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Magnetic resonance images of the vocal tract during the sustained phonatiofbothldark and

light allophoneg by four native American English talkers are employed for measuring lengths, area
functions, and cavity volumes and for the analysis of 3-D vocal tract and tongue shapes.
Electropalatography contact profiles are used for studying inter- and intra-talker variabilities and as
a source of converging evidence for the magnetic resonance imaging study. The general 3-D tongue
body shapes for both allophones of /I/ are characterized by a linguo-alveolar contact together with
inward lateral compression and convex cross sections of the posterior tongue body region. The
lateral compression along the midsagittal plane enables the creation of flow channels along the sides
of the tongue. The bilateral flow channels exhibit somewhat different areas, a characteristic which
is talker-dependent. Dark /l/s show smaller pharyngeal areas than the light varieties due to
tongue-root retraction and/or posterior tongue body raising. The acoustic implications of the
observed geometries are discussed. 1897 Acoustical Society of America.

[S0001-496607)02202-9

PACS numbers: 43.70.Aj, 43.70.BRL ]

INTRODUCTION along one or both sides of the tongue. The contact is made

Accurate articulatory-to-acoustic modeling of speechWith the anterior tongue tip or blade in the anterior region of
production requires a detailed knowledge of the 3-D geomthe roof of the oral cavity. In English, the lateral
etry of the human vocal tract. Magnetic resonance imagingPProximant /I/ is voiced and has been broadly classified
(MRYI) is a powerful tool in obtaining the vocal-tract geom- into two canonical allophones, namely the light and dark
etry and does not involve any known radiation risks. Thevarieties, which will be referred to by the symbél$and[t],
images have good signal-to-noise ral8\R) and are ame- respectively, in this paper. The light allophofi¢ occurs in
nable to computerized 3-D modeling of the vocal tract. ThePrevocalic contextsfor example, as in “led’} and the dark
low image sampling ratéi.e., high acquisition time how-  allophone[t] occurs in postvocalic and syllabic casdsr
ever, has restricted MRI use to the study of sustained speeétxample, as in “bell’). Acoustically,[] is characterized by
sounds, corresponding to “static” tract shapes. In parts | andh relatively lower;, and higher, when compared to the,

Il of this paper, an analysis of the vocal-tract geometry ob-andF values offI] (Lehiste, 1964; Espy-Wilson, 19982The
tained from magnetic resonance imaging in axial, coronalexact details of the vocal-tract geometry and the aerodynam-
and sagittal planes, of the liquid approximants in Americarics of these sounds are not well-known. Previous articulatory
English is reported. Due to similarities in certain phoneticstudies have indicated that there is a greater retraction of the
and phonological properties, the lateral /I/ and the rhatic / anterior tongue body in the dark /I/ when compared to the
are classified as “liquids’(Ladefoged, 1998 For example, light variety (Giles and Moll, 1975; Gartenberg, 1984\
both laterals and rhotics can be syllabic in word-final posi-though there has been some evidence for the raising of the
tions, and both are sonorous oral sounds. Part | focuses gpsterior tongue bodydorsum toward the velum(“velar-
the laterals, and part Il on the rhotics. Linguopalatal contactzation”) in [t], such behavior has not been observed consis-
profiles obtained through electropalatograptiPG are  tently (Sproat and Fujimura, 1993
used for the analysis of inter- and intra-speaker variabilities ~ Articulatory and acoustic properties that are intermedi-
and to provide a source of converging evidence for the reate in nature to those associated with the canonical dark and
sults of the MRI study. light variants have been known to exist. In fact, it has been
argued that the dark and light variants of /I/ are not distinct
I. PRODUCTION MECHANISMS OF LATERALS elements, either from a phonological or a physiological point

Laterals are sounds which are typically produced with &of view, but rather are manifestations of phonetically predict-
lingual contact along the midsagittal line such that air flowsable contextual characteristitsuch as syllable-initial versus
syllable-fina) suggesting that an allophonic distinction in de-
INow at AT&T Labs, Murray Hill, NJ. scribing them may not be necessdBproat and Fujimura,
YCorresponding author. 1993.
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Articulatory evidence from previous studies have shown FRONT REGION

differences in the production patterns of the laterals across

different English dialects. For example, Giles and Moll o ten . had palate
(1975 report that lingual contact in the front region of the Uw
oral activity is often not observed in the dark variant of
American English; results of GartenbdtP84), on the other L
hand, indicate a significant front region linguopalatal contact . intervertebeal disk BACK

A

dorsum wall

lips \‘
for postvocalic /I/s in British English. REGION

The primary objective of this study is to provide a char-
acterization of the 3-D geometry of dark and light variants of
/I so that better acoustic models for these sounds can be
developed. Investigation of coarticulation and other dynamic
properties are not within the scope of this study.

mandible

Il. METHOD
. FIG. 1. Tracing of the midsagittal profile of the vocal tract during the
A. Subjects production of the vowel /a(subject M) highlighting terminologies and
. . . . ., landmarks used for measurements.
Four phonetically trained, native American English
speaker$2 males(Ml, SC) and 2 femalesAK, PK)] served
as subjects. Subjects AK and Ml, both in their twenties at the . . . .
. . . . ... adifferent day, suggest that our phonetically trained subjects
time of the experiments, were raised in Northern California_ ~. "~ . L
. . . maintained stable gestures while sustaining these sounds. In
and have spent the 7 years preceding this study in SOUthe[elnddition a comparison of the EPG data for /I/s obtained from
California. Subject SC, in his thirties, spent the first 10 years ’ P

of his life in Indiana and has since been in California. Sub-SlJStaIneOI utterances with those from in-context wddis

ject PK, in her early forties, lived in New Jersey and OhioSCrIbeOI in the Appendpxhelped justify the use of sustained

her first 3 years, and in the Boston area through her thirtiesuner&mces for studying the articulatory geometry during the

