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Abstract 
This paper proposes a syllable-based Thai duration model 
using multi-level linear regression and syllable 
accommodation. To build a timing model reflecting control 
characteristics directly, we introduce two analysis results on 
hierarchical control characteristics. First analysis result 
showed that syllable is highly correlated to higher-phone-level 
timing controls, while, phone differences by themselves do not 
affect higher control and contribute to local timing control 
only. Second one on the syllable accommodation showed that 
phone duration highly depends on local phone factors. These 
analysis results support a syllable-based hierarchical model 
proposed in this paper. Duration prediction experiments of 5-
fold cross validation showed 46.73 and 32.37 ms in RMS 
error, and, 0.905 and 0.811 in correlation between measured 
and predicted duration at syllable and phone levels, 
respectively. The comparison of prediction precision showed 
that the proposed syllable-based multi-level duration model 
better performed than a conventional single-level phone 
duration model. 

1. Introduction 
To generate natural speech, an accurate duration model is 
required for assigning appropriate duration to each speech 
segment. We can find quite a few segmental duration models 
based on either phone or syllable in previous works [1]-[14]. 
In phone-based model, single phone was considered as a 
primary unit for prediction and all effects of duration control 
factors were calculated at one time at phone level [1]-[4]. 
This one-level calculation made it easy to globally optimize 
duration prediction errors. 

While in syllable-based model, syllable was used as a 
primary unit [5]. In the syllable-based modeling, first, 
syllable duration was calculated and then phone duration was 
determined from syllable duration by accommodating its 
constituent phones using their mean durations and standard 
deviations showing intrinsic elasticity. In the previous work, 
the effects of constituent phones were not fully used in the 
first calculation of syllable duration. Only some generalized 
characteristics such as syllable complexities were employed 
instead of full combinations of constituent phones to 
reasonably reduce the control factors. It also has some 
drawbacks from computational viewpoints, First, its two-step 
calculation cannot be optimized at one time and finer mutual 
contribution between two levels gives duration errors as 
pointed out previously [7][8]. However, by separating control 
into inter-syllable level and intra-syllable level, this two-level 
calculation directly implemented control hierarchy and served 
for better understanding of the underlying timing control 

characteristics that could be applied to other non-stress timing 
duration characteristics [6].  

In this paper, we propose a syllable-based duration model 
for Thai using multi-level linear regression, referred as multi-
level model from now on, to predict syllable and phone 
duration. By linear property of linear regression (LR) method 
itself, it may not give the closest duration value. However, it 
can serve our purpose on observing underlying effects of 
desired control factors in the model. In Japanese duration 
modeling [4], it also shows that LR model can provide good 
prediction results. By using LR, two hierarchical LR models 
at syllable and phone levels are adopted for optimizing the 
prediction at both levels, and understanding of underlying 
timing controls at each level. In syllable-level model, 
constituent phones are also taken into account as mutual 
controls from phone level. In phone level model, only phone 
factors are used in modeling. In addition, syllable 
accommodation using absolute duration and duration ratio is 
also studied. In the following sections, the details of the 
multi-level duration model are depicted in Section 2. Then, 
duration control factors used in the model are described. 
Section 3 gives the details of speech data for experiments. In 
Section 4 and 5, we present the duration prediction 
experiments and results followed by discussions and 
conclusions. 

