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A model of the vocal-tract area function is described that consists of four tiers. The first tier is a
vowel substrate defined by a system of spatial eigenmodes and a neutral area function determined
from MRI-based vocal-tract data. The input parameters to the first tier are coefficient values that,
when multiplied by the appropriate eigenmode and added to the neutral area function, construct a
desired vowel. The second tier consists of a consonant shaping function defined along the length of
the vocal tract that can be used to modify the vowel substrate such that a constriction is formed.
Input parameters consist of the location, area, and range of the constriction. Location and area
roughly correspond to the standard phonetic specifications of place and degree of constriction,
whereas the range defines the amount of vocal-tract length over which the constriction will influence
the tract shape. The third tier allows length modifications for articulatory maneuvers such as lip
rounding/spreading and larynx lowering/raising. Finally, the fourth tier provides control of the level
of acoustic coupling of the vocal tract to the nasal tract. All parameters can be specified either as
static or time varying, which allows for multiple levels of coarticulation or coproduction.2G®5
Acoustical Society of AmericaDOI: 10.1121/1.1869752

PACS numbers: 43.76h, 43.70.Bk, 43.71.EFAL ] Pages: 3231-3254

I. INTRODUCTION tuitively appealing because of the physiological correlation

. . . etween model parameters and human articulatory struc-
During speech production, coordinated movements o . . . .
ures, and their ability to replicate observed articulatory

the tongue, jaw, lips, and to some degree the larynx, continu- .
ously alter the shape of the vocal tréiceé., pharynx and oral mc.)vement.. As a rgsult, artlculato'ry-.type models are well
cavity). Movement of the soft palate varies the acoustic cou—su'ted for |.nvest|gat|ng gnd establlsh.lng speech motor con-
pling of the vocal tract to the nasal passages, and also mé&f' strateg!es. The rele_mc_:n qf the artlculatory_ paramete_rs to
slightly change the shape of the upper pharynx. Integrated'® acoustic characteristics is, however, typically mediated
actions of individual articulators facilitate the creation of by an empirically based conversion of midsagittal cross di-
time_varying acoustic resonances that transform the Soun@enSionS to the area function. Hence, control of the detailed
generated by vocal-fold vibration or turbulence, into thevocal-tract shape at the level of cross-sectional area is less
stream of vowels and consonants that comprises speech. Sghrect than with an area function model. A possible exception
cifically, it is the articulators’ collective effect on the varia- is a recently developed model that utilizes midsagittally
tion in cross-sectional area along the length of the vocal tradbased control parameters, but avoids the cross-dimension
(i.e., thearea function and coupling to the nasal tract, as transformation to area by generating vocal-tract shapes based
well as other possible sidebranch cavities, that is mospn three-dimensional data obtained from MBldin et al,,
closely related to the pattern of acoustic characteristics ext998; Badinet al., 2002.
pressed in the speech waveform. _ Though admittedly an abstraction of articulatory reality,
~Hence, a simplified view of speech production may con+ne area function is the representation that does provide the
sist of a tubular system whose cross-sectional area variatiog,ost girect theoretical connection between vocal-tract shape

as a function of time, emulates that of a real vocal tract. This,§ resyiting acoustic characteristics. A parametric model of
view forms the basis of a certain class of speech product|0ﬂ1e area function is useful for situations in which precise

models that operate On & parametric representation of th((:eontrol of the detailed structure of the vocal-tract shape is
vocal-tract area function, and allow for calculation of corre-

sponding acoustic characteristics. Area function models ConQeswed. For example, such a model may have applications in

trast with “articulatory” models in which the positions of StUdying source—tract inter-actiorﬁlhshi.zaka apd Flanagan,
individual articulators or some form of vocal-tract shaping 1972; Titze and Story, 199,7|nve§t|gat|ng relgtpns between
components are represented in the midsagittal pleng, vocal-tract strugture and f';\coustlc characteristics that are rel-
Lindblom and Sundberg, 1971; Coker, 1976; Mermelstein€ant to phonetic categoriés.g., Fant, 1960; Stevens, 1989
1973; Maeda, 1990; Dang and Honda, 200fhese are in- and voice quality(Story, Titze, and Hoffman, 2001; Story
and Titze, 2002; Story, 2004and understanding tract length
9A prelimi . . _ fscaling effectge.g., Nordstrm, 1977; Goldstein, 1980; Fitch
preliminary version of this paper was presented at the 146th Meeting o - L .
the Acoustical Society of America. and Giedd, 1999 In addition, an area function model can be
YElectronic mail: bstory@u.arizona.edu an essential component in synthesizing high-quality speech
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for presentation to listeners in perceptual tests when vocalation in natural speech. For instance, a spectrographic study
tract variables are the quantities to be manipulated rathesf vowel-consonant—vowe(VCV) syllables led ®&man
than acoustic characteristics. There are also possible techn@966 to suggest that a consonant gest(@enstriction is
logical applications of synthesis based on area functionsuperimposed on an underlying vowel substrate. He con-
(Shadle and Damper, 2001; Sondhi, 2002 cluded that “A VCV utterance of the kind studied here can,
The most straightforward form of an area function accordingly, not be regarded as a linear sequence of three
model (but perhaps the most inefficigrtonsists of a direct successive gestures.” The implication is that speech proceeds
specification of the cross-sectional areas extending from thas a series of independently controlled vowel-to-vowel tran-
glottis to the lips. The parameters in this case are simply theitions, interrupted by superposition of consonant perturba-
areas themselves. Variation over time requires interpolatiotions (Fujimura, 1992 Ohman (1967 subsequently pro-
from one complete area functidnepresenting one phonetic posed a model that allowed for interpolation of the
element to another. In this approach, area data obtainednidsagittal cross distand&idth) of one vowel shape to an-
from imaging studiege.g., Fant, 1960; Narayanan, Alwan, other, over the time course of a syllable. Simultaneously, a
and Haker, 1995; Story, Titze, and Hoffman, 1996; Baerconsonant constriction function was activated to a degree
et al, 1991 can be used directly, but the ability to create that also varied over the same time course as the vowel com-
realistic time-varying vocal-tract shapés., area functions ponent. At each successive point in time, the consonantal
that did not exist in the original data $eé$ limited. function was superimposed on the modeled vowel substrate
Specification of the area function with a small set ofto produce a composite tract shape. This view contrasts
physiologically relevant parameters forms the basis for morsomewhat with that of Kozhevnikov and Chistovi(965,
parsimonious models. Examples are the well-known “threewho suggested that the consonant—vowel syll@bteC, V,
parameter” modelgFant, 1960; Stevens and House, 1955 wheren denotes multiple consonahts the primary domain
where the constriction locatioX. (distance from glottis or over which coarticulation occurs. In other words, the vocal-
lips to the constrictionand area\. are specified along with tract shape for a consonant or consonant cluster is signifi-
a ratio of the length of the lip opening to its ardéX). The cantly influenced by the articulatory characteristics of the
areas corresponding to the tongue section are determined figllowing vowel, but less so due to the preceding vowel. In
a continuous mathematical functiof@.g., parabolacon- either caseland based on much research of coarticulatory
strained by the three parameters. To be more flexible in thprocesses it is apparent that the vocal-tract shape at any
variety of shapes that can be generated, these models hapeint in time will be affected by the articulatory demands of
been modified in various ways. Atat al. (1978 extended adjacent vowels and consonants. Hence, an area function
the number of parameters to five, whereas (1if90 incor- model must be capable of representing and combining the
porated separate continuous functions for the back and frorimfluences of consecutive articulatory events.
cavities. Ohman’s(1966, 1967 paradigm has influenced various
Another type of area function model was proposed bycontrol strategies for articulatory and area function types of
Mrayati, Carre and Guen (1988, where the parameters models. As discussed by Matting($974, Nakata and Mit-
were derived purely from acoustic considerations. The vocasuoka(1965, and Ichikawa and Naka{d968 implemented
tract was divided into separaf@istinc regions, each of the idea of superimposing a consonant on a vowel—vowel
which has a sensitivity to formant frequency change that idransition in a rule-based speech synthesizer. Similarly,
predictably related to an increase or decrease in crosﬁéveg%rd (1995 and Carreand Chennoukki1995 have both
sectional area of a particular region. To control the first thregeported vocal-tract area function models where consonant
formant frequencies, the cross-sectional area of eight regior=nstrictions are superimposed on an interpolation of a
of unequal length must be specified as parameters. Thigowel-to-vowel transition. In addition, Browman and Gold-
model is perhaps less interpretable than the previous ones gtein's (1990 development of “articulatory phonology”
terms of articulation, but is interesting in the sense that sufseems also to be motivated, at least in part, bynan’s
ficient control parameters could be derived in the absence afiork. In their view, speech is produced by a series of over-
articulatory knowledge. lapping gestures created by activation of “tract variables”
An eventual goal of developing a parametric area funcsuch as constriction location and degree of the tongue body
tion model is to accurately reproduce connected speech. Thanhd tip.
is, speech created by a vocal tract whose shape alternates The purpose of this paper is to describe a kinematic
between those of vowels and consonants or from one vowehodel of the vocal-tract area function that is loosely based
to another. Whereas the models discussed previously amn Chman’s concept of a vowel substrate and superposition
most relevant for vowel articulatioisonsonant characteris- of a consonantal perturbation. The structure of the model is
tics are not specifically parametridedt is conceivable that defined by four perturbation “tiers? (see Fig. 1 that to-
they could be modified or extended to create consonant-likgether generate a composite time-varying area function. The
vocal-tract shaped.in, 1990, perhaps by allowing the mini- starting point is a “neutral” area function, defined as a vocal-
mum area to approach or become zero. Simulation of contract shape that produces nearly equally spaced formant fre-
nected speech would then be carried out by interpolating guencies. In tier |, deformation patterns extending from glot-
sequence of parameter values over the time course of dis to lips perturb the neutral area function into a specific
utterance. A linear sequencing of vowel and consonantowel-like shape, thus forming the vowel substrate. A super-
events, however, is limited in its representation of coarticuposition function is generated in tier Il that alters the shape
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Base structural ‘ Control tiers ‘ Intermediate ‘ Final ‘ to build the foundation of the model. In tiers | and Ill, these
components outputs outputs components depend only on the distance from the glottis, as
() . o 4 repre_senteq by the indeéxand are modifiedby substit.uti.om

