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This paper reports on a methodology for acoustically analyzing tone production in Cantonese. FO
offset versus FO onset are plotted for a series of tokens for each of the six tones in the language.
These are grouped according to tone type into a set of six ellipses. Qualitative visual observations
regarding the degree of differentiation of the ellipses within the tonal space are summarized
numerically using two indices, referred to here as Index 1 and Index 2. Index 1 is a ratio of the area
of the speaker’s tonal space and the average of the areas of the ellipses of the three target tones
making up the tonal space. Index 2 is a ratio of the average distance between all six tonal ellipses
and the average of the sum of the two axes for all six tone ellipses. Using this methodology, tonal
differentiation is compared for three groups of speakers; normally hearing adults; normally hearing
children aged from 4—6 years; and, prelinguistically deafened cochlear implant users aged from
4-11 years. A potential conundrum regarding how tone production abilities can outstrip tone
perception abilities is explained using the data from the acoustic analyses. It is suggested that young
children of the age range tested are still learning to normalize for pitch level differences in tone
production. Acoustic analysis of the data thus supports results from tone perception studies and
suggests that the methodology is suitable for use in studies investigating tone production in both
clinical and research contexts. @004 Acoustical Society of AmericdDOI: 10.1121/1.1779272

PACS numbers: 43.70.Jt, 43.70.Ep, 43.66Ak ] Pages: 1739-1748
I. INTRODUCTION which changed to result in an utterance becoming recogniz-
_ o . _ ably tonal.
Studies of the acquisition of lexical tone by young chil-  Rose(1989 noted that tone is a product of an interac-

dren have used auditory transcription analysis of tonal protion between FO and other acoustic parameters in speech. It
ductions, either in free speech samplesg., Tse, 1978; s possible that part of pitch patterning in a young infant's
Clumeck, 1980; Tse, 199Dr in words elicited as tokens in - speech becoming amenable to tone labeling is a reflection of
citation form using picture- or object-naming taslesg., Li  the development of increased control of prosodic features
and Thompson, 1977; So and Dodd, 19980 matter how g ,ch as syllable duration which is coupled with the acquisi-
the speech samples are elicited, these studies agree that &, of some readily identifiable vowel phones.

first tones emerge very early in the course of speech acqui- A rejated issue concerns the assignment of an FO contour
sition, at about the same time as the first recognizable vowel[% a tone category. This issue has been ignored in tone ac-

are observed. Two tones are acquired at once, probably r%1'uisition studies possibly because the rapid rate and accuracy

flecting the fact that tone Is a relative not an absolute phebf acquisition renders it irrelevant or too difficult to pursue.

nomenon. Finally, children are observed to achieve master¥et as Kent and Murray1982 note such phonological style

of the full toneme inventory long before they master conso- . . . . i
; . analyses of a young infant’s articulations necessarily assume
nant phoneme inventories.

Auditory analysis requires the segmentation and ap;[hat it is appropriate to categorize the vocalizations of an

praisal of utterances produced by a young child with direcfnfant into segments with a phonemically relevant referent

reference to phonologically significant entities in the matureWhere in fact there is no guarantee that these actually do

linguistic system. Given the fact that linguistic tone deve|0pscorrespond to real segments in the infant's developing lin-

through exploitation of pitth—a phonetic consequence ofUistic system. They observe that the emergence of early
voiced speech—and that it is a relative not an absolute entitPOnemic contrasts results, in part, from the fact that certain
it is interesting to note that in all materials investigating toneSound patterns occur more frequently in speech than others.
acquisition in young infants, there has been little discussiorf Nus & vowel heard in a given utterance may reflect an ac-
about the features in an infant's phonetic voicing patterngidental co-occurrence of the correct position of the articula-
tors with a vowel function at that point in time and may not
dCurrent address: Department of Experimental Psychology, University oﬁe an indication that the infant has vaUIred that phone n

Oxford, South Parks Road, Oxford, OX1 3RQ United Kingdom; Electronic |§/her c_ieveloplng phonemic inventofi{eating, 1980. On_ .
mail: johanna.barry@psy.ox.ac.uk this basis, Kent and Murray argue the need for acoustic in-
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1 similar, it provides supplementary support for conclusions
2+ M . | based on auditory analyses of the data.

A. Analyzing tone production acoustically
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B : To study tone production and tone development acous-

S
H %; / tically, a methodology is required whicta) is sufficiently
1o t robust to permit the observation and comparison of changes
- A b in FO usage in children with widely varying speech produc-
1 tion skills; (b) is readily subjected to a range of statistical
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|
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analyses; an¢c) can be compared with results from auditory
analyses of the same sets of data.
In one of the few acoustic studies of tone/intonation pro-
T 1 duction, Kent and Murray1982 investigated intonation pat-
terns in infants acquiring English. FO contours were given
descriptive labels such as flat, or rising-falling and the fre-
FIG. 1. The six tones in Cantonese normalized for duration and pitch acrosguency with which these patterns were observed in the in-

10 speakergfive male and five fema)e(Rose 2000, p. 202 Vertical bars , . .
show one standard deviation above and below the mean. T1 is a high Ievgislnts vocalizations was compared at 3, 6, and 9 months.

