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Introduction

The goal of this paper is to illustrate the usefulness of articulatory modeling (AM) as a tool for exploring the realization of phonological contrasts. The potential of the method as a tool in phonology is illustrated by addressing some key aspects of French sounds. Because it is based on French, this paper gives a French point of view on the vocal tract (VT) as a contrast generator. The illustration is by no means a fresh point of view, in the sense that it is based on the strict application of the well-established acoustic theory of speech production (Chiba and Kajiyama 1955;[START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF][START_REF] Stevens | Acoustic Phonetics[END_REF].

Different languages contrast their phonemes by exploiting different acoustic possibilities of the VT; from infancy, the ear is attuned to the native language's system of contrasts, suggesting a language-specific warping of the perceptual space (6-month infants' magnet regions for vowels are related to adult prototypes in the child's native language: [START_REF] Kuhl | Linguistic experience alters perception in infants by 6 months of age[END_REF]; for consonants, language-specific reorganization appears later, around 10-12 months: [START_REF] Werker | Cross-language speech perception: Evidence for perceptual reorganization during the first year of life[END_REF]; see also [START_REF] Strange | Speech Perception and Linguistic Experience: Issues in Cross-Language Research[END_REF].

The role of the third formant (F3) and of the relative formant amplitude is often considered negligible in speech perception. The approximation of the upper formants by a single formant (F2'), however, has revealed the importance of F3 in the [y:]-[i:] contrast in Swedish [START_REF] Carlson | Two-formant models, pitch and vowel perception[END_REF]Fant, 2004b). F3 is also crucial, in French, to the contrast between unrounded and rounded front vowels, and the perception of French [u] requires low F3 amplitude (Bonneau and Laprie 2001). F2's amplitude relative to F1's plays a role in the contrast between nasal and oral vowels [START_REF] Delattre | Les attributs acoustiques de la nasalité vocalique et consonantique[END_REF].

A reductionist view is necessary to bridge the broad gap from VT deformation to acoustic patterns and then to percepts. VT representation by a straight tube or with 2 to 4 uniform tube connected side-by-side allows us to predict some essentials of the observed acoustic characteristics of vowels and consonants [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF], for Russian vowels and consonants). Modeling by more complex systems of interconnecting smooth adapters (as in the threeparameter model of [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF]) is still lacking in anatomical adequacy, and AM is preferable to tubes for approximating the acoustic/auditory range of variations that are articulatorily possible for humans. Both methods are strictly complementary to understand the possibilities of the VT to generate acoustic contrasts.

The structure of the paper is as follows. First, the notion of F-pattern [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF], on which our description is based, is presented briefly. We then focus on the articulatory model used here, Maeda's articulatory model [START_REF] Maeda | An articulatory model of the tongue based on a statistical analysis[END_REF]; see also Mermelstein 1973 and others). As the detailed realization of each phoneme is partly dependent on the language-specific system of contrasts, some notions on French phonemics are set out, opening into an illustration of the method on a few selected points.

Background

The F-Pattern

The present line of thought is based on the traditional notion of F-pattern [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF]. The filter function of the VT without branching cavities contains only resonances (i.e., no zeros), labeled F1, F2, F3, F4 and so on. The term F-pattern (Fant 1960:209) refers to these frequencies. The Fpattern can be calculated for any known VT shape. The F-pattern up to the first two, three, four and sometimes five formants is clearly visible on a spectrogram during oral vowels (with roughly one formant per kHz). The F-pattern for a consonant is determined by the place, degree and shape of the main oral constriction, and by the tongue and lip configuration required by the following vowel. For consonants, fewer hints to the formants are visible on spectrograms.

The basic gestures to manipulate formant frequencies (for an adult VT) are indicated in Table 1 (see also Fant 1973: 28). As a rule of thumb, there is basically one global gesture for manipulating F1 frequency, two local gestures for F2, and three precise gestures for F3. Fine movements are required to manipulate upper formants; F4 is very sensitive to the laryngeal region. Lip protrusion and rounding lowers all the formants, especially those affiliated to the front cavity (such as F3 in /h/). Larynx lowering has the same global effect as lip rounding and protrusion, but has a stronger lowering effect on the formants affiliated to the back cavity. The global VT shape influences all the formants. Only in very restricted cases (and with much caution) can a specific formant be interpreted as the resonance of a specific vocal-tract cavity [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF]: the articulatory interpretation of F-patterns depends in part of age and sex; for a girl with a small head producing [i], F2 may have the same perceptual role as the F3 of a male (Fant 1975a).

The F-pattern is invisible during the closure of stops. The release of the stop comprises several parts: release, friction, aspiration, and transition into the vowel. The formants due to the front cavity become visible during the release-and-friction part of the consonant. All the formants that correspond to the stop manifest themselves in the aspiration noise (except F1, which is damped due to glottal opening) and in the transitions into neighboring vowels (where F1 becomes visible). The F-pattern as a whole is visible when stop closure is not complete, as often happens in continuous speech. The strong and short narrowing for the realization of a fricative divides the VT into a front and a back cavity. During voiceless fricatives, the front cavity's resonances are mainly excited by noise created around the constriction. Secondary excitations may play a role in enhancing the contrast among fricatives [START_REF] Stevens | Acoustic Phonetics[END_REF]): (i) when the palatal constriction is especially long and narrow, a so-called palatal noise may be added to the front cavity resonances;

(ii) the highest resonances affiliated with the back cavity (which nonetheless remain lower than those of the front cavity) are also excited when the constriction is short (though they are often weakened by the accompanying anti-formants due to the back cavity), or (iii) when the area of the constriction within the VT increases gradually. During voiced fricatives, there are two sources of sound, and the resonances due to the back cavities are also excited by the glottal voice source; tracheal coupling can make itself felt by a raising and damping of F1 (this is very similar to the effect of nasal coupling, and may indeed lead to the perception of nasality). The F-pattern evolves continuously across vowels and consonants, reflecting the continuous movements of the articulators, although only those formants that are excited are actually seen on spectrograms. The exact shape of the tongue during the consonant constriction and the lip configuration manifest them self acoustically in the transition into the vowel. The tongue and lip configurations during the consonant are affected, independently of the place of constriction required for the consonant, by those required for the following vowel (illustrations will be provided below), so that the Fpattern of the consonant depends both the consonant and on the vowel. Due to strong coarticulatory phenomena, the lip and tongue shape associated with the vowel play a key role in shaping the F-pattern of the preceding consonant (among the most striking instances are pharyngealization, as in Arabic, and palatalization, as in Russian).

