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Abstract 
This paper presents the integration between the quantitative 
target approximation (qTA) model and the unsupervised 
clustering technique to study Thai tones. The qTA model 
simulates F0 production on the basis of articulation process. 
Parameters extracted from the F0 of Thai speech by analysis-
and-synthesis method were further analyzed by K-means 
clustering. The number and form of pitch target were then 
identified by assessing the quality of clusters using silhouette 
scoring. The combination of qTA model and computational 
intelligent techniques make it possible to study pitch targets 
of tone function without prior hypothesis. 
Index Terms: Thai tone, quantitative intonation model, K-
means, silhouette score, target approximation 

1. Introduction 
Automatic parameter learning plays a crucial role in 
articulatory-oriented intonational modeling. It provides a 
means to apply the model to both intonation generation and 
recognition. There have been a number of attempts to develop 
such automatic learning algorithms [1-3]. Although each of 
them can approximate F0 contour quite accurately, only a 
command-response model has been applied to the study of 
Thai tones [4-5]. However, the lack of complete intonational 
frameworks in the command-response model for 
implementing communicative functions makes it difficult to 
extend the study to other communicative functions [7]. 

Figure 1 illustrates the F0 target approach described in the 
target approximation (TA) model [6]. TA model assumes that 
observed F0 contours are the output of pitch target 
approximation process. In TA model, the tone is encoded in 
the form of pitch targets which is a linear function that can be 
either static (e.g. [low]) or dynamic (e.g. [rise]), as depicted 
by the dashed lines in Figure 1. The implementation of the 
pitch target is assumed to be synchronized with the syllable. 
During each target approximation, the surface F0 value 
depends on not only the current articulatory state but also the 
transferred articulatory conditions of the preceding syllable. 

A quantitative target approximation (qTA) model has 
been developed as a computational implementation of the TA 
model [7-9]. It provides complete computational frameworks 
for simulating tone and intonation phenomena.  In this paper, 
we apply the qTA model to study the pitch target of Thai 
tone. We then use an unsupervised clustering technique and a 
cluster evaluation method to identify the pitch targets of Thai 
tone. 

 

2. Method 
This section discusses the methodology of automatic pitch 
target identification. Figure 2 illustrates the systematic 
workflow of the pitch target analysis using qTA model and K-
means clustering. The process of identifying pitch targets 

consists of several steps: (1) the qTA model parameters are 
extracted from each sentence in the dataset using an analysis-
by-synthesis method, (2) the K-means clustering is used to 
identify the profiles of qTA model parameters that plausibly 
are the pitch targets at the different levels of K, and (3) the 
effective K is selected by assessing the quality of clusters 
using silhouette scoring. In the following subsections, we will 
discuss every step in detail. 

Figure 1: Target approximation model. This figure is 
adopted from [6]. 
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Figure 2: Systematic workflow of pitch target 
analysis using qTA model and K-means 
clustering. 

2.1. Quantitative target approximation model 
A quantitative target approximation model, also called qTA 
model, is an articulatory-oriented F0 production model of 
tones and intonations. It quantitatively represents the 
biophysical mechanism of vocal fold tension control as a 
third-order critically damped systems [7]. The qTA model 
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consists of a biophysical model of vocal fold and a functional-
oriented framework for implementing communicative 
functions. The mathematical equation of qTA model 
representing F0 production is in the form of 

 2
0 1 2 3( ) ( ) tf t mt b c c t c t e λ−= + + + +  (1) 

where f0(t) is the F0 contour while t is the time relative to the 
syllable onset. The pitch target is represented by a simple 
linear equation, mt + b, where m and b denote the slope and 
height of the pitch target. The rightmost term is the transient 
response of the third-order critically damped system driven by 
the pitch target. λ is the rate of pitch target approximation. It 
is inversely proportional to the time constant of the 
approximation process. Thus, the qTA model has three 
specification parameters including m, b, and λ. The transient 
coefficients, c1, c2, and c3, are calculated from the initial 
articulatory conditions. These initial conditions are the initial 
F0 level, f0(0), initial velocity, f0′(0), and initial acceleration, 
f0″(0). At the end of each syllable, the final articulatory 
conditions are transferred to the next syllable to ensure the 
smoothness in articulation. The transient coefficients are 
calculated by solving the systems of linear equations. 

  (2) 1 0(0)c f= − b

  (3) 2 0 1(0)c f c mλ′= + −

  (4) 2
3 0 2 1( (0) 2 ) / 2c f c cλ λ′′= + −

2.2. Analysis-by-synthesis 
The qTA model parameters are estimated by an automatic 
analysis-by-synthesis algorithm. The algorithm searches 
through three dimensional parameter search space. For each 
parameter combination in the search space, the sum square 
error (SSE) is calculated between the original and synthesized 
F0. This process iterates through all parameter search ranges 
and then the parameter set that has lowest SSE is selected. 

