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The present article aims at exploring the invariant parameters involved in the perceptual
normalization of French vowels. A set of 490 stimuli, including the ten French vowels £ ¢ o

€ ce 0 al produced by an articulatory model, simulating seven growth stages and seven fundamental
frequency values, has been submitted as a perceptual identification test to 43 subjects. The results
confirm the important effect of the tonality distance between F1f@nith perceived height. It does

not seem, however, that height perception involves a binary organization determined by the 3—
3.5-Bark critical distance. Regarding place of articulation, the tonotopic distance between F1 and F2
appears to be the best predictor of the perceived front—back dimension. Nevertheless, the role of the
difference between F2 and F3 remains important. Roundedness is also examined and correlated to
the effective second formant, involving spectral integration of higher formants within the 3.5-Bark
critical distance. The results shed light on the issue of perceptual invariance, and can be interpreted
as perceptual constraints imposed on speech productiorR0@ Acoustical Society of America.

[DOI: 10.1121/1.1459447

PACS numbers: 43.71.An, 43.71.Es, 43.70.Bk, 43.711RRK]

I. INTRODUCTION uniform vocal tract growth has been exploited in order to
Variability involved in vowel production is large. A ma- create an exter_1ded set of synthesuzed_ stimuli, while carefully
controlling articulatory and acoustic coherence. These

jor source of variability comes from interindividual differ- ~7 ™ ; I
muli have been designed to cover the extreme possibilities

ences such as the speaker’s age and sex. It is well known th3? . . . .
vowels produced by speakers with a smaller vocal feui- of vocal tract configurations for growing speakers, from birth

dren and womenhave higher formant valug®eterson and to adulthood. The remainder of the article is divided into four
Barney, 1952; Hillenbrancét al, 1995; Leeet al, 1999 parts. First, a brief literature review will be presented in Sec.

Furthermore, fundamental frequency decreases durinH The method and. the results will then .be descripeq in Secs.
growth. Considering these important variations, traditional : a_nd _IV' Comp_arlson of our res_ults W'th.the existing nor=.
vowel characterization by the first three formant values face%al'z_atlon t_heo_rles and related issues will be addressed in
several problems. Peterson and Barri@952 report that the discussion in Sec. V.

formant values of ten American English vowels uttered by

men, women, and children partially overlap in the F1/F2 and!- INVARIANCE AND NORMALIZATION

F2/F3 acoustic spaces. Despite this overlap, perceivers cor- During the past decades, several studies have attempted
rectly identify each of the ten vowels. The question thereforg jgentify and deal with interindividual variability found in
arises: what are the parameters involved in the identificatioggye| production. At the perceptual level, these normaliza-
of distinct phonological categories? tion procedures all aim at reducing intraclass variability and
This question is of major importance regarding the issugjispersion of some parameters by seeking invariant determi-
of language acquisition, especially in the light of the child—nants of each vowel class. But the level at which these de-
adult speech interaction. Indeed, the emergence of native lagsyminants are to be extracted is a subject of debate. Indeed,
guage phonological categories must take into account thgye invariance problem is claimed to exist in the acoustic
possibility for infants to compare, and hence normalize, their‘signa| (Stevens, 1996 in the speech gestures at the articula-
own production to the surrounding speech sounds, and Wgyy |evel (Liberman and Mattingly, 1985or as a trade-off
know they are indeed able to do sKuhl and Meltzoff,  petween perceptual requirements and production specifica-
1996. In this article, an articulatory model simulating non- tjgn (Lindblom, 1996. The present study focuses on acoustic
information.
dCurrent address: Universigu Qudec aMontreal, Departement de lin- At the acoustic level, attempts in formant variability nor-

guistique et de didactique des langues, C. P. 8888, Succursale Centre-\ﬁIIE.,V""Z"’V[ion Can.be Summarizeq by tWO_main approaches, de-
Montreal H3C 3P8, Canada. Electronic mail: menard@icp.inpg.fr fined by the kind of information required by the process.
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Following Ainsworth’s (1975 terminology, we shall distin- difference (in Barkg. Results suggest that perceptual cat-
guish between intrinsic and extrinsic approaches. In the exegory boundaries for the five height degrees,fforranging
trinsic framework, the identification of a given vowel uttered from 0 to 350—400 Hz, are located around FQ-boundaries
by a speaker relies on a frame of reference established frowf 1.2, 2.2, 3.2, and 6 Bark. Beyond &0 value around 350
external information provided by the other vowels of theHz, the pattern changes. Indeed, only the distinction between
same speaker. Conversely, in the intrinsic approach, the pelegrees 1 and 2 is preserved at the 1.2-Bark 8 boundary.
ception of a vowel is based upon information containedThe difference between the intermediate height vowets
within this given vowel, without referring to any external grees 2 and 3is seldom perceived and distinction between
sources. The invariance problem is here solved by a transfoglegrees 4 and 5 relies on the first formant value, without any
mation of spectral characteristics into an appropriate scaldénfluence off0. Finally, Traunmiler (1991 reports that a
giving rise to a better spectral representation. A few hybridarge intersubject variability exists in the usefd¥ as a per-
approaches also exist, which combine concepts from the irceptual cue for height.
trinsic as well as extrinsic theoriéBujisaki and Kawashima, Syrdal and Gopal1986), after reanalyzing Peterson and
1968; Ainsworth, 1975 Barney’s (1952 data, give support to the role déD in the
Intrinsic theories involve various spectral parametersperception of vowel height in ten American English vowels.
Observed variability in speech production reveals that, whed he authors propose a two-stage model of auditory treat-
comparing 5-year-old children to adult male, formant fre-ment. At the first stage, a transformation of frequency values
quency values decrease by about 40%, whereas children8to @ specific Bark difference occurs. The second, higher-
fundamental frequency is about 100% higher than adultevel, stage consists of a binary classification of specific Bark
male’s value(based on data reported by Leeal, 1999. differences, based on the value of 3 Bark, corresponding to
This nonlinear relationship is also found in the shift, alongthe critical distance of the center of gravity efféCthistov-
the F1 and/or F2 dimension, of a perceptual category boundch et al, 1979. Feature extraction occurs at the latter stage.
ary for differentf0’s. In general, the boundary shift is rela- However, F1£0 is not found to be a better openness
tively small. Fujisaki and Kawashimél969 report an in-  Predictor than F1, for all American frontHoemeke and
crease from 22% up to 29% for F1, for a 1-oct upward shiftPiehl, 1994 and back vowelgFaheyet al, 1996. Indeed,
of f0. The difference is even smaller for Slawgd969 and  SOmMe categories seem better related to F1 alone.
Ainsworth (1971), for which the increase is only of 10% and
5% in F1, respectively. Neare§d989, Miller (1953, and
Carlsonet al. (1970 also note rather small changes in F1 B. Place of articulation

boundary. This nonlinearity is dealt with by a conversion of According to Syrdal and Gop&1.986, the F3-F2 differ-

Ehe_ _Hertz scale_mfo a semi-logarithmic scale, usually t_heence would account for the perception of the front—back fea-
critical band units” (Bark) scale, based on psychoacoustic

