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ABSTRACT

The major studies on coarticulation in Standard Chinese(SC) have been devoted to the spatial dimen-
sion of articulatory movements by observing and measuring to acoustic records of relavent segments
or syllables. It is still lacking of consideration on temporal dimention, namely ., the timing of speech,
though some previous work involved in segment duration have been reported.

This paper refers to a study on temporal dimention in natural SC speech, the narticular attention is
paid to derive a dynamic model of syllable duration in SC by examining their durational varia@ions
due to context-sensitivity, i. e. to examine what the main control factors are and how the syllable’s
duration is affected by these factors.

Our experimental result reported here is mainly obtained from the test materails uttered by one female
and two male native speakers. It leads to the considerations that the temporal realization of a syllable
in SC is governed by multiple intrinsic and extrinsic factors. The intrinsic ones relate to syllable itself
and, besides those phonetically motivated factors, they are mainly coming from stress contrast and
tonal difference; the extrinsic aspect is more related to linguistic restriction, besides those universally
acted in many other languages, such as the differences in speech rate, syllable position and units’
length, the special ones In SC are related to morphological constraint of speech units, difference in
syntactic contexts, and the difference in semantic requirements of sentences. These factors are hier-
archically worked on different speech levels in a top-down way, the role played in the lower level is
usually governed by those on the higher levels. Thus, a temporal model for certain sort of syllable
could be predicted according to the intrinsic and extrinsic factors that the syllable is affected by. Con-
sequently , The model offered here is a relational invariant pattern, i.e. a hierarchically dynamic
range, rather than a static invariance. So it may be of quite benefit to speech synthesis and recogni-
tion, as well as to the basic study on speech timing in SC.

1. INTRODUCTION

Generally, coarticulation involves both of spatial and tempbral dimentions of speech, and primarily refers to
timing of articulation (Fowler, 1980; Keating, 1988). In nowdays, research on speech timing is greatly con-
cerned with following two aspects: The one is the temporal coordination on the articulatory overlapping and in-
fluence occurred between adjacent segments or syllables, it needs intensive approach to the spatial variability a-
long with the passage of time; the other is the adjustment related to durational events themselves, it needs ob-
serving and measuring to durational variations due to contextual sensitivity. As a matter of fact, of course, it
is impossible to observe the dynamic variations in spatial dimention without reference to the passage of time,
and vice versa. -Consequently, this two aspects have their own focus respectively, but are closely related to
each other. The present study is more related to the later aspect.

Individually, segment’s or syllable’s duration in natural speech has a wide range of elasticity. It is typically



true in Standard Chinese(SC), from some previous works (Wu, 1986; Cao, 1989a), we found that the max-
imal value for the syllable uttered moderately in isolation can reach 600 ms and over, and the minimal ones
found in connected speech even less than 100ms. Nevertheless, the speech tempo is usually kept in a regular
range. Some evidences (Kohno, et al. , 1990)in either production or perception from different languages indi-
cate that there may be a universal basis of timing control commonly existed throughout the languages in the
world. In other words, there may exist some relational invariance in speech timing, by which the speech tempo
is controlled. To search such an invariance, it is necessary to do some intensive work in durational measure-
ments to different languages. .
In works on temporal aspect of speech, some control factors affected to the duration of speech sounds have been
found commonly from different languages, such as intrinsic phonetic property of segments; speech rate and u-
nits’ length; position effects in utterance groups and the compensation effects between adjacent units, and so
on (Campbell, 1990;Edwards, 1988; Thorsen, 1987; Major, 1981).
Recently, the observations in respect to Standard Chinese also confirmed above findings and made a few im-
provements. For example,the phonetic property, namely, the articulatory manner of consonants does strongly
affect to their durational value, several statistical analyses on the isolated consonants’ duration in SC do show
the same order as follows (Qi, & Zhang, 1982; Wu,1986) .

