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A perceptual analysis of the French vove] 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 thgF1,(F2—-F0)] plane, and that the parameter
(((F2-F0)+F1)/2) (all frequencies in bapkprovides a good overall correlate of the “grave”
feature classically used to describe the vofuglin 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 changeE brand 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 maintairfetl and F2 at low values did not produce a
perceptually well-ratefu], but additional tests demonstrate that this gesture allowed him to preserve
the most important phonetic features of the Frefigh 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 Amerid&80001-496609)01407-1

PACS numbers: 43.70.Bk, 43.71.B4/S]

INTRODUCTION (Liberman and Mattingly, 1985 “speech gestures” are the
_ . central objects of speech perception; d8jithere is no in-

The nature of the phonetic representations of speech igariance, but a given amount of information is provided by
the speaker—listener interaction is crucial for the understanccoustical signals “playing the role of supplementing the
ing of speech perception and production processes. As comyitimodal information already in place in the listener's
cerns speech perception, the debate is focused oimyhe- speech processing systentLindblom, 1996; in relation
anceproblem: do physical invariants exist that are linked to,,.ih, his theory of adaptive dispersion, Lindblom, 1987
the invariant phonological input, and, in case they do, where As concerns speech production, the question is about the
are trhey Sl'.d?]eg in ttrr:; phys:ca}! tshlgn:Is. At\ dTbSate_ V\t/as frerepresentatmns of speech from the speaker’s point of view. It
cently published in ournal of the Acoustical Soclely of 4o obviously strongly related to the nature of the perceptual
Americg which analyzed the role of articulation constraints . )
. : end product, since the speaker must control his vocal appa-
in the speech perception procefglcGowan and Faber, . . .

[atus in such a way that listeners correctly perceive the mes-

1996. It confirms that the arguments are essentially abou H th ton i licated by the fact that
three major hypothese$l) invariance is in the acoustical sage. However, he question 1S complicated by the tact that,

signal, and can be found in “features determined from theyvhgtever the physicalacoustical or articulatobycharacter_-
sound through patterns of acoustic propertieStevens, ization of the task, speakers have degrees of freedom in ex-

1996; in relation with his quantal theory of speech percep €SS to produce it: various muscle recruitments can underlie

tion, Stevens, 1989 (2) invariance is to be found at the the same position of an articulattMaeda and Honda, 1994;

articulatory level, and, according to the direct realist theoryHonda, 199§ various articulator positions, and then various

(Fowler, 1996 or the motor theory of speech perception vocal tract shapes, can generate similar acoustical signals
(Schroeder, 1967; Mermelstein, 1967; Atatal, 1978;

9 _ Maeda, 1990; Boet al, 1992; various acoustical patterns
Author to whom correspondence should be addressed, at: Institut de la b b d f h h Kell d
Communication Parks 46 avenue Fix Viallet, F-38031 Grenoble Qiex can be observed for the same phonefsee Perkell an
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tion within an “action—perception” framework, once the Compensatory strategies were first exclusively assessed
perceptual objective associated with the phonetic input isn the acoustical space by studying the relative differences
determined, the challenge is to understand how it is specifiedxisting between theH1,F2) formant patterns produced un-
in the speaker’'s mind at the motor and articulatory levels. der the perturbe@F and PL. conditions and those measured
This question can be investigated by exploring the plasfor the normal(N) condition. Compensation was considered
ticity and variability of the vocal-tract geometry for a con- to be achieved if and only if the relative formant differences
stant phonemic input. For this aim, a classical paradigm conwere less than 10%. Further information about the analysis
sists of producing variability in a controlled way through procedure, as well as detailed results, are available in the
perturbation experimenisee, e.g., Abbs and Gracco, 1984; original paper. The main conclusions of this study can be
Lindblom et al, 1979. This paper presents the second partsummarized as follows:
of a labial perturbation study of vowel production, which
was focused on the vowé¢l] (Savariauxet al, 1995. The
perturbation experiment was designed in ordeflioknow
more about the spadarticulatory or acousticalwhere the
speech production task is specified, #Bdobserve the strat-
egies adopted by the speakers to reach the intended vowel.
The analysis was made both on articulatory and acoustic data
and suggested that the goal of speech production is primarily
auditory, even if the achievement of this goal by the speaker
can be influenced, and possibly prevented, by the use of
learned standard articulatory strategies. Since our perturba- - > YR
tion paradigm induces speakers to adopt unusual articulatory t€rnal representation of the derivatives of the
strategies and then produce unusual acoustical patterns, an &rticulatory-to-acoustical relationships while planning
additional study is presented here that was carried out to take tN€ir articulatory movements, before the production of
into consideration perceptual aspects in an attempt to better 2Ny acoustical speech signal. Thus, most speakers were
understand how the production of the voWe] is specified. making the correct gesture; however, they did not imme-
From identification and category-rating experiments, it was  diately get the appropriate amplitude of the correction.
thus possible to propose a perceptual description of thé?) Atthe end of the adaptation sessi@*L condition), and
speech production task based on a combination of spectral for the majority of the speakers, thE1,F2) pattern was
parameters(formants and fundamental frequengieShe either similar to, or better than th& {,F2) pattern mea-
compensatory strategies of the speakers were then reana- Sured immediately after the insertion of the tutier

lyzed in relation to both the perceptual and articulatory data. ~ condition. The improvement of theu] production in the
[F1F2] space during the adaptation session was sys-

tematically associated with a backward movement of the

(1) In the PF condition, none of the speakers produced a
complete compensation, but seven of them significantly
moved their tongue backwards, though not enough. That
is, they kept the vocal-tract constriction within the same
velopalatal region as in the normal condition, but pro-
vided a slight correction movement in the right direction
to compensate. However, a complete compensation in
the[F1,F2] space would have required moving the con-
striction location further back into the velopharyngeal
region. It was suggested that speakers were using an in-

I. CONTEXT OF THE STUDY tongue. This suggests that listening to the acoustical sig-
A. A recollection of the initial labial perturbation nal during the adaptation session was helpful to get an
study 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 infor-
mation into articulatory changes seems to be highly
speaker dependent. This variability can originate from
differences in the auditory sensitivity from one speaker
to the other or from interspeaker differences that may
exist in the description of the articulatory-to-acoustical
relationships stored in the internal representation.

For all the speakers but orfspeaker OI}, the constric-
tion location remained in the velopalatal region even af-
ter training. This suggests that an intrinsic prototypical
articulatory pattern could have been learned by the
speakers during the speech acquisition. From this per-
spective, the Frenchu] would be prototypically a velo-
palatal vowel. This articulatory prototype is likely to in-
fluence the choice of the initial articulation, and could
then constrain and limit the range of articulatory changes
that the speaker would try during the adaptation session.