$1(1) { Tierl g(t) }—>VW) only if a different speaker’s vocal-tract characteristics are
#al) desired. The index variablieextends from 1 tdN,;, where

the area function is assumed to contdlp, cross-sectional

Area

i((?) T OAG Y areas, concatenated as “tubelets” and ordered consecutively
S re(t) b — Ci(ét) from glo?tis to lips. Sim_ilarly, a length function will cont_ain
8ei(8) N,; sections representing the length of each tubelet in the
ex() area function. Other components of the model contributing to
the area or length functions must also contain this same num-
ber of sections. Throughout this paper, area functions and
associated components contip,=44 sectiong. The mor-
1;)9((5)) } it phological representation of the nasal tract operates on a dif-
ro(t) ' Length ferent index systen, in which the cross-sectional areas are
£(3) Tier I — L(i,1) ordered from the point of vocal-tract coupling to the nares.
g’m((tt)) }% Bt) x(@1) The control parameters for each tier, shown in the sec-
r(?) ' ond column of Fig. 1, are used to transform the structural
elementgin column J into a vocal tract whose shape can be
varied over time. Tiers | and Il generate time-dependeaa
NG | Tery ) } — ) — W perturbations in the form of the vowel substratéi,t) and

consonantal superposition functio@g(i,t). Together, they

FIG. 1. Diagram of the four-tier area function model. Tier | produces aproduce the composite area function
vowel substrate and tier Il generates a superposition function for a conso-
nant. Vocal-tract length changes are generated by tier Ill, and nasal coupling N

Cc
in tier IV. The “base structural components” are dependent only a spatial A, t)=V(i,t) H C(i,t) i=[1N,], D
dimension, whereas the “final outputs” are dependent on both space and k=1
time.

whereN. is the number of consonantal functions. For many
of the vowel area function in specific regions along theCases, only one consonantal function is needed to impose the

vocal-tract length in order to produce consonantal constric2PPropriate constriction. Multiple functions are necessary in
tions. Perturbations of the vocal-tract length can be imposef2Ses where simultaneous constrictions may occur. For ex-
by tier Ill, whereas a fourth tier incorporates control of the @MPle, during the production of a consonant cluster such as
coupling of the vocal tract to the nasal passages. The pararksP; there would be a period of time where both the tongue
eters within each tier can be time varying; hence, the areliP and lips are involved in the creation of two separate con-
function at any instant of time is represented as the combiStrictions. As will be shown in a later section, all’'s have
nation of the vowel substrate, a superimposed consonant§Kactly the same mathematical form, but the control param-
element, possible lengthening or shortening of various poreters gllqw for specification of different characteristics of the
tions of the vocal-tract length, and nasalization. The model igonstriction. y _
also intended to be flexible enough for easy interchange of ~ The third tier facilitatedength perturbations at the glot-
components that are characteristic of different speakers. Thi#! and lip ends of the vocal tract. The output is the time-
is, the structure of the underlying vocal tract can be specifie§y@¥ing composite length function(i,t), and contains\,;
independently of the model parameters. eIemgnts represen_tl_ng_the Iength.of each tubelet. in the area
The model is presented here to establish a framework fofunction at a specific instant of time. A cumulative length
(1) future studies of the relation between vocal-tract shapdunction X' representing the actual distance from the glottis
and acoustics for connected speet®; generating stimuli  ¢&n be derived front. as
for perceptual experiments based on manipulation of area i
function parameters; an@®) eventually producing sentence- Xit=2, L(zt) i=[1N,]. 2
level synthetic speech. The specific aim of this paper is lim- z=1
ited to a description of the parameters within each of the four Nasalization is controlled by the fourth tier. At this
tiers and their functional relation to the underlying mOdel'point, the only parameter is the time-dependent area of the

Demonstrations of time-varying area functions and their O asal port. It is assigned to a separate tiather than em-

responding acoustic characteristics are also included tBedding it in tiers | or 1) to allow acoustic coupling to the
verify the concept. nasal tract for either nasal consonant production or nasaliza-
tion of vowels. Other parameters may be included in the
future that more adequately account for the shape of the
A schematic representation of the four-tier model isvelopharynx, location of the coupling port, or other changes
shown in Fig. 1 and descriptions of the components and pahat may occur during speech production. Additional “side-
rameters are given in the Nomenclature. In the first columrbranches,” such as the piriform sinuses and sublingual cavi-
of the figure are structural components of the vocal tract usetles, also contribute to the overall acoustic character of

Il. AREA FUNCTION MODEL
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5 To nasal tract A. Tier I: Vowel substrate
Tubelet
length The first tier is based on previous work where a princi-

A4’mdexi=[1 N F“" Nasal port 2y, i pal c_o.mponent.s analysis was used tp degompose a speaker-
“cal ’ | specific collection of vowel area functions into a neutral tract
% i shape and a set of basis functions, referred tamasles

g 2 ! (Story and Titze, 1998 The modes perturb the neutral tract

shape according to the following equation:

«—Area

aw
S T T R VR T V(i) = 2 [Q0) +aa(t) g (i) + da(t) o(i) 7
Distance from glottis (cm)
FIG. 2. Example of an area function. It is shown here as a succession of Iz[l’N”t]’ ®)
tybelets, d(_enoted by the indizxextendir_]g_fro_m just above the glottis to the where the sum of the terms in brackets represents a set of
lips. Coupling to the nasal passages s indicated by theaea diameters extending from the glottis to the lips. The squaring
operation and scaling factor ef/4 converts the diameters to
. . _areas((i) is referred to as a neutral diameter funcfiamd
speech. They are not, however, currently included in th|s¢1(i) and ¢,(i) are the modes. The time-dependent param-
model. o o . etersqg,(t) andq,(t) are coefficient values that, when mul-
An example area function is shown in Fig. 2. Itis plotted ipjied by the corresponding mode and added to the neutral
in stair-step fashion to demonstrate the concatenation Qfiameter function as in Eq3), construct a desired vowel.
tubelets along the vocal-tract Iength Each tubelet has ¥he modes have been shown to Capture aspects of vowel
cross-sectional area as shown by its vertical extent ory the articulation that allow the model to produce vocal-tract
axis, and a length as indicated for tNéh tubelet on the right  shapes whose acoustic characteristics span a typicaF 2
side of the graph. Note that the indéxorresponds to the vowel space(Story and Titze, 1998 Note that whenq;
tubelet number; for brevity, these numbers are shown only=q,=0, the area function specified as/@)Q?(x) is ex-
above the first nine sections. Theaxis, however, is shown pected to produce nearly equally spaced formant frequencies,
as “distance from the glottis” in units of centimeters, which hence the name “neutral.”
results from using Eq(2) to generate the cumulative length This form of the vowel substrate was developed with the
function[i.e., A(i) has been plotted againa(i)]. True dis-  assumption thaf)(i), #.(i), and ¢,(i) could be derived
tance units can be assigned to thaxis of the area function from an adequate inventory afy speaker’s vocal-tract area
and associated perturbation functions, but many of the figfunctions. Thus, different speakers’ vocal tracts could be
ures in subsequent sections will simply Lsas thex axis. modeled by simply interchanging these components. Prelimi-

The nasal coupling location is indicated to be at approxi-'2"Y data supportive of this assumption. were presented in
mately section 22 gor 8.7 cm from the glottis bp Story (2002, but future analyses of additional MRI-based

It is noted that 14 time-varying control parameters aredrea function data will need to be performed for verification

A L of the concept, and to provide vowel substrate components
specified in this modeﬂsee colurr_1n_2 in Fig. 1 and the No- for other speakers. The remainder of this paper will utilize
menclatur¢ Relative to some existing area function models,the Q(i), 4(i), and ¢,(i) based on MRI-obtained area

this is a relatively large number of parameters for which tog,~ions for a single male speak@toryet al, 1996. They
specify accurate time variations. As will be shown in subse given in numerical form in Appendix A.

