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Abstract
This paper proposes a modified Tilt model, called T-Tilt, for 
analyzing and synthesizing F0 contours in tonal languages. 
The Tilt model successfully designed for intonation modeling 
is extended to cover syllable-based F0 realization influenced 
strongly by the tonal context. Two modification approaches 
include adding a parameter indicating a F0 curve pattern and 
separating duration and amplitude controls inherent in the Tilt 
parameter for sake of flexibility. Evaluations are conducted 
by both an objective RMSE measure and a subjective MOS 
test on intelligibility and naturalness aspects. Applying to 
Thai and Mandarin Chinese continuous speech, the proposed 
model is proved to be very effective for F0 contour analysis. 
It rather requires extensive work on parameter synthesis 
although the synthesizing performance is comparable to those 
produced by other proposed models.   
Index Terms: F0 analysis and synthesis, Tilt, tonal languages 

1. Introduction
The fundamental frequency (F0) contour is a feature of 
lexical accent and intonation. The global F0 contour from 
intonation modeling is an important feature of non-tonal 
languages such as English. For tonal languages like Thai, 
Mandarin Chinese and standard Yoruba, only the global F0 
contour is not sufficient for expressing natural speech. F0 
patterns from lexical tones are superimposed to produce the 
global F0 contour [1]. Therefore, F0 curves are closely 
associated with tones in the syllable unit. 

The F0 contour has been studied in three levels, including 
an acoustic level, a perceptual level, and a linguistic level [2]. 
The work in this paper focuses on the acoustic level which is 
based on capturing and modeling the acoustic signal directly. 
Several limitations of intonation modeling have been 
described in the acoustic level. The Fujisaki’s model [3] is an 
attractive approach since it explains the behavior of F0 
contours by separating the global intonation contour from fine 
accentual or tonal structures. However, as described in [4], 
this model requires a certain amount of expert knowledge and 
previous hand-fitting of F0 contours before any automatic 
algorithm could be developed. Another class of F0 modeling 
such as RFC [5] and Tilt models [6] is based mainly on 
modeling F0 in local context. Unfortunately, they are not 
designed for tonal but rather accentual languages. Pitch target 
approximation [7] and a template-based synthesis model [8] 
are some that have been proposed for tonal languages like 
Mandarin Chinese and Cantonese. However, generalization of 
these models over other tonal languages has not been proven.

Since the Tilt model is one of effective models that can 
analyze and synthesize F0 contours in a fully automatic 
scheme, we are interested in adopting the Tilt model for 
modeling F0 contours in tonal languages especially for Thai. 

Two problems arise� after our preliminary experiment. First, 
the Tilt model cannot represent a falling shape followed by a 
rise shape, which is found in tonal languages. Second, with an 
approximation by Tilt parameters, resulting F0 contours can 
be distorted from their original. Strictly speaking, the Tilt 
model defines a single parameter for controlling both 
amplitude and duration of a Tilt event. This attribute is not 
suited to model syllable-based events in tonal languages. 
Therefore, in this paper, we modify the Tilt model for 
analyzing and synthesizing F0 contours in tonal languages, so 
called T-Tilt model. We add a parameter indicating an F0 
curve pattern and separating duration and amplitude controls 
inherent in the Tilt parameter for sake of flexibility. 

The paper is organized as follows. Section 2 presents our 
T-Tilt model for F0 analysis and synthesis in tonal languages. 
Section 3 explains experimental data and evaluations. Finally, 
Section 4 summaries this paper and provides the conclusion 
of this work. 

2. T-Tilt Model 
This section shows the role of T-Tilt modeling as a link from 
the linguistic structure of a given text and its acoustical F0 
contour. In the following sub-sections, two major processes, 
an analytical process and a generative process, are described. 

2.1. Analytical process 
In general, the Tilt model describes intonation behaviors 
observable in an F0 contour on a basis of an intonation event 
[6]. An intonation event can be varied along different 
linguistic units, for examples, a phrase, an accented syllable 
or word, and so on. Each of events includes a number of 
continuous-value parameters. As shown in Figure 1, the Tilt 
model parameterizes an event by start_f0, start_tilt, 
event_amp, event_dur, tilt, and peak_pos, which respectively 
denotes the starting point of F0 contour, the starting point of 
Tilt event, the amplitude of Tilt event (Arise, Afall), the duration 
of Tilt event (Drise, Dfall), the parameter controlling Tilt shape, 
and the position of Tilt peak. Equations 1 and 2 present Tilt 
modeling, where f0(t) is the F0 value at a time t, A is a rising 
or falling amplitude, D is a rising or falling duration and Aabs
is an absolute F0 value at the starting point of the rising or 
falling curve. 
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It is interesting to try adopting the Tilt model to represent 
abstracted F0 contours of tonal languages such as Thai, 
Mandarin Chinese, or Taiwanese. Similar to [1] and [4], it is 
benefit to model F0 contours in tonal languages on a basis of 
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syllable units since the shape of F0 contours has been well 
studied on such unit. However, according to our preliminary 
results of applying the Tilt model for Thai, two problems 
arise as shown in Figure 2.

