Auditory normalization of French vowels synthesized by an
articulatory model simulating growth from birth to adulthood
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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 /iyue g o
£ ce 9 a/ 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 F1 and f0 in 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 production. © 2002 Acoustical Society of America.
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PACS numbers: 43.71.An, 43.71.Es, 43.70.Bk, 43.71.Bp [KRK]

1. INTRODUCTION

Variability involved in vowel production is large. A ma-
jor source of variability comes from interindividual differ-
ences such as the speaker’s age and sex. It is well known that
vowels produced by speakers with a smaller vocal tract (chil-
dren and women) have higher formant values (Peterson and
Barney, 1952; Hillenbrand et al., 1995; Lee et al., 1999).
Furthermore, fundamental frequency decreases during
growth. Considering these important variations, traditional
vowel characterization by the first three formant values faces
several problems. Peterson and Barney (1952) report that
formant values of ten American English vowels uttered by
men, women, and children partially overlap in the F1/F2 and
F2/F3 acoustic spaces. Despite this overlap, perceivers cor-
rectly identify each of the ten vowels. The question therefore
arises: what are the parameters involved in the identification
of distinct phonological categories?

This question is of major importance regarding the issue
of language acquisition, especially in the light of the child-
adult speech interaction. Indeed, the emergence of native lan-
guage phonological categories must take into account the
possibility for infants to compare, and hence normalize, their
own production to the surrounding speech sounds, and we
know they are indeed able to do so (Kuhl and Meltzoff,
1996). In this article, an articulatory model simulating non-
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uniform vocal tract growth has been exploited in order to
create an extended set of synthesized stimuli, while carefully
controlling articulatory and acoustic coherence. These
stimuli have been designed to cover the extreme possibilities
of vocal tract configurations for growing speakers, from birth
to adulthood. The remainder of the article is divided into four
parts. First, a brief literature review will be presented in Sec.
II. The method and the results will then be described in Secs.
III and IV. Comparison of our results with the existing nor-
malization theories and related issues will be addressed in
the discussion in Sec. V.

Il. INVARIANCE AND NORMALIZATION

During the past decades, several studies have attempted
to identify and deal with interindividual variability found in
vowel production. At the perceptual level, these normaliza-
tion procedures all aim at reducing intraclass variability and
dispersion of some parameters by seeking invariant determi-
nants of each vowel class. But the level at which these de-
terminants are to be extracted is a subject of debate. Indeed,
the invariance problem is claimed to exist in the acoustic
signal (Stevens, 1996), in the speech gestures at the articula-
tory level (Liberman and Mattingly, 1985), or as a trade-off
between perceptual requirements and production specifica-
tion (Lindblom, 1996). The present study focuses on acoustic
information.

At the acoustic level, attempts in formant variability nor-
malization can be summarized by two main approaches, de-
fined by the kind of information required by the process.

© 2002 Acoustical Society of America



TABLE L Feature analysis of French vowels.

Front
Unrounded Rounded Back
High i y u
Mid-high e - [] [}
Mid-low € e o
Low a

D. The French oral vowel system

The previous sections showed that in order to deal with
intersubject variability, several parameters were proposed as
normalizing factors. The following experiment was designed
to determine the main acoustic parameters involved in the
perceptual normalization of French vowels uttered by vari-
ous “synthetic speakers,” from birth to adulthood. To assess
the relevance of attested normalizing factors in the identifi-
cation of French vowels, we synthesized, with an articulatory
model integrating nonuniform vecal tract growth, the ten
French oral vowels /iy u e @ o € ce o a/ at different growth
stages and different fO values.

The French phonological system has a double advan-
tage. First, vowel contrasts are realized along three features:
height, place of articulation (front/back), and roundedness
for front vowels (see Table I}. Second, it does not include
phonological tense-lax distinctions, and dynamics do not
seem to play an important role in vowel identification, apart
from classical vowel reduction phenomena. These specifica-
tions allow the manipulation of constant spectral parameters,
without considering timing and spectral trajectories.

. METHOD
A. Overview of the model

Stimuli consist of five-formant vowels generated by for-
mant synthesis with the Variable Linear Articulatory Model
(hereafter VLAM) developed by S. Maeda (Boe and Maeda,
1997), which integrates knowledge acquired from previous
articulatory models with the growth data currently available
(Goldstein, 1980). The VLAM model was implemented and
tested at ICP in an environment originally developed for an
articulatory model of adult speech established from cinera-
diographic data and derived from a statistical analysis guided
by knowledge of the physiology of the articulators. This an-
thropomorphic model has the advantage that it intrinsically
takes into account certain articulatory production constraints:
the seven control parameters are directly interpretable in
terms of functionally organized articulatory blocks (jaw; la-
bial protrusion and aperture; movement of the tongue body,
dorsum, and tip; larynx height). The model generates a two-
dimensional mid-sagittal section, as well as the correspond-
ing area function (three-dimensional equivalent), from which
it is possible to calculate the harmonic response (transfer
function), formant frequencies (resomance maxima), and
speech signal (Badin and Fant, 1984). The seven parameters
P;, i e{1..7}, are adjustable at a value in the range of +3.5
standard deviations. The growth process is introduced by
modifying the longitudinal dimension of the vocal tract ac-
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cording to two scale factors, one for the anterior part of the
vocal tract and the other for the pharynx, interpolating the
zone in-between.! The evolution of the scale factors was cali-
brated using the data provided by Goldstein (1980), who
reports measurements made on cineradiographic images of
children. Nonuniform vocal tract growth can be simulated
for a male speaker year by year and month by month. Simi-
larly, fO values are adjustable. By default, fO 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.