She has been living in the Los Angeles area for 14 years. AIPrOdUCtlon of these sounds.

subjects have professional working knowledge of phonetics; In order to provide a convenient reference to key ana-

PK for more than 20 years, and is an expert phonetician; Séqrmcal landmarks in the vocal tract, a tracing of a sample

) midsagittal MR image of the vocal tract for the vowel /a/
and AK for more than 10 years through teaching and "< poken by a male subiect is shown in Fig. 1. The scannin
search; and MI for more than 5 years through phoneticsp y ) g L. 9

. : region for the coronal and axial planes included the region
classes and work experience. All have been subjects for var}- : .
. . . : etween the lips and the posterior pharyngeal wall along the
ous production and listening experiments.

anteroposterior axis and the region between the top of the
hard palate and just below the eighth vertebra along the inf-
erosuperior axis. Coronal and axial scans were taken ap-
A detailed description of the acquisition and analysisproximately perpendicular to the vocal-tract midlines, in the
procedures is provided in Narayanahal. (1995. Magnetic  oral and pharyngeal regions, respectively, based on a mid-
resonancg MR) images were collected using a GE 1.5 T sagittal localizer image for each subject. Similarly, the scan-
SIGNA machine with a fast SPGRadio frequency spoiled ning region for the sagittal plane was based on axial and/or
GRASS protocol in the coronal, axial, and sagittal planes.coronal localizer images. In addition, reformatting of the raw
The image slice thickness was 3 mm with no interscan spadmages was used to obtain cross sections along any desired
ing. Each image was represented by a:2366 pixel matrix, (oblique plane. Since midsagittal profiles provide the most
yielding a resolution of 0.0081 chper pixel for an FO\V=24  convenient reference for specifying grid locations for per-
cm. The subjects, in supine position, sustained dark or lightorming area calculations, sagittal scans were chosen for area
/Il for about 13—16 s enabling four to five image slices to becalculations along the vocal-tract bend from reformatted im-
recorded in a particular plari@bout 3.2 s/imageDark and ages. Midsagittal data were also used for length measure-
light /l/s were produced in a neutral vowel context, and thements.
subjects repeated each sound six to nine times, with a pause Automatic segmentation of the vocal-tract regions in the
of three to ten seconds between repetitions, to enable theages was followed by careful manual verification of the
entire vocal tract to be scanned. The data set compriseselected regions in each image. Following segmentation,
28-35 images/sound/subject in the sagittal plane, and 40—4hree-dimensional reconstructions of the entire vocal tract, or
images/sound/subject in the axial and coronal planes. specific regions such as the sublingual cavities, could be
Scanning of each subject in any one particular plananade by computer-aided concatenation of the selected re-
(axial, for example was completed within the same session.gions of interest. Length, area, and volume measurements
Scanning in each of the three orthogonal planes was carrietbuld be made directly using a pixel counting algorithm.
out in different sessions. A special head-neck coil helped Articulatory analysis and measurements were performed
maintain the subjects’ heads in a fixed position. Stability ofin several steps. Overall vocal tract and tongue shapes were
the articulators could not be monitored during scanning. Infirst analyzed using raw images, and complete 3-D models
stead, analysis results of EPG data, which were collected owere then reconstructed from appropriately segmented raw

B. Magnetic resonance imaging (MRI)
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scans. All the 3-D reconstructions reported in this study were
constructed using coronal scans. Interactive slicing of the
3-D objects, along any desired plane, facilitated the morpho-
logical analyses. Area measurements were made in two
stages: in the first, cross-sectional areas were directly mea- o« L . <0
sured from the coronal and axial scans to provide informa- ST . T /FRONT
tion on the front(oral) and back(pharyngeal/laryngepire- . v,
gions, respectively; in the second, sagittal scans were . * e

LEFT RIGHT

¢ ALVEOLAR
[ ]

. N PREPALATAL

reformatted to obtain areas along the planes perpendicular to ‘. e
the midline of the vocal-tract bend. To enable comparative PR e
graphical analyses across the various sounds and subjects, a * e « °
simplified representation of the area function is considered. ° . e MIDPALATAL
Areas up to the laryngeal inléglottal opening, defined by . .

the section showing the complete separation of the piriform to. . . BACK
sinuses by the ary-epliglottic fold, were considered. Further------------------- TTe Tt /

more, the “effective” area of the airway was obtained by a . . . * °  POSTPALATAL
simplification of the morphology: subtracting tissue areas, « . :

such as the uvula, and the various epiglottal folds, from the

total pharyngeal cavity areas. Areas of the lateral channelsG. 2. Schematic of electrode placement on the pseudopalate used in elec-
along the sides of the tongue, were measured using corontippalatography with region definitions.

scans. These areas were calculated using the airway segmen-

tation technique aided by appropriate tracings of the teetisustained versus in-context phonations. The linguopalatal

similar to that described in Narayananal. (1995. contact profiles provided by the EPG data were studied using
repeated-measures multifactorial ANOVAAnalysis of
C. Electropalatography (EPG) VAriance) techniques(sysTAaT, 1992. Furthermore, wher-

ever necessary, Tukey-HSD posthoc tests were used to iso-

late the potential sources of variations. Note that EPG only
EPG data from the subjects were recorded on a later dat@easures linguopalatal contacts, and is limited to the region

using Kay Elemetrics Palatometer. Each subject has hetween the teeth and the anterior part of the velum.

