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Abstract

An extensive developmental acoustic stuaythe speech pattesnof children and
adults was reported by Lemd colleagues [Lee et al., J. Acoust. Soc. Am. 105, 1455-
1468 (1999)]. This paper presents a reexatanaf selected fundaental frequency and
formant frequency data presented in threport for 10 monophthongs by investigating
sex-specific and developmental patterns usigdifferent approaches. The first of these
includes the investigation of age- and sea&esfic formant frequency patterns in the
monophthongs. The second, the investigatiorfusidamental frequency and formant
frequency data using the criicband rate (bark) scaleda number of acoustic-phonetic
dimensions of the monophthongs from are-agnd sex-specific perspective. These
acoustic-phonetic dimensions include: vowel spaces and distances from speaker
centroids; frequency differences between thentnt frequencies of males and females;
vowel openness/closeness and frontness/backihesgegree of vocal effort; and formant
frequency ranges. Both approaches reveaih age- and sex-specific development
patterns which also appetr be dependent on whetheowels are peripheral or non-
peripheral. The developmental emergence e$e¢hsex-specific differences are discussed
with reference to anatowal, physiological, sociophoneticna culturally determined
factors. Some directions fdurther investigation into thage-linked sex differences in

speech across the lifespan are also proposed.

PACS number: 43.70.Ep, 43.70. Gr
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INTRODUCTION

Sex differences in the formant frequencyues of adults arevell established and
widely documented (e.g. Childers and Wu, 19B&terding, 1997; Rerson and Barney,
1952; Wu and Childers, 1991). In additione thon-uniform patternef sex differences
across different formant frequencies and gt®wvare well-established and have been
observed across different languages (F&875; Traunmduller, 1984, 1988). These non-
uniform sex differences highlight the nondar sex differences in the vocal tract
dimensions of men and women (Fant, 198%/5; Fitch and Giedd, 1999) and explain the
developmental emergence of non-linear sex ffees in the formant frequency data of
preadolescent children (e.g. Bennett, 19Baisby and Plant, 1995; Eguchi and Hirsh,
1969; White, 1999; Whiteside and Hodgson, 2000).

There is some acoustic-phonetic evidemd@ch suggests that women have more
peripheral vowel spaces compared reen (e.g. Deterding, 1997; Henton, 1995;
Traunmuller, 1988), and this seems to holeetacross a number dffferent languages
including General American English, liem, Japanese, BritisiEnglish (Middle
Northern), German, Swedish, Standard Duamd French (e.g. see Henton (1995) and
Rosner and Pickering (1994pr details and summaries of these data). The more
peripheral nature of vowel spaces dxted by women has been attributed to
sociophonetic factors which deteine the different speech styles adopted by men and
women (Henton, 1995). However, an altermatiview is that the emergence of sex
differences in the acoustic-phonetic chagdstics of vowels can be explained by
physiological factors and anatomical cwasts, which are due to maturational

differences between males and females (Traunmduller, 1984, 1988).
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A recent and extensive contribution toetldevelopmental literature on speech
characteristics comes from Lee and colleagues étext, 1999), who report on speech
data collected from 436 children aged 51® years, and 56 adults (aged 25-50 years).
Their study includes data on fundamental freqyeand formant frequency data from 10
monophthongs of American Englidn.their presentation andstiussion of their data, the
authors mention the need for a more detaaled thorough investigian of their data.

This paper aims to re-examine and elal®mt some of the fundamental and formant
frequency data presented by Leteal (1999) by adopting a sex-specific developmental
perspective, and expiog some of the factors that mbhg responsible for age-linked sex
differences in these acouspbonetic parameters. The fundamental frequency and
formant frequency data presented by eeal. (1999) are re-examined using a number of
approaches. The first of these involves dpglication of kn-factors (Fant, 1966, 1975),
and the second, the investiga of vowel spaces and actiasphonetic parameters using
the critical band rate (barlgcale (Traunmdaller, 1988, 199®oth approaches adopt an
age- and sex-specific perspective.

In order to investigate within-sepatterns as a function of developmekh-age
factors are derived for each of the matel demale formant frequency data following
Fant (1966, 1975). The motivation here is tartland gauge the developmental patterns
of formant frequencies of males and femaleparately, as a function of chronological
age. Further, to investigate the emergenf sex differenceacross the lifesparkn-sex
factors are examined by gauging the malmdle differences in formant frequencies
across all vowels and selected vowels fa dhifferent age groups. The findings of this
reanalysis of the formant frequency data reported byeLed, (1999) are presented and

discussed with reference to developmergatterns previously reported for formant
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frequencies (e.g. Bennett, 198uysby and Plant, 1995; Eguchi and Hirsh, 1969; White,
1999), and developmental patterns in thephology of the human vocal tract (e.g. Fitch
and Giedd, 1999).

The formant frequency data reported by le¢al. (1999) are alsonvestigated using
an approach which determines the distarafeformant frequency values from speaker
centroids as a measure of vowel space (e.g. Deterding, 1997). Acoustic-phonetic
parameters expressed in the critical bani@ r@ark) scale have been shown to be
effective in highlighting the ontogeny of segecific variation in the vowel quality of
peripheral vowels (Traunmiuller, 1988). v&n that the 10 monophthongal vowels
reported by Leeet al. (1999) included both peripherahd non-peripheral vowels, the
acoustic-phonetic quality of gpheral and non-peripheral volsaes examined separately
using a number of acoustic-phonetic paramebased on the critical band rate (bark)
scale from a sex-specific and developmenta$pective. The patterns that emerge from
this re-examination are disssed with reference to the sex-linked developmental trends
in the data, and whether they shed any lightany factors that ngabe responsible for
influencing the emergence of speaker sdfedinces in the phonetic quality of vowels

(e.g. Henton, 1995; Rosner andHkg&ring, 1994; Traunmduller, 1988).

[.METHODS

A. Kn-age and kn-sex factors

The mean formant frequency values (F1 to F3) for the monophthongs of all age groups
from age 7 years to those of the adults, reported by éeal. (1999) were examined for

vowel-specific patterns, and related sex-specific and developmental changes. The 10
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monophthongs reported by Leeal. (1999, p. 1456) are as follows: gf); ae pat); ah
(but); ao pall); eh ped); er pird); ih (bit); iy (bead; uh put); uw (poot.?