B. Stimuli

1. Formant patterns

Vocal tracts representative of the following ages were
simulated: 0, 2, 4, 8, 12, 16, and 21 years old. For each
growth stage, articulatory-acoustic prototypes for the ten
French oral vowels /iy u e ¢ 0 € ce 0 a/ have been deter-
mined using the concept of Maximal Vowel Space (hereafter
MVS, Boe et al., 1989). If the entire input space of com-
mand parameters is explored—while satisfying the condi-
tions for vowel production—one can simulate the maximal
F1/F2/F3 acoustic space appearing at the output. All possible
oral vowels are thus situated within the limits of this space.
This kind of extended generation method allows possibilities
for maximal distinctiveness to be described precisely, and
permits an optimal choice of prototypical realizations.

In the present study, using VLAM, we first generated
MVS for a grid of command parameters P; (—3.5<P;
< +3.5), by a uniform distribution, constraining the minimal
intraoral constriction and lip area to be identical for adults
and children (constriction area of 0.3 cm? and lip area of 0.1
cm?). For the neonate vowel space, these thresholds were
decreased to 0.1 cm? for constriction area and 0.01 cm? for
lip area.? The MVS was simulated by setting the model to
seven growth stages respectively corresponding to a 4-week-
old infant, a 2-, 4-, 8-, and 12-year-old child, a 16-year-old
adolescent, and a 21-year-old adult male. Note that we as-
sume each speaker displays the same sensori-motor control
capacities.> According to Goldstein’s (1980) data, the vocal
tract configuration of an adult female, in terms of overall
length and ratio of the pharyngeal versus oral cavity lengths,
corresponds to the vocal tract of a 16-year-old male. It seems
thus reasonable to consider this growth stage as representa-
tive of an adult female. The following vocal tract length
values were obtained, for a neutral articulatory configuration,
at each growth stage: 7.70 cm (newborn), 9.92 cm (2 years
old), 10.67 cm (4 years old), 11.91 cm (8 years old), 13.52
cm (12 years old), 15.36 cm (16 years old), and 17.45 (21
years old). A total of about 7000 vowels for each age were
modeled. These MVS are represented in Fig. 1. For the sake
of clarity, only the newborn and adult MVS are shown. A
comparison of the acoustic data simulated by the model with
previous data gathered on children’s speech resulted in a
fairly good fit, hence ensuring realistic MVS.

Since the articulatory prototypes had already been deter-
mined, for the adult stage, based on typological studies
(Vallée, 1994) and inversion, they were used as a starting
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FIG. 1. Maximal vowel spaces for a newborn vocal tract and a 'il-year-old adult male vocal tract, in the F1/F2 and F2/F3 spaces, with prototypical focal
vowels /i y u &/ (represented by circles and labeled “i0, y0, u0, a0” for the newborn, and represented by stars and labeled “i21, y21, u21, a21”" for the adult). °

point for the other growth stages. Because of the nonuniform
nature of vocal tract growth simulated by our model, the
acoustic results of similar articulatory commands from birth
to adulthood were located at different relative positions
within the MVS (Ménard and Bo€, 2000). Therefore, we
established articulatory-acoustic prototypes for each growth
stage, based on acoustic criteria inspired from the dispersion-
focalization theory (DFT, cf. Schwartz et al., 1997). In this
theory, it is assumed that vowel systems are shaped by both
dispersion constraints increasing mean formant distances be-
tween vowels, and by focalization constraints increasing the
trend to have focal vowels in the system, that is, vowels with
close F1 and F2, F2 and F3, or F3 and F4. First, by compar-
ing the different MVS generated by VLAM, we situated the
four focal vowels /i/, /y/, /u/ and /a/, which represent the
articulatory-acoustic limits of a speaker, within that space.
This method was based on the following acoustic criteria
(see Fig. 1):

(i)  [iJ: focalization of F3 and F4, resulting in maximal F2
and F3,

(i) [y]: focalization of F2 and F3, and minimal F1,

(iii) [u]: minimal F1 and F2 (focalization of F1 and F2 at
their lowest mean position),

(iv) [a]: maximal F1 (focalization of F1 and F2 at their
highest mean position).

The remaining vowels were then situated, on the basis of a
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constant relative position in each F1/F2/F3 MVS.

Next, articulatory parameters were retrieved by an itera-
tive inversion method using the pseudo-inverse of the Jaco-
bian matrix (Jordan and Rumelhart, 1992). Since inversion
provides several solutions, we retained the articulatory pro-
totypes involving the smallest articulatory distance (in terms
of P; values) compared to the adult male (21 years old)
(Ménard and Boe, 2000). Figure 2 groups the set of 70 vow-
els for the seven growth stages, in the F1/F2 and F2/F3
spaces.

The values of the fourth and fifth formants were finally
determined by the articulatory commands retrieved by inver-
sion. Formant bandwidths for the five formants were calcu-
lated based on an analog simulation (Badin and Fant, 1984).
A cascade formant synthesizer was excited by a glottal wave-
form generated by the Liljencrants—Fant source model. The
resulting signal was digitized at 22 kHz, and had a duration
of 600 ms. A fall-rise amplitude contour was applied to the
signal.

2. 10 values

Fundamental frequencies were chosen according to
Beck (1996), based on data gathered from children of differ-
ent ages. fO values of 450, 360, 300, 270, 240, 210, and 110
Hz correspond respectively to 0, 2, 4, 8, 12, 16, and 21 year
olds. An fQ value of 210 Hz was chosen for the 16-year-old
speaker, representative of an adult female in our analysis. In
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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 and of f0
values, each of the 70 stimuli was generated with each of the
seven frequency values associated to the seven growth
stages. As a result, a set of 490 stimuli (10 vowels
X 7 growth stagesX 7 f0 values) was available.