custom-fitted acrylic palate with 96 sensing electrodes. The

sweep rate of this system is 1.7 ms and the sampling perioldl. RESULTS

is 10 ms. The data for each subject were collected in a single

session that lasted for about one and a half to two hours. ThEP

data were collected over a monghost-MRI experiments
The speech material consisted of the lateral approxima

1. Data acquisition

Articulatory analysis of the laterals is based on MRI and
G data of sustained productions of the lightaind dark1]
allophones. Tracings obtained from midsagittal MR images

i . n&f [T and[t] for the different subjects are shown in Fig. 3
(dark and light allophonessustained for about 4 s/token. and the corresponding area functions are shown in Fig. 4.

The sounds were produced preceded by the neutral vewel / Sample linguopalatal contact profiles fgF and [] are

The subjects assumed a supine position, similar to that aShown in the Appendix

sumed inside the MRI machine, while phonating the sus- : . e
. . ’ i Analysis of the midsagittal images reveals, for bfith
';;e/un;ed uttera:(nce%ln ;dd'tlon’ E"PGt dda;ta for dark 6:.nd I'ghtl and [t], that the tongue shapes are significantly different
S Irom Spoken words were collected for comparative analys, . oss the four subjects. Nevertheless, a detailed analysis of

ses(t_jgscnbed in th_e Appendix Eight repetitions of each the cross-sectional shapes and the lingual contact patterns
condition were obtained. reveals several common characteristics. Moreover, for each
) subject, the tongue shapes for the dark and light allophones

2. Data analysis showed many similar characteristics, particularly in the oral
For the purposes of this study, the total region coveredegion, but certain systematic differences were also found,

by the electrodes was broadly divided into front and backsuch as in the degree of posterior tongue body raising in the

regions. A schematic of the region definitions is given in Fig.velar region, and tongue-root retraction in the pharyngeal

2. The front region comprises the alveolar and prepalatategion.

regions while the back region comprises the midpalatal an(z\ The light [I]

postpalatal regions. In addition, these regions could be fur-" .g

ther divided into left and right lateral zones, with respect tol- The linguo-alveolar contact

the midsagittal line, in order to study the symmetry in the For [I], all subjects revealed lingual contact along the

linguopalatal contact profiles. The percentage of electrodemidsagittal line, beginning in the region behind the front

that are contacted in each of these regions served as a basisisors and continuing over the majority of the alveolar re-

for our analysis. gion (starting at approximately 1 cm away from the lip open-
The EPG data were used to study the stability of theng and extending up to about 1.8, 1.8, 2.1, and 1.5 cm from

articulatory gestures during sustained phonation and intertahe lip opening for AK, PK, MI, and SC, respectivghf his

ken variabilities in each subject’s production, and to compardinguo-alveolar contact was established either with a raised
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FIG. 3. Tracings of the midsagittal profiles of the vocal tract of the different ¢ e
subjects during the production of the lateral approximéitéeft side and 0 2 4 B ISTANGE FROM LIPS, CM= 4 16 18
[I7 (right side: (a) AK, (b) MI, (c) PK and,(d) SC. The front incisors and '

the jaw are shown in dashed lines.

FIG. 4. Area functions, in cRyfor the laterals of the different subjects: solid
(AK), dashed(PK), dot-dashedMl), dotted (SC). Top panel:[l], bottom

. i i i i panel:[t]. Areas of the lateral openings around the alveolar contact are not
tongue bladdi.e., alaminal articulatior), as observed in AK included in these figures, but areas of the lateral openings behind the con-
and PK[Fig. 3(@) and(c)] or with a raised tongue tifi.e., an tact, if present, are included. The abscissa for the area functions are dis-

apical articulation), as observed in Ml and SEFig. 3(b) and tances(in cm) from the outer lip opening. Approximately, the region about
1.5-2.5 cm from the lips is the alveolar region, 2.5—-6 cm is the palatal

(d)]' The MRI da_ta also showed that the Ilnguo-alveolar Con'region, 6-8.5 cm is the velar region, 8.5-13 cm is the uvular and upper-
tact for the laminal[l]s of AK and PK extended laterally pharyngeal region, and 13—15 cm is the lower-pharyngeal region. For PK,
through the midpalatal regiofup to about 5.4 cm and 4 cm 1-2 cm is the alveolar region, 2—-5 cm is the palatal region, 5-7 cm is the
from the |ipS, for AK and PK, respectivel.yThe lateral ex- velar region, 7—10 cm is the uvular and upper pharyngeal region, and 10—
¢ . f the al | tacts f it8k of Ml and SC 12.5 cm is the lower-pharyngeal region. The laryngeal region is posterior to
ension of the alveolar contacts for api¢ds of Mi an »  the lower-pharyngeal region.

on the other hand, was smaller and confined to the prepalatal

region(up to about 2.8 and 2.4 cm from the lips, for Ml and .

