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Speakers of rhotic dialects of North American English show a range of different tongue
configurations for /r/. These variants produce acoustic profiles that are indistinguishable for the first
three formants �Delattre, P., and Freeman, D. C., �1968�. “A dialect study of American English r’s
by x-ray motion picture,” Linguistics 44, 28–69; Westbury, J. R. et al. �1998�, “Differences among
speakers in lingual articulation for American English /r/,” Speech Commun. 26, 203–206�. It is
puzzling why this should be so, given the very different vocal tract configurations involved. In this
paper, two subjects whose productions of “retroflex” /r/ and “bunched” /r/ show similar patterns of
F1–F3 but very different spacing between F4 and F5 are contrasted. Using finite element analysis
and area functions based on magnetic resonance images of the vocal tract for sustained productions,
the results of computer vocal tract models are compared to actual speech recordings. In particular,
formant-cavity affiliations are explored using formant sensitivity functions and vocal tract
simple-tube models. The difference in F4/F5 patterns between the subjects is confirmed for several
additional subjects with retroflex and bunched vocal tract configurations. The results suggest that the
F4/F5 differences between the variants can be largely explained by differences in whether the long
cavity behind the palatal constriction acts as a half- or a quarter-wavelength resonator.
© 2008 Acoustical Society of America. �DOI: 10.1121/1.2902168�

PACS number�s�: 43.70.Bk, 43.70.Fq, 43.70.Aj �BHS� Pages: 4466–4481
I. INTRODUCTION

It is well known that different speakers may use very
different tongue configurations for producing the rhotic /r/
sound of American English �Delattre and Freeman, 1968;
Hagiwara, 1995; Alwan et al., 1997; Westbury et al., 1998;
Espy-Wilson et al., 2000; Tiede et al., 2004�. While the pic-
ture of variability in tongue shape is complex, it is generally
agreed that two shapes, in particular, exhibit the greatest de-
gree of contrast: “retroflex” /r/ �produced with a raised
tongue tip and a lowered tongue dorsum� and “bunched” /r/
�produced with a lowered tongue tip and a raised tongue
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dorsum�. Figure 1 shows examples of these shapes drawn
from our own studies of two different speakers producing
their natural sustained /r/ �as in “pour”�. Similar examples of
this contrast may be found from Delattre and Freeman
�1968� and Shriberg and Kent �1982�. These examples are
typical in showing three supraglottal constrictions along the
vocal tract: a narrowing in the pharynx, a constriction along
the palatal vault, and a constriction at the lips. However, the
locations of constrictions and the degrees and lengths of con-
striction significantly differ, especially along the palate. At
first glance, the degree of difference between the two con-
figuration types for /r/ appears to be similar to that between,
say, /s/ and /b/ or /i/ and the unrounded central vowel /&/.
Thus, it might be expected that the two types of /r/ would
show clear acoustic and perceptual differences. However, the
question of an acoustic correlation between formant frequen-
cies and tongue shape was investigated by Delattre and Free-

man �1968� and, more recently, by Westbury et al. �1998�.
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is fo
Interestingly, no consistent pattern was found. In a recent
perceptual study, Twist et al. �2007� found that listeners also
appear to be insensitive to the difference between retroflex
and bunched /r/.

American English /r/ is characterized by a lowered third
formant frequency �F3� sitting in the region between 60%
and 80% of average vowel F3 �Hagiwara, 1995� and often
approaching F2 �see Lehiste, 1964; Dalston, 1975; Espy-
Wilson, 1987�. This low F3 is the most salient aspect of the
acoustic profile of /r/ �Lisker, 1957; O’Connor et al., 1957�.
F1 and F2 typically cluster in the central range of a particular
speaker’s vowel space, consistent with the common symbol
of hooked schwa �or schwar� for /r/ when it acts as a syllabic
nucleus.

As noted above, previous attempts have failed to find a
correlation between formant frequency values and tongue
shapes for /r/. However, these previous studies focused on
the first three formants, F1–F3. In recent years, Espy-Wilson
et al. have suggested that the higher formants may contain
cues to tongue configuration and vocal tract dimensions
�Espy-Wilson and Boyce, 1999; Espy-Wilson, 2004�. Typi-
cally, researchers have not looked at higher formants such as
F4 and F5 because their lower amplitude in the spectrum can

FIG. 1. �Color online� Top panel: Midsagittal MR images of two tongue co
word “warav.” Lower panel: Spectra of sustained /r/ utterance. The left side
make them difficult to identify and measure. In addition, the
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process of speech perception appears to largely depend on
the pattern of the first three formants. However, higher for-
mants are particularly responsive to smaller cavities in the
vocal tract �e.g., piriform sinuses, sublingual spaces, the la-
ryngeal cavity�, and thus may give more detailed information
regarding the vocal tract shape. Such knowledge may con-
tribute to human speech perception and speaker identification
to some extent. In addition, detailed knowledge of the vocal
tract shape from acoustics is desirable for automatic speech
and speaker recognition purposes.

In this paper, we investigate a case of two subjects with
similar vocal tract anatomy who produce very different
bunched and retroflex tongue shapes for /r/. These are the
subjects shown in Fig. 1. As the middle panel of the figure
shows, the subjects’ acoustic profiles resemble those dis-
cussed by Delattre and Freeman �1968� and Westbury et al.
�1998� in that their F1–F3 values are similar. However, the
two subjects also show very different patterns for F4 and F5.
In particular, the distance between F4 and F5 for the retroflex
/r/ is double that of the bunched /r/. The lower panel of Fig.
1 shows examples of the same F4/F5 pattern drawn from
running speech, this time from production of the nonsense
word /warav/. In this paper, we investigate the question of

rations for American English /r/. Middle panel: Spectrograms for nonsense
r S1 and the right side is for S2.
nfigu
whether different patterns of the higher formants are a con-
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sistent feature of bunched versus retroflex tongue shape. If
so, this difference in acoustic signatures may be useful for a
number of purposes that involve the mapping between ar-
ticulation and acoustics, i.e., speaker recognition, articulatory
training, speech synthesis, etc. Alternatively, the different
patterns of F4 and F5 may derive from structures indepen-
dent of tongue shape, for instance, additional cavities in the
vocal tract such as the laryngeal vestibule �Kitamura et al.,
2006; Takemoto et al., 2006a� or the piriform sinuses �Dang
and Honda, 1997�. The key piece of evidence is whether
such structures differ in such a way as to explain the F4/F5
patterns across /r/ types.

