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Abstract

This article presents the results of an acoustic analysis of vowels and plosives/affricates produced by 45
Mandarin-speaking children with hearing impairment. Vowel production is represented and
categorized into three groups by vowel space size calculated with normalized F1 and F2 values of
corner vowels. The correlation between speech intelligibility and language abilities assessed by the level
of word comprehension and the complexity of sentence structure is statistically significant. Vowel space
grouping is correlated with speech intelligibility and spike percentage of plosives/affricates production.
The generalized linear model analysis also shows that the level of word comprehension and the degree of
hearing loss are the two most significant factors in predicting speech intelligibility. The statistical results
suggest that the interplay of acoustic characteristic and speech ability is complex.
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Introduction

When using speech for communication, the phonetic structure including segmental and
prosodic contrast is articulated and decoded. During normal speech development, children
have many opportunities to hear others speak. For children with hearing impairment, much of
the auditory input may not be accessible, which may hinder speech development (Serry and
Blamey, 1999; Blamey, Barry, Bow, Sarant, Paatsch, and Wales, 2001a; Peng, Weiss,
Cheung, and Lin, 2004c; Bouchard, Normand, and Cohen, 2007). For example, Serry and
Blamey (1999) concluded that the development of speech in hearing-impaired children
followed a process similar to that of normally hearing children, although at a slower rate.
For example, diphthongs are acquired later than monophthongs, and fricatives and affricates
are more difficult than nasals and plosives. Bouchard et al. (2007) stated that stops and labials
are the most frequently produced consonants soon after cochlear implantation, consistent
with a schedule of typical speech development. From the methodological point of view, it is
not realistic to collect direct data on how hearing-impaired children hear. But we can study
the production data and assess their perception ability of discriminating linguistic units and
comprehending the meaning of a spoken discourse.
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Speech production and perception

What one hears affects one’s speech intelligibility. Thus, the speech of hearing-impaired
children is often less intelligible than that of typically developing children. Using speech
intelligibility scores, Peng et al. (2004c) reported that Mandarin-speaking hearing-impaired
children showed lower intelligibility and delayed patterns in their development of consonant
production compared with children with normal hearing. Based on results of a 6-year study of
conversational speech in nine hearing-impaired children with cochlear implants (CIs), Blamey
et al. (2001a) concluded that 90% of their syllables were intelligible and that production of
speech sounds and words steadily improved. However, after 6 years of implantation, the speech
acquisition process was still incomplete. Maassen and Povel (1985) manipulated the acoustic
features of deaf children’s speech by replacing segments with those spoken by hearing speakers
and examined intelligibility by listeners. The segmental correction of vowels caused a dramatic
increase in intelligibility from 24% to 72%, whereas corrections of temporal structure and
intonation caused only a small improvement from 24% to 34%. Chuang (2006) used percen-
tages of correctly produced vowels, consonants, segments, words, tones and the overall speech
intelligibility of hearing-impaired children to study their relationships with vowel space
(i.e. formant relationships). The vowel space size was correlated with accuracy rates of vowels,
segments and words, but not with those of consonants, tones and speech intelligibility. Peng,
Spencer, and Tomblin (2004a) reported that the percentage of correctly produced segments
was highly correlated with rating-scale intelligibility of speech produced by Mandarin-speaking
hearing-impaired children. In other words, impressionistic assessment obtained by listener
ratings of speech is suitable for representing speech intelligibility and for conducting research
on speech production of hearing-impaired children. Taken together, past results suggest that
speech intelligibility of hearing-impaired subjects needs to be analysed together with different
assessment methods such as acoustic properties and impressionistic evaluations.

