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A method is proposed to model the interspeaker variability of formant patterns for oral vowels. It is
assumed that this variability originates in the differences existing among speakers in the respective
lengths of their front and back vocal-tract cavities. In order to characterize, from the spectral
description of the acoustic speech signal, these vocal-tract differences between speakers, each
formant is interpreted, according to the concept of formant—cavity affiliation, as a resonance of a
specific vocal-tract cavity. Its frequency can thus be directly related to the corresponding cavity
length, and a transformation model can be proposed from a speaker A to a speaker B on the basis
of the frequency ratios of the formants corresponding to the same resonances. In order to minimize
the number of sounds to be recorded for each speaker in order to carry out this speaker
transformation, the frequency ratios are exactly computed only for the three extreme cardinal vowels
[i, a, u] and they are approximated for the remaining vowels through an interpolation function. The
method is evaluated through its capacity to transform th&HK2) formant patterns of eight oral
vowels pronounced by five male speakers into thé F2) patterns of the corresponding vowels
generated by an articulatory model of the vocal tract. The resulting formant patterns are compared
to those provided by normalization techniques published in the literature. The proposed method is
found to be efficient, but a number of limitations are also observed and discussed. These limitations
can be associated with the formant—cavity affiliation model itself or with a possible influence of
speaker-specific vocal-tract geometry in the cross-sectional direction, which the model might not
have taken into account. @004 Acoustical Society of AmericdDOI: 10.1121/1.1631946

PACS numbers: 43.70.Gr, 43.70.BKL ] Pages: 337-351

I. INTRODUCTION Our basic hypothesis is that the largest amount of inter-
speaker variability of the formant patterns arises from differ-
For a long time, the study of variability in speech was ences among speakers in the respective lengths of their back
mainly guided by speech recognition objectivsatt, 1986;  and front vocal-tract cavities. These geometrical differences
Stevens, 1980; Perkell and Klatt, 198Ghe aim was thus (see, e.g., Bothoradt al, 1986, as an illustratiorare due to
basically to quantify and to characterize variability in the intrinsic morphological properties of the vocal tract, such as
temporal and spectral domains, not to reproduce it, but tats length (as illustrated by Subjects 3 and 4 in Bothorel
eliminate it, in order to extracthe invariant the physical et al, 1986, or its distribution between the palatal and the
pattern associated with the linguistic input to be recoveredpharyngeal regiongas illustrated by Subjects 1 and 3 in
In other words, the aim was to “normalize” the speech signalgothorelet al, 1986, but these differences can also be due
among speakers. For vowels, the purpose of such a techniqgg speaker-specific articulatory strategies involved in the po-
was to reduce, in the acoustic domain, the variance of theijtioning and in the displacement of the tongue in the vocal
data measured for the same vowel on a number of speakefgact (for an example see tHé] production of Subjects 2 and
in order to enhance the identification scores of the sounds ig in Bothorelet al, 1986, pp. 16—17 Consequently, in or-
an automatic classification. der to transform for each vowel production the formant pat-
More recently(see in particular Story and Titze, 2002; tern of speaker A into the formant pattern of speaker B, our
Titze et al, 1996, 1997; Wongt al., 1996, special attention approach consists of elaborating a general model for the
has been devoted to the generation of interspeaker variabilit(yhanges in front and back cavity lengths between these
with the aim of contributing to the development of multi- speakers. This model is based on the computation, from the
voice and multispeaker speech synthesis systems. Thgrmant frequencies, of back and front cavity length ratios.
present paper is in the line of these studies. Our aim is tgq (o this, it is proposed to apply a basic principle of the
propose a speaker transformation technique in the aCOUSt&‘coustic theory of vowel production, namely the formant—
domain, based on an account of the correlates of acoustiGyity affiliation principle. This principle suggests that for a
variability in the domain of speaker-specific vocal-tract 9€-given vowel each formant can be associated, more or less
ometry, with the final objective of predicting the variability tightly, with a specific cavity of the vocal tra¢Chiba and

in the whole acoustic domain from a limited amount of Kajiyama, 1941; Dunn, 1950; Fant, 1960: Stevens, 1972

speech samples for each speaker. 1989, 1998, and is therefore essentially determined by the
geometry of this cavity.
3Electronic mail: perrier@icp.inpg.fr In this paper, after a shortsemeof the main aspects of
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this theory and, particularly, of its interpretation in terms of When vocal-tract cavities are acoustically coupled, the
articulatory-to-acoustic relations in vowel production, arelations between geometry and formants do not strictly ap-
method based on these principles and calledréisenance- ply: the more the coupling between cavities, the less the
based method (RBMyill be presented. A quantitative evalu- model is valid. In addition, a clear affiliation of formants and
ation of the RBM will then be proposed by assessing its cavities happens to be very difficult when the constriction is
capacity to transform theF1,F2) patterns of five male located in the so-callefibcal regions of the vocal tract. For a
speakers into the formant patterns of a reference articulatoryocal tract having its constriction in one of thefeal re-
model of the vocal tract. In order to assess our hypothesegions, the resonance frequencies of the uncoupled cavities
carefully, the corpus we have used consisted of a reduceldave very similar valuetsee Badiret al, 1990. The size of
number of well-controlled logatoms, and, for the purposes othese regions in the anterior—posterior direction increases
this paper, the variability in connected speech has not beewith the acoustical coupling between cavities. This phenom-
addressed. On the basis of this evaluation, the intrinsienon adds to the difficulty of finding reliable affiliations in
strengths and limits of the concept of affiliation between for-the case of a significant acoustical coupling. Note, however,
mants and cavities will be discussed. that studying formant variations when the position of the
constriction is moved step by step through a focal region of
the vocal tract along the back/front direction can help to
reduce the uncertainty about affiliations in such a regsme

Il. FORMANTS AND VOCAL-TRACT RESONANCES below, Sec. Il D
A. The formant—vocal-tract cavity affiliation Having established these two basic alternatives, we
(Fant, 1960) should note that reliable formant—cavity affiliations can be

hypothesized for a relatively weak coupling between cavi-

Fant(1960 has shown that it is possible to obtain fairly . . X ) )
good predictions of the formant patterns characterizing oraﬁ'es' and outside of the focal regiokBant, 1960; Mrayati

vowels by using a simple modeling of the vocal tract, con—a?dlcigg 19d76t; Ba_dmzt t?}'" 1990. ant(liG(}l an? Bad|n h
sisting of only four tubes. Such a simplification allowed the® a.l( % et'ermme ese matpr)]plpgts E/ qcal’!z;ng eact:
formants to be specifically interpreted as resonance frequer¥—OWe on Fants nomograms so that 1ts "typical” forman
cies of the different cavities of the vocal trddin this per- pattern is produced with plausible constriction position and

spective, a basic and efficient tool consists of the well-knowAIp area.