Following Fant (1966, 1975) scaling factors were calculated for each of the formant
frequency values (F1, F2, F3), and acrosshake formant frequencies ((F1+F2+F3)/3)
to examine both within-sex-age-linked vééopmental patternsand sex-specific
developmental changes. Within-sex-age-lthklevelopmental patterns were examined by
applying the formula (1) to give two sets kifi-age values for the male and female
speakers. Theskn-agevalues allowed the examination of developmental changes in
formant frequency values for each sex group, with reference to the adult formant
frequency values. In additiomithin-age sex-linked devgbmental patterns for formant
frequency values were examined byngsformula (2) to give one set &h-sexfactors.
Thesekn-sexfactors allowed the tracking of dewplmental patterns in within-age sex
differences with increasing chronologicaleagBoth kn-age and kn-sex factors were
examined in more detail for a selecteduy of vowels which repsented a range of
acoustic-phonetic vowel quality dimensionsopenness, constriction, rhoticity, frontness

and backness. These selected vowelse aa, ah, er, ih, iy and uw.

Kn = Fn/ Ref Fn

Fn: Female or Male formant frequency value

Ref Fn: Formant frequency value of adult female (in the case of female Fn value)
or adult male (in the case ofale Fn value) formant frequency value. For example,

the mean adult male value of F1 (Vowel aa, 723 Hz) serves as the reference value
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for the corresponding F1 value for the mak year olds (Vowel aa, 737 Hz), to

derive a k1 age factor value of 1.fa2 the male 18 year olds. (2)

Kn = Fn/ Ref Fn

Fn: Female formant frequency value

Ref Fn: Formant frequency value of Malge peer formant frequency value. For
example, the male value of F1 (Vowel &3 Hz) for the 18 year-old group serves

as the reference value for the corresponding F1 value for the female 18 year old
group (Vowel aa, 894 Hz). This therefagves a k1 sex factor of 1.26 for the 18

year-olds. @

B. Conversion of fundamental frequency and formant frequency values from hertz
to Bark to examine vowel spaces and critical band rate (bark) distances

The aim here was to investigate sex-linked developmental patterns in the vowel spaces

of the male and female speakers of eaagh @@up. This re-examination was carried out

as follows. Firstly, the fundamental frequer{E¥) and formant frequency data (in hertz)

for the 10 vowels reported by Leeal.(1999) were converted the Bark auditory scale,

using the formula described by Traunmiil(@988, 1990). This formula for the Bark
scale is an alternativto that documented by Zwickand Terhadt (1980) where Z is the
frequency in the Bark scale and F is the tiemapy in hertz as given in formula (3). In
addition, all fundamental frequency valukess than 2.0 Bark we corrected using

formula (4) (Traunmdiller, 1990).
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Z=[26.81F/(1960+F)]-0.53 (3)

For calculated Z<2.0 Bark: Z'=Z+0.15(2-2) (4)

Subsequently, vowel spaces of the 13 ageigs were determined for the males and
females of each age group using the critlzamhd rate (bark) values. This was done by
plotting the difference between F1 and F1-FO) as a speaker-independent index of
degree of openness (Traunmdiller, 1981), agaives difference between F2 and F1 (F2-
F1), as a general index of anterior/posie position of constction (Ladefoged and
Maddieson, 1990). This method was usedntwmalize for sex differences, and was
therefore chosen to highliglainy developmental sex differees within the defined F1-
FO/F2-F1 vowel space of tl® vowels after normalization.

In order to determine tonotopic distances between vowels in the vowel space defined
by F2-F1/F1-FO, the speaker centroidstioé vowel space for the male and female
speakers were calculated separately for egehand sex group from the mean F1-FO and
F2-F1 values of all 10 vowels formula (5). In BYefers to the distance of vowel V from
the speaker centroid of each age and sex group vowel sgacgroidto the F2-F1 co-
ordinate of the speaker centroiggentroid to the F1-FO co-ordinate of the speaker
centroid,x-V to the F2-F1 value for vowel V, andV to the F1-FO value for vowel V.
The application of formula (5) gleaned a tat&l26 sets of speaker centroid values and

vowel distances (2 (males and females) x 13 (age groups)).

D= SQRT (kV - xcentroig™? + (yV - ycentroid ). (5)
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C. Investigating critical band rate (bark) distances and variation in vowel quality in
peripheral and non-peripheral vowelsfrom a sex-linked developmental per spective
Using a selection of methods, critical banterébark) distanceand the variation of
the 10 vowels were also investigated in ¢geaetail from a sex-specific developmental
perspective by examining sex-specific develeptal patterns beforpuberty (ages 7 to
12 years), during puberty (ages 13 and 14 years), after puberty (ages 15 to 18 years), and
in adulthood (age 25 to 50 years). A nw@nlof acoustic-phonetic dimensions were
investigated for both the periptal (aa, ae, ao, eh, iy and) and non-peripheral (ah, er,
ih, uh) vowels as a function of age grouplasex. Details and the motivation for these
dimensions follow: I) F1 and FO have beeentified as major cues to the perceived
phonetic openness of a vowel.€rbfore, vowel openness exgsed as a function of FO
(in Bark), and the degree of stiard deviation in #ncritical band ratef F1 (as an index
of the extent of variatioin the open-close dimension of vowel quality) was examined
(Traunmdller, 1988); 1) The critical band raté F3 can be taken to represent speaker
size as it decreases with increasing voatttength. The standard deviation values of
the critical band rates of F1 index the omdwse dimension of vowel quality, those of F2,
the front-back dimension of vowel quality, atise of F3, the degree of rhoticity for the
vowel er for example. The development ajrgling these different dimensions of vowel
quality would be reflected in the variation 1, F2 and F3. Therefore, the dispersion
(standard deviation) values tife critical band rates of F1, F2, and F3 expressed as a
function of the critical bandate of F3 (vocal tract lggth and speaker size) were
examined (Traunmdller, 1988).; Ill) Z3-Z0 &pproximately the same in the speech of
men, women and children, but it decreases witheasing vocal effort. Therefore, it can