Itis reasonable to assume that speech perception problems lead to speech delays and reduced
intelligibility in children with hearing impairment. Support for this assumption can be found in
studies of children with CIs, which tend to find that speech perception improves more with
earlier implantation (Blamey, Sarant, Paatsch, Barry, Bow, Wales, Wright, Psarros, Rattigan,
and Tooher, 2001b; Wu and Yang, 2003; Mildner, gindija, and Zerinski, 2006). In a study of
Mandarin-speaking hearing-impaired children, Wu and Yang (2003) concluded that speech
perception improved over a 2-year follow-up period, with improvements negatively correlated
with the age at implantation and positively correlated with the duration of implant use. Despite
these improvements, some speech problems apparently remain after implantation. For exam-
ple, Ciocca, Francis, Aisha, and Wong (2002) stated that young children with CIs had great
difficulty in extracting voice pitch information from natural speech sounds to accurately identify
Cantonese lexical tones. Speech perception ability is also associated with the language level of
hearing-impaired children. Blamey et al. (2001b) reported that most of their hearing-impaired
children can achieve a level of approximately 90% sentence recognition in the audio—visual test
condition when their language level is equivalent to that of a normally hearing child aged from 7
years or older.

Factors

Both non-linguistic and linguistic factors need to be considered when studying speech
abilities of children with hearing impairment. The non-linguistic factors proposed by
Musselman and Kircaal-Iftar (1996) included audiological factors, demographic factors
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and educational history. More were mentioned by Peng et al. (2004c): age at onset of
deafness, age at implantation, duration of deafness before implantation, duration of CI use,
physiological or device-related factors, and psychological, educational and social factors such
as a recipient’s motivation and level of intelligence. The linguistic factors include different
levels of linguistic properties. Acoustic parameters such as duration, pitch, intensity and
formant pattern are used to evaluate articulation manner, articulation place, voicing of vowels
and consonants and prosodic qualities (Ling, 1976). Vowel centralization and reduction of
segments and tones are often observed in terms of vowel space shrinkage, duration change
and variation of FO (Pickett, 1999; Kent and Read, 2002). Word tokens, part of speech and
semantic association are studied to explore the structure of the mental lexicon, whereas
sentential structure and types reflect the ability to produce sentences.

Acoustic properties of vowels and plosives/affricates

Acoustic features of speech are empirical cues to physical properties measured from digitized
speech signals. Acoustic measurements help to specify patterns of articulation, as well as
prosodic features such as intonation, tone, rhythm and stress (Lieberman and Blumstein,
1988; Ho, 1996; Pickett, 1999). The articulatory label of tongue height is represented by F1
in acoustic phonetics. High vowels have low F1 values, whereas low vowels have high F1 values.
The tongue position of the vowel articulation performing the anterior—posterior (or front—back)
contrast is represented by F2. The F2 of back vowels is low and the F2 of front vowels is high
(Lieberman and Blumstein, 1988; Pickett, 1999; Kent and Read, 2002). Tye-Murray, Spencer,
and Woodworth (1995) found that hearing-impaired children with CIs were able to enlarge
their phonological system of vowels with increased access to formant information. Lin and
Wang (1995) presented the typical formant patterns of Mandarin vowels. In addition to the
explanatory power of F1 and F2 in terms of front/back and high/low contrasts, vowel space size
can also be used to assess vowel production in terms of their acoustic quality. Liker, Mildner,
and Sindija (2007) reported a smaller and fronted vowel space of children with CIs compared
with that of normally hearing children. Ling (1976) provided a fine discussion on the interaction
of acoustic properties and their sensory correlates of speech produced by hearing-impaired
children. He stated that most vowels spoken in isolation can be identified if both the first and
second formants are audible. Mildner and Liker (2008) recorded nonsense syllables to inves-
tigate the formant-defined vowel space and noise frequency of fricatives /s, J/ produced by
hearing-impaired and normally hearing children matched for age and gender. They found
that hearing-impaired children produced vowel space similar to the hearing controls.
However, their fricatives did not present clear distinctions in the noise spectrum.