In the labial perturbation stud{Gavariauxet al,, 1995,

a 25-mm-diameter tubavas inserted between the lips of the
speaker; 11 native speakers of French were asked to produce
the isolated vowelu] under this condition. On the basis of
acoustical simulations, we demonstrated that compensating
for the acoustical changes in thE1,F2] space induced by

the labial perturbation is theoretically possible, by retracting
the tongue body towards the pharynx. The experiment wa )
designed to check whether the subjects were actually able t
achieve the compensation predicted by the model. In the case
of compensation, the question was whether it was immediate
or whether the speakers improved the quality of tHeir
productions with training.

The acoustical signals together with x-ray pictures were
gathered at three successive stages in a single seg$jon:
without lip tube(N condition; (2) immediately after the tube
was inserted between the lips and without any preparation
time (PF condition; (3) at the end of a 19-trials adaptation
session where the speakers were asked to reproduce the strat- In conclusion, this study supports the view of a control
egy that was, according to their own perceptual sensatiorgf speech production guided by both auditory requirements
the most efficient one to compensate for the perturbd®in in the distal space, and articulatory prototypes providing an-
condition. chor points of the auditory task in the proximal articulatory

382  J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999 Savariaux et al.: Perceptual study of lip tube perturbation 382



space. Therefore, the perturbation leads to a contradictiowhich is a high back-rounded vowel, it is necessary to main-
between the auditory and the learned articulatory goals. Thtin, in French, two basic features. These featurehaight
speakers attempt to eliminate this contradiction through théto distinguish it from the mid-high back-rounded vowel)
use of local articulatory-to-acoustical knowledge, at the ex-and backnesgto distinguish it from the high front-rounded
pense of a large intersubject variability. vowel[y]). To determine the perceptual correlates of each of

However, the assessment of the phonetic goal—the prahese features, a number of proposals have been made in the
duction of vowel[u]—was limited to the observation ¢&f1 literature.
andF2 changes. Hence, one may have missed some other First, a lowF1 value is classically considered as the
more elaborate perceptual aspects that could have influenceshjor correlate of the “high” feature. A number of research-
the way the subjects tried to compensate for the perturbatiorers have introduced the fundamental frequeRGyas a nor-
Indeed, experimental data have shown that, in some casesalizing parameter to deal with interspeaker variability.
vowels could be correctly perceived in spite of a noncanoniTraunmiier (1981 suggested that the tonotopic distance
cal formant pattertisee, for instance, the notion of “percep- (F1—-F0) in bark could be the best correlate of vowel open-
tive mirage” as introduced by Fowler, 1990t is thus le-  ness. However, it seems that the roleFdf could have been
gitimate to suspect that a number of secondary, or morgveremphasized in this formula, especially for |64 val-
complex, parameters could also intervene in the perceptu@les (Traunmiler, 1981; Di Benedetto, 1987 Data pub-
description of vowe[u] (see Sec. I B for a theoretical over- |ished by Hoemeke and DielilL994 for front vowels and
view). Therefore, a perceptual assessment of the vowels prg=aheyet al. (1996 for back vowels lead to a complex pat-
duced under perturbed vs normal conditions appeared to kgrn in which neitheF1 nor (F1—F0) can systematically be
necessary to check whether or not the perceptual goal—i.e.,gaid to be the best correlate of the openness feature. Traun-
sound that is perceived as a Frerjefi—had been realized miiler (1991 even noticed that there seems to exist a large
by each speaker. This is the basic rationale of the presemtersubject variability in the perceptual userd for height
paper. estimation. Also relevant fofu] is the “center of gravity

In addition, the perceptual study of perturbed vowel pro-effect” introduced by Chistovicket al. (1979. Indeed, their
duction has another strong interest. Indeed, the perturbatioggtg suggest that in the region of the vowel space whdre
paradigm leads to the production of a set of speech stimulindF2 are close together, an integrated value suchFds (
that have three important features. They eoatrolled be- 1 F2)/2 (all frequencies in baikcould be the best correlate
cause they correspond to a constant and well-identified phosf the vowel quality, and specifically of the contrast between
netic goal; they areecological because they are natural the high vowel[u] and the mid-high vowe[o]. However,
stimuli, produced by human speakers; they afiypical be-  other data on the perceptual parameters characterizing back
cause they are uttered in a perturbation paradigm that drivagyyels suggest that, though an integrated value betwden
the system towards its limits. Hence, this set of acousticafgf2 is perceptually relevant, the center of gravity seems
stimuli provides a relevant experimental corpus to know;q rely more onF1 than onF2, at least for[u] and [o]
more about the acceptable perceptual space for the Fre”‘%belattreet al, 1952; Beddor and Hawkins, 1990
vowel [u]. Second, a lowF2 value is classically considered to be
the major correlate of the back-rounded series. To deal with
interspeaker variabilityf-0 can be once more introduced as a

The nature of the determinants of a vowel category is aformalizing factor. In this vein, Farmt al. (1974 and Man-
old and partially unsolved problem, and research developtakas(1989 provided data supporting the role df2—FO0)
ments in the last 30 years have been essentially focused @i (F'2—F0) as a correlate of the rounding contrast in high
four major issues. First, the role of formants seems to bdront vowels. Hirahara and Kat¢1992 support the same
basic (see, e.g., Carlsort al, 1979; Lublinskayaet al, kind of hypothesis: the use of the tonotopic distance
1980; Klatt, 1982, though the entire spectral pattern might (F2—F0) to separate in Japanese high front vs high back
also play a rolgBladon, 1982; Beddor and Hawkins, 1990 vowels. Other tonotopic distances between adjacent peaks
which has to be better understood. Second, the role of timei.e., FOF1F2F3) were also considered. Traunhau
varying features is not yet clarified and stays a hot topic in(1985 suggested thatH2—F1) in bark could be an impor-
recent debatetsee, e.g., Strange, 1989; Bohn and Strangetant determinant of vowel quality, the more so when
1995; Nearey, 1989, 1995Third, the old suggestion by Pot- (F2—F1) is small, which is the case for back-rounded vow-
ter and Steinber§l1950 that the relative pattern of stimula- els. The tonotopic distancé&8—F2) in bark is proposed by
tion along the basilar membrane could determine the percei8yrdal and Gopal1986 to be a good correlate of the front—
led to the proposal of various tonotopical distances involvingback contrast in American English. However, it is generally
both formant and fundamental frequencies in order to deahdmitted thaF 3 does not have enough intensity to influence
with intersex and interspeaker normalizatigag., Traun- the quality of back vowels. This statement is indirectly con-
muller, 1981; Syrdal and Gopal, 1986At last, the works firmed by old data published by Delatte¢ al. (1952 on the
aboutF’2 (Carlsonet al,, 1970; Bladon and Fant, 19¥8nd  perception of two-formants synthetic stimuli including vari-
the center of gravity effedChistovichet al,, 1979; Schwartz ous modifications of the level of eithérl or F2. Their data
and Escudier, 198%ave initiated several studies about the show that for all front vowels, a decrease of 2 intensity
existence of integrated perceptual formants in case of forbelow a given threshold leads to the perception of a back-
mant proximity. Concerning more specifically the voe],  rounded vowel. Hence, it seems clear that a basic perceptual