As shown by “A” and “B” points in the Figure 2, the first 
problem is that the F0 curve generated by the Tilt model (the 
dark line) cannot well fit to its original one (the gray line). 
This is a crucial problem in modeling F0 for tonal languages 
since native speakers in such languages are likely to be 
sensitive in perceiving lexical tones. Besides unnaturalness of 
produced sounds, distortion of F0 curves might be harmful in 
communication misleading. There are possibly two reasons 
causing this first problem. The first reason (“A” points) is a 
limitation of the tilt parameter. Generally, the tilt parameter
can represent only a rising shape, a falling shape, or a rising 
shape followed by a falling shape, but cannot represent a 
falling shape followed by a rising shape, which is observed in 
a Thai syllable unit. This might be what called the negative 
command described in the Fujisaki model. Therefore, we 
modify the absolute event_amp parameter to cope also with a 
negative value, which consequently allow modeling the 
falling shape followed by a rising shape.  

start_f0

peak_pos

A rise

A fall

D fallD rise

start_tilt end of event

Figure 1: Parameterization in the Tilt model. 

Figure 2: Problems of Tilt modeling. 

The second reason (“B” points) of shape distortion is an 
error by the re-synthesis process. Figure 3 is a zoom-in 
simulated picture of the point “B” shown in the Figure 2. The 
dash line is an F0 curve of original sound and the solid line is 
what the Tilt model generates. It is clear that the Tilt model 
generating only a hill shape cannot fit with the original valley 
curve. We then modify in our T-Tilt model by extending Tilt 
equations to cope with both the hill and valley curves. Two 
more equations, Equation 3 and 4, are added. We try to fit a 
syllabic F0 curve by varying the Tilt shape (hill and valley) as 
well as the other parameters, and tag the syllable with Tilt 
parameters producing the lowest Euclidean distance among 
the synthesized and the original contour. 
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Figure 3: Hill and valley shapes of an F0 contour. 

The second problem of using the Tilt model is a shift of 
the F0 contour along the time axis and/or frequency axis as 
shown at the point “C” in the Figure 2. The previous paper [6] 
proposed the single tilt parameter that inherently equalizes its 
amplitude and duration as shown in Equation 5. In tonal 
languages like Thai, such restriction leads to unacceptable 
distortion of tonal sounds. To overcome this problem, we 
separate the tilt parameter into two parameters that 
independently control the Tilt amplitude (tTilt_amp, the left-
hand side of Equation 6) and duration (tTilt_dur, the right-
hand side of Equation 6). 
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In summary, for each syllable unit, the T-Tilt model 
consists of a F0 value at the starting of the syllable (start_f0),
a F0 value at the starting of the Tilt event (start_tTilt), a Tilt 
amplitude (event_amp), the summation of absolute rising and 
falling amplitudes which can be negative for the valley F0 
shape, a Tilt duration (event_dur), the summation of rising 
and falling durations, a Tilt peak (peak_pos), a duration 
distance between the starting point of the syllable to the peak 
of the Tilt ,the relative ratio between the difference of 
amplitudes (tTilt_amp) and durations (tTilt_dur) of rising and 
falling curves divided by their summation as shown in each 
term of the Equation 6, and a type of F0 shape (shape_type)
which is either hill, valley, hill-valley, or valley-hill.

2.2. Generative process 
The final goal of F0 modeling in text-to-speech synthesis 
(TTS) is to predict an F0 contour given surface linguistic 
information. We divide the process into three sub-processes. 
First, linguistic and acoustic information of training speech 
are extracted. Second, regression trees are built separately for 
each T-Tilt parameter on the syllable-based event. Finally, an 
F0 contour of each syllable can be estimated using the 
regression tree-based T-Tilt model. 

In the first step, for each syllable in a training speech 
corpus tagged with T-Tilt event labels, linguistic and acoustic 
features shown in Table 1 are extracted. Useful features are 
those can be uncomplicatedly computed given only an input 
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text, so that the overall process can be made real-time. Real-
value features are normalized by their means and standard 
deviations. It is noted that features related to speech duration 
are included with an assumption that durations of phonemes 
as well as syllables have already been determined. The 
duration contour is calculated by the syllabic z-score in the 
log duration domain [9]. The lexical tone context captures 
three previous syllabic tones and one preceding syllabic tone 
as the left context is more noticeable than the right. 

