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Recent advances in physiological data collection methods have made it possible to test the accuracy
of predictions against speaker-specific vocal tracts and acoustic patterns. Vocal tract dimensions for
Ir/ derived via magnetic-resonance imagiiddR|1) for two speakers of American EngligAlwan,
Narayanan, and Haker, J. Acoust. Soc. Aial, 1078—10891997)] were used to construct models

of the acoustics oft/. Because previous models have not sufficiently accounted for the very3ow
characteristic oft/, the aim was to match formant frequencies predicted by the models to the full
range of formant frequency values produced by the speakers in recordings of real words containing
/rl. In one set of experiments, area functions derived from MRI data were used to argue that the
Perturbation Theory of tube acoustics cannot adequately account, faritharily because predicted
locations did not match speakers’ actual constriction locations. Different models of the acoustics of
It/ were tested using the Maeda computer simulation progiMaeda, Speech Commuh, 199—

299 (1982]; the supralingual vocal-tract dimensions reported in Alvedral. were found to be
adequate at predicting only the highest of attest@dlvalues. By usindl) a recently developed
adaptation of the Maeda model that incorporates the sublingual space as a side branch from the front
cavity, and by including?2) the sublingual space as an increment to the dimensions of the front
cavity, the mid-to-low values of the speakefs3 range were matched. Finally, a simple tube model
with dimensions derived from MRI data was developed to account for cavity affiliations. This
confirmedF3 as a front cavity resonance, and variations InF2, andF4 as arising from mid- and
back-cavity geometries. Possible trading relations F@r lowering based on different acoustic
mechanisms for extending the front cavity are also proposed.20@) Acoustical Society of
America.[S0001-496800)00407-0

PACS numbers: 43.70.Hd\L ]

INTRODUCTION this a complicated and interesting task. Firstjg character-
ized by a particularly stable acoustic pattern& lowering
Historically, models for the more articulatorily complex close to the value of2 (Boyce and Espy-Wilson, 1997;
liquids have been less well developed than models for vowGuentheret al, 1999. However, the acoustic means by
els and obstruent consonariShiba and Kajiyama, 1941; whichF3 is lowered has not been clear. Second, speakers of
Fant, 1960, 1980; Stevens, 1999; Rubin, Baer, and Mermelshotic” varieties of American English use a multitude of
stein, 1981; Harshman, Ladefoged, and Goldstein, 1977ticulatory configuration§Westburyet al, 1999; Delattre
Maeda, 1982 Recently, however, several researchers havegng Freeman, 1968; Zawadaski and Kuehn, 1980; Alwan
proposed models of the acoustics of American Engligh / gt 51, 1997: Ong and Stone, 1998These configurations
(Stevens, 1999; Alwaat al, 1997; Hagiwara, 1995; Veatch, may involve substantially different tongue shapes and differ-
1990; Ohala, 1985and similar rhotic sonoran®icGowan,  ent parts of the tongue as primary articulators, but research-
1994; Narayanaret al, 1999. Several aspects of//make  grs 50 far have failed to link patterns of acoustic variability in
formant values with the different articulatory configurations.
dElectronic mail: espy@bu.edu For instance, Delattre and Freeman{8968 ground-
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breaking x-ray study of articulatory configuration types
across speakers failed to identify consistent acoustic differ- \
ences associated with different types. Similarly, studies by
Westbury et al. (1999 and Guentheret al. (1999 have
found that different types of articulatory configurations could
not easily be correlated with specific patterns of formant val-
ues. The conclusion has been that different configurations
produce essentially equivalent acoustical profilBglattre
and Freeman, 1968; Westbugy al, 1999. As such, Ameri-

can English1/ is often cited as an example of a many-to-one
articulatory—acoustic relationship. Third, acoustic models of
It/ must deal with three constrictions along the vocal tract, rig. 1. spectrogram of the word “barring” spoken by a male speaker.
and the dimensions of the cavities thus formed were not

known from physiological data until recent(i¥loore, 1992;
Alwan et al, 1997; Ong and Stone, 1998This is particu-
larly true of the sublingual space, which is not easily esti-
mated using surface point-tracking systems such as x-ray m
crobeam or palatographyput see Sundbergt al,, 1992, for
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tral, rounded vowel(Espy-Wilson, 199® together with a
very low F3. A typical example of intervocalia/, illustrat-
ing the severe dip i3, is shown spectrographically in Fig.
¥ Asin this casel-3 is often low enough to approach and/or
. merge withF2 (Stevens, 1999 F1 andF2 values are pre-
an alternative methgd dictable from the general articulatory shape dof and ac-

Because of the difficulty in obtaining precise physiologi- . : : -
: : . ._cordingly overlap with those of vowels with similar place
cal data for vocal tract dimensions during a segment of in-

. . . . and height features. THe3 of such vowels is around 2500
terest, investigators developing acoustic models have for thﬁ .
. L z or above for most speakefsf. Hagiwara, 1995 Conse-
most part been forced to make plausibility the criterion for

. . ntly, the major problem in modeling th ti f
assumptions about physical vocal tract features, such as coﬁ\Eje y, the major proble odeling the acoustics o

o : : o o merican English i/ is accounting for the very low third
striction size, cavity volume, etc. In addition, the criteria forformant Although formant values for// vary somewhat
aaftlé(;rizsr?;l\ile nl;:;hinb?et\rlvrs:r;fggiﬂftfg Czn?ugctu:rie?g?uszom speaker to speaker and across prosodic conditions such
P - Y AP 9 PaLs initial vs final word position, syllabic vs consonantal func-
terns of phonemic difference across multiple speakers. Re[i'on etc.,F3 remains low relative to other segments. In a

cently, however, advances in physiological data collectlonstudy of male—female and subject-to-subject variability in

methods have made it possible to test the accuracy of Pr&Smant frequencies forr/, Hagiwara(1995 usedF3 in the

dictions against speaker-specific vocal tracts and acoustiC .
. neutral vowel to normalize between-speaker formant fre-
patterns. This advance enables model makers to use a more

; o guencies. He then determined th&8 for any one subject
demanding set of criteria; namely, a successful match befhlls between 60% and 80% below th& value in the neu-

tween predicted and actual patterns for a given speakertsral vowel. For most speakers, this pi8 below 2000 Hz.

Horived vosalract areh finctions from & single speaker ¢ 3108 Of actual values reported in th lferatiagoss
gie sp Sex, syllabic vs consonantal prosodic position, )eit.ap-

obtain S|mulated_fo_rmant frequencies for vowels that were roximately 250550 Hz foF 1, 900—1500 Hz foF2, and

almost always within 10% of those measured from natura ] .

speech. In a similar study, Yang and Kas(y894 obtained 300-1950 Hz foF 3 (Delattre and Freeman, 1968; Lehiste,
P ) Y, 9 1962; Zawadaski and Kuehn, 1980; Nolan, 1983; Espy-

vowel formant frequencies from a model using MRI—derivedWilson 1992° Westburvet al. 1999 but see Hagiwara
area functions that were within 5% of those measured from_L995 f,or outli,er$ yetal, ’ 9 '

natural speech.
In this paper, we use recently available magnetic reso-
nance imagindMRI) data for American Englishe/ (Alwan B. Articulation of /1/
et al,, 1997 to examine various current theoretical models of
the acoustics oft/ in greater detail and with narrower criteria
than has previously been possible. These data, and modific
tions thereof, are used to supply vocal-tract dimensions fo
VTCALCS, Maeda’s vocal-tract computer modeling software
(1982. Our major aim is to understand the acoustic mecha
nism responsible for the distinctive characteristicsrif ih
particular, its unusually lovF3.