, . _ “ture, for American English vowels. A good classification is
experiments(Traunmuler, 1981; Syrdal and Gopal, 1986; achieved by this parameter, with front vowels corresponding

Potter and Steinberg, 19501 difference is then estimated . 5 a1e of F3-F2 lower than 3 Bark, and back vowels to a
between adjacent formant peaks and/or FO values. This treglz e greater than 3 Bark. On the co;ltrary Fareis3, for

ment has been related to the characteristics of relative pagwedish, distinguishes between front and back vowels on the

tern_s of excitation along the basilar membrafetter and basis of F2-F1 differences, while the difference between F2
Steinberg, 1950 The role of fundamental frequency and for- 540 would be a correlate of place of articulation for Hira-

mants has been confirmed by Trauiien(1981, Syrdaland 515 and Katq1992 and Savariawet al. (1999 (for /u/).
Gopal (198_6), ,Carlsonet al. (1979, aind is taken mFo ac- Finally, Delattreet al. (1952 report that formant averaging
count in Miller’s (1989 model. The “center of gravity ef- j the auditory center of gravity process accounts for the fact
fect,” introduced after Chistoviclet al. (1979, is also cru- that back vowels can be represented by a low-frequency

cial in some models of auditory processing of vocalicgjngie formant, while front vowels are best synthesized with
spectral representations. Perceptual integration of close fo,, energy peaks.

mants is the basis of effective second formant’(FR&odels
(Carlsonet al, 1970, Bladon and Fant, 1978; Mantakas,
1989. Finally, the question remains unsolved as to whetherC Roundin
“time-varying features”(Strange, 1989; Nearey, 1988are ' g
involved in the normalization process. The next section con-  Rounding identification has been less studied. The
tains a brief literature survey of the parameters deemed to be2-f0 difference has been proposed as a normalized cue for
the main determinants of vowel categories. this feature(Fantet al, 1974. F2' has also been introduced
as a major determinant of vowel rounding able to normalize
male and female speake(§lantakas, 1980 According to

The role off0 in the normalization process for opennessTraunmiller and Lacerda1987, F2’ is a correlate of per-
identification has been confirmed by Traurheu (1981, ceived rounding for front vowels, in Turkish and Swedish,
Syrdal and Gopall986, and Hoemeke and Diek1994. In  whereas the difference between’Féhd F1 better represents
the analysis of the perception of Bavarian one-formant synthis contrast for back vowels. Mantak&$989 also sug-
thesized vowels, Traunrtiar (1981 shows the strong corre- gested thafO may have a role as a normalizing parameter,
lation between perceived height and the value of thefB1- resulting in the F2-f0 difference.

A. Openness
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TABLE |. Feature analysis of French vowels. cording to two scale factors, one for the anterior part of the
vocal tract and the other for the pharynx, interpolating the
zone in-betweeh The evolution of the scale factors was cali-

Front

Unrounded Rounded Back  prated using the data provided by Goldst¢i®80, who
High i y u reports measurements made on cineradiographic images of
Mid-high e @ o children. Nonuniform vocal tract growth can be simulated
Mid-low g e ° for a male speaker year by year and month by month. Simi-
Low a larly, fO values are adjustable. By defafi§, at each growth

stage evolves following the growth data presented by Beck
(1996. The model is thus suitable for use in systematic
simulation studies as well as for use in phonetics.

The previous sections showed that in order to deal with
intersubject variability, several parameters were proposed g$ stimuli
normalizing factors. The following experiment was designed
to determine the main acoustic parameters involved in thd. Formant patterns

perceptual normalization of French vowels uttered by vari-  \/cal tracts representative of the following ages were
ous “synthetic speakers,” from birth to adulthood. To assesslated: 0, 2, 4, 8, 12, 16, and 21 years old. For each
the relevance of attested normalizing factors in the ide”tiﬁ'growth stage, articulatory-acoustic prototypes for the ten
cation of French vowels, we synthesized, with an articulatorye o nch oral vowelsi/y u e ¢ 0 ¢ ce o a/ have been deter-
model integrating nonuniform vocal tract growth, the teninaq using the concept dlaximal Vowel Spacéhereafter
French oral vowelsify u e ¢ o € ce o a/ at different growth  \ys Bog et al, 1989. If the entire input space of com-
stages and differerfi0 valugs. mand parameters is explored—while satisfying the condi-
The French phonological system has a double advanggns for vowel production—one can simulate the maximal
tage. First, vowel contrasts are realized along three featureg /r2/E3 acoustic space appearing at the output. All possible
height, place of articulatiorifront/back, and roundedness ;5 yowels are thus situated within the limits of this space.
for front vowels (see Table )l Second, it does not include s kind of extended generation method allows possibilities
phonological tense-lax distinctions, and dynamics do nofyr maximal distinctiveness to be described precisely, and
seem to play an important role in vowel identification, apartpermits an optimal choice of prototypical realizations.
from classical vowel reduction phenomena. These specifica- |, the present study, using VLAM, we first generated
tions allow the manipulation of constant spectral parameters,ys for a grid of command parametei®, (—3.5<P,

D. The French oral vowel system

without considering timing and spectral trajectories. < +3.5), by a uniform distribution, constraining the minimal
intraoral constriction and lip area to be identical for adults
I1l. METHOD and children(constriction area of 0.3 chand lip area of 0.1

cn?). For the neonate vowel space, these thresholds were
decreased to 0.1 cnfor constriction area and 0.01 érfor
Stimuli consist of five-formant vowels generated by for- lip area? The MVS was simulated by setting the model to
mant synthesis with th®ariable Linear Articulatory Model seven growth stages respectively corresponding to a 4-week-
(hereafter VLAM developed by S. Maed@oe and Maeda, old infant, a 2-, 4-, 8-, and 12-year-old child, a 16-year-old
1997, which integrates knowledge acquired from previousadolescent, and a 21-year-old adult male. Note that we as-
articulatory models with the growth data currently availablesume each speaker displays the same sensori-motor control
(Goldstein, 1980 The VLAM model was implemented and capacitie§’. According to Goldstein’'¥1980 data, the vocal
tested at ICP in an environment originally developed for antract configuration of an adult female, in terms of overall
articulatory model of adult speech established from cineralength and ratio of the pharyngeal versus oral cavity lengths,
diographic data and derived from a statistical analysis guidedorresponds to the vocal tract of a 16-year-old male. It seems
by knowledge of the physiology of the articulators. This an-thus reasonable to consider this growth stage as representa-
thropomorphic model has the advantage that it intrinsicallytive of an adult female. The following vocal tract length
takes into account certain articulatory production constraintsvalues were obtained, for a neutral articulatory configuration,
the seven control parameters are directly interpretable imat each growth stage: 7.70 cfmewborr), 9.92 cm(2 years
terms of functionally organized articulatory blockaw; la-  old), 10.67 cm(4 years olg, 11.91 cm(8 years olg, 13.52
bial protrusion and aperture; movement of the tongue bodycm (12 years olgl 15.36 cm(16 years olg, and 17.4521
dorsum, and tip; larynx heightThe model generates a two- years old. A total of about 7000 vowels for each age were
dimensional mid-sagittal section, as well as the correspondnodeled. These MVS are represented in Fig. 1. For the sake
ing area functior{three-dimensional equivalenfrom which  of clarity, only the newborn and adult MVS are shown. A
it is possible to calculate the harmonic respoiisansfer comparison of the acoustic data simulated by the model with
function), formant frequencies(resonance maxima and  previous data gathered on children’s speech resulted in a
speech signalBadin and Fant, 1984 The seven parameters fairly good fit, hence ensuring realistic MVS.
P;, ie{l1..7}, are adjustable at a value in the range*d.5 Since the articulatory prototypes had already been deter-
standard deviations. The growth process is introduced bynined, for the adult stage, based on typological studies
modifying the longitudinal dimension of the vocal tract ac- (Vallee, 1994 and inversion, they were used as a starting