. . is first observed in the 2nd rightmost panel in rowfm
SC, respectl\{ely Note j[hatliateral Iilngual contacts cannot bottom). Around either side of the linguo-alveolar contact,
be observed in midsagittal imagésig. 3).

small lateral openings were observed in the coronal scans

. Analysis of the EPG data ShOWEd g_reater front-regmnunt" the lateral contacts ended. These lateral channels can be
linguopalatal contacts for the laminally articulafé of AK

. i . bserved in a side perspective of MI's 3-D vocal tract shown
and PK when compared to the more apical articulations oP Persp

: : i In Fig. 6 in the region of the alveolar contact, behind the lips,
MI and SC(see for example, Fig. AL in the AppendlbOn and these channels extend to the oral region.

average, about 75%-80% of the front-region electrodes Were ™ r,o ¢, oo qectional areas of the lateral channels along-
ggz‘/tai(r:]tiﬁl anuféift; é}é a:ﬂ CI?\I/< A":Zgzléosrﬂgw:g tfa??hoeuéide the alveolar contact, for all subjects, are summarized in
fron(';-re ion contac(;s of II;K were significantly differefm Table |. The areas vary between 0.1-0.5 cfapending on

9 9 y the subject’s oral morphology and how the lingual contact

<0'.OO]) fr(:mtthc;sAeKof M a_lnd_f_SC.tIS|3_1f|]larly,ttfhe fr:;nt- was formed, such as apically or laminally. Note that the left
:)efgsl(g] contacts 0 were signiticantly diferent from those g right lateral channels have, in general, different areas.

Sample MRI coronal cross sections for subject Ml are ] ] ]
shown in Fig. 5. Linguo-alveolar contact can be seen in the- Region behind the linguo-alveolar contact
three contiguous sections starting at the leftmost panel of the The midsagittal tongue body contours fofwere found
bottom row. Lateral linguopalatal contacts are observed irio be quite different across the four subjefg. 3). For
the panels following, and the loss of the linguopalatal contacexample, the middle and posterior tongue body were gradu-
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FIG. 5. Coronal profiles of the vocal tract during the productiofi bfsubject M) taken along contiguous sections in the oral cavity at every 3 mm starting

from 3 mm from the outer lip opening and ending at the uvular region. The figure is arranged such that the cross section closest to the lips appears in the
rightmost panel of the bottom row and successive cross sections, moving away from the lips, are placed right-to-left in each row. Linguo-alveolar contact can
be seen in the three contiguous sections starting at the leftmost panel of the bottom row. Grooving along the midsagittal line is observed in the panels of rows
3 and 4(from bottorm), and the convex tongue surface is apparent in row 6 panels.
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FIG. 6. A lateral(side perspective of the 3-D vocal tract for subject MI's

lowered with respect to the anterior contact and the raised
posterior tongue body. For SC, a slight raising of the middle
tongue body was observed. In order to provide a clearer pic-
ture of the articulatory patterns, a detailed analysis of the
cross-sectional shapes and the 3-D tongue and vocal-tract
shapes becomes essential.

For M, the coronal cross sectiofBig. 5 in the region
immediately posterior to the contact revealed a flat tongue
shape and grooving along the midsagittal line which ex-
tended over the majority of the palatal regi@pproximately
2.4—4.5 cm from the lip openingGrooving can be observed
in the panels of rows 3 and 4, from bottom, in the figure.

The 3-D tongue body shape revealed a tongue which
was drawnlaterally inwards, directed toward the midsagittal
plane, and this inward movement was particularly prominent
in the posterior tongue-body region where the lateral lin-
guopalatal contact ended. This lateral tongue compression
facilitates air flow along the sides of the tongue behind the
alveolar contact. The overall tongue-body shape exhibits a
convex contour especially in the posterior tongue body re-
gion. The convex shape, clearly observed in row 6 panels in
Fig. 5, perhaps aid the lateral flow along the tongue sides in

[1]. Small lateral channels can be seen in the region of the alveolar contactNis region. This results in an airway opening that is more or
just behind the lips. Also notice the presence of lateral channels in additiohess “crescent” shaped, at least until lateral lingual contacts

to the central airway in the oral region.

are reestablished with the roof of the oral cavity in the velar
region. Similar observations were made by Stone and

ally lowered toward the posterior pharyngeal wall for AK, Vatikiotis-Bateson(1995. The linguovelar contact can be
while for PK, the entire tongue body behind the alveolarobserved in the leftmost panel in row 6, and above.

contact was maintained at the same height. For MI, on the

The overall tongue-shape behavior for the other subjects

other hand, the middle tongue body appears significantlyvas similar to that of Ml

TABLE 1. Areas (in cnf) of the lateral channels in the alveolar contact
region for[I] and [1] (L:left channel, R:right channglfrom coronal MR

(1) For SC, grooving in the region immediately behind
the alveolar contact was not marked and extended over only
a short regionabout 0.5 cmh The overall 3-D tongue body

images., is the distance from the lips in cm. Note that no lateral areas forb€hind the contact exhibited a convex contour, and was
PK'’s [1] are reported due to difficulty in area measurements because of thdrawn laterally inwards(toward the midsagittal plane

absence of a complete alveolar contact.

(1

X AK (L) AK (R) X, PK (L) PK (R)
1.2 0.214 0.256 1.2 0.223 0.180
15 0.197 0.209 1.5 0.107 0.280
1.8 0.246 0.238 1.8 0.085 0.432

X, MI (L) MI (R) X, sc() SC(R)
1.2 0.514 0.177 1.2 0.153 0.111
15 0.197 0.159 1.5 0.357 0.307
1.8 0.116 0.145
2.1 0.137 0.136

(1]

X, AK (L) AK (R) X, PK (L) PK (R)
1.2 0.165 0.226
15 0.182 0.128
1.8 0.212 0.279

X, MI (L) MI (R) X, SC(L) SC(R)
15 0.150 0.136 1.2 0.131 0.200
1.8 0.119 0.057 1.5 0.249 0.398
2.1 0.235 0.111 1.8 0.100 0.122
2.4 0.409 0.382 2.1 0.131 0.171
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Asymmetry was observed in the lateral flow channel with
more opening on the left side than on the right. Lateral chan-
nels extended till the linguovelar contact was established.