; In such conditions, it becomes possible to infer global
nomograms presented by Fafitant, 1960, p. 76 which _ ) .
show the variations of the first five formants, when the Vocal_morphologmal differences between speakers by simply com-

tract constriction is shifted from the glottis to the lipsf &n paring their respective formants and interpreting them as

advance of the tongue causes a resonance frequency to ris%oec'f'c vocal-tract resonances, while assuming that the cou-

it can be concluded that the resonance is mainly influencecﬁ)IIng between cavities for a given vowel IS es;enpally con-
by a cavity of decreasing lendthFant, 1960, p. 76 This stant among speakers. This is the basic principle of the
interdependence of resonance and the vocal-tract cavity is |resore:n§i—based mte:Hocgc?IIed thlf RBM. tg?.tt we have
the more evident if the constriction area is small, reducing®mutated to account for interspeaker variabiiity.
h ical lin ween vocal-tr vities.
the acoustical coupling bet een voca tract ca ties B. The resonance-based method

In a vocal tract where cavities are essentially uncoupled,
the following resonance modes can be obserigsk Fant, It is known that formant values are influenced by the 3D
1960, for details geometry of the vocal tract. A Helmholtz resonance depends
L[see Eq.(3)] on the volume of the resonator’'s “body,” as
well as on the length and on the cross-sectional area of the
resonator’s “neck.” The half- and quarter-wavelength reso-

(i) A half-wavelength resonance mode: its characteristi
frequencies are given by the formula

Rm:ni, (1)  hances, which, in theqry, plepend only on the Ien@ﬂeaT
2L sured parallel to the direction of the air flpwf the associ-
wherec is the sound velocity in the aliL, is the length  ated cavity, are also influenced by the coupling between
of the considered cavity, ande N. cavities that depends on the length and on the cross-sectional
(i) A quarter-wavelength resonance mode: its characterarea of the constriction. Therefore, both differences in cavity
istic frequencies are given by the formula lengths and in cavity cross-sectional areasaapeiori likely
c to generate interspeaker differences in the acoustic domain.
Rua=(2n—1) 7, (2 Nevertheless, in the continuity of classical models of inters-

with the same notations as above peaker variability in vowel production published in the lit-
(i) A Helmholtz resonance mode: its resonance fre_erature(e.g., Nordstron and Lindblom, 1975; Wakita, 1977;
quency is given by the relation Fant, 1975, for the purposes of this paper we are going to
assume that interspeaker differences in cavity lengths are the

:i i 3) major factor of interspeaker variability in the formant do-
2 V|-V’ main. For formants associated with half-wavelength or
in which V is the volume of the cavity, and and| quarter-wavelength resonances, this hypothesis means that
are, respectively, the area and the length of the resathe influence of interspeaker differences in constriction size,
nator’s “neck.” and then in acoustic coupling between cavities, is signifi-
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cantly less important than the influence of differences in cavaffiliations between formants and cavities. Testing the RBM
ity lengths. This assumption is consistent with the nomo-will allow us to test the validity of these hypotheses.
grams proposed by Fafit960 with the four-tube model for
two different sections of the constriction tuligee pp. 76— |1 IMPLEMENTATION OF THE RBM FOR SPEAKER
77) and with the horn-shape model for three different mini- TRANSFORMATION IN VOWEL PRODUCTION
mum constriction areas of the vocal trasee p. 84 As A Selected basis vowels
concerns formants associated with a Helmholtz resonator, the'
above hypothesis means that the ratio of the body and neck The RBM was used to elaborate a speaker transforma-
cross-sectional areas has significantly less impact than th@n procedure in vowel production. The aim of this proce-
ratio between the lengths of these cavities. To our knowldure is to be able to generate every vowel sequence of a
edge, this assumption has never been experimentally demottarget” speakerX from the recording of the same sequence
strated. The present study will contribute to quantitativelypronounced by “source” speakét To do this, the basic idea
evaluate its validity. is to infer general transformation rules from a limited num-

According to Fant’'s nomograms, the number of possibleber of vowel sounds recorded both for speakeandY. The
affiliations for the first three formants of an oral vowel is choice of these specific sounds is crucial, since they have to
very limited: they are either a quarter-wavelength or a half-carry enough information about the speech articulation of
wavelength resonance of the front or the back cavity or aach speaker, so that a generalization concerning the whole
Helmholtz resonator of the set “back cavitgonstriction,”  vowel space could be possible through our method. For this
or of the set “front cavity-lips” in the case of a rounded reason, we decided to use the extreme cardinal voliels
vowel (Fant, 1960. Thus, in the framework of this acoustic a]. Indeed, since they correspond in theory to the most ex-
theory of vowel production, our assumption that interspeaketreme speaker-specific articulatory configurations, they effec-
differences in the area of the vocal-tract constriction can béively cover to a large extent the articulatory space used in
neglected implies that the variability of the first three for- vowel production: from[i] to [u], the tongue has a high
mants observed between two speakémndY is explained  position in the vocal tract and the lingual constriction moves
by the variabilities of the back and front cavity lengths. along the sagittal palatal contour, from the most anterior po-
Therefore, for each vowel, two length ratios are taken into sition to the most posterior one; fropn] to [a], the tongue
consideration, one for the front cavityand the other one for moves down in the vocal tract from the highest to the lowest
the back cavityb position. We'll call these vowelbasis vowel®f the RBM in

the rest of this text.
aJv]= Lexlv] , ceff,bl, (4) For thes_e basis vowelsspeaker-specific information
Levlv] about the articulatory strategy was extracted through a quan-

titative comparison with a reference articulatory model of the
vocal tract, whose acoustic and articulatory characteristics
(i.e., the place of articulation, the area function, and the for-
p&ants), are precisely known, and whose formant affiliations
can be properly determined among the different possibilities
gested by Fant's nomograms.

