Proceedings of the Institute of Acoustics

VOCAL CHARACTERISTICS: A DEVELOPMENTAL STUDY
S. P. Whiteside & C. Hodgson
Department of Human Communication Sciences, University of Sheffield $10 2TA, United Kingdom

1. INTRODUCTION

Fundamental frequency (FO) differences between adult males and females are well documented [1, 2].
Research into children's FO characteristics has shown that rapid changes in laryngeal structure occur
during the 0-3 year age band and adolescence [3, 4, 5, 6]. Studies reporting the rate of FO development
between the ages of 3 and 10, suggest that changes in laryngeal structure continue to occur during this
peried [7, 8, 9]. Because of differences in research design, results across studies have not always been
comparable. In addition, studies that have been carried out on this age group have reported inconsistent
findings with regard to sex differences, and the rate of FO change with age. Fairbanks et al. [10] for
example, found no significant differences between the FO values of 7 and 8 year old boys. They also
reported the same findings for 7 and 8 year old girls [11]. In addition there were no significant
differences between the males’ and females’ FO. McGlone and McGlone [12] later replicated the resulis
reported by Fairbanks et al. [11], which suggests that for these ages, there may not be sex or age
differences in laryngeal size. However, there is some evidence to suggest the contrary. Hasck et al. [9]
for example, found a decrease in FO between 5 to 6 years and 7 to 8 years, which was significant only
for the male children in the study.

Formant frequency characteristics play an important role in the perceived sex of a preadolescent child
[13]). A oumber of developmental studies have reported that vowel formant frequencies decrease with
age and that in geneml, female children have higher formant frequencies than their male peers [8, 14,
15]. Although age and sex differences occur in vowel formant fraquencies in general, by using Fant's
Mn-factor [16, 17], this has been found to be dependant upon both the vowel and the formant frequency
in question [5, 14]. This therefore suggests that the vocal tract dimensions between preadolescent boys
and girls differ in a non-uniform way and replicates data on adult speaker sex differences [16, 17].
Similarly, both age and sex related /n-factor values could reflect the rate of relative change between the
vocal tract dimensions of preadolescent male and female children. However, while formant frequency
patterns and An-factor values could be interpreted as evidence for the physical differences and
maturation in the vocal apparatus they cannot fully account for those differences that maybe a product
of the linguistic and stylistic conventions [18).

 Formant frequency bandwidths reflect both voice source spectrum characteristics and the degree of
acoustic damping in the vocal tract. Women's voices are often described as being more breathy [19,
20], and this has been found to be largely attributable to the characteristics of the glottal source [19, 20,
211. It has been shown for example that women display more symmetry in their glottal waveforms and
have larger open quotients [21]. This therefore means a steeper spectral slope and weaker excitation of
the vocal tract and less intense and more diffuse and wider formant bandwidth patterns both in the
lower and higher frequency regions, for women speakers {19, 22]. On this basis it is therefore proposed
that the pattern of formant frequency bandwidths in the vocal patterns of the children in this study may
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be indicative of both developmental changes and sex-related patterns in voice source characteristics.
This preliminary study aims to examine the vocal characteristics of a group of male and female children
between the ages of 6 and 10, separated by approximately two year intervals, and see whether any age-
related or sex related differences emerge.

2. METHODOLOGY

2.1 Subjects

Three boys and three girls from each of two age bands: 6 years (mean age 6.0 years) and 8 years (mean
age 8.1 years), and four boys and four girls from the 10 years age group (mean age 10.0 years), served
as subjects in the study. This made a total of 20 children (10 boys and 10 girls) who participated in the
study. The 20 children used in the study were matched for height and weight according to their age
bands and were all from the same local primary school in the north east of England (Tyneside). All
children had lived in the local area all their life and spoke English as their first language. All the
children were healthy and had no speech, language or hearing difficulties.

2.2 Data collection -
The recordings were made in a quite room using a portable ATWA HDS1 DAT recorder and a stereo
microphone. The microphone was laterally offset at & distance of 30cm from the child's mouth.