B. Questions about the perceptual template for [u]
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correlate of the “front” feature is the presence of a mini- especially, of the emergence of a high-frequency pisdlk
mum amount of energy in the high-frequency region of thefrequencies in bapk
speech spectrum; that is, above 1.5 kHz. As concerns back-
rounded vowels, theH1,F2,F3) typical pattern depicts a Il. EXPERIMENT 1: IDENTIFICATION TEST
strong F1,F2) prominence in the low-frequency region, A. Method
while the intensity ofF3 (and also of higher formantss ' )
quite weak. 1. Subjects
Finally, it is important to notice that the previous discus-  In the first experiment, 17 adult listengfist males and 3

sion is centered on the definition dbundariesfor vowel  females, native speakers of French, served as subjects. They
categories, while a large amount of literature has been rg-anged from 19 to 46 years of age, with a mean of 26 years
cently concerned with the issue of prototypes vs boundariegld. The majority of them was students at our lab, the Institut
In this framework, it has been suggested that a vowel catde la Communication Pake and all were free from speech
egory is associated with a nonhomogeneous domain in thand/or language disorders. Some of them had a basic educa-
vowel space. Thus, there seems to exist for each categoryt®n in phonetics. In addition, the listeners performed a con-
“prototype” that would be an anchor point around which trol test in order to check their auditory performance and to
stimuli, at the same time, receive the best “quality scores”’ensure that they understood the procedure. The control test
in the identification proceséGrieser and Kuhl, 1989 are  consisted of identifying seven French vowglsa, 0,9, ce, y,
identified quicker(Sussman, 1993 produce more effect in u] recorded, under normal conditions, by a native speaker of
adaptation paradigmgSamuel, 1982; Milleret al, 1983; French, who was not a subject in the lip tube experiment.
Perkellet al, 1993, and are stronger competitors in dichotic Each listener was a volunteer for the perception test and none
listening experimentgéMiller, 1977). A recent series of dis- of them had served as a subject in the lip tube experiment,
crimination experiments led KukL991, 1995 to introduce  nor knew the goal of the experiment.
the concept of a “magnet effect” accounting for the better
generalization ability around prototypes. 2. Corpus

The corpus consisted of two utterances of seven vowels,

namely the utterances ¢fi] under the N and the PL condi-

C. Experimental setup tion, plus six additional vowels included in the corpus to

The previous sections lead us to define our strategy iatisfy two requirements:

the following way. Considering that we have a set of con-(1) To give, for each speaker, information about the maxi-
trolled, ecological, and atypical stimuli providing a corpus  mga| vowel space in thEF1,F2] plane; hence, vowels]

around the French_ vowéﬂ],_the corpus was examined with and[a] were selected.
respect to two major questions: (2) To describe with enough accuracy the region located
(1) What is the perceptual requirement fofwg in French? around the vowefu] in the[F1,F2] plane; hence, vow-
(2) How is this requirement used by the speakers to com- €ls[0,9, ce, y] were chosen.

pensate for the labial perturbation? The corpus was produced by ten of the 11 spedkafrs

Given these aims, two kinds of perceptual tests were dethe lip tube experiment. As concerns vowel, the sounds
signed. First, experiment 1 focused on voidgntification ~ fecorded in the x-ray room under the(Norma) and the PL

to assess how normal and perturbed stimuli were Categc{perturbe()l condition were selected. The six additional vow-
rized. Second, experiment 2 focused on vowelity rating els were recorded specifically for the perceptual tests, in a
to know more about Speakers’ Strategies in perturbed Spea&QUnd-treated room, around 18 months after the first eXperi'
ing conditions, as well as about the role of categories Vg.nental_session, under two _conditions: one nor.mal, and one
prototypes in the elaboration of the strategidsposteriori ~immediately after the |n§ert|on_9f thg 2_5-mm-d|ameter tube
considerations on the obtained results led us to set up a thilketween the speaker’s ligsondition similar to the PF con-
series of experiments focused on the comparison, for sdition for vowel[u]). It should be noted that recording con-
lected speakers, of the identifications of the PF and Pditions(stimulus loudness and background noisere simi-
stimuli, in order to know more about the strategy of thelar for [u] and for the additional vowels, and seem
speakers during the adaptation session. indistinguishable according to the subjects. All stim{@#

In this study, perceptual performance was related to thétimuli per speaker, 10 speakewsere truncated to 400 ms.
acoustical parameters that were proposed as potential corréh€ sound level was set at a comfortable Ig@ebund 55 dB
lates of vowel quality for the vowdlu]. We considered five
representations in the acoustical domain:[thé&,F2] space,
that indirectly provides an insight of theFp—F1) and 3 Procedure
(F1+F2)/2 parameters; thd(F1-F0),(F2-F0)] and The test was conducted with tlEROPECSOftware de-
[F1,(F2—F0)] spaces to assess the normalizing role of theveloped at the Institut de la Communication Par(Beiliger
fundamental frequenc§0 (see Sec. |B and finally, the and Seignat, 199). The subjects were seated in a sound-
[F2,(11-12)] and[F3,(11-13)] spaces wheré¢l, |2, and treated room. The stimuli were presented binaurally through
I3 are, respectively, the intensities in dBgdf, F2, andF3,  a high-quality headphone. The experimental procedure was
to assess the perceptual influence of the spectrum decay ara$ follows: the subject listened to a stimulus while watching
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the computer monitor, on which the list of possible response$ABLE I. Number of correct identifications of the vowgli] produced
was displayed. he/she then selected and validated hislhé?der normalN) and perturbedPL) conditions by each of the ten speakers.
choice with the,mouse without any possibility of hearing theIn case of wrong identifications, the incorrect answers provided are written