Overall, articulatory configurations for//involve three
constrictions: in the pharynx, along the palatal vault, and at
fhe lips. The configurations differ most by what happens in
the palatal region, i.e., by whether the effective constriction
occurs(1) at the alveolar ridge and is made solely by the
tongue tip,(2) in the palatovelar region and is made solely
by the tongue dorsum with a lowered tongue tip,(8rin
both alveolar and palatovelar regions, and is made by the
simultaneous raising of the tongue tip and tongue dorsum.
Traditionally, these configurations have been divided into
contrasting categories of “retroflex(in which the tongue

American Englishi/ occurs both as a syllable nucleus tip is raised and the tongue dorsum is loweregrsus
and in consonantal position, where it is classified as a sond®unched” (in which the tongue dorsum is raised and the
rant liquid! The characteristic formant pattern for both in- tongue tip lowereyl (Delattre and Freeman, 1968; Shriberg
volves anF1—F2 pattern similar to that of a canonical cen- and Kent, 1982; Kent, 1998However, as a number of re-

A. Acoustics of /1/
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searchers have pointed out, these two categories are only the A=0.7 cm?

extremes in a continuum that includes many incremental £=08 cm

variants (Zawadaski and Kuehn, 1980; Delattre and Free- "_'3‘5““—'[/ A=05cm?

man, 1968; Westburgt al, 1999; Alwanet al, 1997; Guen- /le"e cm

theret al, 1999; Ong and Stone, 1998-urther, the variant

in which both tongue tip and tongue dorsum are raised does 40 ¢m®

not easily fit into the traditional dichotomy of retroflexed 8cm®

vers_us bu_nChed'_ In this pape_r, therefo_re’ the major types cI)iflG. 2. Stevens’ simple tube model for a tip-up retroflek The symbol
configurations will be categorized &%) tip-up retroflex f/, A" stands for area and the symbol™stands for length. The orientation

(2) tip-up bunched/, and (3) tip-down bunchedr/. It is of this model is such that the glottis is at the left edge and the lips are at the
worth noting that these different configurations occur bothright edge(Reprinted with permission from K. Steverg;oustic Phonetics

_ . . . MIT Press)
within and across speakers; that is, while some speakers may
use one type of configuration exclusively, other speakers
switch between two or three different types of configuration
for /r/ in different phonetic contextéDelattre and Freeman,

1g|638; Guerr:theet aI.,d1999,'t§1nd accl:lorglng to prosodic Va”'tﬁvidence against this model af Acoustics.
ables such as word position, SyllabiC Versus consonamal , contrast to the Perturbation Theory account, decou-

function, etc.(Delattre and Freeman, 1968; Zawadaski ancb”ng accounts, such as Faft960, Stevensg1999, Alwan
Kuehn, 1980. et al. (1997, and Narayanamt al. (1999, assume that the
vocal tract is divided into several different tubes, of differing
areas and lengths, and that different formants have their ori-
gin as resonating frequencies of different tubes. Thus, a ma-
jor issue for decoupling accounts is the question of boundary
conditions for the particular shapes, lengths, and proportions
Proposed models of the acoustics of American Englistof tubes in the vocal tract. If a constriction at one end of a
/r/ divide into two types:(1) the Perturbation Theory ac- cavity is narrow enough, for instance, the cavity is modeled
count, which has been promulgated primarily through teachas a tube with a closed end. If a constriction is wide enough,
ing and laboratory demonstratiohsbut is described in cavities on either side of the constriction are no longer de-
Johnson(1997 and Ohala(1985, and (2) decoupling ac- coupled. If both ends of a cavity have narrow constrictions,
counts, exemplified by the model of Steve(d©99 and and the cavity-to-constriction ratio is high enough, the cavity
modified versions by Alwaret al. (1997 and Narayanan and the constriction anterior to it can be modeled as a Helm-
et al. (1999. The Perturbation Theory account of is based holtz resonator. If, on the other hand, the constriction poste-
on a general principle of tube acoustics; namely, that for aior to the cavity is narrow and the constriction anterior to
relatively open tube, constrictions at points where standinghe cavity is wide, the cavity and the anterior constriction can
waves have maximum volume velocity have the effect ofbe modeled as a quarter-wavelength tube. The choice of such
lowering the natural resonances of the resonating tubboundary conditions determines the appropriate equations
(Chiba and Kajiyama, 1941; Heinz, 1967; Schroeder, 1967 for estimating formant frequencies and, conversely, deter-
Such points of sensitivity to constriction are commonly in- mines which of many possible combinations can match a
voked to explain the formant-lowering effect of lip-aperture particular set of formant frequencies. Until recently, the di-
narrowing and to predict the effect of certain articulatory mensions of cavities and constrictions in the vocal tract had
changes on vowel acousti¢Stevens, 1999, p. 284; also to be estimated, based on what seemed anatomically likely
Mrayati, Carre and Guen, 1988. It happens that when the and what worked to produce formant frequencies approxi-
vocal tract is modeled as a quarter-wavelength tube, maximately in the correct range. As we show in this pafsse
mum volume velocity points foF 3 occur in the pharyngeal, Sec. Il E, simulation experiment)5availability of directly
palatal, and labial regions. Because the common denominabserved, segment-specific physiological data allows the
tor across various types af fis the presence of constrictions boundary conditions for modeling to be determined substan-
in these three regions, some investigators have suggested thiaily more accurately.
the lowering effects of all three combine to produce the low  The most detailed model of the acoustics dfdan be
F3 typical of #/ (Hagiwara, 1995; Veatch, 1990; Ohala, found in Steveng1999, which was primarily designed for
1985. Indeed, modeling trials where realistic constrictionsarticulatory configurations found in tip-up/’6 where the
are inserted at points of maximum velocity prodd€® val-  tongue dorsum is lowered. A sketch of this model is shown
ues in the appropriate range for/ /(Espy-Wilson et al,, in Fig. 2. Note that this model assumes a sizable difference
1997). The usefulness of this approach for modeling speecletween the area of the back cavigbout 3 crf) and the
sounds in general is controversi@oe and Perrier, 1990 area of the front cavity0.5 cnf). Also, Stevens included a
with regard to ¢/ this is primarily because the perturbation substantial sublingual space with a volume of &c8imilar
effect applies only to cases where constrictions are fnild.models are given in Far(l960, Alwan et al. (1997, and
Another prediction of the Perturbation Theory account is thaNarayanaret al. (1999. In Stevens’ model, the palatal con-
speakers place their actual constrictions fdrat extremely  striction is assumed to be narrow enough, and the lip con-
specific points along the vocal tract, i.e., the points of maxi-striction narrow enough, that the cavity behind the lips.,

Smum volume velocity. Thus, a finding that speakers place
constrictions at other points along the vocal tract would be

C. Modeling /r/: Acoustic sources of F3
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the “front” cavity) and the lip cavity can be modeled to- Syllabic // Word-initial /t/
gether as a quarter-wavelength tube that is closed at the pala-

tal end and open at the lip en&.3 is assumed to be the G L
lowest resonance of this quarter-wavelength thliiven ? ?
this assumption, the front cavity must be 5 cm long to pro-
duce a resonance at 1750 Hz—a value in the middle of the
typical F3 range for English speakers. It must be corre-

spondingly longer in order to produce a resonance in the Speaker MI
lower portion of the typical range, e.g., 1300—1600 Hz. This

model may also be modified in such a way that, if the lip

constriction is narrow enough, the front part of the vocal Tip-down /1/ Tip-up /t/

tract may resemble a Helmholtz resonator. That is, it may U

consist of a relatively large cavity with an anterior constric- Y
tion (due to either lip rounding or natural tapering by the 5\ ?
teeth and lips In this case, a high volume-to-constriction

degree ratio is required in order to produceReg within the
typical range. Specker PK

| METHOD :tIC;I .‘3ig/907():.al-tract profiles forr/ in midsagittal plangéadapted from Alwan

