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1. Introduction
 

Language acquisition research on tone production has traditionally focused 
on two issues (Singh & Fu 2016). The first issue is establishing a developmental 
trajectory of when children develop an awareness of their L1 tonal inventory such 
that their production starts resembling adult tone production. The second issue is 
the order in which different tones emerge, whether that order may be universal, 
and what factors – e.g., motor control demands, linguistic structure, and 
perceptual factors – may shape that order. The picture that emerged from early – 
mostly impressionistic – work on Mandarin and Cantonese is that lexical tones 
are acquired early, earlier than consonants and vowels; that the acquisition of tone 
is completed by ~2.5-3 years; and that level and falling tones are acquired earlier 
than dipping or rising tones (Hua & Dodd 2000; Li & Thompson 1977; So & 
Dodd 1995; To, Cheung & McLeod 2013). Similar conclusions regarding the 
timeline of tone acquisition have been reached by previous studies of Bangkok 
Thai (Onsuwan, Duangmal & Panpraneet 2014; Tuaycharoen 1977). 

However, recent instrumental work on Cantonese and Mandarin children tone 
production (Mok, Li & Fung 2020; Rattanasone et al. 2018; Wong 2012a; Wong 
2012b; Wong 2013) has challenged the idea that tones are fully acquired at a very 
early stage, especially with regards to phonetic detail. On the contrary, these 
studies have suggested that the acquisition of tones in production is a “protracted” 
process and that, even by 5 years of age, children tones are distinct from those of 
adults along various perceptually relevant acoustic dimensions. 

In view of these findings in Mandarin and Cantonese, we investigate whether 
Bangkok Thai tones produced by children may also be distinct from those of 
adults. We ask how and why children’s tones are different from those of adults. 
Specifically, we are interested in both what acoustic dimensions display 
differences, as well as what factors may be responsible for the observed 
differences. 
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We investigated these questions with an acoustic study of Bangkok Thai 
tones produced in isolation by three age groups of children and a reference group 
of adult speakers. 

To preview our results, we found that tones produced by different age-groups 
of children are distinct from each other and also from tones produced by adults in 
terms of duration, F0 measurements, and, for falling and rising tones, pitch 
trajectory shape as well. Some differences follow straightforwardly from 
differences in vocal tract anatomy (e.g., F0 values), but others are probably the 
result of more mature motor control abilities on part of the older children and of 
adults. We focus, in particular, on an uncovered developmental asymmetry we 
observed between the early acquisition of falling tones and the late acquisition of 
rising tones. Following previous work on the topic, we discuss how this 
asymmetry may be due to more stringent motor control requirements necessary to 
produce rising contours. We also present an explicit dynamical model, rooted in 
the framework of Articulatory Phonology, that is able to quantitatively simulate 
the empirical data. At the same time, this model is also meant to stimulate a 
reflection on what parameters may underly the differences between children and 
adult tones observed in this study. 

The paper is structured as follows. Section 2 presents our methods, 
experimental procedure, and statistical analyses. Section 3 presents our 
experimental findings, organized along different acoustic dimensions. Section 4 
presents our interpretations of the experimental findings, together with a detailed 
discussion and modelling of the differences observed between younger children 
and adults rising tones. Section 5 summarizes the main findings of our paper and 
outlines limitations and avenues for future work on the topic. 
 
2. Methods 
 

We investigated the realization of Bangkok Thai tones produced in isolation. 
The five tones of Bangkok Thai are a mid tone, a low tone, a falling tone, a high 
tone, and a rising tone (Figure 1). 

Bangkok Thai tones are usually divided into static tones (mid, low, high) and 
dynamic or contour tones (falling, rising). Previous work on the perception of 
tones in Bangkok Thai has shown that native listeners distinguish lexical pitch 
contrasts on the basis of (a combination of) pitch height, duration, pitch movement 
direction, and pitch slope (Gandour 1979). 