Picture cards were used to elicit a possible total of nine target phrases from the children. The target
phrases were The red/blue/green bar/jar/car. Also included in the elicitation were four distracters, for
example The red boat, The green balloon. Prior to the actual collection of the data, children were asked
to name the colours and the pictures separately. This was done to ensure that none of the children were
colour blind and also to establish picture names and therefore avoid confusion during the recording
session. If a child hesitated or made an error in naming a particular picture, the picture was simply
presented again later in the naming sequence.

2.3 Acoustic Analysis ‘

The elicited data were digitised with a sampling rate of 10 kHz using a Kay Computerised Speech Lab
(CSL- Model 4300). All acoustic analyses were performed on the KAY CSL using routines that are
outlined below,

2.3.1 FO analysis. An autocorrelation method (20 ms frame length and 20 ms frame advance} was used
to caleulate FO for the entire duration of the vowel /a:/. The start of the vowel was taken from the start
of the voicing for /a:/ following /b k d3/, as determined by the onset of periodic excitation of F2/F3
[23, 24]. '

2.3.2 Formant frequency and formant bandwidth analysis, Formant frequency and formant bandwidth
data for the entire duration of the vowel /a:/ were derived from automatic LPC analysis (10 ms frame
length, 12th order filter, with pre-emphasis (0.9), with triangular window weighting, autocorrelation
method, bandwidth cut off of 500Hz). The same sections that were used for the FO analysis were used
to derive LPC-based formant frequencics and formant frequency bandwidths.
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3. RESULTS & DISCUSSION

The mean and standard deviation values of FO for the vowel /a/ are given in Table 1 according to age
and sex. Also given in Table 1 are the means and standard deviations of the standard deviation values
for the vowel. Table 2 gives the results of a two-factor ANOVA for the fundamental frequency
parameters. In the case of the FO data for the phrase-final vowel /aq:/, there were significant sex and age
differences, but no age-by-sex interaction. A post-hoc Scheffé test revealed significant differences (at
p<0.05) between the FO data of 10-year olds and the &-year olds (mean difference -19.81Hz) and
between those of the 10-year olds and the 6-year olds (mean difference -23.40 Hz). No significant
differences were found between the data of the 6-year olds and the 8-year olds {mean difference -3.59
Hz), therefore amplifying the marked decrease in F0 that is taking place between the ages of § and 10
for the boys (see Figure 1).

6 years 8 years 10 vears

Mean s.d. Mean s.d. Mean s.d.

Males FO 248.7 13.3 2554 9.8 223.3 8.3
Females FO 248.3 26.3 234.4 11.6 226.9 18.6
Males F1 7373 90.7 791.6 102.7 671.1 61.5
Bl 192.3 61.4 171.1 50.8 153.6 44.4

Females F1 8238 135.1 861.2 B5.1 772.8 619
Bl 191.3 61.9 2259 54.7 221.0 54.3
Males F2 1248.9 97.3 1347.0 145.6 1278.6 109.7
B2 176.6 36.0 185.5 42.1 203.18 71.0
Females F2 1365.0 164.4 1455.9 917 13174 123.7
B2 193.0 45.8 168.6 39.3 211.9 60.9
Males F3 1891.5 208.1 2154.2 254.1 2059.3 142.0
B3 247.6 81.8 269.4 67.7 305.9 307.3
Females F3 2089.3 222.5 21650 153.0 2075.1 184.7
B3 2217 83.2 271.5 71.7 260.8 70.9
Males F4 32138 194.7 34412 182.1 30954 5211
B4 368.1 130.3 280.8 103.6 297.8 491.7
Females F4 311777 289.5 3279.6 219.0 3249.0 119.1
B4 334.3 97.4 230.6 55.4 277.3 65.6

Table 1: Mean and standard deviation fundamental frequency, formant frequency (F1 to F4) and formant
bandwidth (B1 to B4) values (Hz) for the vowel /a:/ by age and sex.

