proposed by the
authors [2-8]. Several Chinese sentences have also
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been analyzed to investigate the influence of
sentence-level syntax on the tonal features.

2. SPEECH MATERIALS

A syllable of Chinese can usually be divided
into two parts: initial conscnant and the rest.
They are respectively called "Sheng-mu" and "Yun-
mu.” In Standard Chinese, the number of "Sheng-mu"
is 21 and the number of "Yun-mu" is 39. Among all
the possible combinations, however, only 417 combi-
nations are used as syllables. Although 1,668
utterances are possible with tonal differences,
1,219 utterances are actually used as morphemes.

The speech materials used for the analysis
were 1,219 monosyllabic words/morphemes, 360 dis-
syllabic words, 128 trisyllabic words and several
short sentences uttered by a male speaker of the
Standard Chinese. In addition, recordings of
monosyllabic words, available as a speech database
from the Institute of Acoustics, Academia Sinica,
were also used for analysis. The database contains
utterances by one male and one female trained
speakers of Standard Chinese. The monosyllabic
words were first analyzed to obtain quantitative
descriptions for the basic characteristics of the
four tones in isolation. The contextual effects of
the adjacent syllables, other than those by tone
coarticulation, were then investigated using the
dissyllabic and trisyllabic words. The effects of
sentence-level syntax were also investigated using
the sentences.

3. QUANTITATIVE MODEL FOR THE FUNDAMENTAL FREQUERCY
CONTOUR OF CIIINESE

The idea of fundamental frequency being the
response of the laryngeal structure to excitation
commands, has proven to be successful in the model
proposed by the authors, In the case of pitch
accent languages like standard or dialectal Japa-
nese, or even English [9-12]. The model has been
extended to apply for the Fo contours of Standard
Chinese [2].

As proposed for Japanese, the responding
system is approximated by a second order linear
system. From blomechanical considerations its
output simulates log Fo rather than Fo. We also
use impulse commands ("phrase commands”) to produce
the "phrase component” which 1s assumed to repre-
sent overall utterance intonation and step commands
to produce local Fo variations in the syllable
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domain. The response to a single command is de-
fined by a time constant parameter (afor the
impulse, Bfor the step command), a damping coeffi-
cient {7 for the step command, critical damping
assumed for the impulse command), the command
amplitude and its time location.

In the original model for Japanese, step com-
mands are paired to form "accent" commands: one
onset step command followed by one offset command
of opposite amplitude. For Standard Chinese, we
call such pairs of command as "tone" command, since
they should produce tone components. In view of Fo
contour complexity in Standard Chinese, we distin-
guish between "positive” commands (positive ampli-
tude for the onset step), and negative ones. The
parameters «, B and 7y, viz., time constants and
damping coefficients, are assumed to be related to
the responding system and are kept constant, at
least within an utterance. Since the system might
respond differently to positive versus negative as

well as to onset versus offset step commands, the
whole set of "system parameters" is:

¢, Bip, Bze, Bin, B2n, Y1ps 7 2p, 71in, and
Y 2n,

where p and n standing for positive and negative, 1
and 2 for onset and offset.

Amplitudes (Ap and At for phrase and tone
commands) and times (tp for phrase commands, t1 and
t2 for onset and offset of positive tone commands,
t3 and t4 for onset and offset of negative ones)
are considered to be specific to each phrase or
tone command.

In order to reduce the search space and thus
to assure uniqueness of solution, we further intro-
duce the following constraint that stable patterns
of tone commands be associated to each of the

Tone Contours

/

/_\

lexical tones. As a first step, these patterns are
defined qualitatively, as illustrated in Fig. 1.
The "light tone (TO)" 1s assumed to be associated
with a small command.

Furthermore, based on the analysis of Fo
contours of 1,219 monosyllabic words of Standard
Chinese, we propose a linear dependency of the
onset/offset time ti on time duration D and Fo
contour onset S1, for each tone J:

ti = 81 + Kij » D + Cij. (1)
The term Cij is introduced to absorb accidental
fluctuations 1in individual utterances.

4. ANALYSIS AND RESULTS

Quantification of the characteristics of an
observed Fo contour is accomplished using the
method of analysis-by-synthesis to extract the
parameters of the tone model. Table 1 shows the
values of system parameters averaged over the
sentence samples and their standard deviations.
Figures 2 and 3 show examples of the results of Fo
contour analysis using the model for dissyllabic
and trisyllabic words. Table 2 summarizes the
results for the coefficient Kij's averaged over all
samples of each combination of i and j [5)]. From
the results of the analysis, the followings were
found for the tone features of Standard Chinese.

I) In the case of dissyllabic words, there are 15
possible combinations of tones of monosyllabic
words. If a syllable with original tone type of T3
is followed by another T3 syllable, the first T3
syllable changes into T2. This well-known tone
sandhi rule can be written as:

1) T3 + T3> T2 + T3,

In addition to this well-known rule there exist

Tone Commands

T1 T2

Fig. 1.