In the second step, eight classification and regression 
trees (CART) are created for predicting each of eight T-Tilt 
parameters, start_fo, start_tTilt, event_amp, event_dur, 
tTilt_amp, tTilt_dur, peak_pos, and shape_type. Finally, the 
synthesis process converting T-Tilt parameters into an F0 
contour involves two steps, converting T-Tilt parameters to 
the RFC description and then converting to the F0 contour 
using the Equations 1 to 4. 

Table 1. Features used in T-Tilt parameter prediction
Feature Description

CiDur_Contour
VDur_Contour 
CfDur_Contour
SylDur_Contour
PSylDur_Contour 
SylPrevPB 

WrdPrevPB 
SylNextPB
WrdNextPB 
NSyl
NWrd 
T-3,T-2,T-1,T,T+1
Pos_Phr 
Pos_Wrd 
BoundaryTone 
POS 
SylPosRatio
WrdPosRatio

The duration contour of initial consonant 
The duration contour of vowel 
The duration contour of final consonant 
The duration contour of current syllable 
The duration contour of previous syllable 
The number of syllables from previous 
phrase break (PB) 
The number of words from previous PB 
The number of syllables to next PB 
The number of words to next PB 
Total number of syllables in current PB 
Total number of words in current PB 
A window of lexical tone context 
The position in phrase (begin, center, end) 
The position in word (begin, center, end) 
Syllable at phrase boundary (true, false) 
Part-of-speech 
The ratio of SylPrevPB and NSyl
The ratio of WrdPrevPB and NWrd

3. Experiments

3.1. Experimental data 
In this paper, two sets of experimental data are used. The first 
set is a large Thai phonetically-balanced speech corpus, 
namely TSynC-1 [10]. It contains read speech tagged with 
part-of-speech (POS), hand-labeled phrase breaks, and other 
useful information. After cleaning, the data set consists of 
4,387 utterances. We allocated 3,957 utterances for training 
and the rest for testing. The training set contains 117,006 
syllables, where 35%, 23%, 17%, 16% and 9% respectively 
are low, middle, high, falling and rising tones. The 430 
utterance test-set contains 11,923 syllables, where 35%, 23%, 
17%, 17% and 8% are low, middle, high, falling and rising 
tones respectively. 

The second set is a small set of Mandarin Chinese 
utterances. It contains 30 spontaneous speech utterances 
tagged with similar information as the TSynC-1. Out of 637 
syllables, 23%, 16%, 18%, 30%, and 13% are high, rising, 
low, falling, neutral tones respectively. The aim of using this 
set is to observe the generalization of our T-Tilt model on 
other tonal languages. 

3.2. Experimental measurement 
Both quantitative and qualitative tests are performed to reflect 
the improvement by our proposed model. 

- Quantitative evaluation
The aim of the quantitative evaluation is to examine how 

well the model predicts F0 contours. Similar to others [3], [5] 
and [6], we calculate the root mean square error (RMSE) and 
correlation )(�  between the generated F0 contour and its 
smoothed original contour. 

- Qualitative evaluation
The aim of the qualitative evaluation is examine the 

perceptual quality of the synthesized speech in terms of the 
intelligibility and naturalness. We modified test speech by 
replacing its original F0 contour by the one generated by our 
F0 model using the Pitch Synchronous Overlap and Add 
(PSOLA) method. In this qualitative test, 15 Thai utterances 
were selected randomly from the 430 utterance Thai test set. 
No qualitative evaluation is performed for Chinese speech. 

In our experiments, human listeners were asked to play a 
synthesized speech and check on incorrect-tone syllables they 
felt. The intelligibility score was then computed as 
transcription correctness scaled on the range of 0.0 to 5.0 [11] 
as the following equation. 
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where TAll is the total number of syllables in an utterance 
and TWrong is the number of syllables whose tones are checked 
to be wrong. A 0.0 intelligibility means that syllabic tones are 
absolutely wrong, whereas a 5.0 is the perfect tone synthesis. 

To evaluate naturalness, we used the mean opinion score 
(MOS). The value 1.0 to 5.0 in the MOS scale ranks the 
naturalness of speech utterance from the worst to the best.  

3.3. Experimental Result 
- Quantitative test
Results are presented in terms of either the analytical 

process or the generative process. Table 2 shows RMSEs and 
correlations given in the analytical process. The first two 
rows show results given by the conventional Tilt model 
applying on Thai and Chinese speech. The next two rows 
show results of the T-Tilt model applying on Thai and 
Chinese speech. Results clearly show the effectiveness and 
language-generalization of our proposed model in the 
analytical process. By observing, the improvement of both 
RMSE and correlation mainly came from an ability to solve 
the two critical problems expressed in the Section 2.1.

