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Abstract 

This paper studies factors that have influences on durations of 
syllables in Mandarin. Six factors are investigated by 
comparing means of duration in different categories in the 
preparatory study. The vector space is reduced from 299250 
to 1000 by removing factors that do not cause significant 
changes in means and merging levels in each factor that have 
similar means. In order to remove influences from various 
initials and finals, durations of syllables are divided by the 
mean duration of the corresponding base syllables. The sum 
of squared residuals analysis is performed on the normalized 
duration. The results reveal that boundary index has the 
largest influence on syllable durations. Tone identity comes 
next.  Though, position in word is not a very important single 
factor, it influences duration together with boundary index.  

1. Introduction 

In natural speech, durations of segments vary as a complex 
function of many phonetic and prosodic factors. For 
synthesizing natural sounding speech, it is very important to 
mimic the trend of variations in duration in human speech. 
Many factors, such as phonetic identity of current segment 
and its surrounding segments, stress/unstress property of 
segments, sentence/phrase prominence, within-word position, 
within-phrase position, etc., had been proposed as factors that 
contribute to the variation of segmental durations. Some of 
these factors influence segmental durations independently. 
While, interactions exist between others. The magnitudes of 
effects from different factors are not identical. Ranking the 
importance of factors and identifying the degree of 
interactions among them become very important for 
constructing a good duration model.  

Most of previous duration studies on Mandarin were 
performed under controlled conditions, where limited number 
of factors were examined over a small amount of speech 
database[1][2][3]. Unbalance in phonetic and prosodic 
coverage in small database makes it impossible to study many 
factors together and to identify interactions among these 
factors. In this paper, a very large phonetic and prosodic 
enriched single speaker database[4] is used. A two-step 
duration analysis is performed in the corpus. In the first step, 
preparatory study is done over a larger vector space by 
calculating means of durations. The vector space is reduced 
by removing factors that do not cause significant change in 
means and merging levels that have similar means in each 
factor. Then, the sum of squared multi-factor residuals[5] is 
used to investigate the magnitude of influence from each 
considered factor and the degree of interactions among these 
factors. Since the smallest unit used for concatenation in our 
Mandarin TTS system is a syllable, all duration analysis in 
this paper is syllable based.  

This paper is organized as follows. The speech database 
and its basic statistical features are introduced in Section 2. 
Section 3 is the preparatory study of duration. A method for 
duration normalization is introduced in Section 4. Section 5 is 
about duration analysis using the sum of squared multi-factor 
residuals. At last, Section 6 provides the final conclusions. 

2. Speech Corpus 

A large Mandarin speech corpus, which contains 13,000 
sentences (more than 190,000 characters), has been collected 
as unit pool for our Mandarin TTS system. The script for the 
corpus is carefully designed to cover as many as possible 
phonetic and prosodic variations of 1500 Chinese syllables. 
Details about the coverage of the corpus can be found in [4]. 
All these sentences are uttered by a female professional 
speaker with very beautiful rhythms. Boundaries of syllables 
are first labeled with HTK toolkit automatically and then 
checked manually.  

The distribution of syllable durations in the database is 
shown in Figure 1. The mean of durations of all syllables is 
0.245 second. The longest syllable is 0.804s and the shortest 
one is only 0.049s.  Durations of more than 99.5% of  all 
syllables are between 0.10s and 0.50s. This paper will 
investigate the main factors causing such great change in 
syllable durations. 
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Figure 1: The histogram for syllable durations in the 

speech corpus. 

Human speech with beautiful rhythms is constructed with 
hierarchical prosody constituents. In this paper, a three-tier 
prosodic hierarchy is adopted for prosody below sentence in 
Mandarin. Prosodic word (PW) is the lowest constituent, 
which is defined as a group of syllables that are uttered 
closely and continuously in speech. There should be no 
perceptive prosodic boundary within a prosodic word. A 
prosodic word can contain more than one lexical word and it 
can also be only part of a lexical word. More detailed 
descriptions about the differences between prosodic words 
and lexical words can be found in our previous works[6]. The 
middle tier is prosodic phrase (PP), which consists of a group 
of prosodic words that has a perceptive minor break at the 
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end. Intonational phrase (IP) is the top tier of prosody 
hierarchy below sentence, and it consists of one or more 
intermediate phrases and has a major break at the end. Thus, 
an IP boundary necessarily coincides with a PP boundary and 
a PP boundary is inevitable a PW boundary, but, not vice 
versa. The locations of boundaries for PW, PP and IP are 
annotated manually by perceptual experiments. A five-level 
boundary index is used. A B1 is assigned to a prosodic word 
boundary. A B2 is assigned to place where a minor break is 
perceived, and when a major break is perceived, a B3 is 
assigned. B2 and B3 correspond to PP boundaries and IP 
boundaries respectively. Sentence ends are annotated with B4 
automatically and all other non-boundary places are labeled 
out by B0.  