whereL. y[v] etL.y[v] are the lengths of the cavity for
speakerxX andY respectively.
To infer these ratios from the acoustic signal, the rela

used(see equations 14+3Thus, for half-wavelength as well
as for quarter-wavelength resonances, the ratio is expresséHg

as
B. Characteristics of the reference articulatory model
wlv]= Lexlv] _Rey ceif.b) ®) of the vocal tract
C - - B ’ ’
Levlv]  Rex We used a statistical articulatory modBgrgamedevel-

whereR, y[v] andR, y[v] are the lowest half- or quarter- oped at thdnstitut de la Communication Pargn Grenoble
wavelength resonances of toecavity for speakeX andy, ~ ©On & French speakeBeautempset al, 1998 following the
respectively. For the Helmholtz mode, the lenggthof the ~ Method proposed by Maed&990. Beautempet al. (1999
resonator’s body is not the unique factor determining thgeerformed a Statistical analysis of midsagittal vocal tract
resonance frequend3, . However, according to our hypoth- profiles derived from cineradiographic pictures, recorded in
eses that interspeaker differences in vocal-tract crosstynchrony with video pictures of front views of the lips and
sectional area and in cavities coupling can be neglected, With the speech signalThis model generates an area func-
can be assumed that the “shape factqi&/1 of the resona- tion of the vocal tract from seven articulatory parameters.
tor’s neck is nearly constant, and that differences in volumd he associated formant patterns were obtained with the har-
V of the resonator body are mainly due to differences of it§nOnic _vocal tract model developed by Badin and Fant

2
lengthL.. Under these conditions, the corresponding Iength(1984)-
ratio can be calculated according to the formula 1. Reference vowels

Lexlv] RE' oy Reference articulatory configurations were generated
adv]= L—[v]“ RZ ce{f,b}. (6)  with the reference articulatory model of the vocal tract for
oY H.eX eight French vowel$i, e, €, a, y, u, 0, o]. To do this, two
In this study, the length ratios will be calculated as formantconstraints were respected. The first constraint consisted in
frequency ratios on the basis of hypotheses concerning thmaintaining inside the whole vowel system realistic articula-
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FIG. 1. Area functions obtained for the reference speaker; from the top and from the left to th¢iright; €, u, o, o, a].

tory positions(Straka, 1965; Abry and Bod 986; Bothorel vocal tract(Stevens, 1998 The first tube is closed at one
et al, 1986; Majidet al., 1987; Boeet al, 1992: jaw posi-  end and has a constant cross-sectional area of4Tdme first
tion becomes progressively lower frofi] to [a], passing five formants are, in this case, odd multiples of the quarter-
through[e] and[&]; the lips are more rounded foy] and[u] ~ wavelength mode of the whole tulig/4, 3\/4, 5\/4, etc).
than for[o] and [5]; the constriction position in the vocal The second tube is similar to the first one, except that it is
tract moves back frorfi] to [a], passing throughe] and[e],  closed at both ends, its last three sections having a very small
and goes down along the pharynx frdm| to [a], passing cross-sectional are®.3 cnf). The first formant of this con-
through[o] and[>]. The second constraint consisted of en-figuration is therefore a Helmholtz resonance, whereas the
suring that the formant values of the synthetic referencgext ones are multiples of the half-wavelength made, \,
vowels were close to the ones measured on the correspongdyx/2, etc) of the large cavity. The sensitivities associated
ing tokens of the French speaker used to dev@emame wth the first five formants of these tubes are given in Fig. 2.
(Beautempst al, 1996. Two more configurations were obtained by coupling two
Thus, a set of commands to the articulatory model wagypes, which are similar to those described above, with a
obtained for each reference vowel by an acoustic-togmgall tube having a small cross-sectional area. These models
articulatory inversiorf.A sagittal function, an area function, are rough representations of a pharyngeal vowel with a large
and the resulting formants were then calculated for each COMip opening, and of a rounded velar vowiske Fig. 3. In the
figuration. The eight area functions are given in Fig. 1. first case, note that the Helmholtz resonatgigen by F1)
concerns only the set “back cavityconstriction,” whereas
2. Formant —cavity affiliations for the reference F2, F3, andF5 are theN/4, 3\/4, and 5/4 modes of the
vowels front cavity, respectivelyF4 is the half-wavelength reso-

In order to establish the formant—cavity affiliations for Nance of the open—open tube that represents the constriction.
the eight reference vowels, our approach was inspired by thé the second case formant sensitivities are those of a couple
vocal-tract sensitivity functions proposed by Fant and PaulPf Helmholtz resonators.

(1974. It consists first of increasing by 10% the cross- b. Establishing the formantavity affiliations for the
sectional area for each elementary section of the area funéeference vowelsThe computation of the formant sensitivity
tion separately, and, second, in calculating the induced relgurves for the eight area functions Bergamerepresenting
tive formant variations, which we callesbnsitivitiesA study ~ the reference vowels permitted for each of them the formu-
carried out on simple tubes, the theoretical resonances dtion of the most plausible formant—cavity affiliations. For
which are known, provided a set of reference patterns for théhat, the affiliation was determined first by looking for each
sensitivities associated with the main resonance modes sufprmant at the location of the largest sensitivity. Then, the
gested by Fant's nomograni$960. most plausible nature of the resonarieelmholtz, quarter-

a. Reference sensitivity patternsour simple shaped wavelength, or half-wavelengtiwas proposed by comparing
acoustic tubes were chosen for this preliminary study. Eackhe area function and the sensitivity curves with those of the
one was obtained by the concatenation of several elementargference patterns. As an example, Fig. 4 shows the formant
tubes 0.425 cm in length, so as to reach a total length of 1gensitivities for the vowelga] (left pane) and [u] (right
cm, which is comparable with the mean length of a malepane), which are to be compared with the patterns given in
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FIG. 2. Formant sensitivities to local area perturbations. Left panel: a closed—open uniform tube. Right panel: a closed—closed uniform tube.

Fig. 3. The affiliations thus established together with the coriivity curves of this reference vowésee Fig. % are similar
responding first four formant values are summarized irto those of the reference pattern depicted in the left panel of
Table I. Fig. 2: formants are essentially affiliated with the whole vo-
For all reference vowels but one, the interpretation ofcal tract and they are odd multiples of the quarter-
the computed sensitivities on the basis of the reference semvavelength resonance of the whole vocal tract.
sitivity patterns led unambiguously to formant—cavity affili-
ations compatible with a schematization of the area function
with a tube model(see Fig. 3. Vowel [¢] is, however, a
particular case. It corresponds to an open vocal-tract configu-  As explained above, in our method, the articulatory con-
ration, without any true constriction separating clearly thefigurations of the “target” speakeK and of the “source”
vocal tract into two distinct cavities. As a result, the sensi-speaker Y are inferred from the formant patterns of the three

