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A perceptual analysis of the French vowel@u# produced by 10 speakers under normal and perturbed
conditions ~Savariauxet al., 1995! is presented which aims at characterizing in the perceptual
domain the task of a speaker for this vowel, and, then, at understanding the strategies developed by
the speakers to deal with the lip perturbation. Identification and rating tests showed that the French
@u# is perceptually fairly well described in the@F1,(F2 –F0)# plane, and that the parameter
(((F2 –F0)1F1)/2) ~all frequencies in bark! provides a good overall correlate of the ‘‘grave’’
feature classically used to describe the vowel@u# in all languages. This permitted reanalysis of the
behavior of the speakers during the perturbation experiment. Three of them succeed in producing a
good@u# in spite of the lip tube, thanks to a combination of limited changes onF1 and (F2 –F0),
but without producing the strong backward movement of the tongue, which would be necessary to
keep the@F1,F2# pattern close to the one measured in normal speech. The only speaker who
strongly moved his tongue back and maintainedF1 and F2 at low values did not produce a
perceptually well-rated@u#, but additional tests demonstrate that this gesture allowed him to preserve
the most important phonetic features of the French@u#, which is primarily a back and rounded
vowel. It is concluded that speech production is clearly guided by perceptual requirements, and that
the speakers have a good representation of them, even if they are not all able to meet them in
perturbed conditions. ©1999 Acoustical Society of America.@S0001-4966~99!01407-1#

PACS numbers: 43.70.Bk, 43.71.Es@WS#
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INTRODUCTION

The nature of the phonetic representations of speec
the speaker–listener interaction is crucial for the understa
ing of speech perception and production processes. As
cerns speech perception, the debate is focused on theinvari-
anceproblem: do physical invariants exist that are linked
the invariant phonological input, and, in case they do, wh
are they hidden in the physical signals? A debate was
cently published in theJournal of the Acoustical Society o
America, which analyzed the role of articulation constrain
in the speech perception process~McGowan and Faber
1996!. It confirms that the arguments are essentially ab
three major hypotheses:~1! invariance is in the acoustica
signal, and can be found in ‘‘features determined from
sound through patterns of acoustic properties’’~Stevens,
1996; in relation with his quantal theory of speech perc
tion, Stevens, 1989!; ~2! invariance is to be found at th
articulatory level, and, according to the direct realist the
~Fowler, 1996! or the motor theory of speech perceptio

a!Author to whom correspondence should be addressed, at: Institut d
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~Liberman and Mattingly, 1985!, ‘‘speech gestures’’ are the
central objects of speech perception; and~3! there is no in-
variance, but a given amount of information is provided
acoustical signals ‘‘playing the role of supplementing t
multimodal information already in place in the listener
speech processing system’’~Lindblom, 1996; in relation
with his theory of adaptive dispersion, Lindblom, 1987!.

As concerns speech production, the question is abou
representations of speech from the speaker’s point of view
is obviously strongly related to the nature of the percept
end product, since the speaker must control his vocal ap
ratus in such a way that listeners correctly perceive the m
sage. However, the question is complicated by the fact t
whatever the physical~acoustical or articulatory! character-
ization of the task, speakers have degrees of freedom in
cess to produce it: various muscle recruitments can unde
the same position of an articulator~Maeda and Honda, 1994
Honda, 1996!; various articulator positions, and then vario
vocal tract shapes, can generate similar acoustical sig
~Schroeder, 1967; Mermelstein, 1967; Atalet al., 1978;
Maeda, 1990; Boe¨ et al., 1992!; various acoustical pattern
can be observed for the same phoneme~see Perkell and
Klatt, 1986, for a review!. Thus, considering speech produ

la
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tion within an ‘‘action–perception’’ framework, once th
perceptual objective associated with the phonetic inpu
determined, the challenge is to understand how it is spec
in the speaker’s mind at the motor and articulatory levels

This question can be investigated by exploring the pl
ticity and variability of the vocal-tract geometry for a co
stant phonemic input. For this aim, a classical paradigm c
sists of producing variability in a controlled way throug
perturbation experiments~see, e.g., Abbs and Gracco, 198
Lindblom et al., 1979!. This paper presents the second p
of a labial perturbation study of vowel production, whic
was focused on the vowel@u# ~Savariauxet al., 1995!. The
perturbation experiment was designed in order to~1! know
more about the space~articulatory or acoustical! where the
speech production task is specified, and~2! observe the strat
egies adopted by the speakers to reach the intended vo
The analysis was made both on articulatory and acoustic
and suggested that the goal of speech production is prim
auditory, even if the achievement of this goal by the spea
can be influenced, and possibly prevented, by the use
learned standard articulatory strategies. Since our pertu
tion paradigm induces speakers to adopt unusual articula
strategies and then produce unusual acoustical pattern
additional study is presented here that was carried out to
into consideration perceptual aspects in an attempt to b
understand how the production of the vowel@u# is specified.
From identification and category-rating experiments, it w
thus possible to propose a perceptual description of
speech production task based on a combination of spe
parameters~formants and fundamental frequencies!. The
compensatory strategies of the speakers were then re
lyzed in relation to both the perceptual and articulatory da

I. CONTEXT OF THE STUDY

A. A recollection of the initial labial perturbation
study

In the labial perturbation study~Savariauxet al., 1995!,
a 25-mm-diameter tube1 was inserted between the lips of th
speaker; 11 native speakers of French were asked to pro
the isolated vowel@u# under this condition. On the basis o
acoustical simulations, we demonstrated that compensa
for the acoustical changes in the@F1,F2# space induced by
the labial perturbation is theoretically possible, by retract
the tongue body towards the pharynx. The experiment
designed to check whether the subjects were actually ab
achieve the compensation predicted by the model. In the
of compensation, the question was whether it was immed
or whether the speakers improved the quality of their@u#
productions with training.

The acoustical signals together with x-ray pictures w
gathered at three successive stages in a single session~1!
without lip tube~N condition!; ~2! immediately after the tube
was inserted between the lips and without any prepara
time ~PF condition!; ~3! at the end of a 19-trials adaptatio
session where the speakers were asked to reproduce the
egy that was, according to their own perceptual sensat
the most efficient one to compensate for the perturbation~PL
condition!.
382 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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Compensatory strategies were first exclusively asses
in the acoustical space by studying the relative differen
existing between the (F1,F2) formant patterns produced un
der the perturbed~PF and PL! conditions and those measure
for the normal~N! condition. Compensation was consider
to be achieved if and only if the relative formant differenc
were less than 10%. Further information about the analy
procedure, as well as detailed results, are available in
original paper. The main conclusions of this study can
summarized as follows:

~1! In the PF condition, none of the speakers produce
complete compensation, but seven of them significan
moved their tongue backwards, though not enough. T
is, they kept the vocal-tract constriction within the sam
velopalatal region as in the normal condition, but pr
vided a slight correction movement in the right directio
to compensate. However, a complete compensation
the@F1,F2# space would have required moving the co
striction location further back into the velopharynge
region. It was suggested that speakers were using an
ternal representation of the derivatives of t
articulatory-to-acoustical relationships while plannin
their articulatory movements, before the production
any acoustical speech signal. Thus, most speakers w
making the correct gesture; however, they did not imm
diately get the appropriate amplitude of the correction

~2! At the end of the adaptation session~PL condition!, and
for the majority of the speakers, the (F1,F2) pattern was
either similar to, or better than the (F1,F2) pattern mea-
sured immediately after the insertion of the tube~PF
condition!. The improvement of the@u# production in the
@F1,F2# space during the adaptation session was s
tematically associated with a backward movement of
tongue. This suggests that listening to the acoustical
nal during the adaptation session was helpful to get
improvement of the (F1,F2) patterns under the per
turbed condition. However, the improvement is not im
mediate, and the ability to transform the acoustical inf
mation into articulatory changes seems to be hig
speaker dependent. This variability can originate fro
differences in the auditory sensitivity from one speak
to the other or from interspeaker differences that m
exist in the description of the articulatory-to-acoustic
relationships stored in the internal representation.

