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Abstract. This work presents a study of Mandarin speech focusing on consistency analysis of the duration
parameter within syllables. Identified as a result of inspection of the human pronunciation process, this consistency can
be interpreted as a high correlation between the warping curves of the spectrum and the prosody intra asyllable.
Through three steps in the procedure of the consistency analysis, the HMM algorithm is used firstly to decode HMM-
state sequences within a s yllable at the same time as to divide them into three segments. Secondly, based on a
designated syllable, the vector quantization (VQ) with the Linde-Buzo-Gray algorithm is employed to train the VQ
codebooks of each segment. Thirdly, the duration vector of each segment is encoded as an index by VQ codebooks,
and then the probability of each possible path is evaluated as ap rerequisite to analyze the consistency. It is
demonstrated experimentally that a consistency is definitely acquired in case the syllable is located exactly in the same
word. These results offer a research direction that the time warping process intra a syllable must be considered in a

TTS system to improve the synthesized speech quality.

Keywords: consistency analysis, hidden Markov model (HMM), vector quantization (VQ), text-to-speech (TTS),

speech synthesis.

1. Introduction

A text-to-speech (TTS) system [1-5], also known
as speech synthesis, is a system which converts text
input to speech output, and which has a number of
applications including intelligent human computer
interfaces and auxiliary speech systems for the
visually impaired. Moreover, due to the growing
demand of embedded systems, a wide range of
portable devices, such as smart phones, have increased
dramatically in popularity, and thus the potential for
extended TTS application developments looks
promising. Consequently, the integration of TTS
systems into embedded systems has become one of the
leading research issues in recent years [6-9]. The
growing significance of TTS lies in the fact that it can
provide a variety of speech-based applications.

A review of the development of TTS techniques
shows that the waveform-based synthesis units
approach [10-17] is one of the most commonly used
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techniques in this field. This approach is further
classified into two types in terms of the size of the
synthesis units, namely corpus-based [9-12], and small
footprint [13-17] units. The corpus-based speech
synthesis approach relies on a unit selection method
and modification of speech units from a large speech
database, which is usually derived from a sufficiently
large corpus where appropriately selected spoken
utterances are carefully annotated to the unit level.
The selection of the units aims to cover as many units
as possible in different phonetic and prosodic contexts
in order to provide the necessary variability in the
synthetic speech output. However, this approach
requires a great number of speech units and a large
storage space to reach a superior speech quality.

In contrast, the footprint TTS approach adopts a
small size synthesis unit, which treats a set of
fundamental speech elements, e.g. phonemes,
diphones or syllables, as synthesis units. Synthesized
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speech is then made through a prosodic modification
conducted on the synthesized units using pitch-
synchronous overlap-add (PSOLA) algorithms [13,
14]. Accordingly, this approach affords the double
advantage of requiring low memory and a low
computation load with an inferior but comparable
speech quality relative to the corpus-based methods.
An additional advantage is that a footprint TTS is
more suitable for implementation on embedded
platforms and portable devices.

However, a TTS adopting the waveform-based
synthesis units approach necessitates a permanent
prosody model to deal with the prosodic modification
of the synthesized units. Exploration of the human
pronunciation process has indicated that speech is
made by an excitation source flowing through the
vocal tract and emanating from the mouth and nostrils
of the speaker. The excitation source containing the
airflow and the vibration of the vocal cords reflects the
prosodic information. Both the vocal tract, affecting
the voice spectrum, and the excitation source, are
coupled together to generate natural and fluent speech.
Thus, an inspection result is seen, which is that the
prosody and the spectrum embedded in the running
speech are consistent. One of the significant issues for
TTS systems is that the spectrum and prosody
modules are addressed separately in most cases,
leading to an inconsistency between them. Therefore,
we were motivated to demonstrate that consistency
between the prosody and the spectrum embedded in
running speech does in fact exist.