c
1

b [ I l I 5h ] | 1
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tone (55); T2, a low-falling tone(21); T3 is a high-rise tond25); T4, a Among tonal languages, Gandcetral. (1988 analyzed
low-rise tone(23); T5 a mid-level tone33); and, T6 a low-level ton€22)  tone productions by one electrolaryngeal and two esophageal
(reproduced with permission from ASSTA and Rpse speakers of Thai, both acoustically and perceptually, and

compared the data with that recorded for five normal speak-
ers of Thai. Like the Kent and Murray study of intonation
vestigations into speech development to verify the perceptugdatterns in infants, the acoustic analyses were highly descrip-
biases of the observer. tive in form and based on comparative descriptions of the
There are six tonemes in Cantonese which are labeleontours produced by the different speakers.
Tone 55, a high-level tone; Tone 25, a high-rise; Tone 33, a  Wong and Diehl(1999 described the investigation of
mid-level tone; Tone 21, a low-fall tone; Tone 23, a low-risetone production in speakers affected with Parkinson’s dis-
tone; and Tone 22, a low-level tone. As illustrated in Fig. 1,ease. They provided little detail about their methodology, but
there are considerable perceptual similarities between someported that these speakers had a restricted tonal space
of the tonal contrasts in Cantonese and with the exception afhich made correct labeling of their tones more difficult for
Tone 55, Cantonese tones are primarily distinguished by difnormal Cantonese speakers. The concept of tonal space will
ferences in FO offset. be referred to again in the context of the present study. It is
Little is known about tone acquisition or indeed tone defined as “...the set of articulatory and auditory dimensions
production in profoundly deaf speakers and still less ispy which the speaker is constrained in production and per-
known about the effect of using a cochlear implant on theception” (Abramson, 1986, p. 105It is interesting to note
development of tone. Available reports, however, suggesthat Abramson, like Wong and Diehl, also noted an important
that despite their impaired access to auditory input and theole for tonal space in the correct perception of tones.
perceptual similarity of the some of the tones in Cantonese, Rose (1987, 1993 developed a more quantitative ap-
profoundly hearing-impaired Cantonese speakers are able roach to the acoustic analysis of tone production. In this
successfully acquire complete or near complete toneme irepproach, values of FO are measured at fixed points along a
ventories(Dodd and So, 1994 Dodd and So hypothesize tone contour. They are expressed as a multiple dispersion
that the children in their study acquired tone successfullfrom a mean value of FO and plotted against similarly nor-
becauseda) tone has a high functional load in Cantoned®;  malized values of durational differencéSig. 1). The aim in
tone production is emphasized during speech habilitationthis analysis is to abstract away from between-speaker dif-
and (c) tones occur in the low frequency end of the speechferences, while retaining the linguistically significant fea-
spectrum where profoundly hearing-impaired speakers haveeires in a language’s tonal phonology. A more precise de-
most residual hearing. scription of the linguistic—tonetic form of the tonemes in a
The research reported here describes the development laihguage’s toneme inventory can thus be achieved. For this
a methodology for the investigation of tone production byanalysis, it is important that normalization procedures are
Cantonese speakers using acoustic measurements. The gierformed on transcriptionally equivalent words only, i.e., on
of the research was to supplement findings based on mommits which constitute the same tonal targets for all speakers.
traditional auditory transcription analyses. If not, there is a risk that linguistically significant differences
From a clinical perspective, an acoustic analysis of thebetween speakers will be normalized out, leading to spurious
data is attractive because it provides a means for tracking anmbnclusions.
quantifying changes in development of tone production in  Rose’s approach might be suitable for comparing the
response to habilitation or maturational effects. It also avoidsonal productions of post-linguistically deafened cochlear
issues associated with the use of purely phonological analyimplant users with those of normally hearing speakers. How-
ses for describing developing linguistic systems. Finally, inever, it cannot be used with prelinguistically deafened co-
the case of Cantonese where some tones are perceptuadijlear implant users because not enough is known of their
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tone perception or tone production abilities to be categoritones making up that ardae., the average are®e; 54, of
cally sure that theya) would produce the same variety of the ellipses for tones 55, 25, and 21, where Tone 55, 2

linguistic tone as their hearing-impaired peers(lor would =Tone 25, and 4 Tone 21),
produce tonal patterns in response to the same tonal targets
as their normally hearing peers. At
Index 1= . (1)
Aei g

B. An alternative approach to the acoustic analysis of

tone production WhereAt/Ae, , .~ 2, the likelihood of overlap between

) ) ) . these ellipses is low. For ratiost/Ae, , /<2, tone ellipse
Gandour(1978 has shown that five dimensions defining gyerlap is likely between at least two of the ellipses; the

acoustically measurable differences between tones accoupjer the ratio, the greater the degree of overlap between the
for a listener’s perceptual judgments about tone. These akgee ellipses.