A. Magnetic resonance imaging data

(when appropriateand for the continuous supralingual space

running from the lips to the glottis. Figure 4 shows the area
functions for the supralingual space for each of the four data

to collect_data from four phonetically tramed_ natlye Ameri- sets. The data are positioned such that the glottis is to the
can English speakers who produced sustainéd in two . . Co .
left, at O cm, while the lip opening is on the right. Larger

different production conditions, as described below. Subjects L Lo .
; : . o areas under the curve indicate vocal-tract cavities; constric-
sustained each sound for 13—16 s in a supine position, er- .
. T ) . .’ “tions occur where the distance between the data curve and
abling four or five image slices to be recorded in that time

period (about 3.2 s per imageRecordings were made in the abscissa are small. These area functions served as input

sagittal, axial, and coronal planes. Subjects repeated eacf:%r the Maeda(1982 vocal-tract modelTCALCS, a com-

sound six to nine times, with a pause of 3 to 10 s betweell?u'[e.r brogram using stapdard acoustical tube. assumptlons 0
o . redict formant frequencies from vocal-tract dimensions. We
repetitions, to enable the entire vocal tract to be scanned’

Further details of the MRI recording, data acquisition, andgz\eISI:MeZTZAB D\;erlgg)r?ar?fst(r:]:itozgslgizr(égl;ﬁ;upr:i(z:?art?()n;
analysis methodologies are provided in Alweinal. (1997 b y or e

and Narayanaet al. (1997) For Subject PK this involved a model vocal tract of 15.3 cm,
Production conditions for Subject PK consisted of in_d|V|ded into 51 sections of 0.3-cm length. For Subject M,

. . this involved a model vocal tract of 18 cm, divided into 60
structions to produce a retroflex and a bunchédTracings .
sections of 0.3-cm length.

of the midsagittal profiles for these productions are shown in The cross-sectional areas of the sublingual space mea-

the l.Eﬁ and right onver panels of Flg.'3. Note that the pro_sured from MRI data for each subject and production condi-
duction labeled as tip-up bunched ih Fig. 3 came from the . : . .
tion are listed in Table I. Note that sub- and supralingual

retroflex condition, and the production labeled as tip-down . . :
bunched 1/ came from the bunched conditiénin other space was measured from coronal sections in the superior—

words, for the retroflex condition, the speaker produced ari]nferior plane; thus,_the sublingual space is defined as any
/vl with both dorsum and tongue tip raised. This was some>Pace bounded vertically by the tongue and buccal floor. For

what of a surprise, as the traditional image of a retroftéx / PK, the sublingual space was measured as being three sec-

. tions (i.e., 0.9 cm long for both her tip-up and tip-down
involves a lowered tongue dorsu(®elattre and Freeman, ) e .
1968: Kent, 1998 Production conditions for Subject MI production conditions. Sublingual space lengths were mea-

; . . ) , sured as four sectionge., 1.5 cm long in the case of Ml's
consisted of intentional production of/’s as they would L : : .
: . - . word-initial /r/ and four section$l.2 cm in the case of MI's
occur in word-initial position and syllabically. These are

X . ) . syllabic /. The sublingual cavity started at 3 cm from the

again shown in the left and right upper panels of Fig. 3. ) : .
. . . . lips for both of MI's productions, and at 2.1 cm from the lips
Notably, Subject Ml also produced/s with raised, or . , . .
- | = T . . in both of PK’s production conditions.

bunched tongue dorsum; his tongue tip is slightly raised in
his “word-initial” / r/. Altogether, we consider four sets of
vocal-tract dimensions from two speakers, corresponding t
the four vocal-tract profiles in Fig. 3. All fit the category of Due to noise in the experimental chamber, it was not
bunched, i.e., the tongue dorsum is up. possible to record speakers’ acoustic output during the MRI

MRI data consisted of cross-sectional images, fromsessions. However, each subject recorded four repetitions of
which vocal-tract area functions were calculated. Area funcnine (PK), or ten(MI) real words containing consonantal /
tions were measured separately for the sublingual spacar syllabic £/. A list of the words is given in the Appendix.

The data used for this study were collected by Alwan
et al. (1997. They used magnetic resonance imagiktiRl)

(_E)i. Audio recording
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Subject Ml word-initial /r/ Subject Ml syllable-initial /r/

6 - 6 -
5 5 4
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14 14
0 ' ' ' v v ! 0 L) L] L] L] L) L)
°© 10 20 30 4 50 60 0 10 20 30 40 50 60
Section Number (from glottis to lips) Section Number (from glottis to lips)
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b ©
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o L] L L] L L] 1
-5 5 15 25 35 45 55 0 T y r Y T
. . 0 10 20 30 40 50
Section Number (from glottis to lips) Section Number (from glottis to lips)

FIG. 4. MRI-derived supralingual area functions for thés/produced by PK and MI.

These words were embedded in the carrier phrase “Say  C. Vocal-tract acoustic model
again.” The speech data were recorded in a soundproof fa- ,J . tract modeling in this study is based on the
cility at 44.1 kHz directly onto a Sun workstation and were, -\ cs program developed by Maeda982. This time-
later downsampled to ;1.025 kH_z. An omnidirectional mi- domain simulation of the vocal tract assumes one-
crophone.(B.eyerdynamm MIOL with a flat frequency re- dimensional wave propagation and includes acoustic losses
sponse(wﬂhm 4 dB) between 40_.20 (,)OO Hz was placed atodue to yielding walls, fluid viscosity, and radiation effects
approximately 2.2 cm from the SUbJ.eCt.S mouth at abgut a 15from the mouthvTcALCS as originally written allows for a
angle off the midiine. The Entropic Signal Proc_essmg Sys'side branch corresponding to the nasal cavity in the velar
tems (ESPS Waves environment was use_d to display Spe_c'region, but this option is not suitable for modeling the sub-
trograms of each utterance and automatically track the f”ﬁ‘ngual space. To model the sublingual space, we modified
four formants. Measurement of the formants was made at thﬂ’,]e original VTCALCS program (in its MATLAB vérsior) to
lowest p.omt Ry fgw utterancene for PK and three allow for a parallel side branch in the palatal regidackson
for MI), it was not poss@le to get the frequencyfof when et al, submitted. This modeling procedure is discussed in
F3 was at its lowest point. The energy abdv@ was very detail in Sec. Il D.
weak, soF4 was not visible in the spectrogram and was not
properly tracked. Thus, these valuesFaf were not consid-
ered in our analysis. IIl. SIMULATION EXPERIMENTS
An ideal model of the acoustics of/ /will account for
TABLE I. MRI-derived areas of sublingual spade cnv). Each sectionis  the full range of variability in formant values exhibited by all
?f 'e’\;‘gth 0-?dc_’:]‘_vt_“|’5/“/'““r?dinlaz Surk:‘”?%usl'l,ca"itﬁ ‘g_ 0]-; o for Fl;ll'<r’1 1-5|°m speakers of American English. However, since the MRI data
cc;;vity :t:;?s 3Icrlnla}rorrn ?he Iipé ir? theocasesofs ?\l/I I? a\lr?d é.l ((:amSlerorl'n%E: lips g‘glma?nl::r Vs\lgiatli)er;;??g phoet ?;?‘]tgcg i:cl \Slg_ﬁgll;ﬁlrtf/, :/r?(;g:‘r::gis,

in the case of PK.
values for our particular speakers, as shown in their real

ﬁi tip sp ig% g-ggz g-igg word productions. All experimental simulations in this paper
tip down . . . ; _ ; ;
MI initial 1833 0.865 0.542 0.419 0.156 used as their base the vocal-tract area functions reported in

Alwan et al. (1997 and here in Fig. 4 and Table I. Table Il

MI syllabic 2.88 1.251 0.659 0.306 ! _
contains the=1—-F4 data measured from the subjects’ pro-
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TABLE II. Real word formant frequencien Hz). For Subject PKN TABLE IV. F1-F4 values predicted byTtcaLcs from supralingual MRI