~3! For all the speakers but one~speaker OD!, the constric-
tion location remained in the velopalatal region even
ter training. This suggests that an intrinsic prototypic
articulatory pattern could have been learned by
speakers during the speech acquisition. From this p
spective, the French@u# would be prototypically a velo-
palatal vowel. This articulatory prototype is likely to in
fluence the choice of the initial articulation, and cou
then constrain and limit the range of articulatory chang
that the speaker would try during the adaptation sess

In conclusion, this study supports the view of a cont
of speech production guided by both auditory requireme
in the distal space, and articulatory prototypes providing
chor points of the auditory task in the proximal articulato
382Savariaux et al.: Perceptual study of lip tube perturbation
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space. Therefore, the perturbation leads to a contradic
between the auditory and the learned articulatory goals.
speakers attempt to eliminate this contradiction through
use of local articulatory-to-acoustical knowledge, at the
pense of a large intersubject variability.

However, the assessment of the phonetic goal—the
duction of vowel@u#—was limited to the observation ofF1
and F2 changes. Hence, one may have missed some o
more elaborate perceptual aspects that could have influe
the way the subjects tried to compensate for the perturba
Indeed, experimental data have shown that, in some ca
vowels could be correctly perceived in spite of a noncano
cal formant pattern~see, for instance, the notion of ‘‘percep
tive mirage’’ as introduced by Fowler, 1990!. It is thus le-
gitimate to suspect that a number of secondary, or m
complex, parameters could also intervene in the percep
description of vowel@u# ~see Sec. I B for a theoretical ove
view!. Therefore, a perceptual assessment of the vowels
duced under perturbed vs normal conditions appeared t
necessary to check whether or not the perceptual goal—i.
sound that is perceived as a French@u#—had been realized
by each speaker. This is the basic rationale of the pre
paper.

In addition, the perceptual study of perturbed vowel p
duction has another strong interest. Indeed, the perturba
paradigm leads to the production of a set of speech stim
that have three important features. They arecontrolled, be-
cause they correspond to a constant and well-identified p
netic goal; they areecological, because they are natur
stimuli, produced by human speakers; they areatypical, be-
cause they are uttered in a perturbation paradigm that dr
the system towards its limits. Hence, this set of acoust
stimuli provides a relevant experimental corpus to kn
more about the acceptable perceptual space for the Fr
vowel @u#.

B. Questions about the perceptual template for †u‡

The nature of the determinants of a vowel category is
old and partially unsolved problem, and research deve
ments in the last 30 years have been essentially focuse
four major issues. First, the role of formants seems to
basic ~see, e.g., Carlsonet al., 1979; Lublinskayaet al.,
1980; Klatt, 1982!, though the entire spectral pattern mig
also play a role~Bladon, 1982; Beddor and Hawkins, 199!
which has to be better understood. Second, the role of ti
varying features is not yet clarified and stays a hot topic
recent debates~see, e.g., Strange, 1989; Bohn and Stran
1995; Nearey, 1989, 1995!. Third, the old suggestion by Po
ter and Steinberg~1950! that the relative pattern of stimula
tion along the basilar membrane could determine the per
led to the proposal of various tonotopical distances involv
both formant and fundamental frequencies in order to d
with intersex and interspeaker normalization~e.g., Traun-
müller, 1981; Syrdal and Gopal, 1986!. At last, the works
aboutF82 ~Carlsonet al., 1970; Bladon and Fant, 1978! and
the center of gravity effect~Chistovichet al., 1979; Schwartz
and Escudier, 1989! have initiated several studies about t
existence of integrated perceptual formants in case of
mant proximity. Concerning more specifically the vowel@u#,
383 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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which is a high back-rounded vowel, it is necessary to ma
tain, in French, two basic features. These features areheight
~to distinguish it from the mid-high back-rounded vowel@o#!
and backness~to distinguish it from the high front-rounde
vowel @y#!. To determine the perceptual correlates of each
these features, a number of proposals have been made i
literature.

First, a low F1 value is classically considered as th
major correlate of the ‘‘high’’ feature. A number of researc
ers have introduced the fundamental frequencyF0 as a nor-
malizing parameter to deal with interspeaker variabili
Traunmüller ~1981! suggested that the tonotopic distan
(F1 –F0) in bark could be the best correlate of vowel ope
ness. However, it seems that the role ofF0 could have been
overemphasized in this formula, especially for lowF1 val-
ues ~Traunmüller, 1981; Di Benedetto, 1987!. Data pub-
lished by Hoemeke and Diehl~1994! for front vowels and
Faheyet al. ~1996! for back vowels lead to a complex pa
tern in which neitherF1 nor (F1 –F0) can systematically be
said to be the best correlate of the openness feature. Tr
müller ~1991! even noticed that there seems to exist a la
intersubject variability in the perceptual use ofF0 for height
estimation. Also relevant for@u# is the ‘‘center of gravity
effect’’ introduced by Chistovichet al. ~1979!. Indeed, their
data suggest that in the region of the vowel space whereF1
andF2 are close together, an integrated value such asF1
1F2)/2 ~all frequencies in bark! could be the best correlat
of the vowel quality, and specifically of the contrast betwe
the high vowel@u# and the mid-high vowel@o#. However,
other data on the perceptual parameters characterizing
vowels suggest that, though an integrated value betweenF1
andF2 is perceptually relevant, the center of gravity see
to rely more onF1 than onF2, at least for@u# and @o#
~Delattreet al., 1952; Beddor and Hawkins, 1990!.

Second, a lowF2 value is classically considered to b
the major correlate of the back-rounded series. To deal w
interspeaker variability,F0 can be once more introduced as
normalizing factor. In this vein, Fantet al. ~1974! and Man-
takas~1989! provided data supporting the role of (F2 –F0)
or (F82 –F0) as a correlate of the rounding contrast in hi
front vowels. Hirahara and Kato~1992! support the same
kind of hypothesis: the use of the tonotopic distan
(F2 –F0) to separate in Japanese high front vs high b
vowels. Other tonotopic distances between adjacent pe
~i.e., F0,F1,F2,F3! were also considered. Traunmu¨ller
~1985! suggested that (F2 –F1) in bark could be an impor-
tant determinant of vowel quality, the more so wh
(F2 –F1) is small, which is the case for back-rounded vo
els. The tonotopic distance (F3 –F2) in bark is proposed by
Syrdal and Gopal~1986! to be a good correlate of the front
back contrast in American English. However, it is genera
admitted thatF3 does not have enough intensity to influen
the quality of back vowels. This statement is indirectly co
firmed by old data published by Delattreet al. ~1952! on the
perception of two-formants synthetic stimuli including va
ous modifications of the level of eitherF1 or F2. Their data
show that for all front vowels, a decrease of theF2 intensity
below a given threshold leads to the perception of a ba
rounded vowel. Hence, it seems clear that a basic percep
383Savariaux et al.: Perceptual study of lip tube perturbation
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correlate of the ‘‘front’’ feature is the presence of a min
mum amount of energy in the high-frequency region of
speech spectrum; that is, above 1.5 kHz. As concerns b
rounded vowels, the (F1,F2,F3) typical pattern depicts a
strong (F1,F2) prominence in the low-frequency regio
while the intensity ofF3 ~and also of higher formants! is
quite weak.