Plosives should be audible to children who have only low-frequency residual hearing due to
the fast F1 transition phase starting at lower frequencies (Ling, 1976). Typical production of
plosives and affricates contains five articulation phases that can be clearly identified in the
spectrogram: the occlusion, the transient, the frication, the aspiration and the transition
(to the vocalic part) (Lieberman and Blumstein, 1988; Kent and Read, 2002). Consonant
production is reported to be correlated with speech intelligibility by Shriberg, Austin, Lewis,
McSweeny, and Wilson (1997). Lee (1999) studied the affricates produced by 16 hearing-
impaired and 35 normally hearing children at primary school and found that both groups of
subjects produced aspirated affricates longer than the unaspirated counterparts. Another way to
analyse acoustic features of plosives and affricates is to examine the occurrence of spike. Spike is
the brief pulse of acoustic energy produced by the release burst of a plosive/affricate, which can
be clearly observed in the spectrogram (Kent and Read, 2002). The hearing-impaired group
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produced spike in affricates less frequently. In another study, Lee (2001) studied the relation-
ship between the production and the intelligibility of plosives and affricates produced by 22
hearing-impaired children. She concluded that voice onset time cannot be used to distinguish
whether a plosive or an affricate is aspirated in hearing-impaired children. However, the degree
of hearing loss is correlated with speech intelligibility. For children with better hearing, their
intelligibility is higher. Khouw and Ciocca (2007) studied the voice onset time of plosives of 10
Cantonese-speaking hearing-impaired adolescents and found no significant difference between
the voice onset time of aspirated and unaspirated plosives. As temporal features cannot directly
reflect the correctness of the plosives/affricates production, the occurrences of spike production
will be examined instead in our studies later.

Research Question

This article presents an acoustic analysis of 45 Mandarin-speaking children with hearing
impairment. The acoustic properties of vowels and plosives/affricates are quantified, normal-
ized across subjects and then statistically analysed in comparison with the speech abilities of
our subjects. Speech abilities of the subjects include speech intelligibility scored by impres-
sionistic judgements, word comprehension ability scored by the maximum number of con-
tent words in sentences that can be understood and sentence production ability scored by the
degree of complexity of the sentence structure.

Method
Subjects

Forty-five Mandarin-speaking children with hearing impairment participated in this study. The
mean age of the children at the time of recording was 6;1, ranging from 3;3 to 12;5. The
children were receiving regular auditory-verbal therapy (AV'T) sessions in the Children’s
Hearing Foundation (CHF) (2010) in Taipei. The AVT emphasizes the importance of culti-
vating spoken language ability of hearing-impaired children by maximally utilizing their resi-
dual hearing (Dornan, Hickson, Murdoch, and Houston, 2007). The CHF (2010) uses the
‘level of auditory memory’ to evaluate the level of word comprehension of hearing-impaired
children. The level of auditory memory is defined as the number of ‘content words’ a child can
maximally recognize from designed sentences spoken to her/him following a testing procedure
defined by the CHF (2010). We recruited children whose auditory memory was level 4 and
above (level 5+ being the highest) to ensure that our subjects had a comparable level of
language ability. We were aware of the fact that the adopted level of auditory memory is only
partially representative of the overall language ability of our subjects. This assessment was used
as a perceptual measure in the statistical analysis. The degree of hearing loss ranged from mild
to profound. As a result, 15 CI users and 30 traditional hearing aids (HAs) users were recorded.
Our method of selecting subjects led to a rather diverse group of subjects in respect of degree of
hearing loss, age and CI/HA subgroups, as listed in Appendix 1.

Recording

Video and audio data were recorded in a soundproof room at the CHF (2010) during children’s
regular therapy sessions. Mandarin has 22 consonants including plosives, affricates, fricatives,
nasals and approximants. Depending on the definition of phonemic contrast and use of
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symbols, the number of vowels in Taiwan Mandarin may differ, but three corner vowels /i, a, u/
are uncontroversial (Ho, 1996). To collect Mandarin consonants and three corner vowels, 18
sentences were designed with words that children of their age were familiar with. Word—picture
tests indicated that all children understood the meaning of each target word. The complete
sentence list with translation is given in Appendix 2. The sentences were read and recorded by
an adult female native speaker of Mandarin with a clear pronunciation. Presented by
PowerPoint, each sentence was played twice with a matched cartoon picture shown on the
screen for the children to repeat. As a result, 741 sentences were used for analysis.

Data processing

We used the Adobe Audition 1.0 to extract audio data from the original video recording with a
sampling rate of 44.1 kHz, 16-bit, mono-track audio format. The speech data were processed
for phonetic analysis by using PRAAT v.4.5.12. Main segmentation criteria were transition
demarcation and pause segmentation. Two authors of this article segmented and labelled the
syllabic and segmental boundaries as well as the articulation phases of plosives/affricates.
Each was responsible for one half of the data and double-checked the other remaining half.
Inconsistency was discussed with the first author to achieve consensus on the labelling results.
As a result, 4080 syllables equivalent to 9460 segments were annotated. Among them, 1701
plosives and affricates were annotated for articulation types.