Acoustic discontinuities arise from an abrupt change in amplitude of one or more formants, or from the appearance (or disappearance) of energy in certain frequency ranges ( 1973:22; cf K. Stevens' notion of acoustic landmarks, [START_REF] Stevens | Toward a model for lexical access based on acoustic landmarks and distinctive features[END_REF]. Such discontinuities are mainly created by the addition of a side-branch (the nasal, sublingual, lateral or tracheal cavity) and/or changes in the source location (at the glottis and/or at a supraglottal constriction). The F-patterns at CV boundaries for Swedish and English are analyzed by Fant (1975b:121-125).

Maeda's articulatory model

Like most current models, Maeda's articulatory model has been elaborated by means of a Guided Principal Component Analysis of midsagittal X-ray tracings [START_REF] Maeda | An articulatory model of the tongue based on a statistical analysis[END_REF]. The corpus consisted of 10 short French sentences. Using a semi-polar grid, the midsagittal X-ray tracings are transformed into vectors of midsagittal distances that describe the inner vocal-tract contours corresponding to the front laryngeal wall, the tongue and lower lip of the tongue, as well as the outer contours corresponding to the back laryngeal wall, soft and hard palates, and upper lip. The Guided PCA of these vector data results in a linear component model in which each component can be interpreted in articulatory terms. A model with seven factors explains more than 90% of the observed variance. These factors are interpreted to account for the effect of, respectively, jaw position (1), tongue dorsum position (2) and shape (3), tongue apex position (4), lip aperturelipht-(5) and protrusion-lippr-(6), and larynx height (7). In synthesis, the value in standard deviation as units of each of these seven factors (or parameters) is specified, determining the tract shape.

Since the entire profile of the VT, from glottis to lips, is specified by the seven parameters, its acoustic characteristics can be calculated (for details : Maeda 1982). A modified version of the alpha-beta model (Heinz et al 1964) and illustrates essential points. To synthesize a vowel, the seven articulatory parameters (a) are given as input (Input 1) to generate a midsagittal profile (b), from which a cross-sectional area function is derived (c); the transfer function (d) is calculated, and the resulting sound is generated. The area function can also be directly drawn from X-ray or MRI data (Input 2); again, it can correspond to simple tubes (Input 3). Each section of the area functions can be manipulated at will to include details seen on X-ray profiles but not reproducible by AM, or to estimate the sensitivity of each formant to a change in area function in a particular region. The sounds created by the different inputs can be then compared with the original sound (if available) and analyzed, or used as stimuli for perception tests.

For synthesizing CVC syllables, a series of three or four target area functions are fed into the program and converted into sounds: one for a fricative, two for a stop (closure and release configurations), and one for each flanking vowel (the description of VCV synthesis with C = fricatives and unvoiced stops is found in [START_REF] Maeda | Phonemes as concatenable units: VCV synthesis using a vocal-tract synthesizer[END_REF]. Noise is injected at the glottis and at the narrowest section within the VT. A turbulent noise is automatically created 1 cm downstream from the constriction. Its magnitude is controlled in a continuous fashion, without a noise-or-no noise threshold decision; it is determined by multiplying a weight (or a gain) which varies as a function of the cross-sectional area of the constriction (i.e. the glottis area and the supra-glottal constriction area) and the airflow level (Flanagan 1972: 53-59; for details of the implementation, see [START_REF] Maeda | Phonemes as concatenable units: VCV synthesis using a vocal-tract synthesizer[END_REF]. Maeda did not do any formal study related to the constriction area and the magnitude of generated noise. In the case of [asa], for example, the oral constriction size is 0.1 cm**2 (see [START_REF] Maeda | Phonemes as concatenable units: VCV synthesis using a vocal-tract synthesizer[END_REF]. A side branch may also be connected to the area function. By default, it corresponds to the nasal cavity (with or without sinus), and it can be manipulated to simulate another side cavity, such as the sublingual cavity (as was done in Epsy-Wilson et al 2002 for synthesizing English /ɹ/). In order to synthesize speech sounds, the glottal area and fundamental frequency are also specified. Acoustic losses due to yielding walls and radiation effects at the mouth are added by default.

Some key notions of French phonemics

In Standard French, all vowels are heard as monophthongs. Spectral changes and duration play no role in the identification of oral French vowels [START_REF] Gottfried | Effects of consonant context on the perception of French vowels[END_REF]Gottfried and Beddor 1988;[START_REF] Hillenbrand | Identification of resynthesized /hVd/ utterances: effects of formant contour[END_REF]. Each oral vowel can be fully specified by a single spectrum, unlike in English.

French .h.+.d.+.D.+.`.+.t.+.n.+.N.+.@. are often referred to as 'good' examples of cardinal primary vowels. Some of Daniel Jones's vowels are represented in Fig. 2, together with some of the primary and secondary vowels produced by Peter Ladefoged (all sounds are available at http://phonetics.ucla.edu/course/chapter9/cardinal/cardinal.html).