fricatives > aspirated affricates & stops >

unaspirated affrictes & stops > laterals & nasals
accounting for the obvious loss of closure duration in the measuring to isolated tokens, however, both Feng
(1985) and Cao(1989a) had a further measurement, and results in a revising to above sequence by exchange
the order of the first and second iterms, that» is: aspirated affricates and stops ‘should come first, and then the
fricatives.
Considering of the important status of syllable in SC, the present investigation is concentrated on the study of
syllable duration, the particular attention is paid to search the relationally invariant patterns of syllables in dif-
ferent contexts by observing the dynamic range of durational variation and examining what the main control
factors are and how the syllable’s duration is affected by these factors. The preliminary hypothesis is that the
durational model of a syllable may be predicted from a relatively invariant framework, which will be derived

according to the contextual variations determined by multiple factors.

2. LANGUAGE BACKGROUND AND TEST MATERIALS

This investigation involves two sets of test materials, which were uttered by one female and two male native
speakers. The first set consists of 14 pairs of trisyllabic words, which were read in isolation; and the second set
contains 6 pairs of sentences, in which the target syllables, those have been already tested in the first set, are
appeared as monosyllabic words or as the part of polysyllabic words.or phrases. The measurements were made
according to the spectrograms of these materials. Considering of the articulatory overlapping occurred between
adjacent syllables due to coarticulation in connected speech, the measurement of the overlapped period is count-
ed in both sides of adjacent syllables.
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The test materials described above were designed according to following background. First, syllable, as one of
the basic units in Chinese speech, is usually running in some relatively fixed groups, like in polysyllabic words
or phrases. Therefore, the durational realizations of individual syllable in larger structures may be not only de-
termined by their position in the sequence, but also by the morphological constraint of the structure. In SC, the
minimal ones among the fixed groups are the bisyllabic words. This kind of words inherently includes two types
of stress, namely, normal type and neutral type. In the former type, both syllables with normal stress; and in
the later ones, the first syllable has normal stress and the second syllable is neutralized with a weaked stress.

‘Moreover, the bisyllabic words in SC constructionally have relative stability and strong power in constituting

new words, so all of the other polysyllabic structures in SC are essentially the different combinations biult from
monosyllabic and bisyllabic words. Therefore, the durational distribution for polysyllabic structures should be
closely related to such a constructional feature. To simplify our analysis, here we just take trisyllabic words as
the test example.

Secondly, syllable as a basic conveyer for the syntactic and sementic informations, its durational variability
may be also affected by syntactic and sementic constraints of sentences. Thus, the test sentences were de-
signed.

In addition to these, for the convenience of discussion, the durational measurements also extends to the acoustic
records of monosyllabic and bisyllabic words which were made in our previous investigations (Wu, 1986;
Cao, 1989b).

3. EXPERIMENTAL RESULTS AND ANALYSES

3. 1. Average duration

Generally, for the convenience of comparison, people are used to ask for an average value for certain kind of
measuremants, however, as a matter of fact, it is hard to assign such a scale for syllable’s duration, since in
real speech, it varies depending on multiple conditions and usually has a very wide dynamic range. Table I of-
fers some examples of the measurements obtained in this study. According to the figures shown in this Table,
we can get an outline of the variable extent that the individual syllable may reach, and realize how wide the dy-

namic range is, though it is obtained from limited materials.



Table I. Average duration (ms) of different variations for the
syllables /dan/, /jie/, and /shi/ in normal stress
utterance

# 1. EXEEEY ‘B ‘S B ERAE#ATHFHNK.

positio in moderate éheecn in faster speech
/dan/ /jie/ /shi/ /dan/ /jie/  /shi/
ﬁlnal 332.5. 357.5 390 245 290 260
initial. 267.5 268.8 222.5 263.3
inter- ix(a) 193 175 185 135
ocalic #(b) 187 148 161.3 122.5

#(a) 2nd syllables in trisyllabic words;
#(b) 3rd syllables in quadrisyllabic words.