(2) For PK, the cross-sectional tongue surface which ap-
peared flat, but nonconcave, until about 5 cm from the lip
opening turned distinctly convex in the middle part of the
tongue body. Behind the alveolar contact, lateral channels
were not evident until lateral linguopalatal contact ended at
about 4 cm from the lip opening. Asymmetry in the tongue
shape and airway areas was noticed in the posterior region
(4.2-5.7 cm). Lateral channels disappeared again in the re-
gion where lateral lingual bracing against the roof of the oral
cavity was reestablished in the velar region, at about 5.7 cm
away from the lips.

(3) For AK, the tongue surface, in general, was dis-
tinctly convex. Like PK, the appearance of lateral flow chan-
nels in the region behind the contact coincided with the dis-
appearance of the lateral linguopalatal confattabout 5.4
cm from the lip opening The lateral contribution started
decreasing in the velar region with the establishment of lin-
gual bracing with the roof of the oral cavity. Furthermore,
coronal scans illustrated a medial notch on the posterior
tongue surface once the linguopalatal contact disappeared.
This, perhaps, is a consequence of the inward lateral com-
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pression of the tongue body toward the midsagittal plane anftom the bottom. Areas of the lateral channels, found on

lateral linguovelar bracing. either side of the linguo-alveolar contact, for all subjects are
The area functions were similar in their patterns acrosgiven in Table I.

the four subjects, particularly up to about 4 cm from the lips

[Fig. 4@)]. Lateral openings alongside the tongue, created by. Region behind the linguo-alveolar contact

inward lateral compression of the tongue body, contributes to

increased airway areas in that region. For subjects SC anzﬂe

MI, grooving along the midsagittal line immediately behind

For subject MI, prominent convex tongue body shapes
observed at and behind the linguo-alveolar corffemin

which is attributed to the disappearance of the lateral cha
nels due to lingual bracing against the roof of the oral cavity

Decreased areas in the uvular and upper-pharyngeal regicmJrn bottom, and above Groovin : :
S , g along the midsagittal

[at gbout 19_11 cm in Fig.(d)] for M! and SC result from line (observed in the 3 leftmost panels in row 4 from bottom

a slightly raised and retracted posterior tongue body, perhaqg not as prominent as that observediih Lateral bracing

a consequence of their apical articulation. The decreased AYith the roof of the oral cavity in the velar region, at about
eas in the upper- to lower-pharyngeal region for <12 5 5 away from the lips, can be seen in rightmost panel of

cm in Fig. 48], and for AK (approximately, 12—15 cjnon
the other hand, is due to a slight tongue-root retraction; a Tr.1e cross-sectional tongue shapes of the other speakers
probable consequence of their laminal articulation. Note th%vere as follows:

large areas in the velar- to upper-pharyngeal region for AK
[7-12 cm in Fig. 4a)]; this is probably due to her lowering the

the r;nd?le_an(i tp;}ostsggr(;opgucg bOdg'th tthe t ; 2.1-2.4 cm, which changed into convex at the end of the
nalysis ot the ata showed that the tgpaircent- lateral linguopalatal contact. The medial tongue surface, in
age contacts were smaller for Ml and SC when compared to

PK and AK 60% in AK and PK q general, was flat with the sides relatively rounded. A small
40fVa?n MI ;ﬂg ;\éi/ra%e,sg; A?NIgVA raeI;uIts sﬁgvrcgc?r;atto notch on the tongue surfacalong the midsagittal linewas

0 0 . . .. . .

. . . observed in the vicinity of the postpalatal region, although it

differences in the back region contacts of AK and PK wer veal vicintty postp g ugh |

L Swas found not to alter the overall convex shaping of the
;lgnlf!cant(p<_0.001) when compared to those of Mi and SC tongue body. Lateral lingual bracing with the roof of the oral
implying that indeed the lateral contacts of AK and PK ex- avity was established in the velar region
tend further back. Systematic asymmetry in IinguopalataF )

tact v found f bioct PK with the right sid (2) For PK, the cross-sectional surface of the anterior
contacts was only found for subjec with the right SI8€4,ngue body was convex. A slight flattening of the surface
more favored than the left.

was found behind the alveolar contgbetween 2.7—4.5 cm
from the lip opening although the surface turned signifi-
cantly convex again, in the middle and posterior tongue body
B. The dark [ 1] regions. No linguovelar bracing was observed.

(3) For AK, the tongue body showed distinct convex
shapes in the anterior regidt.2—2.4 cm with a tendency
toward decreased convexitflattening of the surfagen the

The [1] articulations of subjects AK and PK were lami- middle part of the tongue bod{2.7—-3.6 cm from the lips
nal while those of MI and SC were apiodig. 3). The MRl The overall cross-sectional shapes of the posterior tongue
data showed no lingual contact in the anteriglental/ body were also convex with slight grooving along the mid-
alveolay region for subject PK, while for AK medial lingual sagittal line, and significant asymmetry which resulted in
contact was seen in the anterior alveolar regiextending greater right-side openings in the airway. No linguovelar
between 1.2—-1.8 cm from the lip openjnd\nalysis of the  bracing was observed.