labeled interpretatively a@) average pitch(b) direction,(c)
length, (d) extreme endpoint, an¢e) slope. A plot of FO

offset versus FO onset captures all dimensions except length, ) ) o
for each tone type. In such a plot, level tones would be ex?- Index 2—Measuring differentiation among tonemes

pected to fall midway between the two axes at different | jke the ellipse area, the lengths of the two axes around
points corresponding to different values of average FO. Risyhich the ellipse is drawn describe the degree of variation in
ing tones would be expected to cluster closer toytreeis,  pitch used for each tone. The distances between the six tone
while falling tones would cluster closer to theaxis. ellipse centers determine the degree of difference in the av-

Ellipses around each tone type can be calculated by dgsrage values of FO for each tone. Differentiation within the
termining the distribution of points around a mean for eachgpg) space can thus be expressed as the ratio of the average
tone. This is done by first calculating the directions for theyf the lengths of the two axes for the six tones (Ave AX

major and minor axes for each ellipse using a principal comyng the average distance of the centers of the six tone el-
ponents analysis of the points for the corresponding to”ﬂipses from each otheive Dist).

The data points are projected on to each axis and the stan-

dard deviations of the projections calculated. The ellipse ra- Ave Dist.

dii are then set equal to twice the standard deviation to en- Index 2= e Axo - (2
compass approximately 95% of the projections on to each 1+2

axis. Tonal ellipses calculated in this way visually summarize .

the locations in the plot where each of the six tonemes clus- Index 2 has several advantages over Inde>_< Lt re_”es on
ters. These plots are based on categories of perceptual r 1easures f(_)r qll tone; rather than thr_e e I.t IS sensitive 1o
evance to the listener. They are predicted to be well differ- |ﬁerenpes in pitch height anq contour mdmduall_y. For ex-
entiated where a speaker uses consistent patterns of pitch fgpwple, In the case where a child controls pitch helght but n.ot
each tone. Furthermore, the degree of differentiation shoulffItCh contour, tones 55, 25, and 21 woulq all lie on Fhe di-
correlate with results based on auditory analyses of the san?egonal of the plot and the area of the tnqngle def"?'”g the
data. The higher the number of correct tones produced by nal area would be zero. Since Ave{ is determined

speaker, the greater the degree of differentiation of the eIfLon:j_c?l%m?ted ?tan_dz;lrd_ dtiv"'ﬁg)n unl'ils ;rmtmd the rlnedan Zf
lipses in the tone plot. e distribution of points in the FO onset/offset space, Index

is analogous to the signal detection meagliréd prime).

C. Indexing degrees of differentiation between tones
Apart from describing tone differentiation with respect D. Summarizing the approach to acoustic analysis of
to visual comparison of the spread and degree of overlagene

bet.ween tqnal eIIipses1 two indices were also developed The focus of our approach to the acoustic study of tone
which provide a numerical measure of the degree of tonal,oquction involves observing the degree of differentiation

differentiation demonstrated by a speaker. between tone types produced by an individual speaker. The
] ] o o greater the differentiation among the ellipses, the more likely
1. Index 1—Measuring tone differentiation within the it is that a speaker has a consistent tone target, i.e., has ac-

tonal space quired a toneme. Because this approach is at the level of the

By acoustic measurement, the tones 55, 25, and 21 aiadividual, there is no requirement for a speaker to have the
the most differentiated of the six tones in Cantonese. Linesame tonal target as any other speaker, making it suitable for
joining the center points of these three tonal ellipses form aise with young prelinguistically deafened implant users. In
triangle. This triangle effectively spans the mean range of F@his paper, we shall illustrate how this approach can be used
used by a speaker and defines the extent of the speaket® describe differences in tone production in three groups of
tonal space. The area of each ellipse describes the degreegfeakers(a) normally hearing adults(b) young normally
variation of FO used for each target tone. Tonal differentia-hearing children aged between 4—6 years who are reported
tion across the tonal space is thus a function of the area db have mastered tonal production at this age; &dyoung
the tonal spac€At) and the spread of FO usage for the threeprelinguistically deafened implant users.
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Il. METHOD stopped. They are characterized by a shorter duration and
A. Subjects were excluded from further acoustic analysis because of dif-

ferences in form.
This study included five normally hearing adultswvo

male, three fema)e eight normally hearing childrefthree
male, six femalg and, 16 prelinguistically profoundly 2. Recording and pitch extraction

hearing-impaired implant usefseven male, nine female Data from the children were first recorded on to audio-

All participants were native speakers of Cantonese. The ag[%pe using either a Portable Cassette Recorder Sony
range for each group of speakers was ,23_40_ yeatsits; 3 TM5000EV with an internal microphone or an AIWA Mil-
years 8 months to 6 yeafsormally hearing childrenand 4 lennium Collection JXM2000 Walkman recorder and micro-
years 2 months to 11 years 3 montiraplant users phone. When using the latter, the microphone was fitted to

All impIapt users rgceived.their implant at the Prince Ofthe child’s collar during recording. Speech samples were
Wales Hospital(PWH) in Shatin, Hong Kong. They were o, digitized using “Speech Analyzei’1999 a freeware

fitted with either a Nucleus CI-22Nkix subjectsor Cl-24M software for the Microsoft Windows™ operating system de-