In this paper, we approach the task of understanding this
difference in formant pattern in the following way. First,
magnetic resonance imaging �MRI� is used to acquire a de-
tailed three-dimensional �3D� geometric reconstruction of
the vocal tract. Second, we used the finite element method
�FEM� to simulate the acoustic response of the 3D vocal
tract and to study wave propagation properties at different
frequencies. Third, we derive area function models from the
FEM analysis of our 3D geometry. The resulting simulated
acoustic response is verified against the 3D acoustic re-
sponse. The area function models are then used to isolate the
effects of formant-cavity affiliations. The results of the simu-
lation are compared to actual formant values from the sub-
jects.

II. MATERIALS AND METHODOLOGIES

A. Subjects

The data discussed in this paper were obtained as part of
a larger study on the variety of tongue shapes in productions
of American English /r/ and /l/. For the purposes of this
paper, we concentrate on /r/ data from two native speakers of
American English, referred to here as S1 and S2.1 As Fig. 1
shows, S1 produces a retroflex /r/ and S2 produces a bunched
/r/. Both subjects are male. S1 was 48 years old and S2 was
51 at the time the data were collected. S1 had lived in Cali-
fornia, Minnesota, and Connecticut and S2 had lived in
Texas, Massachusetts, and Southwestern Ohio. Both spoke a
rhotic dialect of American English.2 The subjects were simi-
lar in palate length, palate volume, overall stature, and vocal
tract length �see Table I�.3 We also compare the data from S1
and S2 to that from other subjects with similar retroflex or
bunched tongue shapes for /r/ collected in the larger study.
These subjects are referred to as S3–S6. The articulatory data
collected for all subjects include MRI scans of the vocal tract
for sustained natural /r/, dental cast measurements, computed
tomography �CT� scans of the dental casts, and acoustic re-
cordings made at various points in time.

B. Image acquisitions

MR imaging was performed on a 1.5 T G.E. Echospeed
MR scanner with a standard phased array neurovascular coil
at the University Hospital of the University of Cincinnati,
OH. Subjects were positioned in supine posture, with their
heads supported by foam padding to minimize movement.
The subjects were instructed to remain motionless to the ex-

tent possible during and between scans. For hearing protec-
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tion and comfort, subjects wore earplugs during the entire
session. In addition, the subjects’ ears were covered by pad-
ded earphones.

Localization scans were performed in multiple planes to
determine the optimal obliquities for orthogonal imaging. A
midsagittal plane was identified from the brain morphology.
Axial and coronal planes were then oriented to this midsag-
ittal plane. During each subsequent scan, the subject was
instructed to produce sustained /r/ as in “pour” for a defined
period of time �between 5 and 25 s depending on the se-
quence�. T2 weighted 5 mm single shot fast spin echo im-
ages were obtained in the midline sagittal plane with two
parasagittal slices. T1 weighted fast multiplanar spoiled gra-
dient echo images �repetition time �TR� of 100–120 ms,
echo delay time �TE� of 4.2 ms, 75° flip angle� were ob-
tained in the coronal and axial planes with a 5 mm slice
thickness. There was no gap between adjacent slices. The
scanning regions for the coronal and axial planes include the
region from the surface of the vocal folds to the velopharyn-
geal port and the region from the rear wall of the velophar-
ynx to the outside edge of the lips. Depending on the dimen-
sions of the subjects’ vocal tract, the data set comprised
24–33 images in the axial and coronal planes. For all images,
the field of view was 240�240 mm2 with an imaging matrix
of 256�256 to yield an in-plane resolution of
0.938 mm per pixel.

The MR imaging technique we used does not distinguish
between bony structures such as teeth and air due to the low
levels of imageable hydrogen. Thus, to avoid overestimation
of oral tract air space, CT scans of each subject’s dental cast
were acquired on a GE Lightspeed Ultra multidetector scan-
ner with a slice thickness of 1.25 mm, subsequently super-
imposed on the volumes derived from MRI as described be-
low. Images were resampled to 1.25 mm at 0.625 mm
intervals to optimize 3D modeling. The field of view was
120 mm with an imaging matrix of 512�512 to yield an

TABLE I. Dimension sizes of S1 and S2 in overall height, and volume,
length, depth, and width of the palate. The measurements of the palate are
based on the dental casts of the subjects. The width of the palate is the
distance between edges of the gum between the second premolar and the
first molar on both sides of the upper jaw. The length of the palate is the
distance of the edges of the gum between the upper middle two incisors and
the cross section of the posterior edge of the back teeth. The depth of the
palate is the distance from the floor of the mouth to the cross section with
the lateral plane. The volume of the palate is the space surrounded by the
margin between the teeth and gums, the posterior edge of the back teeth, and
the lateral plane. We used several techniques to calculate the volume, all of
which gave the same answer within a certain range, and the average volume
as a matter of displacement in water is reported here. That measure was
done three times.

S1 S2

Height of subject 188 cm 188 cm
Length of palate 35.8 mm 33.6 mm
Depth of palate 16.1 mm 13.2 mm
Width of palate 25.5 mm 25.0 mm

Av. volume of palate 29.1 mm3 29.1 mm3

Maxillary teeth
volume

3.4 mm3 3.3 mm3
in-plane image resolution of 0.234 mm per pixel.
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C. Acoustic signal recording

During the MRI sessions, the subject’s phonation in the
supine position was recorded using a custom-designed mi-
crophone system �Resonance Technology Inc.� and continu-
ously monitored by a trained phonetician to ensure that the
production of /r/ remained consistent over the course of the
experiment. Subjects were instructed to begin phonation be-
fore the onset of scanning and to continue to phonate for a
period after scanning was complete. A full audio record of
the session was preserved using a portable DAT tape re-
corder �SONY TD-800�. Due to the noise emitted by the
scanner during the scans, the only portions of the subject’s
productions of /r/ that can be reliably analyzed occur in
500 ms after phonation began, before the scanner noise com-
menced, and in 500 ms after the scanner noise ceased while
the subject continued to phonate. The recordings are still
quite noisy, but it was possible to measure F1–F3 with rea-
sonable accuracy during most scans.

Subjects were also recorded acoustically in separate ses-
sions in a sound-treated room by using a Sennheiser headset
microphone and a portable DAT tape recorder �SONY TD-
800�. Subjects recorded a set of utterances encompassing
sustained productions of /r/ plus a number of real and non-
sense words containing /r/. As in the MR condition, subjects
were instructed to produce /r/ as in “pour.” In addition, they
recorded sustained /r/ as in “right,” “reed,” and “role.” For
the sustained productions, subjects were recorded in both
upright and supine postures. The nonsense words were
“warav,” “wadrav,” “wavrav,” and “wagrav,” repeated with
stress either on the first syllable or the second syllable. The
real words included /r/ in word-initial, word-final, and inter-
vocalic positions. For the real and nonsense words, subjects
were recorded in the upright posture. Acoustic data recorded
in the sound-proofed room are referred to as sound booth
acoustic data. Recording conditions were such that, in addi-
tion to F1–F3, F4, and F5 could be reliably measured.