be taken to represent vocal effort while @ be taken to represent speaker size, as it
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decreases with increasing vocal tract lendtherefore, the critical band rate (bark)
difference between the third formant and (Z3-Z0) was examined as a function of the
critical band rate of F3. IV) The rangelwas for F1, F2 and F3 expressed as the
difference between the maximum and minmmwalues of each formant frequency
provide information on vowehuality and highlight the fe of individual formant
frequencies in shaping the vowel quality peripheral and non-peripheral vowels. For
example, peripheral vowels have greatergeavalues in F1 and F2 compared to non-
peripheral vowels, whereas a non-peripheralelosuch as er would be expected to
showed a greater range in F3 values tuéts rhotacized phonetic quality, which is
signaled by lowered values in F3 (e.g. Alwatral., 1997; Dalston, 1975; Espy-Wilsan
al., 2000). The range in formant frequenaiese therefore examined for F1 to F3.
Variations in developmental and adult seftetences as a function of both vowel and
formant frequency have been reported (e.g. Bennett, 1981; Busby & Plant, 1995; Fant,
1966, 1975). The differences between femalé male formant frequency values were
therefore examined from an auditory petpe for each vowebs a function of age

group using critical band rate values F1 to F3 (Traunmdller, 1988).

[I.RESULTS
A. Kn-age values

The kn-age factor values for all 10 vowetsmbined, are depicted in Fig. 1 by age and
sex for the formant frequencies F1 to F3 (Figs. 1 (a) to 1(c)), and for the overall mean of
F1, F2 and F3 (Fig 1(d)). The generalelepmental trend for both males and females
indicates a decrease in the k-age valuesafbthree formant frequencies, as both the

males and females between the ages of 7 and 18 years approach the formant frequency
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values of the adult men and women speakespectively. What is worth noting here is
that the kl-age values for the females aghéi than those of the males from age 15
onwards. In addition, the younger females haigher F1 values conaped to the women

speakers.

<PLACE FIG 1 about here>

There are sex-specific differences in tbdhe degree and rate of developmental
change. For example, when the k-age @slwere averaged ass k1, k2 and k3 (k=
agd, the difference in the degree of changm&ked by a shift from a value of 1.34 at age
7 years, to 1.01 at age 18 yedrsthe males' data (seegFi(d)). This compares with
K12 3age Values of 1.18 and 1.05 for the 7 and B&yold females, respectively (see Fig
1(d)). The sex-linked differences with respéctthe extent of developmental change
show that although both the males and femiatgh display maturatiohg@atterns during

puberty (age 10 to 15 years), theselass prominent for the females.

B. Kn-sex values

The meark-sexvalues for all vowels combinedye given in Fig. 2 (a) by formant
frequency and age group. The overall k-sex eslin Fig. 2 (a) dact discernible sex
differences before puberty, and the emergeat more marked differences at age 10
where we see small increases in k2 andak3ors until age 12. Theafter, between the
ages of 12 and 18 years, the pattern is orsilo$tantial increasegth a marked decrease
(this was a deviation in the general develepial trend) at age 14, which was due to the

males displaying a increase inrfmant frequencies at age 14 (Leteal, 1999). The kn-
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sex factors depicted in Fig. 2 (a) show pa&iadhcreases for all three formant frequencies
from age 14 years to 16 years, with F1 having the highest values, and F3 the lowest.
From age 16 years to 17 years there is no change for k1 (F1) and k2 (F2), but k3 (F3)
displays a decrease from 1.13 to 1.10. Betwasgn 17 and 18 years marked increases for

k1 (1.25 to 1.30), k2 (1.20 to 1.24ihd k3 (1.10 to 1.16) are obged. After this point, k1

and k2 display decreases (k1: 1.30 to 1.20, k2: 1.24 to 1.20) with no change being

observed for k3.

<PLACE FIG 2 about here>

When the data for all the children and adults are divided into the four age groups
namely pre-puberty (age 7 to 12 years), pubgr8s/to 14 years), pogtuberty (15 to 18
years), and adults (25 to 5@ars), we are able to see thet effect of puberty on sex
differences in terms of k-sex factors a&soall three formant frequencies of the 10
vowels. This net effect is illustrated ing=2 (b) which depicts sex-linked developmental
trends. Although there is evidem to suggest that themre sex differences before
puberty, these become more marked bothndurand after puberty. The data given in
Fig. 2 (b) also suggest that while a subsérdegree of sex differences emerge after
puberty for some vowels (e.g. ae, ao, iy andmuyarticular - see Fig. 2 (b)), others show
a lower proportional increase km-sex values after puberfg.g. aa, ah, er, and uh). The
observation that some vowels display greatex differences in adulthood (e.g. overall k-
sex values for aa, ah, eh, and uh - Fig 2 (&Jggest that some sex-specific patterns
continue to unfold during adulthood.

C. Kn-age and kn-sex valuesfor selected vowels
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Fig. 3 depicts the mean k-age values avedagcross all three formant frequencies by
age and sex for the selected vowels aa, ahh.ely and uw, and Fig. 4, the k-sex values
by formant frequency (F1 (k1), F2 (k2) aR@ (k3)) for the same group of selected
vowels. The developmental trend in the k-&geors across all theselected vowels is a
general decrease in values with age (sep B), and for the k-sex factors a general
increase with age (see Fig. 4). However, if we examine the data on a vowel-by-vowel
basis from a sex-linked developmental perpeave are able to note sex differences in
the reduction of k-age values asunction of both age and vowel. For example, there are
general decreases in the malegige values from age 7 18 years, and between age 14
and 15 years for the vowels aa (Fig. 3(a)), ily(Bi(d)), iy (Fig. 3 (e)) and uw (Fig. 3 (f))
which are more marked when compared tofémales data. In addition, after the age of
15, the k-age values for males show a ndgkgdecrease, and therefore only slight
decreases in formant frequencies during this pefibts contrasts with the female values
which display variable patterns of increasend decreases in the k-age values for
different vowels after the age of 15 yeésse Fig 3). For example, the overall kn-age
values for the females decreases gradudediyn age 7 and reaches a minimum at age 16
for the vowel aa (see Fig. 3 (alfter this, the values increase for the vowel aa until age
18. The k-sex values for this vowel indicatecieases in values after age 14 with the
largest of these occurring for F1 (see Fig 4 ())addition, the females' k-age values
averaged across all three formants for the vaywésee Fig 3 (e)) display an increase at
age 16, followed by a decrease at age 17, and finally an increase at ageell8.sex
values for iy (see Fig 4 (e) also suggest as for the vowel aa, increases in values from age
14 years, with again the highest and Ietve@alues being observed for F1 and F3