Formant measurement and vowel space calculation

Formants were automatically extracted for all tokens of /i, a, u/ in open syllables at the point
where the maximal intensity was measured. Because normally the most stable formant
pattern is observed at the point of maximal intensity, the point may correspond to the most
sonorous location from the phonological point of view. The means of F1 and F2 values of
each vowel were taken as the representative formant values for respective vowels. Vowel space
was then drawn with F1 on the y-axis and F2 inversely on the x-axis, making it spatially
comparable to the conventional IPA vowel chart. Normalization was done using the z-score
to eliminate individual difference across multiple speakers. The z-score measure (z = (x—)/c)
was adopted to normalize the F1 and F2 values of the vowels across different speakers, where
x 1s the measured value, 1 the mean and o the standard deviation. The final statistical analysis
was done using the normalized z-scores of the measured values.

The shape and the size of vowel space, that is, the acoustic characteristic, are assumed to
reflect the degree of the articulated contrast in the tongue height and position of vowels.
Conventionally, the vowel space size is the area of the triangle determined by /i, a, u/. We
adopted a slightly different calculation method to represent the size of vowel space. The
difference of F2 values of /i/ and /u/ indicates the front—back contrast of the tongue position,
represented by |F2(1)-F2(u) |, whereas the difference between the minimum F1 values of /i/
and /u/ and the F1 value of /a/ reflects the maximum high—low contrast of the tongue height,
represented by |min(F1(@i), F1(u))-F1(a) | . Vowel space size is then defined as the area of the
quadrangle determined by these two differences. In other words, we emphasize the impor-
tance of the maximal F1 and F2 differences in the corner vowels. In normal cases, the
quadrangle area is proportional to the triangle area. However, due to hearing impairment,
the produced vowels may not always be located in the relative position as described in a
standard vowel chart. By using the quadrangle, abnormally positioned vowels can be more
clearly illustrated.
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Labelling plosives and affricates

Taiwan Mandarin has six plosives /p, t, k, ph, th, kY and six affricates /ts, tS, t¢, tsh, t§h, tg;h/ .
Plosives and affricates that occur in the 18 sentences are explained in Appendix 2. We labelled
fine articulation types of 1701 plosives and affricates. Formant patterns and intensity in
spectrogram were used as primary cues to identify boundaries. The occlusion phase is labelled
as occ. Spike is typical in the transient phase (tra). Noise in high-frequency areas is the main cue
to identify the frication phase (fri). Aspiration is usually identified in lower frequency areas
(asp). Transition is labelled only if the formant pattern of the following vowel can be identified
(trans). When more than one phase is merged, _ is used to denote concatenated phases.

Results
Vowel space

Figure 1 summarizes the relative position of three corner vowels produced by all 45 hearing-
impaired children. The space determined by the corner vowels varies to a great extent among
the children. Some of the children produced clear contrasts in both F1 and F2 with a large
vowel space. Theoretically, the larger the vowel space is, the clearer the vowel contrast will be.
In other words, the acoustic properties of vowels will reflect their intelligibility in regard to
articulation. By applying the maximal contrast approach (i.e. drawing a quadrangle connect-
ing the points that form the maximal differences in F1 and F2 values), we observed that 21 out
of the 45 hearing-impaired produced /a/ outside of the quadrangle. This deviation of F2
values of /a/ from the normal range means the articulation of /a/ is either in a further front
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Figure 1. Vowel space produced by hearing-impaired children.
Note: Yawen is the abbreviation for the Children’s Hearing Foundation.
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tongue position than /i/ or in a further back tongue position than /u/. Eight children had more
severe problems in producing /i/ and /u/; their F2 difference is small with minimal contrast.
Four of them even produced /i/ and /u/ in a reversed order. And vowel space shrinkage can be
clearly seen. In particular, the F2 values show that the articulation related to the tongue
position results in a more severe problem than that to the tongue height. Therefore, its vowel
space shows a small long shape. In Taiwan Mandarin, there is no low back vowel. Although
21 children had their /a/ outside the quadrangle, the deviation of /a/ should not hinder its
discrimination in speech communication. However, if the F2 difference is not clear enough, it
will be difficult to differentiate /i/ from /u/.