%3. Interpolation between basis vowels

Area function: 3 tube model; L = 17 cm Area function; 4 tube model; L = 17 cm; Lip area = 0.3 cm2
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FIG. 3. Formant sensitivities to local area perturbations. Left panel: a tube model simulating a pharyngeal articulation with a large lip ogenpameRi
a tube model simulating a velar articulation with rounded lips.
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FIG. 4. Formant sensitivities for the reference vowelk(left pane) and[u] (right pane] generated with the reference articulatory model of the vocal tract
(for comparison see, respectively, the left and right panels of Fig. 3

basis vowelda], [i], [u], which give a good account of the [e], and[e], the coefficients were obtained using a logarith-
speaker’'s maximal vowel space. These basis vowels are sysric interpolation between the ratios of thasis vowelgi]
tematically recorded both for the source and for the targeand[u]. In a similar way, another logarithmic interpolation
speaker. Hence, for the front and for the back cavity, the ratigyetweer{u] and[a] gave the ratios of the vowels] and[5].

of the length of each cavity between speaketg {or the  hg interpolation functions depend on the constriction posi-
back cavity andy; for the front cavity can be found by the tion measured on the reference vow@s Sec. I11A 1),

direct compl_Jtatlon of the appropriate form_ant ratios, once Thus, for[y], [¢], and[¢], the ratios were calculated
the association between formants and cavity resonances is

determined(cf. Sec. IIB. For the other vowels, which are according to the formula
only recorded for the source speaker, the direct calculation is
not possible. Hence, interpolation functions were used to ap-
proximate the interspeaker length ratios for these other vow-
els. For the vowels articulated in the palatal region, [ikg

sl ]
TABLE I. Formant-resonance associations for the vowel prototypes of the _l‘_ﬁ_,—-___:—’_'—‘—\_\_‘___'_,‘___,
Bergame model. Legend:H. back=Helmohotz resonance of the set R B S e e T TR
“‘back cavity+ constriction;”” H. front=Helmholtz resonance of the set Rtative formant deviations for sach 10% increass in area
“front cavity +lips;”” for the other resonancesback=back cavity; 001
front=front cavity. % o — 1194z
Vowel F1 F2 F3 F4 -0 T Th 6 6 10 1z ¢ 6 18 206w
0.01-
[i] 290 2069 2935 3669 g . 1702k
H. back N2 back N4 front \ back Ch
[y] 274 1766 2256 3264 L s T VR TS P
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H. back N2 back N4 front \ back N .
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N4 3N/4 5N/4 N4 S
whole tract ~ whole tract ~ whole tract ~ whole tract go 3796Hz
[u] 273 703 2311 3344 —0.01 . ; . , . U .
H. back H. front M2 back X back ol 248 8 o0zt e 2ol
[o] 340 831 2316 3278 £
° 4653Hz
H. back H. front N2 back \ back 4 .
[°] 522 o1 2364 3370 R S R
H. back H. front N2 front N2 back
[a] 689 1187 2455 3555 FIG. 5. Formant sensitivities for the reference vojegigenerated with the
H. back N4 front 3\/4 front N2 back reference articulatory model of the vocal tr&ftir comparison, see Fig. 2,
left pane).
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log| 1+ CO,

DC[v]—-DCJ[i]

T[i])

DC[u]-DCJi]\"’ ™
DC[i] )

and for vowelqo] and[o], a values were obtained from the equation

DC[a]—-DC[v]

—ocia]

DC[a]—-DC[u]}’ ®
DC[a] )

acv]=adil+ (afu]—adil)-

log| 1+ CO,

log| 1+ CP,

afv]=adal+(afu]—adal)-

logl 1+ CP,

wherec e {f,b}, andDC[v] is the distance from the incisors F3—-F4 affiliation for [i] and[y], (cf. Badin et al,, 1990.
to the center of the constriction for the reference vowel s is why, in addition to the threleasisvowels, vowelly]
CO. andCP are two coefficients that were experimentally a5 also recorded both for the source and for the target

determined for each cavity, in order to obtain a good level ofspeaker, and the affiliation patterns of these four focal vow-

efficiency in this procedure. . els were carefully analyzed for each speaker.
The calculation of the DC values necessitated the com- g4, vowel[u], the work of Savariauet al. (1999 on 11

putation of the position of the constriction center for eachgrench native speakers showed tif& represents in all
reference vowel. To do this, the limits of the vocal-tract con-c55es the Helmholtz resonance of the set “front cavity

striction were determined as the extremities of the vocal—+|ipS,n whereasF1 counts for the Helmholtz resonance of
tract's region within which an increase of the cross-sectionalye  set “pack cavity constriction.” Consequently, we
area of each elementary tube generates a variatioR lof adopted this affiliation pattern for this vowel.

compatible with a Helmholtz resonance: since in this case g concerns the other “focal” vowelfi], [a], and[u],

the constriction is the resonator’s neékl should increase nere is no such experimental evidence in the literature sup-
when the cross-sectional area of the constriction increases;, ing one affiliation pattern more than another. This is why
(see the positivd F1/F1 in the regions of the constrictionin o o orded for each speaker a number\f-V2 se-
Figs. 3 and 4 The position of the constriction center was quences, wher&/1 and V2 are eitheri], [a], or [u], and

then Qetermmed as the absmssa. S(_aparatlng the COnsmCt"?:lrr\alyzed the formant trajectories in these sequences. Indeed,
zone In t\,NO parts of equal acoustic |m_pedance. To calculat hile abrupt changes in formant frequencies can be observed
.thls abscissa, each eler'nentary'acoustlc tube was replaced Mring such sequences when the articulation location goes
't§ low-frequency electrical equivaleff. Eant, 1960, P- 28’_ through a focal point, resonance frequencies vary smoothly
Fig. 1.2-). The DC values thus obtained are given in and monotonically(Bailly, 1993. Consequently, knowing
Table II. the articulatory changes involved in ea¢th—V2 sequence,
and looking for the corresponding monotonous resonance
variations, it was possible to make reliable assumptions
about the formant—cavity affiliations.

Obviously, since the RBM applies to speakers whose For example, in adiy] sequence, while large changes
vocal-tract geometry is not known, the above approach baseate observed in the lip shape, from spréfad [i]) to rounded
on sensitivities of the formants to local geometrical changegfor [y]) lips, the back cavity undergoes basically no modifi-
could not be used in order to find out the formant—cavitycation. Indeed, both the place of articulation and the size of
affiliations for real speakers. Therefore, the formant—the constriction are similar for the two vowelsf. Bothorel
resonance associations established for the reference vowesal, 1986. Consequently, it is reasonable to consider that
were used as initial patterns. However, these relations mathe resonance that varies the most during the sequence is
not be valid for every speaker, in particular for the threeaffiliated with the front cavity. Fofy] the lowest resonance
basis vowels, and for vowdl], because these vowels are frequency of the front cavity corresponds E@. Therefore,
located in focal regions of the vocal tract where smallfollowing the variation of the resonance backwards across
changes in vocal-tract geometry can cause changes in thbe sequence allows us to find ffij which is the lowest
affiliation pattern: this generates an uncertainty about théormant affiliated to the same cavity. An illustration of the
F1-F2 affiliation for [a] and [u]; and aboutF2—F3 or  analysis is given in Fig. 6, which presents the formant track-

D. The approach proposed to determine
formant—cavity affiliations for real speakers

TABLE II. Incisors-to-center of the constriction distand@s cm) for the vowels of the reference articulatory
model of the vocal tract.