C. Experimental procedure

Forty-three subjects, aged between 18 and 25 years, par-
ticipated in the test. The subjects were enrolled in a social
science course and did not have any phonetic knowledge.
They received course credit for their participation. All sub-
jects reported to have no auditory deficit. The experiment
consisted in one occurrence of the 490 stimuli (10 yowels
X7 growth stagesX 7 f0 values). Stimuli were presented
binaurally via high-quality headphones, on a Power Macin-
tosh 75007100 (15-in. screen). The subjects’ task was to iden-
tify, by clicking with the mouse on an icon (out of ten), the
perceived vowel among the ten French oral vowels /iyu e 9
0 & ce o a/. Each vowel was represented by a monosyllabic
word of the structure [fV(C)]: “fil” ([fil]), “fée” ([fe]), “fer”
([fex]), “fa” ([fa]), “fut” (fy]), “feu” (fe]), “fleur”

([ficex]), “fou” ([fu]), “fort” ([fox]), “faux” ([fo]). No time .

constraints were imposed, but the participants were encour-
aged to rely only on their immediate appreciation of the
vowel identity. Each stimulus was presented only once. No
performance feedback was given. The stimuli were random-
ized across participants. The experiment was preceded by ten
practice items (different from those of the identification test)
and the subjects had the option of listening to as many oc-
currences of a stimuli as they desired. The test took place in
a sound-treated room and lasted about 40 min.

D. Analysis

1. Analysis of correct identification scores

First, the results were considered according to their cor-
rect identification. A stimulus was considered correctly iden-
tified if its perceived quality (for instance, /i/) was similar to
the experimenters’ intention, that is, to the nature of the syn-
thesized vowel. For each f0 and vocal tract length (repre-
sented by a given growth stage), we determined the number
of tokens for which the perceived category was identical to
the a priori phonetic category defined in Fig. 2.

2. AnaIySis of perceptual invariants

Then, acoustic parameters in relation to perceptual
identification were evaluated, without reference to a priori
phonetic categories displayed in Fig. 2. A stimulus was as-
signed a vowel category if (and only if) the identification
score for this given vowel was greater than 50%. Feature
analysis was then performed, by a study of perceptual corre-
lates of height, place of articulation, and rounding.

The treatment of the acoustic data involved two major
transformations. First, frequency values, in Hertz, were
converted into a Bark scale, using the conversion form-
ula  proposed by  Schroeder  etal (1979):
Foac=7 *asinh(F3,/650). We also transformed the fre-
quency data following Syrdal and Gopal's (1986) proposed
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modifications to represent Traunmuller’s (1981) corrected
scale. Prior to the Hertz-to-Bark conversion, frequency val-
ues were corrected as follows:

6] frequency values below 150 Hz are raised to 150 Hz.

(ii) for frequencies between 150 Hz and 200 Hz:
F.=F—-0.2 (F-150), and

(iii) for frequencies between 200 and 250 Hz
F.=F—02 (250—F).

where F, is the corrected frequency in Hz and F is the origi-
nal frequency, in Hz. These values will be referred to as the
“low-frequency end corrected” values.

F2' was also computed for each vowel, following the
model proposed by Mantakas (1989). This model gives a
good approximation of F2 and higher formants in the deter-
mination .of vowel quality (Carlson ef al, 1970), using a
nonlinear weighted sum of F2, F3, and F4. The algorithm
used in this work is described in Fig. 3.

IV. RESULTS
A. Correct identification scores

The number of correct identification scores (Sec. IIID 1)
were analyzed, irrespective of vowel identity. An analysis of
variance (ANOVA), with vocal tract length (7.70 cm—
newborn, 9.92 cm—2 years old, 10.67 ¢cm—4 years old,
1191 ¢cm—38 years old, 13.52 cm—12 years old, 15.36
cm—16 years old, and 17.45 cm—21 years old) and f0 val-
ues (450, 360, 300, 270, 240, 210, and 110 Hz) as within
subjects factors, was performed on the correct identification
scores and revealed a significant effect of both vocal tract
length [F(6,252)=153.39, p<0.01] and fO [F(6,252)
=33.96, p<0.01] on the percentage of correct identification.
An interaction of vocal tract length and fO was also signifi-
cant [F(36,1512)=25.26, p<0.01]. Mean correct identifi-
cation scores, as a function of growth stage, for the seven f0
values, are plotted in Fig. 4 (left panel). A noticeable differ-
ence in the shape of the curves is observable, with maxima
appearing at different fO values, for increasing ages. On Fig.
4 (right panel), are displayed the “best” fO values (providing
maximal identification scores) for each growth stage. We ob-
serve the clear decrease of these best fO values. If we com-
pare these to the theoretical fO values in the model, a small
mismatch arises, from 8 years old up to 16 years old.

B. Correlates of perceived vowel features

The previous section focused on the adequacy between
perceived and intended stimuli. In this section, we discuss
the possible correlates of perceived vowel categories, inde-
pendently of their a priori phonetic identity (see Sec.
IIID2). Several analyses of variance (ANOVA) were per-
formed on the data, with the two following within subjects
factors, and their associated values: vocal tract length (7.70
cm—newborn, 9.92 cm—2 years old, 10.67 cm—4 years
old, 11.91 cm—S3§ years old, 13.52 cm—12 years old, 15.36
cm—16 years old, and 17.45 cm—21 years old) and f0 val-
ues (450, 360, 300, 270, 240, 210, and 110 Hz).