A. Overview of the model
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FIG. 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and F2/F3 spaces, with prototypical focal
vowels 1y u a/ (represented by circles and labele®,'y0, u0, a0” for the newborn, and represented by stars and label2d, $21,u21,a21" for the adul).

point for the other growth stages. Because of the nonunifornconstant relative position in each F1/F2/F3 MVS.

nature of vocal tract growth simulated by our model, the Next, articulatory parameters were retrieved by an itera-
acoustic results of similar articulatory commands from birthtive inversion method using the pseudo-inverse of the Jaco-
to adulthood were located at different relative positionshian matrix (Jordan and Rumelhart, 1992Since inversion
within the MVS (Ménard and Boge 2000. Therefore, we provides several solutions, we retained the articulatory pro-
established articulatory-acoustic prototypes for each growtlotypes involving the smallest articulatory distarigeterms
stage, based on acoustic criteria inspired from the dispersiomf P; values compared to the adult mal@l years olgl
focalization theory(DFT, cf. Schwartzet al, 1997. In this  (Ménard and Bog2000. Figure 2 groups the set of 70 vow-
theory, it is assumed that vowel systems are shaped by bo#is for the seven growth stages, in the F1/F2 and F2/F3
dispersion constraints increasing mean formant distances bepaces.

tween vowels, and by focalization constraints increasing the  The values of the fourth and fifth formants were finally
trend to have focal vowels in the system, that is, vowels withdetermined by the articulatory commands retrieved by inver-
close F1 and F2, F2 and F3, or F3 and F4. First, by comparsion. Formant bandwidths for the five formants were calcu-
ing the different MVS generated by VLAM, we situated the lated based on an analog simulati@adin and Fant, 1984
four focal vowels ¥, /y/, lu/ and A/, which represent the A cascade formant synthesizer was excited by a glottal wave-
articulatory-acoustic limits of a speaker, within that spaceform generated by the Liljencrants—Fant source model. The
This method was based on the following acoustic criteriaresulting signal was digitized at 22 kHz, and had a duration

(see Fig. L of 600 ms. A fall-rise amplitude contour was applied to the
(i) [i]: focalization of F3 and F4, resulting in maximal F2 signal.
and F3, 2. f0 values
(i) [y]: focalization of F2 and F3, and minimal F1, ’ . _
(iii)  [u]: minimal F1 and F2focalization of F1 and F2 at Fundamental frequencies were chosen according to
their lowest mean position Beck (1996, based on data gathered from children of differ-
(iv) [a]: maximal F1(focalization of F1 and F2 at their entagesf0 values of 450, 360, 300, 270, 240, 210, and 110
highest mean position Hz correspond respectively to 0, 2, 4, 8, 12, 16, and 21 year

olds. Anf0 value of 210 Hz was chosen for the 16-year-old
The remaining vowels were then situated, on the basis of apeaker, representative of an adult female in our analysis. In

200 : T, e 7000
400} i byt e e woo 1
ity :a 7 b0, 6000} e . |
L i € [» J
600 ¢ 4 ee gﬂ [3 & 0090 ¥ @ 3 ° o
®o | . i
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) e L, o ) i,
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FIG. 2. Representation of the stimuli in the F1/F2 and F2/F3 spaces.
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order to separate the influence of vocal tract length arfdof modifications to represent Trauniar's (1981 corrected
values, each of the 70 stimuli was generated with each of thecale. Prior to the Hertz-to-Bark conversion, frequency val-
seven frequency values associated to the seven growtles were corrected as follows:

stages. As a result, a set of 490 stimuli (10 vowels

% 7 growth stages 7 f0 values) was available. (i) frequency values below 150 Hz are raised to 150 Hz.

(i)  for frequencies between 150 Hz and 200 Hz:

_ F.=F-0.2 (F-150), and

C. Experimental procedure (i) for frequencies between 200 and 250 Hz:
Forty-three subjects, aged between 18 and 25 years, par-  Fc=F—0.2 (250-F).

ticipated in the test. The subjects were enrolled in a social

science course and did not have any phonetic knowledgd/n€reFc is the corrected frequency in Hz afds the origi-
They received course credit for their participation. All sub-Nal frequency, in Hz. These values will be referred to as the

jects reported to have no auditory deficit. The experiment ©W-réquency end corrected” values. _
F2' was also computed for each vowel, following the

consisted in one occurrence of the 490 stimuli (10 vowels : )
x 7 growth stages 7 fO values). Stimuli were presented M0del proposed by Mantakgd989. This model gives a

binaurally via high-quality headphones, on a Power Macin-900d approximation of F2 and higher formants in the deter-
tosh 7500/10015-in. screen The subjects’ task was to iden- Mination of vowel quality(Carlsonet al, 1970, using a
tify, by clicking with the mouse on an icofout of ten, the ~ nonlinear weighted sum of F2, F3, and F4. The algorithm
perceived vowel among the ten French oral vowijsue g USed in this work is described in Fig. 3.

0 € ce o a/. Each vowel was represented by a monosyllabic

word of the structuréfV (C)]: “fil" ([fil]), “fe e” ([fe]), “fer”
([fex]), “fa” ([fa]), “fut” ([fy]), “feu” ([fg]), “fl eur”
([fleer]), “ fou” ([fu]), “fort” ([fox]), “ faux” ([fo]). No time  A. Correct identification scores

constraints were imposed, but the participants were encour-  tpe number of correct identification sco@ec. 111D 1

aged tp rely only on Fhe'r immediate appreciation of the,, oo analyzed, irrespective of vowel identity. An analysis of
vowel identity. Each stimulus was presented only once. NQ,;iance (ANOVA), with vocal tract length(7.70 cm—
performance feedback was given. The stimuli were randomﬁewborn, 9.92 cm—2 years old, 10.67 cm—4 years old,
ized across participants. The experiment was preceded by t61 91 m—s years old, 13.52 cm—12 years old, 15.36
practice itemgdifferent from those of the identification test ... 14 years old, and 17.45 cm—21 years)@dd f0 val-

and the subjects.had_ the option qf listening to as many OCies (450, 360, 300, 270, 240, 210, and 110)Hz within
currences of a stimuli as they desired. The test took place ig, i cts factors, was performed on the correct identification
a sound-treated room and lasted about 40 min. scores and revealed a significant effect of both vocal tract
length [F(6,252)=153.39, p<0.01] and fO [F(6,252)
D. Analysis =33.96,p<0.01] on the percentage of correct identification.
An interaction of vocal tract length aniD was also signifi-
cant[F(36,1512)=25.26, p<<0.01]. Mean correct identifi-
First, the results were considered according to their corgation scores, as a function of growth stage, for the séden
rect identification. A stimulus was considered correctly ide”'values, are plotted in Fig. deft pane). A noticeable differ-
tified if its perceived qualityfor instance,i/) was similar to  apce in the shape of the curves is observable, with maxima
the experimenters’ intention, that is, to the nature of the SYNappearing at differert0 values, for increasing ages. On Fig.
thesized vowgl. For eacf0 and vocal tragt lengtitrepre- 4 (right panel, are displayed the “bestf0 values(providing
sented by a given growth stageve determined the number mayimal identification scorggor each growth stage. We ob-
of tokens for which the perceived category was identical t0serye the clear decrease of these i@svalues. If we com-
the a priori phonetic category defined in Fig. 2. pare these to the theoretickd values in the model, a small
mismatch arises, from 8 years old up to 16 years old.