Finally, it is important to notice that the previous discu
sion is centered on the definition ofboundariesfor vowel
categories, while a large amount of literature has been
cently concerned with the issue of prototypes vs boundar
In this framework, it has been suggested that a vowel
egory is associated with a nonhomogeneous domain in
vowel space. Thus, there seems to exist for each catego
‘‘prototype’’ that would be an anchor point around whic
stimuli, at the same time, receive the best ‘‘quality score
in the identification process~Grieser and Kuhl, 1989!, are
identified quicker~Sussman, 1993!, produce more effect in
adaptation paradigms~Samuel, 1982; Milleret al., 1983;
Perkellet al., 1993!, and are stronger competitors in dichot
listening experiments~Miller, 1977!. A recent series of dis-
crimination experiments led Kuhl~1991, 1995! to introduce
the concept of a ‘‘magnet effect’’ accounting for the bet
generalization ability around prototypes.

C. Experimental setup

The previous sections lead us to define our strateg
the following way. Considering that we have a set of co
trolled, ecological, and atypical stimuli providing a corp
around the French vowel@u#, the corpus was examined wit
respect to two major questions:

~1! What is the perceptual requirement for a@u# in French?
~2! How is this requirement used by the speakers to co

pensate for the labial perturbation?

Given these aims, two kinds of perceptual tests were
signed. First, experiment 1 focused on vowelidentification,
to assess how normal and perturbed stimuli were cate
rized. Second, experiment 2 focused on vowelquality rating,
to know more about speakers’ strategies in perturbed sp
ing conditions, as well as about the role of categories
prototypes in the elaboration of the strategies.A posteriori
considerations on the obtained results led us to set up a
series of experiments focused on the comparison, for
lected speakers, of the identifications of the PF and
stimuli, in order to know more about the strategy of t
speakers during the adaptation session.

In this study, perceptual performance was related to
acoustical parameters that were proposed as potential c
lates of vowel quality for the vowel@u#. We considered five
representations in the acoustical domain: the@F1,F2# space,
that indirectly provides an insight of the (F2 –F1) and
(F11F2)/2 parameters; the@(F1 –F0),(F2 –F0)# and
@F1,(F2 –F0)# spaces to assess the normalizing role of
fundamental frequencyF0 ~see Sec. I B!; and finally, the
@F2,(I1 –I2)# and @F3,(I1 –I3)# spaces whereI1, I2, and
I3 are, respectively, the intensities in dBs ofF1, F2, andF3,
to assess the perceptual influence of the spectrum decay
384 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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especially, of the emergence of a high-frequency peak~all
frequencies in bark!.

II. EXPERIMENT 1: IDENTIFICATION TEST

A. Method

1. Subjects

In the first experiment, 17 adult listeners~14 males and 3
females!, native speakers of French, served as subjects. T
ranged from 19 to 46 years of age, with a mean of 26 ye
old. The majority of them was students at our lab, the Inst
de la Communication Parle´e, and all were free from speec
and/or language disorders. Some of them had a basic ed
tion in phonetics. In addition, the listeners performed a c
trol test in order to check their auditory performance and
ensure that they understood the procedure. The control
consisted of identifying seven French vowels@i, a, o,Å, !, y,
u# recorded, under normal conditions, by a native speake
French, who was not a subject in the lip tube experime
Each listener was a volunteer for the perception test and n
of them had served as a subject in the lip tube experim
nor knew the goal of the experiment.

2. Corpus

The corpus consisted of two utterances of seven vow
namely the utterances of@u# under the N and the PL condi
tion, plus six additional vowels included in the corpus
satisfy two requirements:

~1! To give, for each speaker, information about the ma
mal vowel space in the@F1,F2# plane; hence, vowels@i#
and @a# were selected.

~2! To describe with enough accuracy the region loca
around the vowel@u# in the @F1,F2# plane; hence, vow-
els @o, Å, !, y# were chosen.

The corpus was produced by ten of the 11 speakers2 of
the lip tube experiment. As concerns vowel@u#, the sounds
recorded in the x-ray room under the N~normal! and the PL
~perturbed! condition were selected. The six additional vow
els were recorded specifically for the perceptual tests, i
sound-treated room, around 18 months after the first exp
mental session, under two conditions: one normal, and
immediately after the insertion of the 25-mm-diameter tu
between the speaker’s lips~condition similar to the PF con
dition for vowel @u#!. It should be noted that recording con
ditions ~stimulus loudness and background noise! were simi-
lar for @u# and for the additional vowels, and see
indistinguishable according to the subjects. All stimuli~14
stimuli per speaker, 10 speakers! were truncated to 400 ms
The sound level was set at a comfortable level~around 55 dB
SPL!.

3. Procedure

The test was conducted with theEUROPECsoftware de-
veloped at the Institut de la Communication Parle´e ~Zeiliger
and Se´rignat, 1991!. The subjects were seated in a soun
treated room. The stimuli were presented binaurally throu
a high-quality headphone. The experimental procedure
as follows: the subject listened to a stimulus while watch
384Savariaux et al.: Perceptual study of lip tube perturbation
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the computer monitor, on which the list of possible respon
was displayed; he/she then selected and validated his
choice with the mouse, without any possibility of hearing t
stimulus again. The next stimulus was then automatic
sent to the headphone 2 s afterwards. The list of possib
choices consisted of the seven vowels of the corpus, wri
in graphemes, and illustrated by an example of a Fre
word such as: ‘‘au’’~/o/! like in the word ‘‘beau,’’ ‘‘i’’ ~/i/!
like in ‘‘lit,’’ ‘‘ou’’ ~/u/! like in ‘‘pou,’’ ‘‘e’’ ~/!/! like in
‘‘peur,’’ ‘‘o’’ ~/Å/! like in ‘‘port,’’ ‘‘u’’ ~/y/! like in ‘‘rue,’’
and ‘‘a’’ ~/a/! like in ‘‘pas.’’ The phonetic characters wer
not displayed, because most of the listeners were not use
this kind of notation. All listeners completed the test of 1
stimuli, blocked by speaker: for each speaker, the 14 stim
were randomly put into a sound file, and the order of pres
tation of the ten files associated to the ten speakers was
domly determined. Each subject listened only once to
whole set of stimuli. Notice that the identification task w
not easy for mid-open vowels, which do not appear gener
in isolation in French: this is typically the case for /Å/, which
exists only in closed syllables. This could have someh
biased the corresponding identification scores, as will
seen later.

4. Acoustical parameters

The acoustical signals were processed by a
coefficients-LPC analysis~window length: 20 ms; window
overlap: 10 ms!. Frequency and intensity of the first thre
formants were extracted along the whole signal durat
~400 ms!, and the mean values were calculated. Fundame
frequency was measured through a zero-crossing algori
and the mean value was calculated across the whole s
duration. Frequencies were then converted into a percep
bark scale according to the Hertz-to-bark transformat
~Schroederet al., 1979!