guent sections, however, the parameters do support a precise

description of the area function and allow a wide range of

flexibility for specifying how the tract shape changes over i ,

time. The model has also been designed so that tiers 11, 111~ Tier Il: Consonant perturbation function

and IV can be effectively removed, if desired, by setting the  The purpose of the second tier is to generate perturba-
parameters to constant values. To model, for examplejon functions C,(i,t) that, when multiplied element-by-
constant-length, non-nasalized, vowel-vowel transitionsglement withV(i,t), superimpose consonant constrictions on
me, (1), Lm(t), Lg(t), anda,,(t) could be set to zero and all the vowel substrate. The parameters in this tier are the loca-
of the other parameters in their respective tiers would belion: area, range, and skewness of the constriction. Location
come irrelevant, essentially reducing the model to the twgd area roughly correspond to the standard phonetic speci-
parameters in tier I. Similarly, any of tiers II, Ill, or IV could cations of place and degree of constriction, whereas the

be utilized independently of the others by providing appro_range defines the amount of vocal-tract length over which the

: constriction will influence the tract shape. The skewness pa-
priate parameter values. Eventually some parameters may be .
found to covary and would not necessarily require a separa rameter allows for constriction asymmetry along the tract

tI%ngth dimension. An additional parameter is the constriction

specified time variation. For instance, the constriction rangemagnitude,,, which is the means by which the constriction

er(t) and skgwmg qu9t|emcj(t) are fikely to be related 10 ig activated or deactivated. Whereas multiple consonant su-
the constriction locationl¢ (t); hence, three parameters perposition functionsC,(i,t) can be generatefsee Fig. 1
could perhaps be collapsed into one. and Eg.(1)], they are mathematically identical and their
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“«— [ —» .
15 — C(i.1)

1— my(t)dg(t)e MO —IcOIres®D?  for i<l (t)
T - my(t)dy(t)e MBI for > (t).
(5)

In this equationd.(t) is considered to be the “degree” of
0.5} . the constriction, and is determined by the ratio of the desired
cross-sectional area.(t) at the point of maximal constric-
tion, to the area of the vowel substrate at the localti¢t) at
some specific instant of time. It is calculated by

-
L L L L)

y 4
L LLLLLEE YT ]

0 1 1 1 1 1 1 1 1

0 4 8 12 16 20 24 28 32 36 40 44
Section number (i) ac(t)

dc(t)=1— .

V(le(t),t)

Whena,(t) is equal to zerod.(t) will be 1, as was the case
implicitly in Eq. (4). But, a,(t) can also be assigned a value

] ) ) o greater than zero to allow for a constriction that does not
implementation requires only separate specification of the.c|yde the vocal tract, as would be necessary for production
parameters. Hence, only a single constriction will be ad-ys fricative and affricate consonarftshe parameterscb(t)

dressed in the following formulation. . . .
The perturbation has been implemented mathematicallf?md rcf(t) in Eq. (5 are determined from the previously

with a Gaussian function of the basic form defined range (1), anda skewing quotiens.(t)

Se(t)re(t)

(6)
FIG. 3. Example consonantal superposition funct(m) corresponding to
Eq. (4). In this casd =24 andr.=8.

"V Trs® @
N1 a—Ine)[(i—1)/r]?
C(iy=1-e , (4) ) (1)
rcb(t)—m. (8

wherel. is the constriction location. The parametgris the ~ When s,(t)=1, the total range is distributed equally up-
range, and is defined to be the distance between points alorsgream and downstream of the constriction location, creating
the vocal-tract length where the consonant funct@fh) is  a symmetric superposition function. A skewing quotient that
equal to 0.5. This is assured by use of the consta(ih In is less than or greater than 1 will distribute the specified
this particular formulation, the parameters must be specifiedonstriction range asymmetrically arouhdt), which may

in terms of the index; however,i could be substituted with be needed to adequately represent some consonant shapes.
X(i) [Eqg. (2)] so they could be specified in actual units of Shown in Fig. 4 are two examples 6f(i) that were gener-
distance. The function will have a value of zero at the pointated with different skewing quotients. In both cases, the con-
wherei=I., and will asymptotically approach 1.0 on either striction location isl.=24 and the range was set tg=8.
side of this point. An example is shown in Fig. 3 for the caseThe first casgFig. 4a)] is for a skewing quotient of;

of I.=24 andr.=8. C(i) is equal to 1 fori=[1,12], after = =0.3, where a larger portion of the range is distributed to the
which it decreases continuously and becomes zeic=@&4  downstream sidétoward the lip engdof the constriction lo-
(i.e., i=1.). At locationsi>24, C(i) gradually increases cation. In the second ca$Eig. 4(b)], s,=3, and the distri-
back to a value of 1. Note th&(i)=0.5 at bothi=20 and  bution of the range is reversed; a larger portion of the range
i =28, due to the range setting pf=8. is to the upstream side of the constriction location.

The Gaussian formulation is straightforward to imple- The parametem((t) in Eq. (5) is the “magnitude” of
ment and control because it asymptotically returns to thehe consonant and serves primarily as a timing function to
desired value of 1.0 away from the constriction location.activate and deactivate the consonantal perturbation. In a
Other functions, such as a cosine, can also be used to creatense it can be considered a switch, albeit continuous, that
the constriction. These, however, require a piecewise concatdlows the constriction to be formed, more or less, depending
enation of linear segments with the cosine to complete then its value at a specific point in time. iifi.(t) =0, the con-
function along the entire length of the tract. Also, care mussonant perturbation is effectively removed becaGxé,t)
be taken to ensure that a cosine function behaves properlyill have a value of 1 over the entire length of the vocal
when the constriction location is near the glottal or lip endstract, regardless of the other parameter values. In contrast,
As partial verification, it will be shown in a later section that when m (t)=1 the cross-sectional area of the constriction
a Gaussian-based function, superimposed with the vowedpecified bya.(t) is fully realized in the area function. To
substrate, can reasonably approximate consonant area furgimulate connected speech at the syllable or word level,
tions obtained directly from imaging experiments. m.(t) would need to continuously vary between zero and 1

To accommodate additional parameters for controllingto impose and remove consonants at the appropriate instants
the shape and timing of the constriction, E4).can be modi-  of time. If m¢(t) is constrained to a maximum value of 1,
fied to take the form however, the constriction area will only be realized over
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Section number (i) 2 | A(i)
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— T r ‘ " ‘ Section number (i)
) 1
RS ,:/rCf FIG. 5. Combination of the output from tier | and tier Il for the case when
1t ! ! 9,=0,=0,1.=24,a.,=0,r.=8,s.,=0.5, andn.=1.1. The top panel shows
0.9f ! ! V(i), the middle panel i<(i), and the bottom panel shows the element-
0.8f ' ' by-element produc(i)=V(i)C(i).
0.7 : :
0.6} !
g'if """""" A I S C. Tier lll. Length perturbation function
. ]
g-g’: : . Length modifications are generated in tier 11l with two
01l E ! E superposition functions, similar to those for the consonant
s o e 1 o 24 1 TRTRTTY constrictions. They are superimposed on a length vector and
Section number (i) are designed to either increase or decrease the length of
(b) 3. = 3.0 specified portions of the vocal tract.

A nominal or base length vectdlength of each tubelet

FIG. 4. Demonstration of consonantal superposition functions with asymj;, the area functiohconsists ofN ‘ equa]e|emen»[S
metries as specified by the skewing quotignt Both functions were gen- v

erated with Eq(5), wherel;=24,a.=0, r,=8, andm.= 1. (a) Superposi- . .
tion function fors,=0.3. (b) Superposition function fos,=3.0. L(i)=A for i=[1N,], (10

whereA =the tubelet length.

The first function, «(i,t), is intended to produce a
length modification near the glottal end of the vocal tract,
Youghly corresponding to a lowering or raising of the larynx.
The function is written as

a single section along the tract lendite., the area of tubelet
that is closest td. will be zerg. For many constriction ar-
ticulations, an occlusion created by the tongue and lips ma
consume a larger portion of the tract length than a singl
tubelet section. Thusn,(t) is allowed to exceed 1.0 to force

the cross-sectional areas of several consecutive tubelets to be py(te" K(Li—14(0/[2r (0)])2

zero, if necessary. With the condition a(it)=1+ e > i=[1N,],
. . A3 Not g=K([i=lg()1/[2rg(t)])
C(i,t)y=maq{ C(i,t),0], (9) i=1 a1
the constriction may be “spread” over a greater portion of
the vocal-tract length. where py(t) is the amount of larynx loweringp<0) or

An example combination of a single constriction pertur-raising (pg>0). The denominator in the second term of the
bation and vowel substrate is shown in Fig. 5 for a static casequation is a scaling factor that alloyg(t) to be specified
(not time dependehtThe vowel has been set to the neutralin actual units of distancée.g., centimete)s The parameter
shapeV(i)=(m/4)Q2(i), and the consonant parameters are | 4(t) is the location within the length vector where the length
|.=24,a,=0cn?, r,=8, s,=0.5, andm,=1.1, where the change is centered and maximalriustbe specified in terms
location and range are specified in terms of the indébhe  of the indexi, much like the constriction location in E¢p).
figure contains three plots: the vowel is at the top, the conThe parametery(t) is the number of elements within the
sonant perturbation is in the middle, and the composite arelength vector over which the length change is distributed.
functionA(i)=V(i)C(i) is at the bottom. It is observed that The constanK is set to a value of 2 In (10000) to ensure
A(i) retains the shape of the vowel, except in those sectionthat the length change affects only the number of elements
where the consonant function is less than 1. In these sectiorspecified byr 4(t). A length perturbation function near the lip
the characteristics of both the vowel and the consonant peend of the vocal tract is needed to represent retraction or
turbation are expressed in the final output. Note that settingrotrusion of the lips. Mathematically, this is performed with
m.=1.1 causes the area to be zero over approximately foua function identical to that at the glottal end, except the pa-
sections, effectively spreading the constriction. rameter subscripts are changed. Thus
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wherep,(t) is the amount of lip retractionp(,<<0) or pro-
trusion (p,,>0) specified in units of distance,,(t) is the
location where the length change is centeneglt) is the
extent over which the length change is distributed, &nd
=21In(10000). Typically, the settings fbg andl ;,, are 1 and

Value of off

12 16 20 24 28 32

. . (a) Section number (i)
N,¢, respectively, so that the maximal length change occurs
at the extreme ends of the vocal tract. Equati¢ty and =
(12) are general enough, however, thaandl,, can be set to =08 o i
any location along the vocal tract. The perturbed length func-
tion is calculated as the product 0.6¢ .