D. Image processing and 3D vocal tract reconstruction

We used the software package MIMICS �Materialise,
2007� to obtain a 3D reconstruction of the vocal tract. This
software has been widely employed in the medical imaging
field for processing MRI and CT images, for rapid prototyp-
ing, and for 3D reconstruction in surgery.

Our reconstruction proceeded in four steps. Step �1� in-
volved segmentation between the tissue of the vocal tract and
the air space inside the vocal tract for each MR image slice
in the coronal and axial sets. Because the cross section of the
oral cavity is best represented by the coronal slice images,
and the cross section of the pharyngeal and laryngeal cavities
are best represented by the axial slices, we used the follow-
ing procedure to weight them. First, the segmented axial
slices were transformed into a 3D model. Then, the coronal
slices were overlapped with the axial-derived model. As in
the study by Takemoto et al. �2006b�, we extended the cross-
sectional area of the last lip slice with a closed boundary

halfway to the last slice in which the upper and lower lips are
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still visible. The coronal slice segmentation in the pharyngeal
and laryngeal cavities was then corrected by reference to the
axial slice 3D model.

Step �2� involved compensation for the volume of the
teeth using the CT scans, which were made in the coronal
plane. The CT images were segmented to provide a 3D re-
construction of the mandible and the maxillae with the teeth.
�This process was considerably easier than for the MR slices
described above, given the straightforward nature of the air/
tissue boundary in that imaging modality.� The 3D recon-
struction of the dental cast was then overlapped with the
MRI coronal slices. The reconstruction of the maxilla cast
was positioned on the MR images by following the curvature
of the palate. The reconstruction of the mandible cast was
positioned with reference to the boundary provided by the
lips. In step �3�, the final segmentation was translated into a
surface model in stereolithography �STL� format �Lee,
1999�. Finally, the 3D geometry surface was smoothed using
the MAGICS software package �Materialise, 2007�. The valid-
ity of the reconstructed 3D vocal tract geometry was evalu-
ated by comparing midsagittal slices created from the recon-
structed 3D geometry to the original midsagittal MR images.
We also used this method to check for the possibility that
subjects had changed their vocal tract configuration for /r/
across scans. The data sets of all the subjects in this study
show very good consistency, and overall boundary continuity
between the tissue and the airway was successfully achieved.

As noted above, the difference in the F4/F5 formant pat-
tern between S1 and S2 must be derived from a difference in
vocal tract dimensions, either in small structures such as the
piriform sinuses and laryngeal vestibule �Dang and Honda,
1997; Kitamura et al., 2006; Takemoto et al., 2006a� or in
tongue shape differences. The laryngeal vestibule cavities
were included in the 3D model, but given the resolution of
the MR data, the representation is relatively crude. The di-
mensions of the piriform sinuses were measured and found
to be similar to the range in length of 16–20 mm and in
volume of 2–3 cm3 reported by Dang and Honda �1997�.4

Because no significant differences were found between the
subjects for either structure, we conclude that the tongue
shape differences between S1’s retroflex and S2’s bunched /r/
are likely the major factor determining their differences in
the F4/F5 pattern. Possibly, these cavities at the glottal end of
the vocal tract are less influential for /r/ than for vowels due
to the greater number, length, and narrowness of constric-
tions involved.

E. 3D finite element analysis

The FEM analysis was used in this study to obtain the
acoustic response of the 3D vocal tract and to obtain the
wave propagation at different frequencies. The pressure iso-
surfaces at low frequency were used to extract area func-
tions. The governing equation for this harmonic analysis is

the Helmholtz equation,
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� · �1

�
� p� +

�2p

�c2 = 0, �1�

where p is the acoustic pressure, � �1.14 kg /m3� is the den-
sity of air at body temperature, c �350 m /s� is the speed of
sound, and � is the angular frequency ��=2�f , where f is
the vibration frequency in hertz and the highest frequency in
our harmonic analysis is 8000 Hz�. The boundary conditions
for the 3D finite element analysis are as follows: for the
glottis, a normal velocity profile as sinusoidal signal at vari-
ous frequencies; for the wall, rigid; for the lips, the radiation
impedance Z of an ideal piston in an infinitely flat baffle
�Morse and Ingard, 1968�,

Z = �c�1 − J1�2ka�/�ka� + jK1�2ka�/�2ka�� , �2�

where k=2�f /c, a=�A1 /� �A1 is the area of the lips open-
ing�, J1 is the Bessel function of order 1, and K1 is the Struve
function of order 1. The volume velocity at the lips is mea-
sured by velocity integration over the cross section at the
lips, and the acoustic response of the vocal tract is defined as
the volume velocity at the lips divided by the volume veloc-
ity at the glottis. Note that for the purpose at hand, the ideal
piston model has been shown to be computationally equiva-
lent to a 3D radiation model at the lips �Matsuzaki et al.,
1996�.

The finite element �FEM� analysis was performed using
the COMSOL MULTIPHYSICS package �Comsol, 2007�. The
mesh for FEM was created using tetrahedral elements as in
the STL format.

F. Area function extraction

Area functions are generated by treating the vocal tract
as a series of uniform tubes with varying areas and lengths.
The extraction of area functions from imaging data is typi-
cally an empirical process. Baer et al. �1991�, Narayanan
et al. �1997�, and Ong and Stone �1998� based their area
function extractions on a semipolar grid �Heinz and Stevens,
1964�. In contrast, Chiba and Kajiyama �1941�, Story et al.
�1996�, and Takemoto et al. �2006b� extracted area functions
by computing a centerline in air space and then evaluating
the cross-sectional areas within planes chosen to be perpen-
dicular to the centerline extending from the glottis to the
mouth.

In general, because our area functions were derived from
the 3D FEM, it might be expected that the area function
simulation and the simulated acoustic response from the 3D
model should be the same. However, it should be noted that
area function extraction, by transforming the bent 3D geom-
etry of the vocal tract into a straight tube with varying cross-
sectional areas �Chiba and Kajiyama, 1941; Fant, 1970�, nec-
essarily involves considerable simplification. An additional
and related problem is that it assumes planar wave propaga-
tion, and thus tends to neglect cross-mode wave propagation
and potential antiresonances or zeros. Thus, we expect some
small differences between the simulation results using area
function analysis and planar wave propagation from simula-
tion results directly obtained from the corresponding 3D ge-

ometry �Sondhi, 1986�.