With our aim of verifying this property of
consistency, and taking Mandarin speech as an
example, a definition of consistency is first provided.
Subsequently, the consistency analysis of the spectrum
and duration parameter of prosody within specific
syllables is discussed. The analytic methods,
procedures, and practical experiments are presented to
demonstrate the proposed deduction. It is expected
that the findings of this research will contribute to
improvements in the performance of Mandarin TTS
systems.

The rest of this paper is outlined as follows. The
modeling of the consistency analysis in Mandarin
speech is described in Section 2. A procedure of the
consistency analysis is presented in Section 3. The
experimental results are demonstrated and discussed
in Section 4, followed by the conclusions in the last
section.

2. Modeling of the consistency analysis in
Mandarin speech

As referred to previously, examination of the
human pronunciation process has revealed that both
the excitation source and the vocal tract couple to
generate natural and fluent speech. The excitation
source reflects the prosodic information, while the
vocal tract affects the voice spectrum. The prosodic
information usually consists of the pitch contour,
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duration, and energy parameters. In this work, the
property of consistency between the duration and the
spectrum is analyzed. A definition and modeling of the
consistency analysis in Mandarin speech is therefore
presented.

In the phonology of Mandarin Chinese, there are a
total of 411 distinguishable syllables composed of an
optional consonant initial and av owel final as the
basic pronunciation units. However, a Chinese word
consisting of a minimum of one syllable is regarded as
the smallest meaningful unit. Besides, the waveform
and the spectrum of all the same pronunciation units
are definitely not identical because the speech signal is
non-stationary. Thus, consistency can be interpreted as
a high correlation between the warping curves of the
spectrum and the prosody intra a syllable. The
warping curve means a curve that the prosodic
information shifted along the spectrum within a
syllable. For further explanation, the warping curves
are consistent as long as the same pronunciations are
located in the same word, implying that the same
pronunciations located in different words bring about
distinct consistencies, that is, different warping curves
are made. Observing the warping curve can help us to
further acquire an understanding of the subtle
variation between the spectrum and the prosody intra a
syllable.

Subsequently, the following analysis is made on a
syllabic basis, according to which the warping curves
of the spectrum and the duration intra a syllable are
the focus of interest. The warping curve within a
syllable can be obtained by exploring the duration
information under as equence of hidden Markov
model (HMM)-state based spectral segments.

In the HMM-state based spectral segments, the
Mel-frequency cepstral coefficients (MFCCs) are used
as spectral feature and the HMMs are employed to
decode the state sequence within a syllable [18]. On
the other hand, for exploring the duration information
within a spectral segment, each syllable is divided into
three spectral segments, with each consisting of two to
three HMM states. Based on the spectral segments, all
the state durations are employed as a duration vector,
and then a clustering algorithm is used to analyze the
vector. Thus, the warping curve can be analyzed by
exploring the clustering results of the duration vector
within a spectral segment. In this work, the dimension
is set to 12 for evaluating MFCCs under speech
database with 8 kHz sampling frequency.

3. Procedure of consistency analysis

In Figure 1, a flowchart of the procedure of
consistency analysis is presented. There are three steps
required in the procedure. Firstly, the feature
extraction such as MFCCs, duration parameter etc. are
computed from al arge speech database. Then,
dividing them into three segments, the HMM
decoding algorithm [18-21] is used to simultaneously
decode the state sequences within a s yllable. In the