. . . - in parentheses, together with the number of listeners who made this choice.
stimulus again. The next stimulus was then automatically

sent to the headphen2 s afterwards. The list of possible Speakers N condition PL condition
choices consisted of the seven vowels of the corpus, written BC 17 16
in graphemes, and illustrated by an example of a French ([ol:D)
word such as: “au”(/o/) like in the word “beau,” “i" (/i/) CH 17 17
like in “lit,” “ou” (/u/) like in “pou,” “e” (/ce/) like in GA 17 17
“peur,” “0” (/ol) like in “port,” “u” (ly/) like in “rue,” Y o 91
and “a” (/a)) like in “pas.” The phonetic characters were L 16 ([Oe]l' L
not displayed, because most of the listeners were not used to ([o]:D) ([0]:13; [4]:3)
this kind of notation. All listeners completed the test of 140 LR 17 17
stimuli, blocked by speaker: for each speaker, the 14 stimuli ML 17 1
were randomly put into a sound file, and the order of presen- ([ee]:16)
MP 17 17
tation of the ten files associated to the ten speakers was ran- oD 17 17
domly determined. Each subject listened only once to the YP 17 17

whole set of stimuli. Notice that the identification task was
not easy for mid-open vowels, which do not appear generally

in isolation in French: this is typically the case fof,which 2. Identification of the stimuli under normal versus
exists only in closed syllables. This could have somehowperturbed conditions

biased the corresponding identification scores, as will be  The identification scores obtained for the vos), pro-
seen later. nounced by each of the ten speakers under the N and the PL
condition, are given in Table I. The most remarkable result
was observed in the PL condition: for seven speakB(s,
CH, GA, LR, MP, OD, and YPthe vowel[u] was perfectly
The acoustical Signa|s were processed by a 16W€” identified by all listeners, with 16 or 17 correct identi-
coefficients-LPC analysigwindow length: 20 ms; window fications. It should be recalled that the acoustical analysis
overlap: 10 ms Frequency and intensity of the first three carried out in Savariauet al. (1999 led to the conclusion
formants were extracted along the whole signal duratiorthat only one speaker was able to completely compensate for
(400 m3, and the mean values were calculated. Fundamentdhe perturbation, based on a 10 % deviation criterionHr
frequency was measured through a zero-crossing algorithn@nd F2 values.
and the mean value was calculated across the whole signal The discrepancy between the conclusions brought up by
duration. Frequencies were then converted into a perceptuffle identification test and the acoustical analysis demon-
bark scale according to the Hertz-to-bark transformatiorftrates that our 10 % deviation criterion &1 andF2 was

4. Acoustical parameters

(Schroedeet al, 1979 not able to accurately predict perceptual category constancy.
Consequently, as a first attempt to characterize the perceptual
Fpan= 7 - asini{F 4,/650). objective of the speaking task, it was interesting to search for
the outlines of the perceptual category of the isolated vowel
B. Results [u], within an acoustical representation includif@, for-

mant frequencies, and formant amplitudes.

1. Identification of vowels produced under normal 3. Relation between identification scores and spectral
conditions parameters

A preliminary study consisted of the assessment of the  No simple linear relation could be found between the
experimental procedure, as well as of the capability of eaclfrequencies of formants1 andF2 or their deviations from
listener to identify vowels. In this aim, it was checked the normal values, and the identifications provided by the
whether the vowels produced in normal conditions were corfisteners. However, as emphasized by Figh)1 in which all
rectly classified. stimuli are plotted in th¢F1,F2] plane, a separation can be

The majority of vowelg5 among 7 was well identified found in the acoustical space between well-identified and
(16 or 17 correct identificationsTwo vowels were not well badly identified vowelgu]. To take the normalizing param-
identified, namely the tokenfo] (score ranging from 11 eterFO into consideratiotisee Sec. | B additional represen-
through 17; most confusions with]) and[o] (score ranging tations were made of the distributions of the stimuli in the
from 4 through 15, most confusions wifh]). This must be [(F1-F0),(F2-F0)] and[F1,(F2—F0)] planes[see, re-
related to the special status of in French(see our remark spectively, Fig. 1B) and(C)]. While the distinction between
in Sec. Il A3 and to the difficulty to differentiate in isolation “good” and “bad” exemplars is quite the same in the
[o] from [a]. Altogether, these results show that all listeners[ F1,F2] and[F1,(F2—F0)] planes, it seems poorer in the
were able to perfectly identifyu], and to discriminate it [(F1-FO0),(F2-F0)] plane. Hence, in relation to the de-
from neighbor categories. bate about the normalizing role BD ontoF 1 (see Sec. | B
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C. Discussion

The results of experiment 1 showed that under the PL
condition, seven among the ten speak@b, MP, BC, GA,
CH, LR, and YB were able to keep theiru] within the
appropriate category. This observation suggests that the per-
turbation induced by the lip tube could have been much less
disturbing than was originally presumed from the acoustical
theory. On the other hand, as we discussed in Sec. |B, the
perceptual space is not homogeneous within a given cat-
egory, some realizations of a phoneme being possibly “bet-
ter” than others. In this perspective, it is logical to study
whether speakers are inclined, and able, to organize their
articulation in order to produce a sound close to the best
representative of the category. Such a hypothesis is coherent
with the concept proposed by Lindblofh996), that speakers
are able to control the amount of information necessary for
the listeners. In the same vein, Perketlal. (1993, 1998
also observed experimental evidences of motor-equivalence
strategies that are supporting the idea of a speech-production
control that takes into account the heterogeneity of the per-
ceptual space in a given phonetic category.

Hence, the purpose of experiment 2 was to study the
prototypicality of the perturbed stimuli by determining how
listeners rated vowel quality within the categdoy.

lll. EXPERIMENT 2: RATING TASK

A. Method
1. Subjects

In this experiment, 18 adult listeners, 14 males and 4
females, served as subjects. Among them, 16 had patrtici-
pated in the first perceptual test. They had no evidence of
any auditory or perceptual trouble. They ranged from 19 to
46 years of age, with a mean of 26.8 years. As in the first
experiment, the subjects were volunteers, and did not know
the underlying objectives of the study.

2. Stimuli

The vowel[u] produced by the ten speakers during the
lip tube experiment under the N and the PL condition served

FIG. 1. (A) ‘Dlst‘nbutlon of all stimuli in the[Fl,F_Z] plane. Circles corre- as stimuli. Thus, a total of 20 stimuli of 400-ms duration
spond to stimuli produced under norri&l) condition and squares to those

produced under perturbe@L) condition. The badly identified stimuli are Were presented to the listeners. The two stimuli from the
displayed by filled boxegB) Same display for the distribution of all stimuli same speaker were presented in sequencdujheroduced
in_the_[Fl—FO,FZ—FO] plane.(C) Same display for the distribution of all | nder the N condition being systematically followed by the
stimuli in the[F1,72—F0] plane. [u] produced under the PL condition. This order of presen-
tation was chosen in order to make the listener implicitly
compare the perturbed realization with the natural preceding
one, then giving the natural utterances the status of reference.
Thus, the corpus consisted of ten sets of two stimuli. The sets
were randomly stored in sound files, and five files were cre-
ated in order to have five rating estimations per stimuli for
each listener. The listeners did not know about the way the
stimuli were stored and presented.