Speech intelligibility

The speech intelligibility of the children was assessed by adopting a 5-scale system: 1-5 to
represent the poorest, poor, ordinary, good and clearest. Three trained linguists scored from
1 to 5 for each child, making the minimum score 3 and the maximum score 15. The Pearson
correlation coefficients among the three linguists were all above 0.8, p < 0.01.

Vowel space grouping

One of our main attempts was to find appropriate threshold levels to categorize the produc-
tion skills of vowels based on their acoustic properties. We found that children whose vowel
space size was below 1 had a relatively poor pronunciation. In contrast, the pronunciation of
those whose vowel space size was above 3 was very clear. Thus, we divided the children into
three subgroups according to the threshold levels: above 3, between 1 and 3 and below 1. Also
taking speech intelligibility into account, we calculated the mean value of speech intelligibility
scores of each subgroup. By dividing vowel space size (separated by 1 and 3 on the y-axis) and
their respective mean of speech intelligibility scores (separated by 8 and 11 on the x-axis) into
subgroups, we observed a positive correlation trend between vowel space size and speech
intelligibility, as shown in Figure 2.
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Figure 2. Scatterplot of vowel space size and speech intelligibility.
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Five particular cases

Five particular cases, yawen_05, yawen_10, yawen_21, yawen_15 and yawen_30, are located in
the upper-left and in the bottom-right blocks in Figure 2. The first three cases had a large vowel
space with a low score in speech intelligibility; the last two cases were given high intelligibility
scores with a small vowel space. Vowels produced by yawen_15 and yawen_30 were not clear;
however, it did not affect the clarity of the sentence meaning, as the prosody was quite fluent. In
contrast, vowels produced by yawen_05, yawen_10 and yawen_21 were clear with a nice
contrast. But the tone and intonation were monotonous and flat and it was hard to discriminate
some of the consonants. These apparently influence speech clarity. These five cases suggest that
in addition to vowel production, factors such as prosody and consonants also need to be
considered for the relationship between acoustic properties and speech intelligibility.

Vowel space and formant pattern in each vowel group

All 45 children were categorized into three groups according to their vowel space size: (1)
Group I (N = 15): above 3; (2) Group II (N = 20): between 1 and 3; and (3) Group III (N =
10): below 1. For comparison, we recorded a normally hearing 5-year-old girl’s data in the
same scenario set-up. Figure 3(a) illustrates her vowel space with the area calculated for the
quadrangle defined above with the representative formants of /i, a, u/ in red lines. The blue
triangle represents the conventional vowel space. The children whose vowel space size falls in
Group I tended to speak quite clearly. Figure 3(b) shows that their vowel space is relatively
large when compared with the other two groups of children. Children grouped into Group II
vary to a great degree, making up half of the total number of children. Differently, the children
in Group III have mostly compressed vowel space, resulting in a long shape, as shown in
Figure 3(d). Also shown in Figure 3 are their formant patterns in red dots. The main
difference with the formants lies in the values of F2. The formant patterns produced by the
normal-hearing child are similar to those represented in Lin and Wang (1995) for adults: (1)
F1 and F2 fall widely apart for /i/; (2) F1 and F2 fall together in the medium frequency area for
/a/; and (3) F1 and F2 fall together in the low-frequency area. By comparing the formant
patterns in Figure 3(b)-3(d), we found that the F2 values of /u/ deviate from those of the
normal-hearing child in Figure 3(a) to different extents. In particular, the contrast of F1 and
F2 in Group III is only minimally represented.