respectively.
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Further sex-specific differences are exéfigal by the vowel uw which displays the
highest kn-sex values for the post-pubertyugr (see Fig 2 (b) and Fig 4 (e)). This pattern
is reflected in the females' k-age valued &-sex values for theowel uw (Fig. 4 (f)).If
we focus on the male patterns for the kn-ageesbf uw in Fig. 3 {f these are generally
similar to those patterns for tlmther vowels depicteligs 3 (a) to (e). That is, with the
exception of the increase at age 14, thera decrease with age towards the adults’
values, reaching the adults values at age 1i& géttern is rather flerent from that of
the females who show the lowest kn-age @alfor uw at age 17 which never approaches
1.0 after this point, bun fact increases markedly (see Fig 3 (Tihis pattern suggests
that the formant frequencies of the 18 yelarfemales are significantly higher than those
values for the adult females, and also explains the high k-sex values for uw observed for
k1l (1.42) and k2 (1.55) at age 18, compared to the much lower values for the adults (k1-
1.20; k2-1.17 - see Fig 4 (f)). The net effect of this greater sex difference in the post-

puberty group compared to the adyibup is depicted in Fig 2 (b).

D. Vowel spacesand critical band rate (bark) distances

The mean distances of all vowels of each sex and age speaker centroid in the F1-
FO/F2-F1 vowel space are illustrated in F3gla) by age and sex. As seen in Fig. 5, the
mean distances for the males and femalek bbow an overall developmental trend of
decreasing mean distances watpe. However, upon closeramwination of the data, we
are able to observe thatetie are some sex-specific developmental differences in the
mean distances from the vowel-group centroid. For example, the mean distances from the
vowel-group centroids are similar for both the males and females for the age groups: 7,

10, 16 and 18 years. However for the 8-year olds, 17-year olds and the adults, the females
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display larger mean distances from the vowel-group centroids than the males. This
contrasts with the data for the 11, 12- datlyear olds, which display larger mean
distances from the vowel centroids for thelesalf we examine the mean distances from
the speaker centroids in the pre-pubepyberty, post-pubertynal adult groups, sex-
specific effects are observed as a functioage group. For example, the males display a
gradual decrease in the mean distance ftloenspeaker centroid, whereas the females

display a decrease from pre-puiyeo puberty, but subsequéantreases thereafter (Fig 5

(b)).

<PLACE FIG 5 about here>

The distances of each vowel from the speaker centroid for the males and females in the
F1-FO/F2-F1 vowel space are given in Tablent depicted in Fig. 6 for the adults (25 to

50 years). What is apparent here is thatilomen display a more peripheral vowel space
than the men. If we define the outmunds of the monophthongal vowel space using the
peripheral vowels iy, uw, ao, ae and aa,\wenen occupy a largexcoustic space than

the men in the F2-F1/F1-FO dimension. For example, the women display a greater degree
openness for the vowel aa, and a greatgrede of frontness and constriction for the
vowel iy. The female adults also displayegter distances from the vowel centroid than
their male peers, for nine out of the wwels and for all vowels combined, which was
found to be significant for theen vowels using a pairedast (1(9)=3.570, p<.01) (see

Table I).

<PLACE Table | and FIG 6 about here>
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The results of the vowel openness par@mesxpressed as a function of the
fundamental frequency (in Bark) and the degrkstandard deviatiofdispersion) in the
critical band rate of F1 is illustrated asuaction of age group and sex in Fig. 7 , for the
peripheral vowels (left), and the non-peepal vowels (right). The females display a
decrease in F1 dispersion between pre-pgyb&nd puberty with subsequent increases
between post-puberty and adulthood for botlwelosets. This contrasts with the males
who show a decrease in F1 dispersion betwpre-puberty and puberty, with only slight
increases for the same age intervals. Threselts agree with the developmental data
reported by Traunmuiller (1988). In additi the peripheral vowedet displays higher

dispersion values comparedth® non-peripheral vowels.

<PLACE FIG 7 about here>

The degree of variation in vowel foamts as a function of age group and sex,
expressed as the dispersion (standard deviaticthe critical band rates of F1, F2 and F3
and the critical band rate &3 for both the peripheral and non-peripheral vowels is
depicted in Fig. 8. All three formant freencies display sex-spific developmental
differences (Figs. 8 (a), (b), and (c)).rFexample, both the males and females show a
decrease in the critical bd rate dispersion (standardvdgion) from pre-puberty to
puberty for both F1 and F2. However, beem post-puberty and adulthood, the females
exhibit more marked increases in the criticbahd rate dispersion than the males for both
the peripheral and non-peripheral vowels. Wwnen also display higher mean critical-

band rate dispersion values for F1 compdoethe men for both vowel sets (Fig. 8 (a)),
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and the pattern for the ppheral vowels replicates thesdescribed by Traunmiuller
(1988) for a set of peripheral Japanese vowiis. women also display a larger increase

in the dispersion of F2 values tharetimen from post-puberty to adulthood for both
vowel sets (Fig. 8 (b)), and the ontogenetevelopment of sex differences in the F2
dispersion patterns for the peripheral voweks aso similar to the peripheral Japanese
vowels reported by Traunmull€t988). For F3 (see Fig. 8 (c)) there are also sex-specific
developmental differences for Iotowel sets, but thpattern of these differences varies
with the vowel set in question. For examlee peripheral vowelsdicate that both the
males and females display slight increases in the critical band-rate dispersion between
pre-puberty and puberty, and between pubarny post-puberty, and slight decreases
between post-puberty andddthood. This contrasts ith the non-peripheral vowels
which show more sex-specific differencesr Egample, the males show a decrease, but
the females an increase, between pre-puberty and puberty. In addition, although both the
females and males show an increase irdtbpersion values of Fi3etween post-puberty

and adulthood, this is more marked for the females (see Fig 8 (c)). What is worth noting
at this point is that the dispersion valwds=3 are higher for the non-peripheral vowels
compared to the values peripheral vowels, thue inclusion of ta rhotacized vowel er

in the non-peripheral vowel set.