L(i,t)=L(i)a(i,t)B(i,1), (13

resulting in a new length vector witN,; elements, repre-
senting modified tubelet lengths.

Tubelet length (cm)

T
]
1
B
1
1
1
1
1
1
i
1
1
1
1
[}
1
1

As a demonstration, length changes mf=—1cm at R 12 16 20 24 28 32 38 40 44
the glottal end, ang,,= +2.0 cm at the lip end, were gen- (b) Section number (i)
erated with the length perturbation functions. The locations 5
of maximal length change werg=1 andl,=44, while
both ry and r,, were set equal to 8. The product of 4r! !
a(i,t) B(i,t) alone is shown in Fig.®), where it is less than | j
1 at the glottal end for the decrease in length, equal to 1 from 53' i i
i=9 toi=35 for no length change, and greater than 1 near g | ! !
the lips to increase the length. The composite length function < | | ‘
L(i,t) is plotted in Fig. €b). It has an identical shape to that 1 | |
in Fig. 6(a), but the amplitude has been scaled by the nomi- I 1 R
nal length vector. Thus, the plot shows the tubelet length for % 6 4 2 0 2 4 6 8 10
every element of the length function. The effect of the modi- () Distance from Mid-Tract (cm)

fle.d length \./eCtOI’. on an area function I‘?’ Shown in Fig) 6 FIG. 6. Example of vocal-tract length change produced by tier Ill, based on
It is plotted in stair-step form as a function of distance meags. (11), (12, and(13. Parametep, , representing length change at the
sured from themiddle of vocal-tract length, so that the in- glottal end, was-1 cm, andp,,, representing length change at the lip end,
crease or decrease in tubelet length can be easily observeips+2 cm. The range at both ends,(andr,) was set to be 8 sectiong)
The lip protrusion can be seen at the right side of the plotlF>rOdUCt ofa(i,)5(i,1); (b) length function (i, 1); (c) effect of modified

. ength vector on an area function. Tkexis is shown as distance from the
where the length of the lip end of the vocal tract has beeRenter of the vocal-tract length so that length changes at both ends of the
increased by 2 cm. The contributions to this overall changeocal tract can be easily observed.
come from the gradual length increases of tubelets 36 to 44,
where the maximum change is at tubelet 44. The lengths open could be more accurately represented by including
change at the glottal end can be seen at the left side of Figidditional parameter@.g., Maeda, 1992 Volumetric imag-
6(c), where the lengths of tubelets 1 to 8 have been shorteneglg studies of nasal consonants and nasalized vowels would
to create the 1 cm reduction in length. be an ideal method for providing data to establish the appro-
D. Tier IV: Nasalization priate parametric representation.

As shown previously in Fig. 1, the cross-sectional areg||. STATIC CONSONANTS

of the nasal port is the sole parameter in tier IV. In thisA S | d fricati
simple implementation, it is assumed that the area function™ tops, nasals, and fricatives
of the nasal tract is essentially stafianchanging during Consonant area functions measured with MRI were re-
speech production except for the nasal port aaggt). ported by Storyet al. (1996 for the same speaker on which
Other than the first section, the basic cross-sectional arghae “modes” in Appendix A are based. In addition, four fri-
morphology of the nasal tract contained in base functiorcative area functions were collected at the same time, but
Mj) (e.g., Dang and Honda, 1994; Story, 1998l essen- have not been previously published. They are given in nu-
tially pass unchanged through tier IV to the final output asmerical form in Appendix B. All were “static” consonant
An(j,t). The first sectionA,(1t), is set equal to the cou- shapes because the image acquisition methods required the
pling areaa,,(t) and will be zero, except during production speaker to maintain a particular vocal-tract configuration for
of nasal consonants and nasalized vowels. Although beyonapproximately 10 seconds, and repeat it numerous times. Im-
the scope of the present study, cross-sectional area changage sets for consonants with an occlusion of the vocal tract
in the velopharynx and main vocal tract when the nasal portvere necessarily acquired in their voiceless form, but it is
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assumed that these tract shapes could be used to guide ttimned by minimizing the squared difference between the
synthesis of either a voiced or voiceless consonant. In aarea functions generated by the model and obtained from
attempt to create a neutral vowel context, the speaker waseasurement. Additional manual tuning was needed to en-
also asked to produce each consonant as if it were precedsedre that the portion of the area function dominated by the
and followed by a schwés]. Under these conditions, the constriction was fit closely. Comparisons of the original mea-
resulting area functions do not provide information aboutsured and modeled area functions are shown in Figs. 7 and 8.
coarticulation, but they do specify the constriction locationFrom observation, the fit of the model to the measured con-
and spatial variations for a variety of consonants. Throughsonants appears to be reasonably good, at least in the region
out this section, the measured consonant area functions aoé the constrictions. The gross shape in the portions of the
used to test the ability of the model described in Sec. Il toarea function away from the constrictions also appears well
generate area functions suitable for consonant productiomepresented in most cases, although there are some large lo-
Because the area functions are static, the time dependenceazl deviations. Fofm] and [f], the model captures the ap-
the parameters will be eliminated for the following explana-propriate shape variation along the tract length, but the actual
tion. areas were considerably different.

Model parameters for each consonant were first adjusted To provide an assessment of the similarity of the area
with an optimization algorithm until a “best fit” was deter- function shape produced by the model parameters relative to
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the original measurements, a correlation coeffici@®twas  respectively. The maximum rms error was 1.14%dor [m],
calculated for each pair of measured and modeled area funend the minimum was 0.24 ¢nfior [k]. The rms error was
tions. The calculation was performed by dividing the covari-generally lowest for the consonants with high correlation co-
ance of a given pair of area functions by the product of theirfficients. The exception wdg], for which R=0.95 and the
standard deviation&.g., Taylor, 1982 As an indication of rms error was 1.02 cfn

the absolute differences in cross-sectional area between each Parameter values for each consonant resulting from the
measured and modeled pair of area functions, an rms err@ptimization process are given in Table I. These data are
was also calculated. The correlation coefficients and rms valarranged in three groups consisting of stops, nasals, and fri-
ues are shown at the upper-right side of each plot in Figs. €atives. Within each group they are ordered in terms of their
and 8. For seven of the ten consonaRts 0.9, indicating location within the vocal tract. The consonants with a com-
that the overall shapes of the model-generated area functiopdete occlusion of the vocal tradfp,t,k,m,n,g]) all required
were well correlated with the measured versions. The othethe magnitude settingn. to be greater than 1. This is to
three consonants generated with the model are somewhatcount for the extended region within these area functions
less correlated witliR=0.88, 0.79, 0.83, folp], [m], and[f], = where the constriction area. is zero. In addition to the

TABLE I. Model parameter values for consonantal area functions.

e ac e anp
Consonant R az 0) (cnP) (i) Se m, (cnP)
p -15 0.5 44 0.0 4 1 1.1 0
t -15 2.0 39 0.0 6 1.1 1.3 0
k 0.0 0.0 30 0.0 10 1.5 1.2 0
m 0.0 -3.0 44 0.0 4 1 1.1 1.04
n -0.5 0.4 38 0.0 11 3 1.3 1.09
i} 3.0 -1.0 31 0.0 8 15 2.0 1.26
f -3.0 -2.0 43 0.1 4 1.0 1.0 0
0 1.0 2.0 42 0.05 9 0.3 1.0 0
S 0.5 35 41 0.05 9 0.6 1.0 0
i) —-4.0 3.5 36 0.05 11 0.4 1.0 0
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constriction, the nasals also required the nasal cougipg If the measured area functions could have been deter-

to be greater than zero. Howevay,, was not included in the mined from image sets collected during the actual production
optimization process and the values for it shown in Table lof a VCV instead of a static posture; andq, should, pre-
were taken directly from Storgt al. (1996. For the four  symably, have been equal to zero since the speaker was
fricatives,m. was equal to 1, and the constriction area Wasasked to produce each consonant as if it were preceded and
set slightly greater than zero to allow for a narrow orifice ¢,),owed by a schwa [o] [roughly equivalent to
connecting the back and front cavities. In general, the rang&T/Af)Qz(x)]_AS shown in Table I, howeveg, andg, were

of the constrictions ; increased as the location was moved . )
. : L et to values different than zero for most of the consonants;
from the lips toward the glottis. The exception is in the nasa .
only [k] had gq;=q,=0. It must concluded that either the

series where the range of 11 sections [fo} exceeds the 8 ) .
speaker did not accurately produce the consonant configura-

sections for{g]. Skewing quotientss;) were determined to -
be 1.0 for the consonants with constriction locations at ofion Within an [oCs] utterance, or these are the shape
near the lips(i.e., [p,m,f]). For the stops and nasals with changes that need to be imposed orj#rto accommodate a

constriction locations farther back in the vocal tractparticular constriction. Nonetheless, the important result is

([t.k,n,n]), the skewing quotient needed to be greater than 1that the consonant perturbation model can generate area
In the fricative series the reverse occurregdyas less than 1 functions that are reasonably well matched to those mea-
for all locations posterior to the lips. sured from volumetric imaging.

