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ABSTRACT

as the sentence final position [7, 8]. Moreover, [7]
shows that, as a consequence of the systematic and
continuous co-variation between voice quality production and F0 in pitch production, the acoustic correlates of voice quality (such as spectral cues) also
systematically and continuously co-vary with F0 for
a given speaker.
This strong co-variation suggests that spectral
cues can be fairly informative in the tonal distinctions in Mandarin. Indeed, it has been reported that
tonal categories were more successfully recognized
using spectral information (mel-frequency cepstral
coefficients) than using F0 by a deep-neutral network classifier [15]. Human listeners of Mandarin
were also able to identify tonal categories fairly accurately in the absence of F0 information [12]. More
generally, spectral cues are important part of pitch
perception, since manipulating spectral cues can significantly shift the perception of pitch height [9].
Therefore, because of the co-variation between
spectral cues and F0 cues in pitch production, pitch
contrasts can be realized as either F0 and/or spectral cues. The question is then when the integration
of spectral cues in tone production and perception
is developed for Mandarin speakers? More specifically, is it gradually acquired during the process of
language development, or is it purely determined by
the physiological correlation between F0 and voice
quality? If it is the former, we expect to observe a
developmental path towards adult-like production in
their use of spectral cues; if it is the latter, we expect children to exhibit patterns similar to adults at a
very young age, as soon as they are able to produce
the pitch contours.
The acquisition of Mandarin tonal contrast has
been studied in both production and perception by
a number of different studies. In production, studies have found that children are capable of contrasting tones before the age of 3 [10, 4]; however,
their production of the pitch contours do not accurately match that of the adults even at the age of 5
[22]. In perception, while sensitivity to tones begin to develop before age 1 [19, 20], children only
reach adult-like discrimination by the age of 5-6 [3].

Previous studies have shown that voice quality is integrated in Mandarin tone production and perception: Voice quality systematically co-varies with F0
in tone production, and the covarying voice quality
cues (such as spectral cues) are sufficient to classify tonal categories both by human listeners and
by automatic classifiers. Given the salient role of
voice quality in Mandarin tonal contrast, this study
investigates whether the integration of spectral cues
in Mandarin tone production is acquired during the
process of language development, or is purely determined by the physiological correlation between
F0 and voice quality. By modeling the contrastivity
of Mandarin tones produced by children of different
age groups (4-11) as well as adults, we show that
children increasingly become better at using spectral
measures to contrast tonal categories as they grow
older. Therefore, the integration of spectral cues in
tone production is at least partially learned, rather
than purely physiological.
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1. INTRODUCTION
Voice quality serves as an important cue in the production and perception of Mandarin tonal contrasts.
It is well-known that, among the four lexical tones in
Mandarin (Tone 1: high level, Tone 2: rising, Tone
3: low-dipping, Tone 4: falling), the low-dipping
tone (Tone 3) is often produced with creaky voice
[1], and this allophonic non-modal voice in turn can
facilitate the perception of Tone 3 [1, 25]. However,
the integration of voice quality cues is not unique to
Tone 3; rather, all Mandarin tones are subject to the
same phonetic mechanism [7], where the presence
of allophonic non-modal voice is largely driven by
extreme pitch targets: high pitch is naturally associated with tense voice, and low pitch is naturally
associated with creaky voice [18, 17]. As demonstrated in [7], any tone can creak as long as it is
produced in low-pitched prosodic conditions, such
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Nevertheless, little is known about whether and how
voice quality cues are produced and perceived in
tonal contrasts by children. This study will serve
as the first step to answer this question, by modeling
the tonal spaces of children of different age groups
and comparing them with the production of adults.
Specifically, we test whether spectral cues significantly contribute to the dispersion of the tonal categories.

2.2. Computational modeling

To test whether all age groups were using spectral cues to distinguish the tonal categories, the
tonal production of the different age groups were
modelled using different feature sets: i) F0
(STRAIGHT), ii) only spectral cues (H1*-H2*,
H2*-H4*, H1*-A1*, H1*-A2*, H1*-A3*, H4*2K*, 2K*-5K*, and CPP) and iii) both spectral cues
and F0.
First, non-metric multidimensional scaling(MDS)
was used to calculate and visualize the dissimilarity
of the tonal categories in different focus conditions,
by the metaMDS function in the vegan package in
R [14]. Euclidean distance was used to build the
dissimilarity matrix.
Moreover, several machine-learning classification
algorithms, namely Linear Discriminant Analysis
(LDA)[21], Support Vector Machine (SVM; using
radial basis function kernel)[13], and Random Forest (RF) [11], were used to cross-verify the findings
from MDS. Average classification accuracy of tonal
classification was calculated for each age group
and feature set, from 100 trials of 10-fold crossvalidation.