Ménard et al.: Auditory normalization of French vowels
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1. Openness

First, vowels were grouped according to their domi-
nantly perceived openness degree: high (/i y w/), mid-high
(fle gof), mid-low (/e ce o/), and low (/a/). A repeated
measures analysis of variance (ANOVA), with vocal tract
length and fO values, revealed a main effect of f0
[F(6,252)=302.11; p<0.01] and of vocal tract length
[F(6,252)=1600.07; p<0.01] on perceived openness de-
gree. An effect of the interaction of these two factors also
arose [F(36,1512)=6.46; p<0.01]. The importance of the
F1-f0 difference (in Barks) in the perception of the openness
feature was first evaluated towards its “classification power”
and its ability to group perceived vowel height in separate
classes. Figure 5 shows the dominantly perceived openness
degrees, represented by regions of at least 50% agreement
among subjects, in the traditional F1 vs F2 space, and in the
F1-f0 vs F2 space. Traunmuller’s (1981) low-frequency end
corrected scale was used. Figure 5 (upper panel) depicts the
poor normalizing effect of F1 alone on openness. As can be
seen from Fig. 5 (lower panel), three classes of vowels, clas-
sified according to their height, are distinguished by different
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—— 110Hz : :

0 : - - ; i

0 2 4 8 12 16 21
Growth stage (years old)

FIG. 3. F2' computation flow chart.
F2’ is defined by F2' = (w;F2+w,F3
+w F)/ (wy+wi+wy) (were
wo=ws=wy, for w;#0). F2' is set at
F2, if F3 and F2 are two widely
spaced; the contribution of F4 is in-
cluded if F2 and F3 are close; if F2,
F3, and F4 are within 3.5 Bark, F2' is

wi=1 set at the center of gravity of F2 and
stg-‘* F3 or F3 and F4, depending on the
W

pattern of distances between the three
formats; for high f0 values, the weight
of F3 and F4 is reduced. All values in
Barks.

W= wo={
wy=135 wy=1
we=1 we=0.5

values of the F1-f0 tonotopic distance, represented by the
dashed lines. High vowels /i y u / correspond to F1-f0 val-
ues below 2 Bark, mid-high vowels /e @ o/ to F1-f0 values
ranging from 2 Bark to 4 Bark, and mid-low and low vowels
/e ce 5 a/ to values greater than 4 Bark. It is noteworthy that
although a clear distinction exists between high and mid-
high vowels, and between mid-high and mid-low vowels, the
larger openness degree represented by /a/ is not distinguished
from the three mid-low vowels /e ¢e o/. This fact could be
accounted for by the unstable phonological system of our
subjects. Indeed, French often lacks the back mid-low vowel
/2! in its inventory. Note that /o/ is nearly absent in the set of
perceived vowels. The mid-low back category is thus rarely
produced and perceived. As a result, it is possible that the
low vowel /a/ is spreading up to the /o/-perceptual zone.
Hereafter, the four vowels /e o 5 a/ will be grouped in the
“low vowels” class.

To assess the validity of the thresholds of 2 and 4 Bark,
Table II lists the classification scores of the three groups of
perceived vowels (high, mid-high, low), for the 3 F1-f0
classes defined by the 2 and 4-Bark boundaries. Percentages

180 ' N 1

5 10 5 2 2%
Growth stage (years old)

FIG. 4. Number of correct identifications as a function of age, for each f0 value (left panel) and comparison of perceptually optimal fO values as a function

of age (right panel).
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FIG. 5. Dominantly perceived vowel categories, in the F1 vs F2 space
(upper panel) (for the sake of clarity, labels were slightly displaced) and
F1-£0 vs F2 space (lower panel).

are calculated on the total of vowels actually perceived high,
mid-high, and mid-low/low. Original and low-frequency end
corrected values are also presented.

Table II shows that whereas the acoustic criteria of

TABLE IL. Proportion and number (in parentheses) of vowels of the three
perceived openness degrees along the F1-f0 dimension, in Barks.

Perceived height x<2 Bark 4 Bark>x>2 Bark x4 Bark
Uncorrected values
High 0.958 0.042 0
hiyw (158) W) ©)
Mid-high 0.125 0.820 0.055
le ool (16) (105) (N
Low 0 0.037 0.963
leeoa (V)] ) (104)
Low-frequency end corrected values

High 0.982 0.018 0
fiyw (162) 3) ()]
Mid-high 0.117 0.867 0.016
e ¢ of (15) (111) )
Low 0 0.028 0.972
leeoa/ o - 3) (105)
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FIG. 6. Representation of dominantly perceived vowels along the F1—f0
dimension, as a function of fO (triangles: perceived high /i y w/, dots: per-
ceived mid-high /e ¢ o/, diamonds: perceived mid-low and low /e ce 9 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 F1-f0 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 the F1-f0 parameter (in
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
4 Bark. The use of the low-frequency end corrected values
resulted in better classification and rejection scores for all
classes of vowels. These results lend some lines of evidence
to Traunmuller’s (1981) claim about the role of F1-f0 as an
invariant correlate of perceived vowel height.

2. fo-dependency limit

In his analysis, Traunmuller (1981) shows that the five
openness degrees are distinguished by the F1-f0 parameter,
below fO values of about 350 Hz. Above this value, interme-
diate degrees are rarely perceived and the distinction be-
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, rejated to the well known 3-3.5-
Bark critical distance of spectral integration. Above this
limit, in his psychoacoustic model, the two lowest partials
would no longer be integrated. In order to assess this hypoth-
esis, we plotted our data in the F1-f0 vs f0 plane, in Fig. 6.
Solid lines correspond to the maximal F1-f0 values for per-
ceived high vowels, and minimal F1-f0 values for perceived
mid-low and low vowels, Dashed lines stand for lower and
higher F1-f0 values of perceived mid-high vowels.