3. The Preparatory Study of Duration 

Six factors are considered in the preparatory study. They are: 
• Initial Identity (with 21 categories) 

• Final Identity (with 38 categories) 

• Tone Identity (with 5 categories) 

• Boundary Index (with 5 categories) 

• Position In Word (with 3 categories) 

• Length Of Word (with 5 categories) 

The six factors provide 299250 possible vectors. There must 
be many sparse cells in the vector space. So, we need to 
reduce the numbers of factors and categories in each factor. 
Influence from each factor is investigated separately below. 

3.1. Boundary index 

Phrase boundaries are reported as a main factor for segment 
duration, which often have lengthening effects on the 
previous segments. Boundary index BI is the first factor we 
studied. All syllables are classified into five categories 
according to the boundary index attached to them. 
Distribution contours of syllabic durations in the five 
categories are given in Figure 2. The mean duration for 
category B0 to B4 are 0.221s, 0.210s, 0.298s, 0.325s and 
0.307s respectively. Very strong lengthening effects are seen 
at the boundaries of prosodic phrase, intonational phrase and 
sentence. Among them, IP boundary has the strongest 
lengthening effects and brings in about 47% lengthening on 
duration, comparing to non-boundary syllables. PP and 
sentence boundaries will lengthen duration of syllables by 
35% and 39% respectively. An interesting phenomenon is 
that syllables at PW boundaries are shorter than non-boundary 
syllables. We found that there are much more neutral tone 
syllables in class B1 than in class B0. If all neutral tone 
syllables are excluded, the mean duration for B0 and B1 are 
0.222 and 0.224 respectively. There is no statistically 
significant difference between them. In other words, prosody 
word boundaries have no lengthening effects on syllable 
durations. B0 and B1 are merged into one category denoted as 
no-break. Though the differences among B2, B3 and B4 are 
statistically significant, they are still small if comparing to 
their difference with no-break category. For convenience, B2, 
B3 and B4 are merged into one category denoted as with-
break. The two-level boundary index is used in the rest of 
duration analysis.  
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Figure 2: Histograms for syllable durations in the five 

categories of boundary index.  
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Figure 3: Histograms for syllable durations in 5 

categories of tone identity.  

Table 1: Mean of durations for 5 tones under no-break and 
with-break condition and lengthening ratio for each tone. 

    Boundary Index 
Tone 

no-break 
(seconds) 

with-break 
(seconds) 

lengthening 
ratio (%) 

1 ������ ������ �����

2 ������ ������ �����

3 ����	� ������ ���	�

4 ������ ���
�� �����

5 ������ ����	� �����

3.2.  Tone identity 

Tone of syllable is another important factor that may have 
influences on duration of syllables. The histograms of syllable 
durations for five tones are shown in Figure 3. Tone1 to 
Tone4 represent the 4 normal tones and Tone5 represents the 
neutral tone. The means of syllable durations for the five 
tones are 0.245s, 0.265s, 0.252s, 0.238s and 0.188s 
respectively. Tone2 is the longest one and Tone4 is the 
shortest one among the 4 normal tones. Tone5 is only about 
71% of Tone2. It is worth to note that contours for Tone2 and 
Tone5 have two peaks, however, contours for other tones 
have only one peak. To find the reason, means of syllable 
durations for the 5 tones are calculated again with two 
constraints of boundary index. Results are listed in Table 1. 
Comparing to syllables in no-break category, significant 
lengthening effects are found for all tones in with-break 
category. However, the magnitudes of lengthening effects are 
not identical. Neutral tone has the largest lengthening ratio, 
and Tone2 comes next. The two peaks in distribution contours 
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of Tone2 and Tone5 correspond to the duration under no-
break condition and with-break condition. 

Since the largest difference among the mean durations for 
four normal tones under no-break condition is smaller than 
20ms, which is not easy to be perceived by people, it is 
reasonable to merge them into one category. However, the 
mean duration for four normal tones under with-break 
condition have much larger differences that should not be 
ignored. All the 5 tone identities are kept for the rest of 
analysis. 