=36; for Subject MI,N=40. data.
Subject PK Subject Ml PK tip up PK tip down Ml initial Ml syllabic
Mean Range s.d. Mean Range s.d. F1 (Hz) 367.5 373.8 310.9 340.2
F2 (Hz) 1336.4 1175.7 1173.4 1210.2
F1 3495 202-517 98.0 388.0 234-489 783 E3 (Hz) 1938.9 2167.5 1921.0 1883.5
F2 1355.4 989-1698 147.7 1383.8 989-1586 153.7 g4 (H2) 4369.2 4132.2 3068.0 3275.9

F3  1833.8 1479-2157 137.7 1664.9 1400-1946 127.4
F4  4110.8 3898-4483 134.8 3113.7 2742-3483 139.3

It is clear that for both speakers, real palatal constric-
tions are long, and appear to cover an area considerably for-

the full range ofF 3 values produced by the speakers, are th ward of the location predicted by the Perturbation Theory to

standard against which we measure the success or failure vae the maximal lowering effect oR3 (see Table Il

a articula? modeling schema. Given the difficulty of ac_Pndeed, for both subjects, palatal constrictions center over

coEntin for ver |0W|9:3 N currént models. we artiycularl areas predicted by the Perturbation Theory to correspond
9 Y ' P Y with maximal pressure, making constrictions in these areas

focus on accounting for the full range Bf3.

. . more likely to rai than to lower it. For PK, the pharyn-
In experiment 1, we use these data to estimate whether0 e likely to raise=3 than to lowe ° » the phary

the location of actual constrictions seen in MRI data matc eal constriction ranges forward of the predicted point. For
the locations predicted by the Perturbation Theory. In experi- I, the pharyngeal constriction apparently covers an area
P y Y. PEMthat may be conducive t&63 lowering, but is longer than

ment 2, we present estimates of formant _values F?mduceﬁecessary. Thus, neither the pharyngeal nor the palatal con-
when the supralingual vocal-tract area functions of Fig. 4 are

inout 1o theVTCALCS proaram. and compare the results to Striction is located as would be predicted by the Perturbation
P program, af P '{heory. In particular, the palatal constrictions here cover ar-
those from real words. In experiments 3 and 4, we presen . L o
; . eas that should affe€t3 in the wrong direction. This is true

estimates of the formant values when the sublingual areg . s v "

: : . . . regardless of the type of/{ for instance, PK’s “tip-down
functions are taken into account. Finally, in experlment5,we/r/ and “tio-up” /x/ have slightly different constriction
develop a simple tube model that accurately predi€ls P-up ghty

throuah F4 while accounting for formant cavity affiliations lengths but similarly forward constriction locations and simi-
gn® ) g for : y lar constriction degrees. We conclude that subjects are not
across different articulatory configurations fof. /

taking advantage of points of maximum volume velocity
along the vocal tract to lowdf3 in any obvious way.

duction of real words containing// These data, including

A. Experiment 1: Locations predicted by perturbation
theory B. Experiment 2: Formant frequencies from MRI-
As noted above, the Perturbation Theory approach/to / derived supralingual area functions
assumes that subjects’ constriction locations will coincide  As a first approximation to modeling the acousticsmof /
with the points of maximum volume velocity predicted by from MRI data, the supralingual area functions from the four

the Perturbation Theory. MRI data sets were used as inputwocALCS. The resulting
To determine the predicted locations for our speakersestimates of1—F4 values are shown in Table IV.
we calculated points of maximum volume velocitywhere These estimated formant values are within the general

constriction decreaseB3), and maximal pressuréwvhere range ofF1, F2, andF3 reported across different studies
constriction increaseg3), for the vocal-tract lengths 15.3 using different speakers of American Engligee the Intro-
cm (for PK) and 18 cm(for MI). Table Ill shows how these duction, Sec. A aboveFurther, the estimates fét1 andF2
predicted constriction locations compare with the constriccompare favorably with the subjects’ real word data, being
tion locations found in the MRI data. Because the MRI datasquarely within their respective ranges and not far from the
constriction locations extended over several sections, thesg/erage frequency values. In contrast, the estimateSpéat

are expressed as ranges across which the constriction wag38.9 and 2167.5 for PK and 1921 and 1883.5 for MI, are
maximal. The criterion for constriction beginning and endin the very high portion of the reported range across studies,
was set at areal.0 cnf for PK and at area2.4 cnf for Ml.  and 2—3 standard deviations higher than the aveF&yéor-
Wide ranges indicate stretches for which constriction metnant frequency values reported for speakers of American

criterion. English. Further, thes&3 values match only the highest
values in each speaker’s range. Thus, the shape of the supra-
TABLE Ill. Real versus predicted constriction locations. lingual vocal tract for these subjediss measured by MRIs

apparently enough to specifyl andF2, but is not enough
to specify the most notable mid-to-lower valueskS.
There are several possible explanations for this result.

Predicted
Actual palate Predicted palate Actual pharyngharynx

PK tip sp 18-2—13-2 3-5 4-2—6-3 33’-1 First, because the MRI data were collected with the subject
PK tip down  10.5-13. -6 4.3-5. 1 in a supine position, differences in the effect of gravity might
MI initial 12.6-15.0 10.8 3.9-6.9 3.6 : : .

Mi syllabic  12.0-15.0 10.8 3.9-6.3 36  account for the high=3 values. However, previous studies

contrasting vowel formant frequencies produced in supine
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Subject PK tip-up /r/ with Inserted Portion TABLE V. F1-F4 values predicted bywtcaLcs with extended front
cavity.

PKtip PKtip Ml MI
up down initial syllabic

Length of front F1 (Hz) 360.8 360.6 295.7 337.7
cavity increased F2 (Hz) 1284.6 1162.8 1156.2  1180.0
F3 (Hz) 1650.2 1949.9 1637.4 1616.3
F4 (Hz) 42875 4079.6 3051.8 3255.1

Area (cm?)

Area of front F1 (Hz) 368.2 375.1 313.6 349.9
cavity increased F2 (Hz) 1317.8 1173.2 1170.8 1201.9
F3 (Hz) 1766.2 1996.1 1793.7 1751.0
F4 (Hz) 4357.3 4126.5 30568.2 3272.5

0 T T T T L} 1

0 10 20 30 40 50 60
Section Number (from glottis to lips)

D. Experiment 4: Formant frequency estimates usin
FIG. 5. MRI-derived area function for PK’s tip-up/ Avith a uniform tube side bI?’anCh q y 9

(the length of PK’s sublingual space with area equal to the maximum cross-
sectional area of the sublingual spageserted into the front cavity at the In this part of the study we modeled the sublingual cav-
measured location of the opening into the sublingual space. . . ' .
ity as a side branch. To do so, thaTLAB version of Mae-
da’svTtcAaLcs program was revised to allow a side branch, as

versus upright position have found very minor effectsSown in Fig. 6. Sublingual MRI-derived_area functions,
(Shiller, Ostry, and Gribble, 1999: Tieds al, 1997; Tiede measured as noted above, were used as input to the model.
personéll com;nunicatic)nSe,cond, because the MRI and au- (S€€ Table | for the dataEach section of the side branch is

dio data were collected at different times, it is possible thafdeIGd n the same way as th? sections in .the.maln tube,
and the side branch terminates in an open circuit to model

during MRI data collection the subject was producing the

very highF3 values we see here. A more powerful explana-the effects of a hard wal(infinite impedance Since the

tion, however, comes from looking at the dimensions of theVOIume elemeqt of thi§ side branch and th? volume element
supralingual MRI vocal-tract data. According to F&h®60), of the front cavity are in parallel, they' effectively add for the'
F3 is a front cavity resonance. As noted above, when mogPurposes of calculating the front cavity resonances. Iq addi-
eled as a quarter-wavelength tube, the front cavity must bg_on, the model assumes that the sublingual space, acting as a

around 5 cm long to produce a resonance in the midrange (ﬁ’d_e blrancn, %gneratr(]as §n5ant|re_sonlancehthef1t ;18 proportlor:jal
F3. The length of the front cavity in our supralingual MRI to Its length. Given the 3—>-section length of the measure

data is less than 2 cm. Thus, given the proportions of théublmgual space, this antiresonance can be expected to fall