[

T3 T4

Tone command patterns for the four tone types of Standard Chinese.

Table 1. System parameters of the tone model (in [1/sec])
and their standard deviations (in parentheses).
a B1p B2y Bin B 2n 7 1p 7 2p 7 1n 7 2n
2.83 19. 80 20.63 19.23 20. 06 1.13 1. 02 0.91 0.76
(0.02) | (2.00) | (1.69) | (1.80) | (2.38) | (0.05) | (0.02) | (0.02) | (0.05)
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special cases of tone sandhi for specific morphemes
like "yil” (meaning "one") and "bu4" (meaning "non-
"), when followed by a monosyllabic word of the
fourth tone. As shown in Fig. 2, these rules are:
2) "yil™ + T4 "yi2" + T4,

3) "bud4" + T4 — "bu2" + T4.
II) In the case of trisyllabic words/phrases, the
intra-word syntactic structure is the left branch-
ing (dissyllabic word + monosyllabic word) or the
right branching (monosyllabic word + dissyllabic
word). Roughly speaking, the tone sandhi rules for
dissyllabic words can be applied recursively. The
followings are the rules when all of the constitu-
ent syllables are originally T3 syllables:

4) (T3T3)T3 — (T2T3)T3 - T2T2T3 (left branching),
5) T3(T3T3) - T3(T2T3) - T3T2T3 (right branching).

TII) The so-called "light tone" appears in about
. /"‘N"‘\__\‘\
—vyil Fduid
b b
—yi2 Fduid

9 % of all the syllables in connected speech. OQur
analysis shows that it can be interpreted as a
result of extreme reduction of the tone command for
the specific syllable. It occurs at:
6) the last syllable of a homophonic
word,
7) the second syllable of a trisyllabic word,
8) utterance-medial syllables of connected digits,
and
9) the final "er" often used at the end of
words in colloquial speech.

dissyllabic

short

5. CONCLUSION

A quantitative model has been developed for
the Fo contours of Standard Chinese as an extension
of the model for Japanese, using both positive and
negative tone commands to account for the charac-

Ztﬁuﬂ égTui4
N 2
Ahu2 Zhuid
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Fig. 2. Tone sandhi in the dissyllabic words (a)"yi dui" and (b)"bu hui."
Table 2. Coefficient Kij's and their standard deviations.
Wi indicates a word with i syllables.
T1 T 2 T3 T 4

K11 K24 K32 Kae K12 K22 K33 K43 Kis Kas K34 Kag
¥y ~. 396 863 . 400 .878 L1938 302 -.072 .670 -, 280 157 . 376 . 898
(.186) | (.015) (L044) | (LOL9)Y [ (.048) 083) | (.087) | (.otd4) | (.079) | (.029) | (.065) | (.048)
S ~. 4817 854 2317 .919 -.337 341 . 016 L8117 -.598 235 . 191 1.107
y (L116) | (.1468) | (Lr16) | (. 142) | (L094) 165) | (LE13) ) 134y | (L164) | (L129) | (. 219) | (. 188)

2 - -
S ~-. 401 900 . 239 . 905 -.318 L8138 .018 . 506 -. 518§ . 268 L2117 1.172
(.128) { (. 153) (.089) [ (.069) | (.178) L210) | (Lto3) | (L1sTy | (L205) | (L178) ) (L20T) | (LOT4)
S 1 -. 453 800 . 130 L8311 -. 2486 437 007 LT16 -.483 . 219 . 252 1.088
(.278) | (L096) | (L082) | (.107) | (.182) C185) | 122y ) (L209) 1 (L222) | (.085) ) (.229) | (.285)
Wa | S 2 -. 375 850 . 193 . 803 . 248 . 246 . 072 .886 -. 402 L2218 . 285 1.069
(.128) | (.181) (.139) | (.z222) | (.222) 251> L Ly | oasTY L L109)  CnL2y  (L2z42y f (L303)
S 3 -. 210 888 L3117 . 903 -. 160 . 875 -. 069 L4886 -. 437 L 224 . 180 1.109
(.325) | (.138) (.167) | (.168) | (.240) L225) L C05TY | (1o ] (L15TY | (L113) | (L21n) | (.Ldn)
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Fig. 3. Tone sandhi in the trisyllabic word (a)"hao ling dao" and in the trisyllabic phrase

(b)"1ling dao hao" showing the effect of word-level syntax on the prosody.

teristics of the four tones. The model has been
shown to be capable of closely approximating the
observed Fo contours. Fo contours of a number of
utterances of both words and sentences have been
analyzeq using the model, to extract tone commands
and phrase commands. The results allow one to
describe tone coarticulation and sandhi phenomena
in quantitative terms. Some rules of tone manifes-
tation have been described on the basis of analy-
sis. Although further work 1is apparently neces-
sary, the proposed model and the analysis method
are found to be useful both for the analysis and
synthesis of Fo contours of Chinese.
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