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ABSTRACT

Tone recognition is a critical component for speech recog-
nition in a tone language. One of the main problems of
tone recognition in continuous speech is that several inter-
acting factors affect �� realization of tones. In this paper,
we focus on the coarticulatory, intonation, and stress ef-
fects. These effects are compensated by the tone informa-
tion of neighboring syllables, the adjustment of �� heights
and the stress acoustic features, respectively. The exper-
iments, which compare all tone features, were conducted
by feedforward neural networks. The highest recognition
rates are improved from 84.07% to 93.60% and 82.48% to
92.67% for Thai proper name and Thai animal story cor-
pora, respectively.

1. INTRODUCTION

Tone information is very important to speech recognition in
a tone language, such as Thai. There are five different lex-
ical tones in Thai: mid, low, falling, high, and rising. The
identification of a Thai tone relies on the shape of the fun-
damental frequency (��) contour. Although there are only
five different tones, the tone behavior is very complicated
in continuous speech. Several interacting factors affect ��
realization of tones, e.g., syllable structure, coarticulation,
intonation, and stress [1, 2, 3]. Syllable structure affects
an �� contour in terms of the voiced/unvoiced property of
contiguous phones and also consonantally-induced pertur-
bations on the �� contour of the following vowel [1].

The tone of a neighboring syllable may affect the shape
and level of the �� contour [4]. The effects of the following
syllable and the preceding syllable are called anticipatory
coarticulation and carry-over coarticulation, respectively.
Gandour et al. [2] studied these effects on Thai tones. The
study shows that Thai tones are more influenced by carry-
over coarticulation than by anticipatory coarticulation.

Intonation refers to a distinctive pitch of an information
unit, either a word or a set of words which are semantically
and syntactically unified to other information units in the in-
formation whole. The �� will be adjusted to conform to the
intonation pattern of the sentence [4]. An important char-
acteristic of intonation is declination, which refers to the
tendency of �� to gradually decline over the course on an
utterance.

The �� contours of stressed syllables are generally quite
different from unstressed ones [5]. For standard Thai, de-
spite systematic changes in �� contours, all five tonal con-
trasts are preserved in unstressed as well as stressed syl-
lables. However, �� contours of stressed syllables more
closely approximate the contours in citation forms than those
of unstressed syllables [1, 3].

In this paper, we propose several tone features to com-
pensate the effects of coarticulation, intonation, and stress
and improve tone recognition rates. In the following sec-
tions, we first presents the baseline tone features (Section
2). We then describe the proposed tone features for compen-
sating coarticulatory, intonation, and stress effects (Section
3, 4, and 5, respectively). After that we demonstrate experi-
ments and analyze the results in several directions (Section
6). Finally, we summarize this paper (Section 7).

2. BASELINE TONE FEATURES

Since the tone information from the rhyme portion (vowel
+ coda) has been shown to provide better recognition rate
than that from the whole syllable [6], our tone features are
extracted form the rhyme portion. The Average Magnitude
Different Function (AMDF) algorithm [7] is applied for ��
extraction with 60 ms frame size and 12 ms frame shift. The
differences in the excursion size of �� movements related to
differences in voice range between speakers are normalized
by converting raw �� values to an ERB-rate scale [8]. An
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�� is basically a physiologically determined characteristic
and is regarded as being speaker dependent. Therefore, a
z-score normalization is then employed based on the mean
and standard deviation computed from the raw �� values of
all utterances for each speaker. Since not all syllables are of
equal duration, �� contour of each syllable is equalized for
duration on a percentage scale [2, 3].

��-normalized data are then fitted with a third-order poly-
nomial �� � ����������

�����
��. To evaluate changes

in the�� height and slope of each syllable, a time aligned��
profile is used. The profile is obtained by calculating the ��
heights at five different time points between 0% to 100%
throughout each syllable with the equal step size of 25%
(see Fig.1 (a)). Moreover, the slopes at these five points are
also computed by using the polynomial coefficients. The
five �� heights and five slopes are used as the baseline fea-
tures. Therefore, the tone feature vector of each syllable has
the same dimension of 10.