IV. RESULTS

1. Analysis of correct identification scores

2. Analysis of perceptual invariants

Then, acoustic parameters in relation to perceptu
identification were evaluated, without referenceat@riori
phonetic categories displayed in Fig. 2. A stimulus was as- The previous section focused on the adequacy between
signed a vowel category ifand only if the identification perceived and intended stimuli. In this section, we discuss
score for this given vowel was greater than 50%. Featuréhe possible correlates of perceived vowel categories, inde-
analysis was then performed, by a study of perceptual corrgeendently of theira priori phonetic identity (see Sec.
lates of height, place of articulation, and rounding. IIID2). Several analyses of varianéANOVA) were per-

The treatment of the acoustic data involved two majorformed on the data, with the two following within subjects
transformations. First, frequency values, in Hertz, werefactors, and their associated values: vocal tract legth0o
converted into a Bark scale, using the conversion formcm—newborn, 9.92 cm—2 years old, 10.67 cm—4 years
ula proposed by Schroeder et al. (1979:  old, 11.91 cm—8 years old, 13.52 cm—12 years old, 15.36
Fpa= 7* asinhF,/650). We also transformed the fre- cm—16 years old, and 17.45 cm—21 years)@dd f0 val-
quency data following Syrdal and Gopal’$986 proposed ues(450, 360, 300, 270, 240, 210, and 110)Hz

afa. Correlates of perceived vowel features
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1. Openness values of the F1f0 tonotopic distance, represented by the

First, vowels were grouped according to their domi-dashed lines. High vowels y u / correspond to F10 val-
nant|y perceived openness degree: h(ghy u/), m|d-h|gh ues below 2 Bark, mld—hlgh vowels i o/ to F1-f0 values
(le @ol), mid-low (/e ce of), and low (/a/). A repeated ranging from 2 Bark to 4 Bark, and mid-low and low vowels
measures analysis of varian€BNOVA), with vocal tract /e ce o al to values greater than 4 Bark. It is noteworthy that
length and fO values, revealed a main effect dfo  although a clear distinction exists between high and mid-
[F(6,252)=302.11;p<0.01] and of vocal tract length high vowels, and between mid-high and mid-low vowels, the
[F(6,252)=1600.07;p<0.01] on perceived openness de- larger openness degree representedibig hot distinguished
gree. An effect of the interaction of these two factors alsdrom the three mid-low vowelse/ce o/. This fact could be
arose[ F(36,1512)=6.46; p<0.01]. The importance of the accounted for by the unstable phonological system of our
F1-fO difference(in Barks in the perception of the openness subjects. Indeed, French often lacks the back mid-low vowel
feature was first evaluated towards its “classification power”/o/ in its inventory. Note that is nearly absent in the set of
and its ability to group perceived vowel height in separateperceived vowels. The mid-low back category is thus rarely
classes. Figure 5 shows the dominantly perceived opennepsoduced and perceived. As a result, it is possible that the
degrees, represented by regions of at least 50% agreemdaw vowel /fa/ is spreading up to theo/fperceptual zone.
among subjects, in the traditional F1 vs F2 space, and in thilereafter, the four vowels: /ae o a/ will be grouped in the
F1-fO vs F2 space. Traunitier’'s (1981 low-frequency end “low vowels” class.
corrected scale was used. Figuréupper paneldepicts the To assess the validity of the thresholds of 2 and 4 Bark,
poor normalizing effect of F1 alone on openness. As can bdable Il lists the classification scores of the three groups of
seen from Fig. Rlower pane), three classes of vowels, clas- perceived vowelshigh, mid-high, low, for the 3 F1f0
sified according to their height, are distinguished by differentclasses defined by the 2 and 4-Bark boundaries. Percentages

8 4505
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2
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FIG. 4. Number of correct identifications as a function of age, for d@chalue(left pane) and comparison of perceptually optinfdl values as a function
of age(right pane).
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FIG. 6. Representation of dominantly perceived vowels along thefl

dimension, as a function df0 (triangles: perceived high ¥ u/, dots: per-
-4 T T T T T T ceived mid-high¢ ¢ o/, diamonds: perceived mid-low and low ¢e o a/).
All values in Barks, using low-frequency end corrected scale.

F1-f0<2 Bark classifies 98.2% of high vowels, it also in-
cludes 11.7% of mid-high vowels. The latter score depicts
the rejection power of the criteria. The class of Hl-be-
tween 2 and 4 Bark classifies 86.7% of mid-high vowels, but
includes only 1.8% and 2.8% of high and low vowels, re-
spectively. These preliminary results support the hypothesis
that perceived openness is related to thef Blparametefin
Barks, and that[ +high] versus[ —high] vowels are distin-
guished by a threshold of 2 Bark, while mid-high versus
mid-low and low vowels are distinguished by a threshold of
50 18 " ) 15 10 P 5 4 Bark. The use of the low-frequency end corrected values
F2 (Bark) resulted in better classification and rejection scores for all

_ _ o classes of vowels. These results lend some lines of evidence
FIG. 5. Dominantly perceived vowel categories, in the F1 vs F2 space . , .
(upper panel (for the sake of clarity, labels were slightly displagezhd to Traunmiler’s (1981 claim about the role of F¥0 as an
F1-f0 vs F2 spacélower panel. invariant correlate of perceived vowel height.

F1-f0 (Bark)

are calculated on the total of vowels actually perceived high, o

mid-high, and mid-low/low. Original and low-frequency end <- f0-dependency limit

corrected values are also presented. In his analysis, Trauniiler (1981) shows that the five
Table II shows that whereas the acoustic criteria ofppenness degrees are distinguished by thd G-parameter,

belowf0 values of about 350 Hz. Above this value, interme-

TABLE Il. Proportion and numbefin parenthesgsof vowels of the three ~ diate degrees are rarely perceived and the distinction be-

perceived openness degrees along thef@ldimension, in Barks. tween degree 4 and degree 5 is correlated to F1 only. The

author attributes this result to a natural threshold in the au-

ditory perceptual system, related to the well known 3-3.5-

Uncorrected values Bark critical distance of spectral integration. Above this

Perceived height ~ x<2Bark 4 Bark>x>2Bark  x=4 Bark

High 0.958 0.042 0 limit, in his psychoacoustic model, the two lowest partials

Ay (158 @ ©@ would no longer be integrated. In order t this hypoth

Mid-high 0.125 0.820 0.055 ould no fonger be integrated. In order (o assess this hypotn-

leg ol (16) (105 @ esis, we plotted our data in the FO-vsfO plane, in Fig. 6.