Vowel [i] [v] [e] [e] [u] [o] [2] [a]
DC [cm] 2.4854 2.7776 2.6030 2.9374 6.0975 6.2873 9.3164 9.9971
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ing in an[iy] sequence: the first resonance frequency of the  The corpus was designed according to three major re-
front cavity, represented fdiy] by F2, originates from the quirements for the vowels to be analyzédl) reducing the
fourth formantF4 of [i]; consequently, formants2 andF3 acoustical coupling between the back and front vocal-tract
of [i] are, respectively, the half-wavelength and the wave<cavities; (2) reducing the token-to-token intraspeaker vari-
length resonance modes of the back cavity, which are in turability; (3) favoring for each speaker the production of ex-
represented b3 andF4 for [y]. Using a similar approach, treme articulations for cardinal vowd]s a, u]. To this end,

it is possible to identify the formant associated with the half-the subjects were asked to pronounce the vowels within CVC
wavelength resonance of the back cavityajfby examining  sequences, where C is a constant, in order to favor the pro-
the trajectory of the second formant fff during anfia]  duction of the closest possible configuration of vowel V, and

sequence. thus to reduce the coupling. In addition, consonant C was a
voiced consonant, in order to facilitate formant tracking.
IV. EVALUATION OF THE METHOD Each sequence was pronounced within a short giken in

) ) . ~__ Table Ill), which was in turn embedded in the carrier sen-
The RBM aims at accounting for interspeaker variability ;ance: “C’estcvVC ca?” (“That's CVC?"). Subjects were

by integrating morphological and articulatory differences be'required to repeat each sentence ten times.
tween speakers. This method requires us to know which . 5qgition to this corpus, the vowel transitiofis-y],

vowel is produced, in order to use the appropriate cavity .1 and[a—i] were also recorded. These transitions were

length ratios. Hence, it is well adapted to speaker transforyseq for each subject to clarify his formant affiliations for the

mation purposes, where the objective is to transform a seng) .4 vowels[i], [y], and[a] (cf. Sec. Il B. They were pro-

tence pronounced by a speaker A so that it sounds like g, nced in the same carrier sentence as above and each sub-
sentence pronounced by speaker B. Interesting studies ha}@:t repeated them ten times.

been proposed in the last 30 years that contributed to this

N . o The sound recording was carried out in an interactive
objective(e.g., Childerst al,, 1989; Nordstrm, 1975, 1977;

, , environment, in an anechoic chamber. The speakers, seating
Story and Titze, 2002; Titzet al, 1996, 1997, Won@t al, iy an armchair, had to read the items displayed on a PC
1996. However, for all of them the problem of a quantitative goreen At the beginning of the session, the subjects read the
evaluation of the!r efficiency was never really solved. There+.st two phrases of the CVC corpus without being recorded,
fore, the evaluation framework that we chose for the RBMg, that they could get familiar with the environment. Then,
consisted of transforming five male speakers into the refers,, 4ch phrase the acquisition started automatically, as soon
ence articulatory model of the vocal tract, and in measuring,q the speech signal level exceeded an experimentally fixed
the corresponding reduction of the dispersion in i&,£2)  reshold of—24 dB. The speakers were instructed to always
plane of the formant distribution measured for the whole et o hronunciation clarity. After the recordings a perceptual
of speakers. It permits a quantitative comparison of the RBM,gification was performed in order to ensure that the tokens
with normalization techniques published in the literature. produced by the speakers corresponded well to the desired

A. Corpus phonetic category.

. . The speech signal was captured by a dynamic micro-
Since the reference articulatory model of the vocal tract P 9 P y y

was built using data from a male speaker without any addi-

tional transformatior(cf. Sec. Ill A), we recorded five male 1ag g 1. cve [V] items of the closed-context vowel corpus.
speakers. They were all native speakers of French, agreed 1o
participate voluntarily in our experiment, and none of themVowel  [i]  [y] [u] [e] [o] el [l [a]
had any record of pathology of speech production or of theyorq  zizi  juju gougou zeze gaugau zeze toc rara
auditory system.
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200f TABLE IV. Formant—resonance associations proposed for the vowels of the
human speakers. Legen®1 and R3 are, respectively, the first and the
second resonance modes of the back ca®®;is the lowest resonance of

300+ .
the front cavity.

400} Vowel R1 R2 R3
[a] F1 F2 F4

Fooor [i] F1 F4 F2
T [u] F1 F2 F3
8001 [o] F1 F2 F3
[0] F1 F2 F3

[e] F1 F3 F2

700" [y] F1 F2 F3
[€] F1 F2 F3

800

2400 2200 2000 1800 1§30[Hz]14'00 1200 1000 800 600 took into accounta posteriorithe affiliation leading to the
best results.

FIG. 7. Vowel distributions in the K1, F2) plane for the five speakers

before transformation using the RBM. The bold line ellipses characterize the . L

dispersions for the whole set of speakers, while individual dispersions ar&- Reduction of variability among speakers

represented with thin line ellipses. The evaluation of the method consisted of two steps.

First, the vowel formants of each human speaker were trans-

phone[Beyerdynamic M 10 1N({)amplified by a mixer- formed into the formant space of the reference articulatory

amplifier (Yamaha MV 80r and sampled at a frequency of model of the vocal tract. Then, a comparison was made in

20000 Hz, using a soundboaf@ros) installed on a PC. the (F1,F2) plane between the scattering of the points be-
Formants were detected with an LPC analysis as folfore and after transformation. A reduction of this dispersion

lows: 20 coefficients, Hamming window of 20 ms; shift of would attest to the effectiveness of the procedure.

the window: 5 ms; signal pre-emphasisoefficient: 0.95. The speaker transformation follows the successive steps

After phoneme labeling, the formants of each vowel wereof the procedure given in Secs. IIB and Ill C. First, for the

measured in the middle of its steady zone. The formant valhack and the front cavity the length ratios between speakers

ues used henceforth for the evaluation of the method correyere calculated for thbasis vowelsaccording to the formu-

spond to the central vowel of the CVC sequences. las
Figure 7 shows the vowel distributions for the whole set .