On the other hand, however, some tendency is observed here, that the number of syllables uttered per second
is regularly between 5 — 6 in moderate speech and 6 — 7 in faster speech. If count in the period of
intersyllable’s overlapping, which is around 30— 50 ms according to our observation from this test, then the
average duration for a syllable could be estimated at a range of 200— 250 ms. By comparison, it is not only
far shorter than those tokens in isolated monosyllabic words, in which it is usually over 500ms in moderate
tempo, but also shorter than most of the tokens appeared at initial or final positions in connected speech. In
most cases, we don’t think this average duration has any practical value. Actually, we don’ t attempt to intro-
duce this figure for any practical use. What we try to indicate here is that, the average number of 5—7 sylla-
bles uttered per second seems not to be an accidental event, but rather a reflection of the existence on relational
invariance in speech timing. Several relavent studies, either from speech production or from perception, have
made great efforts in this aspect. For example, in work on the nature of timing control in languge, Miller G.
(1956) suggested that the memory span of holistically processed syllable sequence is about 7 plus /minus 2.
Kohno M. and Tsu Shima (1989) confirmed Miller’ s suggestion according to the evidence that, in child
bablling or one word utterance, the syllables in succession never continue over 7. Based on these studies,
Kohno M. and Tomoko Tanioka (1990) claimed that the syllable sequence perceived holistically may constitute
a ‘perceptual sense unit’ in process of listening comprehension, and the unit should be a grammatical unit
which consists of 7 or less syllables and convey one unit of meaning. Thus, they continued to infer that this u-
nit may offer a universal basis of timing control commonly exists in all the languages. Consequently, our data



obtained from acoustic events tested here may be served as an evidence from Chinese to support such an infer-
ence, it is because of that, speech perception is closely related to speech production, so they must share the
same basis on timing control. Based on these findings and observation from different languages, we would infer
that the marginal seven or less of syllable number may reflect one of the relational invariances in speech tempo
existed throughout different languages. Thus, it may be assigned as a relative scale for the comparison of sylla-
ble duration.

The figures given in Table I also briefly reflect some effects from the other factors. However, the relationship

is more complex than what is appeared here, it will be discussed in later part of this paper.

3. 2. Intrinsic difference

As the situation has been found in many other languages, the intrinsic difference of syllable duration is existed
in SC, some kind of syllables do inherently longer than other ones, it is dependent on some intrinsic factors re-
lated to syllable itself. However, most of this control factors are language specific, only those physical con-
straints, such as the differences in articulatory manner of consonants and the hight of vowels, are universally
effecient in different languages.

The intrinsic difference found in SC is partly coming from those physical factors. For example, if a syllable
with an aspirated initial and a high vowel final or a final with nasal coda, it is likely longer than the others ce-
teris paribus. On the other hand, however, this difference in SC is also conditioned by some phonological fea-
tures. Firstly, the tonal contrast is an important aspect affected to syllable duration, usually, a syllable with
the third tone, i. e. the mid-falling-rising tone is longer than those with other tones, and the fourth tone, i. e.
the high-falling tone is considerably shorter than the others.

Secondly, the inherent difference of stress type is another factor related to syllable duration. Essentially, there
is two types of stress related to syllable itself in SC, namely, normal type(NM) and neutral type(NT). In the
NM case, the syllable usually has normal sound quality and tone patterns, and a longer duration is expected as
well; while in the case of NT, its sound quality is reduced, the tone pattern is neutralized, and a shorter dura-
tion is accompanied. Some studies reported that the durational ratio of NT to NM is about 1:2 to 3;5 (Lin, M.
& Yan, J. . 1980; Lin, T. 1983; Cao, 1986) Actually, these figures are including some systematic differ-
ence, a further test has found that when the neutral type’s bisyllabic words are uttered in isolation, the average
ratio of NT syllable to its preceding NM ones is around 63:100; while it is around 50:100 when the word oc-
cured in connected speech (Cao, 1989b).