<PLACE FIG 8 about here>

The relationship between speaker size and \eftaitt of the 10 vowels expressed as a
function of the third formant (Z3: Bark) arlkle difference between the third formant and

FO (Z3-Z0: Bark) (after Traunmdller, 1988)dspicted in Fig. By age group and sex for
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both the peripheral and ngeripheral vowel setdAn increase in vocal tract length is
indexed by a decrease in F3, ardincrease in vocal effolty a decrease in the value of
Z3-Z0 (Bark). These data illustte sex-specific developmental differences in both vocal
tract length (F3: Bark) and vocaffort (Z3-Z0: Bark). For both vowel sets, the females
display a pattern of orease in both the dimensions oéaker size and vocal effort from
pre- through to post-pubgrtthe net result of which is more marked for the non-
peripheral vowel set that includes er. Althoubk males also display a net increase in
vocal effort from pre- to post-puberty, thdevelopmental increase is less marked than
that observed for the females. In additibatween post-puberty and adulthood, the males
display higher increases in vocal effort compared to the females for both the peripheral
and non-peripheral vowels (see Fig 9). Whernvtheel sets are compared, levels of vocal
effort for all three age groups are greatertf@ non-peripheral vowskt that includes er.
With respect to vocal tract length, the noerpheral vowels also display both marked
decreases in F3 (Bark) and thfare, a marked increase incab tract length, compared to

the peripheral vowels.

<PLACE FIG 9 about here>

The ranges in formant frequency valued @ F3 in Bark) across all vowels are
illustrated in Fig. 10 for both vowel sets fthre four age groups (pre-puberty: 7 to 12
years; puberty: 13 and 14 yeapsist-puberty: 15 to 18 yeamglults: 25 tdb0 years) by
sex. These data show larger range valuebd®h F1 and F2 for the peripheral vowels.
This contrasts with the data for F3 which show larger range values for the non-peripheral

vowels, a pattern that once agaan be explained by the inclusion of er in this vowel set.
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<PLACE FIG 10 about here>

The tonotopic distances between female avade formant frequencies (F1 to F3 in
Bark) across all vowels are defgd in Fig. 11 for the fousge groups (7 to 12 years; 13
and 14 years; 15 to h&ars; 25 to 50 years). These ddisplay that although there are
sex-specific developmental patterns, these are dependent upon both the formant
frequency and the vowel. For example, atethformant frequencies display some sex
differences before puberty, but some of théifferences are greater for specific formants
and vowels (e.g. F1 of iy (Fig. 11 (a)), and &i3er (Fig.11 (b)). Inaddition, although an
increase in male-female differences couaéis to occur from pubg to post-puberty for
F1, F2 and F3, these sex differences apfgebecome less marked between post-puberty

and adulthood for some of the data (e.g. F1 as shown in Fig 11 (a)).

[11. DISCUSSION
The aim of this paper was to re-examine the fundamental frequency and formant

frequency data presented by Leé al. (1999) from a sex-specific developmental
perspective. The re-examimati of the data adopted twwasic approaches; examining
sex-linked developmental formant frequerdifferences as a function of age and sex
using formant scaling (Fant, 1966, 1975); andestigating sex-specific developmental
patterns in fundamental frequency and faninfrequencies using a number of acoustic-
phonetic dimensions based on the criticahdaate (Bark) scale (Traunmuiller, 1988,
1990). Both approaches revealed a rangeotigterences which were developmental in

nature. These are discussed below.
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A. Formant scaling k-age and k-sex factors

A number of points emerge from this reexamination ofétesd's (1999) data using k-
age and k-sex values based on Fantthoae (1966, 1975). The mean k-age values for
F1, F2 and F3 showed a gesledecrease with age with the males displaying greater
decreases than the females (see Fig 1)s Ttend reflects thegeneral pattern of
developmental sex differences in the mation of the vocal tract (Fitch and Giedd,
1999). In addition, the patterns in Fig.ridicate that from age 10, both the males and
females display a more marked decreaserm&nt frequencies, which coincides with the
onset of the peripubertal stage at age 1@&s, identified by Fitch and Giedd (1999).
Notably, the decrease in k-age values appeabe less marked after age 15 years. This
suggests that in the postpubertal stage (yd&s to ~18 years), overall changes in
formant frequencies are of a smaller magphit than those which occur during puberty.

The k-age values also show evidence of sex-specific differences for the formant
frequencies of the vowels. For example, tede k-age values decrease with age, and by
age 18 years, they are closeatscale factor of 1.0 for F1 (1.01), F2 (1.01) and F3 (1.02).
This contrasts with the data for the femalespwatso show this decrease with age, but by
age 18 years, only k3 is cwso 1.0 (1.02), whereas kldak2 have values of 1.10 and
1.04, respectively. The k-age data for the teld vowels in Fig. 3 suggest that this
pattern is the result of the 18 year-old féesahigher k-age values for er, iy and uw
relative to the adult female group. Such neatldifferences at age 18 years cannot be
explained solely in terms of maturationaffeliences of the vocalract alone. It is
therefore more likely that éhphonetic quality of uw saples produced by the 18-year

olds was different, and on average, mpadatalized, less roundexhd more open than
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those of the adult women. This raises tbke of sociophonetic fdors as possible key
influences in determining the phonetic gtyabf vowel formant frequencies (e.g. Byrd,
1992, 1994; Henton, 1995; Le¢ al, 1999). It is suggested that the phonetic quality of
the vowel uw, may be an example of sociophicread/or accent vatti@n in the 18 year-
old females. An additional obsration worth noting here that the 18 year-old females
also displayed the highest fundamental freqyevalues within ta post-pubertal and
adult female groups. The question thereforeyhsther the adults (2% 50 years) simply
came from a different accent group, or whethieere were variations in stylistic
conventions between the postpubertal autlilt groups. Unfortunately, we are not
provided with a detailed age, gendemdaaccent breakdown to ascertain this, and
therefore would be an interesting factor xplere further. Furthermore, because the adult
group spans 25 years, it is not unreasonable to suggest that there may be further age- and
sex-specific differences with this group. Giverthis, it would be worth investigating
whether age-related sex differences amsent between the younger adults (e.g. 25-35
years) and older adults (e 40-50 years). If age-relatetifferences were found, they
would supplement evidence reported for changes in speech and voice characteristics
during the adult lifespan (e.g. Decoster and Debruyne, 1997, 200@t 4l1999).