of speakers in theR1,F2) plane. The bold line ellipses char- ap[v]=R3u/R3x, vefa, i u}, ©)

acterize the dispersions for the whole set of speakers, while 4 [y]=R2,,/R2y, v e{a, i}, (10)

individual dispersions are represented with thin line eIIipseséInd

11)

. R2y[u]\?
B. Formant affiliations proposed for the real speakers afu]= ,

R24[u]
As explained above, the RBM uses the lowest half-

wavelength and quarter-wavelength resonance frequencidd'€reM stands foreference articulatoryModel of the vocal
or, in some cases, the Helmholtz frequency, in order to infefr@ct and X for the real speaker to be transformé?Z and

the ratios of the cavity lengths between two speakefs RS have the meanings given in Sec. IV B. Tdag u] expres-

Sec. 11 B. The following notations will be used henceforth; Sion takes into account the fact that for this voweg, is a
Helmholtz resonance. The ratios of the other vowels were

(i) Rl is the first resonance mode of the back cavity;determined by interpolation between the respective values of
usually, it is a Helmholtz resonance of the set “backthe basis vowelscf. Sec. IIlQ. The “transformed” reso-

cavity+ constriction;” nances of speakeX were obtained for each vowel as fol-
(i)  R2 is the lowest resonance of the front cavity, which |ows:

may be either a quarter-wavelength resonance, if the,
lips are open, or a Helmholtz resonance, if lips are'
rounded,;

(i) R3 is the second resonance mode of the back cavity,
which is in all cases a half-wavelength one.

For a half- or a quarter-wavelength resonance, the
transformed value was calculated as the product be-
tween the initial value and the ratio corresponding

to the associated cavity.

(i)  For a Helmholtz resonance

The formant affiliations proposed for the human speak- . .
ers are given in Table IV. Fdi, a, y] these associations were Rifv]=RivVedlv], (12
determined using the vowel transitiorisee Sec. Il D, where ,c) e {(1.b);(2,f)}.
whereas for the other vowels the patterns established for the
reference vowelssee Sec. Il B 2were taken into consider- The front and back cavity length ratios obtained with

ation. When two affiliations seemed equally possible, wethis method for the eight vowels and for the five speakers are
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TABLE V. Values of the length ratios of the froff) and back(B) vocal-tract cavities for the eight vowels and the five speakers.

(] by [e] (e] [a] [o] [o] [u]

Speaker  F B F B F B F B F B F B F B F B
cs 084 102 083 104 084 103 082 104 097 097 092 103 075 1.07 074 107
LS 077 094 078 094 078 094 079 094 095 096 093 094 085 093 085 093
MP 079 097 08 102 079 099 081 103 1 1. 098 106 092 11 092 11
PB 075 101 075 102 075 102 076 103 105 098 099 102 079 104 078 104

JMD 083 089 08 09 084 092 086 097 099 103 1 1.06 1. 108 1 1.08

given in Table V. It can be seen that noticeable difference¢engths variability could be inaccurate, in the cases where, as
exist for each speaker between the length ratios of the badk Helmholtz resonators, the resonance frequency depends
and front cavities. This supports our strategy of using twoon cavity volumes.

length ratios; a unique length factor applied to the whole  Considering the remaining six vowels, it can be ob-
vocal-tract length would not be able to account for the speserved that the variability decrease after transformation is
cific vocal-tract geometry of each speaker. A principal com-larger for closed than for open vowels. According to the
ponent analysis applied to these data reinforces this statéheoretical hypotheses underlying the RBM, this trend can be
ment: two factors are at least required to describe more thaexplained by the fact that for open vowels interspeaker vari-
80% of the length ratios variandéne first three factors, re- ability in constriction size and, then, in acoustical coupling
spectively, explain 57.6%, 30.6%, and 10.6% of the datdetween cavities has a non-negligible influence on formant
variance. In addition, clear differences can be observed bevariability.

tween the Iength_ Ta“OS obtained fbﬂ [a]’. and[u]. This D. Comparison with speaker normalization

supports our decision to use a specific ratio for each extremt%Chniques

cardinal vowel.

The reduction of variability obtained with the length ra- ~ The transformation of the formant patterns of five speak-
tios of Table V was quantitatively measured by calculatingers into a reference formant space can be compared to a
for each vowel in the £1,F2) plane the area of thes2 classical normalization procedure. Thus, it offers a good
dispersion ellipsis, before and after transformation. The reframework to evaluate the relevance of the RBM, by com-
sults are given in Table VI. Note that the areas are not givearing the obtained reduction of speaker variability with the
in HZ2, but in percentage. This percentage was calculated s@1€s generated by six normalization techniques published in
the ratio between the ellipsis area and the area of the recthe literature. Again, it should be emphasized that the RBM
angle defined by th&1 andF2 ranges of the global vowel cannot be used in a pure normalization framework, since this
distribution of the five speakers. This was necessary for furmethod requires one to know which vowel is pronounced
ther comparison with normalization techniques. The disperbefore it can be transformed into the formant space of an-
sion of the vowels obtained for the whole set of speaker®ther speaker.
after the formants transformation provided by the RBM  Among the considered normalization techniques, four
method is given in Fig. 8. As in Fig. 7, the bold line ellipses take into account statistical properties of the dispersion of
characterize the dispersions for the whole set of speaker§ach vowel across speakers. These were proposed by Gerst-
while individual dispersions are represented with thin lineman (1968, Lobanov (1971), Nearey (1977 (see also
ellipses.

One can note that except for vowdls] and [y], the
global variability clearly decreases after speaker transforma- 200}
tion using the RBM. The clear general reduction of the vari-
ability suggests that, in spite of its underlying simplifying  soot
hypotheses, the RBM accounts fairly well for the main
causes of the interspeaker variability. At the same time, for 40l
[y] no noticeable reduction is observed, and[fo} the vari-
ability increases clearly. In both cases, the first two formantsysoo|
are Helmholtz resonances. The lack of reduction of the vari—g
ability could then arise from the fact that focusing on tube gyl

TABLE VI. Areas of the 2r dispersion ellipses, before and after speaker ;4|
transformation provided by the RBM. The values are given in percentage
with respect to the area of the smallest rectangle including the whole vowel

space in the £1,F2) plane. 800

[a] [i] [u] [o] [o] le] [e] Lyl 2200 2000 1800 1600 1400 1200 1000 800 600

F2n [Hz]
Initially 20.90 27.18 15.52 16.85 18.24 30.62 51.90 14.08
RBM 16.77 9.61 850 22.06 16.00 12.51 44.95 14.03 FIG. 8. Vowel distributions in theK1, F2) plane for the five speakers after
transformation using the RBM. See Fig. 7 for legend.
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TABLE VII. Areas of the 2r dispersion ellipses for all the normalization procedures, before and after normal-
izations. The values are given in percentage with respect to the area of the smallest rectangle including the
whole vowel space in theH1,F2) plane.