decoding process, the HMM is a phone-based model.
Each single syllable consists of two models, namely
the INITIAL and FINAL models, and ad ecoding
process is performed on the state sequences. Hence, if
a syllable belongs to a consonant-vowel type, then the
INITIAL and FINAL represent the consonant and
vowel parts, respectively. On the contrary, if a syllable
belongs to a vowel-only type, e.g. a main-vowel, then
the INITIAL and FINAL both represent the vowel
part. Setting the dimension of the MFCCs to 12 in the
input features, there are 59 types of INITIAL and 45
types of FINAL models included in the HMMs. Each
INITIAL and each FINAL model contains 3 and 5
states, respectively, with each composed of two
mixture Gaussian density functions. Hence, intra a
syllable, the first segment represents an INITIAL
model with three states, while the second segment and
the third one occupy two and three states in the
FINAL model, respectively.
Ty
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Figure 1. A flowchart of the procedure of consistency
analysis
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As the second step, based on a designated syllable,
the vector quantization (VQ) with the Linde-Buzo-
Gray algorithm [22] is used to train the VQ codebooks
of each spectral segment with respect to the duration
vector. Thus, a total of three codebooks are
constructed for each syllable. In this paper, each
codebook is set to the size of 4 during the training
process, while the codeword dimension within the
codebook is determined according to the number of
HMM-states in the individual spectral segments. That
is, the first and last segments hold the codebook in
three dimensions, while the second segment holds it in
two dimensions.

The form of Durj, representing the duration
vector of the jth pattern in the kth syllabic cluster is
defined as

[d].k (s,) d;(s,) dy (s3)], for segment #1
Dur;, = [djk (s4) d;(s5)]s for segment #2
[d,(s¢) d,(s7) d(s)], forsegment #3

(1
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where d , (s;), 1<i <8, is the value of duration in the

ith state. The k indicates one of the 411 distinguishable
syllables, i.e. 1<k <411. The number of the kth
syllabic cluster is referred to N> 1<j<N,.

As the last step, the duration vector of each
segment is encoded as an index by a VQ search
algorithm. Then, the probability of each possible path,
which represents the index seen all the way from the
first to the last segment, is evaluated for a designated
syllable. Finally, a number of consistency properties
can be found and extracted from the probability of a
segment sequence.

4. Experimental results and discussions

There are two experiments conducted in this paper.
The first consistency analysis is tested on a main-
vowel syllable, i.e. the Mandarin syllable “11”, which
its international phonetic alphabet (IPA) is labeled as
“y”. The second is tested on an initial-final syllable,
i.e. the Mandarin syllable “%7 Y, which its IPA is
labeled as “t-a”. All the experiments are conducted on
a Chinese speech database with 8 kHz sampling
frequency and 16-bit PCM format, containing 74,402
syllables out of 4020 sentences by one male speaker,
taking 308 MB of storage space and a running time of
336 minutes.

4.1. Consistency analysis for the case of Mandarin
syllable “11”

Taking the Mandarin syllable “UI (y)” as an
example to analyze the consistency between the
duration and the spectrum in this experiment, the
trained VQ codebooks of duration for the syllable “Li
(y)” are tabulated in Table 1.

Table 1. Codebooks of a duration pattern in the syllable “y”
(Number of training data: 614; codeword unit: 10 ms)

Codewords in each codebook

7.950000 1.800000 2.250000]
1433121 1.566879 2.089172]
1.506024 1.855422 7.542169]
1.468085 6.914894 2.021277]
4.071429 4.642857]
1.177419 7.725806]
5.736842 1.473684]
1.150259 1.642487]
1.444444 6.962963 2.111111]
1.104167 1.562500 5.416667]
1335052 1335052 1.670103]
5447369 1.263158 2.236842]

Segment #1

[

[

[

[

[
Segment #2 {
[

[
Segment #3 {
[

Taking af urther step to analyze the whole
pronunciation with “y-2”, meaning the syllable “y”
with the second tone and a subset in the syllable “y”,
the possible paths and their probabilities for the
segment sequences within the syllable “y-2” are

tabulated in Table 2. Items “Index1”, “Index2”, and
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“Index3” represent the codebook indices in the first,
the second, and the last segment, respectively. Each
index, whose value is set from 1 to 4, represents a
corresponding codeword in the codebook. There are
268 of the whole pronunciations with “y-2” tested in
Table 2, and there are a total of 64 ( 4%*4*4)
combinations found in the segment sequences, but a
random-like probability distribution is seen as
expected on the ground that these syllables embedded
in different context bring about different prosodic
information. Given a path with Index1=2, Index2=4,
and Index3=3 as an example, it indicates that the
duration vectors of three segments located in the
second, fourth, and third clusters respectively has
0.194030 of probability. It also means that all
segments belong to the shortest durations can be seen
according to Table 1. Besides, the various path
transitions within the syllable demonstrate the
different time warping in the same syllable.

