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ABSTRACT

This paper describes results from a pilot study investigating the
process of tone development and differentiation in three
hearing-impaired children who received a 22-electrode Cochlear
Implant (CI). The hypothesis to be tested is that subsequent to
receiving an implant, the children will begin to acquire a tonal
inventory and will acquire a full tonal inventory more rapidly
than they acquire a full vowel inventory. The hypothesis was
tested by plotting F0 offset versus F0 onset for production of
three tones (high level, (T1), high-rising (T2) and low-falling
(T4)) pre- and post-implant. Results were compared with
phonetic transcriptions of the same materials. Contrary to
expectation, rate of acquisition of the tonal inventory is found to
be slower than the rate of development of the vowel inventory
for these children. The two children who acquired specific tones
in the time frame of the study acquired them in the order, T1
before T2 while none of the children acquired T4.

1.  INTRODUCTION

During the process of speech development, prosodic patterns are
among the first aspects of the maternal language to develop. In
the case of tonal languages, children have been shown to
develop complete tonal inventories by the time they start to
combine words and before they fully master the segmental
phonology of their language [1],[2],[3].Tones are thought to be
acquired first because pitch is the most salient part of the speech
signal for the young infant [4]. Moreover, there are fewer tonal
contrasts to learn than there are segmental contrasts, finally, in
lexical tone languages, tones have a high functional load.

For most tonal languages, level tones are observed to emerge
before contour tones and for speakers of the Chinese languages
that have been studied, the high tone is acquired first, followed
by the lower level tones and finally the contour tones.

In the case of Cantonese, there are six tonal distinctions to
acquire (high (T1), mid (T3) and low (T6) level and high-rising
(T2), low-rising (T5) and low-falling (T4) contour tones). These
are mastered by two years of age [3], [5], [6] with T1 being
acquired first followed by the lower level then the contour
tones. There is some controversy about whether the rising tones
are acquired before falling tones. J. Tse [5] observed acquisition
of the falling tone before the rising tone, while So & Dodd [6]
and A. Tse [3] observed the opposite. The acquisition of the
high-rising before the low-falling tone is interesting because
current thinking suggests that the latter is more audible,
provides more auditory feedback [7] and in Cantonese has a
heavy functional load [8]. Falling tones are also thought to be
easier to produce [9], [10], all of which would argue for T4
being acquired first.

English-speaking profoundly hearing-impaired children, who
receive a cochlear implant, experience a dramatic improvement
in the amount of speech that they can hear which in turn leads to
changes in their rate of development of spoken language [11].
Similar improvements in speech production of profoundly deaf
Cantonese-speaking children would be expected after receiving
a cochlear implant. In particular, these children would be
expected to show improvements in their rate of development
and accuracy of production of lexical tone since the cochlear
implant has been shown to result in improvements in a user’s
ability to perceive tone [12], [13]. Furthermore, hearing-
impaired children should perceive tonal information more
readily than some segmental information because it is conveyed
in the low frequency range of the acoustic spectrum (150-
250Hz) where they, typically, have most residual hearing. It is
thus hypothesised that hearing-impaired Cantonese children
who receive a cochlear implant will acquire a full tonal
inventory more rapidly than they acquire a full vowel inventory.
This paper tests the hypothesis by acoustic analysis of
fundamental frequency (F0) production for a series of words and
comparing the observations with phonetic transcription results
for the same set of words.

2.  METHODOLOGY

Prior to implant, children may or may not have a recognisably
tonal usage of pitch, where “tonal usage” refers to
systematically structured pitch variation which is used to
convey linguistic information. Acoustic study of tone
production avoids making assumptions about whether and how
the hearing-impaired child is employing pitch in spoken
language. By tracking pitch development through plots of F0

offset versus F0 onset, for individual tone tokens, focus is
shifted to determining:

(a) Whether the children demonstrate increased control in F0

production with use of the cochlear implant, and

(b) In what directions, improved control of F0 leads i.e. is it
consistent with a target tone type or not?

Assuming that perception has a significant input to speech
production development, then patterns of pitch variation should
provide some indication of what child users of the cochlear
implant perceive.