(10 supject)s elect_rode manufa(_:tured by Coc_hlear Limited. veloped as part of the acoustic speech analysis project at the
Atthe time of testing, seven children were using the SPEAKg .y e nstitute of Linguistics. The speech for the normally
speech processing strategy in a SPECTRAT™ speech procggs, ing adults was recorded directly into “Speech Analyzer”
sor (McDermottet al, 1992. The remaining nine children i, an electret condenser 600 ohms microphone. A 16-bit
were using the ACE speech processing strategy I %honochannel, 22.05 kHz sampling rate was used for digitiz-
SPRINT™ speech process@vandali et al, 2000. The ing all speech samples. Utterances were then phonetically
pulse rate for the SPEAK users was 250 Hz. The pulse ratgpqjeq by auditory analysis to segment the initial consonant

one child used a pulsg,njeqd at 1 ms intervalsiere exported using Speech Ana-

rate of 720 Hz and one child used a pulse rate of 1200 Hz ;o 'q «“Timetable” format and downloaded into a program
The pure tone averagee., average hearing loss in dB HL at 5164 “pitch.” This program extracted values of FO at onset

500, 1000, and 2000 HiZor the group as measured prior (0 o offset in a format which was for suitable further analysis.
implant in the better ear was 101dB Hé.d. 11 dB HL. The

age at implant ranged from 2 years 3 months to 6 years 9
months. The number of months experience using the implang. petermining the onset and offset of FO
ranged from 15 months to 73 months.

All implant users received habilitation within an oral—
aural scheme. Subsequent to receiving the implant, the chi

“Pitch” identified the approximate boundaries for each
ﬁ_yllable rhyme based on changes in amplitude. These bound-

dren underwent a 2-year weekly program of habilitation at"’meS were checked manually and adjusted to align with

PWH. At the time of testing, 10 children attended SChOOlSp_OintS of onset and offset where post-consonantal fluctua-

dedicated to the education of the deaf. Three children att-'f)nS or fluctuations due to vocal fol_d <_:Iosu_r§ were negli-
ible. In general, FO onset was readily identifiable and cor-

tended an integrated kindergarten and were withdrawn e ded to th int where th | litud hed
eryday for extra habilitation. The remaining three children"€SPoNded to the point where the vowel amplitude reacned a

attended normal primary schools and received extra hab”ita[_)ost-consonantal maximum. |dentification of the pitch offset
tion from the local audiological service. was more complex, particularly for the tones produced by

the implant users. Typically, it corresponded with the point
where the vowel amplitude had declined to 50% of the maxi-
) mum. This criterion could not be applied to syllables ending
1. Materials on a nasal. Word-final nasals tend to have a low amplitude
The words used in the test were collected as part of aelative to the preceding vowel. The FO offset marker was
battery of tests investigating tone perception and tone promanually adjusted to a point near the end of the syllable
duction skills in Cantonese-speaking children. Testing wasvhich was representative of the observed trend in the pre-
carried out in a soundproof room at PWH. For the speeclteding contour.
production task, the children were required to produce tones Test—retest reliability of this approach for marking tone
in citation form. These were elicited by means of a picture-boundaries was performed on data from four speakans
naming task involving 15 presentations of each tone type omadult, one normally hearing child, and two implant ugers
a range of syllables. There were 90 items in total. The wordg he time separation between the two analyses was more than
in the test were chosen because they had been shown to Beyears. Intra-Class Correlation valud€C) using a one-
frequently used by Cantonese-speaking children aged thraeay random effects model were calculated for the six mean
and older(Lee, 2003. They were presented to the children astone onsets and offsets and the 12 axis lengths. ICCs calcu-
black and white line drawings arranged two to a page. Wheréted for FO onset and offset were above 0.90 for all tones,
children could not spontaneously name a picture, the princimndicating high test—retest reliability. Similarly ICCs calcu-
pal investigator would try to elicit the word by asking a lated for all tone axis lengths except for Tone 25 were above
guestion, e.g., “Is this a boy? No it's a ....” Some items in 0.9. The ICCs for the Tone 25 axes were 0.80 and 0.78.
the test involved tones presented on closed syllables endinthough lower than the other values calculated, they still in-
in [—p, —t, or —k]. These tones are referred to as clipped ordicate acceptable test—retest reliability.

B. Recording procedures
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FIG. 2. Tone ellipse plots for two adult speakers. Al is a male normally hearing adult. A2 is a female normally hearing adult. The plots with the most
differentiated ellipses for the group are presented in each case. These plots demonstrate the triangular shape of the tonal space in Cantasdbe as well
tightly defined tonal ellipses typical of adult speakers. Some crowding of the three(Tames33, 23, and 24s also apparent in the center of the tonal space.