EPG data of subjects AK and PK showed little or no front- The overall 3-D tongue shapes and linguopalatal contact
region linguopalatal contact if] with only about 10%-25% patterns suggest that the grooving found sometimes in the
of the front-region electrodes contacted on an avefage region immediately behind the alveolar contéotMI'’s /I/s,

for example Fig. Al in the AppendixThe linguo-alveolar SC's[l], and AK's[1]) is, most likely, a secondary effect of
contact along the midsagittal line for MI's and S@i§, on  the anterior lingual contact and the lateral compression of the
the other hand, extended between 1.5-2.4 cm and betwed¢ongue body, rather than a primary characteristic to satisfy an
1.2-2.1 cm from the lip opening, respectively. EPG dataaerodynamic requirement. Grooving along the midsagittal
showed that Ml and SC consistently showed linguo-alveolatine did not appear to be actively controlled during produc-
bracing with 50%—75% front-region contacts on an averagetion, and, hence, is susceptible to intra- and inter-subject
Except for SC, the linguo-alveolar contact did not extendvariabilities. Groove dimensionswidth and depth were
laterally through the palatal region. small and did not exceed 5 mm for any of the subjects.

Coronal profiles of the vocal tract during the production Analysis of the area functions, shown in Figb} indi-
of [t] (subject M) are shown in Fig. 7. Medial linguo- cates similarities in the overall patterns across all subjects
alveolar contact is observed in the panels of the second roexcept for PK. For the other three subjects there was an

row 5 in Fig. 9 the tongue body shape turned convex again
in the vicinity of the velar regioni2 leftmost panels in row 5,

(1) For SC, there was a slight concave cross section of
tongue behind the linguo-alveolar contact, from about

1. The linguo-alveolar contact
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FIG. 7. Coronal profiles of the vocal tract during the productioftbfsubject M) taken along contiguous sections in the oral cavity at every 3 mm starting

from 3 mm from the outer lip opening. The figure is arranged such that the cross section closest to the lips appears in the rightmost panel of the bottom row
and successive oral-cavity cross sections, moving away from the lips, are placed right-to-left in each row. Linguo-alveolar contact is observed in the panels
of the second row from the bottom of the page. Prominent convex tongue body shapes can be seen at and behind the linguo-alveolar contact. Grooving along
midsagittal line(see panels in row 4 from the bottgms not as prominent as that observedlinFig. 5). Lateral lingual bracing with the roof of the oral cavity

is seen in the rightmost panel of row(ffom the bottom.
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abrupt increase in the areas in the region immediately postedlophones. ANOVA results showed significant differences
rior to the alveolar contact, and large areas in the palatah the front, back, and total linguopalatal contacts of the dark
region due to the contribution of lateral openings alongsideand light allophones of both AK and PK.
the tongue(created by the inward tongue compresgidtor The overall 3-D tongue bodghape—alveolar contact
PK, the area change was more gradual than the other subjedtonstriction, lateral compression, and convex tongue
due to the absence of a linguo-alveolar contact in the MRbody—for[I] and[t] were similar although the tongue body
data. The EPG data, however, showed that Hi'snay or  positionin the velar and pharyngeal regions were different.
may not be produced with a complete linguo-alveolar con-The area functions oft] contrast with those ofl] in two
tact. ways: (1) [t]s show somewhat larger areas in the palatal re-
All subjects reveal a distinct narrowing of the airway in gion immediately behind the alveolar contact due to a greater
the uvular and upper-pharyngeal region. For subjects Ml anthward lateral compression of the tongue body and less lat-
SC, the decreased areas, which extend to the velar region feral contacts; the greater compression is also evidenced by
MI, are due to a significantly raised tongue body in the velarsomewhat larger sizes of postcontact lateral openinggl,in
region. For PK and AK, on the other hand, the decreasednd(2) [t] exhibit significantly decreased areas in the uvular
areas are a consequence of a retracted posterior tongue bodyd upper-pharyngeal region, with effects extending either as
The area functions also reveal decreased pharyngeal arefas as the velar region and/or the lower-pharyngeal region
which result from tongue-root retraction. The extent of thedepending on the part of the tongue body used in forming the
pharyngeal region affected by the tongue-root retraction varpharyngeal “constriction.” Involvement of the upper part of
ied across subjects. The upper- and lower-pharyngeal regiorise tongue root and/or posterior tongue body results in de-
[9-14 cm in Fig. 4b)] showed small areas in thigs of AK  creased velar to upper-pharyngeal areas while retraction of
and MI. For SC and PK, the area reduction is mostly conthe whole tongue root influences most of the pharyngeal re-
fined to the uvular and upper-pharyngeal redit@—12 cm, gion. Figure 8 contrasts 3-D tongue shapes for Nillsand
and 9-10 cm, respectively, in Fig(b}], especially when [t]; both posterior and anterior views of the tongue are
compared to theift]s. shown. Note the greater lateral compression for M¥k
Analysis of the area functions shows that narrowing ofwhen compared tgl] [parts (&) and (c)] and the convex
the vocal tract at the uvular and upper-pharyngeal region is ahape of the posterior tongue body for both soupdsts(b)
consistent correlate ¢f]. This narrowing may not necessar- and (d)].
ily be due to velarizatiodefined as the raising of the pos-
terior tongue body(dorsun) in the velar regiofy since only
subjects MI and SC showed velarization. It may be that veP- Length measurements

larization only occurs for apically producgtls. The vocal-tract lengtlil,;) and the vertical lip-opening
Analysis results of the EPG data were consistent with|, ) measurements are summarized in Table Il. Dk

those of the MRI study. ANOVA results showed the meannave somewhat greatéy; values when compared to light

contact patterns of subjects AK and PK were significantly[|]s due to tongue-root retraction and/or posterior tongue

different from those of Ml and SC. body raising. Recall that the length of the vocal tract is mea-
o sured along the midline and, hence, raising or backing of the
C. Comparing light [I] and dark [ 1] tongue increases the effective length of the back region, and

The midsagittal tongue contours f¢F] and [t] were hence increases the overall length. Thg values appear to
similar in the front region but showed noticeable differenced?e subject dependent, and no contrastive differences are no-
in the back region. The front region EPG contactfidgrand  ticed among these values for the different sounds.