the present data rather support Trautleris observation
(1981 that for low Fl-values, the tonotopic distance
(F1-FO0) is not a good correlate of the perceptual categori
zation. Together, this figure shows that for high valueB bf
and F2-FO0) (above 4 bark forF1; above 7 bark for
F2-F0), the vowel was not perceived as[a] anymore.
This suggests the existence of threshold values~fbrand
for F2 or (F2-F0). Beyond these thresholds, the percep-
tion changes fromu] to [0], when F1 increaseqspeaker
LJ), and from[u] to [ce], whenF2 increasedspeakers Jy 3 Procedure

and ML). Hence, these thresholds seem to provide a basic The rating test was conducted 1 month after the identi-
specification of category boundaries for the voye] in  fication test. The listeners were instructed that they would
French. hear various pronunciations of the vowel], and that they
386  J. Acoust. Soc. Am., Vol. 106, No. 1, July 1999
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TABLE Il. Mean values and standard deviatiofia parenthesgsof the speakers is statistically significant. However, it appears that
ratings provided by 18 listeners for the vowel] produced under normal the global average ratings of the vowels recorded under the
(N) and perturbedPL) conditions by each of the ten speakd¥dgst for the N diti | higher th lto 5 h )
“condition” factor: * for p<0.05; ** for p<0.01. condiion were always higher than or equal to 5, whom
ever the speaker. Hence, a perceptually gadds taken to

Speakers N condition PL condition correspond to a global average rating of 5 or higher.
BC 51 o8 The ANOVA also revealed a noticeable effect of the
(1.4 0.6 “condition” factor [F(1,17)=266.7;p<0.01] as well as an
* interaction between the condition and speaker factors
CH 5.7 5.8 [F(9,153)=55.3; p<0.01]. In addition, it was observed
GA (g'? (%2 that, except for speaker CH, the mean value in the N condi-
(0:8) (o.'s) tion was systematically larger than in the PL condition, but
JY 6.2 1.2 that the extent of the difference was speaker dependent. A
0.9 (0.4) simple effect analysis shows that these differences were sig-

nificant for eight of the ten speakers. However, for one of

L) (f 4 (é'g) these eight speake(®1P), the average ratings were larger
' o than 5 for both conditions. Hence, his vowel] produced
LR 5.2 3.7 under perturbed condition was still a perceptually good
(1.9 0.9 vowel. Altogether, for speakers CH, GA, and MP, the vowel
** [u] produced under the perturbed condition after the adapta-
ML 27) é'i tion session was rated a good instancéugf
©: (*;) These results suggest that three speakers among ten
MP 5.6 5.2 were able to completely compensate for the lip perturbation.
0.9 (0.6) Very surprisingly, speaker OD, who produced very similar
* [F1,(F2—F0)] patterns in both conditions, did not belong to
ob (SZ) (1327) this set of three speakers, while his voyue] produced under
' . normal conditions obtained a very good ratit@7). This
YP 5.2 3.8 will be discussed later.
1.9 1.

*k

2. Acoustical correlates of perceptual ratings

A study of the correlation between spectral parameters
would have to evaluate the quality of the sound within this@nd ratings was then performed. The spectral parameters un-
category. A 1-to-7 rating scale was presented to the listener§r consideration were the followingt) the raw parameters
with the following explanations: the rating “1” should cor- FO, F1, andF2 (in bark; (2) the distances R1-F0),
respond to “a bad vowdlu], that is not representative of the (F2—F0) to account for the normalizing effect &0 (in
perceptual category of the natural vowel,” while the ratingark; (3) the average value (f2—-F0)+F1)/2) to account
“7” should be given to a sound that is perceptually “a very for a center of gravity effectin bark). First, all occurrences
good vowel[u], i.e., a canonical representative of the natural©f the vowel[u] produced under the N and the PL conditions
vowel.” No specific instructions were provided about the Were taken into con3|derat|o_n. As could be expected from the
intermediate levels 2 to 6. The order of presentation of thditerature about the perception of vowfel] (see Sec. I
five sound files was randomly determined for each listenef-2(r=0.77), ~ F2-F0)(r=0.78), F1(r=0.71) and
The analysis of the signals was based on the same Spect,@l—FO)(rZO.SQ) were all correlated significantly with the

parameters as in Sec. Il A4. rating values. More specifically, the high correlation ob-
served for the parameter §R—-FO0)+F1)/2)(r=0.83)
B. Results supports Chistoviclet al's (1979 hypothesis of the center
of gravity effect in the perception of the vowjel]. Only the
1. Perceptual scores parameteF 0 was not significantly correlated with the rating
The average ratings of the 90 occurrentEs listeners, values.
five ratings per listenemf the vowel[u] produced under the In a second stage, the stimuli produced under the N and

N and the PL condition are presented in Table Il for eachthe PL conditions were analyzed separately. Within the class
speaker separately. These average values were computedadighe stimuli produced under the N condition, no significant
follows: first, mean values and variances of the five ratinggorrelation was observed, as could be expected from the very
were calculated for each stimulus and each listener; secontittle variations of the spectral parameters observed across
for each stimulus, averages of the means and variances wespeakers for that condition. On the opposite, within the class
computed and are provided in Table II. associated with the PL condition all parameters exdept

A two way analysis of variancéANOVA) [condition  were significantly correlated with the rating values. These
(2) % speaker(10)] with repeated measures of both factorsobservations are coherent with the hypothesis ofrtitveho-
revealed a main effect of the “speaker” factfF(9,153) mogeneityof the acoustical vowel spadsee Sec. | B and
=41.9; p<0.01. Therefore, the large variability of the of the existence of a firototypical’ region where small
mean values observed, even in the N condition, amongpectral changes do not affect the good quality of the vowel.
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FIG. 3. Distribution of stimuli, produced by each speaker, under notial
and perturbed(PL) conditions along the §2-F0)+F1)/2 axis. A
FIG. 2. Distribution of all stimuli in thd F1,F2—-FO0] plane. Circles corre- ~ =good [u]; B=poor [u]; C=not a[u].

spond to stimuli produced under norri&l) condition and squares to those
produced under perturbe®L) condition. The stimuli which are rated at a
mean value smaller than(®ot a goodu]) are displayed by filled boxes.

F1 (Bark)

condition, all the stimuli associated with tiAelabel 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 categérjo
Outside this region, spectral changes should modify the q“alfategoryB happens somewhere around 4.75 bark, and the
ity, and even its identification, when changes are going bezhit from categonyB to categoryC around 5.25 bark. This
yond the thresholds that were found in Sec. II B 3 to de"mitexplains the very significant correlation between
the perceptual category of the vowel]. Hence, for the set (((F5_F0)+F1)/2) and the rating value, and confirms that
of st!mull produced under the PL condition, significant cor-his center of gravity of 1 and E2—F0) is helpful in link-
relations were observed foF1(r=0.68), F1-FO)(r g acoustical parameters and perceptual effects for French
=0.57),F2(r=0.67) and F2—-F0)(r=0.69). [u].