4470 J. Acoust. Soc. Am., Vol. 123, No. 6, June 2008
In this study, we used the low-frequency wave propaga-
tion properties resulting from the 3D finite element analysis
to guide the area function extraction from the reconstructed
3D geometry. This approach is quite similar to the centerline
approach. The logic of this procedure was as follows. As
noted above, area-function-based vocal tract models assume
planar wave propagation. Finite element analysis at low fre-
quencies such as 400 Hz �around F1 for /r/� produces pres-
sure isosurfaces that indicate approximate planar acoustic
wave propagation. Thus, a tube model derived from area
functions whose cutting plane follows these pressure isosur-
faces should constitute a reasonable one-dimensional model
for the 3D vocal tract. In this study, as the curvature of the
vocal tract changes, the cutting orientation in our method
was adjusted to be approximately parallel to the pressure
isosurface at 400 Hz. This procedure was performed by re-
cording the coordinates of the isosurfaces. Those coordinates
are then used to determine the cutting planes. The distance
between two sampling planes was set to be the distance be-
tween their centroids. The vocal tract length was estimated as
the cumulative sum of the distance between the centroids.
The cutting plane gap was about 3 mm. Since this method
was based on the 3D reconstructed geometry instead of sets
of MR images, pixel counting and other manipulations such
as reslicing of images were not needed. The area calculation
was based on the geometric coordinates of the reconstructed
vocal tract.

As noted above, the reduction of a vocal tract 3D model
to area functions requires considerable simplification. To as-
sess the degree to which our area function extraction pre-
served essential aspects of the vocal tract response, we com-
pared the simulation output from the 3D FEM to the acoustic
response of Vocal Tract Acoustic Response �VTAR�, a
frequency-domain computational vocal tract model �Zhou et
al., 2004� which takes area functions of the vocal tract as
input parameters and includes terms to account for energy
losses due to the yielding wall property of the vocal tract, the
viscosity and the heat conduction of the air, and the radiation
from the lips. The vocal tract response from the 3D model
and from VTAR were, in turn, evaluated by comparison with
formant measurements from real speech produced by the
subjects, as described below.

G. Formant measurement of /r/ acoustic data

Formants from both sound booth and MR acoustic re-
cordings were measured by an automatic procedure that
computed 24th order LPC �Linear Prediction Coding� spec-
trum over a 50 ms window from a stable section of the sus-
tained production. The 50 ms window for the MR acoustic
data was taken from the least noisy segment of the approxi-
mately 500 ms production preceding the onset of MR scan-
ning noise. Only F1–F3 were measured in the MR acoustic
recording because the noise in the high-frequency region
masked the higher formants very effectively. Both sets of
measurements are shown in Tables III and IV. To maximize
the comparability of the MR and sound booth acoustic mea-
sures, the latter were measured from productions recorded

when the subjects were in supine posture. The formant val-
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a� Th
ues of the sustained /r/ in MRI sessions are the average of the
measurements from all the scans including midsagittal, axial,
and coronal scans.

The difference in F4/F5 pattern between the subjects
previously alluded to is clearly shown in Tables III and IV
for the sound booth recording of sustained /r/. As Fig. 1
shows, the pattern in question was even more strongly evi-
dent in the more dynamic real word condition. We concluded
from these data that the patterns shown in sustained /r/ are
representative of patterns shown in running speech.

H. Reconstructed 3D vocal tract geometries

The reconstructed 3D vocal tract shapes for the retroflex
/r/ of S1 and the bunched /r/ of S2 are shown in Fig. 2. The
two shapes are significantly different in several dimensions
that are likely to cause differences in cavity affiliations. First,
S1’s retroflex /r/ has a shorter and more forward palatal con-
striction, leading to a slightly smaller front cavity. At the
same time, the lowered tongue dorsum of the retroflex /r/
leads to a particularly large volume of the midcavity between
the palatal and pharyngeal constrictions. Further, the transi-
tion between the front and midcavities is sharper for the ret-
roflex /r/. This difference makes it more likely that the front
and midcavities are decoupled for the retroflex /r/ of S1 than
for the bunched /r/ of S2. Unlike the speakers analyzed by
Alwan et al. �1997� and Espy-Wilson et al. �2000�, neither
S1 nor S2 shows a sublingual space whose geometry is
clearly a side branch to the front cavity. However, the two
subjects’ overall vocal tract dimensions from the 3D model
are very similar. These dimensions are shown in Table II.

I. FEM-based acoustic analysis

In previous work, FEM analysis has been used to study
the acoustics of the vocal tract for open vocal tract sounds,
i.e., vowels �Thomas, 1986; Miki et al., 1996; Matsuzaki

FIG. 2. FEM mesh of the reconstructed 3D vocal tract. �
et al., 2000; Motoki, 2002�. Zhang et al. �2005� applied this
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approach to a two-dimensional vocal tract for a schematized
geometry based on a single subject producing /r/. In this
study, we extend the work of Zhang et al. �2005� by com-
puting the pressure isosurfaces at various frequencies to 3D
vocal tract shapes based on S1’s retroflex and S2’s bunched
/r/. As Fig. 3 shows, the retroflex and bunched /r/ shapes
have similar wave propagation. For both, as expected, the
wave propagation is almost planar up to about 1000 Hz. Be-
tween 1500 and 3500 Hz, a second wave propagates almost
vertically to the bottom of the front cavity. Above 4500 Hz,
the isosurface becomes more complex and part of the acous-
tic wave propagates to the two sides of the front cavity. The
results show that the wave propagation property should be
kept in mind when assuming planar wave propagation along
the vocal tract, particularly for antiresonances. Note that for
both subjects, F4 and F5 occur in the transition region below
4500 Hz. This will be discussed later. The cutting orienta-
tions for the area functions based on the pressure isosurfaces
are shown in the upper panel of Fig. 4 as grid lines. The area
functions themselves are shown in the lower panel of Fig. 4.

III. RESULTS

The purpose of this study was to determine if the F4/F5
difference in pattern between bunched and retroflex /r/ oc-
curs as a result of tongue shape differences. The approach
involves comparing the results of calculations to acoustic

e retroflex tongue shape. �b� The bunched tongue shape.

TABLE II. Measurements on the reconstructed 3D vocal tract in surface
model �STL file format�.