The dataset under investigation was previously described elsewhere 
(Onsuwan, Duangmal & Panpraneet 2014), however, no statistical analyses had 
been conducted on it. Data were collected cross-sectionally from 15 female 
children equally divided into three age groups: 2;0-3;11 y.o., 4;0-5;11 y.o., and 
6;0-7;11 y.o. Data was further collected from 5 adult female speakers of Bangkok 
Thai to use as a reference group. Ten target tokens, two for each tone (Table 1), 
were elicited in a picture naming task; filler words were interspersed between 
target items. 
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Figure 1. Thai tones produced in isolation by an adult female speaker of 
Bangkok Thai 
 
Table 1. Target words, two for each tone, collected in this study 

Thai Orthography IPA Transcription Gloss 
ป ู [puː1] “crab” 

ยา [jaː1] “medicine” 

กล(อง [klɔŋ2] “box” 

เข(า [khaw2] “knee” 

เสื้อ [sɯa3] “shirt" 

กล0อง [klɔŋ3] “camera" 

ม0า [maː4] “horse” 

วัด [wat4] “temple” 

เสือ [sɯa5] “tiger” 

หมา [maː5] “dog” 
 

Each target item was repeated three times and the two repetitions with less 
background noise were retained for analysis. Thus, 10 target items X 2 repetitions 
X 20 participants produced a total of 400 tokens. Audio was recorded using a head 
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mounted microphone at a sampling rate of 44.1 kHz. A trained phonetician, who 
is a native speaker of Bangkok Thai, assessed production accuracy and identified 
segmental boundaries on the basis of the waveform and spectrogram in Praat 
(Boersma & Weenink 2021). The sound files and segmental boundaries were 
imported in MATLAB for further processing and analysis. 

Following previous work on the topic (Wong 2012a), seven perceptually 
salient acoustic measurements were obtained to compare tones produced by Thai 
children to those of the adult reference group: 
 

1. rhyme duration of each word (ms) 
2. F0 median (Hz) 
3. F0 minimum (Hz) 
4. F0 maximum (Hz) 
5. F0 range (Hz) 
6. F0 slope (Hz/s) 
7. relative timing of F0 inflection with reference to rhyme initiation  

(% rhyme), for falling and rising tones only 
 

Duration was extracted directly from segmental boundaries. F0 tracking was 
conducted using a MATLAB implementation of Talkin’s robust algorithm for 
pitch tracking (RAPT) (Talkin 1995) , implemented in the voicebox toolbox 
(Brookes 1997). F0 contours were first processed by removing outliers as follows. 
First, all F0 data points below 90 Hz and above 400 Hz were set to unvalued 
samples, as they represent unrealistic values for Bangkok Thai female speakers. 
Second, the value of each sample was compared with up to three previous 
samples, the value was removed if it represented a sudden change in F0 greater 
than 10 Hz in absolute terms. Such positive or negative F0 “jumps” are likely an 
artifact of incorrect pitch tracking. F0 contours were subsequently interpolated 
using linear interpolation. Further, contours were repeatedly smoothed using a 
moving average filter operating on a window of 5 samples. F0 median, minimum, 
and maximum were calculated over the voiced portion of the rhyme of each target 
word. F0 range was calculated as the (absolute) value of the F0 max minus F0 
minimum. F0 slope was calculated by fitting a first order polynomial to all data 
points between the minimum and the maximum (for the high and rising tones) and 
between the maximum and the minimum (for the mid, low, and falling tones). The 
relative timing of the F0 inflection point with respect to the initiation of the rhyme 
was determined algorithmically over F0 contours by finding the first sample 
where F0 crossed a critical threshold of 99.9% of the rise (for the falling tone) and 
of 99.9% of the dip (for the rising tone). No datapoints were excluded from 
analysis. 

Statistical testing was conducted using Kruskal-Wallis test, a non-parametric 
equivalent of a one-way analysis of variance (ANOVA). We chose Kruskal-
Wallis tests because the homoscedasticity assumption necessary for linear models 
or ANOVA are not met, since children have wider variance than adults in tone 
production. Tukey’s HSD post-hoc testing was used to determine which groups 
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display a statistically significant difference in their mean, if any. The results of 
each Tukey HSD will not be reported here due to space constraints. However, all 
analyses scripts and date are available on osf 
(https://osf.io/9u3qg/?view_only=0af34a04e0bb4ae8bb657e702aea4648). 
 