Low 0 0.037 0.963 Solid lines correspond to the maximal FQ-values for per-

le e af ) () (104 ceived high vowels, and minimal FfIO values for perceived
Low-frequency end corrected values mid—low and low vowels. Da_shed Ii_nes_stand for lower and

High 0.982 0.018 0 higher F1{f0 values of perceived mid-high vowels.

fiy ul (162 () ) The 2 and 4-Bark boundaries seem to be effective for all

Mid-high 0.117 0.867 0.016 the fO range. Despite the slight decrease of the boundaries,

/Leof:v()/ 815) glégs %)972 this graph contrasts with Traunfier's (1981 scheme,

le 8o al 0) 3) (109 where boundaries are differently represented along the

fO continuum. Before ruling out the possibility of a
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f0-dependency limit of the F10 parameter, a closer inves- 3. Place of articulation

tigation of the identification functions was carried out. With respect to the front/back feature, perceived vowels
Probit statistical analyses were performed on the heighivere grouped according to their place of articulation: front
perceptual scores as a function of il Barks, for each set (/i y e ¢ ¢ ce/) and back(/u o o/). A repeated measures
of f0 values, in order to determine the exact location of theanalysis of variancéANOVA), with vocal tract length and
50% category boundary. The identification functions re-fQ values, revealed a main effect of the vocal tract length
vealed a significant difference amom@ sets, lending sup- factor [F(6,252)=30.31;p<0.01], but no effect of fO.
port to the F1f0 invariant. Note that a good fit was obtained However, an effect of the interaction of these two factors
by imposing parallelism among the seven functions, disappearedF(36,1512)=3.33; p<0.01]. A study of the cor-
played in Fig. 7. Figure 8 represents the 50% categoryelations between the percentage of perceived front vowels
boundary along the F1 dimension, as a functionf@f for  and several spectral parameters was then performed. The fol-
perceived high versus non-high and low versus non-low detowing parameters were considered, all values in Barks: F2,
grees. Original values, in Barks, and Trauriew (198)  F2-f0, ((F2-f0)+F1)/2, F2-F1, F3-F2. Except for
low-frequency end corrected values are compared. Linear rq{F2-f0)+F1)/2, all parameters were highly correlated to
gression analyses performed on the two functions respegerceived frontness (FR=0.72; F2{0:r=0.68; F2-F1:
tively provide slope values of 0.6fhigh versus mid-high r=0.84; F3-F2r=0.82). F2-F1 and F3-F2 appear to be the
and 0.66(mid-high versus low for raw fO values, and 0.71 best predictors of perceived place of articulation.
(high versus mid-highand 0.73(mid-high versus low for Next, we tested front—back classification based on these
correctedfO values. Altogether, this confirms the validity of parameters. Although F2, FP3, F2-F1, and F3-F2 provide
F1-fO and of the low-frequency end correction to deal withhigh scores, F2-F1 performs slightly bett@able Ill). The
height perception in French. stimuli yielding 50% agreement are plotted in Fig. 9, in the
F1-f0 vs F2-F1 and Fif0 vs F3-F2 planes. The F2-F1
boundary at 5.5 Bark involves less error, but there is, for the
correctly classified vowels, a better separation in terms of
i F3-F2(Fig. 9, right panel
One can conceive the two possible parameters as reflect-
ing two perceptual strategies used by the subjects to identify
- front and back vowels. On the one hand, listeners could rely
on the existence of a low energy concentration, that is, two
close formants in the vicinity of F1 and F2, to identify the
. vowel as a back one. This strategy corresponds to the F2-F1
parametelFig. 9, left panel. Above 5.5 Bark, front vowels
are perceived and below 5.5 Bark, back vowels are per-
. ceived. On the other hand, another perceptual strategy would
be based on the existence of two widely spaced energy con-
centrations in the higher frequency region of the spectrum
A : 5 (F2 and F3, such a pattern denoting a back vowel. This
fO(Bark) strategy is represented by the F3-F2 param@tiy. 9, right
_ pane). Note that Traunmiter (1981 also reports that a large
FIG. 8. 1 category boundary for high versus non-higincles and low 0o hject variability is found in the use of these two strat-
versus non-low(starg vowels, as a function of0. Solid lines: uncorrected .
values, dashed lines: low-frequency end corrected values. All values ifgies. In order to adequately represent the use of these cues,
Barks. F2' was considered, and the difference betweeh &l F1

F1 category boundary (Bark)
= o ) ~
o [5)] m [a2) (4] ~ [4)]

&~
T

35
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TABLE lIl. Proportion and numbe(in parenthesgf vowels of perceived place of articulation classified along
the F2, F2{0, F2-F1, and F3-F2 dimensions, in Barks.

F2 F2£0 F2-F1 F3-F2
Perc. x>11 x<11l x>5 x<5 x>5.5 Xx<5.5 x<5 x>5
front-back Bark Bark Bark Bark Bark Bark Bark Bark
Front 0.972 0.028 0.972 0.028 0.996 0.004 0.972 0.028
lieeyocel (240 @ (240 @ (246 D (240 @
Back 0.011 0.989 0.054 0.946 0.022 0.978 0.011 0.989
lu ool 1) (92 5) (89 2 91 (1) (92

was evaluated. Nevertheless, this parameter did not showle of f0, the labeling F2 performances were submitted to

any improvement in the classification. probit analysis. Figure 12, displaying the seven functions,
Finally, the variation of the F2-F1 boundary over the with imposed parallelism, for eadi® value, clearly confirms

entire fO range was assessed by probit analysis. Identificat-he efficiency of F2, and shows thalt0 is not a normalizing
tion functions were plotted, for ead® value, for F2-F1(in .
parameter for perceived roundedness.