S1 S2

X dimension 51 mm 46 mm
Y dimension 106 mm 107 mm
Z dimension 106 mm 100 mm

Volume 62 909 mm3 48 337 mm3

Surface area 14 394 mm2 12 243 mm2
Zhou et al.: American English /r/ study using MRI 4471



spectra from actual productions by the subjects during �a�
MR and �b� sound booth acoustic sessions, respectively. The
calculated results include �c� generating an acoustic response
from the FEM analysis based on the 3D model, �d� generat-
ing an acoustic response from the VTAR computational
model using FEM-derived area functions, �e� generating sen-
sitivity functions for better understanding of formant-cavity
affiliations and manipulating the VTAR computation model
to isolate the effects of particular cavities and constrictions,
and �f� generating simple-tube models to understand the

FIG. 4. �Color online� Top panel: Grid lines for area function extraction ins

panel, the left side is for S1 and the right side is for S2.�
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types of resonators that produce the formants. The FEM
analysis makes no assumptions regarding planar wave propa-
gation, whereas the area functions are derived from cutting
planes determined by the FEM at low frequency. The isola-
tion of cavity/constriction influences is done by using VTAR
to synthesize changes in the dimensions of a particular
cavity/constriction while holding the rest of the vocal tract
constant. In effect, we compare the acoustic responses from
the 3D FEM and the area functions with the subjects’ actual
production.

FIG. 3. �Color online� Pressure isosurface plots of wave
propagation inside the vocal tracts of the retroflex /r/
�S1 on the right side� and the bunched /r/ �S2 on the
right side� at different frequencies. �Pressure isosurfaces
are coded by color: the red color stands for high ampli-
tude and the blue color stands for low amplitude.� �a�
400 Hz, �b� 1000 Hz, �c� 1500 Hz, �d� 3500 Hz, �e�
5400 Hz, and �f� 6000 Hz.

e vocal tract. Lower panel: Area function based on the grid lines. �In each
ide th
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MR versus sound booth acoustic data. Because the FEM
analysis and area functions are both based on MR data, the
F4/F5 patterns would ideally have been extracted from the
simultaneously recorded acoustic signal �“MR acoustic
data”�. As noted previously, however, F4 and F5 are masked
in the MRI condition by the noise of the scanner. Hence,
acoustic data recorded in a sound booth �from the supine
posture� were used for comparisons with the calculated
acoustic response results. Comparison between the MR and
sound booth acoustic data for the first three formants show
that the subjects’ productions are, for the most part, highly
similar, as shown in Tables III and IV. There are notable
deviations in the F1 and F2 produced by S1 and in the F3
produced by S2. While these differences probably indicate a
slight difference in articulatory configuration for sustained
/r/, this same alternation between formant values can also be
seen in their running speech for both real and nonsense
words.5 In all cases, the characteristic F4/F5 pattern is main-
tained.

The difference in F4/F5 patterns between the retroflex
configuration of S1 and the bunched configuration of S2 is
also observed when subjects produce /r/ in the upright pos-
ture. This is shown for running speech in Fig. 1. In addition,

TABLE III. Formants measured from S1’s retroflex /r
model with area function model, and simple-tube m
between the FEM formant values and the actual subje
sessions are also given. Note that due to background n
MRI acoustic data.

R

MRI
acoustic

data

Second
both

supine
position

Sound
booth

upright
position Form

F1 522 391 438 3
F2 1075 1234 1188 11
F3 1534 1547 1563 15
F4 2797 2828 29
F5 4328 4234 42

F5-F4 1531 1406 13

TABLE IV. Formants measured from S2’s bunched /r
function model, and simple-tube model, respectively
formant values and the actual subject formant values
given. Note that due to background noise, only F1–F
data.

B

MRI
acoustic

data

Second
both

supine
position

Sound
booth

upright
position Form

F1 445 453 391 4
F2 1008 906 891 10
F3 1469 1203 1219 16
F4 3313 3281 32
F5 4109 4016 40

F5-F4 796 735 7
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the formant values from sound booth acoustic sustained pro-
ductions recorded in the upright posture are reported in
Tables III and IV, for comparison to the values recorded in
supine posture.

Comparison of actual formants to acoustic response
from FEM and area function. In Fig. 5, spectra from the
subjects’ actual productions are shown along with acoustic
responses from the models for S1 and S2. As shown in Figs.
5�a� and 5�c� �in addition to Tables III and IV�, the FEM
provides formant values for F1–F3 similar to those measured
from actual productions in MRI sessions by each speaker.
The percentage differences �between modeled and measured
acoustics� are also given in Tables III and IV. As Fig. 5�b�
and Tables III and IV also show, the spacing between F4 and
F5 in the sound booth data for actual speaker production is
much larger for the retroflex /r/ than for the bunched /r/ �a
difference of 1531 Hz versus 796 Hz for the supine position,
and 1469 Hz versus 651 Hz for the upright position�. Nota-
bly, the FEM also replicates this pattern of different spacing
between F4 and F5. A similar difference in spacing is also
predicted by the VTAR computer model using the extracted
area functions �see Tables III and IV�. Thus, these results
support our methods for deriving a 3D model. They also

pared with calculated values from the 3D FEM, tube
respectively �Unit: Hz�. The percentage difference

mant values from MR ��1� and sound acoustic ��2�
only F1–F3 could be consistently measured from the

ex /r/ �S1�

3D FEM
Area

function
tube

model
Simple

tube model�1 �%� �2 �%�

27.2 2.81 383 418
7.91 6.0 1209 1262
3.0 2.13 1609 1660

5.11 3002 2936
1.11 4366 4233

1364 1297

pared with calculated values from the 3D FEM, area
t: Hz�. The percentage difference between the FEM
MR ��1� and sound acoustic ��2� sessions are also
ld be consistently measured from the MRI acoustic

ed /r/ �S2�

3D FEM
Area

function
tube

model
Simple

tube model�1 �%� �2 �%�

7.87 5.96 457 472
3.17 14.79 998 1047

13.0 37.99 1626 1680
1.60 3330 3190
2.65 3912 3841

582 651
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stic r
suggest that the source of the differences in the F4/F5 pattern
between the bunched and retroflex /r/ follows from their re-
spective differences in overall tongue shape.

A. FEM-derived area functions

Spectra generated from 3D FEM and area function
sources are shown in Figs. 5�c� and 5�d�. Formant values
generated are shown in Tables III and IV. Both comparisons
show that the results from the two methods match within 5%
of each other. Note, however, that although the FEM pro-
duces zeros above 5000 Hz, they are not produced by the
area function vocal tract model because it does not contain
side branches and is based on only plane wave propagation.