It should be noted that, despite an automatic estimation 
and clustering, the syllable onset and offset still have to be 
designated manually onto the F0 contour for accurate syllable 
boundaries. For each sentence, the parameter estimation starts 

from the first syllable to the last syllable, consecutively. The 
final conditions of the selected parameter set are transferred to 
the next syllable as the initial conditions for the smoothness of 
articulation mechanism as discussed in the previous section. 

 
Figure 3: A resynthesized F0 contour of Thai tone sequence “RNLFRH” using qTA model, illustrated by a solid line. The 
gray dots indicate the original F0 contour. 
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Figure 3 shows the resynthesized F0 contour of the Thai 
tone sequence “RNLFRH”. The resynthesized F0 contour is 
very close to the original version in both its value and 
variation. For instance, the correlation coefficient between 
this resynthesized F0 and the original one is 0.961±0.024, at 
the 95 percent confidence interval. It should be noted that 
since there are no rules related to the correlation imposing on 
the parameter extraction process, this high correlation thus 
indicates the effectiveness of the analysis-by-synthesis 
approach. 

2.3. K-means clustering 
After qTA model parameters are extracted, K-means 
clustering which is an unsupervised learning method is then 
applied to the raw pitch target parameters, m and b, to group 
data into clusters without prior knowledge. This method 
makes the analysis unbiased to prior hypotheses. In other 
words, no prior hypotheses on the number and form of pitch 
targets are needed. In the present study, K-means clustering 
has been chosen because of its efficiency and simplicity [10]. 
The clusters computed from K-means clustering method also 
correlates with the solution of the principle component 
analysis technique [11]. The simplify algorithm of K-means 
clustering are described as follows 
 
M = number of clustering evaluation 
K  = number of clusters, K = 1,2,…,M 
μj  = cluster centers, j = 1,2,…,K 
N  = number of data 
xi  = data point, i = 1,2,…,N 
 
1. Initialize K, μj 
2. Classify all the data point xi according to 

the nearest uj 
3. Recompute each uj 
4. If no change in uj then terminate, 

otherwise go to step 2 
5. Repeat step 1 until K is equal to M 
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The outputs of the algorithms are M plausible solutions of 
pitch target clusters. Each solution has the number of cluster 
ranging from 2 to M. In the next section, we will describe the 
method to select the most likely solution of the pitch target 
clusters. 

2.4. Pitch target identification using silhouette score 
A silhouette score is adopted to assess the quality of the 
clustering solution and to select the most likely solution of the 
analysis. The silhouette scoring technique has been previously 
used for evaluating the cluster quality in the analysis of high-
throughput data of human genome study [12]. Figure 4 
illustrates the principle of silhouette scoring. Each data point 
(i) has been assigned with specific cluster by K-means 
clustering described in the previous section. The silhouette 
score s(i) is calculated for each data point by the formula in 
Figure 4, where x(i) is the average distance from (i) to all data 
points in the same cluster, and y(i) is the average distance 
from (i) to all data points in the nearest cluster. The average 
silhouette score is computed by averaging all s(i). The 
silhouette score condenses the quality of pitch target clusters 
into a single numeric value, which ranges from 1.0 when the 
clusters are in good quality to -1.0 when the clusters are 
arbitrary. 

After silhouette scores of each solution are calculated, the 
cluster solution with the highest score is selected. The clusters 
of the selected solution correspond to the pitch targets. 

 

3. Pitch Target Analysis of Thai Tones 

3.1. Dataset 
Thai speech dataset was designed to study Thai tones. 10 Thai 
native male speakers were instructed to pronounce each 
sentence four times in the continuous speaking style. All 
speakers have been living in Bangkok area for at least 10 
years. Table 1 shows tone sequences and their corresponding 
sentences used in this study. Each alphabet in the tone 
sequence denotes each Thai tone: mid (N), low (L), falling 
(F), high (H), and rising (R). Thus, there are totally 1,000 
syllables in the dataset. 

 

Table 1. The tone sequences and sentences used for 
the analysis of pitch targets of Thai tones. 

Tone 
Sequence 

Sentences in 
Thai 

Sentences in English 
without tone marks 

NFHRL เปนใบและหูหนวก pen bai lae hoo nuak 

RNFLH หวัใจไมอยากแพ hua chai mai yak pae 

HRLFN นอยหาไกไมเจอ noi ha gai mai cher 

LHFNR ปาไมไมมีหมี pa mai mai mee mee 

FHRLN แมน้ําไหลผานเมือง mae nam lai pan muang 

 
 
Onset and offset timing for each syllable were manually 

marked by the author. F0 data were then extracted using Praat 
[13].  