The 2 and 4-Bark boundaries seem to be effective for all
the fO range. Despite the slight decrease of the boundaries,
this graph contrasts with Traunmuller’s (1981) scheme,
where boundaries are differently represented along the
fO continuum. Before ruling out the possibility of a

Ménard et al.: Auditory normalization of French vowels



o o o
> ) ®

% perceived high

o
i

F1(Bark)

o o
[+, [~

% perceived low
o
»

0.2{

10

8
Fi(Bark)

FIG. 7. Probit modeling (by imposed parallelism among the curves) of identification performance for vowel helght as a function of F1, for various f0 values.

From left to right: fO values of 110, 210, 240, 270, 300, 360, and 450 Hz.

fO-dependency limit of the F1-f0 parameter, a closer inves-
tigation of the identification functions was carried out.

Probit statistical analyses were performed on the height
perceptual scores as a function of F1 (in Barks), for each set
of f0 values, in order to determine the exact location of the
50% category boundary. The identification functions re-
vealed a significant difference among f0 sets, lending sup-
port to the F1-f0 invariant. Note that a good fit was obtained
by imposing parallelism among the seven functions, dis-
played in Fig. 7. Figure 8 represents the 50% category
boundary along the F1 dimension, as a function of fO, for
perceived high versus non-high and low versus non-low de-
grees. Original values, in Barks, and Traunmuller (1981)
low-frequency end corrected values are compared. Linear re-
gression analyses performed on the two functions respec-
tively provide slope values of 0.65 (high versus mid-high)
and 0.66 (mid-high versus low), for raw fO values, and 0.71
(high versus mid-high) and 0.73 (mid-high versus low), for
corrected fO values. Altogether, this confirms the validity of
F1-f0 and of the low-frequency end correction to deal with
height perception in French.

F1 category boundary (Bark)
- o [ ~
[3,] (3,1 (4] o o ~ [5,]

-
Y

3.51

fO (Bark)

FIG. 8. Fl category boundary for high versus non-high (circles) and low
versus non-low (stars) vowels, as a function of f0. Solid lines: uncorrected
values, dashed lines: low-frequency end corrected values. All values in
Barks.
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3. Place of articulation

With respect to the front/back feature, perceived vowels
were grouped according to their place of articulation: front
(fiy e ¢ € ce/) and back (/u 0 o/). A repeated measures
analysis of variance (ANOVA), with vocal tract length and
fO values, revealed a main effect of the vocal tract length
factor [F(6,252)=30.31; p<0.01], but no effect of fO0.
However, an effect of the interaction of these two factors
appeared [ F(36,1512) =3.33; p<<0.01]. A study of the cor-
relations between the percentage of perceived front vowels
and several spectral parameters was then performed. The fol-
lowing parameters were considered, all values in Barks: F2,
F2-f0, ((F2-f0)+F1)/2, F2-F1, F3-F2. Except for
((F2-f0)+F1)/2, all parameters were highly correlated to
perceived frontness (F2:r=0.72; F2-f0:r=0.68; F2-Fl:
r=0.84; F3-F2:r=0.82). F2-F1 and F3-F2 appear to be the
best predictors of perceived place of articulation.

Next, we tested front—back classification based on these
parameters. Although F2, F2-f0, F2-F1, and F3-F2 provide
high scores, F2-F1 performs slightly better (Table III). The
stimuli yielding 50% agreement are plotted in Fig. 9, in the
F1-f0 vs F2-F1 and F1-f0 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
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
parameter (Fig. 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
(F2 and F3), such a pattern denoting a back vowel. This
strategy is represented by the F3-F2 parameter (Fig. 9, right
panel). Note that Traunmuller (1981) also reports that a large
intersubject variability is found in the use of these two strat-
egies. In order to adequately represent the use of these cues,
F2' was considered, and the difference between F2’ and F1
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TABLE III. Proportion and number (in parentheses) of vowels of perceived place of articulation classified along
the F2, F2-f0, F2-F1, and F3-F2 dimensions, in Barks.

F2 F2-f0 F2-F1 F3-F2
Perc. x>11 x<11 x>5 x<5 x>5.5 x<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
iecy o e/ (240) (@) (240) (@)} (246) (1) (240) @
Back 0.011 0.989 0.054 0.946 0.022 0.978 0.011 0.989
/fuovo/ 1) 92) (5) (88) ?2) 91) 1) 92)

was evaluated. Nevertheless, this parameter did not show
any improvement in the classification.

Finally, the variation of the F2-F1 boundary over the
entire fO range was assessed by probit analysis. Identifica-
tion functions were plotted, for each fO value, for F2-F1 (in
Barks). The 50% perceived frontness boundaries were com-
pared in each of the seven fO conditions. No significant dif-
ference was observed among the fO values, as can be seen in
Fig. 10. Thus, the F2-F1 achieves full normalization, and f0
does not seem to play a significant part for frontness identi-
fication.

4. Rounding

Regarding the rounding feature, an analysis of variance
(ANOVA) of perceived rounding, with vocal tract length and
f0 values as within subjects factors, suggested a main effect
of fO0 [F(6,252)=10.23; p<<0.001] and vocal tract length
[F(6,252)=165.01; p<<0.01], as well as a noticeable effect
of the interaction of the two factors [F(36,1512)=3.91;
p<0.01]. The data were analyzed for perceived vowels for
which a rounding distinction was identified (that is, the front
vowels /i e €/ vs /y ¢ ce/). Only these vowels were consid-
ered, since the other ones are not phonologically specified
for this feature in French. Several parameters, such as F2-F1,
F3-F2, F2’, and F2'-f0 were estimated. F2-F1 and F3-F2
achieve poor performances, as was already seen in Fig. 9.