3.3. Initial and final identity 

After comparing the respective means of durations of initials 
and finals under two boundary conditions, we found that the 
lengthening effects are not identical for them. Durations of 
some initials, such as /b/, /d/ and /g/ are almost unchanged, 
while, durations of some other initials, such as /p/ and /t/, 
change a lot. Initials and finals are classified into 5 categories 
respectively, according to their lengthening degree. The 
definitions of these categories are listed in Table 2 and Table 
3.  

Table 2: Five categories for initials 
Initial level Initials belong to the level 

II1 /b/, /d/, /g/, /s/, /sh/, /j/, /x/ 
II2 /p/, /t/, /c/, /ch/, /z/, /zh/ 
II3 /m/, /n/, /l/, /r/ 
II4 /k/, /f/, /h/, /q/ 
II5 Zero initial 

Table 3: Five categories for finals 
Final level Finals belong to the level 

FI1 /a/, /o/, /e/, /i/, /(zh)i/, /(z)i/, /u/, /v/ 
FI2 /ei/, /ie/, /ui/, /iu/, /ve/, /uo/, /er/ 
FI3 /ai/, /ao/, /ua/, /ia/, /ou/, /uai/, /iao/ 
FI4 /in/, /un/, /vn/, /en/, /ing/ 
FI5 /an/, /uan/, /van/, /ian/, /ang/, /iang/, 

/uang/, /eng/, /ueng/, /ong/, /iong/ 

3.4. Position in word and length of word 

In this paper, ‘word’ always refers to ‘prosodic word’. Three 
categories are defined for position in word, which are word 
initial (WI), word middle (WM), and word final (WF). Five 
categories are defined for length of word. Words that contain 
one, two, three and four syllables are classified into category 
WL1, WL2, WL3 and WL4 respectively. Words containing 
five or more syllables are classified into category WL5. The 
mean duration of syllables on all categories of position in 
word and length of word are calculated under the non-break 
condition. Results are listed in Table 4 and Table 5. It can be 
seen that syllables at initial position in word are about 12 ms. 
longer than those at middle and final positions. There is no 
difference between middle position and final position. Mono-
syllable words are much longer than other syllables. And 
syllables in words longer than 3 syllables have almost the 
same means. To simplify the problem, factor length of word is 
removed and one more level is added to factor position in 
word. Four categories in the new factor are MONO, INITIAL, 
MIDDLE and FINAL. All mono-syllabic words  belong to the 
MONO category. Syllables in multi-syllabic words are 
classified into INITIAL, MIDDLE and FINAL respectively 
according to their position in words. 

Table 4: Mean of duration for syllables at different 
position of word 

Position in word WI WM WF 
Average duration of 
syllables (seconds) 

0.224 0.212 0.212 

 

Table 5: Mean of duration for syllables in words with 
different length (in characters)  

Length of word WL1 WL2 WL3 WL4 WL5 
verage duration of

syllables (seconds) 
0.278 0.223 0.214 0.213 0.214 

4. Duration Normalization 

Though duration of a syllable is heavily dependent on its 
phonetic structure (its initial and final), we wish to pay more 
attentions on prosody related factors. Duration of syllables is 
normalized by equation (1). 

meansylrealnorm DDD −= /      (1) 

where, normD is the normalized duration, realD is the real 

duration of a syllable and  meansylD − is the average duration of 

corresponding base syllable under  the no-break condition. 
The distribution contours for original duration of syllables 

under two boundary conditions are shown in Figure 4(a). The 
distribution contours for normalized duration under the two 
conditions are shown in Figure 4(b). Syllables locating at the 
overlap area of the two contours in (a) are 17.96% of all 
syllables. It reduced to 13.35% after normalization, since 
most of the influences from segmental factors, such as initial 
and final, are removed by normalization. However, segmental 
factors may have interactions with other factors. The five 
initial identities and five final identities are kept for analysis 
in Section 5. 

                     (a)                    (b) 
Figure 4: Distribution contours for syllable durations 

in two-level boundary indices. 