2. Thai duration model using multi-level linear 
regression and syllable accommodation 

2.1. Overview of the proposed duration model 

The overview of the proposed duration model and control 
factors is illustrated in Figure 1. The proposed model is a 
syllable-based duration model with two LR sub-models at 
syllable and phone levels. The model considers syllable as a 
primary timing unit, and phone represents constituent timing 
constraints. In syllable-level model, syllable duration is 
modeled from control factors ranging from phone-level to 
breath-group levels. In phone-level model, duration modeling 
is calculated in two steps. First, phone-level LR model using 
only syllabic constituent phones estimates generalized phone 
duration for each constituent phone context. Then, constituent 
phone duration is generated by syllable accommodation using 
predicted syllable duration from the syllable-level. As 
introduced, phone and syllable levels contribute timing 
controls on each other. To cope with the mutual controls, 
phone context with syllable boundary information are shared 
between two levels. At syllable-level, it takes intra-syllabic 
and inter-syllabic phones into account. On the other hand, at 
phone level, only intra-syllabic constituent phones are 
considered. 
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Comparing to conventional syllable-based model [5], 
there are two main differences. First, controls of syllable-
level and phone-level models are not entirely separated. They 
share syllabic constituent phones to cope with mutual 
controls. Second, phone duration is not directly determined 
from syllable accommodation of mean duration and standard 
deviations. Instead, generalized phone duration for each 
constituent phone context is used in syllable accommodation. 
This generalized duration is estimated by the phone-level LR 
model using current phone and constituent phone context. 
Hence, the generalized phone duration of all constituent 
phones have contained intrinsic duration of current phone and 
duration characteristics of their constituent phone context. 

Phone factors

Syllable factors

Word factors 

Intonation-phrase factors 

Breath-group factors 

Syllable dur. model 

Phone dur. model 

Tone-group factors 

 

Figure 1 Multi-level LR duration model 

2.2. Linear regression model 

To model and analyze duration control, a linear regression-
based model is adopted for sake of ease on observing 
underlying control effects. In this work, two linear regression 
(LR) models are applied to syllable-level and phone-level 
models. These LR models have been employed in Japanese 
duration modeling [4], and expressed in Eq. 1. 
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where N, ŷi, y , x fc, and δ fc(i)  represents the number of 
data, the predicted duration of the ith sample, the mean 
duration of all samples, the regression coefficient of category 
c of control factor f, and the characteristic function 
respectively. The characteristic function represents existing of 
control factors in the ith sample. The function is set to 1 if the 
considering factor exists, otherwise, it equals 0. The 
regression coefficients x fc can be interpreted as control effect 
of the factor. It can be calculated by minimizing equation (2) 
using a conventional multiple linear regression method. 
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2.3. Control factors 

Regarding to control factors, six hierarchical levels of control 
factors are considered here as shown in Figure 1. Table 1 
presents the lists of control factors used in the syllable-level 
model. The factors range from phone to breath group levels.  
Concerning to constituent phones and syllabic neighboring 
context, syllable is designed in the form of onset-nucleus-
coda. Onset and coda represent single consonants or 
consonant clusters. Nucleus covers short and long vowels, 

and, short and long diphthongs. Table 2 presents that only 
current phone and syllabic constituent phones are adopted in 
phone-level model. The current phone covers all phones that 
defined in onset, nucleus, and coda. In case of the constituent 
phone factors, they are applied at phone level to contribute 
syllabic structure information in phone modeling. 

Table 1 A lists of control factors for syllable-level model 

Control level Control factors 
Breath group - Length (syllable count in 10 scales) 

- Position in unit (initial, mid or final)  
Intonation phrase - Length (syllable count in 10 scales) 

- Position in unit (initial, mid or final) 
Tone group - Length (syllable count in 10 scales) 

- Position in unit (initial, mid or final) 
Word - Length (syllable count in 10 scales) 

- Position in unit (initial, mid or final) 
- Part of speech  (47 types) 

Syllable - Current-syllable Tone (Tone 1-5) 
- Contextual tones  

(2-preceeding and 2 succeeding tones) 
- Stress level (stressed/unstressed) 

Phone - Syllabic constituent phones  
(onset, nucleus and coda) 

- Syllabic neighboring context 
(leading-syllable nucleus or coda, and  
succeeding-syllable onset) 

Table 2 A list of control factors for phone-level model 

Control level Control factors 
Phone - Current phone 

- Syllabic constituent phones  
(onset, nucleus and coda) 

2.4. Training syllable-level and phone-level duration 
models 

To obtain a full model, we start from the syllable-level 
training. At syllable level, we can directly train the model by 
employing the control factors listed in Table 1 to linear 
regression in Eq.1 with the linear optimization as stated in 
Section 2.2.  