Despite the large intraclass dispersion for rounded and
unrounded vowels, F2' provides good classification scores
(Table IV, Fig. 11). Thus, a perceived rounded vowel shows
a F2' value lower than 15 Bark, whereas an unrounded
vowel corresponds to F2' greater than 15 Bark. To assess the
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role of f0, the labeling F2’ performances were submitted to
-probit analysis. Figure 12, displaying the seven functions,
with imposed parallelism, for each fO value, clearly confirms
the efficiency of F2’, and shows that f0 is not a normalizing
parameter for perceived roundedness.

The validity of the F2' parameter for perceived round-
edness is, however, likely restricted to the front vowels,
whereas F2'-F1 is shown to be a better correlate of this
feature for back vowels (for languages like Turkish, Viet-
namese, etc.), according to Traunmuller and Lacerda ( 1987).4
Furthermore, the value of our category boundary (15 Bark,
corresponding to 2730 Hz) is to be related to the reference
value of 2800 Hz also reported by Traunmuller and Lacerda
(1987) in a study of the perceptual correlates of backness and
roundedness for two-formant vowels typical of Swedish and
Turkish. The invariant description proposed is based on the
tonotopic distance between F2' and two reference points. A
landmark located at 3 Bark above f0, as well as an absolute
value of 2800 Hz, serve as references in the model. As dis-
cussed by the authors, the existence of the latter reference
value at this specific location remains unclear. On the one
hand, 2800 Hz could be related to the average F3 of an adult
speaker. This hypothesis requires, however, a perceptual
numbering of the formants. On the other hand, 2800 Hz is 3
Bark below the spectral attenuation observed in the high-
frequency region. The two reference points of 3 Bark above
f0 and 3 Bark below this value thus represent a symmetrical
window of spectral onset and offset, used to represent invari-
ance.
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FIG. 9. Dominantly perceived vowels plotted in the F1—f0 vs F2—F1 space (left panel) and F1—f0 vs F3—F2 space (right panel). All values in Barks.
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TABLE IV. Proportion and number (in parentheses) of rounded and un-
rounded vowels along the F2’-f0 and F2' dimensions, in Barks.

F2'-f0 F2’

Perceived roundedness x<12Bark x>12Bark x< 15 Bark x>15 Bark

Rounded 0.917 0.083 0.967 0.033
Iy, o, ce/ (110 (10 (116) @
Unrounded 0.102 0.898 0.031 0.969
lieel (13) (114) @ (123)
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FIG. 11. Dominantly perceived vowels plotted in the F1—f0 vs F2' space.
All values in Barks.
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FIG. 12. Probit modeling (by imposed parallelism among the curves) of

perceived rounding as a function of F2’, for each fO value. All values in
Barks.
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TABLE V. Classification matrix for the linear discriminant analysis on 10
classes of vowels (lines: perceived labels; columns: computed labels).

%

Vowel correct i e € a y ® <@ u o0 9
i 952 40 1 0 0 1 0 0 0 0 O
e 90.2 2 37 0 0 0 2 0 0 0 0
€ 83.8 0 4 31 0 0 2 0 0 0 0
a 95.1 0 0 0 58 0 0o 0 0 3 0
y 85.5 5 1 0 0 53 2 0 1 0 0
? 96.6 0 0 1 0 0 57 O 1 0 0

e 83.3 0 0 0 0 0 1 5 0 0 O
u 95.1 0 0 0 0 0 1 0 58 12 0
o 92.9 0 0 0 0 0 0 0 2 26 O
fo) 0 0 0 0 1 0 0 0 0 3 0
% 910 47 43 32 59 54 65 5 62 34 0

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, F1-f0;

(i) for place of articulation (front-backness): F2, F2- 10,
F2-F1, F3-F2; and

(iii)  for rounding: F2’-f0, F2'.

The highest classification scores were achieved by
F1-£0, F2-F1, and F2'. The resulting classification matrix is
tabulated in Table V.

Except for /of, the good scores confirm that from the
traditional four-dimensional acoustic space (F1, F2, F3, and
F4), a three-dimensional “perceptual” space, for French
vowels, is provided by the following correlates: F1-f0, F2-
F1, and F2'. Classification in this algorithm involves, first, a
transformation of Hertz values into critical band units (or
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
£0 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. II, several theoretical approaches, dealing with
interspeaker variability and vowel normalization, were
briefly introduced. In a recent paper, Diehl (2000) discusses
three hypotheses about the nature of perceptual boundaries
among vowels. Even though our corpus, designed to evaluate

Ménard et al.: Auditory normalization of French vowels 1901



general classification processes, does not allow us to test
each of these hypotheses, our results can be considered in the
light of these assumptions. The Chistovich/Syrdal hypothesis
claims that perceptual invariance operates on a 3-3.5-Bark
critical distance, used to perform a binary classification of
feature values. According to Traunmuller’s (1984) hypoth-
esis, boundaries are related to a weighted combination of
tonotopic distance between any adjacent peak, the weight of
each distance being inversely correlated to the distance
value, up to 6 Bark. Beyond this threshold, the distance is no
longer taken into account. According to the third hypothesis
{Molis, 1999), perceptual categories would be delimited by
relatively linear functions of formant values (in Barks).