Types of plosives and affricates

The labelling results of plosives and affricates were summarized into three types: (1) Type I —no
clear boundaries within the plosives/affricates except for the transition phase; (2) Type II —
except for the boundary between the frication and the aspiration phases, the rest of the phases
can be clearly distinguished; (3) other types — all five phases including the transition phase were
merged into one phase and other types of occurrences. Please note that we did not find a single
case in our data in which all five articulation phases were clearly separable. Further investigations
are necessary to find out if this is typical of hearing-impaired children or if it is a common process
of children’s phonological development. Figure 4(a) illustrates an aspirated bilabial plosive
labelled as Type I, in which a clear formant pattern on the end phase of the consonant
is identified, and only one pattern is observed in the spectrogram before the transition part.
Type Il represents the clearest pronunciation of plosives and affricates, as shown in Figure 4(b).
In some extreme cases, as shown in Figure 4(c), we cannot even identify the transition part. The
entire consonant is acoustically presented in terms of one pattern.
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Figure 3. Vowel space and formant patterns. (a) From a normal-hearing child. (b) From a subject in Group I. (¢) From
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(b)

/a/ a/

occ_tra fii asp trans

oC
cfa

occ_tra_fri asp_trans

Figure 4. Labelled types of plosives and affricates. (a) Type I. (b) Type II. (c) Others.
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Table I. Distribution of plosives and affricates types.

Group I (%) Group II (%) Group III (%)
Type 78.04 85.02 88.65
Type II (with spike) 12.16 7.15 4.60
Other types 9.80 7.82 6.75

As demonstrated in Table I, Group I children whose vowel space was the largest produced
the clearest articulation type (Type II) the most frequently. And Group III with the poorest
vowel contrast produced Type II the least frequently. That is, those whose acoustic contrast
of vowels is better produce plosives/affricates in a more precise way in terms of the articulation
types. Based on these results, we defined the spike percentage as the percentage of Type II
produced by each child and used it as a factor in the statistical analysis.

Analysis
Linguistic and non-linguistic factors

For the linguistic factors, the level of auditory memory is the maximum number of content
words in sentences a child can understand, adopted as a perceptual measure for representing
the word comprehension ability of our subjects. As we only recruited children whose level of
auditory memory was above 4, the level ranges from 4,5 to 5+. Also adopted from the CHF
(2010) assessment method is sentence complexity. Sentence complexity is categorized into
three levels to indicate how complex the sentences the children produce can be. Sentence
complexity 1 means that the children used to produce simple and short sentences; 2 the
children can produce long sentences without connectives, that is, no relative clauses are
used; and 3 the children can produce long sentences with connectives. Similar to the level of
auditory memory as a perceptual measure, sentence complexity is adopted as a measure for
speech production. The non-linguistic factors include degree of hearing loss (1 stands for mild,
2 for moderate, 3 for moderate-severe, 4 for severe, 5 for severe-profound, 6 for profound), age
of the children at test (in years), duration of receiving AVT (in years), age of receiving sensory
aids (HA or CI; in years) and size of vowel space. The assessment of hearing-loss degrees was
based on pure tone average thresholds, conducted by the CHF (2010).

Correlation

We examined the relationship of the above linguistic and non-linguistic factors with speech
intelligibility, vowel space size and spike percentage by conducting the Pearson correlation test.
As shown in Table II, the degree of hearing loss is negatively correlated with speech intellig-
ibility scores. The less severe the hearing loss of the children is, the clearer their speech will be.
The size of vowel space is weakly correlated with speech intelligibility. Nevertheless, the relation-
ship between vowel space grouping and speech intelligibility is clear, as illustrated in Figure 5.
Group I performs the best in the impressionistic scores, with Group III performing the worst.
Table II also shows that the level of auditory memory is correlated with sentence complex-
ity, speech intelligibility and age of receiving sensory aids. Sentence complexity is correlated
with speech intelligibility and age at test. In contrast to speech intelligibility, vowel space size
is only correlated with age at test at a statistically significant level. Figures 6 and 7 illustrate the
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Figure 5. Speech intelligibility of vowel space groups.

14 + 14 -
> 12 - 212-
5 3
S 10 > 10+
S 5
£ 8- E 8-
- =
S - g 6-
o o)

o Q.
(2 0 44
2- 21
:1 é 5'+ Simple  Long Long with

connectives

Level of auditory memory Sentence complexity

Figure 6. Correlation of speech intelligibility and speech abilities.

differences between speech intelligibility and vowel space size in the correlation with the
perceptual and production measures: auditory memory level and sentence complexity, in box
plots showing the median, the first and third quartiles and extreme cases with subject
abbreviations in the statistics.