3. 3. Contextual variations

3. 3. 1. Variations in isolated bisyllabic and trisyllabic words

As what have been mentioned before, syllable is usually running in groups as a part of larger speech units, so



the durational realization of individual syllable is context-dependent. If we regard the duration of isolated sylla-
ble as its underlying form, then that of contextual variation is its surface form. Figure 1. gives the specific
surface forms of syllables occurred in different type of isolated polysyllabic words. It is obvious that, these du-
rational patterns are even more complex, we will discussed them in the related part under 3. 3. 3.

Here, let’s look at the picture first, there is a dark bar on the far left in the figure, it represents a relative scale
for the comparison among the surface tokens, its value is taken from the average duration of the word-initial
syllables, and it is very closed to the ‘Average Duration’ described in 3. 1. The patterns in A and B represent
the basic duration model summarized from isolated bisyllabic words obtained from previous investigation( Cao,
1989a; 1989b). It can be seen that in pattern A, the first syllable is equal to or slightly longer than the scale,
and the last syllable is clearly longer than the scale; and B is a pattern for neutral type bisyllabic word, in
which the first syllable is obviousely elongated and much more longer than the scale, while the last syllable, the
NT type syllable, is considerably shortened and far shorter than the scale.

All of the rest bars in this figure are the surface variations occurred in different category of trisyllabic words
tested in this study. Here the bars with oblique lines represent the NM type tokens, and those with cross lines
represent the NT type tokens. In each case, the shadowed part of the bar shows a scope that a syllable’s duré—
tion is exactly or likely reached, and the part within dotted line illustrates the extent that is possibily reached in

certain position.
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3. 3. 2. Variations in connected speech

So far, the syllable’s duration described above is mostly involved in isolated words. In real speech, all of them
are organized in connected string. Consequently, their temporal realization must vary in more complex and
wider background, the situations have been partially shown in Table I. The average valué listed in this table
were measured from the variations of syllables /din/[tan], /jié/[lyie] and /shi/[-1], which are occurred in
different contexts of the test sentences. If make a simple comparison on duration among the three syllables, the
intrinsic difference phonetically motivated is still dimly visible, but it has been considerably modified by multi-

ple extrinsic influences.
3. 3. 3. Extrinsic control factors and relavent effects

From figure 1. and Table I, some effects could be clearly observed.

(a) Position effect .

Segments’ or syllables’ duration is usually affected by their position in the utterance, such as word- /phrase-
initial shortening, word- /phrase-final lengthening, and the intervocalic tokens are usually shorter than the av-
erage. It is a rule universally acted in many languages. This effect is also found in SC, the figures in Table I
have shown a very sharp outline on this phenomenon. Similarly, this tendency also can be seen from Figure 1,
for example, the syllables at word-initial in the patterns of A, A(1) and A(2) are all shorter than those at
word-final positions. However, the position effect is limited, the detail account is given below.

(b) Morphological constraint .

As the bisyllabic words constructionally have their stability, their durational patterns are often kept even when
they occur in larger units. In other words, this bisyllabic structure is always appeared in global. Consequently,
as what shown in Figure 1. the durational pattern of A(1), i.e. of 2 4+ 1 type ( compounded by a bisyllabic
and a : "nasyllabic morphemes) trisyllabic word, differ from that of A(2), i.e. of 1 + 2 type’s. Obvious-
ly, it is <u~ to different placement of the bisyllabic morpheme in each case: in the case of A(1), the bisyllabic
structure is gloha'ly appeared as the first part of that word, so it is shortened in general, and the following
monosyllabic component, as the last part of the word, is lengthened clearly; while in A(2), the bisyllabic
structure is appeared as the last part of the word, the constitutional relation in this case is just in reverse com-
paring with that of A(l). Thus, the different durational pattern is reasonablly resuited. Moreover, this situa-
tion is appeared even more promin2uft in the cases of B(1), B(2) and B(3), where the long-short duration
model of the neutral type’s bisyllanic struciure s kept in any poéition within different trisyllabic words. In
these cases, the second syllable in 2{i) ai.. ‘he first syllables in B(2) and B(3) have not been shortened as
usual as expected, but obviously lengihened instead, though all of them occur at the intervocalic position or
word-initial position. On the contrary, the last syllables in B(1) and B(3) seems have not been lengthened as
well, though all of them are occurred at the word-final. In sum, all these phenomena illustrate that the power
of position effect is quite limited, its role must be controlled by morphoiogical restriction. In the other words,