Figure 2 : Left: Spectrograms of Daniel Jones's cardinal vowels (top) and of Peter Ladefoged's cardinal vowels (bottom). Right: prototypical American English, similar to French {palatal (⇑F3F4) 3200Hz } /i/ (left) and British English, with maximal F2 {palatal (⇑F2)} (all sounds are available on the UCLA Web site).

The IPA is inadequate to represent cross-language variations in the realization of the same IPA symbol, such as the American and British English /i/ in Fig. 2; diacritics do not suffice. Our new notation, originally used in our multilingual spectrogram reading courses, may be useful to supplement the IPA symbols using a short-hand label for the main spectral prominence in vowels and consonants: the brackets indicate a grouping of two consecutive formants, which then form a spectral prominence. Prototypical /i/ in French is thus represented as a {palatal (⇑F3F4) 3200Hz } in this notation. (F3F4) indicates the regrouping of F3 and F4. A line drawn underneath a formant (here F3) indicates that the formant mainly depends on the front cavity. This information is important since in unvoiced stops and fricatives, only the formants depending on the cavity in front of the constriction are excited during friction and therefore exhibit continuity from consonant to vowel; formants depending on the front cavity are also more sensitive to lip configuration than back cavity formants. 'Palatal' means that there is a fronted tongue body position (the other two configurations being: (i) velar, /u/-like shape, and (ii) pharyngeal, back, /@/-like shape). ⇑ corresponds to the highest possible frequency value for the formant, given the tongue position (palatal, velar or pharyngeal).

It appears that {palatal (⇑F3F4) 3200HZ } (/i/) is the most acute voiced, noise-free sound that a VT can generate (for some speakers, F4 and F5 are grouped, rather than F3 and F4, or sometimes more than 2 formants seem to be grouped around F4; this point has to be further investigated). It is almost unanimously admitted [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF][START_REF] Stevens | Acoustic Phonetics[END_REF]) that F2 and F3 can be considered as half-wavelength resonances of the back and the front cavity, respectively, and wavelength resonances are the highest first resonances that a uniform tube can produce (a quarter wavelength resonance of same frequency corresponding to a twice shorter front tube). A maximally high F3 (noted as (⇑F3)) is obtained by a prepalatal position of the constriction along the hard palate (where F4 also tends to be maximal; F3 and F4 are the most correlated formants i ), whereas a midpalatal constriction leads to the highest possible F2 (noted as (⇑F2)). Mid-saggital sections suggest that [i] as described by Fant for Swedish (1973:11 and2004a:29) is prepalatal and similar to French [i]. The constriction has actually been observed to be particularly fronted in French, as opposed to English, the acoustic target in the former being most likely highest F3 and not highest F2: see Delattre's comparative X-ray study of French and English in Fig. 3. Jones's and Ladefoged's /i/s ( Fig. 2) are equivalent to a prototypical French /i/, where F1 and F2 amplitude is minimal (again enhancing the acuteness of the vowel). As expected, native speakers of Swedish, English and Spanish choose different /i/ prototypes [START_REF] Willerman | Cross-language speech perception of front rounded vowels: Swedish, English, and Spanish speakers[END_REF]; phonetic transcriptions should reflect the fact that there exist a number of /i/s which are acoustically, articulatorily and perceptually different. AM simulation allows for an in-depth understanding of these various prototypes. Languages contrasting /i/ and /y/ seem to prefer a prepalatal position for both [START_REF] Wood | The acoustical significance of tongue, lip, and larynx maneuvers in rounded palatal vowels[END_REF]), but this is not true of German (Heffner 1950: 99-101) or Swedish (as described by Fant 1973: 94-99); there is a clear lip protrusion in French and German, but not in the Scandinavian languages (Malmberg 1974:139-139). Jones's /y/ does not have the acoustic characteristics of French /y/, nor does it sound like it, whereas Peter Ladefoged's /y/ qualifies spectrographically and perceptually as a French vowel (Fig. 2). Again, this points to an embarrassing shortcoming of the IPA, if used for phonetic transcription, since such dissimilar sounds are both offered as reference for the same unit, /y/. Prototypical /u/ {labio-velar ⇓(F1F2)} in our notation) is the most grave vowel: F1 and F2 are grouped and correspond to two Helmholtz resonances. ⇓(F n F n+1 ) corresponds to the lowest possible frequency value of the grouped formants. /u/'s F3 and F4 have the lowest possible amplitude, enhancing the gravity of the vowel. English does not have a ⇓(F1F2) vowel. Jones's and Ladefoged's cardinal /u/ are of the French type. X-ray data for French /u/ offers evidence of two strong constrictions, one at the lips and one at the velar region (cf. Bothorel et al's X-ray data 1986: 46-53). Only the lip configuration seems to have to be tightly controlled [START_REF] Gay | Acoustic and perceptual effects of changes in vocal tract constrictions for vowels[END_REF], and to a large extent, there may be compensation between degree of lip constriction and place of tongue constriction (see examples in [START_REF] Fant | Parametric model of VOCAL TRACT area functions: vowels and consonants[END_REF][START_REF] Boë | The geometric vocal tract variables controlled for vowel production: proposals for constraining acoustic-to-articulatory inversion[END_REF]; also Ouni and Laprie 2001, using inversion based on Maeda's model). The formants of /u/ depend on the degree of the (labial and velar) constrictions rather than the place of the constrictions [START_REF] Lee | Formant sensitivity in the vocal tract[END_REF]; on trading relations between tongue-body raising and lip rounding in the production of English /u/, see Perkell et al 1993; see also Savariaux et al 1999 for French).