[t], on the other hand, showed different behavior across sub-

jects: laminal light[l]s (AK and PK) exhibited significantly
more front-region contacts than the laminal dark variety,
while these contacts were comparable for the apically- MR images for both the light allophorié] and the dark
produced[l]s and[t]s (Ml and SQ. ANOVA results con- allophonel[t] indicate that the midsagittal tongue contours
firmed the statistical significance of this observation. More-can be different across subjects. Common characteristics,
over, [I] exhibited greater lateral contacts in the palatalhowever, were revealed in cross-sectional and 3-D tongue
region for all subjects. These results imply variabilities inshapes, area functions, and linguopalatal contact profiles.
strategies used by different speakers to achieve similaFhese sounds were characterized by a complete linguo-
tongue shapes. alveolar contact or, just a constriction as observed in some

The inter- and intra-speaker variabilities observed in thecases of th¢t] of subject PK. The contact location was about
total electrode contacts appeared to be greaté¢t]ithan in  1-1.5 cm away from the lip opening and the contact length,
[1]. For example, PK producddi] either without any contact 0.6—1.5 cm in the alveolar region with relatively small open-
in the alveolar region(in 3 out of the 8 tokensor with  ings around both sides of the contact. Thesatéral chan-
linguo-alveolar contactin the remaining tokens The other nels’ alongside the tongue appeared in the alveolar contact,
subjects, on the other hand, consistently exhibited linguoer constriction, region and, in general, continued posteriorly
alveolar contact. The total linguopalatal contacts for the darluntil the lateral linguovelar contact was established. The
allophone of subjects AK and PK were much smaller tharright and left channels were, in general, unequal and their
those of MI and SC while the reverse was true for the lightareas started increasing behind the alveolar corthet to

E. Summary of the results
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FIG. 8. The 3-D tongue shapes for the MI's dark and light lateral approxim@tsb) Anterior (AV) and posterior views$PV) for [1]. (c), (d) Anterior and
posterior views foffl].

inward lateral compression of the tongue bpdynd started be a feature for the latera{Sproat and Fujimura, 1993The
decreasing again as the region of the lateral linguo-velar coreverall 3-D tongue shape behind the contact tended to be
tact, if present, was approached. convex. For some subjects, the cross-sectional coronal
The merging of the lateral channels with the centraltongue shapes immediately behind the linguo-alveolar con-
opening along the palatal region resulted in crescent-shapegct appeared flat due to lateral linguopalatal bracing. In ad-
cross sections and relatively large areas. The extent of thgtion, some subjects showed grooving along the midsagittal
lateral flow channel in the palatal region behind the linguo-jjne. Grooving along the midsagittal line or tongue-surface
alveolar contact was limited by the extent of the lateral “”'flattening, which appear sometimes, may be viewed as a
guopalatal contac[ﬂ typicglly revealed more lateral contac_t “superposition” on the otherwise basic convex tongue body
than 1], thus explaining, in part, the smaller areas consisynane The anterior grooving is less prominent than that ob-

tently observed in the palatal region [df. served in alveolar sibilants such ad (Narayananet al,

shaTehse Eﬁz\t:er:ﬁ:/vgr:jg:;ete?gld)ébgs r(;zz?c:\r;\?:iclﬁ \?v-a[; tdoinguelgga_ Unlike alveolar fricatives, the grooving, if present,
Pes, P does not continue through the posterior tongue region as a

rected toward the midsagittal plane. This lateral compressiononcave surface. suggesting that it is not a kev component of
enables the creation of the lateral flow channels along th& » SUgY 9 y P

curved sides of the tongue. This observation is perhaps rét medial airflow channel. Hence, the modification of the

lated to the tongue blade narrowing which is hypothesized t6°ngué body contour, in terms of surface flattening and/or
grooving, observed in some portions of the tongue surface

TABLE II. Vocal-tract length(l,) and vertical lip openingl,,o) measure- for _Some subjects, Is not a prlmary_artlculatory characteristic
ments(in mm). satisfying an aerodynamic constraint, but merely represents
secondary effects of the linguopalatal bracing and the lateral
Subject AK~ Subject M Subject PK  Subject SC  jnward compression of the posterior tongue bodly.