C. Data analysis label tones in citation form than in sentence coni@ong

Three forms of analysis were undertaken to comparémd Diehl, 2008and to aid the transcriber in normalizing to
tone production in the three groups of speakers. First, a8 speaker’s typical pit_ch range, all tones produced by a single
described in the IntroductiofBec. 1B, FO offset versus FO spealtzker.welre transcnbehd 'E Zbloclé. | of EO h
onset values for all speech tokens were plotted to encompass orimplant users who had good control o across the
approximately 95% of the tones tokens making up each tongyllable, but did not use consistently differentiated pitch lev-

; . els across a series of tone productions, it was often very
type. Second, the following parameters were calculatad: =~ : ) . ’
the lengths of the axes of the tonal ellipsés; the areas of difficult to identify a pitch range for the speaker or to label

the tonal ellipses; ané) the distances between the Centerspecific tones within it. Nonetheless an auditory analysis of
' 0 was attempted for such speakers despite some doubt

points of each of the tonal ellipses. These parameters wel%b ' . .
used to calculate Index 1 and Index[Egs. (1) and (2) about whether it was appropriate to do so. Implant users with

abovg which in turn function to numerically summarize the poor control_of prosodic features_ such as _syIIabIe duration
degree of tonal differentiation observed in an individuaI'SOften used pitch patterns that varied unpred|ctably.across the
tonal plot. Third, an auditory transcription analysis of thesyllable. No attempt was made to perform an auditory tran-

- cription of the FO contours produced by these speakers.
speech production data for each of the three groups of speaﬁ— FI)nter-rater reliabilit mezfsures Werg calculatzd for the
ers was undertaken. These data were summarized as toHrest Y

confusion matrices. Percent correct torl®CT) was also i ag:]h%r and a dnftl;/elss;pia;_kertrtamed n tphonetlc transcrip-
calculated for each child. ion (Shriberg and Lof, 1991 Tone transcriptions were com-

pared for one normally hearing child and two implant users.
The children varied in intelligibility from highly intelligible
to fairly unintelligible. An agreement of 81.8% was observed
As illustrated in Fig. 1, there is considerable crowding infor the normally hearing child, 80% for the implant user with
the Cantonese tonal system since five of the six tones ia high level of intelligibility and 67.6% agreement for the
Cantonese have similar onsets. Further, tones 25 and 23, aifdplant user with a low level of intelligibility. These are
tones 33 and 22 have similar contours and are primarily diswithin inter-transcriber measures reported for transcription of
tinguished by their different offsets. The acoustic similaritiessegmental phonemic contrasts in Englisthriberg and Lof,
among these tones mean that the Cantonese tonal systéi891 but less than was reported for transcription of Can-
represents a considerable challenge for reliable transcriptiotionese tonal contrasts by So and Dod®95. They ob-
Moreover, the first author who performed the auditory analy-served 100% agreement between two native-speakers of
ses of the data is not a native-speaker of Cantonese. To e@antonese transcribing tones produced by normally hearing
sure consistent auditory transcription of the data, protocol€antonese-speaking children. This may be an overestimation
for tone labeling were established with reference toof inter-transcriber reliability, given that the word lists were
linguistic-tonetic description of Cantonese tones developegmall and familiar to both transcribers.
by Rose(2000. For example, to be labeled a high rise Tone
25, a tone contour had to be uttered with a sharply risinq“ RESULTS
contour and the FO offset had to be closer to Tone 55 than
Tone 33. Similarly, to be labeled as a low-fall Tone 21, atone  Tone productions for each speaker were plotted. The
had to have a clearly falling contour shape ending with amplots with the most clearly differentiated tonal ellipses are
audibly lower offset than a Tone 22. It is more difficult to shown for each group of normally hearing speakéig. 2,

D. Auditory transcription analysis
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FIG. 3. Tone ellipse plots for two normally hearing children. There was considerable variation apparent in the tone plots from this group anshtbweplots
here are from children who demonstrated the greatest tonal differentiation. They illustrate the characteristic features of plots from trasngtgularge
tonal ellipses located in a large tonal space and reduced tonal differentiation relative to the tonal plots from the adult speakers.

adults; Fig. 3, children Index 2(Fig. 5); and, for the largest and smallest tone ellipse
Tone plots for two male implant users are shown in Fig.areas and the tonal spaée (Fig. 6).
4. The plot for CI1 was typical of this group of speakers. CI2
by contrast demonstrated relatively good tonal differentia-a. statistical analysis of the data
tion. Only three other implant users in the present study ex- o ,
hibited similar levels of differentiation. 1. Statistical comparison of results
Shapiro—Wilk tests for normality were performed on In- Group of speaker and tone area for each tone type were
dex 1 and Index 2; tone ellipse areft; the tonal space; the entered into a Kruskal-Wallis nonparametric analysis. Sig-
average of the sum of the two axis lengths for each tone; andhificant differences in median tone area for the three groups
the 15 intertone distances. Only the ellipse area for Tone 38f speakers were found for all tones. These differences
and four of the 15 intertones distances demonstrated neaanged in significance fronj x? (2)=14.028; p<0.001,
normal distribution. Statistical analysis of the data thus re-Tone 25 to [ x? (2) 8.354;p<0.05, Tone 33 As illustrated
quired the use of the nonparametric Kruskal—Wallis test. Boxn Fig. 6 adult speakers had the smallest median ellipse ar-
plots (Figs. 5 and & summarize medians and variation eas, normally hearing children had the largest median ellipse