position influence can not transgress the effect of morphological construction.
(¢) Syntactic context
In the investigation respect to bisyllabic words in SC, we have observed some influence come from syntactic as-
pect, for example, the duration of the last syllable in these words are directly affected by the following syntac-
tic context (Cao,1986b). It may be helpful to present an example of the measurements here; when the test
word is followed by an independent syntactic element in a sentence, the average duration of the last syllables in
these words is around 292 ms; while it is compressed to 254 ms when it is followed by an auxiliary word.
Since in the sentence of Chinese, the auxiliary words are usually not independent syntactic element and have to
be attached to their previous words, so that the last syllable of previous words become a morpheme located in
intervocalic position, instead of the word-final position. Consequently, a shortening effect is resulted due to the
position effect. Of course, here is just taking an example to indicates such kind of influence, further study is
needed.
(d) Units’ length and speech rate .
The other factors affected to syllable’s duration are the differences in units’ length and speech rate. If we look
at back to the situation shown in Table I, and make a simple comparison between first row and the last two
rows respectively or that between last two rows, it will be found that, the syllable duration is decreasing with
the increasing of syllable number in certain unit. At the same time, the relationship of inverse proportion be-
tween syllable duration and speech rate is also found from the difference appeared between ‘moderate’ and
‘faster’ columns in this Table.
Notice that, however, there is a phenomenon can not be neglected, that the effect described above is not a sim-
ple and linear relation, because regular speech tempo is not only acheived through the elongation or compression
of every syllable, but also adjusted by the presence /absence and longer /shorter of possible pauses occurred at
phrase boundary. Figure 2 provides a pair of spectrograms for the sentences uttered in different speed. From
the picture, about 600 ms difference between this two sentences could be measured. It is obvious that, howev-
er, the most prominent difference in this case is about450 ms long pause found after the first phrase in the
‘moderate’ sentence, but not in the ‘faster’ one, and the corresponding elongation or compression of individu-
al syllable in either cases does not perform linearly, but only show a tendency in gross.
(e) Variability controlled by semantic requirement
Speech sound is the surface output represented the underlying semantic input, so the surface realization of sylla-
ble duration must be also closely related to semantic requirements of speech. It has been confirmed by the evi-
dence observed in this study. The experimental results obtained from designed test sentences indicate that, this
role is usually carried out through different stress accent. Figure 3 gives one of the examples, in which four
different statements are made from the same syllable sequence, but uttered in different accent stress according
to different underlying #* semantic contents respectively, and result in different distribution of syllable dura-
tion.
As what has been illustrated in Figure 3, different semantic contents of the sentences result in different place-
ment of the accent stress for every sentence, this effect is usually appeared first in the phrase level, and then
the word and syllable levels. For example, statement (1) is a general description, which answers the question
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Figure 2. The relationship between syllable duration and speech rate.
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of ‘how about this pair of shoes? ’, the possible answer could be (not) ‘durable’, ‘siutable’ or ‘nice’ and so
on, and the sentence stress is usually located on the predicate part, here is on the phrase of /bu jie shi/, in
which, /jie shi/ is a key word and constructionally is a neutral type bisyllabic word. According to word stress
rule in SC, here the stress must be placed on the first syllable. Therefore, the accent stress of this sentence is
logically set on the syllable /jie/; The situation in statement (2) seems to be similar to (1) in phrase level, but
different from (1) both in word and syllable levels, since the underlying semantic content of statement(2) is
try to answer the question of ‘do this pair of shoes durable?’, so the answer emphasizes the negative word
/bu/. On the other hand, statement (3) and (4) is similar to each other in phrase level, but different from ei-
ther in the word and syllable levels, and both of them differ from (1) and (2). In the cases of (3) and (4),
what being emphasized is the subject part of the sentence, so the accent stress of the sentence is shifted respec-
tively to the éyllable /xie/ or /zhe/ according to their different semantic content. Consequently, the relavent
syllables are obviousely elongated. Just look at the percentage summarized bellow, which is the durational ratio
of negative word /bu/ to the whole sentence in different statements, we will realize how strong the semantic

effect is.