MRI supralingual vocal tract, additional length, or alternative'” the range of 5-6 kHz. Details of the side-branch model

acoustic models, are needed to account for the mid-to-lovf"® reported in Jacksaet al. (;ubmmed. . )
F3 values produced by these speakers. The formant values obtained are given in Table VI. As

Last section before side branch First section after side branch
Riep Ljet| Litl Rjnl
C. Experiment 3: Formant frequency estimates from Lujel
extending the front cavity il ikwjﬂ
Steveng1999 and Alwanet al. (1997 suggest that the L'—TCW"*‘
sublingual space adds to the volume of the front cavity and
thereby lowers the front cavity resonande3(). Thus, in our to glots Bl 1o lips

first attempt to model the sublingual space, we increased the

volume of the front cavity by inserting a uniform tube into

the front cavity portion of the MRI-derived area function

plots, at the measured location of the opening into the sub-

lingual space. The cross-sectional area of the uniform tube Jieeaetseios . A
corresponded to the largest area of the sublingual space. Th

length corresponded to the measured length of the sublingua

space. An example of this type of modification is shown in -

Flg 5. oy LN
Table V shows the&=1-F4 values predicted from the CswN RswN LywN %Rm
extended front cavity. A comparison of these data with those

of Table IV shows that the added volume to the front cavity g o da | del i
lowersF3 by 200 Hz to 300 Hz. FIG. 6. A diagram representing how Maeda'’s vocal-tract model was modi-

’ . . fied to include a side branch. The side branch is terminated in an open
Altemat'vely! the volume of the fror_“ cavity can be in- circuit to model the effects of a hard waihfinite impedance R, , L,,, and
creased by adding the area of the sublingual space. C,, model the impedance of the vocal-tract walls.
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TABLE VI. F1-F4 values predicted bytcaLcs with sublingual cavity An

modeled from MRI data as a side branch. Ap
A Ay, Le
pc

PKtipup  PKtipdown  Mlinitial Ml syllabic Aqe A
F1 (Hz) 366.6 373.3 310.5 348.4 L
F2 (Hz) 1302.4 1170.4 1167.2 1194.0 Ly
F3 (Hz) 1692.5 1947.6 1719.8 1682.5 L L AL
F4 (Hz) 4334.9 41247 3064.1 3269.9 Ly ™ o

FIG. 7. Our simple tube model for the bunchefls/ produced by PK and
) ) . MI. A, andL,, correspond to the area and length of the back casifyand
can be seen, taking the sublingual space into account dO(E§C correspond to the area and length of the pharyngeal constrigtjpand

not change the frequencies BfL andF2 very much, but it Ly, correspond to the area and length of the midcavity between the pharyn-
does lowelF3 by about 200 Hz. These results are very C|Osegeal constriction and the oral constrictiof,. and L. correspond to the

. . . . area and length of the orgdalata) constriction;A; andL; correspond to the
to those obtained for the, manipulation of experimers&e area and length of the front cavity between the oral constriction and the lip
_Tab|e V), where the sublingual space was accounted for byonstriction; andA, and L, correspond to the area and length of the lip
increasing the volume of the front cavity by a simple exten-constriction.
sion. For the purpose of producirfg3 values, these two

different ways of accounting for the sublingual space aShe front part of the mouth around the teeth and lips, our

eﬁzfrsltlzl(% z?:l:éva:?g;i-:_h?;?nﬁzzlstz f‘#g?/if:r:;agmﬁ:#gg?ﬁodel consists of two tubes, a larger one representing the
9 P P y ront cavity and a narrower one representing the lip constric-

cavity, at least for the purpose of producing appropriate for-. . .
: .(2) B
mant values(Note that these different methods of account-tIon (2) Because the physiological data represents bunched

ing for the sublingual space make different predictions re—/r/S (bqth tip up and tip dowy the palatal constriction in our
. . . model is considerably longer than that proposed by Stevens.
garding other variables such as existence of

antiresonance. chanaes in formant bandwidth. etc. that Z?%s a result, the total length of each cavity between the palatal
. ' ges ' ' constriction and the glottis is shortend@) As Stevens did,
outside the scope of this papeNote also that the methods : . . .
) ) . we take into account the sublingual space in the acoustic
of experiments 3 and 4 may not necessarily be equivalent f% : .
) . . : . . odeling of t/. However, Stevens assumes a considerably
articulatory configurations involving longer sublingual space,

. . ) . . longer sublingual space than we found to exist in the MRI-
dimensions, such as might be found in true tip-up retrofle g g P |

- " riv A ingly, i [ th i
/rI's. However, both sets of results show a definite positive erived data. Accordingly, in our model the sublingual space

: . . s shorter(4) Finally, i ' | the ph | -
advance on previous modeling attempts, as we have aChIEV%%iS orter(4) Finally, in Stevens’ model the pharyngeal con

. riction is model light narrowing of the t rath
F3 values that matckapproximately the averagd=3 pro- cion 1s | odeled as a Sight narrowing ot the ube ra er
than as a tight constriction. In our data, there was a qualita-
duced by our speakefsee Table I, real data

tive difference between subjects’ data in degree of pharyn-
geal constriction. To account for this, we allow for a variant
of the simple tube model, in which the pharyngeal constric-
) tion is modeled as a separate tube rather than as a perturba-
1. Simple tube models tion of a larger tube. For purposes of precision in terminol-
In this section, we consider simple tube models fér / ogy, we refer to the cavity between the lips and the palatal
to determine which cavities contribute to which formants.constriction as the “front” cavity, the cavity between the
We consider first the sources of formahkt$, F2, andF4 as  palatal and pharyngeal constrictions as the “mid” cavity,
being the easier to predict, and then consider the source @ind the cavity behind the pharyngeal constriction as the
F3. Overall, we attempt to build a single model with the “back” cavity. Based on data presented here, and elsewhere
potential to account for data-derived variations in constric{Espy-Wilsonet al,, 1997; Stevens, 1999; Narayanenal,
tion type, constriction degree, and cavity dimensions. Foil999, we assume th&t3 is a front cavity resonance.
this analysis, we assume plane wave propagation and no Our simple tube model, although based on MRI-derived
acoustic losses. To be consistent with Maeda’s vocal-traadimensions, is considerably simplified compared to the real
modeling program, the value used for the speed of sogind, dimensions. In what follows, we describe the series of tests
in all calculations was 35000 cm/s. we ran to determine how well our estimates of formant fre-
Stevens(1999 provides a simple acoustic tube model, quency values based on simple tube dimensions match esti-
complete with approximate dimensions, for the tip-up retrof-mates based on actual dimensions. To simplify comparisons,
lex type of t/ configuration as shown in Fig. 2. To account we compared formant frequency patterns calculated from the
for the fact that our MRI-derived area functions show supralingual portion of our modéi.e., without reference to
slightly different cavity and constriction dimensions and de-sublingual space effegtto formant frequencies estimated by
scribe bunchedr/'s (some with the tongue tip ypwe  the vrcaLcs program from MRI supralingual dimensions.
adapted Stevens’ simple tube model to the generic versiomhe supralingual portion of the model includes all the dimen-
shown in Fig. 7. Differences between our model and that ofions listed in Table VII, except those related to the aug-
Stevens include the following1) Stevens model assumed a mented front cavity(A; andL;) and the augmented back
relatively small supralingual front cavity with dimensions cavity (A} andL}), which refer to sublingual dimensions.
equal to the area of the lip opening. Because the MRI data A sketch of the simple tube model, modified to reflect
show both a considerably larger oral cavity and tapering obnly supralingual data, is given in Fig. 8. Speaker-specific