French seems to favor vowels that have a strong concentration of energy in a specified region in the frequency range. The intra-vowel spectral salience related to the proximity of formants is one of the two perceptual components considered in the Dispersion-Focalization Theory [START_REF] Schwartz | The dispersion-focalization theory of vowel systems[END_REF] to predict vowel systems (the other component being global dispersion, which is based on inter-vowel distances: [START_REF] Lindblom | Phonetic universals in vowel systems[END_REF]. When two formants are close to each other, they are grouped into a single broad peak and their mutual amplitude is strongly enhanced; they are perceptually integrated into a single peak if their separation does not exceed approximately 3.5 bark (less than 3-4 critical bands; Chistovich and Lublinskaja 1979). The coalescence of F3 and F4 for /i/, F2 and F3 for /y/ and of F1 and F2 for /u/ and /@/, and all back nasal and oral vowels, creates distinct acoustic patterns, from the high frequencies for /i/ (around 3200 Hz for men, higher for female and children) to the highest possible amplitude in the mid range (around 1000 Hz) for /@/, and finally to the lowest frequency range for /u/. In the case of /i/, palatal friction noise may be created due to the narrow front passage (a F3-type noise, of the same type as the alveolo-palatal fricative Å): French oui /wi/ is often pronounced [yi]נ (see Ohala 1997 on the tendency for high vowels to devoice because of aerodynamic conditions).The consonant-like constriction in French /i/ and /u/ (and /y/) may result in much higher subglottal pressure (P s ) in French as compared to English, as recently discovered by Demolin et al (submitted).

Nasal vowels raise additional issues. As well established, for oral vowels, formant amplitude and the overall spectral shape are predictable from the formant frequency and bandwidth values when there is no side branch cavity, and therefore formant amplitude constitutes redundant information [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF]. In French nasal vowels, the amplitude of the spectral peaks cannot be predicted from formant frequencies; I suspect the unpredictability of the formant amplitude to be the main (and sometimes the only) cue to their identification, at least spectrographically. Further experiments involving French subjects are needed to confirm that French listeners are sensitive to relative formant amplitudes, in contrast to natives of English, who seem to be insensitive to this parameter [START_REF] Klatt | Prediction of perceived phonetic distance from critical-band spectra: A first step[END_REF]. Furthermore, the shape of the tongue and lip for back nasal vowels does not correspond to any oral vowel (prototypical /N / is more rounded than the most rounded French oral vowel, /u/; and /@ / is more protruded than /a/; [START_REF] Bothorel | Cinéradiographie des voyelles et consonnes du français[END_REF][START_REF] Zerling | Aspects articulatoires de la labialité vocalique en français. Contribution à la modélisation à partir de labiophotographies, labiofilms et films radiologiques. Étude statique, dynamique et contrastive[END_REF]). Again, I suspect that the speakers adjust lip and tongue configuration to create a sharp vowel, even in the case of the two back nasals, /@ / and /N /, by grouping the two lowest formants.

In French, there seems to be an especially strong anticipation during the consonant of the configuration required for the following vowel [START_REF] Delattre | Les modes phonétiques du français[END_REF]Delattre 1965:101-107 for comparative X-ray data on French and English): the strong anticipation of the tongue and lip gestures required for the following vowel is favorable to the monophthongal quality of French vowels. To a certain extent, any consonant in French is, as it were, phonetically palatalized, velarized, pharyngealized, or labialized, depending on whether it is followed by a palatal, velar, pharyngeal or labial vowel (see X-ray illustrations in [START_REF] Bothorel | Cinéradiographie des voyelles et consonnes du français[END_REF]. The tongue shape in phonologically palatalized Russian consonants (see X-ray data in Fant 1960:219) is the main determinant of the value of F2 frequency at vowel onset (around 1900[START_REF] Espy-Wilson | Acoustic modeling of American English /r[END_REF]Hz, Fant 1960: 221) and vowel transitions: the contrast among palatalized consonants (such as [p j , t j , k j ] and [f j , s j , R j ] in Russian) is mainly based on which formants are excited by the friction noise. French has no phonologically palatalized consonants; it tends to have a more fronted articulatory setting (the socalled "mode antérieur" as an "habitude articulatoire", Delattre 1953) than English. French /t/, /d/, /s/ or /z/ (and /n/) are therefore best simulated as half palatalized (leading to a F2 locus around 1800 Hz), regardless of the actual location of the constriction, dental or alveolar, laminal or apical (see [START_REF] Dart | Comparing French and English coronal consonant articulation[END_REF] for palatographic comparison of French and English coronals): simulation with AM shows that the shape of the tongue is more important for differentiating French and English than the exact place of contact, or the region of the tongue (dental or laminal) involved. Again, this points to a shortcoming of the IPA concerning the description of the tongue shape for consonants.

Illustrations of the method

The method will be first illustrated by studying the perceptual contribution of anatomical details in the shaping of French /i/.

Testing the perceptual effect of anatomy

In certain cases, AM allows us to test the contribution of anatomical 'detail' to the perceptual shaping of the sounds. The laryngeal tube is a cylindrically shaped tube just above the glottis. Its length and shape depend on the speaker (from 2 to 4 cm for an adult, with a diameter of 1 to 2 cm, Stevens 1998:13). The VT may be modeled without a laryngeal tube (as in [START_REF] Stevens | Acoustic Phonetics[END_REF]: 277, Fant 1960:66) or with it (Fant 1960:108). Direct modification of the area function allows to suppress and change any part of the VT to test its contribution. The arrow in Fig. 5 indicates the effect of conserving the laryngeal cavity in the modeling: it raises the spectral amplitude of formants 3 and above by adding an extra formant in that region (Fant 1960:109); the supplementary formant contributes to a spectral dominance of the high-frequency region, a characteristic sign of French and Swedish /i/ (Fant and Pauli 1974 for Swedish; Schwarz et al 1993 for French). The change is strikingly audible (the sounds are available on our website), pointing to the high sensitivity of the ear to the relative amplitude of the formants in that configuration. In general, the laryngeal tube and the height of the larynx have a large effect on the acoustic output (a lower larynx lowers the resonances frequencies, particularly the ones due to the back cavity); these effects are often neglected in the literature (see also [START_REF] Dang | Acoustic characteristics of the piriform fossa in models and humans[END_REF]. 3.2 On modeling the lips in the /i/-/y/ contrast in French