Fbark57•asinh~FHz/650!.

B. Results

1. Identification of vowels produced under normal
conditions

A preliminary study consisted of the assessment of
experimental procedure, as well as of the capability of e
listener to identify vowels. In this aim, it was checke
whether the vowels produced in normal conditions were c
rectly classified.

The majority of vowels~5 among 7! was well identified
~16 or 17 correct identifications!. Two vowels were not well
identified, namely the tokens@o# ~score ranging from 11
through 17; most confusions with@Å#! and@Å# ~score ranging
from 4 through 15, most confusions with@a#!. This must be
related to the special status of /Å/ in French~see our remark
in Sec. II A 3! and to the difficulty to differentiate in isolation
@Å# from @a#. Altogether, these results show that all listene
were able to perfectly identify@u#, and to discriminate it
from neighbor categories.
385 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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2. Identification of the stimuli under normal versus
perturbed conditions

The identification scores obtained for the vowel@u#, pro-
nounced by each of the ten speakers under the N and th
condition, are given in Table I. The most remarkable res
was observed in the PL condition: for seven speakers~BC,
CH, GA, LR, MP, OD, and YP! the vowel@u# was perfectly
well identified by all listeners, with 16 or 17 correct ident
fications. It should be recalled that the acoustical analy
carried out in Savariauxet al. ~1995! led to the conclusion
that only one speaker was able to completely compensate
the perturbation, based on a 10 % deviation criterion forF1
andF2 values.

The discrepancy between the conclusions brought up
the identification test and the acoustical analysis dem
strates that our 10 % deviation criterion onF1 andF2 was
not able to accurately predict perceptual category consta
Consequently, as a first attempt to characterize the percep
objective of the speaking task, it was interesting to search
the outlines of the perceptual category of the isolated vo
@u#, within an acoustical representation includingF0, for-
mant frequencies, and formant amplitudes.

3. Relation between identification scores and spectral
parameters

No simple linear relation could be found between t
frequencies of formantsF1 andF2 or their deviations from
the normal values, and the identifications provided by
listeners. However, as emphasized by Fig. 1~A!, in which all
stimuli are plotted in the@F1,F2# plane, a separation can b
found in the acoustical space between well-identified a
badly identified vowels@u#. To take the normalizing param
eterF0 into consideration~see Sec. I B!, additional represen-
tations were made of the distributions of the stimuli in t
@(F1 –F0),(F2 –F0)# and @F1,(F2 –F0)# planes@see, re-
spectively, Fig. 1~B! and~C!#. While the distinction between
‘‘good’’ and ‘‘bad’’ exemplars is quite the same in th
@F1,F2# and @F1,(F2 –F0)# planes, it seems poorer in th
@(F1 –F0),(F2 –F0)# plane. Hence, in relation to the de
bate about the normalizing role ofF0 ontoF1 ~see Sec. I B!,

TABLE I. Number of correct identifications of the vowel@u# produced
under normal~N! and perturbed~PL! conditions by each of the ten speaker
In case of wrong identifications, the incorrect answers provided are wri
in parentheses, together with the number of listeners who made this ch

Speakers N condition PL condition

BC 17 16
~@o#:1!

CH 17 17
GA 17 17
JY 17 0

~@!#:17!
LJ 16 1

~@o#:1! ~@o#:13; @Å#:3!
LR 17 17
ML 17 1

~@!#:16!
MP 17 17
OD 17 17
YP 17 17
385Savariaux et al.: Perceptual study of lip tube perturbation
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the present data rather support Traunmu¨ller’s observation
~1981! that for low F1-values, the tonotopic distanc
(F1 –F0) is not a good correlate of the perceptual categ
zation. Together, this figure shows that for high values ofF1
and (F2 –F0) ~above 4 bark forF1; above 7 bark for
F2 –F0!, the vowel was not perceived as a@u# anymore.
This suggests the existence of threshold values forF1 and
for F2 or (F2 –F0). Beyond these thresholds, the perce
tion changes from@u# to @o#, when F1 increases~speaker
LJ!, and from@u# to @!#, whenF2 increases~speakers JY
and ML!. Hence, these thresholds seem to provide a b
specification of category boundaries for the vowel@u# in
French.

FIG. 1. ~A! Distribution of all stimuli in the@F1,F2# plane. Circles corre-
spond to stimuli produced under normal~N! condition and squares to thos
produced under perturbed~PL! condition. The badly identified stimuli are
displayed by filled boxes.~B! Same display for the distribution of all stimul
in the @F1 –F0,F2 –F0# plane.~C! Same display for the distribution of al
stimuli in the @F1,F2 –F0# plane.
386 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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C. Discussion

The results of experiment 1 showed that under the
condition, seven among the ten speakers~OD, MP, BC, GA,
CH, LR, and YP! were able to keep their@u# within the
appropriate category. This observation suggests that the
turbation induced by the lip tube could have been much l
disturbing than was originally presumed from the acousti
theory. On the other hand, as we discussed in Sec. I B,
perceptual space is not homogeneous within a given
egory, some realizations of a phoneme being possibly ‘‘b
ter’’ than others. In this perspective, it is logical to stud
whether speakers are inclined, and able, to organize t
articulation in order to produce a sound close to the b
representative of the category. Such a hypothesis is cohe
with the concept proposed by Lindblom~1996!, that speakers
are able to control the amount of information necessary
the listeners. In the same vein, Perkellet al. ~1993, 1998!
also observed experimental evidences of motor-equivale
strategies that are supporting the idea of a speech-produ
control that takes into account the heterogeneity of the p
ceptual space in a given phonetic category.

Hence, the purpose of experiment 2 was to study
prototypicality of the perturbed stimuli by determining ho
listeners rated vowel quality within the category@u#.

III. EXPERIMENT 2: RATING TASK

A. Method

1. Subjects

In this experiment, 18 adult listeners, 14 males and
females, served as subjects. Among them, 16 had par
pated in the first perceptual test. They had no evidence
any auditory or perceptual trouble. They ranged from 19
46 years of age, with a mean of 26.8 years. As in the fi
experiment, the subjects were volunteers, and did not kn
the underlying objectives of the study.

2. Stimuli

The vowel@u# produced by the ten speakers during t
lip tube experiment under the N and the PL condition serv
as stimuli. Thus, a total of 20 stimuli of 400-ms duratio
were presented to the listeners. The two stimuli from
same speaker were presented in sequence, the@u# produced
under the N condition being systematically followed by t
@u# produced under the PL condition. This order of prese
tation was chosen in order to make the listener implici
compare the perturbed realization with the natural preced
one, then giving the natural utterances the status of refere
Thus, the corpus consisted of ten sets of two stimuli. The
were randomly stored in sound files, and five files were c
ated in order to have five rating estimations per stimuli
each listener. The listeners did not know about the way
stimuli were stored and presented.