The presence of sex differences before pylreplicates the findigs of other studies
(e.g. Bennett, 1981; Busby and Plant, 192&uchi and Hirsh, 1969; White, 1999). These
sex differences become more marked after gyl§see Fig 2 (b)), dite the drop at age
14 years, which is due to the males displayimgier formant frequemes (see Fig. 2 (a)).
Lee et al. (1999) explain this drop dseing the consequence wiaturational processes.
The developmental trend of k-sex values reflects sex-specific patterns in the maturation

of the vocal tract (Fitch and Giedd, 1999), dhd k-sex values as noted in the Results
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above (sections B. and C.) are both formarguency dependent (see Figs. 2 (a), (b), (c))
and vowel dependent (see Fig. 2 (b) and4jigrhese patterns suggest the emergence of
non-uniform sex differences in the vocadtr morphology of males and females which
therefore affects the degree of variatiorformant frequencies as a function of sex and
vowel context. The k-sex factors for F1, Ftld=3 (see Fig 2 (a)) for example, reflect the
emergence of sex differences in the pharynal cavity and total vocal tract length. This
is supported by Fitch and Giedd (1999) whpar significant sex differences in the
relative length differences between the amall pharyngeal cavities, with greater mean
sex differences in the pgstbertal subjects (12.9 mm) compared to those of the
peripubertal subjects (7.5 mni)his therefore provides some indirect evidence to explain
why front vowels such as ae and iy in lefeal.'sdata exhibit the bulk of their increases
in kn-sex values after puberty. The degre¢hef sex differences exhibited by the vowel
uw, in contrast to the other selected vaebwever (see Fig 2 (b)), suggests that vocal
tract length alone, is not suffant in explaining the extemf some sex-specific effects,
and that other factors related to accent, spgadtyle or sociophonetic influences may be
responsible for some speaker sex diffiees. A similar findig is reported by
Traunmuller (1988) who observed variations in vowel quality for some women speakers
in a Japanese data set.

On the basis of evidence which suggests thatmale vocal tract continues to go
through maturational changes (Fitch andddie1999), one might expect to find more
dramatic drops in the formant frequencies of the males from age 15 &t b&e (1999)
data, and therefore lagg kn-sex values than those reed here (see Figs 2 (a) and 2
(b)). A marked lowering of the male foamt frequencies after agl5 years does not

occur, which is a point that Lest al (1999) raise in their paper. This suggests once
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again, that the physical length of the vocattralone, may not be sufficient in explaining
the male formant frequency patterns of iiievowels after age 15 years, and that other
factors (e.g. physiological, socioculturalylstic conventions) may be responsible for
these and other sex-specifictteans (e.g. Byrd, 1992, 1994; Hasekal, 1980; Henton,

1995; Leeet al, 1999; Mattingly, 1966; Traunmuller, 1984, 1988).

B. Fundamental frequency and formant frequency patterns using the critical band
rate (Bark) scale

The examination of fundamental and formé&ejuency patterns using a selection of
acoustic phonetic parameters in the barkesoaveals the ontogeny of sex differences in
the phonetic quality of the 10 monophthongs reported byeL ek (1999). For example,
the vowel spaces defined by F2-F1 versusFBldisplay evidence of sex-specific
patterns, which are developmental in natidéferent sex-specific patterns are observed
before, during and after puberty and by duudid, the women display a more peripheral
vowel space and therefore a greater phonestindtiveness in vowel quality than the
men (see Table 1, Figs. 5 (a), 5 (b), and 6). The ontogeny of this sex difference in
phonetic distinctiveness is explained if eeamine the acoustic-phonetic dimensions of
vowel quality that were investided using the bark scale. For example, the degree of
vowel openness expressed as a functiofiunflamental frequency (in Bark) and the
degree of standard deviation in the critit@lnd rate of F1 showed the adult women
displaying an increase in the dispersioh F1 (Bark) for both peripheral and non-
peripheral vowels compared to the 15 to #8ryolds (Figs 7 and 8 (a)). This increase in
the dispersion of F1 is not observed for then speakers and cannot be accounted for as

a function of either FO (Fig, 7) or F3 (R8g(a)), which therefore suggests that the women
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in Lee et al.'s study must have been producing their vowels with greater acoustic-
phonetic distinctiveess, by may be adopting more exteeanticulatory postures than the
men (e.g. greater openness and closeness).iMdrsased phonetic distinctiveness also
explains the higher range values observedherwomen's F1 values (Fig. 10 (a)), and the
greater openness of aa depicted in Fig. 6. Similarly, if we examine the phonetic quality of
the vowels in terms of the front-back dimensithe adult women digy increases in the
dispersion values for F2 (Fig. 8 (b)), and inse=ain the range values for F2 (Fig. 10 (b))
compared to the 15 to 18 year olds. Engmtterns are particularly marked for the
peripheral vowels, and again segts that the women are deying a greater degree of
phonetic distinctiveness for thggoup of vowels compared both to the 15 to 18 year old
females and the men within this dimensionvofvel quality. The contribution of F3 to
vowel quality with respect to both dispersiamd range values appears to be more
significant for the non-peripheral vowels which is largely due to the inclusion of the
rhotacized vowel er, which is characterized by lower F3 values (Abtaal., 1997;
Dalston, 1975; Espy-Wilsoet al, 1997, 2000). What is interesting to note is that
although the adult men and women both displayeases in the dispersion values of F3,
the extent of this increase between pmdberty and adulthood is more marked for the
adult women (Fig. 8 (c)). This is furtheridence to suggest that the adult women are
producing vowels which are more distincttiveir acoustic-ponetic dimensions. What is
interesting to note at this point is that théadf@ar the F1, F2 and F3 dispersion values for
the peripheral vowels are similto those reported by Traunitei (1988) for a Japanese
data set. These cross-linguistic similaritinssex-specific pattemin speech therefore
suggest that at least some linguistic betiain males and females can be explained by