If we attempt to seek a physiological explanation for these findings, they may be indicative of the rate
of laryngeal growth. For the female children this appears to be gradual between the ages of 6 and 10,
whereas for the male children, the rate of laryngeal growth is gradual between the ages of 6 and 8 but
more rapid after this point. Kent [5] summarises that both male and female children undergo gradual FO
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decreases until approximately, the ages of 11 and 12, at which point males experience a substantial FO
decrease. This study suggests that this substantial decrease may begin earlier - around the age of §
years. However, we are still left with the question of whether the drop at this stage is entirely due to
physiological factors or whether linguistic, social and cultural conventions may also be contributory
factors. Hasek, Singh and Murry [9] for example found a decrease in FO in male children after the age
of 7 years, While they suggest that this could be partly attributable to growth, they suggest that the male
¢hild may be adopting a lower than optimum pitch to sound ‘more male'. There is some sociolinguistic
evidence to suggest that different intonation patterns are adopted by boys and girls from Tyneside, with
girls exhibiting more rises than boys [25]. Furthermore, it would appear that this pattern also ocours in
the intonation patterns of adult speakers from Tyneside [26]. The patterns of FO reported here, suggest
that the accelerated FO changes for the boys from the age of 8 may be a result of the acquisition of these
intonation patterns. It is therefore proposed, that the development of FO in childrer is not only
determined by physical growth end changes in the vocal organs but are also a product of the
sociolinguistic factors that may be operating in a specific speech community,

Parameter Sex Age Sex by Age
Ja mean FO | F(1, 173)=6.26, p<.05 F(2, 173)=41.61, F(2, 173)710.34, p<.001
p<.001
o/ Fl F(l, 173)=40.12, F(2, 173)=21.26, F(2, 173)=0.50, ns
p<.001 p<.001
fa:/ Bl F(1, 1732428, F(2, 1730.66, us F(2, 173)=6.47, p<.005
p<.001
ja/ F2 F(1,173)=22.15, F(2,173)=12.31, F(2,173)=1.92, ns
p<.001 p<.001
Jay/ B2 F(1, 1737025, ns | F(2,173)=5.63,p<.005 | F(2, 173)=10.98, p<.001
Ja/ F3 F(1,173)-6.48, p<05 F@2, 173)=10.16, F(2, 173)74.17, p<.05
p<.001
Ja/ B3 F(1, 173)-0.98, ns F(2, 173)-1.58, us F(2, 173)=0.37, us
/av/ Fa F(1, 173F0.11,ns | F(2, 1736.92, p<.005 F(2, 173)=4.52, p<.05
fa:/ B4 F(1, 173)=0.95, ns F(2, 173)=2.28, ns F(2, 173)70.06, ns

Table 2. P values of a two-factor ANOVASs (sex and age) for fundamental frequency (FO: Hz), formant
frequencies (F1 to F4: Hz) and formant frequency bandwidths (B! to B4: Hz). (us: not significant at
$<0.05)

The mean and standard deviation values for the first four formant frequencies (F1 to F4) and their
bandwidths (B1 to B4) of the vowel /a :/ are given in Table 1. The results of a two-factor (sex and age)
ANOVA are given in Table 2. These results show that for both the male and female children, the first
four formant frequencies rose slightly between the ages of 6 years and 8 years before falling again
between the ages of § years and 10 years. Data for the first four formant frequencies showed significant
overnll sex differences (see Table 2) with females having higher formant frequencies. Using Fant's
scale factors [16] these overall sex differences equate to values of 12.03, 6.44, 3.39 and 0.08 for £, k,
ks and k, respectively (see Table 1 for formant frequency data). Given that k, and k; reflect both front
and back vocal cavity dimensions and k; reflects front cavity dimensions it would appear that there are
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more pronounced differences between the back cavity dimensions of the male and female children, with

the lowest value being observed for k;. These results replicate previous findings for low back vowels [8
14].
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Figure 1: Mean fundamental frequency for the boys and girls by age.

900
= 800
[ ..t"‘“ Thy
ab® s
§ [ A0 e,
g o, Sex
£ 700 "o, | —
L L F
i
600 M
6 years 8 years 10 years

Age

Figure 2: Mean frequency values - first formant (F1) for the boy§ and girls by age.