2.1  Subjects

Three children (S1, S2 and S3) who represent three possible
scenarios for tone development were included in the study. S1’s
speech did not have a recognisably tonal usage of pitch prior to
implant nor after three years experience. S2, based on phonetic
transcription, made some tonal distinctions prior to implant and
was considered to have developed further tonal distinctions
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subsequent to the operation. Finally S3, like S1, was not judged
to have developed tonal speech pre-operatively but 31 months
post-implant, she had acquired productive use of three tones.

All three children are pre-linguistically profoundly deaf.
Hearing experience details are as follows:

• S1, Male. Age at implant 6;03. Pre-implant Pure Tone
Average (PTA) 100dB (right ear), 115dB (left ear). Uses CI-
22M SPECTRA implant, with SPEAK processor.

• S2, Male. Age at implant 6;02. Pre-implant PTA, 105dB
(right ear), 100dB (left ear). Uses CI-24M SPRINT implant,
with SPEAK processor.

• S3, Female. Age at implant 4;02. Pre-implant PTA, 105dB
(right ear), 100dB (left ear). Uses CI-22M SPECTRA implant,
with SPEAK processor.

2.2  Recording

The data used for this study were taken from the speech
production assessments performed at the Prince of Wales
Hospital in Shatin, Hong Kong. These assessments are typically
performed, prior to implant, six months post-implant and
annually thereafter.

The speech production assessment involves naming pictures of
commonly occurring items or activities. The items have been
selected to test production ability for all the phonemes
comprising the Cantonese phonological system. All six tones in
the Hong Kong variety of Cantonese as well as the three clipped
allotones (observed in closed syllables) are included. It is
important to note however, that study of tone development is
not a particular focus of the test. Moreover, because these data
are collected for clinical not research purposes, issues such as
the effects of segmental environment on the absolute values of a
tone’s acoustic properties are not controlled.

The most commonly occurring tones in the test are T1 (high
level), T2 (high-rising) and T4 (low-falling). These occur in a
variety of rhymes, e.g. open syllables with simple vowels and
diphthongs, and closed syllables ending in either a nasal or an
unreleased stop. Where possible the children are asked to repeat
each item twice. Prompting is only used where required. For the
analysis, I have included tokens produced by imitation but
excluded clipped tone tokens.

The data were digitised as individual citation forms using the
SIL developed software, WINCecil (sampling rate, 22050Hz, 16
bit mono-high pass filter). F0 onset and F0 offset were
determined from the smoothed pitch extraction plots for the
whole syllable. This can lead to increased diffusion of ellipse
plots due to segmental effects on F0 such as spikes after
voiceless aspirated consonants. Such problems are mitigated, in
this study, by comparing plots obtained with those derived from
normal hearing speakers tone productions for the same list of
words.

2.3  Graphing

Ellipse plots of F0 offset versus F0 onset for T1, T2 and T4 were
calculated to include at least 95% of tokens in each tone
category. These plots serve primarily to clarify what is
happening for each child’s pitch production. The results were
compared with the pitch patterns obtained for production of the

same list of words by one normal hearing Cantonese-speaking
woman and one normal hearing Cantonese-speaking girl aged
11 years.

3.  RESULTS AND DISCUSSION

Figures 1(a) and (b) show the ellipse plots derived from tonal
productions for the two normal hearing speakers.

FIGURE 1(a): Adult tone production
CL, Normal hearing female (22 yrs old) 
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FIGURE 1(b):  Child tone production
 CC,  Normal hearing female child (11yrs old)
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The ellipses derived for each tone type with both speakers are
clearly separated. Though in the case of the child, the plots for
T1 and T4 are more diffuse than for the adult. This could reflect
the fact that either complete control of pitch production may not
be achieved before puberty [14], or that, although the child
comes from a Cantonese-speaking background, she has lived in
Australia since she was three years old. Further research with
Cantonese children in Hong Kong will clarify the observations
made here.

Comparing these plots with those for the three implant users in
the study, it is clear that prior to implant the children have little
control of F0 as shown by the relative diffuseness of the tonal
ellipse plots. S1 and S3 as expected do not make any
distinctions between the tone types (Figures 2(a) and 4(a)).
Phonetic transcription of S2’s tone productions suggests that he
had acquired T1 and T3 (mid level) prior to receiving the
implant. Acoustic analysis indicates, in addition, that T1 and T4
are also differentiated by pitch level though not by pitch contour
(Figure 3(a)).