B. Sensitivity functions and simple-tube modeling
based on FEM-derived area functions

To gain insight into formant-cavity affiliations, the area
function models were used to obtain sensitivity functions for
F1–F5. Additionally, the area function models were simpli-
fied to arrive at models consisting of 3–8 sections �as op-
posed to about 70 sections� in order to gain insight into the
types of resonators from which the formants originate and
the effects of area perturbations of these resonators. These

FIG. 5. �Color online� For S1 and S2: �a� Spectrum of sustained /r/ uttera
acoustic data, �c� the acoustic response based on 3D FEM, and �d� the acou
will be referred to as simple-tube models.
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1. Sensitivity functions for F1–F5

The sensitivity functions of the formants are calculated
as the difference between the kinetic energy and potential
energy at the formant frequency as a function of distance
starting from the glottis, divided by the total energy of ki-
netic and potential energies in the system �Fant and Pauli,
1974; Story, 2006�. The relative change of the formant that
corresponds to the change in the area function can be de-
scribed as

�Fn

Fn
= �

i=1

N

Sn�i�
�Ai

Ai
, �3�

where Fn is the nth formant, �Fn is the change of the nth
formant, Sn is the sensitivity of the nth formant, Ai is the area
of the ith section, and �Ai is the area change of the ith
section. Section I is the first section starting from the glottis,
and N is the last section number at the lips.

The calculated sensitivity functions are shown in Fig. 6
�the left panel is for S1 and the right panel is for S2�. At a
point where a curve for a given formant passes through zero,
a perturbation in the cross-sectional area will cause no shift
in the formant frequency. Otherwise, the curve shows how
the formant will change if the area is increased at that point.
If Sn is positive at a certain point, increasing the area at that

n MRI session, �b� spectrum of sustained /r/ utterance in the sound booth
esponse based on the area function.
nce i
point will increase the value of the nth formant. If Sn is

Zhou et al.: American English /r/ study using MRI



ction
negative at a certain point, increasing the area at that point
will decrease the value of the nth formant. The number of
such zero crossings on a curve is equal to 2N−1 �1, 3, 5, 7,
and 9 for F1–F5, respectively� �Mrayati et al., 1988�, where
N is the formant number for that curve.

As shown in Fig. 6, the sensitivity functions for F1–F3
have some similarities in their patterns for both the retroflex
/r/ and the bunched /r/. In both cases, F2 is mainly affected
by the front cavity where the lip constriction with small area
plus the large posterior volume between the lip constriction
and the palatal constriction act as a Helmholtz resonator. The
frequency of a Helmholtz resonator is given by

FH =
c

2�
� A1

l1A2l2
,

where A1 and l1 are the area and length of the lip constriction
and A2 and l2 are the area and length of the large volume
behind the lip constriction. From this equation, FH will in-
crease if the area of the lip constriction increases or if the
area of the large volume behind the lip constriction de-
creases. The sensitivity functions for F2 show this behavior
since it is significantly positive during the portion of the tube
that corresponds to the lip constriction and, conversely, sig-
nificantly negative during the portion of the tube that corre-
sponds to the large volume.

This conclusion is supported by the spectra in Figs. 7
and 8. Figures 7 and 8 compare the spectra from the full
vocal tract model with the spectra from the shortened vocal
tract that includes only the front cavity as highlighted �acous-
tic responses were calculated with radiation at the lips� and
the spectra from the shortened vocal tract that includes only

FIG. 6. �Color online� Acoustic sensitivity fun
the back cavity as highlighted �pressure on the front side is
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assumed to be zero�. As can be seen, the first resonance of
the front cavity is F2 from the full vocal tract for both sub-
jects.

Based on the area function data of S1, Fig. 9 shows how
the F2/F3 cavity affiliations switch when the front cavity
volume is changed by varying its length. When the front
cavity volume exceeds about 17 cm3, there is a switch in
formant-cavity affiliation between F2 and F3. The front cav-
ity resonance is so low that it becomes F2 and the resonance
of the cavity posterior to the palatal constriction becomes F3.
It seems that the front cavity resonance may be F2 or F3
depending on the size of the volume of the Helmholtz reso-
nator. This conclusion is supported by the findings from two
different subjects showing bunched configurations discussed
by Espy-Wilson et al. �2000�. In that study, F3 was clearly
derived from the Helmholtz front cavity resonance. How-
ever, the subjects in that study had much smaller front cavity
volumes �of 5 and 8 cm3� relative to those of the current
subjects S1 and S2 �of 24 and 27 cm3�, respectively.

Due to coupling between cavities along the vocal tract,
F1 and F3 of both retroflex and bunched /r/ can be affected
by area perturbation along much of the vocal tract. However,
there are differences. The F1 sensitivity function for S1’s
retroflex /r/ shows a prominent peak in the region of the
palatal constriction �between 12.6 and 14.6 cm�, whereas the
F1 sensitivity function for S2’s bunched /r/ shows a promi-
nent peak and large positive value in the region of the palatal
constriction �between 10.7 and 12.3 cm� and also a promi-
nent peak dip in the region posterior to the pharyngeal con-
striction �between 1.6 and 2.8 cm�. This difference in the F1
sensitivity functions of the retroflex and bunched /r/ is due to

s of F1–F5 for the retroflex /r/ of S1 and S2.
the differences in the area functions posterior to the front
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cavity. In the retroflex /r/, the areas of the palatal constriction
are much smaller than the areas of the back cavity posterior
to the palatal constriction. This shape is more like a Helm-
holtz resonator for F1. In the bunched /r/, the overall shape
of the area function posterior to the front cavity is similar to
that of the retroflex /r/. However, the areas are more uniform
so that F1 is the first resonance of a uniform tube �see dis-
cussion of simple-tube modeling below�.

As the sensitivity functions indicate, F3 can be de-
creased by narrowing at each of the three constriction loca-
tions along the vocal tract. Note, however, that in both of
these cases, F3 is most sensitive to the perturbation of the
pharyngeal constriction. It is relatively much less sensitive to
the palatal constriction and even less to the lip constriction.
This result confirms the finding of Delattre and Freeman
�1968� that the percept of /r/ depends strongly on the exis-
tence of a constriction in the pharynx.