General linear model

Three generalized linear models (GLMs) were conducted to statistically verify the con-
tribution of multiple factors on these three dependent variables: speech intelligibility, vowel
space and spike percentage. Predictors are gender, hearing aids, level of auditory memory,
degree of hearing loss, sentence complexity, duration of receiving AVT and age of receiving
sensory aids. Coding of those categorical variables are the same as previously mentioned.
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Figure 7. Correlation of vowel space size and speech abilities.

Table III. Results of multiple factor analysis.

Source DF SeqSS Adjusted SS Adjusted MS F P

Analysis of variance for vowel space size, using adjusted SS for tests
Gender 1 4.026 7.542 7.542 1.87 0.18
Level of auditory memory 1 1.676 1.108 1.108 0.27 0.603
Hearing aids 1 0.647 2.209 2.209 0.55 0.464
Degree of hearing loss 1 0.843 0.713 0.713 0.18 0.676
Sentence complexity 1 6.276 4.13 4.13 1.02 0.318
Duration of receiving auditory-verbal therapy 1 7.102 12.336 12.336 3.06 0.089
Age of receiving sensory aids 1 12.385 12.385 12.385 3.07 0.088
Error 37 149.167 149.167 4.032
Total 44  182.122

Analysis of variance for speech intelligibility, using adjusted SS for tests
Gender 1 1.381 1.892 1.892 0.27 0.609
Level of auditory memory 1 217.108 99.541 99.541 14.04 0.001
Hearing aids 1 0.062 16.573 16.573 2.34  0.135
Degree of hearing loss 1 48.427 31.462 31.462 4.44 0.042
Sentence complexity 1 1.259 0.777 0.777 0.11 0.742
Duration of receiving auditory-verbal therapy 1 0.024 0.657 0.657 0.09 0.762
Age of receiving sensory aids 1 6.049 6.049 6.049 0.85 0.362
Error 37  262.268 262.268 7.088
Total 44  536.578

Note: Seq SS, sequential sums of squares.

Although some of the factors were correlated with each other in Table II, they may not have
a significant contribution to predicting the above variables when multiple factors are
considered. The GLM results in Table III show that none of the predictors has a significant
contribution to spike percentage. The duration of receiving AVT and age of receiving
sensory aids are the two most significant predictors to vowel space size. For predicting
speech intelligibility, the level of auditory memory and degree of hearing loss are the most
significant contributing variables.
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Table IV. Correlation results of vowel space grouping.

Vowel space grouping

Spike percentage —0.362, p =0.015
Speech intelligibility —0.331, p = 0.026
Level of auditory memory —0.194, p = 0.202
Sentence complexity —0.327, p = 0.028

Vowel space grouping

As this study also attempts to find simple thresholds to categorize the level of speech produc-
tion abilities of hearing-impaired children, we tested whether the grouping of vowel space
defined above is correlated with spike percentage, speech intelligibility, level of auditory
memory and sentence complexity. Although vowel space size is correlated only with speech
intelligibility in Table II, Table IV shows that there is a significant correlation between vowel
space grouping and spike percentage, speech intelligibility and sentence complexity. These
three factors are all related to speech production abilities, suggesting that vowel space group-
ing may be a preliminary, simple metric for diagnosing the speech production ability of
hearing-impaired children. In contrast, the factor that is related to speech perception
ability — the level of auditory memory — is not correlated with vowel space grouping.

Discussion
Acoustic properties of vowels are not equivalent to speech intelligibiliry

The empirical evidence provided in this article suggests that the acoustic properties of vowels are
related to the speech intelligibility of hearing-impaired children. In spite of the heterogeneous
subject group, vowel space size measured by the maximal contrast in F1 and F2 values normalized
across subjects was correlated with speech intelligibility at a near significant level. This result
implies that acoustic properties reflect upon the associated impressionistic perception.
Furthermore, speech intelligibility was correlated with word comprehension level and sentence
complexity, but vowel space size was not, as shown in Figures 6 and 7. In the analysis of GLLM, the
degree of hearing loss had a contributing role in predicting the speech intelligibility score, but not
in the case of vowel space size. Apparently, the speech intelligibility score and vowel space size are
two dependent, but different measures for describing language ability. In addition to vowels,
acoustic properties of other linguistic factors should be taken into consideration to properly
represent speech intelligibility as illustrated by the five particular cases in Figure 2. Nevertheless,
the suggested vowel space thresholds for grouping acoustic properties of vowels have proven to be
a useful assessment index, as this grouping was correlated with speech intelligibility, sentence
complexity and spike production that reflect the speech production abilities of the subjects.