In the phone level modeling, the predicted syllable 
duration from the syllable-level model is used to adjust the 
predicted phone duration to the predicted syllable one. To 
train the phone-level LR model, constituent phone duration of 
the predicted syllable is needed. Since we can obtain only 
constituent phone duration of the predicted syllable, syllable 
duration adjustment is needed to the constituent phone 
durations. For this adjustment, we simply use linear scaling as 
shown in Eq. 3. 
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where yph,acc( j ), yph( i ), yph( j ), and ŷsyl represent 
syllable-accommodated phone duration of the jth  measured 
phone in mother syllable, measured phone duration of the ith 
and jth  measured phone in mother syllable, and predicted 
duration of mother syllable. 
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After the syllable adjustment, the recalculated phone 
durations were used for training of the phone-level model. 

3. Speech data 
In this work, 635 phonetically balanced sentences selected 
from TSynC corpus [15] were adopted. This data contains 
fluently read speech recorded by a Thai female announcer. 
Thus, this reading style is more fluent than general reading 
style and it sounds like announcing speech rather than reading 
one. The total data length excluding silences is approximately 
70 minutes. In syllable-level data set, it contains 
approximately 20,900 syllables. In phone-level data set, it 
contains approximately 55,200 phones. Phones are segmented 
automatically using HMM-based segmentation. The 
segmentation errors were corrected by hand. 

To evaluate the proposed model, both data sets were 
equally divided into five subsets for evaluation using 5-fold 
cross-validation. Each subset was used once as a test set and 
the rest was for training. These data sets were used 
throughout the paper. 

4. Duration prediction experiments 
We conducted two experiments to measure the following 
characteristics: a) effects of higher-phone-level control 
factors on phone duration b) effects of duration types on 
syllable accommodation and phone duration. Moreover, we 
compared the proposed multi-level duration model and a 
conventional single-level phone-based model. 

4.1. Effects of higher-phone-level control factors, duration 
types and syllable accommodation 

To confirm the reasonableness of constituent phone duration 
calculation discarding higher-level control factors, we 
analyzed dominant factors in phone duration control. Figure 2 
shows the experiment configuration. This experiment sets up 
a LR phone duration model using two sets of control factors. 
The first set, referred as Set A, includes all higher-phone-
level control factors as input. In contrast, the second one, 
referred as Set B, discards the higher-level factors. In 
addition, these two sets share a set of common control factors 
i.e. current phone and syllabic constituent phones. 

Control factors - Set A
- Current phone
- Constituent phones
of mother syllable

- The other factors 
ranging from syllable
to breath group levels

Control factors - Set B
- Current phone
- Constituent phones
of mother syllable

LR model for
phone duration 

prediction

LR model for
phone duration 

prediction

Phone duration

Linear-scaling syllable 
accommodation using 
measured syllable dur.

Linear-scaling syllable 
accommodation using 
measured syllable dur.

Training duration
- Absolute duration
- Phone/syllable 
duration ratio

 

Figure 2 Experiment on the effects of higher-phone-
level control factors in phone duration 

Since constituent phones have to properly fit into syllable 
frame, syllable accommodation adjustment was evaluated. To 
fit the phones into the mother syllable, two types of fitting are 
evaluated. The first method adopts absolute phone duration 
with linear scaling. The other one is based on duration ratio 
between constituent phone duration and the mother syllable 
duration. In this method, all phone duration in the same 
mother syllable is normalized by duration of the mother 
syllable.  The syllable ratio was used for every constituent 
phones. Thus, summation of all constituent duration ratios in 
a syllable always equals one unit. During syllable 
accommodation, syllable duration measured from the corpus 
is used as duration template for fitting. To compare the 
results, both duration types are applied to both duration 
models.  

4.2. Multi-level and single-level modeling comparison 

To evaluate the proposed multi-level duration model, we 
compared the proposed one and a conventional single-level 
one. Figure 3 shows the configuration of syllable-level model. 
To predict duration, we employed the following control 
factors as input; constituent phones, syllabic neighboring 
context, current-syllable tone, contextual tones, stress level 
and all control factors from other higher levels ranging from 
word to breath group levels. Syllable duration predicted from 
the model was used for the phone-level model. Figure 4 
shows the phone-level model as explained in Section 4.1 with 
the factors Set B. As stated, absolute phone duration is used 
in this model. 
 