In the production of /i/, the lips are spread; F2 (located in the back cavity) is hardly sensitive to perturbations in the area anterior to the prepalatal constriction; sensitivity functions calculated uniformly along the VT would lead to the erroneous generalization that F3 is also insensitive to small perturbations in the lip tube (see, for example, [START_REF] Wood | The acoustical significance of tongue, lip, and larynx maneuvers in rounded palatal vowels[END_REF]) and that, in the /i/ configuration, both F2 and F3 are insensitive to lip movements. F2 actually becomes very sensitive to these movements when the lips are protruded, because in that case, the front cavity is longer than the back cavity. Fant's nomograms (Fant 1960: 63, 77) indicate that with a constriction at 6 cm (palatal constriction), F3 decreases from 3200 Hz to 2000 Hz if the constriction within the additional 1-cm lip section decreases from 4 cm 2 to 0.16 cm 2 (simulating lip rounding). Indeed, the high sensitivity of F3 to lip configuration is exploited by languages such as French, Swedish or German, which contrast round and unrounded palatal vowels. Figure 6 illustrates the transition, for one French speaker, from /i/ to /y/ (F3 lowering is mainly due to lip rounding) and from /y/ to /u/ (F2 lowering is due to tongue backing).

The vowel /i/ is currently modelled either with a "lip tube" (Stevens 1998: 277) or without one (Fant 1960: 66). When there is no distinct lip tube, lip rounding can be simulated by lengthening of the (narrow) front cavity of /i/ (lip protrusion and lip rounding have a roughly similar effect). As the effective length of the front cavity increases in the passage from French /i/ to /y/, F3, a front-cavity resonance, lowers and a change of cavity affiliation takes place, as illustrated in Figure 6 (left). The lips are not as protruded for /y/ as for /u/, most likely to keep F2 and F3 close together, and to avoid an extreme lowering of F2. From the frequencies published in Fant (1973:93-99), it may be proposed that Swedish /y/ is a {palatal rounded (F2 F3) 2100Hz } vowel, F3 remaining a resonance of the front cavity, not exhibiting the typical change of cavity affiliation of the third formant observed in French. Swedish /y/ and Jones's cardinal /y/ (mentioned above, section 2.3) do not sound like French /y/, whereas Ladefoged's does (see Fig. 2).

A close observation of the nomograms [START_REF] Wood | The acoustical significance of tongue, lip, and larynx maneuvers in rounded palatal vowels[END_REF]Stevens 1998, Fig. 6.11) and simulation by AM indicate that there could be several /i/ close vowels, as the effective length of the front cavity changes (see Table 2).

Table 2: Notation of some typical vowels. (F n F n+1 ) indicates a spectral prominence.

(⇑F3 F4) [i] F3=3200Hz French-type /i/ (⇑F2) [i] F2=2500Hz British-type /i/ /i/ (F2 F3) [y] F2=2100Hz Swedish-type /y/ palatal ( F2F3) [y] F2=1900Hz /y/ pharyngeal ⇑ (F1F2) or ⇑ (F1F2) [@] F2=1000Hz /@/ ↑ (F1F2) [N] F2=900Hz /N/ ↓ (F1F2) [o] F2=800Hz /o/ labio-velar ⇓ (F1F2) or ⇓ (F1F2) [u] F2=700Hz
French-type /u/ The /i/-/y/ contrast illustrates the leading role of the lips and F3 in the shaping of close palatal vowels in French: /i/ (F3 and F4 bunched together), /y/ (F2 and F3 bunched together), and /e/ (F3 equidistant between F2 and F4). The three sounds are clearly apart in their F3 values ii .

AM as a tool to study compensatory phenomena

An identical F-pattern can be the outcome of more than one articulatory state, allowing for compensatory effects and reinforcing gestures between articulators [START_REF] Gay | Production of bite-block vowels: acoustic equivalence by selective compensation[END_REF]. Maeda's model has served in a number of laboratories to generate "codebooks" which represent the mapping between articulatory and acoustic formants. Figure 7 illustrates four configurations generating a sharp concentration of energy in a specified region in the frequency range. Jaw lowering and tongue dorsum position compensate for each other in palatal unrounded vowels and lip aperture and jaw position in the back rounded series [START_REF] Maeda | Compensatory articulation during speech: evidence from the analysis and synthesis of vocal-tract shapes using an articulatory model[END_REF]). Jaw lowering is sufficient (but not necessary) to create the front unrounded series /i/, /e/, /D/. Furthermore, the tongue constriction has to move back in synchrony with the delabialization gesture for the velar and pharyngeal series, /u/, /o/, /N/, /@/, to keep the first two formants close together (/u/, /o/, /N/, /@/ are (F1F2) vowels). In conclusion, AM and derived codebooks allow us to predict all possible VT configurations producing approximately the same acoustic output and therefore complement X-ray films (X-ray data are scarce, due to their invasive nature).

The importance of the relative amplitude of the formants

The contextual realizations of two phonemes may seem to have similar poles, but the relative amplitude of the formants keep them apart. As noted by Fant, "contoids must be described in terms of their envelope contours" [START_REF] Fant | Acoustic Theory of Speech Production, With Calculations based on X-Ray Studies of Russian Articulations[END_REF]) and the numbering of the formants is not important, insofar as there is an appropriate distribution of energy along the frequency scale. The branching of a side cavity, tracheal or nasal, introduces changes in the relative amplitude of the formants [START_REF] Stevens | Acoustic Phonetics[END_REF]. Two examples follow.