Regarding openness, results of our analysis have shown
that the difference between F1 and f0, in Barks, is a nearly
invariant correlate of perceived vowel height. Two bound-
aries delimited high vowels versus mid-high vowels (2 Bark)
and mid-high versus mid-low and low vowels (4 Bark). The
data do not support the hypothesis of a universal threshold of
3-3.5 Bark, corresponding to the critical distance of spectral
integration, used to perform a binary classification of the
[+high] versus [—high] vowels, as reported in Syrdal and
Gopal (1986). Our threshold for such a binary classification
would correspond to 2 Bark. The F1-f0 parameter (in Barks)
represents also a continuum along which perceived openness
can be classified (the greater the value of F1-£0, the more
open the perceived vowel). Traunmuller (1981) obtained
similar results, that is, the distinction between the first and
second degrees of openness corresponds to a F1-f0 bound-
ary of about 1.2 Bark, lower than the critical distance. This
difference brings up the question of the universal nature of
perceptual boundaries related to openness, assumed by Syr-
dal and Gopal (1986). Data are more in line with Lindblom’s
adaptive variability theory (Lindblom, 1996), according to
which sound systems of human languages may adaptively
exploit acoustical contrasts, provided that they are sufficient
for category discriminations. Indeed, the data for French dis-
play boundary values along the F1-fO dimension that differ
from both Bavarian and American English, despite the com-
mon use of this acoustic parameter as an invariant correlate
of perceived openness. ’

We now come back to the second hypothesis, by Traun-
muller. The prediction is the following. Since for an fO value
of 110 Hz, F1-£0 is greater than for stimuli with an f0 value
of 450 Hz, the F1-f0 parameter could be a poorer predictor
of perceived openness for the former set than for the latter.
At higher f0 values, F1-f0 becomes smaller, and its percep-
tual weight therefore more important. Linear regressions car-
ried out for each set of f0 values confirm this assumption.
Indeed, r? varies from 0.87 to 0.67 for fO values ranging
from 450 to 110 Hz. On the other hand, for F2-F1 and F3-F2,
no relations between the magnitude of the distance and the
variance explained was revealed.

Finally, our pattern of data provides good support for the
third hypothesis suggested by Molis, based on frequency dis-
tances in Barks, for height and front—back contrasts, with
F1-f0 in the first case, and F2-F1 and F3-F2 in the second
case. However, the data for rounding suggest that nonlinear
formant processing based on F2' and the center of gravity
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effect could be of importance also. Altogether, we can con-
firm that Bark transforms and interfrequency distances are
basic for vowel normalization and identification, but we may
suggest that for complex feature patterns, as for French
rounding, the linear assumption is at the very least debatable.

B. The case of high F0 values

Owing to the low F1 associated with the adult vocal
tract, for close vowels, combined with high f0 values of 450
Hz, the F1-f0 parameter sometimes results in negative val-
ues, as can be observed on previous figures. It might seem
theoretically misleading to represent as a perceptual cue the
negative difference between F1 and fO, that is, to conceive

_that the energy peak located at F1 is identified despite the

lack of harmonics. Furthermore, in the case of fO values of
450 Hz, the distance between the two lowest harmonics (3.4
Bark) is within the range of 3-3.5 Bark, representing the
critical distance of spectral integration. It could be the case
that these two harmonics are no longer integrated and per-
ceived as separate peaks. Other analyses were carried out to
evaluate the contribution of several cues in the low-
frequency region, which would represent the F1-fO param-
eter. Hoemeke and Diehl (1994) describe a few models used
to compute the effective first formant, corresponding to the
perceived first energy peak, as opposed to the nominal first
formant, representing the synthesized one. A spectral analy-
sis was performed on the signals with fO values of 450 Hz,
in order to evaluate the effective first formant in two ways:
the most prominent harmonic () in the vicinity of nominal
F1 (Fleffl), and the frequency centroid of the first two har-
monics H; and H, (Fleff2), that is, an amplitude-weighted
sum of frequency values. If we consider the set of domi-
nantly perceived vowels for which fO value is 450 Hz, Fig.
13 suggests that the normalized F2-F1 vs F1-fO space
achieves a better classification for high versus mid-high
vowels when F1 is represented by Fleff] (left panel) than
when F1 is computed using Fleff2 (right panel). Thus, it
seems that when H, amplitude is very important, a separate
peak perception is induced at this location and high vowels
are perceived, with F1-f0 below 2 Bark. When H is more
intense, mid-high vowels are perceived and F1-f0 is within
the class defined by the 2- and 4-Bark boundaries. Neverthe-
less, Fleff2-fO operates a better classification for mid-high
versus low vowels (Fig. 13, right panel). It remains arguable,
however, that these two models represent a good approxima-
tion of perceived F1, considering the high correlation be-
tween F1-f0 and perceived height for fO values of 450 Hz,
reported in Sec. V A.

C. Possible constraints on speech production

Thanks to the articulatory model simulating the extreme
limits of vocal tract growth (birth and adulhood), a wide
variety of vocal tract lengths was synthesized. Combined
with our perceptual results, it seems clear that the three car-
dinal vowels /i u a/ could be produced with a very small
vocal tract, and still be perceived. Obviously, sensorimotor
control capabilities prevent the newbomn from using his or
her articulators to produce such vowels. However, the two
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FIG. 13. Dominantly perceived vowels for which f0>450 Hz. Two representations are used to compute F1: most prominent harmonic in the vicinity of
nominal F1 (Fleffl) (left panel) and centroid frequency of the first two harmonics (Fleff2) (right panel). All values in Barks.

front rounded vowels /y oe/ and the back ones /o o/, synthe-
sized with a newborn vocal tract, are not perceived by at
least 50% of the subjects. Of course, this phenomenon could
be explained by poor prototypes, based on acoustic criteria,
or by the impossibility of perceiving these particular French
vowel categories, as produced by a newbornlike vocal tract.
In a perceptual experiment aiming at determining the percep-
tual categorization of the entire MVS, for five growth stages
(newborn, 4, 10, 16, and 21 years old), stimuli have been
" generated, for a grid of acoustic values covering the F1/F2
and F2/F3 range of each MVS (Ménard and Bo¢, 2001).
Forty French subjects had the task of identifying which of
the ten French oral vowels was closest to the stimulus. For
the five growth stages, perceived vowels corresponding to
50% agreement among subjects were found for the nine
French phonological categories /iy u e ¢ o € ce a/, when /o/
and /o/ were grouped together, in order to take into account
the unstable opposition between /o/ and /o/, in French. Dis-
persion ellipses of perceived vowel category, in the newborn
vocal tract, are drawn in Fig. 14. Thus, the absence of per-
ceived /y oe/ is likely attributable to poor acoustic prototypes,
for our subjects, and the absence of /0 9/, to listeners” pho-
nological confusion between the mid vowels /o/ and /2/.