3. Procedure

The rating test was conducted 1 month after the ide
fication test. The listeners were instructed that they wo
hear various pronunciations of the vowel@u#, and that they
386Savariaux et al.: Perceptual study of lip tube perturbation
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would have to evaluate the quality of the sound within t
category. A 1-to-7 rating scale was presented to the listen
with the following explanations: the rating ‘‘1’’ should cor
respond to ‘‘a bad vowel@u#, that is not representative of th
perceptual category of the natural vowel,’’ while the rati
‘‘7’’ should be given to a sound that is perceptually ‘‘a ve
good vowel@u#, i.e., a canonical representative of the natu
vowel.’’ No specific instructions were provided about th
intermediate levels 2 to 6. The order of presentation of
five sound files was randomly determined for each listen
The analysis of the signals was based on the same spe
parameters as in Sec. II A 4.

B. Results

1. Perceptual scores

The average ratings of the 90 occurrences~18 listeners,
five ratings per listener! of the vowel@u# produced under the
N and the PL condition are presented in Table II for ea
speaker separately. These average values were comput
follows: first, mean values and variances of the five ratin
were calculated for each stimulus and each listener; sec
for each stimulus, averages of the means and variances
computed and are provided in Table II.

A two way analysis of variance~ANOVA ! @condition
(2)3speaker~10!# with repeated measures of both facto
revealed a main effect of the ‘‘speaker’’ factor@F(9,153)
541.9; p,0.01#. Therefore, the large variability of th
mean values observed, even in the N condition, am

TABLE II. Mean values and standard deviations~in parentheses! of the
ratings provided by 18 listeners for the vowel@u# produced under norma
~N! and perturbed~PL! conditions by each of the ten speakers;F test for the
‘‘condition’’ factor: * for p,0.05; ** for p,0.01.

Speakers N condition PL condition

BC 5.1 2.8
~1.4! ~0.6!

**
CH 5.7 5.8

~0.7! ~0.7!
GA 6.1 5.8

~0.8! ~0.8!
JY 6.2 1.2

~0.8! ~0.4!
**

LJ 5 1.7
~1.4! ~0.6!

**
LR 5.2 3.7

~1.0! ~0.8!
**

ML 6 1.2
~0.7! ~0.4!

**
MP 5.6 5.2

~0.9! ~0.6!
*

OD 6.7 3.7
~0.4! ~1.2!

**
YP 5.2 3.8

~1.4! ~1.1!
**
387 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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speakers is statistically significant. However, it appears
the global average ratings of the vowels recorded under
N condition were always higher than or equal to 5, who
ever the speaker. Hence, a perceptually good@u# is taken to
correspond to a global average rating of 5 or higher.

The ANOVA also revealed a noticeable effect of th
‘‘condition’’ factor @F(1,17)5266.7; p,0.01# as well as an
interaction between the condition and speaker fact
@F(9,153)555.3; p,0.01#. In addition, it was observed
that, except for speaker CH, the mean value in the N con
tion was systematically larger than in the PL condition, b
that the extent of the difference was speaker dependen
simple effect analysis shows that these differences were
nificant for eight of the ten speakers. However, for one
these eight speakers~MP!, the average ratings were large
than 5 for both conditions. Hence, his vowel@u# produced
under perturbed condition was still a perceptually go
vowel. Altogether, for speakers CH, GA, and MP, the vow
@u# produced under the perturbed condition after the ada
tion session was rated a good instance of@u#.

These results suggest that three speakers among
were able to completely compensate for the lip perturbati
Very surprisingly, speaker OD, who produced very simi
@F1,(F2 –F0)# patterns in both conditions, did not belong
this set of three speakers, while his vowel@u# produced under
normal conditions obtained a very good rating~6.7!. This
will be discussed later.

2. Acoustical correlates of perceptual ratings

A study of the correlation between spectral paramet
and ratings was then performed. The spectral parameters
der consideration were the following:~1! the raw parameters
F0, F1, and F2 ~in bark!; ~2! the distances (F1 –F0),
(F2 –F0) to account for the normalizing effect ofF0 ~in
bark!; ~3! the average value (((F2 –F0)1F1)/2) to account
for a center of gravity effect~in bark!. First, all occurrences
of the vowel@u# produced under the N and the PL conditio
were taken into consideration. As could be expected from
literature about the perception of vowel@u# ~see Sec. I B!,
F2(r 50.77), (F2 –F0)(r 50.78), F1(r 50.71) and
(F1 –F0)(r 50.59) were all correlated significantly with th
rating values. More specifically, the high correlation o
served for the parameter (((F2 –F0)1F1)/2)(r 50.83)
supports Chistovichet al.’s ~1979! hypothesis of the cente
of gravity effect in the perception of the vowel@u#. Only the
parameterF0 was not significantly correlated with the ratin
values.

In a second stage, the stimuli produced under the N
the PL conditions were analyzed separately. Within the cl
of the stimuli produced under the N condition, no significa
correlation was observed, as could be expected from the
little variations of the spectral parameters observed ac
speakers for that condition. On the opposite, within the cl
associated with the PL condition all parameters exceptF0
were significantly correlated with the rating values. The
observations are coherent with the hypothesis of thenonho-
mogeneityof the acoustical vowel space~see Sec. I B!, and
of the existence of a ‘‘prototypical’’ region where small
spectral changes do not affect the good quality of the vow
387Savariaux et al.: Perceptual study of lip tube perturbation
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Outside this region, spectral changes should modify the q
ity, and even its identification, when changes are going
yond the thresholds that were found in Sec. II B 3 to delim
the perceptual category of the vowel@u#. Hence, for the se
of stimuli produced under the PL condition, significant co
relations were observed forF1(r 50.68), (F1 –F0)(r
50.57), F2(r 50.67) and (F2 –F0)(r 50.69).

In Fig. 2, the repartition of the stimuli is displayed, as
Fig. 1~C!, in the @F1,(F2 –F0)# plane in relation with their
average rating. In this figure, it can be observed that:

~1! For all stimuli that obtained an average rating grea
than 5, (F2 –F0) is essentially smaller than 6 bark, e
cept whenF1 is very low~less than 3 bark! as suggested
by speakers MP and GA. An exception is provided
the stimulus produced by speaker OD under the PL c
dition, which is included in this region of the plane,
spite of its low, average rating~3.7!. An analysis of this
specific case is proposed below~Sec. IV B!.

~2! If ( F2 –F0) is higher than 7 bark or ifF1 is higher than
4 bark, the average rating is smaller than 2. This is
line with the results of experiment 1, where it was sho
that the vowels located in this region of th
@F1,(F2 –F0)# plane were not identified as a vowel@u#.

~3! If F2 is between 6 and 7 bark, and ifF1 is between 3
and 4 bark, the stimuli are perceived as a vowel@u#, but
their quality is far from prototypical, since they wer
rated at a level located between 3 and 5.

Thus, it seems that to achieve a perceptually good@u#,
the speakers should try to keep the middle point betweenF1
and (F2 –F0), below a certain value. This is summarized
Fig. 3, where the frequency (((F2 –F0)1F1)/2) is plotted
speaker by speaker, in the N and the PL conditions. In
figure, each stimulus is labeled according to the followi
code: ~1! A corresponds to the sounds that were rated a
good @u# (score>5); ~2! B corresponds to the sounds th
were clearly identified as a vowel@u# but were not rated as
good (3<score,5); ~3! C corresponds to the sounds th
were not clearly identified as@u# ~in experiment 1! and ob-
tained rating scores<2 ~in experiment 2!.