underlying physiological differeces between the sexes.
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The data for F1 and F2 discussed abgoesome way in explaing both the greater
distances from the speaker centroid, andibee peripheral vowel spaces for the women
speakers in terms of the open-close acoustic-phonetic dimension of vowels (Table 1, Fig.
6). The pattern of larger and more periphgmavel spaces for women replicates previous
findings (e.g. Deterding, 1997; Henton, 198B95; Rosner and Pickering, 1994;
Traunmdiller, 1988), but more impontdy, the reexamination of Leet al's (1999) data
reveals that sex differences in vowel spgmeear to emerge witthevelopment, from pre-
adolescence to adulthood. Physiological destand anatomical constraints due to sex-
specific maturational differences may be inastental in shaping the more peripheral
vowel spaces displayed by women (Trauiier, 1984, 1988). However, sociophonetic
factors may also be playing a part in infieeng the development of learned sex-specific
speech behaviors. This suggestion is sugedoby evidence which suggests that the
auditory space of men and men varies across languagesd that there are therefore
language-specific stylistifactors that may determine somm&bitual speech settings (see
Henton (1995) and Rosner aRitkering (1994) for examples of data from a variety of
languages). The extent to which sociophonetiiuences appear to be culturally
determined should therefore be acknowledgdaht of these cross-language data.

An issue related to sociophonetic factors and stylistic eaton, is the extent to
which speech behavior(s) are shaped by a particular scenario. For example, a cross-
language study of American, Russian and Swedish (Kual, 1997) found evidence of
mothers producing "more extreme" vowels in infant-directed samples, compared to those
in adult-directed samples. In additionydies by Byrd (1992, 1994) report evidence to
suggest that women may adopt a speech sge displays less phonetic reduction in

more formal contexts, such as experimestitings. Therefore, ¢hextent to which the
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experimental scenario influencedetlspeech style of the women in Lekeal's study
(1999), to produce their more peripheral voweéces, remains both an important and an
interesting question. What emerges from thiscussion however, is that a combination
of anatomical, physiologicalsociophonetic/cultutaand idiosyncratic factors are all
likely to play some role in determiningesgker sex differences, and their developmental
patterns.

The relationship between vocal tract lengtld &ocal effort of the 10 vowels expressed
as a function of the third formant (Z3: Badnd the difference between the third formant
and FO (Z3-Z0: Bark) show sex-specificvéopmental patterns for both vowel sets.
Although both the females and males displayaases in the vocal effort parameter with
age for both vowel sets as decreaseZ3Z0, the males display more significant
increases in vocal effort from post-pubetty adulthood, which igargely due to their
lower F3 values compared to the femalesadidition, the increases observed for vocal
effort were found to be more markedr fthe non-peripheral vowels, which can be
explained by the inclusion difie rhotacized vowel er in this vowel set which has lowered
F3 values. The dimension of speaker simkeked as an inverseagonship to F3 shows
that the development of rhoticity, and lawE3 values is therefore instrumental in
contributing to decreases in Z3-Z0, and themefincreases in 'speaker size' (see Fig. 9
(right side)). Of partiglar note is the markedly low&3 values for the adult men (13.84
Bark) compared to the adult women (14.8#dor the non-peripheral vowel set that
includes er. The distinctive 'dip' or lowered \8ues for the rhotacized vowel is likely to

be the result of similar articulatory cogdirations that are typically reported far (e.qg.

Alwan et al, 1997; Espy-Wilsoret al, 2000) and replicates previously reported speaker

sex differences in adults for the formant frequency values/ Westburyet al, 1998).
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The articulatory configurations foit//include pharyngeal, palatahd labial constrictions

(e.g. Alwan et al., 1997; Espy-Wilsagt al., 1997, 2000), and the creation of a sub-
lingual cavity anterior betweethe palatal and lip cotriction (e.g. Espy-Wilson and
Boyce, 1999). The net effect of this subgiual cavity is to in@ase the volume of the
oral cavity, which therefore lowers the fregag of F3. On this k&s, the presence of a
sex difference before puberty, for the mean @altiF3 (Bark) for th vowel er (see Fig.
11) suggests that there may already be déereihces before puberty in the volume of the
oral cavity which includes the sub-lingual @sywhich continue tancrease during and
after puberty. In addition, the presence of speakgrdifferences in the lengths of the lip
segments of pre-pubertal boys and girls (Faad Giedd, 1999) may also help to explain
the presence of this sex difference before puberty.

The sex differences in the MRI datawafcal tract morphology reported by Fitch and
Giedd (1999) also highlight the sexffdrences in vocal tract length and the
proportionately longer pharynx of males affriberty. Non-uniform sex differences in
the vocal tract are capable @tplaining the non-linear increa# the tonotopic distance
between female and male formant frequenalues of different vowels. For example,
greater female-male tonotopic distances ofdflaa, ae, ao and ah after puberty (see Fig.
11 (a)) could be attributed to marked gtbvin the pharyngeal cavities of postpuberty
males, and a similar explanation could be proposed for the marked increase in female-
male differences for F2 from puberty to gmgberty for the palatalowel iy. The fronted
quality of uw (produced by the 17 and 18ay-olds), which was suggested to be a
consequence of accent/sociophonetic factors alag be explicable in these terms.
However, in addition to non-unifm sex differences in voctdact length, sex differences

in vocal tract volume also require some istvgation. Sex-specific differences in vocal
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tract volume may provide us with additional information on the emergence of some of the
more marked sex-differences in specific formanitspecific vowels, such as F3 in er (see
Fig 11 (c)). What is worth highlighting at this stage is that even before puberty, there is
an appreciable tonotopic disice between the F3 valuesfefales and males (Fig. 11
(c)), an observation which further stresgbat vocal tract length alone may not be
responsible for all the sex differences obseérigg vowel formant frequencies. The fact
that F1 shows a decrease in the frequehifgrences between the adult men and women
compared to the postpubertal (15-18 yeardemand females is due to decreases in F1
values for the adult women, and suggesist tthere may be age-specific changes
occurring in the vocal tracts of the older females in this group. This suggestion is
speculative but is not unreasonable in lightefent evidence which shows that there are
differences between the vocal tract configiorad and resulting formant frequencies of
33-48 year old and 50-66 year old women (éti@l., 1999). This further highlights the
need for further information on the demapghic profile of theadult men and women
reported in Leet al. (1999).

