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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 revea 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]. Unbaance 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 residualg5] 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, al duration anaysis 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 5is
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 automaticaly and then
checked manually.

The distribution of syllable durations in the database is
shown in Figure 1. The mean of durations of al 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 durationsin the
speech corpus.

Human speech with beautiful rhythms is constructed with
hierarchical prosody congtituents. 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 aso be only part of a lexica word. More detailed
descriptions about the differences between prosodic words
and lexical words can be found in our previous workg[6]. The
middle tier is prosodic phrase (PP), which consists of a group
of prosodic words that has a perceptive minor bresk 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 mgjor break at the end. Thus,
an |P 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 perceptua 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 bresk 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 al other non-boundary places are labeled
out by BO.

3. ThePreparatory Study of Duration

Six factors are considered in the preparatory study. They are:
* Initia 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 BO 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 BO. If al neutra tone
syllables are excluded, the mean duration for BO and B1 are
0.222 and 0.224 respectively. There is no statisticaly
significant difference between them. In other words, prosody
word boundaries have no lengthening effects on syllable
durations. BO 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 durationsin 5
categories of tone identity.

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

Boundary Index | no-break | with-break | lengthening
Tone (seconds) | (seconds) ratio (%)
1 0.222 0.314 41.4
2 0.231 0.352 52.4
3 0.228 0. 305 33.8
4 0.212 0.292 37.7
5 0. 134 0. 238 77.6

3.2. Toneidentity

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. Tonel to
Tone4 represent the 4 normal tones and Toneb 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 pesks, 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
congtraints 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 peaksin distribution contours
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of Tone2 and Tone5 correspond to the duration under no-
break condition and with-bresk condition.

Since the largest difference among the mean durations for
four normal tones under no-break condition is smaler 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 amost unchanged,
while, durations of some other initials, such as /p/ and /t/,
change alot. 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

Initia level | Initials belong to the level
11 ol, 1dl, 1dl, 19, Ishl, 1jl, IxI
112 Ipl, Itl, Icl, Ichl, Iz, Izh/
113 I/, Inl, N/, I/
114 Ikl Iil, 0, Ig/
115 Zeroinitia

Table 3: Five categories for finals

Final level Finals belong to the level
Fl1 fa, lol, Iel, lil, I(zh)il, I(2)il, lul, Iv]
FI2 leil, liel, Iuil, fiul, Ivel, ludl, ler/
FI3 [ail, laol, lud, lial, loul, luail, liaol
Fl4 fin/, lun/, Ivn/, len/, ling/
FI5 lan/, Juan/, Ivan/, lian/, [ang/, liang/,
/uang/, leng/, /ueng/, /ong/, /iong/

3.4. Position in word and length of word

In this paper, ‘word’ aways 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 al 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 fina 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 amost 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 0.224 0.212 0.212
syllables (seconds)

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

Lengthof word |WL1 | WL2 | WL3 | WL4 | WL5

verage duraion of ; 570 | 053 10214 0213 | 0,214
syllables (seconds)

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).

D = Dreal /Dsyl—mean (1)

norm

is the normalized duration, D, is the rea
duration of asyllableand D,_.., is the average duration of

where, D

norm

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 al
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
initia identities and five final identities are kept for anaysis
in Section 5.
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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:
e F1: Initia Identity (with 5 categories)

e F2: Find Identity (with 5 categories)
« F3: Boundary Index (with 2 categories)
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* F4: Tone ldentity (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
Sjum denote an observed duration when the five factors have

category valuesi, j, k, | and m respectively. Then, the residual
with respect to a specific factor, such as factor 1 is given by
&)

Suklm'(l) = Suklm - S-Jklm 2

where S, isthe mean over factor 1.

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

Sjklm’F = Sjklm ~Suim ™~ S\jk-m +Sem (3

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

SR =Y S @

SR =S S ©

where N isthe 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 andysis 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 fina goa. In
future research, these results will be used in constructing a
good duration model for Mandarin.

Stress/unstress identity is awidely 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.
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