Table 2. Possible paths and corresponding probabilities for a
segment sequence within the syllable “y-2” (Number for
statistic: 268)

Index3=1|Index3=2|Index3=3 |Index3=4
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Indext=h - dexa=3 0 0 0 0
Index2=4{0.007463 0{0.022388 0
Index2=1 0 0]0.029851 0
Index2=2 0[0.007463[0.111940{0.014925
Index1=2
Index2=3 0 0[0.067164 0
Index2=4|0.014925(0.059701]0.194030{0.059701
Index2=1 0 0]0.029851 0
Index2=2 0 0]0.037313 0
Index1=3
Index2=3 0]0.007463|0.022388 0
Index2=4|0.014925(0.029851]0.134328{0.029851
Index2=1 0 0 0 0
dexl= Index2=2 0 0{0.037313|0.014925
Index=4 dexo=3 0[0.007463 0 0
Index2=4 0{0.014925|0.022388|0.007463

Table 3 shows the possible paths and associated
probabilities for the segment sequence within the
syllable “# (y-2)” located in the word “##> (ts-uop-
1, y-2)”. A total of 26 syllables are counted out of the
speech database but merely 5 paths are found, which
indicates a strongly non-uniform distribution among
such probabilities. The largest probability is 0.538,
meaning that the duration pattern for syllable “# (y-
2)” embedded in the word “# 7 (ts-uepn-1, y-2)” is
consistent.

Moreover, Table 4 shows the possible paths and
corresponding probabilities for the segment sequence
within the syllable “# (y-2)” embedded into the word
“HH (t-uei-4, y-2)”. As little as 4 paths are found
with the largest probability of 0.625 among such
paths. As before, it is also indicated that the duration
pattern for the syllable “#* (y-2)” located in the word
“HH (t-uei-4, y-2)” is consistent.
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Table 3. Possible paths and corresponding probabilities for
a segment sequence within the syllable “# (y-2)” located in
the word “##* (ts-uap-1, y-2)” (Number for statistic: 26)

Index3=1|Index3=2|Index3=3 |Index3=4
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Index1=1
Index2=3 0 0 0 0
Index2=4 0 0 0 0
Index2=1 0 0 0 0
Index2=2 0 0/0.538462 0
Index1=2
Index2=3 0 0[0.115385 0
Index2=4 0 0 0[0.192308
Index2=1 0 0 0 0
Index2=2 0 0/0.076923 0
Index1=3
Index2=3 0 0 0 0
Index2=4 0 0/0.076923 0
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Index1=4
Index2=3 0 0 0 0
Index2=4 0 0 0 0

Table 4. Possible paths and corresponding probabilities for a
segment sequence within the syllable “# (y-2)” located in
the word “#} 7 (t-uei-4, y-2)” (Number for statistic: 16)

Index3=1|Index3=2|Index3=3 |Index3=4
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Index1=1
Index2=3 0 0 0 0
Index2=4 0 0 0 0
Index2=1 0 0 0 0
Index2=2 0 0/0.125000 0
Index1=2
Index2=3 0 0/0.625000 0
Index2=4 0 0/0.187500 0
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Index1=3
Index2=3 0 0 0 0
Index2=4 0 0/0.062500 0
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Index1=4
Index2=3 0 0 0 0
Index2=4 0 0 0 0

In addition, a state diagram of the best path in relation
to a duration pattern distributed is made in Figure 2.
There is a 0.538 probability that the best path of the
syllable “# (y-2)” is found within the word “# (ts-
uon-1, y-2)”, while a 0.625 probability that the best
path of the syllable “# (y-2)” is within the word “#}
7> (t-uei-4, y-2)”, and a 0.194 probability for the best
path in the whole syllable “y-2”. There is a much
higher probabilities that the best path lies in the words
I (ts-uop-1, y-2)” and “H A (t-uei-4, y-2)” than
there is for the whole syllable. A strong consistency
between the duration pattern and the spectrum is
validated by these experimental results.