It can be noted that, except for speaker OD in the

FIG. 2. Distribution of all stimuli in the@F1,F2 –F0# plane. Circles corre-
spond to stimuli produced under normal~N! condition and squares to thos
produced under perturbed~PL! condition. The stimuli which are rated at
mean value smaller than 5~not a good@u#! are displayed by filled boxes.
388 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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condition, all the stimuli associated with theA label are be-
low the stimuli with aB label, and that all the stimuli with a
C label are on the top of Fig. 3. The shift from categoryA to
categoryB happens somewhere around 4.75 bark, and
shift from categoryB to categoryC around 5.25 bark. This
explains the very significant correlation betwe
(((F2 –F0)1F1)/2) and the rating value, and confirms th
this center of gravity ofF1 and (F2 –F0) is helpful in link-
ing acoustical parameters and perceptual effects for Fre
@u#.

Notice that, whileF2 and (F2 –F0) produced more-or-
less equal performances in the contrast of@u# and non-@u# in
experiment 1,F2 appears here less efficient than (F2 –F0)
in experiment 2. Indeed, the positions of ‘‘bad-@u#’’ stimuli
produced by speakers BC, LR, and YP in the PL condit
are better separated from other ‘‘good-@u#’’ stimuli in Fig.
1~C! than in Fig. 1~A!.

It is now possible to understand what kinds of strate
could have underlain the articulatory changes provided
the ten speakers, including speaker OD, during the lip t
experiment.

C. Analysis of the compensatory strategies observed
during the perturbation experiment

1. Compensation by a combined effect of F0, F1, and
F2

Experiment 2 demonstrates that, from a perceptual p
of view, speakers CH, MP, and GA were able to compens
for the perturbation. However, articulatory data showed t
they did not provide the expected strong reorganization
their vocal-tract geometry, and acoustical measurements
firmed that they did not completely compensate for the la
increase ofF2 induced by the perturbation. From the abo
analysis of the acoustical correlates of the perceptual rati
it can be concluded that these speakers were successfu
spite of the lip tube, because they could make the best us
the latitude offered by the variety of (F0,F1,F2) combina-
tions that are associated with the desired perceptual ef
The observation of the articulatory configurations measu
for these speakers under the perturbed condition reveals
main tendencies for the compensatory strategies.

Speaker CH moved the tongue back slightly, but n
enough to bringF2 back to its normal value~7.53 vs 6.03

FIG. 3. Distribution of stimuli, produced by each speaker, under normal~N!
and perturbed~PL! conditions along the ((F2 –F0)1F1)/2 axis. A
5good @u#; B5poor @u#; C5not a @u#.
388Savariaux et al.: Perceptual study of lip tube perturbation
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bark!; the constriction remained located in the velopala
part of the vocal tract. However, a larger movement am
tude was not necessary, because this speaker had a rela
high F0 ~higher than 2 bark, even in the normal condition!,
making a slight back movement of the tongue sufficient
keep the (F2 –F0) parameter smaller than the 6 bark thres
old, and to maintain the (((F2 –F0)1F1)/2) parameter at a
low value. Note~Fig. 3! that in the normal condition, this
speaker had the lowest value of the (((F2 –F0)1F1)/2)
parameter, way below the border area around 4.75 b
Hence, the increase ofF2 induced by the lip tube probabl
had less influence on the perception of his vowel@u# than for
other speakers. Consequently, a large tongue gesture wa
necessary to ensure a compensation. This observation
gests that, depending upon speaker-specific properties o
vocal source, the impediment induced by the lip perturbat
could have been very different among speakers.

The strategy adopted by speaker GA seems to have
quite different. Similarly to speaker CH, backward tong
movement under the PL condition was not large enough
significantly reduce the increase ofF2 ~8.1 vs 6.69 bark!.
However, contrary to speaker CH, the initialF0 value was
not very high. Hence, in spite of a smallF0 increase, the
(F2 –F0) parameter was still higher than the 6 bark thre
old. Therefore, the good rating of the vowel@u# that he pro-
nounced under the PL condition can only be explained by
low value of F1 ~2.18 bark!. Indeed,F1 noticeably de-
creased from the normal production~2.49 bark! to the per-
turbed one, and it should be noted that the correspond
value ofF1 was the lowest one observed among all spe
ers. This is a consequence of the movement of the ton
since this movement caused a backward lengthening of
vocal tract constriction, that became essentially twice as l
in the PL condition as in the N condition, while keeping
similar cross-sectional area. The lowF1 value ensured tha
the (((F2 –F0)1F1)/2) parameter remained low enoug
and the perceptual objective was reached.

Speaker MP presents some similarities to speaker
His backward tongue-movement amplitude was too sm
and the resultingF2 value was still much too high~7.6 bark
in the PL condition vs 6.44 bark in the N condition!. In spite
of a small increase ofF0, theF2 –F0 value was still higher
than the 6 bark threshold. Due to the tongue movement,
vocal-tract constriction became much larger. However, c
trary to the case of speaker GA, this enlargement did
induce a decrease ofF1. This can be explained by the ob
servation that, for speaker MP, the cross-sectional area o
constriction slightly increased as the tongue moved ba
ward. Nevertheless, the low initialF1 value in the N condi-
tion led to anF1 value in the PL condition lower than
bark. This low F1 value, superimposed to the limited in
crease of (F2 –F0), might explain why speaker MP
achieved the desired perceptual effect in spite of the lip p
turbation.

The other speakers, except speaker OD, did not f
compensate, either in the acoustical domain or from a p
ceptual point of view. However, it is interesting to notice t
largeF0 increase observed for speaker BC~almost 0.4 bark!,
and, to a certain extent, for speakers YP~0.2 bark! and LR
389 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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~0.11 bark!. For these three subjects, the vowel was iden
fied as a@u#. This suggests that anF0 increase may have
helped to enhance the quality of the vowel@u# in the pres-
ence of the lip tube perturbation. It should be noted that
trend to increaseF0 in the perturbed condition was not ge
eral: in fact,F0 decreased from N to PL for four speaker
and the average value for the whole set of speakers incre
only slightly, from 1.78 bark in the N condition to 1.84 bar
in the PL condition.

The case of speaker OD appears very specific. Inde
the compensation was obvious in the articulatory doma
with a large backward tongue movement, and it had cl
consequences in the acoustical domain: the stimuli recor
under the N and the PL conditions were almost super
posed in the@F1,(F2 –F0)# plane~Fig. 3!. However, experi-
ment 2 demonstrates that the stimulus recorded under th
condition clearly belonged to the prototypical region
vowel @u#, while the one recorded under the PL conditio
was perceptually quite unsatisfactory. Hence, the interpr
tion of speaker OD’s compensatory strategy requires us
consider spectral parameters other thanF1 and (F2 –F0).

2. How to interpret the backward movement of the
tongue produced by speaker OD

In a complementary study,F3 frequency, together with
the intensitiesI1, I2, and I3 of formantsF1, F2, andF3
respectively, was analyzed. In order to take into account
possible variation of the global energy of the signal from o
condition to the next, the formant intensities were norm
ized in relation toF1 intensity. The differences (I1 –I2) and
(I1 –I3) were then considered.