3.2. Evaluation results 
In the present study, the number of solution candidates, M, is 
set to 7. This means that there can be 6 possible cluster 
candidates. The silhouette scores and their 95 percent 

confidence intervals are shown in Figure 5. The average 
silhouette score increases dramatically, although it is not 
statistically different, when the number of cluster, K, is more 
than or equal to 3. This could be explained by the grouping of 
static, rising dynamic, and falling dynamic pitch targets. The 
solution has significantly higher silhouette score when K ≥ 5 
comparing to when K = 2. This number corresponds with the 
number of Thai tones. The small increments in the silhouette 
scores when K ≥ 5 could be described by the difference in the 
speaking style between speakers. 
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 Figure 4: The principle of silhouette score for 
assessing the quality of pitch target clusters. 

 

Figure 5: Silhouette scores and confidence intervals 
of each cluster candidate. 
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Table 2 shows the centroids of the pitch target cluster 
when K = 5. Even though K-means clustering divided the data 
into 5 groups, the centroids of cluster 3 to 5, which 
correspond to the static target, are not significantly different 
in term of both m and b, as can be seen from their confidence 
intervals. This explains the reason of a drastic increase in the 
silhouette score at K = 3.  
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Table 2. Average pitch target parameters and their 
confidence intervals when K = 5. 

Cluster m b 
1 -327.4 ± 10.5 0.9 ± 5.2 

2 101.6 ± 8.9 -7.2 ± 4.4 
3 23.3 ± 15.8 4.3 ± 8.1 
4 -5.0 ± 19.1 -29.9 ± 11.2 
5 9.8 ± 16.5 -4.7 ± 5.0 

 
 
Intuitively, each pitch target cluster can be associated with 

each traditional Thai tone: cluster 1 for F, cluster 2 for R, 
cluster 3 for H, cluster 4 for L, and cluster 5 for N. However, 
despite the possible pitch targets for Thai tone, the confusion 
between cluster 3 to 5 suggests that, for each syllable, the F0 
dynamics of Thai tones may not be able to described by only 
one pitch target.  

4. Discussion and Conclusion 
Quantitative modeling offers a way to test our knowledge and 
understanding by predicting the response of the natural 
process. It is necessary, especially in speech prosody, for the 
model to be generalized enough to quantitatively represent the 
essential functions across multiple contexts, or languages, 
while be specific enough to capture the detail variations of 
other relevant factors. Such generalization and specification 
properties can be seen in a quantitative model that has been 
developed to simulate the phenomenon that occurs in multiple 
levels at the same time. This allows the model to be used in 
the study of emergent properties of complex mechanisms. 

In tone modeling, only few articulatory-oriented F0 
models have been applied to the cross-linguistic tonal study. 
One of them is the command-response model [1]. It is not 
only a generalized mathematical framework that makes a 
command-response model able to be applied to the cross-
linguistic study, but also the extension of the model to 
automatically and systematically extract and analyze the 
model parameters [3]. However, the command-response 
model does not fully provide a means to integrate with the 
higher communicative functions. This makes it difficult to be 
used to construct a full scale functional framework. 

A qTA model bridges the gap between the physiological 
mechanisms of F0 production and the implementation of 
communicative functions [7]. The core of the qTA model is 
the simulation of pitch target approximation process in 
syllable synchrony. The pitch target provides the generalized 
basis for simulating basic functions such as tone in Mandarin 
and stress in English. In the present paper, we also 
demonstrate the capability of the qTA model to accurately 
simulate Thai tones of a specific sentence as depicted in 
Figure 3. We further incorporate the unsupervised clustering 
and evaluation techniques for automatic identification of pitch 
targets in any languages. The unsupervised learning method 
also offers a hypothesis-free approach to the study of tone. 
This makes the tone and intonation study less bias to the 
question conjectured before the investigation. Each distinct 
pattern of qTA model parameters was summarized into a 
cluster to form the pitch target which associates with certain 
Thai tone. 

However, there are still certain limitations in the present 
approach. Firstly, it simulates only one set of qTA model 
parameters for each syllable. In other word, each syllable can 
have only one target. This apparently affects the 
representation of the static target in Thai tone as shown in 

Table 2. Secondly, the lack of extensive empirical studies of 
Thai tones makes it more difficult to apply the pitch targets 
obtained from the present paper to the full scale intonation 
synthesis immediately. Further functional-oriented studies of 
communicative functions of Thai language are needed.  
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