3. Results 
 

With regard to rhyme duration, we found that the 6-7 y.o. group generally 
produced longer tones than the other groups. For the mid tone we found that the 
four groups are different with regards to rhyme duration (χ2(3,76) = 29.94, p < .001), 
Tukey’s HSD pairwise comparisons revealed that 6-7 y.o. produced longer 
rhymes than all the other groups, Figure 2. For the low tone, we also found that 
the four groups are significantly different from each other (χ2(3,76) = 10.88, p =.01), 
in this case, the 6-7 y.o. group is significantly different from the 4-5 y.o. group 
and from the adult group. For the falling tone, the four groups are also 
significantly different from each other (χ2(3,76) = 13.10, p = .004), in this case, the 
significant differences are between 6-7 y.o. group and the 2-3/4-5 y.o. groups. 
Similar findings hold for the high tone (χ2(3,76) = 9.49, p = .02), where the 
differences are between 6-7 y.o. group and 2-3 y.o. group. Finally, for the rising 
tone we also found that the four groups are significantly different (χ2(3,76) = 16.66, 
p < .01), again the 6-7 y.o. group produced longer rhymes than all the other
groups. 
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Figure 2. Rhyme duration for mid tone exemplifying longer durations for 
6-7 y.o. group versus the other three groups 
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With regard to F0, we found that children’s tones are distinct from those of 
adults in that they have higher F0. For the mid tone, we found that the four groups 
are different with regards to F0 median, minimum, and maximum (med: χ2(3,76) = 
34.93, p < .001; min: χ2(3,76) = 34.37, p < .001; max: χ2(3,76) = 33.54, p < .001), 
Tukey’s HSD pairwise comparisons revealed that all children groups have higher 
F0 than the adult group. Identical results were observed for the low (med: χ2(3,76) 
= 43.55, p < .001; min: χ2(3,76) = 39.18, p < .001; max: χ2(3,76) = 37.53, p < .001, 
Figure 3), falling (med: χ2(3,76) = 15.08, p = .002; min: χ2(3,76) = 16.08, p < .001; 
max: χ2(3,76) = 13.96, p = .003), high (med: χ2(3,76) = 32.11, p < .001; min: χ2(3,76) = 
29.86, p < .001; max: p < .001 χ2(3,76) = 36.84, p < .001), and rising tone (med: 
χ2(3,76) = 45.45, p < .001; min: χ2(3,76) = 46.22, p < .001; max: χ2(3,76) = 42.82, p < 
.001). The only F0 measurements for which one children group patterns with the 
adult reference group are the median, minimum, and maximum F0 of falling 
tones, where 4-5 y.o. are not different from adults. However, both of these groups 
are significantly different from the 2-3 y.o. and 6-7 y.o. in that the former groups 
have lower F0 than the latter groups. 
 

Median F0

 

220

2-3 AD6-74-5
Age Group

H
z

160

360

340
320
300
280
260
240

180
200

Figure 3. Median F0 for low tone exemplifying higher F0 for all children 
groups versus the adult reference group 

With regard to F0 range, we found no effects on the mid (χ2(3,76) = 4.40, ns), 
low (χ2(3,76) = 4.27, ns), and falling tones (χ2(3,76) = 1.72, ns). For the high tone, we 
found a significant difference between the four groups (χ2(3,76) = 28.78, p < .001), 
more specifically, we found that the 2-3 y.o. and the 6-7 y.o. groups have wider 
range than the 4-5 y.o. group and of the adult reference group. A marginally 
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significant difference was found for the rising tone (χ2(3,76) = 8.24, p = .06), 
specifically, a marginally significant difference is observed between the 6-7 y.o. 
and the adult reference group. 

With regard to F0 slope, we found no differences for the mid (χ2(3,76) = 6.16, 
ns), falling (χ2(3,76) = 0.60, ns), and high tones (χ2(3,76) = 6.66, ns). For the rising 
tone, the effects are close to significance (χ2(3,76) = 6.96, p = .07), but no clear 
pattern emerges from a Tukey’s HSD test. A significant difference between 
groups was found for the low tone (χ2(3,76) = 8.24, p = .04), but again a Tukey’s 
HSD only indicated a marginally significant difference between the 4-5 y.o. group 
and the 6-7 y.o. group. 