Barks. The 50% perceived frontness boundaries were com* o .

pared in each of the sevé conditions. No significant dif- The validity of the F2 parameter for perceived round-

ference was observed among fitevalues, as can be seen in edness is, however, likely restricted to the front vowels,
Fig. 10. Thus, the F2-F1 achieves full normalization, 4ad Whereas F2F1 is shown to be a better correlate of this

does not seem to play a significant part for frontness identifeature for back vowelsfor languages like Turkish, Viet-

fication. namese, et according to Traunmler and Lacerd1987.*
. Furthermore, the value of our category boundéry Bark,
4. Rounding corresponding to 2730 Hids to be related to the reference

Regarding the rounding feature, an analysis of varianc&alue of 2800 Hz also reported by Traunileuand Lacerda
(ANOVA) of perceived rounding, with vocal tract length and (1987 in a study of the perceptual correlates of backness and
fO values as within subjects factors, suggested a main effeepundedness for two-formant vowels typical of Swedish and
of fO [F(6,252)=10.23; p<0.00] and vocal tract length  Turkish. The invariant description proposed is based on the
[F(6,252)=165.01;p<0.01], as well as a noticeable effect tonotopic distance between Fand two reference points. A

of the interaction of the two factorpF(36,1512)=3.91;  |andmark located at 3 Bark abo¥®, as well as an absolute

p<0.01]. The data were analyzed for perceived vowels for 5 e of 2800 Hz, serve as references in the model. As dis-
which a rounding distinction was identifigthat is, the front

., cussed by the authors, the existence of the latter reference
vowels i e ¢/ vs ky @ cel). Only these vowels were consid-

. . . value at this specific location remains unclear. On the one
ered, since the other ones are not phonologically specifie

for this feature in French. Several parameters, such as F2-F f';md, 2800 Hz could be related to the average F3 of an adult

F3-F2, F2. and F2-f0 were estimated. F2-F1 and F3-F2 speaker. This hypothesis requires, however, a perceptual
achieve poor performances, as was already seen in Fig. g.numbering of the formants. On the other hand, 2800 Hz is 3

Despite the large intraclass dispersion for rounded anfark below the spectral attenuation observed in the high-
unrounded vowels, F2provides good classification scores frequency region. The two reference points of 3 Bark above
(Table 1V, Fig. 12. Thus, a perceived rounded vowel shows fO and 3 Bark below this value thus represent a symmetrical
a F2 value lower than 15 Bark, whereas an unroundedwvindow of spectral onset and offset, used to represent invari-
vowel corresponds to Fyreater than 15 Bark. To assess theance.

4 — : - .
2 ; 4y u ¥ 2r w ¥
Jli j::/v‘v .Y Pty Euuu mllu
L B AR LT T s i u
= i g AT % MM Y = y u B u
E 5L i1 I 1E_.V G’J:_ '~ e u‘H ﬂ A i E 2t g o Ug y HH
RS B 98T B AR B B 8 §°5° B
AT EE IR A A0 Tl o o9° ¥
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FIG. 9. Dominantly perceived vowels plotted in the-Fl0 vs F2-F1 spacgleft pane) and F1-f0 vs F3-F2 spacgright panel. All values in Barks.
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FIG. 10. Probit modelingby imposed parallelism among the curves
perceived frontness as a function of FE1, for all fO values.

TABLE IV. Proportion and numbetin parenthesgsof rounded and un-
rounded vowels along the FZ0 and F2 dimensions, in Barks.

F2’'-f0 F2'

Perceived roundednesg<12 Bark x>12 Bark x<15 Bark x>15 Bark

Rounded 0.917 0.083 0.967 0.033
1y, @, cel (110 (19 (118 4
Unrounded 0.102 0.898 0.031 0.969
lieel (13 (119 @ (123

F1-f0 (Bark)

2 20 18 16 12 10 8 &

14
F2' (Bark)

FIG. 11. Dominantly perceived vowels plotted in the-Ffl0 vs F2 space.
All values in Barks.
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perceived rounding as a function of FZor eachfO value. All values in
Barks.
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TABLE V. Classification matrix for the linear discriminant analysis on 10
classes of vowelglines: perceived labels; columns: computed labels
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5. General classification of vowels

Finally, we performed a linear discriminant analysis on
the ten classes of perceived vowels. One of each of the fol-
lowing groups of possible classification parameters were pro-
vided to the model:

(i) for height: F1, F1f0;

(i)  for place of articulation(front-backness F2, F250,
F2-F1, F3-F2; and

(i)  for rounding: F2-f0, F2.

The highest classification scores were achieved by
F1-f0, F2-F1, and F2 The resulting classification matrix is
tabulated in Table V.

Except for b/, the good scores confirm that from the
traditional four-dimensional acoustic spa@el, F2, F3, and
F4), a three-dimensional “perceptual” space, for French
vowels, is provided by the following correlates: FQ; F2-

F1, and F2. Classification in this algorithm involves, first, a
transformation of Hertz values into critical band unit
Bark), and, then, a difference between Bark acoustic param-
eters, for height and place of articulation. For rounding, a
spectral integration mechanism occurs, based on the patterns
of distance between F2, F3, and F4. The resulting parameters
are then compared to memory stored templates for each pho-
nological category. Note that results give good support to a
feature extraction process.

V. DISCUSSION

From this pattern of results, we shall first attempt to
come back to the invariance issue. Then, we shall focus on
the auditory processing of formants, in particular F1, for high
fO values. At last, we shall discuss what kinds of constraints
these perceptual data might provide for the acquisition of
control for speech production.

A. Testing Diehl’s three theories of vowel
normalization

In Sec. Il, several theoretical approaches, dealing with
interspeaker variability and vowel normalization, were
briefly introduced. In a recent paper, DidI000 discusses
three hypotheses about the nature of perceptual boundaries
among vowels. Even though our corpus, designed to evaluate
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general classification processes, does not allow us to tesffect could be of importance also. Altogether, we can con-
each of these hypotheses, our results can be considered in then that Bark transforms and interfrequency distances are
light of these assumptions. The Chistovich/Syrdal hypothesibasic for vowel normalization and identification, but we may

claims that perceptual invariance operates on a 3—3.5-Baruggest that for complex feature patterns, as for French
critical distance, used to perform a binary classification ofrounding, the linear assumption is at the very least debatable.
feature values. According to Traunti®r's (1984 hypoth-

esis, boundaries are related to a weighted combination af The case of high FO values

tonotopic distance between any adjacent peak, the weight of ) i ,

each distance being inversely correlated to the distance ©WiNg to the low F1 associated with the adult vocal

value, up to 6 Bark. Beyond this threshold, the distance is nd@ct: for close vowels, combined with high values of 450

longer taken into account. According to the third hypothesié_'Z’ the F170 parameter someUmgs re?ults in neggtl\r/]e val-
(Molis, 1999, perceptual categories would be delimited by Y€S: @S can be_ obsgrved on previous figures. It might seem
relatively linear functions of formant valugi Barks. theoretically misleading to represent as a perceptual cue the

Regarding openness, results of our analysis have Shov\;ﬁegatri]ve difference ieltween dFl ?:flﬂ th_zt is,_f_to dcgnce?ve h
that the difference between F1 afd, in Barks, is a nearly that the energy peak located at IS identified despite the

invariant correlate of perceived vowel height. Two bound-IA‘:’lSCg gf hta;]rmccj)_n[[cs. Fukr)thtermor(taf,] |ntthe|caseft0r:valuesg
aries delimited high vowels versus mid-high vowgsBark) z, the distance between the two lowes armo@
Bark) is within the range of 3—3.5 Bark, representing the

and mid-high versus mid-low and low vowel Bark). The tical dist f tral int i It d be th
data do not support the hypothesis of a universal threshold ocﬁ' Ical distance of spectral integration. 1t could be the case
at these two harmonics are no longer integrated and per-

3-3.5 Bark, corresponding to the critical distance of spectraﬁ ved rat ks. Other anal wer ried out t
integration, used to perform a binary classification of theC€!VEC as separate peaks. Er analyses were carried out to

: . . evaluate the contribution of several cues in the low-
[+high] versus[—high] vowels, as reported in Syrdal and