2. METHODS
2.1. Corpus

We used the corpus collected by Yang and Chen
[24], consisting of 160 SVO Mandarin sentences
spontaneously elicited in a question-answer dialogue setting in a picture-matching game [23, 2].
The sentences consisted of 4 verb tones, 4 object
noun tones, 5 focus conditions, and 2 types of verbs
and object nouns. The five focus conditions in the
SVO sentences were: narrow focus on the verb (NFm), narrow focus on the subject (NF-i), narrow focus on the object (NF-f), broad focus (BF), and contrastive focus on the verb (CF-m). The corpus had
10-12 native Mandarin speakers in each of the four
age groups: 4-5, 7-8, 10-11, and a control-group of
adult speakers. The 160 sentences were divided into
two lists of 80 sentences, each elicited by half of the
participants in two recording sessions. The different
focus conditions in the corpus enable us to examine a range of variation of both F0 and spectral cues
within the tonal categories. In this study, we focused
on the contrastiveness of the tonal categories; the interaction between tone and focus will be discussed
in more detail in a follow-up study.

3. RESULTS
3.1. Multidimensional scaling

Results of MDS with k = 2 are shown in Figure 1.
All plots have stress ≤ 0.11, indicating that 2 dimensions were sufficient to achieve a good fit of the data.
Overall, across all age groups, the MDS tonal spaces
represented the distinction of high vs. low tone on
the first dimension (x-axis), and the distinction of
rising vs. falling contour on the second (y-axis).
As shown in the top panel of Figure 1, F0 cues
alone achieved a decent separation of the tonal categories even for the youngest age group (Age 4-5),
suggesting that children were able to make reliable
tonal contrasts using F0 at the age of 4-5. Children
of all age groups had distinct tonal clusters, older
groups exhibiting a rather small improvement in using F0 cues to distinguish the tonal categories. The
adults actually exhibited a tonal space that was less
spaced-out than that of children, though each tonal
category was more tightly clustered with no overlaps.
Shown in the middle panel of Figure 1, unlike
the MDS spaces for F0, spaces based only on spectral cues exhibited a dramatic developmental pattern
in which the overall separability of the tonal categories clearly improved with speaker age. At the
youngest age (4-5), only Tone 3 was evidently dis-

The corpus was forced-aligned using the Mandarin forced-aligner [26]. F0 and spectral measures
of the sentence-medial verb syllable were extracted
using VoiceSauce [16] and time-normalized into 9
timepoints, of which we removed the first 3 timepoints to eliminate any influence of the onset consonants. We used STRAIGHT F0 [6], Cepstral Peak
Prominence (CPP) for a measure of aperiodicity in
the signal, and spectral measures of the relative amplitude difference of the lower and higher harmonics to capture information about the spectral slope
(H1*-H2*, H2*-H4*, H1*-A1*, H1*-A2*, H1*A3*, H4*-2K*, 2K*-5K*, corrected for the influence of formant frequencies and bandwidths on the
harmonics [5]). All extracted measures were minmax normalized by speaker and recording session.
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Figure 1: Non-metric MDS plots (k = 2). The four tones are represented in different colors (Tone 1: black, Tone 2:
red, Tone 3: green, Tone 4: blue). The five focus conditions in the SVO sentences were: narrow focus on the verb
(NF-m), narrow focus on the subject (NF-i), narrow focus on the object (NF-f), broad focus (BF), and contrastive
focus on the verb (CF-m).

opmental pattern could still be observed: as children
grew older, within-category variation introduced by
the different focus conditions gradually decreased,
while cross-category variation gradually increased.

tinguished from the other tones by the spectral cues,
whereas the other tones were not as well-separated.
Older children (Age 7-8 & 10-11) showed substantial improvement in the separation of all four tonal
categories with just spectral cues, gradually forming
tighter clusters that were more similar to those of the
adults. For the adults, spectral cues alone were sufficient to well distinguish the tonal categories. As
shown in the bottom panel of Figure 1), using both
spectral and F0 cues showed minimal improvement
in separability from using just spectral cues, particularly for the adult speakers. Tonal categories were
well separated for all age groups, yet a clear devel-