FIGURE 2(a): S1,  pre-operative tone production

Onset Frequency

0 50 100 150 200 250 300 350 400 450 500

O
ffs

et
 F

re
qu

en
cy

0

50

100

150

200

250

300

350

400

450

500

Tone 1
Tone 1 ellipse
Tone 2
Tone 2 ellipse
Tone 4
Tone 4 ellipse

FIGURE 3(a): S2, pre-operative tone production
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FIGURE 4(a): S3, pre-operative tone production
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After implant, all three children show improved control of F0

production. In the case of S1 (Figure 2(b)), there is slight but
non-significant evidence of some pitch differentiation
developing between the tone types. The plots derived for S2 still
overlap but are moving apart based on mean onset F0 levels. In
the case of S3, (Figure 4(b)), tonal ellipses are diffuse but are
developing in expected directions, and the relative positions of
the three ellipses resemble those of the normal hearing
Cantonese speakers.

Examination of mean onset F0 values for the three children
(Table 2) shows that, subsequent to receiving their implant, two
of the children differentiate tones primarily on the basis of pitch
level. This suggests that for these children, pitch level is more
important than direction of pitch movement.

FIGURE 2(b): S1, 36 months post-operative tone production
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FIGURE 3(b): S2, 12 months post-operative tone production 

Onset Frequency

0 50 100 150 200 250 300 350 400 450 500

O
ffs

et
 F

re
qu

en
cy

0

50

100

150

200

250

300

350

400

450

500

Tone 1
Tone 1 ellipse
Tone 2
Tone 2 ellipse
Tone 4
Tone 4 ellipse

FIGURE 4(b): S3,  31 months post-operative tone production
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The relative importance of pitch level for these children is
particularly interesting when considered with reference to work
by Gandour [15] on tone perception for normal hearing speakers
of tonal languages. In this study, Gandour demonstrates that
Cantonese speakers can be distinguished from other speakers of
tonal languages by the relatively greater emphasis they place on
pitch height compared with other dimensions of tone such as
contour and direction of movement.

When the acoustic observations of pitch are compared with
phonetic transcriptions for the three children (Table 3), it is
clear that the children in this study are acquiring a range of
vowel contrasts more rapidly than they are acquiring tonal
contrasts. At current relative rates of acquisition, they are more
likely to achieve complete vowel inventories before they have
acquired all the tones in Cantonese.



TABLE 2: Summary of mean onset F0 values for the three
children, pre-operative (A) and post-operative (B)

Tone 1 Tone 2 Tone 4

Child A
(Hz)

B
(Hz)

A
(Hz)

B
(Hz)

A
(Hz)

B
(Hz)

S1a 323 319 329 327 346 323

S2b 376 328 360 291 335 273

S3c 303 309 331 257 361 250

TABLE 3: Summary of phonetic transcription results. (A
phoneme is acquired if produced correctly at least 50% of the
time in response to a particular target.)

Child Pre-op. vowel and
tone development

Post-op. vowel and
tone development

S1a �, �, �, �, �, �, �

S2b
�, �, �, y, �, �, �, 	, 
 �, �, �, �, �, �, �, �, ,

	, 
, �, �
S3c

�, �, �, � �, �, �, �, �, �, �, �, �,
�, �, �, �, �, 
, 	, �

Tested:. �, �, �, �, �, �, �, �, �, �, �, �, �, �, �, , �,
��, �.
a 36 months post-op., b 12 months post-op., c 31 months post-op.

4.  CONCLUSION

Pre-linguistically deafened children, on receipt of a cochlear
implant, move from a situation of almost complete audible
language deprivation to a situation where, although still hearing-
impaired, they can perceive most speech sounds. Study of their
speech acquisition processes thus provides an interesting test for
theories that posit hypotheses of a critical period for acquiring
full command of spoken language. In the case of children using
a cochlear implant the situation is complicated because speech
sounds are simulated as a series of electric impulses. So children
do not have access to a natural speech signal and this may have
consequences for what they perceive and subsequently produce.

For the children in this study, contrary to expectation, it appears
that learning of segmental information takes precedence over
the learning of tonal information. This may indicate that with
age children attend to different features of the speech signal or it
may simply reflect the fact that current speech processors are
not delivering sufficient information about the suprasegmental
features of the speech signal. Further work in this area will
focus on trying to tease apart the processes affecting relative
rates of tone acquisition versus vowel acquisition and consonant
acquisition.
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