(i) As a consequence of the strong anticipatory phenomena in French, /l/ and /ʁ/ in the /i/ context are "palatalized" and show a concentration of energy in the (F3F4) region, similar to that for /i/ and /j/, which are also (F3F4) sounds (the spectral prominence (F3F4) being even higher and more pronounced for /j/, F1 lower, and F2 of weaker amplitude than for /i/). The relative amplitude of the poles contributes to contrasting the four phonemes. F1 amplitude is the strongest for /l/, and very weak for the three others. F2 amplitude for /Q/ dominates the whole spectrum (F1 is highly damped), whereas F2 amplitude of /j/ is the weakest (the region (F3F4) dominates). In the same vein, /Q/ is pharyngealized in the /`/ context, and /Q/ and /`/ have a very similar ⇑(F1F2) 1000Hz F-pattern: the amplitude of F1 relative to F2 is very weak for /Q/ (⇑(F1F2) 1000Hz ), but F1 and F2 have a high amplitude for /a/ (⇑(F1F2) 1000Hz ). Yeou's simulation of the uvular sounds with Maeda's model (see also [START_REF] Alwan | Perceptual cues for place of articulation for the voiced pharyngeal and uvular consonants[END_REF], followed by an EGG study [START_REF] Yeou | Une étude expérimentale des consonnes postérieures et pharyngalisées de l'arabe standard[END_REF], shows that /Q/ is most likely uttered with an open glottis (or, when voiced, with a long glottisopen phase), explaining the damping of the amplitude of the first pole relative to F2 (weak for /Q/ under 1 kHz, Chafcouloff 1983; see also [START_REF] Calliope | La parole et son traitement[END_REF], ensuring the realization of the phonemic contrast in all cases.

(ii) When the nasal tract is coupled to the oral cavity, the formant density per kHz (usually one formant per kHz) increases and nasal poles and zeros introduce changes in the relative amplitude of the formants and in formant bandwidth. The difference in acoustic effect depending on the degree of velar lowering (which is difficult to control) probably favors the reduction of the number of nasal vowels in systems where the number of oral vowels is high. Perceptual data for nasalized high vowels indicate that they tend to be heard as being opener than their oral counterparts (e.g., [START_REF] Beddor | Perceptual constraints and phonological change: a study of nasal vowel height[END_REF], due to the raised spectral prominence of F1 as a result of the perceptual integration of the nasal formant. This sheds light on diachronic change in the French vowel system: nasalized i > nasal D ; nasalized y > nasal 8 (which has merged with nasal D in the present state of the language).

AM allows us to investigate how far the relative amplitude of the formants can be manipulated while maintaining perceptual integrity. Preliminary results suggest that the relative amplitude of the formants plays an important role, and perceptual experiments are needed to test to what extent the listener's native language influences his/her sensitivity to the relative amplitude and bandwidth of the formants.

Investigating the effects of states of the glottis, and of supraglottic constriction

Modeling shows that a very slight change in constriction size and/or in the relative size of the glottis may lead to dramatic changes in source characteristics and hence in the acoustic characteristics of consonants, while preserving their F-pattern. For example, prototypical French /Q/ is a {laryngal (⇑F1oe F2) F3 F4}; the notation can be read as follows: the first two formants (F1F2) are grouped, and the grouped formants are as high as possible (⇑); the underlining of F2 and F4 indicates that these formants are resonances of the cavity in front of the constriction; the bold type of F2 indicates that the spectrum is dominated by F2, its amplitude being enhanced by its grouping with F1; and the dots below F1oe mean that F1 is damped, most likely due to tracheal coupling. The sound is close to Arabic uvular fricatives, which have been successfully synthesized using the same model [START_REF] Yeou | Une étude expérimentale des consonnes postérieures et pharyngalisées de l'arabe standard[END_REF], see Figure 9). In French, in the case of /Q/, voicing is not contrastive, whereas it is contrastive in Arabic. Depending on speaker, phonetic context and prosodic position, French /Q/ can be realized as a voiced approximant (the constriction at the glottis is relatively small compared to the upper constriction) or as a voiceless fricative, or sometimes as a mixture of the two. Both variants can be represented by the same Fpattern {laryngal (⇑F1oe F2) F3 F4}, with only the underlined formants (due to the front cavity) being excited in the absence of voicing. all formants are excited, F1 and F2 are grouped together, the voiced fricative looks like a sonorant, Yeou and Maeda 1995; bottom: the glottis is set to 0,25 cm 3 to simulate opening in the model, and the oral constriction to 0,2 cm²; it is mainly F2 and F4 that are excited (they are located in the front cavity), and the consonant looks like a unvoiced fricative [START_REF] Yeou | Une étude expérimentale des consonnes postérieures et pharyngalisées de l'arabe standard[END_REF].

As is well known (see Durand 1930's palatographic data), the supraglottal constriction is less tight for the realization of a consonant inside a word (as opposed to its canonical realization when a word is pronounced in citation form), and the glottal abduction for the unvoiced consonants tends to diminish intervocalically (for Japanese, [START_REF] Sawashima | Laryngeal control in Japanese consonants with special reference to those in utterance initial position[END_REF], both phenomena leading to lenition [START_REF] Passy | Etude sur les changements phonétiques et leurs caractères généraux[END_REF][START_REF] Martinet | Economie des changements phonétiques : traité de phonologie diachronique[END_REF]. The change from a voiceless fricative to a voiced fricative (through a diminished glottal abduction), to an approximant, to a glide, to a homorganic vowel (through less and less supraglottal constriction) can be simulated simply by a progressive decrease in glottal abduction and an increase in the area of the tongue passage. The acoustic and perceptual effects of an increase in supraglottal constriction and a decrease in glottal opening can be tested. In the near future, AM should be able to help model the gradual transition from read speech to spontaneous speech and from hyper to hypo-articulated speech, as well as the variety of speaker-dependent strategies (e.g. the speaker-dependent but consistent time-course of the velum, documented by Vaissière 1988).