Control factors
- Constituent phones
of current syllable

- Neighboring phones
of current syllable

- The other factors 
ranging from syllable
to breath group levels

Multi-level LR model 
for syllable duration 

prediction

Multi-level LR model 
for syllable duration 

prediction

Syllable duration
 

Figure 3 Syllable-level control factors in the multi-
level duration model 

 

Control factors
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- Constituent phones

of mother syllable

Multi-level LR model 
for phone duration 

prediction

Multi-level LR model 
for phone duration 

prediction

Phone duration

Linear-scaling syllable 
accommodation using 
predicted syllable dur.

Linear-scaling syllable 
accommodation using 
predicted syllable dur.

 

Figure 4 Phone-level control factors in the multi-level 
duration model 
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For comparison, we predicted the phone duration using 
the conventional single-level phone-based model employing 
LR model expressed in Eq. 1. Figure 5 shows the control 
factors for a conventional single-level phone duration model. 
In this phone-based model, we discarded syllable boundary 
information and treated every phone boundary in the same 
manner. In this model, we adopted size-equivalent moving 
windows of five phones centered at the mid position as input 
to cover longer context. To make the model comparable, the 
other control factors that apply to the multi-level model were 
also included in this model. 

Control factors
- Current phone
- Neighboring phones 

(2 left and 2 right)
- The other factors 

ranging from syllable
to breath group levels

Single LR model 
for phone duration 

prediction

Single LR model 
for phone duration 

prediction

Phone duration  

Figure 5 Control factors employed for a conventional single-
level phone duration model 

5. Experimental results 
We evaluated prediction precision of the proposed duration 
model using 5-fold cross validation to avoid any bias problem 
in selecting the training and test sets. RMS errors and 
Pearson's product-moment correlation between measured and 
predicted durations are employed as evaluation measures. The 
average values of the results from the cross validation are 
used for analysis. 

5.1. Analysis results supporting multi-level modeling 

RMS prediction errors of the phone duration model are shown 
in Figure 6 (a). As shown in the Figure, the model using only 
phone factors gave equivalent or better prediction than the 
model using all control factors. Phone duration calculation 
using absolute duration gave the better results than the 
conventional one using ratio. The correlations between the 
predicted and the measured phone duration showed the same 
tendency as shown in Figure 6 (b). These results suggest that 
phone duration is highly correlated with local phone factors, 
and that absolute duration gives better results than ratio used 
in conventional phone duration calculation.  

As shown in the results, it is to be noted that the model 
using only phone factors performs better than the one that 
includes all factors. This fact supports the reasonableness of 
the proposed multi-level formulation since syllable performed 
as a timing frame for constituent phones. 

Moreover, we also compared the predicted phone 
duration before and after syllable accommodation using the 
same experiments described in Section 4.1. Figure 6 (c) 
shows that the model with syllable accommodation gave 
better prediction results than the one without syllable 
accommodation. As shown in the Figure, we could find that, 
before adjusting syllable accommodation, the model 
including higher-phone-level factors gave better prediction 
than the one using only phone factors. After accommodating 
syllable with constituent phones, the model using phone 
factors only gave better results, instead.  

Thus, these results support the idea that the high-phone-
level control factors mainly contribute on syllable duration, 
and, that phone duration is mainly controlled by local 
constituent phone factors. Furthermore, this show possibility 
to separate a phone duration model from other level models. 

(a) RMS prediction errors 
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(b) Correlation between predicted and measured durations 
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(c) Effects of syllable accommodation on the model 
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Figure 6 Prediction results of the phone duration model 
(Ph. Only and All Fac. stand for using phone factors only, 
using all control factors, respectively. Abs. and Rt. mean 
phone duration calculation using absolute duration, 
duration ratio respectively. SA and SA stand for with, 
without syllable accommodation, respectively.) 