around the medians across the three groups for Index 1 arateas.
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FIG. 4. Tone ellipse plots for two implant users. The plot shown for CI1 is typical of the majority of implant users in the study. The neat centeall{olomiat
ellipses reflect similar values of FO onset and offset for most tone tokens regardless of type. The tonal ellipses all cluster in one locationinaliteipipt
little tonal differentiation. CI2 was one of four implant users who demonstrated reasonable tonal differentiation. The tonal ellipses areensextttiep they
are for CI1. The most clearly differentiated tone is tone 55 which appears as a distinct ellipse separated from the other five tonal ellipsesstErascéemyge
opposition between the features high and nonhigh.
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12 TABLE |. Tone confusion matrix from an auditory analysis of tones pro-

duced by normally hearing adults. Confusions are shown as a proportion of
- total target productions for each tone.
Actual
8
Target 55 25 33 21 23 22
6 55 0.97 0.02 0.01
25 0.88 0.05 0.02
33 0.94 0.02 0.01 0.03
4 21 0.90 0.10
23 0.05 0.01 0.94
P 22 0.07 0.04 0.01 0.88
o21
e
0 \:_I:é'
Enpex 1 <0.05 for the distance between Tones 23 andl 3 sig-
2 []INDEX 2 nificant difference in the median tone distance between Tone

33 and Tone 22 was observed.

The implant users tended to have the smallest intertonal
FIG. 5. Box plots for Index 1 and Index 2. The box indicates the inter- distances with medians ranging from 10.1 Kione 55—
quartile range of values obtained with the mediamlicated by the solid  Tone 23 to 32.0 Hz(Tone 55—Tone 23 The range of me-
horizontal ling. The range of measurement is shown by whiskers extendingdian intertone distances for the norma”y hearing children
from the box except for points more than XiBdicated by “O”) or 3 box "
lengths(indicated by “”) from the upper or lower edge of the box. rom 147.2 Hz(Tone 25—.Tone 21to 16.9 Hz(Tone 33—

Tone 22 as compared with 83.5 Hz and 16.63 Hz, respec-
) ) tively, for the adult speakers.

No comparison of the lengths of the ellipse axes was  Tgonq spaceAt, and speaker group were entered into a
performed because these values were used to calculate thgnnarametric Kruskal—Wallis analysis. A significant differ-
ellipse areas and a similar significant relationship would b&,,.e petween the median tonal spaces for the three groups of
expected. speakers was observég? (2) 16.891,p<0.001]. The me-
dian tonal spaces were 40.23 Himplant users 4452.81
Hz? (normally hearing children and 1965.22 Hz(normally
hearing adults

Adult NH Child Cl User

2. Differences in tone ellipse separation for the three
groups of speakers

Subject group and intertone distances were entered intg‘ Indexing differentiation

a Kruskal-Wallis nonparametric analysis. A significant dif-  Values of Index 1 and speaker group were entered into a
ference in 14 of the 15 median tone distances for the threKruskal-Wallis nonparametric analysis. A significant differ-
groups of speaker was observed. These differences rangetice in median values for Index 1 was obserj&g (2)
from [ x? (2)=18.592; p<0.0001 for the median intertone 18.746p<0.001]. The median values for Index 1 were 0.015
distance between Tones 25 and] 2t [x? (2) 7.865; p (cochlear implant users1.27 (normally hearing children
and 10.28normally hearing aduljs

Index 2 and speaker group were entered into a Kruskal—

1000 Wallis analysis. A significant difference in Index 2 among the

12000 three groups of speakers was obserygd (2) 20.866 p
<0.001], medians: 0.32implant users 1.17 (normally

10000 hearing childrejt and 3.01(adulty. The order of magnitude
for both indices was Cl usersNH children<NH adults.

8000 on

5000 B. Auditory transcription analysis of tone production

The average PCTpercent correct tongsobserved for
4000 * the normally hearing children by auditory analysis was 78%.
The observed range of PCT produced was 60 %—-93%. A

S iy [ Tone space Pearson’s product moment correlation analysis on PCT and
0 =0z Ej B Tore 55 the area of the tonal spa@é showed a significant positive
correlation betweert and PCT ¢ =0.843p<0.01).
-2000 [ Tone 21 A confusion matrix was prepared for the tones produced
Adult NH Child Cl User by all the normally hearing adultéTable ) and children

(Table Il). Relative to the children, fewer confusions are ap-
FIG. 6. Box plots summarizing the variation in tonal space and the range oparent in the adult data though the trends are similar with
variation in tone ellipse areas for the three groups of speakers. To indicaltfanost confusions being apparent between tones 33 and 22
variation in tone ellipse area, box plots are shown for Tone 55 which was . . '
typically one of the larger tonal ellipses together with box plots for Tone 212Nd tones 25 and 23. In all, where the children were required

which was one of the smaller ellipses among the three groups of speakerto produce target tones 33 and 22, 20% were confusable,
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TABLE II. Tone confusion matrix from an auditory analysis of tones pro- This prediction was confirmed in part by the tone pro-
duced by normally hearing children. Confusions are shown as a proportioauction data for the adult speakers Among this group of
of total target productions for each tone. )

speakers, greatest overlap was observed between tones 33,

Actual 23, and 22. Some overlap was also observed between tones
25 and 23.
Target 55 25 33 21 23 22 . . .