In Fig. 2, the repartition of the stimuli is displayed, as in Notice that, whileF2 and E2—F0) produced more-or-
Fig. XC), in the[F1,(F2-F0)] plane in relation with their o545 equal performances in the contrasfudfand nonfu] in
average rating. In this figure, it can be observed that: experiment 1F2 appears here less efficient thaf2(-F0)

(1) For all stimuli that obtained an average rating greatefin experiment 2. Indeed, the positions of “bpal’ stimuli
than 5, €2—F0) is essentially smaller than 6 bark, ex- produced by speakers BC, LR, and YP in the PL condition
cept wherF 1 is very low(less than 3 badkas suggested are better separated from other “gopd- stimuli in Fig.
by speakers MP and GA. An exception is provided by1(C) than in Fig. 1A).
the stimulus produced by speaker OD under the PL con- It is now possible to understand what kinds of strategy
dition, which is included in this region of the plane, in could have underlain the articulatory changes provided by
spite of its low, average rating.7). An analysis of this the ten speakers, including speaker OD, during the lip tube
specific case is proposed belg@ec. IV B). experiment.

(2) If (F2—F0) is higher than 7 bark or i1 is higher than
4 bark, the average rating is smaller than 2. This is inC. Analysis of the compensatory strategies observed
line with the results of experiment 1, where it was shownduring the perturbation experiment
that the vowels located in this region of the j compensation by a combined effect of FO, F1, and
[F1,(F2—F0)] plane were not identified as a vowel]. 2

(3) If F2 is between 6 and 7 bark, andFRfl is between 3
and 4 bark, the stimuli are perceived as a vojug] but
their quality is far from prototypical, since they were
rated at a level located between 3 and 5.

Experiment 2 demonstrates that, from a perceptual point
of view, speakers CH, MP, and GA were able to compensate
for the perturbation. However, articulatory data showed that
they did not provide the expected strong reorganization of

Thus, it seems that to achieve a perceptually gdd their vocal-tract geometry, and acoustical measurements con-
the speakers should try to keep the middle point betweken firmed that they did not completely compensate for the large
and (F2-F0), below a certain value. This is summarized inincrease of2 induced by the perturbation. From the above
Fig. 3, where the frequency (fRQ—F0)+F1)/2) is plotted analysis of the acoustical correlates of the perceptual ratings,
speaker by speaker, in the N and the PL conditions. In thig can be concluded that these speakers were successful, in
figure, each stimulus is labeled according to the followingspite of the lip tube, because they could make the best use of
code: (1) A corresponds to the sounds that were rated as the latitude offered by the variety ofQ,F1,F2) combina-
good [u] (score=5); (2) B corresponds to the sounds that tions that are associated with the desired perceptual effect.
were clearly identified as a vowgli] but were not rated as The observation of the articulatory configurations measured
good (3<score<5); (3) C corresponds to the sounds that for these speakers under the perturbed condition reveals two
were not clearly identified ai] (in experiment 1 and ob- main tendencies for the compensatory strategies.
tained rating scores<2 (in experiment 2 Speaker CH moved the tongue back slightly, but not

It can be noted that, except for speaker OD in the PLenough to bring=2 back to its normal valu¢7.53 vs 6.03
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bark); the constriction remained located in the velopalatal(0.11 bark. For these three subjects, the vowel was identi-
part of the vocal tract. However, a larger movement amplified as alu]. This suggests that aR0 increase may have
tude was not necessary, because this speaker had a relativlliped to enhance the quality of the vowal in the pres-
high FO (higher than 2 bark, even in the normal condilion ence of the lip tube perturbation. It should be noted that the
making a slight back movement of the tongue sufficient totrend to increas€&0 in the perturbed condition was not gen-
keep the F2—F0) parameter smaller than the 6 bark thresh-eral: in fact,FO decreased from N to PL for four speakers,
old, and to maintain the ({2—-F0)+F1)/2) parameter at a and the average value for the whole set of speakers increased
low value. Note(Fig. 3 that in the normal condition, this only slightly, from 1.78 bark in the N condition to 1.84 bark
speaker had the lowest value of the Rg—FO0)+F1)/2) inthe PL condition.
parameter, way below the border area around 4.75 bark. The case of speaker OD appears very specific. Indeed,
Hence, the increase &2 induced by the lip tube probably the compensation was obvious in the articulatory domain,
had less influence on the perception of his vojudithan for ~ with a large backward tongue movement, and it had clear
other speakers. Consequently, a large tongue gesture was f@nsequences in the acoustical domain: the stimuli recorded
necessary to ensure a compensation. This observation sughder the N and the PL conditions were almost superim-
gests that, depending upon speaker-specific properties of t@sed in th¢ F1,(F2—F0)] plane(Fig. 3). However, experi-
vocal source, the impediment induced by the lip perturbatiorment 2 demonstrates that the stimulus recorded under the N
could have been very different among speakers. condition clearly belonged to the prototypical region of
The strategy adopted by speaker GA seems to have bea®wel [u], while the one recorded under the PL condition
quite different. Similarly to speaker CH, backward tonguewas perceptually quite unsatisfactory. Hence, the interpreta-
movement under the PL condition was not large enough tdion of speaker OD’s compensatory strategy requires us to
significantly reduce the increase B2 (8.1 vs 6.69 bark  consider spectral parameters other thanand F2-FO0).
However, contrary to speaker CH, the initD value was
not very high. Hence, in spite of a sm& increase, the 2. How to interpret the backward movement of the
(F2—-F0) parameter was still higher than the 6 bark thresh-fongue produced by speaker OD

old. Therefore, the good rating of the vowel that he pro- In a complementary study¥3 frequency, together with
nounced under the PL condition can only be explained by thene intensities 1, 12, andI3 of formantsF1, F2, andF3

low value of F1 (2.18 bark. Indeed,F1 noticeably de- respectively, was analyzed. In order to take into account the
creased from the normal producti¢2.49 bar§ to the per- possible variation of the global energy of the signal from one
turbed one, and it should be noted that the correspondingondition to the next, the formant intensities were normal-

value of F1 was the lowest one observed among all speakized in relation ta=1 intensity. The differenced {-12) and
ers. This is a consequence of the movement of the tongug| 1—|3) were then considered.