(a) Real duration;  (b) Normalized duration 

5. Duration Analysis by Sum of Squared 
Multi-factor Residuals 

According to Section 3, only five factors are considered in 
this section. They are: 

• F1: Initial Identity (with 5 categories) 

• F2: Final Identity (with 5 categories) 

• F3: Boundary Index (with 2 categories) 
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• F4: Tone Identity (with 5 categories) 

• F5: Position In Word (with 4 categories) 

The vector space is reduced to 1000. The sum of squared 
multi-factor residuals is used to investigate the degree of 
influence from each factor and the degree of interactions 
between them. Detailed mathematical explanation for multi-
factor residuals can be found in [5]. A simple explanation on 
how to calculate the residuals in our case is given below. Let 

ijklmS denote an observed duration when the five factors have 

category values i, j, k, l and m respectively. Then, the residual 
with respect to a specific factor, such as factor 1 is given by 
(2) 

jklmijklmijklm SSS •−=}1{:     (2) 

where jklmS• is the mean over factor 1.  

The residual with respect to a set of factors, such as 
}4,2{=F  is given by (3)  

mkimijkklmiijklmFijklm SSSSS •••• +−−=:   (3) 

The sum of squared residuals with respect to factor 1 or factor 
set F are given by (4) and (5) 

∑=
N

ijklmSSSR 2
1:1     (4) 

∑=
N

FijklmF SSSR 2
:     (5) 

where N is the total number of observations. 
The summed residuals with respect to the five individual 

factors and the 10 two-factor sets are shown in Figure 5. The 
magnitude of the summed residual reveals the degree of the 
influences from the corresponding factor or factor set. The 
larger the summed residual is, the greater the influences will 
be. From Figure 5, factor F3, boundary index, has the largest 
influence on syllable durations. Factor F4, tone identity, 
comes next.  Though factor F5 is not very large by itself, it 
influences duration together with factor F3.  

6. Conclusion And Future Directions 

This paper studies factors that have influences on duration of 
syllables. Six factors with 299250 possible combinations are 
first investigated by comparing means in different categories. 
The vector space is reduced by removing factors that do not 
cause significant change in means and merging categories in 
each factor that have similar means. The vector space is 
pruned to 1000 after the preparatory study. Then, the sum of 
squared multi-factor residuals method is used to rank the 
magnitude of influence from each factor and the degree of 
interactions among these factors. Since we wish to focus on 
influences from supra-segmental factors, durations of 
syllables are normalized by dividing the mean durations of 
corresponding base syllables under the no-break condition. 
The sum of squared residuals analysis is performed on the 
normalized duration. Among the five factors, boundary index 
has the largest influence on syllable durations. Tone identity 
comes next.  While position in word is not a very important 
factor, it influences duration together with boundary index.  

Investigating the magnitude of influences from different 
factors or combination of factors is not our final goal. In 
future research, these results will be used in constructing a 
good duration model for Mandarin. 

Stress/unstress identity is a widely used factor in duration 
model for many languages, such as English. However, since 
Chinese do not have consistent stressed syllable in words, this 
factor is not considered in this paper. Another factor that may 
have influences on duration is the sentence prominence. We 
have started a project to have the speech corpus labeled with 
sentence prominence. This factor will be investigated in 
future studies.  
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Figure 5: Summed residuals with respect to all 

individual factors and two-factor sets. 

7. References 

[1] Feng, L (1985), “Duration of initials, finals and tones in 
Beijing Mandarin Speech”, Acoustics Experiments in 
Beijing Mandarin, Beijing Univ. Press, pp. 131-195 (in 
Chinese). 

[2] Cao, J., Lu, S. and Yang, Y. (2000), “Strategy and tactics 
on the enhancement of naturalness in Chinese TTS”, 
Proc. International Symposium on Chinese Spoken 
Language Processing, Beijing. 

[3] Zhu, W. and Matsui, K. (2000), “A study of phoneme and 
syllable duration characteristics of Mandarin Chinese”, 
Proc. International Symposium on Chinese Spoken 
Language Processing, Beijing. 

[4] Chu, M., Peng, H., Yang, H. and Chang, E. (2001), 
“Selecting non-uniform units from a very large corpus for 
concatenative speech synthesizer”, Proc. ICASSP 2001, 
Salt Lake City. 

[5] Van Santen, J.P.H. (1993), “Exploring N-way tables with 
sums-of-products models”, Journal of mathematical 
psychology, Vol. 37, No.3, Sept. 1993, 327-371. 

[6] Qian, Y., Chu, M. and Peng, H. (2001), “Segmenting 
unrestricted Chinese text into prosodic words instead of 
lexical words”, Proc. ICASSP 2001, Salt Lake City. 