5.2. Comparison between the proposed model and a 
conventional one 

The RMS errors between predicted duration and the observed 
one were calculated both for syllable and phone durations. 
Figure 7 (a) shows syllable-level prediction errors between 
the multi-level and single-level models. As shown in the 
Figure, the multi-level model gave better prediction precision 
than the single-level duration model. Figure 7 (b) shows that 
the proposed model gave a higher prediction correlation than 
the single-level one. 
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(a) RMS errors in syllable duration 
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(b) Correlations between predicted and measured durations 
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Figure 7 The comparison of prediction precision in 
syllable duration between the multi-level model and 
the single-level model 

At phone level, both prediction errors and correlation of 
the proposed model were better than those of the single-level 
model as shown in Figure 8. The different of prediction 
accuracy of both models were not so big. However, the better 
results at both syllable and phone levels support that the 
proposed model outperforms the single-level model in 
duration modeling. 

(a) RMS errors in phone duration 

31.80

32.00

32.20

32.40

Single-level Multi-level

R
M

S 
er

ro
r 

(m
s)

Training
Test

 

(b) Correlations between predicted and measured durations 
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Figure 8 The comparison of prediction precision in 
phone duration between the multi-level model and the 
single-level model 

To analyze correspondence between measured and 
predicted syllable duration, we showed the scatter plot of 
measured syllable duration versus predicted one in Figure 9. 
As shown in this Figure, it clearly showed two duration 
groups centered approximately at 200 and 500 ms, 
respectively. We found that these groups corresponded to 
syllables at non-final-phrase and final-phrase positions, 
respectively. A large lengthening effect of final-phrase 
position about twice of non-final-phrase position is presented. 
We could see well correspondence between the measured and 
the predicted duration throughout the duration range of the 
non-final-phrase duration group. In contrast, the final-phrase 
duration group showed small duration deviation from the 
equivalent line between the measured and predicted syllable 
duration. These results suggest that the syllable model 
underestimated syllable duration at final phrase.  

Figure 10 shows a scatter plot of measured phone 
duration versus predicted one. As shown in the Figure, strong 
correspondence between measured and predicted phone 
durations that approximately less than 200 ms are found. The 
phones in the range mainly correspond to the phones in non-
final-phrase syllables. In contrast, the phone longer 
approximately than 200 ms showed underestimated prediction 
on phone duration. We found that the phones mainly 
correspond to the nucleuses (vowels) and some voiced codas; 
nasals and glides, in final-phrase syllables, which tend to be 
arbitrarily lengthened unlike those at other positions. Thus, 
these findings suggest that the underestimation of final-
position vowel duration is one cause of modeling problems. It 
also suggests that the duration control characteristics at final 
phrase are different from the other positions, and, they should 
be modeled with additional controls. 

 

Figure 9 Comparison between measured and predicted 
durations at syllable level 

 
Figure 10 Comparison between measured and predicted 

durations at phone level 
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6. Conclusions 
In this paper, we proposed a statistical-based Thai duration 
modeling using multi-level linear regression model and 
syllable accommodation. The duration prediction experiments 
showed that the multi-level LR model using absolute duration 
gave more accurate prediction than the single LR model. This 
model can serve with less complex and more structural model 
which better reflect mutual control duration characteristics of 
phone and syllable duration control. From the viewpoint of 
duration control, higher-phone-level factors mainly contribute 
on syllable. The results also suggested that syllable is highly 
correlated to higher-level timing controls, while, phone 
differences by themselves do not affect higher control and 
contribute to local timing control only.  

In future works, to better understand the mechanism, 
duration modeling of higher timing control unit such as stress 
group or tone group will be investigated. In addition, further 
study on tempo and rhythm modeling will be carried out by 
integrating the knowledge in computational duration 
modeling. So far, the proposed model performs very high 
correlation on prediction but it still gives big prediction 
errors. We speculate that the limitation of LR method itself on 
coping interaction among control factors is one of the reasons. 
Thus, more optimized methods, e.g. Constrained Tree 
Regression (CTR) [11], will be employed. Furthermore, 
selection and optimization on control factors are also to be 
refined. 
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