TABLE Il. Model parameter values fds:] and[1] area functions. The “a” versions represent the best fit to the
measured area functions, where the “b” parameters produce area functions with formant frequencies closer to
reported values.

[Iclrlcz] [aclvacz] [rclvrcz]
Consonant ax Vs () (cm?) 0] [Sc1Sc2] [Mey,me7]
3, 0.0 20 [12,39  [1.0,0.§ (4, 4] (1, 1] (1, 1]
N 3.0 00 [12,40 [35,14 (4, 4] [1, 1] (1, 1]
3 00 -10 [12,33  [0.4, 0. [4, 6] [1, 1 (1,1
Iy 20 -20 [12,40  [3.0,0.1 (4, 4] [1, 1] (1, 1]
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B. Liquids Haker, 1997. This would require a variety of possible set-
)}ings of the constriction parameters.

" The measured area functions used in this section repre-
sent only limited instances of consonant production, but they
80 provide reasonable test cases for assessing the capability
of the area function model. The tests demonstrate that the

function model, but each required two consonant SuperpOSF]Odel does have the flexibility to generate realistic area

tion functions to produce an adequate representation of thémcpons within the consonant superposition parad|gm anql
original. The two upper plots of Fig. 9 show comparisons ofprowdes parameter values that can be used as a starting point

the original measured and modeled area functions; the corr(g(-)r simulation of consonants.

sponding parameter values are given in the upper part of

Table II. For both[3:] and[l1], the first consonantal function IV. TIME-VARYING AREA FUNCTIONS

was centered at element 12 and set to areas of 1.0 and 3.5 Throughout the description of the area function model in
cn?, respectively.(The sizes of these cross-sectional areagsec. I, the parameters were shown as time-dependent vari-
are large enough that they could be considered consonantgples. In this section, a series of time-varying area functions
“settings” rather than constrictionsThe second constriction was generated that simulates possible vowel—voval)

for the [3-] was centered at element 35 and set to an area gfnd vowel—-consonant-voweCV) utterances. For each
0.6 cnf; for [1] a similar constriction was imposed at element case, the duration of the utterance was 0.5 s and vocal-tract
40 with area equal to 1 cinThe combination of the two area variations were accomplished by allowing three param-
constrictions and the settings of the two vowel substrate paeters to vary with time: two mode coefficienty, and g5,
rameters given in Table Il generates area functions for botfhat create the vowel substrate, and the consonantal magni-

consonants that are reasonably close to the originals, as dgrde m.. Other parameters such as the area, location, and
termined both by visual comparison and calculated correla-

In addition to the ten consonants discussed previousl|
Storyet al. (1996 also reported area functions for static pro-
ductions of[3] and[1] (for [1], the cross-sectional areas of
the two lateral pathways were summed and incorporated int
the area function These were similarly fit with the area

tion coefficients of 0.89 fofs:] and 0.86 for{l]. The calcu- 3 — :
lated rms error values are also similar to those determined for [IO]
the previous consonants. ol

As noted in Storyet al. (1996, the measured area func-
tions for [3-] and [1] produced formant frequency patterns
that were not closely representative of those determined from
recorded speech. This was primarily due to constriction
cross-sectional areas that were too large. Two additional area
functions were generated with the area function model that
better represent the appropriate acoustic characteristics for
these consonants. The parameters are given in the lower part
of Table Il and the area functions are shown in the bottom
two plots of Fig. 9. Specifically, the shift of the second con- e
striction location for{ 3] to element 32, the change in cross- 5-4-3-2-1 0123 45
sectional areas dd,; andag,, and overall reshaping of the @ Mode 1 coeff. (q,)
area function with different vowel substrate parameters low-

Mode 2 coeff. (qg)
o

ers the third formantg3) from 2.3 kHz for the original to 26y
approximately 1.75 kHz, which is more in line with reported
values (Peterson and Barney, 1952; Lee, Potamianos, and 2.2r
Narayanan, 1999; Espy-Wilson, 199Zhe primary modifi-
cation for[l] was a decrease in the second constriction area N 1.81
as well as a change in the vowel substrate parameters. These g
changes combine to increase the third formant frequency ~ 14T
from 2.7 kHz for the original area function to about 3 kHz, -
also similar to reported valudgspy-Wilson, 1992 1F
It is noted that the area function model ignores the pres-
ence and possible effects of lateral pathways for[thand 0.6}
sublingual cavities for bothl] and[3+] (Espy-Wilson, 1992;
Espy-Wilson et al, 2000; Alwan, Narayanan, and Haker, 0.2—55 07 0 o8
1997; Narayanan, Alwan, and Haker, 199For more accu- (b) ' ' F (kH2) ' '

rate representations, the model may eventually need to be

augmented with parameters and associated structural compei&. 10. Mapping between mode coefficients &ndgs) in (&) and formant
nents that more closely replicate these differences. In addfrequencies1 andF2) in (b). The curved white lines in the upper plot are

: ; ; : coefficient variations that would produce the corresponding linear for-
tion, the at.tempt in this s.ectlon.has been to use the measur_gm}gnt trajectories fofio] and[au] in the lower plot. The white dot located at
area functions as a starting point for the many possible varig, = q,=0 in the coefficient plot corresponds to the white dot inFte-F 2

ants of[1] and[1] (Alwan and Haker, 1997; Narayanan and plot.
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range of the constriction were changed for each case buurves for[to] and[au] in Fig. 10@@). The F1-F2 trajecto-
were held constant over the duration of the simulated utterries were deliberately chosen to be linear VV transitions;
ance. Additional cases are presented that utilize more pararhowever, anyF1—F2 trajectory measured from natural, re-
eters to simulate a two-consonant clust¢)lCCV), vocal-  corded speech could be mapped to corresponglirgy, co-
tract length change during a VV transition, and a VCV with efficient curves, as long as the formant trajectory remains
a nasal consonant. with the boundaries of thé=1-F2 space(black mesh

A coefficient-to-formant mapping(Story and Titze, (Story and Titze, 2002 The coefficients),(t) andq,(t) for
1998, 2002 was used to determine the time variations of theeach vowel transition are shown as functions of time in Figs.
tier | parametersq;(t) andg,(t), that would approximate 11(a) and (b).
the VV transitions[to] and[au]. The mapping is shown in The time variation for the consonantal parameters was
Fig. 10. In the upper pangFig. 10@)] is a set of 6400 pairs generated by a fifth-order polynomial function that produced
of g, and g, coefficients, bounded by the maximum anda “minimum jerk” movement(Hogan, 1982 Other func-
minimum values given in Table IV. The point whege and  tions such as cosine, damped second-order system, or mini-
g, are both equal to zero is indicated with the white dot. Themum energye.g., Nelson, 1983could also be used. A mini-
two curves are coefficient trajectories that, when samplednum jerk transition from one position to another can be
with an appropriate time stepA(T=0.0125 for the present specified mathematically as
exampleg can produce time-varying area functions far]

or [au], respectively. The mesh in Fig. (1) is comprised of 3 4

first and second formant frequencies corresponding to the ”(t):”0+(uf_uo)(10( T) _15( T)

area functions produced with the coefficient pairs in the up- .

per panel mesh. The straight lines in this figure Rie-F2 46 t) ) for 0<t<T (14)
formant trajectories that correspond to tipe-qg, coefficient T '
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whereu, and us are the initial and final positions, respec- calculatedSondhi and Schroeter, 198and from it the first
tively, andT is the duration of the movement. Thus, any of three formant frequencies were determined with a peak-
the time-varying parameters of the area function model coulghicking algorithm. Figure 1) shows the variation oF1,
replace the general variable and Eq.(14) would determine  F2, andF3 over the time course of the vowel transition. The
its time course of change from one specified value to anothegpacing between the first two formants is initially large for
This method of specifying the time variation of parameters ishe[1]. F2 then decreases by about 1 kHz in its transition to
perhaps overl;_/ simplistic, but at this p(_)i_nt serves the PUrPOSE, ] while F1 remains constant at 0.5 kHz, aR@ changes

of demonstrating some of the capabilities of the model. only slightly.

A. VV simulations The second column of Fig. 11 presents an analogous
case, but with the mode coefficients set to approximate the
transition from[a] to [u] [Fig. 11(b)] andm,(t) is set to zero
change over time to values representative of the vdwel ove_r the entire utterance. F_igures(d)land(f) show the t_ime
Also shown ism.(t), which is zero across the entire utter- variation of the area function and formant frequencies, re-
ance. This means that the consonant(tier 1) is effectively ~ SPectively. Again, 40 successive area functions are plotted,
shut off, and the result is a VV transition. The variation of and the formant frequencies were determined from calcula-
the area function over time is presented as a threetion of the frequency response of each area function. Note
dimensional plot in Fig. 1), where the transition frorfi] ~ that the choice of a lined¥1-F2 trajectory[see Fig. 1(b)]

to [0] can be observed in terms of 40 successive area fungauses the cross-sectional area at and near the lips to be
tions, spaced 0.0125 s apart. For each of the area functiomeduced prior to the formation of the midtract constriction for
within the[10] transition, a frequency response function wasthe [u].