Further research into human vocal tractrpmmlogy and acoustic oelates, together
with a longitudinal perspective of speech depenent will provide valuable insights into
age- and sex-specific developmental fortnftequency patterns. Such a longitudinal
perspective would also assist shedding further light ospecific aspects of individual
differences in the development and maturatigmacess of speech characteristics (Smith
and Kenney, 1998). In addition, a longitugi perspective may go some way in
explaining some of the between-subject ahility observed in cross-sectional studies,
and the instability of speeqgiatterns during periods of adeeated maturation and growth

around and during puberty (Le al., 1999), and highlight those changes that may be
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occurring across the adult lifespan (e.g. Decoster and Debruyne, 1997, 20G4; aXpe
1999). Such a perspective may also abvéhe extent towhich physiological,
sociophonetic, culturalra stylistic conventions are gansible for sex differences in
formant frequencies and the acoustic-plicnguality of vowels which cannot be
explained by developmental sex-linked diffieces in vocal tract morphology alone (e.g.,
Busby and Plant, 1995; Fant, 1968975; Fitch and Giedd, 1999; Le¢ al, 1999;

Traunmuller, 1988, 1990).

ACKNOWLEDGMENTS
I would like to thank Professor Anders lgdist, Professor Hartmut Traunmdiller and two
anonymous reviewers for their thorough andstouctive comments. | am responsible for

any remaining errors.

Whiteside/JASA 29



FOOTNOTES

The data from the 5 and 6 year olds were excluded from this re-examination, as the
vowel data were based on words producedalai®n. This contrasted with the source of
other age groups, where vowel data wergeldaon words spoken aarrier phrases. The
exclusion of these data therefore meantda#d from 13 age groups were included in this

study (7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 year-afdsthe adults (25 to 50 years)).

%2 These alphabetic symbols are also userepresent the monophthongs (vowels) in all

tables and figures, howeveretlequivalent IPA symbols faeference to readers are as

follows: aa (&/ as inpot); ae (&/ as inbat); ah (4/ as inbut); ao (b/ as inball); eh (&/
as inbel); er (/3:/ as inbird); ih (/z/ as inbit); iy (/i :/ as inbead; uh (fu/ as input); uw
(/u:/ as inboof). The termvowel will be used to complement the term 'monophthong’

from this point onwards.
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Table |. Distances from F2-F1/F1-FO monophthong speaker centrattbfadult group (25 to 50 years) for each vowel by sexd measure of vowel space.

Centroid Value for | Sex aa ae ah ao eh er ih iy uh uw Al
F2-F1 (x)/F1-FO (y) vowe
by sex Is

F: x=6.05, y=3.65 F 357 | 139 | 166 | 3.90 | .95 64 | 249 | 592 | 69 | 199 | 2.32
M: x=5.69, y=3.77 M 315 | 1.32 | 1.63 | 345 | .87 56 | 232 | 562 | 69 | 1.78 | 2.14
* paired t-test for all 10 vowels to test for sex differences (F-M): 1(9)=3.570, p<.01
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FIGURE CAPTIONS

FIG. 1. (a) Mean kl-age (F1) values azall 10 vowels by agad sex; (b) Mean k2-
age (F2) values across all 10 vowels by agksex; (c) Mean k3-age (F3) values across
all 10 vowels by age and sex; (d) Mean kaeg averaged for k1, k2 and k3 ((F1 + F2

+F3)/3) across all 10 vowels by age and sex.

FIG 2. (a) Mean kn-sex values for the filstee formant frequencies (F1, F2 and F3)
averaged across all vowels by age group. (b) Mesex values averaged across all three
formant frequencies by vowel for the faage groups (7-12 years, 13-14 years, 15-18

years, and 25-50 years).

FIG 3. Mean k-age values averaged acrosetformant frequencies ((F1 + F2 +F3)/3)

by age and sex for the selected vowelsaéa)b) ah, (c)er, (d)ih, (e)iy, and (fluw.

FIG 4. Mean k-sex values by age group and formant frequency (F1, F2, F3), for the

selected vowels, (aa, (b)ah, (c)er, (d)ih, (e)iy, and (fluw.

FIG 5. (a) Mean distance of vowels frone tpeaker centroid of the male and female

speakers by age; (b) Mean distance of vodrels the speaker centroid by sex for the

four age groups (7-12 years, 13-¥hys, 15-18 years, and 25-50 years).

FIG 6. Vowel spaces (F1-FO (Bark)) verstsF1 (Bark) for the the men and women

adults (25 to 50 years).
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FIG 7. Critical band rate standard deviatadri-1 plotted against FO (Bark) for the
peripheral vowels (aa, ae, ao, eh, iy, uwjtj] and non-peripheral vowels (ah, er, ih, uh)
(right). Values are plotted fdhe four age groups (7-12 years, 13-14 years, 15-18 years,

and 25-50 years) by sex .

FIG 8. Critical band rate standard deviation(a) First formant frequency (F1), (b)
Second formant frequency (F2), (c) Thirdrfant frequency (F3) plotted against the
critical band rate of F3 fahe peripheral vowels (aa, am, eh, iy, uw) (left), and non-
peripheral vowels (ah, er, ih, uh) (right). Veduare plotted for the four age groups (7-12

years, 13-14 years, 15-18 years, and 25-50 years) by sex .

FIG 9. Critical band rate (bark) difference beem F3 and FO plotted against critical band
rate (bark) of F3 for the peripheral vawé¢aa, ae, ao, ely, uw) (left), and non-
peripheral vowels (ah, er, ih, uh) (right). Vatuare plotted for the four age groups (7-12

years, 13-14 years, 15-18 years, and 25-50 years) by sex .

FIG 10. Ranges in formant frequency valegpressed as a function of the difference
between the maximum and minimum formant frequency values for (a) F1 (Bark), (b) F2
(Bark) and (c) F3 (Bark). Values are givior the peripheral and non-peripheral vowel
sets by age group (7-12 years, 13-14 yelss] 8 years, and 25-50 years), for both

females and males.
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FIG 11.Critical band rate (bark) differendastween female and male formant frequency
values for (a) F1, (b) F2, and (c) F3\mywel and age group (7-12 years, 13-14 years,15-

18 years, and 25-50 years).
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