It has been claimed that perceptual goals can explain the
covariance of different production strategies, to enhance au-
ditory distinctiveness (Lotto et al., 1997). As regards English
vowels normalization, Syrdal and Gopal (1986) interpreted
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FIG. 14. Dispersion ellipses (*1.5 s.d.) of the dominantly perceived French
vowels, for the maximal vowel space of a newborn.
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their boundaries as limits within which formants can be
spaced from each other. This can in turn be considered as
limiting the production variability and thus representing per-
ceptual constraints on speech production. In the case of
height, the 2- and 4-Bark boundaries show that for higher f0,
the first formant can be very high (above 450 Hz), but as fO
decreases, F1 must decrease as well, in order to ensure a
constant F1-f0 value. Besides cavity lengthening, a wide
variety of articulatory manoeuvres are possible to lower F1,
especially for cases where F1 is affiliated to a Helmholtz
resonator. .

For place of articulation, related to F2-F1, fO does not
seem to be relevant. Hence, the speaker’s task would consist
in maintaining widely spaced (greater than 5.5 Bark) or
closely spaced (lower than 5.5 Bark) formants for F1 and F2.
Since these two formants are mainly affiliated to a Helmholtz
resonator of the vocal tract and to the front or back cavity,
one must consider here the difference in the ratio of the
pharyngeal versus mouth cavity length between children and
adults, yielded by nonuniform vocal tract growth. For the
same articulatory positions, for front vowels, the modeled
baby produces greater F2-F1 since F1 varies less than F2.
This F2-F1 value remains over the 5.5-Bark boundary and,
following our perceptual correlate, F2 and F1 being widely
spaced in front vowels, no articulatory compensation strate-
gies would be perceptually driven for smaller vocal tracts.
However, for very back vowels such as /o/ and /o/, for simi-
lar articulatory positions, since F2-F1 is greater for the baby
compared to the adult, a value close to (or greater than) the
5.5-Bark boundary is realized by the former. Consequently,
F2-F1 would have to be decreased for the infant by a differ-
ent position of the tongue dorsum and tongue body (hence
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 éxpect that the low
F2' required for /y/, as opposed to the high F2’ for /i/, will
limit the extent to which cavities affiliated to F2 and F3 can
be shortened or lengthened. Indeed, in the case of /y/, for
small vocal tracts, F2 becomes affiliated to the front cavity
(the cavity created by the constriction of the tongue towards
the palate and the protrusion of the lips), and F3, to the back
cavity. For an adult male, two patterns are observed for /y/
(Schwartz et al., 1993): F2 is affiliated to the back or the
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front cavity, and, in a complementary way, F3 is associated
to the front or the back cavity, respectively. Owing to the
long cavities of an adult male, an F2' value below 15 Bark,
typical of rounded vowels, is easily achieved for /y/: the front
or the back cavity (depending on the type of formant-cavity
affiliation pattern) can be lengthened by the lip protrusion
gesture in order to reach this value. As a result, F2 and F3
will be located below 15 Bark, both contributing to F2’
lower than 15 Bark. However, for children’s vocal tract, due
to the short cavities, F2 and F3 values in our synthesized /y/
are greater than 15 Bark, resulting in a perceived unrounded
vowel. In the model, this was the case for the newbom, and
the 4- and 10-year-old growth stages. One can thus postulate
that for speakers with this vocal tract configuration,-the task
of producing front rounded vowels would require that, in
order to reach a value below 15 Bark for /y/, F2 has to be
sufficiently lowered by compensation articulatory strategies,
contributing to decrease F2'. Further investigation, based on
an analysis of naturally produced vowels in the light of such
constraints, is in process.

V1. CONCLUSION

This article aimed at determining invariant acoustic cor-
relates of French vowels through a study of auditory normal-
ization of growing speakers. Based on a corpus of 490 syn-
thesized vocalic stimuli produced by an articulatory model
simulating nonuniform vocal tract growth from birth to
adulthood, several vocal tract lengths and fO values were
generated. Perceptual tests were performed on the stimuli
and the data were classified in order to retrieve phonetic
features and vocalic categories. It has been shown that the
distance between F1 and f0, in Barks, is a nearly invariant
parameter of perceived vowel height. Furthermore, the
front—backness dimension is determined by F2-F1, in Barks.
As regards rounding, an attempt to model perceptual data by
minor changes to an existing model of the effective second
formant F2' gave rather good classification scores. These
analyses are of great interest for the development of normal-
ization procedures, and allow the formulation of hypotheses
regarding the perceptual constraints on speech production,
from a language acquisition and developmental point of
view.
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INote that the model assumes that the tongue is growing proportionally to
the palate, since no developmental data are available on this point.
2Reduced thresholds are indeed used by Goldstein (1980), in the simulations
of newborn vowel configurations.

30Of course, control capacities are null at 4 weeks old, and still under devel-
opment at 2 and 4 years old (Kent, 1992), but we explore here how vowels
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