The first case is shown in Fig. @&, whereq,(t) and
g»(t) initially specify an approximation of the vowgl] and
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B. VCV simulations to match the formants to a specific productioecording of

the utterancemc(t) would likely need to follow some other

Presented in the next six figures are cases in which the
time course as well.

same two vowel substrates shown in Fig. 11[fol and[au] ) .
were used, but the consonant tigier 1) was also activated '€ parameters displayed at the top of the area function
by a nonzero time variation af.(t) to produce a VCV. figures[Figs. 12c) and(d)] were kept constant, and, with the

Parameters in tier Il were set to approximate the consonanf&Ception of; andq;, are the same values as those shown
[p.tk,0,1] and[1]. in Table | for[p]. The resulting area functions are shown in
Shown in Fig. 12 are two cases where a consonant corfigs. 12c) and(d) and are essentially the same as those in
striction was imposed at the ligsection 44 with a cross- Fig. 11, except in the region near the lip end, where the
sectional area of zero, and a range of 4 sections. The tim@f0ss-sectional area is decreased to zero over a time period
course ofg;(t), g,(t), andm(t) for each case is plotted in from approximately 0.2 to 0.27 s. Note that(t) is greater
Figs. 12a) and (b). The variations of the mode coefficients than zero from 0.1 to 0.4 s, but the vocal tract is occluded for
are the same as the previous case,ry(t) now rises from only the period of time wheren.(t) is greater than or equal
zero to 1.1 to activate the constriction, and then decreaséds 1.
back to zero to release it. Whereas the choice to may(e¢) The effect of the constriction on the formant frequencies
reach its peak 0.25 s into the utterance was arbitrary for theggan be seen in Figs. &8 and(f). The dashed lines indicate
demonstrations, displacing the peak of the consonantal timrmant variations for the VV transitions of the previous
variation to an earlier or later time point would likely create case, whereas the solid lines show the time-varying formant
significant, and potentially interesting, changes in the forfrequencies with the presently imposed constriction. The
mant frequency characteristics. In addition, if the goal werébreak in the time course of the formants occurs during the
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period of time in which the vocal tract was fully occluded by constriction causeB1 to decrease by a small amount prior
the constriction. In both cases, the constriction perturbs allo the vocal-tract occlusion and then it rises following the
three formant frequencies downward just prior to the occlutelease of the consonant. During the same time pefiad
sion, and upward after its release. Formant characteristicandF3 both rise prior to the occlusion and then fall after it is
like these for a bilabial consonant are well knoyBtevens, released. The case in the right colufad atu]) generates the
1998 and the figures themselves are reminiscent of thoseame directions of formant frequency change, even though
reported by ®@man (1966 for similar initial and final vow- the underlying vowel transition is different.
els. Two simulations of a VCV with an approximation of a
Time-varying parameters for the next two ca$Egys.  velar stop consonant are shown in Fig. 14. The time-varying
13(a) and(b)], appear similar to those in the previous figure. parameters are, again, nearly identical to the previous cases,
The exception is thatn.(t) rises to maximum value of 1.3. but with a maximum value ofn.(t)=1.2. The constriction
More significant, however, are the changes imposed on thkcation is at section 32 with a range of 10 sections, and the
constant parameters, where the constriction location is set kewing quotient is set to 1.%Note that in Table 1J,=30
section 39, the range is set to 6 sections, and the skewingas specified for this consonant; in the two vowel contexts
guotient has been increased to 1.1. These settings are roughlged for these demonstrations it was necessary tdset
representative of an alveolar stop conson@ae Table )l =32 to produce formant transitions representative of a velar
The constriction can be seen in both time-varying area funceonsonanj. The time-varying area function in Fig. @@} in-
tions[Figs. 13c) and(d)] by following element 39 along the dicates the constriction forming along the time axis at section
time axis, where the occlusion begins at about 0.18 s and i82; the occlusion is indicated by the arrow. In Fig(d4the
released at 0.3 s. For the case in the left colymhto]), the  constriction is more difficult to see because the oral cavity
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portion of the vowel area function is expanded in the earlyquency patterns are displayed in Figs(e)%nd(f). Because
stage of the utterance. Following section 32 along the timean occlusion does not occur during the time course of the
axis, however, indicates a depression in the area function thatvo VCVs, the formant frequencies are continuous. In both
occurs at about 0.19 s. Figure(&¥tshows the time-varying casesF1 andF2 are perturbed downward in frequency dur-
characteristics of1, F2, andF3 for [1ko], whereF1 and ing the presence of the consonant, wheréasis barely af-
F3 both fall prior to the occlusion and rise after its releasefected. Because the area function is not occluded in this case,
F2 exhibits the opposite behavior, rising during the onset othe formant frequencies could be calculated over the entire
the consonant and falling as it is released. The formant chautterance as shown in Figs. (b and (f), but an actual pro-
acteristics are similar fdraku] [Fig. 14f)], at least in terms  duction of[6] would be unvoiced and a spectrogram would
of the direction of change for each formant. show a discontinuity in the formant frequencies. The present
The next two cases contain a constriction area that iSsimulation” of the VCV is only of the time-varying area
nonzero, representative of a fricative consonant. Timefunction and the resulting formant frequencies, not speech
varying parameters are shown in Figs.(d5and (b). The itself. Hence, the appearance of formants is not affected by
consonant magnitude,(t) has a maximum value of 1, but, the presence or absence of voicing.
becausea.=0.05 cnf, the minimum area that is achieved Area function simulations that includdd] and[1], are
during the simulated utterance will be greater than zero. Thgiven in Figs. 16 and 17, respectively. The vowel substrate
constriction parameters are taken directly from Table | forwas eithef1o] or [au], and each consonant requiveo mag-
the consonanff]. The formation of the constriction can be nitude functiond m.;(t) andme,(t)] that, in this case, both
seen along element 42 in the time-varying area function plotfollowed the same time course with a maximum value of 1.
[Figs. 18c) and (d)], and the corresponding formant fre- The constant parameters are those presented in Taffter ||
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the “b” versions) and are shown at the top of the area func-period as the first. In both vowel substrate contexts, the con-
tion plots in each figure. The phonetic symHo] is used strictions displacé& 3 upward in frequency, although the pat-
here because the constriction function creates a time-varyinigrn of variation over time is different.
utterance, rather than a sustainable sound su¢bJas
For the[1], a depression in the time-varying area func-
tions[Figs. 16¢c) and(d)] can be seen along the time axis of
section 12, most significantly at time 0.25 s. Similarly, at the ~ During speech production, two or more consonants may
same point in time, the second constriction can be observedccur consecutively in a cluster without an intervening
along the time axis of section 32. In either vowel substratezowel. For example, in the wordplit/, multiple constric-
context, the primary effect of the constrictions on the for-tions are rapidly formed and released prior to production of
mant frequencie§Figs. 18e) and 1%f)] is to lowerF3 by  the vowel. Two area function simulations of a two-consonant
almost 0.8 kHz to bring it momentarily to a value of about cluster are presented in Fig. 18. The vowel substridfess.
1.77 kHz. In addition, the constrictions pertu¥2 upward in ~ 18(a) and (b)] were again the sameo] and[au] transitions
frequency, whereaB1 is perturbed downward. used in all of the previous examples. The two intended con-
Area functions for the two simulations witi] [Figs.  sonants superimposed on the vowel substrates were, in se-
17(c) and (d)] show a slight expansion along the time axis quence,[p] and[1]. Their production requires specification
for section 12, opposite of the constrictive effect imposed byof three constrictions, one fdip] and two for[1], whose
the [1] on this same section. At section 40, the second conparameters will be the same as those in Tables | and II,
striction can be seen to take effect during the same timeespectively. The time variation of each constriction magni-

C. VCCV simulations

J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 Brad H. Story: A parametric vocal-tract model 3247



[tlo] . . [alu]

N W bk O
T
L

[ gy

o mmawa =

b T ]
=3 B LIt + B R % -

T
L e\ B 2 N o]
T

P 1S :
B | SR e e R

-8

—60 0.1 0.2 03 0.4 0.5 0 0.1 0.2 03 0.4 0.5

Coeff. values (q1 ,qz) & Cons. magnitude (mc)
Coeff. values (q1 ,qz) & Cons. magnitude (mc)

(a) Time (s) (b) Time (s)
|m=12’ a =3, rm=4, sm=1 Im=12' am=3, rm=4, sm=1

=40, a =0.1,r =4, s =1 l=40 2, =01, 1 =45 =1 FIG. 17. Area function simulation for
P two VCV transitions. In the left col-
umn the VCV is approximatelyilo],
and on the rightialu]. The ordering of
the individual plots is identical to
those in Fig. 10. Like the previous fig-
ure, there are two simultaneous con-
strictions required to produce tHé].
Again, they are each indicated by the
arrows and the parameters are speci-
fied at the top of the plots ific) and