E. Experiment 5: Formant frequency calculations
using a simple tube model for  /r/
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TABLE VII. Dimensions for simple tube model estimated from the MRI- TABLE VIII. Formant frequencies estimated fromrcaLcs using supralin-
derived area functions in Fig. &, andL, refer, respectively, to the area and gual simple tube model dimensions as input.

length of the lip constrictionA; andL; refer to the area and the length of
the cavity between the lip constriction and the palatal constric#gnand PK tip up PK tip down Ml initial MI syllabic
L¢ refer to the area and length computed by combining the sublingual cavity F1

with the cavity between the lip constriction and the palatal constricfign, 877l 389.4 349.9 358.3
- F2 1360.6 1282.5 1207.0 1229.3

andL 4 refer to the area and length of the paldtaial) constriction,A,, and
L, refer to the area and length of the cavity between the oral constriction F3 1892.4 2253.6 2020.1 1923.6
m 9 y Fa 3798.9 3905.2 3108.4 3156.8

and the pharyngeal constrictioAy,. andL . refer to the area and length of
the pharyngeal constrictiody, and L, refer to the area and length of the
cavity posterior to the pharyngeal constriction, akdand L refer to the
area and length of the cavity between the palatal constriction and the glottifube dimensions derived for our model for each speaker. For
purposes of comparison, Fig. 8 shows the supralingual
simple tube model for PK’s tip-up// superimposed on PK’s

PK tip up PK tip down Ml initial MI syllabic

A (en) 0.71 0.67 1.58 1.62 MRI-derived supralingual area function from Fig. 7.

L, (cm) 0.90 0.90 1.50 1.50 The supralingual vocal-tract dimensions of the simple
A¢ (cr?) 2.66 2.03 3.84 4.47 tub del t into dth lting f ¢

L: (cm) e . 15 15 ube model were put inteTCALCS, and the resulting forman

A! (cm?) 219 158 257 3.05 frequencies are given in Table IX. Compare these results
L{ (cm) 2.40 2.40 3.00 2.70 with those of Table V, which were obtained wWacALcs

Ay () 0.53 0.45 0.78 0.87 with the actual MRI-derived supralingual dimensions. As
Loc (Cfr:g 3.00 3.00 2.70 3.00 can be seen, differences betwdeh—F 3 values in Tables V
Am (CT) 218 2.07 3.88 3.70 vs IX are no greater than 110 Hz in any case. In fact, for
L (cm) 4.20 4.20 4.50 4.20 _ . i

A, (c?) 0.94 0.62 1.94 1.93 many comparison pairs the correspondence is much closer;
Lsc(cm) 240 2.40 4.20 4.20 for example, thd=1 values for PK'’s tip-upt/ differ by 10.4

A, (cn?) 2.56 2.12 3.53 3.56 Hz while herF3 values differ by 46.5 Hz. Given the simpli-

Ly (cm) 3.30 3.30 3.60 3.60 fications inherent in any simple tube model, these result sug-
Aj (e) 2:29 L.74 3.12 3.25 gest that our supralingual model is equivalent to the actual
Ly (cm) 9.9 9.9 12.3 12

MRI-derived dimensions, in terms of its accuracy in predict-
ing our speakers’ real formant frequencies.

dimensions of the different tubes were derived by averagin%
the areas of the sections appropriate to a particular tube, ar)ge
summing the corresponding section lengths. In the case of ] ) ] ] o
PK, areas less than 1 éwere taken as part of a constriction In this section, we dissect the cavity originsfet, F2,

and areas larger than 1.5 &mere taken as part of one of the and F4. Both Steveng1999 and Alwanet al. (1997 as-
larger cavities. The inflection poirite., the largest first dif- SUMe these forma_nt_s come from a cavity 'Fhat either involves
ference in the transition region was taken as the boundanyfh€ Palatal constriction or is posterior to it. Stevei99
between the constriction and the larger cavity. In the case diedelsF1 andF2 of a tip-up retroflexi/ configuration(see

MI, areas less than 1.5 in the lip area and in the palatal Fig. 3) as follows:(1) !:1 is a Helmholtz resonance form_ed
region were taken as part of the constriction. Areas largePY the large back cavitjextending from the palatal constric-
than 2.0 cri were taken as part of a larger cavity. The regiont'on to the glotti$ and the .palatal and labial constrictions
behind the palatal constriction was divided into several cavi{S€€ footnote B and(2) F2 is a half-wavelength resonance
ties where the areas greater than 2.6 éonmed the larger of the back cavity behln_d _the palatal cgnstncﬂqn. Alwan
mid- and back cavities and areas less than this formed thg! &l- (1997 propose a similar model, with the difference

smaller cavity in the pharyngeal region. Table VII shows thethatF1 is considered to be a Helmholtz resonance formed by
the palatal constriction and the back cavity behind it. In con-

trast to Stevens’ approach, the Alwa al. paper did not

take lip constriction into account. They added the observa-
tion that F2 may be a Helmholtz resonance between the
pharyngeal constriction and the cavity posterior to it if the

F1, F2, and F4 calculation (resonances from
hind the palatal constriction)

Subject PK tip-up /r/ data with Simple Tube Model
Overlay

4 pharyngeal constriction is narrow enough.
- In this context, our data are particularly interesting, be-
53' cause ther/ productions of the two speakers PK and Ml
g, show very different degrees of pharyngeal constriction. This
<

can be seen in Table VIlI, for instance, by comparing the
narrow pharyngeal constriction valuéd.() of 0.94 cnt for

PK'’s tip-up £/ (and similar value for tip-downe/ against the
wider constriction of 1.94 cifor MI's word-initial /r/ (and
similar value for syllabici/). As Alwanet al. (1987 note, if

the pharyngeal constriction is narrow enough, separate large
FIG. 8. MRI-derived area function for PK’s tip-up bunched with the ~ '€SONating cavities are formed in front and behind. This may
corresponding simple tube model from Table VIII superimposed. be the case for speaker PK. On the other hand, if the pha-

-
L

(]

Section Number (from glottis to lips)
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TABLE IX. F1 calculated as a Helmholtz resonance B2dcalculated asa TABLE X. F1 andF2 calculated from a double-Helmholtz model. The

half-wavelength resonance. decoupled values of1 andF2 are computed by disconnecting the two
Helmholtz resonators and using the appropriate admittance functions. The
PK tip up PK tip down Ml initial MI syllabic decoupled and lumped values are computed again with the Helmholtz reso-

nators disconnected, and with the lumped approximation used. The coupled

E; 1‘;23 14;56:; 11(;62'5 14"1%%'9 and lumped values are calculated from the double-Helmholtz lumped for-
mula (Fant, 1960, p. 286
PK tip  PKtip M M
ryngeal constriction is wide enough, the area behind the up down initial  syllabic
palatal cqnstrlctlon may act as a single resonator. We c_:aII theg 1 (gecoupled 715.8 682.1 668.0 705.6
latter variant of the simple tube model the lobgck cavity F1 (decoupled—lumped 774.2 732.1 716.9 761.3
model, and the former variant thedditional cavitymodel. F1 (coupled—lumped 5283 5119 5132 525.5
To determine which model best predicts the different sub- F2 (decoupled 10724 9769 9122 907.6

: ) : . F2 (decoupled—lumped 1200.0 1071.0 1062.5 1055.3
jects’ data, we ran separate calculations for these two vari F2 (coupled_lumpel 17566 15301 14828 15074

ants of the simple tube model, for each speaker and speaking
condition.