Finally, presented in Figure 3 are duration warping
curves for the best path within the whole syllable “y-
27, the syllable “# (y-2)” located in the word “##>
(ts-uan-1, y-2)”, and the syllable “#* (y-2)” located in
the word “# 7 (t-uei-4, y-2)”, respectively. Each
warping curve in Figure 3 is obtained by observation
of the Figure 2 and Table 1. It is evident that the same
syllable in different word acquires a distinct duration
warping curve. These results demonstrate that the
influence of time warping curve is not only on the
global sentence, but also on the intra-syllable.

Segment 1 Segment 2 Segment 3

R

2 g— 2 2
/ ﬁ\\
Start 1S End

3 i NN W3 /
I .
1
[
I
1
1

UET 0538 #arT 0625 “y-2" 0.194

Figure 2. A state diagram of the best path in relation to the
duration pattern distributed in the case of the syllable “y-2”

——y 2t g (0001, Y-2)" e " 8 (tueied, y-2)"

.00

Duration {10 ms)

HMM-state sequence
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4.2. Consistency analysis for the case of Mandarin
syllable “57 Y ”

Taking the Mandarin syllable “%7 Y (t-a)” as the
second example to analyze the consistency between
the duration and the spectrum in this experiment. The
trained VQ codebooks of duration for the syllable “t-
a” are presented in Table 5. In this case, the waveform
of syllable “%7 Y (t-a)” is composed of an initial part
and a final part. The initial part is an unvoiced speech,
while the final part is a voiced speech, dominating the
syllabic waveform. Thus, the consistency analysis is
made on the final part merely, including the second
and the third segments.

To analyze the final part, Table 6 lists the path
probabilities of a voiced segment concerning the
duration pattern in (a) the whole syllable “t-a-4”, (b)
the syllable “ X (t-a-4)” located in the word “ X & (t-
a-4, te-ia-1)”, and (c) the syllable “ X (t-a-4)” located
in the word “X % (t-a-4, e-ye-2)”. Moreover, as
illustrated in Figure 4, the distribution of individual
segments in Table 6 is alternatively presented in
graphic form as Figure 4. Presented in Figure 4(a) is
the probability distribution of the duration pattern in
the second segment. Thus, each value in Figure 4(a) is
obtained by summation of the probabilities of each
row in Table 6, that is, the summation of the
probabilities from Index3=1 to Index3=4. Likewise,
each value in Figure 4(b), meaning the probability
distribution of the duration pattern in the third
segment, is obtained by summation of the probabilities
from Index2=1 to Index2=4. As such, a difference in
consistency is seen as before between the words “ X %

(t-a-4, te-ia-1)” and “ KX £ (t-a-4, e-ye-2)".

Table 6. Path probability of a voiced segment concerning
the duration pattern in (a) the syllable “t-a-4”, (b) the word “
AF (t-a-4, te-ia-1)”, and (c) the word “X % (t-a-4, e-ye-
2)” (Numbers for statistic are 544, 70, and 25 respectively)

Figure 3. Duration warping curves for the best path within

the whole syllable “y-2”, the syllable “# (y-2)” located in

the word “#7 (ts-uap-1, y-2)”, and the syllable “# (y-2)”
located in the word “# 7 (t-uei-4, y-2)”, respectively