[a] (i] [u] o] [] [e] [e] byl

Initially 20.90 27.18 15.52 16.85 18.24 30.62 51.90 14.08

Gerstman 18.59 9.38 12.76 23.86 25.82 15.79 74.23 13.15

Lobanov 21.99 11.35 12.88 14.91 21.96 11.95 45.20 14.35

Nearey 12.24 25.33 42.40 29.71 17.06 20.18 34.42 16.64

Di Benedetto 0.00 0.00 0.00 21.14 26.00 20.96 75.31 19.14

Miller (Hz) 21.51 27.68 37.95 43.94 24.89 12.20 30.30 7.20

Miller (Mel) 18.74 22.96 42.14 47.39 23.27 10.81 25.88 7.11

RBM 16.77 9.61 8.50 22.06 16.00 12.51 44.95 14.03
Nearey, 198)) and Di Benedetto and Lmard (1992. The malized domain relatively to the extreme vowgds, [i],
other two techniques were elaborated by Mill€889. They and[u] is the same as the position ofin the speaker’s
use nonlinear scale frequencies based on perceptual criteria. domain, and it is possible to write

. In its original form, Gerstman'$1968 proced.ur'e. con- Vo=Ay- fv], (17)

sisted of a homothetic transform that maps the initial varia-  \yhereA,, structured likeA, contains the mean values of
tion ranges of 1 andF2 into a normalized domaif0, 999 the first two formants of the vowels, i, u] calculated

Hz. We implemented a strictly equivalent version of this  gyer several speakers.

normalized F1, F2) plane are, more realisticallj250, 75Q F1 andF2 values for the vowdlv] can be deduced as
Hz for F1, and[850, 225Q Hz for F2. follows:

Lobanov’s methocﬂlQ?]) normallzes_ the formant values Vo=Ag-A"LV. (18)
of each speaker according to the relation

FN=(F,—M)/o;, ie{1,2, (13 Miller (1989 evaluated the capability of several nonlin-

N - . ear frequency scales to reduce the general interspeaker vari-
whereF;" is the normahzed value of thig; formant, andM; ability, in particular between groups of men—women—
and o; are, respectively, the mean value and the standarghjjgren. The two most efficient transformations were

deviation ofF; calculated for the whole set of vowels. selected for our evaluation, namely lggF2/F1) and
'Nearey(1977) suggested using a logarithmic transfor- logyo(F3/F2) expressed first in Hz, and then in Mel.

mation Table VII allows the comparison of the different tech-
F”k: 10g(Fij) = F meank (14)  hiques described above. The input data were the vowels pro-

duced by the real speakers. As in Sec. IV C, the areas of the
wherei, j, andk represent the formant, the vowel, and the p; gispersion ellipsis, normalized with respect to the size of
speaker, respectively:mean is the mean of the logarithmic  the considered vowel space, are given. The first line of Table
transforms of the first two formants calculated for all they| gives the initial dispersions of each sound class before
vowels of speakek. , normalization. Figures 9-14 illustrate the changes of the
Di Benedetto and Lieard (1992 proposed to project,
through a linear transformation, thé-1,F2) plane of a
given speaker, onto a “standard” vowel plane defined by the .,
mean values of 1 andF2 computed for the extreme vowels
[a, i, u] produced by a large number of speakers. In concrete
terms, for a given speaker, the normalized values of the firsi 3sor
two formants of a vowel, are calculated as follows. 400

(1) The position of voweb in the speaker’'si1, F2) plane 450+
is expressed as a linear function of the positions of hisgsoo_
three extreme vowel§i], [a], and[u] with an ad hoc £
constraint applied to the sum of the weights used in the %[
linear formula. This is expressed by the matrix product eoo-

Fila] F1[i] F1u] ofu] Fi[v] 650

F2la] F2i] F2[u]|.| Blv]|=|F2v]]|, (15) 00k

1 1 1 ANv] 1 70l
summarized by the relationA- 6[v]=V (16) 2200 2000 1800 1600 _ 1400 1200 1000

(2) Each vowelv in the speaker'sg1,F2) plane is trans- Fan [Hz]

fprmed into a normalized V(?WQJO V"/ij[h a ”_near func- ki, 9. vowel distributions in theR 1. F2) plane for the five speakers after
tion. Consequently, the relative positionigf in the nor-  normalization with Gerstman’s method.
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FIG. 10. Vowel distributions in theR1, F2) plane for the five speakers

after normalization with Lobanov’s method.
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FIG. 11. Vowel distributions in theR1, F2) plane for the five speakers

after normalization with Nearey’s method.
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FIG. 12. Vowel distributions in theH1, F2) plane for the five speakers
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after normalization with Di Benedetto and bigrd’s method.
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FIG. 13. Vowel distributions in theR1,F2) plane for the five speakers
after normalization with Miller's method in Hz.

acoustic space after application of each of the normalization
methods. They can be compared with Fig. 8, which shows
the results of the transformation with the RBM. The RBM is,
thus, not systematically the most successful procedure, but in
almost all cases it is one of the most efficient methods. A
more quantitative assessment was made by establishing a
ranking of the different procedures computed on the basis of
their average ellipsis area. It should be noted that the rank-
ings established fdrm], [i], and[u] do not take into account
Benedetto and Ligard’'s procedure, since it intrinsically
eliminates the variability for these extreme vowels. The re-
sults are given in Table VIII. It can be seen that the RBM is
the method that generates on average the largest variance
reduction. This result is especially positive, since, contrary to
the normalization methods, the transformation provided by
the RBM is based on information taken from only three vow-
els, thebasis vowels, and considering only the first three
formants.

log10{M2/M1)

1 N - G i 1
0.05 0.1 0.15 0.2 0.25 03 0.35

log10(M3/M2)

FIG. 14. Vowel distributions in theH1,F2) plane for the five speakers
after normalization with Miller’s method in Mel.
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TABLE VIII. Average ellipsis areas computed for all vowdfsr Di Benedetto and Lienard’s method see the
text).

RBM Lobanov Gerstman Nearey MilléMel) Miller (Hz) Di Benedetto
18.054 19.324 24.198 24.748 24.788 25.709 32.51
V. DISCUSSION ations in the framework of Fant’s four-tube model.