9 The plots obtained for the normally hearing children and
55 0.89 0.11 the implant users were quite different to those obtained for
gg 8'82 0.70 8'7081 8'(?17 0.19 Oo.lc;1 the group of normally hearing adults. First, the areas of the
21 ' 002 080 003 o015 tone ellipses for both groups of children were larger than
23 0.01 0.14 0.01 0.01 0.69 0.14 they were for the older speakers. Second, the median size of
22 0.22 0.04 0.74 the tonal spacét for each of the three groups of speakers

were significantly different from each other.

The tonal space for the implant users was smaller than it
16% of tones 2 and 5 were confusable, and 10% of tones ¢as for either group of normally hearing speaker. Combined
and 6 were confusable. This compares with 5%, 6%, and 6%yjith the relatively diffuse tonal ellipses, this resulted in little
respectively, in the adult data. or no clear differentiation among the tones produced by these

The average PCT produced by the implant users waghildren. By contrast median value @t for the normally
38% correct with a range of 21-59 % correct. A confusionhearing children was over twice as large as mediamb-
matrix for the data is provided in Table Ill. Contour tones gerved for the normally hearing adul4452.81 HZ versus
had the lowest percent correct scores and typically they wergges 22 H2). This suggests that among normally hearing

perceived as either Tone 33 or Tone 22. speakers, there is a direct relationship between the spread of
pitch used for each tone type and the size of the tonal space
IV. DISCUSSION in which the tonal ellipses are located. The young children in

9this study had diffuse tonal ellipses but maintained a reason-

This study compared tone productions by children usin : nal > :
able degree of differentiation by virtue of their broad tonal

a cochlear implant with two groups of normally hearing
speaker. The aim was to demonstrate the application of 8Paces. S _
methodology for the acoustic analysis of tone production. In ~ Given the similarities in FO among some tones in Can-
this methodology, FO offset was plotted against FO onset fofoNese, it is interesting to note how the normally hearing
a series of tone tokens and the degree of differentiation bé:_hlldren had S|gn|_f|cantly larger tonal ellipse areas _than the
tween ellipses encompassing each tone target was observBgPlant users. This suggests a greater spread of pitch usage
qualitatively and then summarized numerically. Since FO onfor €ach tone type. The normally hearing children are re-
set and offset were the only points plotted, the emphasis jRorted to master tone produ_ctlon_ early and because of having
the methodology was on observing pitch level differencesiCcess to all available auditory information about tone, one
between tone types. Some contour effects were also reflecté@ight have predicted that their tonal ellipses would have
by overall position of individual ellipses in the tone plot. ~ been smaller than those of the implant users.

This approach is quite logical for the analysis of Can- Testing conditions for the two groups of children were
tonese, since pitch level has been suggested to be percepkfPt constant, however the normally hearing children were
ally more salient to the Cantonese-speaker than pitch contoyeunger than many of the implant users and were less used
(Gandour, 1988 Given the relative perceptual importance of t0 such tasks. These factors may partially explain some of
pitch level to speakers of Cantonese and the fact that pitcfh€ variation observed between the two groups of children. It
level differences between some tones are quite stf! 1) is further possible that the younger normally hearing children
one would predict that the range of onset and offset valuegre still developing control of vocal fold use during speech
for each of the six citation form tones would necessarily befurther explaining some of the differences in the spread of
narrow to maintain pitch level differences, i.e., all tokens fortheir tonal ellipses relative to the other groups of speakers.
a particular tone target would congregate in tightly definedNonetheless, the degree of difference in the size of the tonal
ellipses covering restricted areas of the tonal plot. spaces and tonal ellipses for the three groups of speakers

suggests that there are real differences in tone production
TABLE Ill. Summary of tone confusions from an auditory analysis of tones abilities among the three groups. These results further sug-
produced by children using a cochlear implant. Confusions are shown as gest that it is not enough to evaluate differentiation among
proportion of correct tones per total number of target tones. individual tones through examination of the spread of FO
usage. Measures of tone ellipse separation within the tonal

Aol space and degree of ellipse overlap are also required.

Target 55 25 33 21 23 22 Index 1 and Index 2 were developed to meet this re-
55 0.39 0.03 0.40 0.02 0.02 0.14 qQuirement and to summarize the interplay between the el-
25 0.10 0.19 0.36 0.07 0.13 0.15 lipse area and tonal space in determining the degree of tone
33 0.06 0.01 0.64 0.05 0.04 020 (djfferentiation. The three groups of speakers were clearly
21 0.04 0.03 0.29 0.23 0.06 036 identifiable based on their observed values of Index 1 and
23 0.02 0.09 0.33 0.04 0.22 0.28 X L .