Figures 4~A! and ~B! plot the stimuli of all speakers in
the @(F2 –F0),(I1 –I2)#, and@F3,(I1 –I3)# planes, respec-
tively. Both the intensity parameters and theF3 frequency
offer a means of distinguishing between OD’s stimuli und
the N and the PL condition. The clearest distinction betwe
these stimuli can be observed along the (I1 –I2) axis: under
the perturbed condition, the relative intensity ofF2 was
smaller. This phenomenon was observed in general wi
the whole set of speakers, but it was especially clear
speaker OD, since his perturbed production of vowel@u# had
the highest (I1 –I2) value. The (I1 –I3) parameter also dis
tinguishes between OD’s normal and perturbed stim
However, such a distinction does not correspond to a gen
trend among all speakers. Hence, the perceptual effect of
parameter is not clear. Globally, there is some trend in F
4~B! that well-rated stimuli correspond somewhat with lo
F3 and I3 values. However, this trend is weak: the we
rated stimuli produced by speakers CH and MP under the
condition had highF3 frequencies, similar to the one me
sured for OD, with higher relative amplitude.

To assess, for speaker OD, the third formant role in
perception of vowel@u#, a simple perceptual test was pe
formed. The spectra of his stimuli recorded under the N a
the PL condition were low-pass filtered to the range@0–1500
Hz# with a Chebyshev filter. Thus, the potential role ofF3 in
the perception was discarded. For the test, the corpus
sisted of four stimuli~two nonfiltered and two filtered!; 14
among the 18 listeners, who had participated in the previ
389Savariaux et al.: Perceptual study of lip tube perturbation
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rating test, served as subjects. The rating scale consiste
four levels: ‘‘This is not the vowel@u#,’’ ‘‘This is the vowel
@u# with poor quality,’’ ‘‘This is the vowel @u# with good
quality,’’ and ‘‘This is the vowel@u# with very good qual-
ity.’’ It appeareda posteriorithat the distinction between th
last two categories was not completely clear to the listen
Hence, we merged them in the analysis.

The results showed that the perturbed stimulus obtai
a better rating when it was filtered. Without filtering, 48.6
of the listeners perceived the stimulus as a@u# with ‘‘good’’
or ‘‘very good quality,’’ while 17.1% of them did not iden
tify the vowel @u#. After filtering, the rating of good or very
good quality increased to 64.3%, while only 4.3% of t
listeners did not identify the vowel@u#. For the stimuli re-
corded under the N condition, the impact of the filtering
quite negligible. Without filtering, 100% of the listeners pe
ceived the stimulus as a@u# with good or very good quality;
after filtering, this rate decreased slightly to 98.6%, 1.4%
the listeners~i.e., two listeners among the 14! providing the
evaluation ‘‘poor quality.’’ The results tend to attest to th
role played byF3 in the perception of the vowel@u# pro-
duced by speaker OD under the PL condition, and confi
that consideringF0, F1, andF2 is not completely sufficien
to assess compensation in the perceptual domain.

Altogether, these data raise a last question. Indeed
appears that speaker OD did not fully compensate for
perturbation in the perceptual domain, though he used
actly the strategy predicted from the acoustical theory to

FIG. 4. ~A! Distribution of all stimuli in the@F2 –F0,I1 –I2# plane. Same
display as Fig. 2.~B! Distribution of all stimuli in the@F3,I1 –I3# plane.
Same display as Fig. 2.
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fer the compensation in the@F1,F2# plane. Hence the ques
tion is: what improvement was induced by this articulato
strategy? This is the purpose of the next experiment,
which a comparison of the identification of the PF and t
PL stimuli was carried out for speaker OD and for two oth
speakers representative of the main compensatory behav

IV. EXPERIMENT 3: COMPARING THE
IDENTIFICATIONS OF THE PF AND THE PL STIMULI

In this last experiment, the stimuli in the PL conditio
were compared with the stimuli produced immediately af
the insertion of the tube, without any preparation time~PF
condition!. Since we have suggested that the ultimate t
space of speech production is the perceptual domain,
comparison offers a way to understand what perceptual
teria could have guided the speakers during the adapta
session. For this aim, a classification test was performe
order to know more about the phonetic quality of the
stimuli. The analysis of stimuli was limited to three speake
who are considered to be prototypical for the general tre
observed in the articulatory and perceptual domains as
gards the compensatory strategies: articulatory movem
from PF to PL, that were large enough to induce signific
spectral changes likely to influence the perceptual rating
the perturbed@u# ~speakers OD and GA; OD chosen as pr
totype!; small articulatory movement from PF to PL, wit
good perceptual ratings of the perturbed@u# in the PL con-
dition ~speakers CH and MP; CH chosen as prototype!; no or
small articulatory movement from PF to PL, with unsatisfa
tory perceptual ratings of the perturbed@u# in the PL condi-
tion ~speakers JY, BC, LJ, LR, ML, and YP; JY chosen
prototype!.

A. Corpus and procedure

Fourteen listeners among the previous 18 served as
jects. In addition to speaker OD’s stimuli, the stimuli r
corded under the N, PF, and PL conditions for speakers
and CH were selected. The corpus consisted then of a tot
9 stimuli (3 speakers33 conditions). The same procedu
as in experiment 1 was used: listening to a stimulus, se
tion and validation of the response, and then listening to
next stimulus. The response was selected from the same
of seven items as in experiment 1: ‘‘au’’~/o/! like in the
word ‘‘beau,’’ ‘‘i’’ ~/i/! like in ‘‘lit,’’ ‘‘ou’’ ~/u/! like in
‘‘pou,’’ ‘‘e’’ ~/!/! like in ‘‘peur,’’ ‘‘o’’ ~/Å/! like in ‘‘port,’’
‘‘u’’ ~/y/! like in ‘‘rue,’’ and ‘‘a’’ ~/a/! like in ‘‘pas.’’ The
stimuli were presented only once, but no time constraint w
given for the response. Two seconds after the mouse va
tion, another stimulus was presented. There were five oc
rences of each stimulus; hence, a total of 70 responses
each stimulus was analyzed. This test was performe
months after the identification test of experiment 1.

B. Results

The results are presented in Table III.
For speakers CH and JY, the identification of the stim

lus produced under the PL condition was similar to the o
observed in experiment 1: 100% and 5% of the occurren
390Savariaux et al.: Perceptual study of lip tube perturbation
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pr
were correctly classified, respectively. As concerns spea
CH, the stimulus under the PF condition was perfectly we
classified. Remember that, from the analysis of the whole
of speakers, it was proposed that in case of a strong
perturbation, the compensation could not be reached im
diately after the insertion of the tube~PF condition! and
would require a training period. Therefore, our interpretat
is that, for this speaker, the impact of the lip tube was l
strong as expected; hence, the perfect identification of the
stimuli. As concerns speaker JY, no relevant difference w
observed between the identifications of the PF and the
stimuli. This result confirms that this speaker did not find a
appropriate strategy to compensate.

For speaker OD, the results were not as clear. Whe
the identification score in the N condition was similar to t
one in the first test, strong differences were observed in
PL condition between experiment 1 and this experime
Thus, the absence, in the current test, of auditory referen
within the speakers’ maximal vowel space seems, in a
analysis, to have had more impact on the perceptual eva
tion of speaker OD’s stimuli, than for the other speake
This is not surprising, because the acoustical signal reco
for OD under the PL condition was already shown to
perceptually neither very good~and then easily identifiable!
nor very bad~and easily discarded as a@u#!.