Finally, for the timing of F0 inflection, significant differences among the four 
groups were found for both the falling and the rising tone. For the falling tone 
(χ2(3,76) = 16,37, p = .001), a difference was found between 2-3 y.o. and adults 
versus 6-7 y.o., with 6-7 y.o. having a significantly later point of F0 inflection 
with respect to the initiation of the rhyme. For the rising tone (χ2(3,76) = 17.4737, 
p = .001), a difference was found between 2-3 y.o. versus adults, with 2-3 y.o. 
having a significantly later point of F0 inflection than adults (Figure 4). 
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Figure 4. Rising tone F0 inflection point with respect to rhyme initiation 
showing later inflection point for 2-3 y.o. versus the adult reference group 

To sum up, we found that 6-7 y.o. (can) produce longer rhymes associated 
with tones. Second, we also found that all children generally have higher median, 
minimum, and maximum F0, although this difference is not present for all groups 
in falling tones. For the F0 range and slope, we can generalize as follows: the 
youngest children group has higher F0 range and slope for the high tone; there 
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may also be more subtle differences between adults and children for the rising 
tone. However, our study does not seem to have enough statistical power to detect 
them. Finally, timing of F0 inflection shows different patterns for the two contour 
tones. For the falling tone, the 2-3 y.o. group has the earliest inflection points, 
while the 6-7 y.o. group has the latest F0 inflection point. For the rising tone, we 
see a clear linear developmental trajectory, where the inflection point is latest in 
the youngest children group (~65% of the rhyme) and earliest in the adult group 
(~55% of the rhyme). These results are summarized below (Table 2). 
 
Table 2. Summary of findings, X indicates no differences, (?) indicates
marginally significant differences, shaded cells indicate that measurements 
were not collected 

Measurement Mid Low Falling High Rising 

Duration 6-7 > all 6-7 >  
4-5, AD 

6-7 > 2-3, 
4-5 6-7 > 2-3 6-7 > all 

F0 Med all > AD all > AD 2-3,6-7 > 
4-5, AD all > AD all > AD 

F0 Min all > AD all > AD 2-3,6-7 > 
4-5, AD all > AD all > AD 

F0 Max all > AD all > AD 2-3,6-7 > 
4-5, AD all > AD all > AD 

F0 Range X X X 2-3,6-7 > 
4-5, AD 

6-7 > AD 
(?) 

F0 Slope X X X 2-3 > AD (?) 

F0 inflection 
timing   6-7 > 2-3  2-3 > AD 

 
4. Discussion 
 

We start our discussion from the longer duration of rhymes observed for the 
6-7 y.o. group vs (a subset of) the other groups. Longer durations for the oldest 
children group are likely to reflect a more mature phase in speech production 
where children are no longer subject to durational ceilings. In other words, we 
hypothesize that the differences between older and younger children are due to 
different maturity in speech motor control. On the other hand, the difference 
between older children and adults is probably to be explained differently. 
Possibly, the adult group speaks at a faster speech rate since each word is, for 
adult speakers, a highly practiced motoric routine. 

Turning to the differences in F0 median, minimum, and maximum, there is 
an obvious physiological explanation for the observed differences. The vocal 
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folds of children are shorter and less thick than those of adults and, accordingly, 
they can vibrate at higher frequencies. What is more interesting is that these 
differences are not so clear for the falling tone, where 4-5 y.o. pattern with adults 
versus 2-3 y.o. and 6-7 y.o. One possibility to interpret the twofold patterning of 
the four groups is that 6-7 y.o. are producing more exaggerate targets in an 
experimental setting, on par with their exaggerated durations, and that these more 
extreme targets resemble the production of the youngest children. Alternatively, 
it is also possible that observed differences are individual differences rather than 
meaningful cross-sectional patterns. Finally, it is also possible that the acquisition 
of falling tones may not be linear but “u-shaped”. That is to say, falling tones may 
be acquired early, by 4-5 years of age, but, subsequently, children may revert to 
producing falling tones that are less close to those of adults, as a consequence of 
general adjustments in their overall tonal space. If this last interpretation is 
correct, we may have evidence for u-shaped trajectories in tone production 
matching previous reports of u-shaped trajectories in tone perception (cf. the 
remarks Singh & Fu, 2016). It is also worth noting that the falling tone inflection 
point is only different for 6-7 y.o. vs adults. Assuming again that 6-7 y.o. may be 
“hyperarticulating” or re-adjusting their tonal space, we have evidence for a very 
early acquisition of a nearly adult-like shape for the falling tone. This matches 
previous reports of an early acquisition of falling contours in other languages 
(Section 1). However, a caveat is in place here. In our stimuli both words with a 
falling tone have voiceless onsets (Table 1), accordingly F0 could not be tracked 
during silence. In view of this lack of F0 tracking, we cannot exclude that 
differences between children and adults may be localized over the syllable onset 
and we may, therefore, be missing them out. 