since this movement caused a backward lengthening of the  Figures 4A) and (B) plot the stimuli of all speakers in
vocal tract constriction, that became essentially twice as longhe[ (F2-F0),(11-12)], and[F3,(11-13)] planes, respec-
in the PL condition as in the N condition, while keeping atively. Both the intensity parameters and th8 frequency
similar cross-sectional area. The Idvl value ensured that offer a means of distinguishing between OD’s stimuli under
the (((F2-FO0)+F1)/2) parameter remained low enough, the N and the PL condition. The clearest distinction between
and the perceptual objective was reached. these stimuli can be observed along th&12) axis: under
Speaker MP presents some similarities to speaker GAhe perturbed condition, the relative intensity B2 was
His backward tongue-movement amplitude was too smallsmaller. This phenomenon was observed in general within
and the resulting=2 value was still much too higfv.6 bark  the whole set of speakers, but it was especially clear for
in the PL condition vs 6.44 bark in the N conditjoin spite  speaker OD, since his perturbed production of voghad
of a small increase df0, theF2—FO0 value was still higher the highest (1-12) value. The (1-I13) parameter also dis-
than the 6 bark threshold. Due to the tongue movement, théinguishes between OD’s normal and perturbed stimuli.
vocal-tract constriction became much larger. However, conHowever, such a distinction does not correspond to a general
trary to the case of speaker GA, this enlargement did notrend among all speakers. Hence, the perceptual effect of this
induce a decrease &f1. This can be explained by the ob- parameter is not clear. Globally, there is some trend in Fig.
servation that, for speaker MP, the cross-sectional area of thB) that well-rated stimuli correspond somewhat with low
constriction slightly increased as the tongue moved backF3 and|3 values. However, this trend is weak: the well-
ward. Nevertheless, the low initi&1 value in the N condi- rated stimuli produced by speakers CH and MP under the PL
tion led to anF1 value in the PL condition lower than 3 condition had highF3 frequencies, similar to the one mea-
bark. This lowF1 value, superimposed to the limited in- sured for OD, with higher relative amplitude.

crease of F2-F0), might explain why speaker MP To assess, for speaker OD, the third formant role in the
achieved the desired perceptual effect in spite of the lip perperception of vowelu], a simple perceptual test was per-
turbation. formed. The spectra of his stimuli recorded under the N and

The other speakers, except speaker OD, did not fullythe PL condition were low-pass filtered to the rah@e1500
compensate, either in the acoustical domain or from a perHz] with a Chebyshev filter. Thus, the potential role=& in
ceptual point of view. However, it is interesting to notice thethe perception was discarded. For the test, the corpus con-
largeF0 increase observed for speaker Bimost 0.4 bark  sisted of four stimuli(two nonfiltered and two filtered 14
and, to a certain extent, for speakers Y2 bark and LR among the 18 listeners, who had participated in the previous
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2 oo fer the compensation in tHdé={,F,] plane. Hence the ques-

“ - tion is: what improvement was induced by this articulatory

1 o strategy? This is the purpose of the next experiment, in

14 oo v which a comparison of the identification of the PF and the

12 5w T 9 Y PL stimuli was carried out for speaker OD and for two other
g ‘Z . ° = speakers representative of the main compensatory behaviors.
g 6 MLCC>H ° \;?GOA BC

4 - IV. EXPERIMENT 3: COMPARING THE

z = IDENTIFICATIONS OF THE PF AND THE PL STIMULI

2 C In this last experiment, the stimuli in the PL condition

:; " were compared with the stimuli produced immediately after

3,

0 35 40 45 50 55 60 65 70 75 80 85 90 the insertion of the tube, without any preparation ti(Re-

A FETo (Beany condition. Since we have suggested that the ultimate task
34 — space of speech production is the perceptual domain, this
32 we ° comparison offers a way to understand what perceptual cri-

Bea Mg . . . .
30 - o ° teria could have guided the speakers during the adaptation
28 ° o session. For this aim, a classification test was performed in
2 v w 5 order to know more about the phonetic quality of these

s u mun u stimuli. The analysis of stimuli was limited to three speakers

;‘f“ 2 oo ° " J_v who are considered to be prototypical for the general trends

= f: ° m observed in the articulatory and perceptual domains as re-
. w gards the compensatory strategies: articulatory movements
" - from PF to PL, that were large enough to induce significant
b . & spectral changes likely to influence the perceptual rating of
o the perturbedu] (speakers OD and GA; OD chosen as pro-

(B)"” ne o120 s Fs::;:() 185 Mo a5 180 totype; small articulatory movement from PF to PL, with

good perceptual ratings of the perturded in the PL con-
FIG. 4. (A) Distribution of all stimuli in thelF2—F0,11-12] plane. Same  dition (speakers CH and MP; CH chosen as prototype or
display as Fig. Z(B_) Distribution of all stimuli in the[F3,11-13] plane. small articulatory movement from PF to PL, with unsatisfac-
Same display as Fig. 2. tory perceptual ratings of the perturbgd in the PL condi-

) ] ] ] tion (speakers JY, BC, LJ, LR, ML, and YP; JY chosen as
rating test, served as subjects. The rating scale consisted Bfototype).

four levels: “This is not the voweJu],” “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 the Fourteen listeners among the previous 18 served as sub-
last two categories was not completely clear to the listenergects. In addition to speaker OD’s stimuli, the stimuli re-
Hence, we merged them in the analysis. corded under the N, PF, and PL conditions for speakers JY
The results showed that the perturbed stimulus obtainednd CH were selected. The corpus consisted then of a total of
a better rating when it was filtered. Without filtering, 48.6% 9 stimuli (3 speakeis3 conditions). The same procedure
of the listeners perceived the stimulus aaihwith “good” as in experiment 1 was used: listening to a stimulus, selec-
or “very good quality,” while 17.1% of them did not iden- tion and validation of the response, and then listening to the
tify the vowel[u]. After filtering, the rating of good or very next stimulus. The response was selected from the same list
good quality increased to 64.3%, while only 4.3% of theof seven items as in experiment 1: “au’/o/) like in the
listeners did not identify the vowdl]. For the stimuli re- word “beau,” “i" (/if) like in “lit,” “ou” (/u/) like in
corded under the N condition, the impact of the filtering is“pou,” “e” (/ce/) like in “peur,” “0” (/o/) like in “port,”
quite negligible. Without filtering, 100% of the listeners per- “u” (/y/) like in “rue,” and “a” (/a)) like in “pas.” The
ceived the stimulus as[a] with good or very good quality; stimuli were presented only once, but no time constraint was
after filtering, this rate decreased slightly to 98.6%, 1.4% ofgiven for the response. Two seconds after the mouse valida-
the listenergi.e., two listeners among the Jlgroviding the  tion, another stimulus was presented. There were five occur-
evaluation “poor quality.” The results tend to attest to the rences of each stimulus; hence, a total of 70 responses for
role played byF3 in the perception of the vowgli] pro-  each stimulus was analyzed. This test was performed 3
duced by speaker OD under the PL condition, and confirmmonths after the identification test of experiment 1.
that considerind-0, F1, andF2 is not completely sufficient
to assess compensation in the perceptual domain.
Altogether, these data raise a last question. Indeed, it The results are presented in Table lIl.
appears that speaker OD did not fully compensate for the For speakers CH and JY, the identification of the stimu-
perturbation in the perceptual domain, though he used exXus produced under the PL condition was similar to the one
actly the strategy predicted from the acoustical theory to ofobserved in experiment 1: 100% and 5% of the occurrences