.In thelong back cavityariant of the simple tube model,_ lumped-decoupled valueB1 is shifted down by the propor-
F1 is a Helmholtz resonance formed by the palatal constrition thatF2 is shifted up. To calculate4, we decoupled all
tion and a back cavity posterior to {extending from tr,‘e of the tubes making up the double-Helmholtz resonfd.
palatal constriction to the glottis, with dimensiof§andL, a5 then calculated as the half-wavelength resonance of the
in Table VII). Accordingly,F1 is ca.lcullated by summing the ongest cavity. For all the subjects and conditions, this meant
admittances of the back cavify-j(Ap/pc)tanely/cl and  hatF4 was the half-wavelength resonance of the midcavity
the palatal constnctl(_)rﬁ—J(Aclpc)c_otwL_C/c] and finding (c/21,). (Note that in the case of MI's syllabia// the
the frequency of the first zero crossirkg is c_alcurlated 85 & |engths of the tube formed by the pharyngeal constriction
half-wavelength resonance of the back cavity(,). F4 is  ang the midcavity are the samégain, theF4 frequencies
calculated as the second half-wavelength resonance of trtg, this method are given in Table XI.
back cavity (Zc/2lp). The frequencies of 1, F2, andF4 Whether thelong back cavityor the additional cavity
resulting from this method are given in Tables IX and XI. yariant of the model works best can be seen for each speaker
Note that in this simple tube calculation, as in Stevens’by comparing theF1, F2, andF4 values in Tables IX and
model, the pharyngeal con'striction is not agcounted for. Ouk| Remember that speaker MI had relatively wide pharyn-
data show, however, that it occurs at a point along the tubgeq| constrictions, while speaker PK had relatively narrow
where a perturbation would be expected to lower the forpharyngeal constrictions. A comparison of the values in
mants by 100-200 Hz. Tables IX and X shows that modeling the back part of the

In the additional cavitymethod, we model the back part \cq tract as a single long cavity gives reasonable values for
of the vocal tract with a separate tube for the pharyngealy s /¢/ productions. For instance, the values for MFg in
constriction. In this case, the palatal constriction and thergpie X are 1422 and 1458 HzThese frequencies compare
cavities posterior to it form a double-Helmholtzoupled || with those from the real dat@ee Table Il which range
resonator. To estimate formant frequencies from this complit,om 989-1556 Hz. However. as Table X shows. the addi-
cated configuration, we had three options for simplifying thejjona| cavity model also produces reasonabl2 values,
calculation ofF1 andF2 values at this point1) by assum-  fom 912.2 and 907.6 Hz for the decoupled calculation to
ing decoupling in a distributed systeif®) by assuming de- 1487 8 and 1527.4 Hz for the coupled-lumped calculation.
coupling but using a lumped approximation, @8glby using  kqr pK, on the other hand, modeling the pharyngeal constric-
a double-Helmholz lumped equation. In optieh), we de-  tjon as an additional cavity produces betf2 values. For

coupled the double-Helmholtz resonator into twq Smgle'instance, in the case of PK{&ip-down) bunched #/, model-
Helmholtz resonatorst1 was calculated by summing the g the back part of the vocal tract as a double-Helmholtz

admittances of the midcavity (An/pC)tanwly/cl and the  yesonator results in aR2 frequency of 1530 Htsee Table
palatal constrictior] —j(Ac/pc)cotelc/c] and finding the  x  coupled-lumped option This is much lower than the
frequency of the first zero crossing. Similarly2 was cal-  1767-Hz value obtained when theng back cavity modek

culated by summing the admittances of the back cavity,seq(see Table IX. It should be noted that calculations us-
[j(Ap/pC)tanwlLy/c] and the pharyngeal constriction

[__J(APC/pC)COFwLPC/C] a”fj flndlng the_ frequency of the TABLE Xl. F4 calculated as the second resonance of a half-wavelength
first zero crossing. For optiof2) we again assumed decou- tupe model for the back cavitjbetween the palatal constriction and the
pled Helmholtz resonators but used lumped approximation tglottis) and the lowest resonance of the midcavigtween the palatal and

obtain values forF1 [C/ZW(Aoc/LocAmLm)llz] and F2 pharyngeal constrictiongrom the double-Helmholtz model.
[c/2m(Ape/LpcAbLp) 4. Finally, we computed the frequen-
cies for F1 and F2 by using Fant’'s double-Helmholz
lumped equatiotiFant, 1960 to account for the interconnec- F4 (half-wavelength  3535.4 3535.4 28455 29167
tion between the two Helmholtz cavities. These values bf tzb(zorzgﬁhelmholtz M667 41667 38889 41667
andF2 are given in Table X. Note that one consequence OFmodeb ' ' ' '

using the lumped-coupled model is that, relative to the

PK tip up PK tip down Ml initial MI syllabic
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ing a |umped approximation tend to overshoot the true valugABLE XIl. F3 calculated from the cavity anterior to the palatal constric-
by 100—200 Hz. A demonstration of this general tendencyi©n including the sublingual space.
can be seen in Table X by comparing the lumped and dis- PKtipup  PKtipdown  Miinitial  MI syllabic
tributed estimates ofF2 for a decoupled system. Thus, we
expect that the true value d¥2 (relative to the coupled-
lumped methogfor PK’s tip-down £/ is closer to 1350 Hz,
while the likely true value for her tip-up//is closer to 1550
Hz. Similarly, we expect MI's true=2 value to be in the the admittance of the combined oral and sublingual cavity
region of 1250 Hz. The difference between predictions of thd —j (A{/pc)tanwLi/c] and the admittance of the lip con-
additional cavitysimple tube model for PK’s tip-up and tip- Striction [—j(A/pc)cotwl,/c] and determining the first
down £/ are likely due to the |arger area rati(jsm /Apc and zero crossing. This value fét3 is glven in Table X” Two
Ay/A,0) between cavitiessee Table VI. further effects cancel each other out: if we take into account
Looking at theF4 calculations, we see that for PK the the radiation impedance of the mouth opening, then the value
values of 4166.7 Hz obtained from the additional cavityof F3 is lowered by about 200 Hz, while if we take into
model(see Table X are within range of the 4110.8-Hz av- account the effect of the acoustic mass that results from the
erageF4 frequencies observed in her real daae Table ). palatal constrictionk-3 is raised by about 200 H&uenther
At the same time, th&€4 frequencies predicted by theng €t al, 1999.
back cavitymodel, at 3535.4 Hz, are too low. On the other
hand, theF4 values calculated by thadditional cavity
model for MI are too high at 3888.9 and 4166.7 Hz, com-Ill. DISCUSSION
pared to the average4 value of 3113.7 Hz in his real data
(see Table Il In contrast, the values calculated by tbag
back cavitymodel, at 2845.5 and 2916.7 Hz are appropri-
ately near the real data average of 3113.72Hz.

F3 1874.3 2064.5 1675.9 1698.7

In this paper, we consider several issues important to the
development of an acoustic model for American Engligh /
First, we show that the Perturbation Theory does not make
appropriate predictions of constriction location fof'd of
] the type produced by our speakers. It is likely that this dif-
3. F3 calculation ficulty extends to’s of similar articulatory configuration