Differences in F0 range and slope are clear for the high tone, and may, 
perhaps, be present also for the rising tone, for which we observed marginally 
significant effects. Differences in F0 range probably reflect the fact that the pitch 
span or register of children is higher and wider than that of adults. Interestingly, 
such differences are clear for tones with a high offset, but not for other tones. 

Differences in F0 slope may similarly be explained as a consequence of 
different height and width of the pitch register: higher pitch values of young 
children require a steeper slope to be achieved, especially given that durations are 
not different between the youngest children group and adults. However, since 
slope differences are observed between the youngest children versus the adult 
group, it is also possible that the F0 slope undergoes a developmental refinement 
and that, again, this process is particularly evident for tones with a high offset. 

Finally, with regards to timing of F0 inflection we have observed differences 
for both the falling and the rising tones. Falling tones seem to be acquired very 
early and be adult-like from a young age with regard to phonetic detail (Figure 5). 
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Figure 5. Falling tone shape across the four different age groups 

For the rising tones, on the other hand, the timing of F0 inflection reveals a 
clear linear developmental trajectory: the inflection point is latest in the youngest 
children group and earliest in the adult group (Figure 6). 
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Figure 6. Rising tone shape across the four different age groups, note the 
later timing of F0 inflection point for 2-3 y.o. (less symmetric) vs adults (more 
symmetric) 

 The finding that children rising tones look less adult-like than falling tones 
matches previous reports in the acquisition literature (Singh & Fu 2016) and is a 
pattern that has been reported for intonation at the phrasal level as well (Snow 
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1998). Since Bangkok Thai seems to be yet another language where adult-like 
falling contour shapes are acquired earlier than rising contours, one question we 
may ask is what is the origin of this cross-linguistic difference? 

The later acquisition of rising tones has been tentatively motivated on the 
basis of more complex demands on speech motor control imposed by rising 
configurations. Specifically, Wong (2012a), following Hallé (1994), suggested 
that rising pitch contours involve synergistic control of both strap muscles and the 
cricothyroid muscles (CT) to lower and subsequently raise the pitch. Falling tones, 
on the other hand, only require tensing and then relaxation of the CT, at least for 
speakers with a wide pitch range, like children. Thus, falling configurations may 
be “easier” to produce than rising configurations in terms of the muscle activity 
that underlies them. These physiological hypotheses are compatible with previous 
electromyographic data on Thai tones production (Erickson 1976; Erickson 1993; 
Srisuwan, Phukpattaranont & Limsakul 2012). A further question is whether we 
can try to bridge this physiological picture with models of speech production. 

Unfortunately, mapping of larynx control to speech output still in its infancy 
(Döllinger et al. 2017), accordingly, this level of analysis cannot appropriately be 
captured at present. However, the problem may be fruitfully approached from a 
more macroscopic perspective, adopting the point of view of Articulatory 
Phonology and Task Dynamics (AP/TD, Browman & Goldstein, 1992; Saltzman 
& Munhall, 1989). In this framework every linguistically relevant gesture, 
including tones, is represented as a dynamical system evolving in time to a target. 
For tone gestures, the targets are particular F0 values, thus, the gestures is consider 
“abstract”, in the sense that no explicit modelling of larynx dynamics is assumed 
beyond abstract “low” and “high” F0 targets (Gao 2008). 