It has been found and therefore proposed, that in the case of low vowels (like /a:/), F1 may be more
sensitive to age and sex related differences in the size of the pharyngeal and oral cavities [8]. This
suggestion is supported by the data in this study where significant sex related differences were only
found for F1 in all group comparisons using a post-hoc Scheffé test (see Figure 2). In addition, the
higher ki value reported here could be interpreted as further evidence for this suggestion,
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The formant frequency bandwidth data showed significant sex differences for Bl, significant age
differences for B2, and both age and age by sex differences were found for B1 and B2 (see Table 2). No
significant age, sex or age-by-sex interactions were found for B3 or B4. This however, could have been
due to errors in LPC formant bandwidth estimation which cannot be ruled out especially in light of the
large standard deviation values observed for the B4 values of the 10-year old males (see Table 1), The
results for B3 and B4 will therefore not be discussed further.

Post-hoc Scheffé tests showed no sex significant differences for B1 in the data of group three (age six).
There were however, significant sex differences observed for Bl in the data of both groups two (age
eight) and one (age ten). This therefore explains the significant age-by-sex interaction for B1, which is
reflected by a systematic decrease in B1 for the male chiidren between the ages of 6, 8 and 10, and an
increase between 6 and § with a small decrease between 8 and 10, for the female children. The B1 data
could be interpreted as evidence for changes in the voice source characteristics of the female and male
children. The FO data discussed above, together with the B1 data here, suggest that there are more
marked changes in the vocal apparatus of the male children between the ages of six and ten as they
begin to acquire the glottal source characteristics observed for adult males. It has been reported that
adult females have wider formant bandwidths compared to adult males [22]. It is therefore suggested,
that the lower values of B1 observed here for the 8 and 10 year old male children, are a reflection of the
changes in glottal source properties that are accompanying changes in fundamental frequency and
formant frequencies, which are a result of physical maturation.

Data for B2 showed that there was a systematic increase in the values of the male children, with the
female children showing a significant decrease between the ages of 6 and 8, before increasing again to
age ten. Post-hoc Scheffé tests showed no sex significant differences for all three groups. There were
however, significant age differences between the data of groups one and two, and between groups one
and three. No significant differences were found between group two and group three.

Discriminant analysis tests were run on the vocal characteristic measures to see whether these
parameters could classify the data on the basis of age and sex. Results showed that the parameters were
successful in giving correct classification scores of 78.7% (see Table 3) and 83.5% (see Table 4) for
age and sex respectively. The data in Table 6 show the highest and lowest classification scores for
groups one and two respectively. This suggests some degree of overlap in the vocal characteristics of
group two with both groups one and three. This therefore, could be interpreted as being indicative of
the degree of change in vocal characteristics that may be taking place around this age, in the voices of
the children reported here.

Predicted Group Membership
Actual Group No. of cases e 10 8 Age 6
Age 10 71 4 (5.6% 7 (9.9%
Age8 49 8 (16.3%) 5 (10.2%
Age 6 44 2 (4.5%) 9 (20.5%)

Table 3. Results of discriminant analysis showing correct classification according to age.
(78.7% of cases correctly classified)
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Predicted Group Membership
Actual Group No. of cases
M 85
F 79 12 (15.2%)

Table 4. Results of discriminant analysis showing correct classification according to sex.
(83.5% of grouped cases correctly classified)

In the case of sex classification (see Table 4), the female data were correctly classified only slightly
higher at 84.8% compared to 82.4% for the male data. This high level of correct classification suggests
that there are relatively stable sex differences across all three age groups.

4. CONCLUSIONS

The data reported here for a group of 6- to 10-year old children suggest that the development and
physical maturation in the vocal apparatus of pre-adolescent children result in changes in fundamental
frequency, formant frequencies and their corresponding bandwidths. It also appears that there are sex
specific changes that take place during this period with changes in laryngeal dimensions co-occurring
with changes in pharyngeal dimensions. These sex specific differences could be purely attributed to
physical changes. However, these differences may also be a product of social and linguistic
conventions,
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