Sensitivity functions for F4 and F5 have very different
patterns for the retroflex /r/ and the bunched /r/. In the ret-
roflex /r/, F4 and F5 are only minimally affected by the area
perturbation of the front cavity, starting at the location about
14.8 cm from the glottis, which means that they are reso-
nances of the cavities posterior to the palatal constriction.
This conclusion is supported by the spectra in Fig. 7 which
shows that the first four resonances of that part of the vocal

FIG. 7. �Color online� Acoustic response of S1’s retroflex /r/ area function w
and the right side is the corresponding acoustic response�. �a� Area function o
of the front cavity and its corresponding acoustic response. �c� Area functio
tract behind the palatal constriction are close to F1–F5. In the
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bunched /r/, F4 and F5 are not sensitive to the area perturba-
tion of the cavity posterior to the pharyngeal constriction and
they are affected to some extent by the front cavity. Again,
this sensitivity to the front cavity is probably due to a higher
degree of coupling between the back and front cavities for
the bunched /r/ relative to the retroflex /r/. Given the more
gradual transition between the back and front parts of the
vocal tract for the bunched /r/, Fig. 8 shows two possible
divisions. In one case, the front cavity is assumed to start at
11.8 cm from the glottis. In the other case, it starts 2.9 cm
further forward, at 14.7 cm from the glottis. In both cases,
the first resonance �a Helmholtz resonance formed by the lip
constriction and the large volume behind it� of the front cav-
ity is around 1000 Hz, the frequency of F2 in the spectrum
derived from the full vocal tract. However, this choice of a
division point has a significant effect on the location of the
second resonance �a half-wavelength resonance of the large
volume between the lip constriction and the palatal constric-
tion� from the front cavity. If the front cavity starts at
11.8 cm, the second resonance is around 3300 Hz, the region
of F4 from the full vocal tract spectrum. If the front cavity
starts around 14.7 cm, the second resonance of the front cav-
ity is around 5500 Hz, which corresponds to the region

ont and back cavities separately modeled. �The left side is the area function
whole vocal tract and its corresponding acoustic response. �b� Area function
the back cavity and its corresponding acoustic response.
ith fr
f the
n of
around F6 in the spectrum derived from the full vocal tract.
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2. Simple-tube models based on FEM-derived area
functions

Figure 10 shows simple-tube models for the retroflex
and bunched /r/ along with the original area functions and

(b)

(a)

FIG. 8. �Color online� Acoustic response of S2’s bunched /r/ area function w
and the right side is the corresponding acoustic response�. �a� The dividing po
point between the front cavity and the back cavity at about 15 cm.
the corresponding acoustic responses. In the first case of the
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retroflex /r/, as shown in Fig. 10�a�, the simple model con-
sists of four tubes: a lip constriction, a large volume behind
the lip constriction, a palatal constriction, and a long tube
posterior to the palatal constriction �see Fig. 10�a��. Hence-

ont and back cavities separately modeled. �The left side is the area function
etween the front cavity and the back cavity at about 12 cm. �b� The dividing
ith fr
int b
forth, the area forward of the palatal constriction will be
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referred to as the front cavity, while the area from the palatal
constriction backward to the glottis will be referred to as the
long back cavity. As we saw from the sensitivity functions,
F2 comes from the front cavity, acting like a Helmholtz reso-
nator at low frequencies. F1 comes from the long back cavity
plus the palatal constriction, which together act as a Helm-
holtz resonator at low frequencies. F3–F5 are half-
wavelength resonances of the long back cavity. The fact that
the three formants are fairly evenly spaced �see Figs. 10�a�
and 10�b�� is thus explained. Refinement of the simple tube,
by allowing additional discrete sections as in Fig. 10�b�, in-
dicates that if we include the pharyngeal narrowing in our
model, F3 is further lowered in frequency. In addition, if we
include the narrowing in the laryngeal region above the glot-
tis, F4 and F5 rise in frequency. The net results from these
perturbations can be seen in Fig. 10�b�. These formant-cavity
affiliations agree well with our understanding from the sen-
sitivity functions. Further, Tables III and IV show that there
is close agreement between the formant frequencies mea-
sured from the actual acoustic data and those predicted both
by the FEM-derived area functions and the simple-tube
model.

In the case of the bunched /r/, the long back cavity has a
wide constriction in the pharynx and is more uniform over-
all, so that we model it initially as a quarter-wavelength tube
�see Fig. 10�c��. If we then account for the pharyngeal nar-
rowing, F3 is lowered and F5 is raised. If we include the
palatal constriction itself, F4 is raised and F5 is lowered.
Finally, including the laryngeal narrowing in the model
raises F4 and �to a lesser extent� F5. The net results of these
manipulations are shown in Fig. 10�d�. Again, Tables III and
IV show that there is close agreement between the formant
frequencies predicted by both the FEM-derived area func-
tions and the simple-tube model and measured from the ac-
tual acoustic data.

C. Formants in acoustic data of sustained /r/ and
nonsense word “warav”

At this point, it appears plausible that the F4/F5 pattern
shown by S1 and S2 is a function of their retroflex and

FIG. 9. �Color online� F2/F3 cavity affiliation switching with the change of
the front cavity volume by varying its length �based on the area function
data of S1�.
bunched tongue shapes. As a partial confirmation of this hy-
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pothesis, we investigated acoustic data from sustained /r/
data for two subjects �S3 and S4� who have retroflex /r/
tongue shapes similar to S1 and two subjects �S5 and S6�
who have bunched /r/ tongue shapes similar to S2. The av-
eraged spectra �from a 300 ms segment of sound booth
acoustic recordings� of the sustained /r/ sounds produced by
the six subjects in the upright position are shown in Fig. 11.
As can be seen, the retroflex /r/ has a larger difference in F4
and F5 than the bunched /r/. The differences between F4 and
F5 for S3 and S4 are about 1900 and 2000 Hz, respectively,
while the differences between F4 and F5 for S5 and S6 are
about 500 and 600 Hz, respectively. These results are consis-
tent with the results obtained from S1 and S2 in that the
spacing between F4 and F5 is larger for the retroflex /r/ than
for the bunched /r/.

In addition, the formant trajectories of the nonsense
word “warav” for all the six subjects are shown in Fig. 12
�note that the spectrograms of Fig. 1 are repeated here for
comparison�. The differences between F4 and F5 of /r/ at the
lowest point of F3 for S1, S3, and S4 are about 2100, 1500,
and 1600 Hz, respectively, while the differences between F4
and F5 of /r/ at the lowest point of F3 for S2, S5, and S6 are
about 700, 900, and 600 Hz, respectively. These results indi-
cate that, for these subjects, the difference between F4 and
F5 for the retroflex /r/ in dynamic speech is relatively larger
than that in the bunched /r/ and provides additional support
for the simulation result from the 3D FEM and computer
vocal tract models based on the area functions.