Following this line of reasoning, the Bangkok Thai rising tone can be 
represented by two fairly abstract discrete events, lowering F0 and then raising it; 
while the falling tone may be represented as a single event, increase of F0 
followed by an (uncontrolled) return to rest or neutral F0 value. By selecting 
appropriate F0 targets for the high and low F0 gestures, as well as for the neutral 
F0 value, a rising, as well as a falling tone, can be modelled using F0 gestures and 
a neutral attractor. In AP/TD, gestures are modelled as a (critically) damped 
driven harmonic oscillator specified by Equation (1) below: 

 
𝑚�̈� + 𝑏�̇� + 	𝑘𝑥 = 	𝐹(𝑡) (Eq. 1) 
 
In the equation m represents the articulator mass and is usually set to 1. The 

parameter b represents the damping of the harmonic oscillator. Critical damping 
(b = 2√𝑘𝑚) is assumed in the AP/TD to ensure asymptotic target achievement 
without oscillations. The parameter k represents the stiffness and determines, 
among other things, the time to achieve the target. Finally, F(t) represents a time-
dependent driving force that “guides” the dynamical system to a (time-dependent) 
target state. Following this mathematical definition of F0 gestures in AP/TD, we 
implemented children and adult rising tones as a low gesture followed by a high 
gesture. To model the differences between children and adults we tuned the 
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various parameters of the model using global search optimization, in particular, 
we allowed the model to optimize gestural duration, the values of the force 
function at different time points, as well as the target and stiffness of the system 
(Figure 7). 
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Figure 7. Optimized AP/TD model fit to empirical F0 trajectory of 2-3 
y.o. (left) and adult (right) rising tone, dashed lines mark 50% and 75% of 
rhyme duration, the circle represent F0 inflection timing relative to rhyme 
initiation 
 

This AP/TD model of tone gestures provides a good approximation to 
empirical data. More importantly, however, it allows to move towards a more 
quantitative definition of differences between children and adults rising tones by 
referring to numerical values of different parameter specifications, for example, 
gestural duration, stiffness, etc. Adopting this model is, thus, a first step towards 
a consideration of what underlying speech production parameters may be 
changing during the time course of tone acquisition. However, the model is still 
underspecified in many ways. For instance, the model captures differences in F0 
inflection timing as a result of different duration of the low and high components 
of the rising tone. If the picture presented in this study for rising tones will be 
confirmed in future work, more sophisticated questions about durational 
differences of individual tone components may be asked. For instance, we may 
ask whether later inflection points in children rising tones reflect a system where 
each individual tonal motor plan cannot be initiated until the previous one is 
completed, in line with the hypotheses put forth in Selection-coordination theory, 
an extension of AP/TD (Tilsen 2016). Under this view, the differences in 
acquisition of falling and rising tones would also find a straightforward 
explanation. The falling tones are acquired early and are more adult-like because 
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they are constituted by a single motoric plan, pitch rise via CT tensing. Note that 
the pitch “fall” may not be actively controlled, but rather a return to a neutral pitch 
value. Rising tones, on the other hand, have roughly two components that need to 
be gated and serially executed, pitch lowering via strap muscle action and 
subsequent pitch rise via CT tensing. 

A more detailed investigation of tone acquisition in production from the 
perspective of AP is likely to yield fruitful results and this is an endeavor we hope 
will be taken up in future work. 
 
5. Conclusion 
 

We have presented evidence that in Bangkok Thai, like in Mandarin and 
Cantonese, we observe clear differences in the phonetic realization of tones 
produced by children and adults. Some of these differences, like those in F0 
measurements, are likely to be the result of anatomical differences. However, 
other differences, like those in timing of F0 inflection, in early versus late 
acquisition of falling versus rising contours, and in duration are likely to go in 
tandem with motor control developments. The findings of this study, based on 
cross-sectional groups of 5 children only, should be taken with caution, as the low 
statistical power may exaggerate some differences, while making others 
impossible to detect. A study with more statistical power that includes more 
children producing a wider list of words is the logical next step in our work. 
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