Overall, our results clearly suggested that spectral cues play more important roles in tonal contrasts for adults and children at older ages than for
the very young children; and the integration of spectral cues in tone production gradually develops over
time. Some tone-specific patterns were observed,
such that Tone 3 was more clearly distinguished by
the spectral cues even for the youngest children (Age
4-5), but the integration of spectral cues continue to
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to some extent. The largest jump in accuracy (17%,
SVM) was observed between Age 4-5 and Age 78, indicating that spectral cues begin to play a more
important role for tonal distinction from age 7-8 onward.

develop for other tones.
3.2. Machine learning classification

Results from machine learning classification are
summarized in Table 1.
Table 1: Machine learning classification accuracy
of the four Mandarin tonal categories, averaged
from 100 trials, 10-fold CV

4. DISCUSSION AND CONCLUSION
This study investigated how spectral cues are integrated in the tonal production of children and adults.
The results of the both MDS and machine learning classification corroborated the finding that even
after children acquire the basic F0 contrasts, the
contrastiveness of the tonal categories continues to
improve, by integrating spectral information in the
voice. As shown in Figure 1 and Table 1, for the
adults, all tones were so clearly distinguished by the
spectral cues that adding F0 cues had minimal effect
in establishing maximal tonal contrast. This finding
is consistent with the result in [15], which is based
on a different corpus and recording set-up. For the
children, the youngest group in our study (Age 4-5)
produced tonal contrast based on F0 cues; however,
by the age of 7-8, children were capable of producing a more efficient yet reliable tonal contrast, using
a larger set of available cues. Furthermore, this development in the integration of spectral cues in their
tonal production, which is incomplete at age 10-11
and has a sharp curve between ages 4-5 and 7-8,
occurs independently of the development of the F0
cues in tonal contrastiveness, which shows a more
gradual improvement between the ages 4 to 11, and
does not continue into adulthood.

Classification Using Only F0
Age Group LDA
SVM
RF
Age 4-5
54.246% 57.667% 57.544%
Age 7-8
63.879% 68.348% 68.121%
Age 10-11
68.230% 70.885% 73.092%
Adults
60.210% 64.741% 71.185%
Classification Using Only Spectral Cues
Age Group LDA
SVM
RF
Age 4-5
50.526% 55.702% 54.491%
Age 7-8
66.606% 72.409% 73.121%
Age 10-11
66.299% 74.264% 72.977%
Adults
70.148% 79.123% 75.864%
Classification Using Spectral Cues & F0
Age Group LDA
SVM
RF
Age 4-5
59.228% 62.614% 62.070%
Age 7-8
77.803% 80.455% 80.348%
Age 10-11
77.908% 81.678% 81.034%
Adults
78.556% 84.247% 82.407%
Using just F0, the algorithms achieved higher accuracy for older children, with the highest of 73%
for the group Age 10-11 by the Random Forest (RF)
model. The classification accuracy for the Adults
was in fact lower than Age 10-11(RF), or even Age
7-8(LDA&SVM). Since the highest accuracy was
reached by the age group 10-11, we concluded that
by the age of 10-11, speakers were able to make
clear, even maximal tonal contrasts using F0.
When only spectral cues were used as features,
the highest accuracy of 79% was achieved by the
SVM model for the adult data. Results from using
spectral cues again displayed a developmental pattern into adulthood, ranging from 56% for Age 4-5,
72% for Age 7-8, 74% for Age 10-11, and 79% for
the Adults (SVM). The results suggested that the integration of spectral cues in producing the tonal contrasts was still not yet fully adult-like by the age of
10-11.
Finally, tone classification achieved the highest
accuracy of 84% using both F0 and spectral cues,
and for the Adults group. In general, classification
using both F0 and spectral cues had the best accuracy for every age group. This suggested that at all
ages, spectral cues were enhancing tonal contrasts

As tone production and perception involve rich information from the voice source, it is important to
investigate cues beyond F0. In this study, we have
shown that spectral cues become increasingly useful
in manifesting tone contrastivity. This developmental pattern can be explained in two ways: (i) children
actively learn to integrate spectral cues in their production of tones as part of their linguistic development, or (ii) pitch and voice quality are physiologically correlated differently for children and adults,
due to differences in the physiological control over
their voices. Though both explanations are possible,
the finding that tonal contrastiveness using just F0
cues are no better for the adults than for the older
children suggests that adults have learned to incorporate other useful cues in tone production, and thus
do not need to rely solely on F0 to make the contrast.
A perception study on the development of children’s
sensitivity to cues beyond F0 will be done to verify
this explanation.
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