Table 2. Comparison results of the quantitative test.
Model RMSE Correlation

Analytical Tilt + Thai 23.38 0.64 
Analytical Tilt + Chinese 38.63 0.55 
Analytical T-Tilt + Thai 8.21 0.68 

Analytical T-Tilt + Chinese 7.16 0.71 
Generative T-Tilt + Thai 24.47 0.60 

The last row of the Table 2 shows a somewhat large 
RMSE of the T-Tilt model in the generative process. This is 
not surprising since although there exist several effective F0 
analysis models, synthesizing their parameters given 
linguistic and some acoustic information is still a critical issue 
under research. Observing the synthesized speech, we found 
that the overall RMSE was not from the error of any specific 
T-Tilt parameter. Almost all parameters were significant for 
F0 contour generation.

Given additional information such as the class of phrase 
boundaries or the class of tones, ones can build separated 
several generative models separately for each class [8] and 
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[12]. We have tried in the same manner by modeling F0 
separately for each of 5 Thai tones. However, no 
improvement has been obtained. 

- Qualitative test
In terms of the intelligibility test on 15 synthesized 

utterances, an average value of the intelligibility score 
achieved 4.44, which meant that almost all syllabic tones 
were correctly perceived. Table 3 presents the distribution of 
transcription errors regarding the number of syllables and the 
position of syllable in the word. Numbers in the bracket in the 
first column are the total number of words that appears in the 
test set. Results show that almost wrong tones occurred at the 
last syllable in the word. This is true for the perceptual test 
where the last syllable of a word or a phrase highly influence 
human evaluation due to its relatively long duration. Table 4 
illustrates a confusion matrix of the syllabic-tone perceptual 
test in the percentage unit. The lowest accurate tone is the 
tone 4, in which its number in the training data is the smallest. 

Table 3. Percentages of syllabic-tone perceptual errors 
distributed by the position of the syllable in the word.

No. of syllables 
in word 

Position of the syllable in word 
1 2 3 4

1 (179) 11.9 - - - 
2 (66) 3.0 21.6 - - 
3 (21) 13.1 3.6 25.0 - 
4 (17) 1.5 8.8 2.9 17.6 

Table 4. A confusion matrix of percentages of syllabic-
tone perceptual correctness.

Actual
tone

Perceived tone (%) No. of 
syllables 0 1 2 3 4

0 90.3 1.8 4.1 1.8 2.1 154 
1 3.2 87.6 4.0 4.0 1.3 95 
2 1.6 1.3 96.5 0.3 0.3 94 
3 5.4 1.7 3.0 89.5 0.3 74 
4 14.9 6.9 3.2 4.3 70.7 47 
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Figure 4: MOS results in the naturalness test.

Regarding the MOS naturalness test, 6 Thai native 
females and 5 Thai native males, aged between 24 to 34 years 
old, were asked to give MOS on each of three speech 
utterances as follows: 

S1: 15 utterances of natural speech 
S2: 15 utterances with F0 from the analytical process 
S3: 15 utterances with F0 from the generative process. 
Average MOSs are shown in Figure 4. The average MOS 

of speech generated with F0 contours from the analytical 
process and the generative process is 3.95 and 2.21 
respectively. These results are highly corresponding to the 
RMSE results in the quantitative test, which confirms the 
effectiveness of the T-Tilt model in F0 analysis but requires 
an improvement on parameter synthesis. By interviewing the 

listeners, we found that Thai natives are quire sensitive to the 
detailed distortion of syllabic F0 curves. Although the 
intelligibility test stated the high correctness of syllabic-tone 
transcription, the naturalness extremely reduced when such 
syllables were arranged in continuous speech. Tonal co-
articulation is thus a very important factor for improving the 
naturalness. More efforts should be devoted to the derivative 
of new potential features, both syntactic and semantic features, 
which cope with co-articulation and global phrasal intonation. 

4. Conclusion
In this paper, we have proposed a new algorithm of F0 
contour modeling, called the T-Tilt model. The T-Tilt model 
is modified from the conventional Tilt model with an aim to 
be applicable for tonal languages. We have applied the T-Tilt 
model to analyze F0 contours of tonal languages, Thai and 
Mandarin Chinese, and to synthesis F0 contours of Thai. We 
tested model both the quantitative and qualitative evaluations.  

Overall results showed an effectiveness of our model in 
analyzing F0 contours but required an improvement in 
synthesizing F0 contours.  The qualitative test showed that 
the naturalness of the synthesized speech was rather low, 
whereas the intelligibility in terms of syllabic-tone 
transcription was high. This meant that although synthesized 
tones were almost correct, native tonal-language speakers 
were still very sensitive to detailed distortion of tonal F0 
curves especially in continuous speech. In the near future, we 
expect to enhance the naturalness by expanding parameter-
synthesis features to better cope with tonal co-articulation as 
well as global phrasal intonation. 
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