IV. DISCUSSION

In this paper, we investigate the relationship between
acoustic patterns in F4 and F5 and articulatory differences in
tongue shape between subjects. The primary data come from
S1 and S2, who produce sharply different bunched and ret-
roflex variants of /r/ associated with different patterns of F4
and F5. S1 and S2 are particularly comparable because they
resemble each other in terms of vocal tract length and oral
tract dimensions. The results suggest that bunched and ret-
roflex tongue shapes differ in the frequency spacing between
F4 and F5. Further, the F4/F5 patterns produced by S1 and
S2 can be derived from a very simple aspect of the difference
between the two vocal tract shapes. For both S1’s retroflex /r/
and S2’s bunched /r/, F4 and F5 �along with F3� come from
the long back cavity. However, for S1, these formants are
half-wavelength resonances, while for S2, these formants are
quarter-wavelength resonances of the cavity. Additionally,
the finding of an F4/F5 difference in pattern is replicated in
the acoustic data from an additional set of four subjects, two
with bunched and two with retroflex tongue shapes for /r/.
These results suggest that acoustic cues based on F4-F5
spacing may be robust and reliable indicators of tongue
shape, at least for the classic �tongue tip down� bunched and
�tongue dorsum down� retroflex shapes discussed here.

It appears that this spacing between F4 and F5 is due to
the difference in long back cavity dimension/shape. In the
case of the retroflex /r/, there is one long back cavity poste-
rior to the palatal constriction. Our simple-tube modeling and

the sensitivity functions show that F4 and F5 are half-
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wavelength resonances of the back cavity. In fact, F4 and F5
are the second and third resonances of the back cavity �F3 is
the first resonance of this cavity�. For S1, this half-
wavelength cavity is about 12 cm long which gives a spacing
between the resonances of about 1460 Hz. The narrowing in
the laryngeal regions shifts F4 and F5 upward by different
amounts so that the spacing changes to about 1300 Hz. This
spacing agrees well with the 1469–1531 Hz measured from
S1’s sustained /r/. For the bunched /r/, the back cavity can be
modeled as a quarter-wavelength tube. Our simple-tube mod-
eling shows that F4 and F5 are the third and fourth reso-

FIG. 10. �Color online� Simple-tube models overlaid on FEM-derived area
Four element simple-tube model of the retroflex /r/ of S1. �b� Seven element
of the bunched /r/ of S2. �d� Eight element simple-tube model of the bunch
nances of this cavity. The sensitivity functions, on the other
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hand, show that F4 and F5 are influenced by the front cavity.
This is probably due to the higher degree of coupling be-
tween the front and back cavities for the bunched /r/ of S2.
The length of the back cavity for S2 is about 15 cm. Thus,
the spacing between F4 and F5 for the bunched /r/ should be
about 1150 Hz. However, the narrowing in the laryngeal,
pharyngeal, and palatal regions decreases this difference to
about 650 Hz, as seen in Fig. 10�d�. This formant difference
agrees well with the value of 651–796 Hz measured from
S2’s sustained /r/. As a point of interest, the spacing between
F4 and F5 in the spectrograms of Fig. 12 is generally greater

tions �top panel� and corresponding acoustic responses �bottom panel�. �a�
le-tube model of the retroflex /r/ of S1. �c� Three element simple-tube model

of S2.
func
simp
ed /r/
across all of the consonants and vowels for the speakers who
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produce the retroflex tongue shape for /r/ than it is in the
spectrograms for the speakers who produce the bunched
tongue shape for /r/. However, the difference does appear to
be considerably enhanced during the /r/ sounds with the low-
ering of F4 and the slight rising of F5 during the retroflex /r/,
and the rising of F4 for S2 during the bunched /r/.

The relationship of tongue shapes for /r/ to specific
acoustic properties as found in this study may be useful for
the development of speech technologies such as speaker and
speech recognition. For example, knowledge-based ap-

FIG. 11. �Color online� Spectra of sustained /r/ utterances from six speakers
�three retroflex /r/ and three bunched /r/�. �a� Retroflex /r/ �left: S1; middle:
S3; right: S4.� �b� Bunched /r/ �left: S2; middle: S5; right: S6�.

FIG. 12. Spectrograms for nonsense word “warav” from six speakers �three
retroflex /r/ and three bunched /r/; only portions of spectrograms are shown
in the figure with /r/ in the middle�. �a� Retroflex /r/ �left: S1; middle: S3;

right: S4�. �b� Bunched /r/ �left: S2; middle: S5; right: S6�.
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proaches to speech recognition heavily rely on acoustic in-
formation to infer articulatory behavior �Hasegawa-Johnson
et al., 2005; Kinga et al., 2006; Juneja and Espy-Wilson,
2008�. In addition, speakers appear to use tongue shapes in
very consistent ways �Guenther et al., 1999�. Thus, the use of
a particular tongue shape for /r/ may produce acoustic char-
acteristics that are indicative of a speaker’s identity, even if
these characteristics are not relevant to the phonetic content.
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1In the larger study �see Tiede et al., 2004�, subjects S1, S2, S3, S4, S5, and
S6 are coded as subjects 22, 5, 1, 20, 17, and 19, respectively.

2Linguists distinguish between rhotic dialects, in which /r/ is fully pro-
nounced in all word conditions, and nonrhotic dialects, in which some
postvocalic /r/s are replaced by a schwalike vowel. Nonrhotic dialects are
typically found throughout the southern states and in coastal New
England.

3Ideally, productions of both a retroflex and bunched /r/ from a single
speaker would be compared. Some speakers do indeed change their pro-
ductions between true retroflex and bunched shapes in different phonetic
contexts �Guenther et al., 1999�. However, this behavior appears to be a
reaction to coarticulatory pressures in dynamic speaking conditions and is
not easily elicited or trained in a sustained context. We in fact trained S2
to produce /r/ with his tongue tip up, and we collected a full set of MRI
data for this production, in addition to the set with his natural /r/ produc-
tion. However, even with training, S2 was not able to produce /r/ without
a raised tongue dorsum as well as a raised tongue tip; thus, we were not
able to compare 3D models of both a bunched configuration and a true
retroflex tongue shape. While S1 was able to produce bunched /r/ in con-
text, he was not able to sustain it consistently. At the same time, all of our
speakers produced the same tongue shape consistently when asked to pro-
duce their natural sustained /r/. Thus, we contrast sustained bunched and
retroflex /r/ as produced by subjects whose age and vocal tract dimensions
are as similar as possible.

4Measured piriform dimensions: for S1, 18 mm in length and 2.3 cm3 in
volume; for S2, 12 mm in length and 2 cm3 in volume.

5For subject S2, we collected a separate session of sound booth acoustic
data in which his tongue shape for /r/ was monitored via ultrasound �Aloka
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