A. Corpus and procedure

B. Results
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TABLE Ill. Number of corr_e_ct identifications of the vowgu] produced  duced in the perturbation experiment presented by Savariaux

under N, PF, and PL conditions by speakers OD, JY, and CH. Same Prest gl (1995 to explore the perceptual space around the

sentation as in Table I. . .
French oral vowel[u], with the hope that these atypical

Speakers N condition PF condition PL condition  Stimuli would help to provide information about the percep-
tion of such back-rounded vowels. The second stage con-
oD 68 31 28 ) ‘ o his ch o ¢ th I
([0]:2) (le]:31: [o]:4: ([0]:31: [»]:6: sisted o exp oiting _t is c araptenzaﬂon of the perceptua
[i]:3: [a]:) [ce]:3; [y]:2) goal associated tai] in French, in order to better understand
JY 70 4 4 the speaker’s task for this vowel and to better interpret the
o o ([0833536) ([091563;0[0]11) speakers’ strategies in the lip tube experiment. We shall dis-

cuss these two points in this order.

were correctly classified, respectively. As concerns speakek. [u] in the listener's mind: confirmations and

CH, the stimulus under the PF condition was perfectly well-refinements on a “grave” vowel

classified. Remember that, from the analysis of the whole set  11ig set of experiments enabled us to propose a progres-
of speakers, it was proposed that in case of a strong ligjye focus on the perceptual template for vowal in
pgrturbatlon, the pompgnsatlon could not be “?*’?‘Ched IMM&=rench, in the following way. First, experiment 1 confirmed
diately after the insertion of the tub@F condition and ot the perceptual goal fdul] is basically associated with

yvould requirg a training perio_d. Therefore, our interpreta’cionthe control of two parameters that have to be low enough:
is that, for this speaker, the impact of the lip tube was lesg o mainly linked withF 1, ensures the “high” featuréto

st_rong_ as expected; hence, the perfect identifica_ltion of the PE htrast with [o]), and the other, mainly linked witfF2,
stimuli. As concerns spgaker_ qY,_no relevant difference wagqures the velopalatal featute contrast with{ce] in our
observed between the identifications of the PF and the Ph,yoriment Second, the correlation analyses in experiments
stimuli. ThIS result confirms that this speaker did not find any; 5.4 2 suggest th&0 does not seem to contribute signifi-
appropriate strategy to compensate. cantly to the perception of the high feature; heng4, is

For speaker OD, the results were not as clear. Whereggy, e apnropriate thanF(L—F0) as a correlate of the high
the identification score in the N condition was similar to thege a4 re This is essentially in line with the data discussed in

one in the first test, strong differences were observed in th%ec. I B. Third,FO seems, on the contrary, to contribute to
PL condition between experiment 1 and this experiment,o normalization of 2: hence, E2—FO0) in bark provides
Thus, the absence, in the current test, of auditory referencgfa pasic correlate of the back feature fo} [see Fig. 1C)].
within the speakers’ maximal vowel space seems, in a ﬁrsf:ourth, it appears that the parameterR2F0)+F1)/2)
analysis, to have had more impact on the perceptual evalue(lé” frequencies in bapkmight summarize the effects &1

tion of speaker OD’s stimuli, than for the other speakers., (F2—F0) and provide a good overall correlate of the
This is not surprising, becauls_e the acoustical signal recordeéin,jwe feature classically used to describe the vdwkin all

for OD under the PL condition was already shown 10 bejanqagegiackobsoret al, 1963. It is of particular interest
perceptually neither very goo@nd then easily identifiable 1, notice that this parameter might be associated with the

nor very bad(and easily discarded aslal]). _ center of gravity introduced by Chistovich and colleagues in
These results bring interesting insights into the objeC-1979 normalized to a certain extent 0. Indeed
tives that could have underlain the compensatory Strategé’((FZ'—FO)vLFl)/Z) might be seen as E(l’
observed for speaker OD. For the PF condition, the identifi-+F2)/2_FO/2) with the first term E1+F2)/2 being the
cations were equally distributed between[w@l, a back- e center of gravity, an§0/2 the normalizing term. It is
rounded vowel, and afie], a central vowel. For the PL 554 remarkable that this parameter happens to set both the
condition, the identifications were essentially eitfiat or category boundaryaround 5.25 bark; see Fig) and the
[o], two back-r_ounded vowels. This observation suggests th rototypicality index forfu] with a boundary between good
the strong articulatory changes observed for speaker O nd poor representatives around 4.75 béade Fig. 3. At
from the PF to the PL conditiofa large backward move- |aqt 5 t0-high intensity oF3 seems to play an additional,
ment of the tongueinduced a shift in the phqnetlc classifi- though marginal, role degrading the] quality: this is dem-
cation of the sound. From clearly ambigudesther a back — onsrated by the data on low-pass filtered stimuli recorded

rounded or a central open the PF condition, the sound for speaker OD under the PL conditi¢see Sec. I11C 2
became clearly a back and rounded vowel in the PL condi-

tion. Thus, although speaker OD’s stimulus in the PL condi-B- [u]in the speaker’s mind: addenda to the lip tube
tion was not perceived as a gopd, it is possible to suggest €Xperiment
the strategy chosen by speaker OD during the adaptation This perceptual characterization of the vowel in
session: try to maintain the produced stimulus inside therench leads us to reconsider the conclusions elaborated dur-
back category typical of pu], even if the “height” feature is  ing the previous analysis of the lip tube experiment on the
not completely preserved. sole basis of acoustical parametéEavariauxet al, 1995.
First, producing with the lip tube arF(L,F2) pattern similar

V. GENERAL DISCUSSION to the one measured during a normal articulation is not nec-

We defined two main stages for the present study. Firstessary to achieve a compensation in the perceptual domain.
we intended to take advantage of the acoustical stimuli proSince the perceptual objective combines at I€&5tF 1, and
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F2, the speakers have some freedom in adjusting the contrdlCKNOWLEDGMENTS
of their vocal source and vocal tract to compensate. This

ends up with the fact that three speakers, and not one, 6§?ijects in the lip tube experiment, and to the 19 listeners

proposed in Savariaet al. (1999, did actually achieve the 5 narticipated in the perceptual tests. Special thanks are
compensation in perceptual terms. For this aim, none of therge to professor Lebeau, to Professor Crouzet, and to Mrs.
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to 20 mm. Its true dimension is 25 mm, as attested by Figs. 4, 6, and 8 of

same for all speakers. Slight differences between two speakse same article.
ers, in fundamental frequency or in tongue archimdnich  2Speaker JM(see Savariaut al, 1995 was removed from the current

helped to lengthen the constriction without movin)g iould analyses. Indeed, preliminary tests of the quality of his natural production
. e of [u] showed that his vowel was correctly classified, but was not perceived
make the compensation task more or less difficult. as a goodu].

Third, a strong backward movement of the tongue is not
a perfect compensation strategy, since it induces, simulta-
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