These results bring interesting insights into the obj
tives that could have underlain the compensatory strat
observed for speaker OD. For the PF condition, the iden
cations were equally distributed between a@u#, a back-
rounded vowel, and an@!#, a central vowel. For the PL
condition, the identifications were essentially either@u# or
@o#, two back-rounded vowels. This observation suggests
the strong articulatory changes observed for speaker
from the PF to the PL condition~a large backward move
ment of the tongue! induced a shift in the phonetic classifi
cation of the sound. From clearly ambiguous~either a back
rounded or a central one! in the PF condition, the soun
became clearly a back and rounded vowel in the PL con
tion. Thus, although speaker OD’s stimulus in the PL con
tion was not perceived as a good@u#, it is possible to sugges
the strategy chosen by speaker OD during the adapta
session: try to maintain the produced stimulus inside
back category typical of a@u#, even if the ‘‘height’’ feature is
not completely preserved.

V. GENERAL DISCUSSION

We defined two main stages for the present study. F
we intended to take advantage of the acoustical stimuli p

TABLE III. Number of correct identifications of the vowel@u# produced
under N, PF, and PL conditions by speakers OD, JY, and CH. Same
sentation as in Table I.

Speakers N condition PF condition PL condition

OD 68 31 28
~@o#:2! ~@!#:31; @o#:4; ~@o#:31; @Å#:6;

@i#:3; @a#:1! @!#:3; @y#:2!
JY 70 4 4

~@!#:66! ~@!#:65; @o#:1!
CH 70 70 70
391 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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duced in the perturbation experiment presented by Savar
et al. ~1995! to explore the perceptual space around
French oral vowel@u#, with the hope that these atypica
stimuli would help to provide information about the perce
tion of such back-rounded vowels. The second stage c
sisted of exploiting this characterization of the percept
goal associated to@u# in French, in order to better understan
the speaker’s task for this vowel and to better interpret
speakers’ strategies in the lip tube experiment. We shall
cuss these two points in this order.

A. †u‡ in the listener’s mind: confirmations and
refinements on a ‘‘grave’’ vowel

This set of experiments enabled us to propose a prog
sive focus on the perceptual template for vowel@u# in
French, in the following way. First, experiment 1 confirme
that the perceptual goal for@u# is basically associated with
the control of two parameters that have to be low enou
one mainly linked withF1, ensures the ‘‘high’’ feature~to
contrast with @o#!, and the other, mainly linked withF2,
ensures the velopalatal feature~to contrast with@!# in our
experiment!. Second, the correlation analyses in experime
1 and 2 suggest thatF0 does not seem to contribute signifi
cantly to the perception of the high feature; hence,F1 is
more appropriate than (F1 –F0) as a correlate of the high
feature. This is essentially in line with the data discussed
Sec. I B. Third,F0 seems, on the contrary, to contribute
the normalization ofF2; hence, (F2 –F0) in bark provides
the basic correlate of the back feature for@u# @see Fig. 1~C!#.
Fourth, it appears that the parameter (((F2 –F0)1F1)/2)
~all frequencies in bark! might summarize the effects ofF1
and (F2 –F0) and provide a good overall correlate of th
grave feature classically used to describe the vowel@u# in all
languages~Jackobsonet al., 1963!. It is of particular interest
to notice that this parameter might be associated with
center of gravity introduced by Chistovich and colleagues
1979, normalized to a certain extent byF0. Indeed,
(((F2 –F0)1F1)/2) might be seen as ((F1
1F2)/2–F0/2), with the first term (F11F2)/2 being the
true center of gravity, andF0/2 the normalizing term. It is
also remarkable that this parameter happens to set both
category boundary~around 5.25 bark; see Fig. 3! and the
prototypicality index for@u# with a boundary between goo
and poor representatives around 4.75 bark~see Fig. 3!. At
last, a too-high intensity ofF3 seems to play an additiona
though marginal, role degrading the@u# quality: this is dem-
onstrated by the data on low-pass filtered stimuli record
for speaker OD under the PL condition~see Sec. III C 2!.

B. †u‡ in the speaker’s mind: addenda to the lip tube
experiment

This perceptual characterization of the vowel@u# in
French leads us to reconsider the conclusions elaborated
ing the previous analysis of the lip tube experiment on
sole basis of acoustical parameters~Savariauxet al., 1995!.
First, producing with the lip tube an (F1,F2) pattern similar
to the one measured during a normal articulation is not n
essary to achieve a compensation in the perceptual dom
Since the perceptual objective combines at leastF0, F1, and

e-
391Savariaux et al.: Perceptual study of lip tube perturbation
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F2, the speakers have some freedom in adjusting the co
of their vocal source and vocal tract to compensate. T
ends up with the fact that three speakers, and not one
proposed in Savariauxet al. ~1995!, did actually achieve the
compensation in perceptual terms. For this aim, none of th
produced the expected strong backwards movement of
tongue: all of them combined, to different extents, some
duced changes of the three basic spectral parameters
encing the perception of the vowel@u#.

Second, and this is a consequence of our first point,
must acknowledge that the impact of the lip tube was not
same for all speakers. Slight differences between two sp
ers, in fundamental frequency or in tongue arching~which
helped to lengthen the constriction without moving it!, could
make the compensation task more or less difficult.

Third, a strong backward movement of the tongue is
a perfect compensation strategy, since it induces, simu
neously with the desired correction of the (F1,F2) pattern,
changes in formant intensities and in the spectral shape
yond 1500 Hz that may have a negative impact on the p
ception. However, this articulatory strategy is appropriate
maintain the vowel@u# within the ‘‘back and rounded’’ pho-
netic category, and to prevent it from becoming a cen
vowel. This explains speaker OD’s strategy.

The fact that, in spite of a bad perceptual effect,
majority of the speakers kept the canonical velopalatal c
figuration of a French vowel@u# in the lip tube conditions,
confirms the hypothesis proposed in Savariauxet al. ~1995!
that, at a certain level of the speech production control,
task is encoded in articulatory terms. However, the perc
tual analysis of the stimuli persuades us to soften the sug
tion that this canonical configuration could have constrain
and limited the range of articulatory changes that a spea
was likely to provide in the presence of the lip tube. T
absence of any relevant articulatory modification obser
for some of the speakers can now be explained differen
These speakers were perhaps not able to produce the a
priate combined changes inF0, F1, andF2, and because th
strong backward movement of the tongue is not a per
strategy, they could have decided to adopt the canonical
figuration that is usually associated with the vowel@u#.

The main conclusion of Savariauxet al. ~1995! is there-
fore strengthened by the perceptual study. The speech
duction objective is intrinsically a perceptualone, and the
speakers seem to have a clear representation of it. They
have a good representation of the relations between the
ticulatory and the perceptual levels, since those who w
strongly perturbed by the lip tube and provided a noticea
compensation from the PF to the PL condition did rapid
converge towards the appropriate changes. A projection
the perceptual objective into the articulatory level seems
exist, and it can be hypothesized that it helps in the ongo
control of normal speech production. However, the articu
tory description of the task does not replace the percep
objective, and, in perturbed speech production, its impac
the articulation seems, at most, secondary.
392 J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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1An error was made when giving the size of the lip tube in page 2430
Savariauxet al.’s ~1995! paper. Indeed, the diameter was said to be eq
to 20 mm. Its true dimension is 25 mm, as attested by Figs. 4, 6, and
the same article.

2Speaker JM~see Savariauxet al., 1995! was removed from the curren
analyses. Indeed, preliminary tests of the quality of his natural produc
of @u# showed that his vowel was correctly classified, but was not perce
as a good@u#.
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