sentence level: Zhe shuang xie bu jie shi,
- G L & %

(This pair of shoes is not durable).

statement (1), a generai description to ‘this pair of shoes’.
Bk 2 43 (D, WXNEAH-BNEEHRT.

phrase level: L I L * )

vord level: L_________ S [ U R O B N S |

syllabie level: L_J L____J L_J LJ L*J L_J

syll. duration: 190 220 230 110 330 230(ms)

Statement (2), emphasize ’'this pair of shoes does NOT durable’.
Bk & 4] (2), Eﬂﬁﬂ#?%iﬂ

phrase level: L J L * 1
word level: L_________ 4 L1 L*d L_____ J
syllable level: L_J L____t &_J L=*J L_J LJ

syll. duration: 250 240 250 27¢ 310 180(ms)
\
Statement (3), emphasize 'this pair of SHOES is not durable’.

WE® ), EMENBREK.

phrase level: | * I L d
wvord tevel: | _________ 1 L*J LJ L______ J
syllabie level: |_J L_____I FoL®y L4 L_J L_J

Syll. duration: 260 230 380 80 320 230(ms)

statement (4), emphasize 'THIS pair of shoes is not durable’.
B 3£ 41 (47, EM@&&*%%U
phrase level: | * ] L !
word level: I_____ ___J L3 L4 L L_g
syllable level: L*]) |.____| L) b Lod L
syll. duration: 280 240 210 100 280 200(ms)

Figure 3. The schematic digram for the relationship between syllable
duration and semantic requirement of the sentences.
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durational ratio statements
9.3% )
21. 4% €3]
5.4% 3
7.8% 4

4. CONCLUSSION

Based on the limited observation taken in this study, the durational patterns of syllables in Standard Chinese

could be summarized as follows:
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(a) Syllables as monosyllabic words moderately uttered in isolation is usually over 500 ms. Intrinsic difference
is existed among them, which is conditioned by intrinsic factors related to syllable itself. However, all of these
isolated tokens will be modified by different extrinsic influences. First, it will be much more shortened when
they ocuur even as an independent elment in connected speech, the average ratio between this two kind of to-
kens is around 100.:70; Second, it will vary depending on multiple factors and run in some relatively fixed
patterns. Therefore, the duration model offerred here, as it has been shown in the table and figures, is rela-
tionally invariant patterns, instead of static invariance.

(b) Syllable duration in real SC speech has a wide dynamic range; the higher threshold is about 600 ms, the
lower one is around 100 ms, and the specific realization is appeared so dazzling. However, as what has been
found in many other languages, the speech tempo is still kept within a regular range, it is achieved through the
mechanisms of intrinsic compensation and adjustment. In different conditions, the specific elongation or com-
pression of individual syllable undergone is not linear, but disproportional.

(c) The control factors affected to the duration realization of a syllable are mainly coming from two aspects,
namely, intrinsic and extrinsic factors. The intrinsic ones are phonetically and phonologically'motivated,
which is related to syllable itself including articulatory manner of initial consonants, tonal contrast, and the
difference in stress type, and so on. The extrinsic factors are more related to linguistic aspect, it contains
speech rate and units’ length, syllable position and syntactic context, morphological constraint and semantic re-
girement. All these factors are hierarchically worked on different speech levels in a top-down way, the role
played in the lower level is usually governed by those on higher levels. Thus, the durational pattern for certain
sort of syllable could be predicted from the relational framework described above according to the factors that
the syllable being controlied by.
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