3. COARTICULATION

The coarticulatory effect of neighboring syllables will make
the �� contour of a syllable change in level and in shape to
interfere with tone discrimination. The coarticulatory ef-
fect decreases when the distance between neighboring syl-
lables increases. This means that the coarticulatory effect
is inversely proportional to the distance between neighbor-
ing syllables. Therefore, we used some features extracted
from neighboring syllables and the distance between neigh-
boring syllables to identify tones. They include: (i) the ��
heights and slopes of neighboring syllables (both preceding
and following syllables) and (ii) the two inversions of dura-
tion: from the ending point of the preceding syllable to the
beginning point of the considering syllable (��) and from
the ending point of the considering syllable to the begin-
ning point of the following syllable (�� ) where the duration
is measured in second. The former are the primary features
for coping with the coarticulation while the latter are em-
ployed to implicitly represent the tightness of relationships
between the considering syllable and the two neighboring
syllables. These features are referred to as contextual tone
features.

As described in Gandour et al. [2], carry-over effects
extend forward to about 75% of the duration of the follow-
ing syllable, while anticipatory effects extend backward to
about 50% of the duration of the preceding syllable. How-
ever, they analyzed on a small set of hypothesis sentences.
We therefore explored different pairs of �� points from pre-
ceding and following syllables. We refer to these features as
CTF�� where � and � are the numbers of time points of
the preceding and following syllables used to extract con-
textual tone features, respectively. For example, CTF34
refers to the features when we employ the three �� heights

Fig. 1. The different time points of (a) the baseline tone
features, (b) the contextual tone features (for CTF34). The
circle points represent five �� at different time points of a
syllable and bar points represent the ��’s used for different
tone features. The dash lines and dot lines represent syllable
boundaries and onset-rhyme boundaries, respectively.

and slopes at 50%, 75% and 100% of the preceding sylla-
ble and the four �� heights and slopes at 0%, 25%, 50%,
and 75% of the following syllable as shown in Fig.1 (b). In
the case of the beginning or ending syllable, �� heights and
slopes are set to 0 and two duration features are set to 1.

4. INTONATION

An important characteristic of intonation is declination that
refers to the tendency of �� to gradually decline over the
course on an utterance. The declination plays an impor-
tant role in tone recognition in term of �� height adjustment
of tones [9]. There is no un-criticized method available to
quantitatively determine the slope and domain of intonation
contour yet. Lieberman et al. [10] determined three differ-
ent declination measures, by fitting linear regression lines
to local peaks (topline), local valleys (baseline) and all ��
points.

In this paper, the all-point approach is applied to deter-
mine the intonation line (see Fig.2 (a)). All utterances in
a speech corpus are assumed that they have a similar un-
derlying intonation contour [11]. To deal with different ut-
terances with different durations, the time scale of each ut-
terance is normalized by the utterance duration. The mean
�� contour of all utterances is then fitted with a first-order
polynomial (� � ������). The straight line represents the
intonation contour.

To neutralize the intonation effect, the �� heights will be
adjusted. We have obtained an adjusting line called center-
point adjusting line (see Fig. 2 (b)). Each �� will be ad-
justed to confirm the adjusting line. This adjustment is re-
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Fig. 2. �� contours: (a) before and (b) after applying center-
point intonation normalization.

ferred to as center-point intonation normalization (CIN).

5. STRESS

The �� contours of stressed syllables are generally quite dif-
ferent from unstressed ones. The most difference between
the tone space for stressed and unstressed syllables is the re-
duction in excursion size of �� movements [3]. It makes the
tone recognition of unstressed syllables very hard. To com-
pensate the stress effect, there are usually two approaches:
(a) building separate tone models for stressed and unstressed
syllables, and (b) incorporating stress information into tone
models [12]. We decide to use the second approach be-
cause it does not need stressed/unstressed transcription. The
stress information used in the paper is a comprehensive set
of acoustic features that includes duration, energy and aver-
age ��. The duration is manually determined. The energy
of a particular speech frame is computed with a root mean
square energy algorithm. Two energy features, i.e., the max-
imum energy (MAXENE) and the total energy (TOTENE)
are used [13]. MAXENE is defined as the log energy of the
frame that has the highest energy value, while the TOTENE
is an integration of the energy over all frames. The average
of �� of a syllable is also applied. All features are extracted
from the rhyme portion of a syllable and normalized by the
�-score technique using the mean and standard deviation of
all utterances of a speaker in a corpus. All stress features are
incorporated with the baseline tone features for recognizing

Table 1. Tone recognition rates (%) and error reduction
rates (%ER) of the baseline tone features and more refined
tone features on TPC and TASC.