Other uses of the model

AM is extensively used in our lab as a tool for teaching detailed aspects of the acoustic theory of speech production [START_REF] Vaissière | Teaching acoustic-phonetics[END_REF] and as a tool for modeling in phonetic research (for interpreting MRI data concerning the singer's formant, Pillot 2004; for clinical phonetics, Crevier et al 2001).

The same AM model has been used in a number of other laboratories in France and abroad, for a number of applications: to demonstrate that Neanderthals were not morphologically handicapped for speech [START_REF] Boë | Neanderthal man was not morphologically handicapped for speech[END_REF]; to investigate which sounds and sound contrasts could be produced by humans from birth to adulthood [START_REF] Ménard | Auditory normalization of French vowels synthesized by an articulatory model simulating growth from birth to adulthood[END_REF]; to create codebooks for inversion programs (as in [START_REF] Ouni | Studying articulatory effects through hypercube sampling of the articulatory space[END_REF]. The model has shown its potential to be adapted to new speakers [START_REF] Mathieu | Adaptation of Maeda's model for acoustic to articulatory inversion[END_REF]. Using his own model, Maeda showed that the different realizations of /k/ followed by different vowels (from velar to palatal) are not due to the search for ease of articulation, but to perceptual requirements [START_REF] Maeda | Phonemes as concatenable units: VCV synthesis using a vocal-tract synthesizer[END_REF]. Concatenative (cut-andpaste) synthesis is currently the most widely used approach, but in the long run, biologically motivated articulatory synthesis has more potential [START_REF] Shadle | Prospects for Articulatory Synthesis: A Position Paper[END_REF].

Conclusion

In this paper, some principles of speech production and perception that can be explored with articulatory modeling (Maeda's model was presented in section 2.2) have been applied to characterize French sounds. First, the evidence (illustrated in Section 2.3 for the nasal and the back vowels, and in Section 3.2 on the /i/-/y/ contrast) suggested that the principle which drives auditory spectra towards patterns with close neighboring formants seems to be particularly active in French. In about half of the French prototypical vowels, two formants form a spectral prominence (see section 2.3). It does not come as a surprise that the focalization-dispersion theory for explaining vocalic systems in general was developed by researchers whose native language was French [START_REF] Schwartz | The dispersion-focalization theory of vowel systems[END_REF]. Focalization could provide a benefit for speech perception: evidence for increased stability of focal vowels in short-term memory was provided in a discrimination experiment on adult French subjects (Schwartz el al 1989). It may be also one the reasons why French vowels are often proposed as references for the primary and secondary cardinal vowels (the other reason being that they show no tendency to be diphtongized). Second, French listeners may have developed a special sensitivity to cues which are not operative at the phonological level in all other languages: labial articulation (which allows to manipulate essentially F3 for the front vowels and F2 for the back vowels) is indispensable in shaping French sounds, to contrast unrounded and round front vowels and to keep F1 and F2 regrouped in back vowels (see Section 3.2); velar lowering (which allows to control the relative amplitude of the formants) is used to contrast between oral and nasal vowels (see Section 3.4). Third, it is suggested that a new notation may be used to reflect the articulatory, acoustic and perceptual similarity between phonemes sharing similar tongue shape and lip configuration but different degrees of glottal and supraglottal constriction (as exemplified on consonant in Section 3.5) , on one hand, and the dissimilarity between the realization of the same phonetic symbol, on the other hand (see section 3.2 and Table 2). This applies to vowels and consonants alike, allowing for a representation of the progressive lenition phenomena observed in spontaneous speech, and for their simulation using an AM model).

AM nonetheless has limitations. First, the articulatory parameters, which are based on French data, are not able to reproduce all the observed sagittal profiles for other languages (and sometimes even for French); some tongue deformations have to be introduced by hand, directly on the area function. Second, the approximate relationship assumed between midsagittal distances and the corresponding cross-sectional areas makes a motivated simulation of lateral consonants impossible (3D-MRI data may improve the passage from sagittal profiles to area functions). Third, in the case of important constrictions, offering high resistance to outgoing flow, more knowledge on the laws of aerodynamics is needed in the model [START_REF] Ohala | The origin of sound patterns in vocal tract constraints[END_REF][START_REF] Badin | Fricative consonants: acoustic and X-ray measurements[END_REF][START_REF] Shadle | The Aerodynamics of Speech[END_REF]. Fourth, the present model is that it cannot simulate the effect of the state of the vocal folds (which affects the spectral tilt); this is a limitation because, as mentioned by [START_REF] Ohala | Speech perception is hearing sounds, not tongues[END_REF], the phonological end actually seems to exploit any means, and the participation of the entire vocal apparatus, from lung to lips and to nostrils, may contribute to the realisation of a phonemic contrast, especially in the case of hyper-articulated speech. It is a safe guess that some parts of the model will be modified and improved as new physiological data provide new insights into the workings of the speech-production apparatus.

To sum up, AM is a valuable tool to investigate the choice of articulatory manoeuvres made by a specific language to enhance a distinctive feature and to test the role of the perceptual contribution of anatomical details (see section 3.1). These features make it an extraordinary tool to make further progress in the field of phonetics and phonology. AM makes the best use of available X-ray data and it may be used as a complement to EMMA data (Electro-Magnetic Midsaggital Articulometer), a non-invasive method. However, no matter how sophisticated models are, they are not "the real thing" even if they help understand the data, which remain the basis of sciences. No model should blind us to the complexity of the data which call for extensive physiological coverage to gain in-depth insight into all languages and to understand the patterning of speech sounds in particular languages.

  converts the model-derived midsaggital distances into the vocal-tract area function. The alpha-beta model describes cross sectional areas (A in cm²) along the midline of the VT from the glottis to the lips as a power function of the corresponding sagittal distances (d in cm) as A=αd β , where α and β are empirical constants depending on position along the length of the VT, and also on individual subjects. Since A is determined by the power function of d, the area function is uniquely determined from the mid-sagittal profile of the VT, which is specified by the 7 articulatory-model parameters.