(d).
3, ,,,,,
) )
£ £
0 ; : ; ‘ 0 i ‘ . :
0 0.1 0.2 03 04 05 0 0.1 0.2 03 04 05
(e) Time (s) (f) Time (s)
tude is shown in Figs. 18) and(d) (these are identical fig- The formant frequencies for each cd&égs. 18g) and

ures but were duplicated to maintain continuity along eachh)] are perturbed downward by thg] constriction, al-
column). The magnitude fofp] (solid line) becomes nonzero though by different absolute amounts. In €] context,F1
at 0.08 s, rises to its peak of 1.1 at 0.19 s, and then decreasdscreases by 0.25 kHz, while2 drops by 0.8 kHz. The
to zero at 0.33 s. The two constrictions for the follow decrease irfF1 for the[au] context is more than 0.45 kHz,
exactly the same time course as each other, and are identithereas the change 2 is only 0.12 kHz. In both cases,
cally plotted as the dashed line in the figures. Their magni+3 drops by about 0.2 kHz. At the point in time when fpé
tudes begin to rise at 0.13 s, which is just slightly delayedconstriction is released, the vocal tract is nearly configured to
relative to the[p] magnitude. The peak occurs at 0.25 s andproduce the[x], and in both cases, the third formants are
the constrictions are completely released.{=m.;=0) at located at about 1.85 kHz and decrease aq th&ecomes
0.39 s. fully expressed in the area function. As theg constrictions
The resulting time-varying area functions are shown infade, all of the formants rise to their locations for the final
Figs. 18e) and(f), where the three arrows indicate the loca- vowel. Most notably i=3, which increases in both cases by
tion and time of each constriction. As dictated by the timenearly 0.8 kHz.
course of the constriction magnitudes, there is considerable
temp_oral o_verlap O.f the consonants, creating more C(_)_mplefs. VV simulations with vocal-tract length change
coarticulation than in any of the previous cases. Specifically,
the constrictions for thér] begin to form during production In this section, a vowel-to-vowel transition is simulated
of the[p], and are fully in place just shortly after the occlu- with the area function model while localized changes to the
sion is released. vocal-tract length are simultaneously imposed. A transition
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from [1] to [0] was generated that had a duration of 0.5 s andt the lip endp,(t) was set to initially generate a 1-cm
followed a time course dictated by the same mode coeffidecrease in length, followed by the same amount of increase
cients as in the previous cases. Length variations were into lengthen the tract. Figure @ shows the length of each
posed by havingg(t) andpp,(t) in Egs.(11) and(12) fol- section(tubele} over the time course of the utterance. Most
low the time courses shown in Fig. (B9. Initially, p4(t) was  of the 44 sections are maintained at a constant length
set to—0.5 cm to simulate a shortening at the glottal end ofthroughout, with the exception of the glottal efrttar sec-

the vocal tract and then was increased-0.5 cm. Similarly,  tion 1) and lip end(near section 4% which are first short-
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ened and then lengthened over time. The resulting timeAppendix A become available for additional speakers, these
varying area function is shown in Fig. &9, where the view could be used as the structural components, and the model
angle has been set so that the length variations can be otrould represent a different speaker, at least with regard to
served. Thex axis indicates the distance from the middle of the underlying physical structure.
the vocal tract, as was used in Fig. 6. As mentioned in the Introduction, the eventual goal of
Formant frequencies were determined in the same marthis type of modeling is not only to generate area functions,
ner as the previous simulations, except that the length varidsut to synthesize connected speech. That is, to create an
tions were included in the calculations. Resulting time-acoustic waveform that would result from wave propagation
varying formants are plotted in Fig. &®; for comparison, through the time-varying vocal tract. This requires coupling
the dashed lines represent formants calculated in the case cdmputational models that simulate both the voice source
constant length. In the initial 0.2 s of the utterance, the shortand propagation of acoustic waves, with the parametric area
ened tract creates an expected increase in all three formanfsnction model presented here that would specify the vocal-
At 0.24 s, bothpy(t) andpy(t) pass through zero, hence, the tract shape at any specific point in time. This type of synthe-
formants at this point are the same as in the constant lengtsis could provide stimuli to test the effect of various vocal-
case. Aspy(t) and py(t) increase, the three formants are tract parameters on the perception of speech. For example,

observed to decrease, as expected. the effect of constriction location on the identification of stop
consonants could be tested by presenting to listeners, a series
E. VCV simulations with a nasal consonant of audio samples synthesized with successive changgs in

) ) ) ) . (cf. Li and Story, 2008 Through such experiments a con-
~ The final two simulations were produced with the bila- nection may be made between vocal-tract shape, acoustics,
bial nasal consonaritn] imposed on the sanfeo] and[ao]  and perception, rather than just the latter two, which is typi-
vowel contexts used in the previous examples. The consqsy| of many speech perception experimdaithough this is

nant parameters were set to be identical to those foiitld  gimjjar to Stevens(1989 approach to speech production and
and[apu] examplegsee Fig. 12 except that the nasal cou- perceptiod.

pling areaa,, was allowed to be nonzero so that sound could At this point, there are still some significant limitations
be coupled to the nasal passages. The time variatian gt f the area function model. In particular, specification of the
shovyn in F|gs_ 203) and'(b), 'along W|th the area v.anatlon of appropriate time course for the parameters is not well estab-
the lip termination section in the main vocal trdte., area jished, especially for the parameters in tier II, Ill, and IV. A
of sectionN,). The nasal coupling area begins to increasgex; step is to pursue studies that could result in develop-
from 0 cnt prior to the occlusion of the vocal tract, and ment of mappings between model parameters and acoustic
remains nonzero until after the occlusion is released. Theparacteristics, similar to that already developed for tier |
maximum area o&,, was equal to 0.1 Cﬁn but to show the (gee Fig. 19 but would include the parameters for constric-
lip area on the same plog,, was multiplied by 10. The s formation, length change, and nasalization. The precise
combined resonances of the vocal and nasal tracts, over g, re of the time variation of the model parameters is also
time course of the two utterances, are shown in Figec)20 jixely to be speaker specific. Hence, the development of such

and(d). At the beginning of botfiimo] and[amu], only the  505ings would need to be based on the speech of many
vocal tract formantsK1, F2, andF3) are present. As soon speakers.

as a,, becomes nonzero, resonandg®les R1 and R2

emerge, along with a zero, labelgd (notation for the poles ACKNOWLEDGMENTS

and zero during the nasal consonant are the same as in o ) )

Stevens, 1998 During the time period when the lip section A preliminary version of this paper was presented at the
is occluded(from 0.2 to 0.27 § R1 is approximately 0.4 146th Meeting of the Acoustical Society of America. This
kHz, R2 is 0.85 kHz, andZ1 is nearly 0.9 kHz. These are Work was supported by NIH R01-DC04789.

roughly in line with expected values for a bilabial nasal con-

sonant(Stevens, 1998 NOMENCLATURE Independent variables
Nt number of x-sect. areas contained in the vocal-tract
V. DISCUSSION area function

) Nt number of x-sect. areas contained in the nasal tract
The results presented in Secs. Ill and IV demonstrate area function

that the four-tier parametric model is capable of producin ;

area functions representative of a wide variety of vowels anggi\IC Ir;:jn;)kz er gfsce(lr:sggzgtiil ;Lrjlngrt;?fsunction of the vocal
consonants, in both static and time-varying situations. By tracti =[1N,]

itself, the model could be used for studying the relation be- index of x-sect areas in an area function of the nasal
tween the vocal-tract shape and formant frequencies. The tractj =[1,N, ]

separation of the input parameters for the vowel substrate, index of consonant superposition functioris

consonant constrictigs), length variation, and nasalization =[1N,]
allows for controlled studies of the effect of each tier alone
or simultaneously. Further, the “base structural components”
that were specified in Fig. 1 are the only part of the modefP@S€ structural components

that is speaker specific. Hence, as data like those given i (i) mean vocal-tract shapgéiameter functioh

time
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& (I) & (I) area functiormodes(basis functions TABLE IIl. Neutral diameter function and two modes that form the vowel
12 substrate in tier | of the area function models an index extending from