The first conclusion of our study is that interpreting the ) )
relations between vocal-tract geometry and formant frequenB: AN altérnative acoustic model for some vowels?
cies by using the formant—cavity affiliation concept is an Fant’s four-tube model and its associated vocal-tract no-
efficient approach to give a good account of interspeakemograms, on which we based on RBM, do constitute a gen-
variability. These results support our hypothesis that considerally well-accepted reference for the understanding of
ering separately the length of the back and of the front vocalvowel acoustics. Nevertheless, alternative well-known mod-
tract cavities is an interesting method to model the origins okls have also been proposed in the literature, which would
interspeaker variability. However, beyond this first positivelead to somewhat different hypotheses. In particular, Stevens
statement, the detailed comparison of Figs. 7 and 8 showd972, 1989, 1998suggested modeling the vowel area func-
that some aspects of the results obtained with the RBM arttons only with three tubes and even with two tubes, when
not fully satisfactory. the vowel is articulated either in the very back or the very
A. Limitations of the speaker transformation based front region _Of the vocal tract. Th“?* for vowfl], Stevens'
on the RBM model consists of the concatenation of a narrow tube ac-

counting for the constriction, and of a larger tube represent-

Comparing Figs. 7 and 8, it appears that for vowéls  ing the front cavity(see Stevens, 1998, p. 374or very
[e], [¢], [2], and[a] the decrease of the dispersion in the front vowels like[i], Steveng1989, 1998 suggested using a
(F1,F2) plane is mainly due to a reduction of tR& vari-  three-tube modelsee Stevens, 1998, p. 37Tonsequently,
ability range, while no noticeable change is observed alonggth for [a] and for[i], the affiliation patterns suggested by
the F1 axis. For these five vowels, the clear decrease of th&tevens are different from those that were taken into consid-
F2 variability suggests that the affiliations and the corre-gration in the RBM on the basis of the four-tube model. The

sponding values of the length ratios proposed in the RBMuffiliations suggested by Stevens for the first four formants of
are correct. Now, how can we explain the very weak impacti] and[a] are given in Table IX.

of our speaker transformation procedurefoli? Two expla- Thus, for[a], the lowest resonance affiliated with the
nations can be proposed. The RBM assumes fiatis @  pack cavity would be a quarter-wavelength resonance instead
Helmholtz resonance of the set “back cavitgonstriction. of a Helmholtz resonandsee also Mrayati and Cagré976;

Therefore, a first possible explanation would be that, congailly, 1993. Considering this suggestion for some speakers
trary to our assumption, changes in the cross-sectional plang the RBM could possibly enhance the decrease offthe
would contribute significantly to the variation BfL. In such range after transformation fda].
a case, modeling changes in cavity length would only par-  For vowel[i], Stevens’ three-tube modeling is associated
tially account for the interspeaker variability BfL. An alter-  \ith a shortening of the front cavity and a lengthening of the
native explanation could be that, at least for volel F1  constriction(Stevens, 1998, p. 277In this case, the third
would not be a Helmholtz resonanceee below for further  formant would not be a quarter-wavelength resonance of the
analysis. front cavity, but rather a half-wavelength resonance of the
For vowel[u], Fig. 8 shows a clear decrease of the vari-constriction tube. Here again, it would be interesting to ob-
ability both inF1 andF2 directions, but this is not the case ggrye the consequences of this suggestion on the RBM.

for the other rounded vowels] and[o], especially along the Both kinds of models are generally considered to be

F1 axis. Here again, two possible explanations can be propjaysible?

posed. As said above, since for these two vowdlsandF2

are considered to be Helmholtz resonances, taking into ag . :

: . ; . . Inaccuracy of the models in focal regions

count changes in the cross-sectional plane in order to inte-

grate volume changes could be a necessity in order to model Another limitation of the RBM arises from the fact that

the interspeaker variability with enough accuracy. An alter-the extreme vowels that serve laasis vowelsn our method

native or additional explanation could be that the association

between formants and resonances was not correctly estabDABLE IX. Association between formants and vocal tract resonances for

lished for these two vowelesee below for further analygis [a] and [i] as suggested by Stevens' model989, 1998 Legend:
Thus, in addition to the already mentioned possible nonl"' back=Helmholtz resonance of the set ‘‘back cavitgonstriction;

.. . .. . . for the other resonanceback=back cavity;front=front cavity.
negligible coupling between cavities, it appears that errors in 4 R4

the association between formants and resonances could comwel F1 F2 F3 F4
tribute to the limitation of the efficiency of the RBM. These ] 4 fromt M4 back 374 front 24 back
errors can be due to an inadequate acoustic model for vow 1 H.back N2 back N2 constriction X back

production or to difficulties in establishing the correct affili-
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are articulated in focal regions of the vocal tract. Such rewhich more acoustical coupling between cavities is to be
gions appear both on the nomograms generated with thexpected, should permit us to assess the practical usefulness
four-tube model(Fant, 1960; Badiret al, 1990, and on of the RBM for speech technology.

those obtained with the two- and/or three-tube model

(Stevens, 1972, 1989, 1998In the case of a two-tube ACKNOWLEDGMENTS

model, focal points correspond to the merging of the quarter- _ i
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long enough, a focal region can correspond to the merging dR@1€s-Alpes (Program TEMPRAY the first author.

up to three resonances. Therefore, for a configuration articu-

lated in such a region there is an uncertainty concerning thlé[he idea that a formant may be considered as a characteristic resonance of
’ a vocal-tract cavity had already been suggesttdChiba and Kajiyama,

affiliations between formants and cavities, even if the cou-1g941. pynn, 195p
pling between cavities is very small. When the coupling in-2This model takes into account all the boundary conditions: the heat con-
creases, the uncertainty zone widens on both sides of thduction and the viscosity losses are considered with unitary shape factor;

focal point:r’ For a vowel articulated in such a region, affili- the ra_dlanf:e at the lips is modeled by a plstoq in an infinite plane, and the
wall vibrations are accounted for by localized impedances along the vocal

aFions can be propelrly determineq only if one knows on whaty ey, independently of the area function. There is no subglottal coupling.
side of the focal point the vowel is. 3This inversion is based on a gradient technique that has systematically as an
Given the interpolation functions that are used in the initial condition the neutral shape of the vocal tréftir more details, cf.

: _ . TP _ Bailly et al, 1995.
RBM, errors in formants—cavities affiliation patterns fua “Note that Fant himself sometimes used a two-tube modeling, in particular

sis vowels could generate errors in the wholE1(F2) for [i] (e.g., Fant, 1966, 1975
plane. Therefore, looking for possibilities to increase the acindeed, the more the coupling is important, the more the slope of the

curacy of the determination of these patterns would notice-formants’ trajectories moves away from that of the resonances of the de-
ably increase the reIiabiIity of the RBM coupled cavities, and comes close to z@b, e.g., Fant, 1960, p. 77
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