. .. . frequency region, which would represent the felparam-
Gopal (1986. Our threshold for such a binary classification . .
would correspond to 2 Bark. The D parametefin Barks eter. Hoemeke and Dielil994 describe a few models used

. . . to compute theeffective first formantcorresponding to the
represents also a continuum along which perceived openness

can be classifiedthe greater the value of Fi9, the more perceived first energy peak, as opposed tortbeninal first
open the perceived vowel Traunnilier (198]5 obtained formant representing the synthesized one. A spectral analy-

similar results, that is, the distinction between the first andSIS was performed on the signals witd values of 450 Hz,

in order val he effective first formant in two ways:
second degrees of openness corresponds to E0Rdeund- order to evaluate the effective first formant in two ways

ary of about 1.2 Bark, lower than the critical distance. Thisthe most prominent harmoni¢i() in the vicinity of nominal

dif bri h " f th : | nat Fl (F1eff), and the frequency centroid of the first two har-
ierence brings up the question ot the universal natire OmonicsHl andH, (Fleff2, that is, an amplitude-weighted

szr;en%lgé gz{ig%%”e;’a;g:zdr;grgﬂﬁ?;?%ﬁﬁjﬁ?ﬁgﬁ?}é SY(im of frequency values. If we consider the set of domi-
. S . _ tl ived Is for whichO value is 450 Hz, Fig.
adaptive variability theoryLindblom, 1996, according to nantly perceived VOWe's for whichis value 15 Z M9

hich q ; fh | danti I13 suggests that the normalized F2-F1 vs flelspace
which sound systems of human fanguages may adapliVelepieyes a petter classification for high versus mid-high

SR NYowels when F1 is represented Byleffl (left pane) than
for category discriminations. Indeed, the data for French d's\'/vhen F1 is computed usingleff2 (right pane. Thus, it

play boundary values along the FD- dimension that differ seems that whehl; amplitude is very important, a separate

from both Bavarian and American English, despite the Comi)??ak perception is induced at this location and high vowels

mon use of this acoustic parameter as an invariant correla e perceived, with F£0 below 2 Bark. WherH, is more

of perceived openness. , intense, mid-high vowels are perceived and flelLis within

. We now come back to the second hypothesis, by Traung,q ¢|ass defined by the 2- and 4-Bark boundaries. Neverthe-
muler. The prediction is the following. Since for d0 value o5 F1effo-f0operates a better classification for mid-high
of 110 Hz, F1{0 is greater than for stimuli with af0 value versus low vowelgFig. 13, right panél It remains arguable,

of 450 Hz, the F1f0 parameter could be a poorer predictor o\ eyer, that these two models represent a good approxima-
of perceived openness for the former set than for the latteg;,, of perceived F1, considering the high correlation be-

At higher f0 values, F1f0 becomes smaller, and its percep- yveen F1§0 and perceived height fdi0 values of 450 Hz,
tual weight therefore more important. Linear regressions Calfeported in Sec. VA.

ried out for each set of0 values confirm this assumption.
Indeed,r? varies from 0.87 to 0.67 fof0 values ranging . . .
from 450 to 110 Hz. On the other hand, for F2-F1 and F3-F2,C' Possible constraints on speech production
no relations between the magnitude of the distance and the Thanks to the articulatory model simulating the extreme
variance explained was revealed. limits of vocal tract growth(birth and adulhood a wide
Finally, our pattern of data provides good support for thevariety of vocal tract lengths was synthesized. Combined
third hypothesis suggested by Molis, based on frequency diswith our perceptual results, it seems clear that the three car-
tances in Barks, for height and front—back contrasts, wittdinal vowels 1 u a/ could be produced with a very small
F1-f0 in the first case, and F2-F1 and F3-F2 in the secondocal tract, and still be perceived. Obviously, sensorimotor
case. However, the data for rounding suggest that nonlinearontrol capabilities prevent the newborn from using his or
formant processing based on'Fand the center of gravity her articulators to produce such vowels. However, the two
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FIG. 13. Dominantly perceived vowels for whidi®>450 Hz. Two representations are used to compute F1: most prominent harmonic in the vicinity of
nominal F1(F1leff) (left pane) and centroid frequency of the first two harmoni€d.eff2 (right pane). All values in Barks.

front rounded vowelsy/oe/ and the back ones //, synthe-  their boundaries as limits within which formants can be
sized with a newborn vocal tract, are not perceived by aspaced from each other. This can in turn be considered as
least 50% of the subjects. Of course, this phenomenon couliimiting the production variability and thus representing per-
be explained by poor prototypes, based on acoustic criterieptual constraints on speech production. In the case of
or by the impossibility of perceiving these particular Frenchheight, the 2- and 4-Bark boundaries show that for higlier
vowel categories, as produced by a newbornlike vocal tracthe first formant can be very higlabove 450 Hy, but asf0
In a perceptual experiment aiming at determining the percepdecreases, F1 must decrease as well, in order to ensure a
tual categorization of the entire MVS, for five growth stagesconstant F1f0 value. Besides cavity lengthening, a wide
(newborn, 4, 10, 16, and 21 years pldtimuli have been variety of articulatory manoeuvres are possible to lower F1,
generated, for a grid of acoustic values covering the F1/F2specially for cases where F1 is affiliated to a Helmholtz
and F2/F3 range of each MV8Viénard and Bog 2007). resonator.
Forty French subjects had the task of identifying which of For place of articulation, related to F2-FfI) does not
the ten French oral vowels was closest to the stimulus. Foseem to be relevant. Hence, the speaker’s task would consist
the five growth stages, perceived vowels corresponding tin maintaining widely spacedgreater than 5.5 Baykor
50% agreement among subjects were found for the ninelosely spacedower than 5.5 Barkformants for F1 and F2.
French phonological categorigsy/u e ¢ o € ce a/, when b/ Since these two formants are mainly affiliated to a Helmholtz
and b/ were grouped together, in order to take into accountesonator of the vocal tract and to the front or back cavity,
the unstable opposition betweesf And b/, in French. Dis- one must consider here the difference in the ratio of the
persion ellipses of perceived vowel category, in the newboripharyngeal versus mouth cavity length between children and
vocal tract, are drawn in Fig. 14. Thus, the absence of peradults, yielded by nonuniform vocal tract growth. For the
ceived ¥ ce/ is likely attributable to poor acoustic prototypes, same articulatory positions, for front vowels, the modeled
for our subjects, and the absence of/, to listeners’ pho-  baby produces greater F2-F1 since F1 varies less than F2.
nological confusion between the mid vowelg And b/. This F2-F1 value remains over the 5.5-Bark boundary and,
It has been claimed that perceptual goals can explain thiollowing our perceptual correlate, F2 and F1 being widely
covariance of different production strategies, to enhance awpaced in front vowels, no articulatory compensation strate-
ditory distinctivenessLotto et al, 1997. As regards English gies would be perceptually driven for smaller vocal tracts.
vowels normalization, Syrdal and Gopd986 interpreted However, for very back vowels such ag And b/, for simi-
lar articulatory positions, since F2-F1 is greater for the baby
200 , , ‘ , compared to the adult, a value close(tw greater thanthe
. 5.5-Bark boundary is realized by the former. Consequently,
SN A | F2-F1 would have to be decreased for the infant by a differ-
so0f <TG *e' xfo . ent position of the tongue dorsum and tongue bdugnce
gool g lengthening the cavity affiliated to F2 and lowering)F2
and/or by manoeuvres recruted in order to increase F1.
In the case of roundedness, one can expect that the low
F2' required for y/, as opposed to the high F2or /i/, will
limit the extent to which cavities affiliated to F2 and F3 can
be shortened or lengthened. Indeed, in the caseg/pffar
small vocal tracts, F2 becomes affiliated to the front cavity
'®%00 s000 4000 3000 2000 1000 O (the cavity created by the constriction of the tongue towards
F2 H2) the palate and the protrusion of the lipand F3, to the back