29 0.04 0.0 0.29 0.06 0.03 0sg Index 2. The medians of both indices were significantly

greater for the adults than for the normally hearing children.
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In the case of the implant users, the median for Index 1 wa@ the case of children with impaired hearing, how is it that
close to zero and for Index 2 was barely above noise. Botllespite a reduced ability to accurately perceive tonal con-
values indicate little to no differentiation in the implant us- trasts, these children reportedly acquire and accurately pro-
ers’ production of tone. duce most tonal contrasts in Cantonese?

The acoustic analysis of the tone production data indi-
cated significant differences in tone production abilities be-

Normally hearing children averaged 78% correct tonetween profoundly hearing-impaired prelinguistically deaf-
production, though there was considerable variation. Amongned speakers, normally hearing children and normally
the implant users, there was an average PCT of &&f#tge  hearing adults. The primary tonal confusions by auditory
21%-59%. This is barely above chance level. Two points analysis among the normally hearing children were between
can be made with respect to these data. tones 33 and 22, tones 23 and 25, and tones 21 and 22. This

First, Wong and Dieh(1999 found that the size of the was also reflected in individual plots of FO offset versus FO
tonal space of the speaker seems to affect the relative eag@set for each of the children such that there was consider-
with which the different tones produced by a Cantoneseyple overlap for tones 33 and 22 and tones 23 and 25 and
speaker can be perceived. This observation also holds trugso some overlap in the ellipses produced for tones 21 and
for the participants in this study. In the case of the young? (refer to Fig. 3 for two examplesThus, while it is true
normally hearing children a significant positive correlationthat tone confusion results are dependent on the skills of the
was observed between the size of the speaker’s tonal spag@nscriber to correctly identify and label the tones produced,
and the percentage correct tones produced by the speakgoustic analysis of the same data supports the results from
(p<0.01). auditory analyses.

Second, these observations are significantly different to Among the implant users, only four children demon-
results from previous studies investigating tone developmendirated any meaningful tonal differentiatié@I2 in Fig. 4 is
in children acquiring Cantonese. Typically, it is reported thatg, example of one of these childjerHowever, auditory
Cantonese-speaking children acquire a complete toneme i%‘nalysis showed that though most of the implant users pro-
ventory by two years of age and make very few tonal errorgy,ceqd a range of FO contours that could be labeled as corre-
thereafter(So and Dodd, 1995 Similarly children with im-  ghonding to a particular toneme in Cantonese, in fact, they
paired hearing have been reported to be able to acquire mogiy not occur with sufficient frequency in the phonologically
if not all tones in Cantones@®odd and So, 1994Could the  ¢rrect context to be judged as having been acquired. Audi-
d|fferenc_es in the results presented here reflect the fact Fh%ry analyses averaged across the group of implant users
the auditory analyses were performed by a non-nativgawed that the likelihood of correct production of a particu-
speaker of Cantonese? This does not seem to be an adequiieigne type on the correct syllable was barely above chance
explanation, given that the auditory analyses are supportegh 389, Once again these results match reported tone percep-

A. Auditory transcription analysis of the data

by acoustic analysis of the same data. tion results for implant users. Cioce al. (2002 using a
simple, forced-choice tone identification test involving mini-

B. A conundrum: Tone production is mastered before mal pair alternatives found that most participants performed

tone perception below chance on most of the 15 tone contrasts in Cantonese.

The literature suggests that tone production is mastereiurther, like the hearing-impaired children in Ching’s study
early by both hearing and deaf children learning Cantonesé1988, they noted that implant users were more successful at
By contrast, adultlike tone perception skills do not developidentifying tones with larger separations in average pitch lev-
until around the age of 10 yea(€hing, 1984. Ching con-  els. This effect is evident in the plot for CIZig. 4) where
cluded that the younger children in her study were generallghe Tone 55 ellipse is quite distinct from the other tonal
able to identify gross pitch contour differences but they stillellipses in the plot.
had to develop the capacity to normalize for pitch level dif-  Overall the results from the acoustic analysis support
ferences across tones. results from auditory analyses. Furthermore, results from

In the case of profoundly hearing-impaired children, Ch-both methodologies reflect observations from studies inves-
ing (1988 reported that they perform at chance levels ontigating tone perception abilities in normally hearing children
tone perception tests except when listening to larynx toneand children using a cochlear implant. Moreover the large
presented as sinusoids. “High” was the best perceived tonaional spaces noted for the young normally hearing children
feature and the children showed a basic opposition in theiin this study may provide interesting evidence from the
tone identification between high and nonhigh. Further, Doddnalysis of speech production materials to support Ching’s
and So(1994 also noted that tone production skills were hypothesis(1984 that Cantonese-speaking children of this
better than tone perception skills in the hearing-impairedage are still acquiring skills for normalization of pitch level
children in their study. differences among tones.

Despite some discussion about the exact relationship be- Taken together, these results suggest a close link be-
tween speech perception and the development of spoken latween a child’s tone perception abilities and the subsequent
guage, it is generally agreed that perception must preceddevelopment of tone in spoken language. From these data,
production. How is it that the acquisition of good tone pro-the possibility that mastery of tone production outstrips the
duction abilities in normally hearing children seems to out-development of adultlike tone perception abilities is not ten-
strip the acquisition of accurate tone perception abilities? Orable and the potential conundrum disappears.
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