Table 5. Codebooks of a duration pattern in the syllable
“t-a” (Number of training data: 770; codeword unit: 10 ms)

Codewords in each codebook

[1.067308 1.004808 2.591346]

[2.038461 1.000000 1.480769]

[1.062500 2.125000 1.937500]

[1.000000 1.000000 1.000000]

[1.086022 9.860215]

[1.421488 5.685950]

[1.509434 1.490566]

[7.492308 1.430769]

[5.373134 2313433 2.208955]
[10.153846 1.692308 2.961539]
[ 1.571429 1.619048 4.000000]
[ 1.475904 2.090361 1.481928]

Segment #1

Segment #2

Segment #3
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Table 6(a) | Index3=1 | Index3=2 | Index3=3 | Index3=4
Index2=1 | 0.011029 | 0.007353 | 0.033088 | 0.084559
Index2=2 | 0.029412 | 0.003676 | 0.110294 | 0.169118
Index2=3 | 0.139706 | 0.047794 | 0.080882 | 0.055147
Index2=4 | 0.014706 | 0.003676 | 0.073529 | 0.136029
Table 6(b) | Index3=1 | Index3=2 | Index3=3 | Index3=4

Index2=1 0 0 0 0
Index2=2 0 00.114286 | 0.528571
Index2=3 | 0.042857 0]0.228571| 0.071429
Index2=4 0 0 0.014286 0
Table 6(c) | Index3=1 | Index3=2 | Index3=3 | Index3=4
Index2=1 0 0 0 0
Index2=2 0 0 0 0
Index2=3 | 0.560000 | 0.120000 0 0
Index2=4 0 0] 0.200000 | 0.120000
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Figure 4. Probability distribution of the duration pattern in
(a) the second segment and (b) the third segment within the
syllable “t-a-4”

In addition, Figure 5 shows a state diagram of the
best path in relation to the duration pattern distributed.
There is a 0.528 probability that the best path of the
syllable “t-a-4” is found within the word “ X % (t-a-4,
te-ia-1)”, while a 0.560 probability that the best path
of the syllable “t-a-4” is within the word “ X % (t-a-4,
e-ye-2)”, and a 0.169 probability that the best path is
in the whole syllable “t-a-4”. A strong consistency of
the duration pattern is verified by these experimental
results.

Segment 2 Segment 3

First

Segment End

Start  —»

“AE" 0528 “t-a-4" 0.169

“RET 0.560

Figure 5. A state diagram of the best path in relation to the
duration pattern distributed in the case of the syllable “t-a-4”
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—" AR (tasd te-ia- 1) e AR (e, e-ve-2)”

Duration (10 ms)

1 2 3 4 5
HMDM-state sequence

Figure 6. Duration warping curves for the best path within
the syllable “ A (t-a-4)” located in the word “A R (t-a-4, te-
ia-1)” and the syllable “ X (t-a-4)” located in the word “ X
2 (t-a-4, e-ye-2)”, respectively

Finally, presented in Figure 6 are duration warping
curves for the best path within the syllable “ X (t-a-4)”
located in the word “X % (t-a-4, te-ia-1)” and the
syllable “ X (t-a-4)” located in the word “ K % (t-a-4,
g-ye-2)”, respectively. Each warping curve in Figure 6
is obtained by observation of the Figure 5 and Table 5.
The warping curve for the best path within the whole
syllable “t-a-4” is identical to which within the word “
R E (t-a-4, te-ia-1)”. The same syllable in different
word acquires a d istinct duration warping curve is
again verified.

5. Conclusions

This paper focuses on the consistency analysis of
duration parameter for Mandarin speech. It is
validated experimentally that the warping curves of
the duration and the spectrum intra as yllable are
consistent in the case where the syllable lies in exactly
the same word. It is also concluded that various words
have various characteristics of consistency, giving rise
to the research direction that the time warping process
intra a syllable must be taken into account in a TTS
system as a way to improve synthesized speech
quality.
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