Tone features TPC TASC
% %ER % %ER

Simple 84.07 - 82.48 -
+ CTF34 92.93 55.65 89.91 42.42
+ CIN 86.75 16.84 86.13 20.81
+ ISFM 89.23 32.43 87.24 27.16
+ CTF34 + CIN 93.03 56.28 90.59 46.28
+ CTF34 + CIN + ISFM 93.60 59.83 92.67 58.18

tone. This method is referred to as incorporated stress fea-
ture method (ISFM).

6. EXPERIMENTS

We conducted several experiments on Thai proverb corpus
(TPC) and Thai animal story corpos (TASC) [6]. The first
one is a short sentence corpus, and the last one is a read
speech corpus. Five-fold cross-validation approach was used.
Every experiment was performed using a three-layer feed-
forward neural network. The network had three layers, i.e.,
input, hidden, and output layers. The number of input units
depended on the number of tone features. The number of
hidden and output units were 20 and 5, respectively. All fea-
ture parameters were normalized to lie between -1.0 and 1.0.
The network was trained using the standard back-propagation
method. Initial weights were set to random values between
-1.0 and 1.0.

The results are summarized in Table 1. The refined tone
features achieve high improvements in recognition rate for
both corpora. Comparing the refinements with CTF341,
CIN, and ISFM, we found that CTF34 yields the highest
error reduction rates, while CIN provides the poorest error
reduction rates. We then used the CTF34 refinement as the
primary tone models. CIN and ISFM were then incorpo-
rated for enhancing the recognition rates. CIN slightly in-
creases the recognition rates from 92.93% to 93.03%, and
from 89.91% to 90.59% for TPC and TASC, respectively.
The additional refined tone features with ISFM also im-
proves recognition rates. The over all highest recognition
rates are 93.60% and 92.67% for TPC and TASC, respec-
tively.

Since the tones at sentence initial and final positions
seem to behave differently from those at other positions, we
further analyzed the effect of intonation on different sylla-
ble positions by examining the recognition rates of syllables
located in different positions of an utterance. We found that
the error rates at the beginning and ending of utterances are

1We explored several configurations of contextual tone features, i.e.,
CTF12, CTF22, CTF23, CTF33, CTF34 and CTF44, and found that
CTF34 provided the best recognition rates. These results confirm the study
of [2].



Fig. 3. Error rates (%) of tone recognition along different
rhyme durations for TASC.

dropped, when CIN are employed; while the error rates of
the other syllable positions are consistent. This confirms
that CIN can partially compensate the effect of the intona-
tion contour.

We then analyzed the tone error rates by plotting the er-
ror rates of the baseline tone features and the refined tone
features with ISMF along different rhyme durations. As
shown in Fig. 3, we found that ISMF decreases error rates
for all syllables along different rhyme durations. The ex-
treme error reductions are reported for the syllables having
rhyme duration below 100 ms. This confirms the usefulness
of our features on a very short syllable (such as neutral or
unstressed syllable).

7. CONCLUSION

In this paper, we have demonstrated a method for Thai con-
tinuous tone recognition. The coarticulatory, intonation, and
stress effects have been considered. We have proposed sev-
eral tone features to account these effects. We performed
experiments on Thai proverb corpus and Thai animal story
corpus using feedforward neural networks. The experimen-
tal results show that the proposed tone features highly in-
crease tone recognition rates. The best results are 93.60%
and 92.67% for Thai proper name and Thai animal story
corpora, respectively.
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