Steveng1999 and Alwanet al. (1997 assume thaf3 reported in Guentheet al. (1999, Westburyet al. (1999,
results from the front cavity represented by a large volumeZawadaski and Kueh(il980, Lindau (1985, Kent (1998,
including the sublingual cavity, and by a narrowed lip open-Delattre and Freemafil968, and additional speakers re-
ing. Both assume that for tip-up/’s the volume of the front  ported in Alwanet al. (1997, among others.
cavity may not be large enough to account @& unless the In experiments 1, 2, and 3, we use MRI-derived dimen-
sublingual space is included. For tip-dowrid, both assume sions and the Maeda computer simulation program to present
the front cavity is large enough to account f68 as a front evidence from several sources tir8 is a front cavity reso-
cavity resonance. Because the contribution of the sublingualance. In experiment 1, we show that the effects of eliminat-
space to the volume of the front cavity is reduced as théng the pharyngeal constriction dA3 are minimal. In ex-
tongue tip moves down, Alwaet al. note the possibility of a periments 2 and 3, we further demonstrate that in fact the
trading relation between sublingual space voluifiee tip-up  addition of the sublingual space is crucial for achieviFg
/tI's) and a relatively more posterior palatal constriction forvalues that match the full range of speakers’ values. By com-
tip-down £/’s. In other words, front cavity volume, and con- paring the results of experiments 3 and 4, we further show
sequent lowF3, may be maintained by either increasing thethat the sublingual space acts to extend the front cavity. Fur-
sublingual space or by moving the palatal constriction backhermore, for articulatory configurations with limited sublin-
and thereby increasing the length of the front cavity. Al-gual area, such as the ones reported in this study, the branch
though neither paper specifically suggests a mechanisiwavity antiresonance is well above the regior=& (>5000
whereby the increase in volume would loweB, there are Hz) so that it is not a factor in predictefel3 for /r/. [Note
two possibilities: (1) that the sublingual space acts to in- that, in a tip-up retroflexr/ where the tongue dorsum is
crease the length of the front cavity, thereby lowering its fulllowered(Stevens, 1999; Narayanahal., 1999, the sublin-
set of resonant frequencies, @) that the sublingual space, gual cavity may be considerably longer so that the antireso-
by increasing the front cavity volume-to-lip constriction ra- nance may occur in a region closeE& or F4.] In experi-
tio, contributes to the formation of a front cavity with the ment 5, we developed a simple tube model based on the
shape of a Helmholtz resonator. MRI-derived dimensions, and show thaB can be derived

To calculateF 3, we assume that the front cavity can be by positing(1) a lip constriction formed by the tapering gra-
decoupled from the palatal constriction. Further, the resultslient of the teeth and lipsvith or without rounding, and(2)
of experiment 3 suggest that the sublingual space acts ta large-volume cavity behind it and anterior to the palatal
increase the volume of the front cavity and thereby lower theconstriction. The larger volume in turn results from a com-
frequency ofF3. Thus, to calculatd-3, we combined the bination of the front cavity proper together with the volume
front cavity and the sublingual space into one uniform tubeof the sublingual space. Narayanenhal. (1999 discuss a
The lengths of the oral cavity and the sublingual cavity weresimilar role for the front cavity in Tamil retroflex liquids. For
added and the average of the areas involved was taken as tirese retroflex liquids, however, a tongue tip-up articulatory
estimate of the uniform are&3 was calculated by summing configuration with less-pronounced lip constriction and a
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long sublingual space allowed application of Stevens’ modeportion of the vocal tract is best modeled as a half-
(1999 of the front cavity as a quarter-wavelength resonatorwavelength resonator. These different models result in very

An interesting aspect of the difference between thedifferent values o4 for PK and MI. In both case4 is a
Stevens(1999 model and our own model is the contrast half-wavelength resonance. However, in the case of PK, the
between the role of the lip constriction and the sublinguallength of the cavity is only about 4 cm long, resulting in a
space. If the lip constriction and tapering produce a fronfrequency forF4 around 4200 Hz. On the other hand, for
cavity of a Helmholtz shape, adjustments to low&d must M, the length of the half-wavelength resonator is around 12
have the effect of adding to the volume of the cavity. Ascm, resulting in arfF4 frequency around 2900 Hz.
noted above, this effect may be produced either by the addi-
tion of a sublingual space, or by more posterior placement of
the palatal constriction. We may imagine here a trading re-
lation between the placement of the palatal constriction and
the existence of a sublingual space, such that each contritty. CONCLUSION
utes to increasing the volume of the cavity. On the other
hand, if the lip constriction is wide enough that the front Our primary aim in this paper was to examine and
cavity is best modeled as a quarter-wavelength resonator, theodify existing acoustic models of American Englistf, /
dimension that matters most for lowerifi@ is an increase using recently obtained MRI-derived vocal-tract dimensions.
in the length of the front cavity. Again, we may imagine a A second aim was to model the full range of formant fre-
trading relation between increases to the length of the fronguencies, and in particulé3, produced by our speakers.
cavity and the narrowing of the lip constriction, in essence, aVe first considered the Perturbation Theory accountrbf /
trading relation between a Helmholtz-type and quarter-acoustics, and found that the placement of constrictions in
wavelength model of the front cavity acoustics. These putathe MRI-derived data did not match predicted locations. We
tive trading relations are slightly different, but complemen-then proceeded by using MRI-derived vocal-tract dimensions
tary to, the trading relations between measures of palatals input to the MaedaTcaLcs program. Comparing these
constriction location, degree, and length discussed in Guerfesults to the range of actual formant frequencies produced
theret al. (1999. In addition, the formation of a separate lip by our speakers, we found that even in the case of tip-down
protrusion channel has a lowering effect 68. Because the bunched/, the addition of the sublingual space to the front
MRI-derived configurations of speakers PK and MI describecavity was necessary to achie#& frequencies that match
bunched configurations, it might be tempting to assume thagpeakers’ mid- and low-rande3 values. We then developed
the Helmholtz shape is typical of bunched configurationsa simple tube model whose output formant frequencies
while the quarter-wavelength shape characterizes retroflesatch those derived via the Maeda computer simulation
configurations such as those in Narayaretral. (1999. model and actual MRI-derived dimensions. As such, it ad-
Please note, however, that lip constriction dimensions are ngquately accounts for the cavity affiliations and frequencies
available for the retroflex/ of Ong and Ston€1999, or for ~ of F1, F2, F3, andF4. In this model,F3 is a front cavity
any other American English tip-up retroflex./[The dimen- resonance where the front cavity includes a lip constriction
sions in Fan{1960 are based on a Russian trilled.] Thus,  formed by the tapering gradient of the teeth and (igih or
although we can posit a general trading relation, we cannawvithout rounding and a large volume cavity behind it that
relate it to the classical contrast between retroflex andncludes the sublingual space. The sublingual space acts to
bunched #/’s in any detail. increase the volume of the cavity and thereby lo®w8r The

In this paper, we have discussed the sublingual spaceesults also suggest theil, F2, andF4 arise from the pala-
only in the context of how it helps to lowé&3. However, the tal constriction and/or the cavities posterior to it.
sublingual space also functions as a side braficht can Although to this point we have largely succeeded in
itself be modeled as a quarter-wavelength jubgroducing  modeling the mid-to-low range di3, we have not yet fully
an antiresonance in the spectrum of For the articulatory accounted for the lowe$t3 values. This may stem from the
configurations considered in this paper, the side branch is nact that the MRI-derived dimensions and the real words
more than 1.5 cm long, producing an antiresonance betweenere recorded at different time points; in other words, during
5—6 kHz. Note that configurations exist where the sublinguathe MRI experiment the speakers may actually have been
space is considerably longer, as in the Tamfitlescribed by  producing f/’s with F3’s in their own midrange. Also, the
Narayananet al. (1999 and the retroflexr/ assumed by nature of the MRI technique, and the orientation of the mag-
Stevens(1999. In such cases, the antiresonance is betweenetic coil, means that peripheral structures such as lips and
3—4 kHz. An antiresonance in this region of the spectrunglottis are imaged with less accuracy. The error in imaging
may have a considerable effect on the distinctive acoustithe lip area may be as much as 1 cm; an increase or decrease
profile of k/. of this magnitude in lip protrusion or narrowing would have

Another interesting result of the modeling involves thea major effect or3. In addition, other acoustic mechanisms
role of the pharyngeal constriction. In the case of PK, thethat we have not considered may be at work. Recent work,
pharyngeal constriction is narrow enough so that the bactory, Titze, and Hoffman(1998 and Dang and Honda
part of the vocal tract behind the palatal constriction is best1997, for instance, document the role of the piriform si-
modeled as a double-Helmholtz resonator. On the othenuses in lowering formant frequencies. We hope to explore
hand, for MI, the pharyngeal constriction is wider so that thisthese issues further in future research.
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