L(1) nominal (defauly length vector (length of glottis to lips
each tubelet in an area function
M) nasal tract area function [ w(i) #(i) #a(i)
Time-varying control parameters 1 0.636 0.018 —-0.013
. - . . 2 0.561 0.001 —0.007
g1(t),9,(t) ampl_ltude coefficients for the basis functhns 3 0561 0,013 0,029
Ie (1) location(place of the kth consonant constric- 4 0.550 -0.025 ~0.059
tion specified as distance from the glottis 5 0.598 —0.036 —0.088
t minimum cross-sectional ar f th n- 6 0.895 —0.048 ~0.108
ack( ) u cos_s _sec onal area of tkth co 5 1187 0062 0120
sonant constriction ) 1.417 ~0.076 ~0.123
re, (1) range of thekth consonant superposition 9 1.380 —0.093 -0.118
function along the tract length 1(1) ﬁzg :8-12% :8'382
sck(t) skevv_mg quotient of consonant superposition 12 1399 -0.149 —0.075
function 13 1.433 —0.167 —0.056
me, (t) magnitude (activation of the consonant su- 14 1.506 —0.183 —0.035
" . 15 1.493 —-0.196 -0.014
perposition function ) ) 16 1473 0204 0.008
Py(t) amount of length change at the “glottal” end 17 1.499 —0.207 0.032
of the vocal tract 18 1.529 —0.203 0.057
() location within the length vectof(i) where 19 1.567 —0.193 0.084
the length change, is centered 22 i-ggi :g-gi 8'12513
rq(t) range of the length changg, . 29 1547 —0.119 0.164
Pm(t) amount of length change at the “lip” end of 23 1.570 -0.082 0.188
the vocal tract 24 1.546 —0.041 0.206
[ (1) location within the length vectof(i) where 25 1.532 0.004 0.218
the length change,, is centered ;S i-jgg g-gg; g-gﬁ
rm() range of the length changs, _ 28 145 0141 0.195
anp(t) cross-sectional area of nasal coupling port 29 1.496 0.181 0.164
Intermediate outputs 30 1.608 0.214 0.121
. . _ 31 1.668 0.240 0.070
V(i,t) time-varying vowel substrate 32 1.757 0.257 0.013
Cy(i,t) kth time-varying consonantal overlay 33 1.842 0.264 —0.046
a(i,t) vocal tract length modification function for 34 1.983 0.260 ~0.100
the “glottal” end 35 2.073 0.246 —-0.143
) 9 o . 36 2.123 0.224 -0.167
B(i,t) vocal tract length modification function for 37 2194 0.194 —0.165
the “lip” end 38 2.175 0.159 —-0.132
Final outouts 39 2.009 0.122 —0.066
P 40 1.785 0.087 0.031
A(i,t) composite vocal tract area function 41 1.675 0.057 0.148
L(i,t) composite lengtffof each tubelétfunction ig i-igg 8-822 8-;22
(i ,_t) cumulat!ve length function _ a4 1312 0048 0.338
Aq(j,1) composite nasal tract area function

APPENDIX A: TIER | STRUCTURAL COMPONENTS

The structural components for the vowel substrate are
shown numerically in Table Ill. The first column is the index
i, which denotes successive sections along the length of tHRABLE IV. Mode coefficients that reconstruct the indicated vowels when
vocal tract. Section 1 is located just above the glottis andised with Eq(3).
section 44 at the lips. The other three columns are the neutrat

. . . . Vowel A1 dz
diameter functionQ(i), and the two modesg,(i) and
¢,(i), that deform the vocal tract. When multiplied by the i —5.176 —2.556
corresponding mode and combined wél{i) as specified in ; 7;22? g'gg
Eq. (3), the coefficients in Table IV will produce area func- . 3471 1729
tions representative of the indicated vowels. A 0.102 ~3.565
These data were derived from the vowel area functions a 0.981 1.043
reported in Story, Titze, and Hoffmafl996. Each area 2 0.331 2.315
function was first normalized to the mean vocal-tract length g 73"1@ 71151506
across the vowels, and then a principal components analysis u 2685 2065

(PCA) was applied to area function set. The “modes” are the
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TABLE V. Area functions for the fricative consonan{ 6, s, {]. i is an plane (e.g., Narayaret al, 1995. Thus, they are not ad-
index that numbers cross-sectional areas from glottis to lips. The last Iinee uate to provide information for aerodynamic modeling of
indicates the length of each tubelet within the area function. q P . . y

turbulence generatiofShadle, 1991; Sinder, 199%ut they
f 0 s { do indicate the types of shape information needed for the
present area function model.

1 0.37 0.39 0.47 0.49
2 0.32 0.40 0.47 0.49
3 0.65 0.76 0.54 0.63 The term “tiers” is used to denote multiple levels of area function control.
4 1.22 0.71 0.68 0.64 This is similar, but not identical, to the use of the term by Browman and
5 1.46 1.10 0.94 0.83 Goldstein(1990.
6 1.43 1.50 223 2.26 Representation of an area function by 44 elements is not a requirement of
7 1.34 1.34 2.18 251 the general structure of the model. The number derives from the approxi-
8 1.32 1.23 2.39 253 mate spatial resolution obtained in MRI-based reconstructions of vocal-
9 184 1.15 217 277 tract shapdStoryet al, 19986. It is also convenient to use 44 elements for
10 255 1.34 1.95 285 smula}tlng speech with acoustic waveguide models beca_use it alloyvs for a
1 2901 1.72 212 311 sampling fre_quency of 44.1 kHz when the tract length is appromma_tely
12 216 165 219 3.42 17.5 cm(typical adult malg The_ formu_latlon of the model, however, is
general enough that area functions with any number of elements can be
13 2.09 1.52 2.61 3.31 produced.
14 182 1.50 3.08 3.69 3The symbol() is used as anathematicalariable describing the “neutral”
15 2.01 1.32 2.51 3.54 diameter function. It should not be confused with the rarely ysgezhetic
16 1.95 1.42 2.32 3.74 symbol[Q] for a midback rounded vowe&Pullum and Ladusaw, 1996
17 191 1.49 2.70 4.18 “It is acknowledged that the details of fricative sound production will not be
18 177 1.49 2.65 4.56 adequately modeled by a simple constriction of the type proposed here.
19 1.88 1.94 3.21 4.98 Rather, it is assumed that a model of turbulent noise generatéian,
20 2.40 2.41 3.71 5.23 Narayanan, 1995; Sinder, 199ould be inserted just downstream of the
21 2.04 2.29 3.72 5.18 point of minimum area.
22 1.87 2.37 4.14 5.80 SFor the set of male vocal-tract data used in this papier0.396 825 cm.
23 2.13 2.99 4.58 5.67 Combined with a 44-section area function, the vocal-tract length will be
24 2.05 3.09 4.63 4.82 17.46 cm. It is not suggested that this level of accuracy is required for the
25 1.65 2.98 4.32 4.39 tubelet length. Rather, this number originates from the particular
26 1.05 2.75 4.38 3.82 type of wave propagation algorithm used by author to synthesize
27 0.64 2.82 4.21 2.89 speech(Liljencrants, 1985; Story, 1995where A =speed of sound)/2
28 0.52 2.96 4.52 2.48 X sampling frequency Kg). Choosing c¢=35000cm/s and
29 0.45 2.95 4.53 1.81 Fs=44100 Hz,A=0.396 825.
30 0.45 3.13 4.40 1.38
31 0.29 3.24 3.98 0.98 )
32 0.24 313 378 057 Alwan, f\ Ne;ralyafnar}, Sd and H{:\ker,tl((tgsfl);j “Tovl\\;l?Qr:i ar(;“izull-'aéoéy-t |
acoustic models for liquid approximants based on an ata. II.
gi 8;? gig igg 8;‘2 The rhotics,” J. Acoust. Soc. An.01, 1078-1089.
35 104 321 277 0.03 Atql, B. S, _Chang, J. J, Math_ews, M. V., apd T_ukey, J.(V@78. “Inver-
36 188 308 216 0.00 sion of articulatory-to-acoustic transformation in the vocal tract by a com-
: : ’ : puter sorting technique,” J. Acoust. Soc. ABB, 1535-1555.
37 2.27 2.82 1.53 0.00 Badin, P., Bailly, G. Raybaudi, M., and Segebarth, (998. “A three-
38 2.00 2.39 1.03 0.00 dimensional linear articulatory model based on MRI data,” in Proceedings
39 1.93 175 0.60 0.34 of the 5th International Conf. on Spoken Language Proc., edited by R. H.
40 1.89 0.90 0.26 213 Mannell and J. Robert-Ribes 2, 417-420.
41 131 0.09 0.11 1.96 Badin, P., Bailly, G., Rewet, L., Baciu, M., Segebarth, C., and Savariaux,
42 0.83 0.00 0.15 1.24 C. (2002. “Three-dimensional linear articulatory modeling of tongue,
43 0.33 0.09 0.24 0.76 lips, and face, based on MRI and video images,” J. Phon&;$33—
44 0.11 0.22 0.06 0.33 553.
A 0.361 0.356 0.353 0.377 Bavegad, M. (1995. “Introducing a parametric consonantal model to the

articulatory speech synthesizer,” in Proceedings Eurospeech 95, Madrid,
Spain, 1857-1860.

ianifi . fth lai Baer, T., Gore, J. C., Gracco, L. C., and Nye, P.(1091). “Analysis of
two most significant componen(m terms of the exp ained vocal tract shape and dimensions using magnetic resonance imaging: Vow-

variance resulting from the PCAStory and Titze, 1993 els,” J. Acoust. Soc. Am90, 799—828.
Browman, C., and Goldstein, 1(1990. “Gestural specification using dy-

. namically defined articulatory structures,” J. Phoneti& 299-320.
APPENDIX B: AREA FUNCTIONS FOR FRICATIVE Carrg R., and Chennoukh, $1995. “Vowel—consonant—vowel modeling

CONSONANTS by superposition of consonant closure on vowel-to-vowel gestures,” J.

Four fricative area functions are provided in Table V. o/ oncies3 231241
ou cative area funclions are provide able * Coker, C. H.(1976. “A model of articulatory dynamics and control,” Proc.

These were derived from image sets obtained with magneticieee 64(4), 452—-460.
resonance imagingMRI). These images were collected at Dang, J., and Honda, K1994. “Morphological and acoustical analysis of
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blished. The i P VSi e yz CE 9 . . I?ang, J., and Honda, K2004. “Construction and control of a physiologi-
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