What is the role of consonant production in using speech?

We did not find any token of plosives or affricates, in which all five articulation phases can be
clearly separated in our data when taking consonant production into account. The finest
articulation type, whose boundary between the frication and the aspiration was merged,
makes up around 10% of the labelled plosives/affricates. Statistically, vowel space grouping
was correlated with spike production. The best vowel space group produced spike most
frequently, the poorest group the least often. But spike production was not correlated with
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any of the linguistic or non-linguistic factors. This implies that consonant production is a
measurement for assessing speech production performance, but the role it plays in assessing
language ability may not be as important as vowels.

What about lexical tones?

Lexical tones are one of the most important prosodic features of Mandarin. They determine
the form and meaning of the associated syllables. A number of studies examined how
Mandarin tones are produced and perceived by hearing-impaired children (Barry, Blamey,
and Martin, 2002; Lee, van Hasselt, Chiu, and Cheung, 2002; Wu and Yang, 2003; Peng,
Tomblin, Cheung, Lin, and Wang, 2004b; Han, Zhou, Li, Chen, Zhao, and Xu, 2007). The
pattern of tone perception after cochlear implantation may not fully follow that of normal
children. Barry et al. (2002) concluded that average pitch height and pitch direction were
more salient cues than pitch level while being perceived. Currently, we are using the same
speech data to cluster the contour types by FO-stylization and model each tone shape by two
optimized slopes. The clustering result will be used to investigate whether tone production is
correlated with the speech abilities we have studied in this article.

Conclusion

This study has shown that there was a weak correlation between vowel space size and speech
intelligibility. Vowel space size increased with age and duration of AV'T training, and high
speech intelligibility was associated with good perception and production abilities, as illu-
strated by the level of auditory memory and sentence complexity. These results support the
notion that vowel space size and speech intelligibility are two different but dependent
measures for speech production ability. Although consonant production (spike production)
was correlated with vowel space grouping, it was not significantly associated with vowel space
size or any other factor investigated in the GLM analysis. This evidence helps us to better
understand how the speech information available to hearing-impaired children influences
speech acquisition. Consequently, concrete treatment and linguistic training could be
designed accordingly to strengthen the identified weaknesses. For further studies, linguistic
factors should include prosody such as lexical tones in addition to vowels and consonants.
Data types should include more authentic, spontaneous speech data such as story telling and
conversation to analyse word use and communication skills.
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Appendix 2.
Sentence Translation
Wo ke yi kan dian shi I can watch TV

Wo men ke yi kan dian shi
Qing ni ba shu gei wo

Qing ni men ba shu gei wo
Ta xi huan dan gao

Ta men xi huan tiao wu

San ge da ren

Yi ge xiao hai

Yi zhi xiao ji

Yi he cai se bi

Bu hui lai

Wo hui xie zi

Wo hui zi ji chi fan

Hei se de gou hen piao liang
Xi bu xi huan kong long

Ta xi huan huang se

Ta xi huan huang se de dan gao
Bu ke yi lin yu

We can watch TV

Please pass me the book (recipient singular)
Please pass me the book (recipients plural)
He likes cakes

They love dancing

Three adults

A child

A chicken

A box of colouring pencils

(Someone) won’t come

I can write

I can eat by myself

Black dogs are beautiful

Do you like dinosaurs or not?

He likes yellow

He likes yellow cakes

Don’t stay in rain

Notes: The above sentences are transcribed in Hanyu Pinyin, which is a transcription convention widely used in
China and in academic papers in Taiwan. Plosives /p, t, k, ph, &, k¥ and affricates /ts, ts, te, s, t§h, te?/ are transcribed

as b, d, g, p, t, k and z, zh, j, ¢, ch, q, respectively.
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