Figure 1 :

 1 Figure 1 : The three different types of input used in the model. (See text.) Figure 1 illustrates the three types of input used in the present paper. It pertains to the vowel [a]and illustrates essential points. To synthesize a vowel, the seven articulatory parameters (a) are given as input (Input 1) to generate a midsagittal profile (b), from which a cross-sectional area function is derived (c); the transfer function (d) is calculated, and the resulting sound is generated. The area function can also be directly drawn from X-ray or MRI data (Input 2); again, it can correspond to simple tubes (Input 3). Each section of the area functions can be manipulated at will to include details seen on X-ray profiles but not reproducible by AM, or to estimate the sensitivity of each formant to a change in area function in a particular region. The sounds created by the different inputs can be then compared with the original sound (if available) and analyzed, or used as stimuli for perception tests.

Figure 3 :

 3 Figure 3 : English (left) and French (right) configurations for the vowel /i/ (Delattre 1965: 46).

Figure 4 :

 4 Figure 4 : The left side corresponds to the vowel /i/, extracted from the word 'habit' [abi]; the right side to the vowel /y/, extracted from the word 'ambiguë' [@ bigy]. Left: vowel spectra (note the anormal high emphasis for masking the noise from the camera). Mid: Sagittal profile and associated lip shape (from Bothorel et al 1986:15-16 and 48). Right: simulation with the AM and associated spectrograms. The values of the seven parameters are indicated.

Figure 5 :

 5 Figure 5: Left: Area function and transfer function corresponding to /i/, generated by the AM, with a laryngeal tube (top) and after artificial suppression of the effects of the laryngeal tube (bottom).

Figure 6 .

 6 Figure 6. Left: Spectrograms of the prototypical vowels (⇑F3F4) 3200Hz /i/, ( F2F3) 1900Hz /y/ and velar /u/ ⇓(F1F2) (uttered by a female speaker). Right: Area functions and transfer functions for increasing length of the front cavity for (⇑F3F4) /i/ (top), (F2 F3) 2100Hz /y/ (mid), and ( F2F3) 1900Hz /y/ (bottom) (the three area functions remaining the same, except for the lengthening of the front tube). The arrow indicates a resonance associated with the front cavity. The underlined formant, due to the front cavity, is most sensitive to lip configuration.

Figure 7 .

 7 Figure 7. VT configurations giving rise to similar F1, F2 and F3 values, as indicated, using a codebook based on Maeda's model (from Ouni et al 2001).

Figure 8 :

 8 Figure 8: Left: Simulation of the effects of progressive opening of the nasal branch in Maeda's mode on the vowel [i], in 14 steps. Right: Selected spectra corresponding to different degrees of NC (nasal coupling) indicated in cm² (Maeda 1993).As shown in Fig.8, with a progressive increase in nasalisation of the vowel /i/ in AM, the acoustic output successively takes a somewhat [y]-like shape when NC (degree of nasal coupling) = 3cm 2 and a [u] shape when NC = 5cm 2 (for an interpretation of the resonances in terms of oral or nasal cavities, see Maeda 1993; on cross-languages studies, see Beddor and Strange 1982) 1 . The difference in acoustic effect depending on the degree of velar lowering (which is difficult to control) probably favors the reduction of the number of nasal vowels in systems where the number of oral vowels is high. Perceptual data for nasalized high vowels indicate that they tend to be heard as being opener than their oral counterparts (e.g.,[START_REF] Beddor | Perceptual constraints and phonological change: a study of nasal vowel height[END_REF], due to the raised spectral prominence of F1 as a result of the perceptual integration of the nasal formant. This sheds light on diachronic change in the French vowel system: nasalized i > nasal D ; nasalized y > nasal 8 (which has merged with nasal D in the present state of the language).

Figure 9 :

 9 Figure9: Modeling by tubes of the Arabic voiced and unvoiced uvular fricative consonants. The F-pattern is the same for both consonants, but the formants are excited differently. Top: the glottis is set to zero in the model, and the oral constriction to 0,2 cm² in the present simulation: all formants are excited, F1 and F2 are grouped together, the voiced fricative looks like a sonorant, Yeou and Maeda 1995; bottom: the glottis is set to 0,25 cm 3 to simulate opening in the model, and the oral constriction to 0,2 cm²; it is mainly F2 and F4 that are excited (they are located in the front cavity), and the consonant looks like a unvoiced fricative[START_REF] Yeou | Une étude expérimentale des consonnes postérieures et pharyngalisées de l'arabe standard[END_REF].

Table 1 :

 1 Main gestures to raise or lower each of the first three formants

	LOCATION OF THE CONSTRICTION	
	Lowest possible formant	Highest possible formant
	⇓F1 anterior part of the VT	⇑F1 posterior part of the VT
	⇓F2 velar region	⇑F2 mid-palatal region
	lip rounding	glottal region
	⇓F3 pharyngeal region	⇑F3 apical and prepalatal regions
	bunching of the tongue, retroflexion	glottal region (larynx lowering)
	lip rounding and/or lip protrusion	
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Footnotes

i The coefficient correlations are, in decreasing order : 0,656 for F3-F4 ; 0,525 for F2-F3; -0,334 for F1-F2; 0,329 for F2 F4; 0,112 for F1 F3 and 0,055 for F1 F4. Calculations are done on 291 011 vowels, extracted for the Ester corpus (French broadcast news : http://www.recherche.gouv.fr/technolangue/ ). Cédric Gendrot, personnal communication.

ii F1/e/ is generally higher that F1/e/ so that F1 value helps to the distinction between /i/ and /e/, but F2/i/ may be as high as F2/i/, as observed in Swedish by [START_REF] Fant | Speech sounds and features[END_REF] , and such an observation can also be found in French.