FIG. 14. Dispersion ellipset 1.5 s.d) of the dominantly perceived French Cavity. For an adult male, '_[WO p_e_lttems are observedyfor /
vowels, for the maximal vowel space of a newborn. (Schwartzet al, 1993: F2 is affiliated to the back or the
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front cavity, and, in a complementary way, F3 is associatedcan be perceived for the entire range of possible variations, despite the
to the front or the back cavity, respectively. Owing to theAPE_SSIbI“ty of Ovzfest"?)atlng their magnitude.

long cavities of an adult male, an F2alue below 15 Bark, 'S Was pointed out by an anonymous reviewer.

typical of rounded vowels, is easily achieved fgi the front

or the back cavitydepending on the type of formant-cavity Ainsworth, W. A. (1971). “Perception of synthesized isolated vowels and

affiliation pattern can be lengthened by the lip protrusion ngl‘gg;d_slg; N function of fundamental frequency,” J. Acoust. Soc. Am.

gesture in order to reach this value. As a result, F2 and FRinsworth, W. A. (1975. “Intrinsic and Extrinsic Factors in Vowel Judge-
will be located below 15 Bark, both contributing to F2  ments,” in Auditory Analysis and Perception of Spegetited by G. Fant
lower than 15 Bark. However, for children’s vocal tract, due and M. A. A. Tatham(Academic, Londop pp. 103-113.

L - . Badin, P., and Fant, G1984). “Notes on vocal tract computations,” STL
to the short cavities, F2 and F3 values in our synthesiged / QPSR2-3, 53-108.

are greater than 15 Bark, resulting in a perceived unroundegeck, J. M.(1996. “Organic variation of the vocal apparatus,” iHand-
vowel. In the model, this was the case for the newborn, and book of Phonetic Sciencesdited by W. J. Hardcastle and J. LayBlack-
the 4- and 10-year-old growth stages. One can thus postulag?ge”' London), pp. 256-297.

. . . . don, R. A. W.,, and Fant, G(1978. “A two-formant model and the
that for speakers with this vocal tract configuration, the task™ ., ginal vowels.” STL-OPSR. 1-8.

of producing front rounded vowels would require that, inBog L.-J., and Maeda, $1997. “Modélisation de la croissance du conduit
order to reach a value below 15 Bark fgv,/F2 has to be vocal. Espace vocalique des nouveauz-eé des adultes. Corgeences

sufficiently lowered by compensation articulatory strategies, Pour Fontogenee et la phylogere,” Journes d'Hudes Linguistiques:
. . r . . . La Voyelle dans Tous cest&s” Nantes, pp. 98—105.
contributing to decrease F2Further investigation, based on gua | _j. perrier, P, Guin, B., and Schwartz, J.-L(1989. “Maximal

an analysis of naturally produced vowels in the light of such vowel Space,” inEuropean Conference on Speech Communication and
constraints, is in process. Technology (Eurospeechiparis, France, pp. 281-284.
Carlson, R., Granstro, B., and Fant, G(1970. “Some studies concerning
perception of isolated vowels,” STL-QPSR-3, 19-35.
VI. CONCLUSION Carlson, R., Granstm, B., and Klatt, D.(1979. “Vowel perception: The
relative salience of selected acoustic manipulations,” STL-QB&R.9—
This article aimed at determining invariant acoustic cor- 3s.
relates of French vowels through a study of auditory normal<Chistovich, L. A., Sheikin, R. L., and Lublinskaya, V. M979. “Centres of

ization of arowin kers. B n r fa n- Gravi_ty’ and Spectral Peaks as _the Determinants of VOWEl Quality,” in
atc_) ot gro . 9 ?pea ers. Based on a co_pus of 490 sy Frontiers of Speech Communication Reseasttited by B. Lindblom and
thesaqd vocalic ;tlmull produced by an artlculatory model s thman(Academic, Londoh pp. 143—157.

simulating nonuniform vocal tract growth from birth to Delattre, P., Liberman, A. M., Cooper, F. S., and Gertsmart962. “An

adulthood, several vocal tract lengths afdl values were experimental study of the acoustic determinants of vowel color; observa-

: tions on one- and two-formant vowels synthesized from spectrographic
generated. Perceptual tests were performed on the stlmuhpattemS’" Word8, 195—210

and the data were ClaSSiﬁeq in order to retrieve phonetigjen, R. L. (2000. “Searching for an Auditory Description of Vowel Cat-
features and vocalic categories. It has been shown that theegories,” Phonetic&7, 267-274.
distance between F1 arf@’ in Barksy is a nearly invariant Fahey, R. P., Diehl, R. L., and Trauntta, H. (1996. “Perception of back

parameter of perceived vowel height Furthermore. the vowels: effects of varying F1-FO Bark distance,” J. Acoust. Soc. A8).
: ’ 2350-2357.

front—backness dimension is determined by F2-F1, in Barkszant, G.(1983. “Feature analysis of Swedish vowels—A revisit,” STL-
As regards rounding, an attempt to model perceptual data byQPSR2-3, 1-19. ) S
minor changes to an existing model of the effective seconéfant. G., Carlson R., and GranstipB. (1974. “The [e]-{#] ambiguity,” in

formant EZ aave rather d classification r Th Proceedings of Speech Communication Semi&tockholm, pp. 117-121.
orma g er goo S scores. eSEiFujisaki, H., and Kawashima, T1968. “The Roles of Pitch and Higher

analyses are of great interest for the development of normal-Formants in the Perception of Vowels,” IEEE Trans. Audio Electroacoust.
ization procedures, and allow the formulation of hypotheses AU-16(1), 73-77.

regarding the perceptual constraints on speech productioﬁ;oldstein, U. G(1980. “An articulatory model for the vocal tract of the
‘growing children,” Thesis of Doctor of Science, MIT, Cambridge, MA.

from a language acquisition and developmental point Ofjenbrand, J., Getty, L. A., Clark, M. J., and Wheeler, (£995. “Acous-

View. tic characteristics of American English vowels,” J. Acoust. Soc. AT.
3099-3111.

Hirahara, T., and Kato, H1992. “The Effect of FO on Vowel Identifica-
tion,” in Speech Perception, Production and Linguistic Structedited

. . . by Y. Tohkura, E. Vatikiotis-Bateson, and Y. Sagisdkehmsha/IOS, To-
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