Sound Iyt e bt o I o Wt ho It is important to note here that midsagittal tongue
Light )] 1707 227 1781 229 1537 75 1784 141 shapes can be misleading in charactenzilﬁg&m_llar 3-D
Dark[f] 1732 261 1849 235 1567 6.8 1796 13.3 tongue shape&onvex surface, lateral compression, and al-
veolar contagtwith somewhat different groove characteris-
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tics along the midsagittal line may look vastly dissimilar in tal flow through the entire duration of the sound. Most of the
midsagittal slices. Conversely, similar groove lengths andpectral energy of the laterals is below 5 kHz, with the low-
depths in two somewhat different 3-D tongue body shapefrequency behavior greatly influenced by the cavity posterior
may appear similar in the midsagittal plane. to the primary supraglottal constrictiofiback cavity. The

The back region areas f¢t] showed significant inter- first formant frequencyF,), which typically occurs between
subject variability. In the case ¢f]s, on the other hand, all 250-500 Hz, can be associated with the Helmholtz reso-
subjects revealed decreased areas in the uvular and uppeance between the relatively large back-cavity volume and
pharyngeal regions due to significant retraction of the tongu¢he oral-constriction space. The losses at the oral constriction
root and/or raising of the posterior tongue body. In additioncontribute to relatively high bandwidth fét; which in turn
the effect of this pharyngeal “constriction” was found to tends to reduce the amplitude of the spectrum. Furthermore,
extend either as far as the velar region and/or through ththe anterior tongue body shape suggests that changgsan
lower-pharyngeal region depending on the particular part ofhe consonant’s releag®r example, into a following vowel
the tongue body actively involved in the constriction forma-can be expected to be somewhat abrupt in /I/ due to abrupt
tion. These results indicate that velarization, which is typi-changes in the corresponding area functions. The second for-
cally associated witfit], is not necessarily a consistent char- mant frequency(F,) can be associated with the half-
acteristic across speakers although decreased uvular amdivelength resonance of the back cavifpr example,
upper-pharyngeal areas, when compared to tho$g,a6 a  lengths of 12—-14 cm would approximately correspond to

consistent feature for all subjects. resonances in the range 1250-1460.HRetracting or rais-
ing the posterior tongue body observed in the casétpf
IV. DISCUSSION result in an increase in the effective length of the back cavity,

It appears that the primary tongue-shaping mechanism@nd hence, a Iqwermg of “".'é% values. .
for laterals are responsible for the alveolar contact, inward- The acoustic characFerls.tlcs of t_he lateral channels in /I
lateral compression, and convex shaping of the middle anlf:]ave not yet been studpd in detail. The pole-zero cluster
posterior tongue body. These features seem to be invariaﬂpser\.’ed in the acoustic spectra of /t[&?ound 3-5 kHr
across subjects. Flattening or grooving of the tongue bod)most likely results from b.Oth back-ca\(lty and lateral channel
immediately behind the alveolar contact, appear tosée- effects. A simple approximate analysis suggests that the two

ondary features. We speculate that these secondary featuré%teral char_mels, which, in_general, ha"‘? different areas,
are influenced by the extent and force of front-region Iin_Would contribute a pole—zero—pole cluster in the frequencies

guopalatal contact and the muscular activity of the middlebeIOW 5 kHz(Stevens, to be publishkdVariability, how-

and posterior tongue body. For example, a tendency toward &Ver; is expected in the structure of the high-frequency clus-

greater grooving in the middle tongue body was observed e’ ddu_e to I?irha- sndkmter.;subjictthdn;fetreni:efs] n thle ng?pis
the apically articulatedl]s that showed smaller lateral lin- and sizes ot theé back cavily and the lateral channeis. EMects

guopalatal contacts than laminally articulagds; laminal of coarticulation and speech rate may further influence these

[I]s were characterized by a somewhat flat middle tongugariabilitigs(Giles and Mqll, 1975
body shape. In this paper, a detailed account of the 3-D vocal tract

Although there were differences in the tongue body and tongue shapes for the laterals in American English was

sition of the dark and light /I/s in the back region, the overall prese_nted. The resn_JIts of t_h's Investigation may be gsed asa
3-D tongue bodyshapescomprising the alveolar contact and baseline for studym_g artlculatory-_to-acoustlc relations of
convex middle and posterior tongue body with inward—lateralthese sounds and will be reparted in the future.
compression, were, in general, similar. These tongue bod
shapes were, however, quite distinct from those of the vow* CKNOWLEDGMENTS
els /a,i,u/(Narayanaret al, in preparation Hence, the simi- The cooperation and support of the Cedars-Sinai medi-
larity in the midsagittal tongue contours of the laterals andcal imaging group, the UCLA Department of Radiology, and
vowels observed by Giles and Mdl1975 does not, most the UCLA Phonetics Laboratory is gratefully acknowledged.
likely, translate to similarity in the corresponding overall We are grateful to our subjects AK, MI, PK, and SC for their
tongue shapes. Further corroborating evidence for this obsehelp. We thank Patricia Keating and Peter Ladefoged for
vation regarding the tongue shapes of the vowels and lateraigseful discussions and for use of EPG facilities. Thanks to
is provided by ultrasound datéStone, 1991; Stonet al, Carol Espy-Wilson, Anders Lofqvist, and Maureen Stone for
1992. valuable suggestions. The assistance of Makkalon Em with

Acoustic implications: Some preliminary speculationsthe EPG data analysis is appreciated. This work was sup-
regarding the acoustic characteristics of the laterals can borted in part by UCLA and by NSF.
made based on these articulatory data. The observed supra-
glottal “constriction” areas(lateral channel areas and/or ar- APPENDIX: VARIABILITY ANALYSES THROUGH EPG
eas along the midsagittal lingogether with the relatively STUDIES
Ipw flow rates, typlce_\IIy_l_OO—ZOO cﬁs(Stever, to be pub- In this Appendix, we describe the results of an EPG
lished, suggest no significant pressure drop in the supraglot- o ) S

> . L .study which is aimed at investigating:

tal constriction region, and hence, negligible chances for fri-
cation. The absence of a significant supraglottal pressurgl) Intra-token articulatory(temporal stability during sus-
drop also implies a sustained, and almost uniform, transglot- tained phonation of light and dark /I/s.
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(2) Inter-token articulatory variabilities of these sounds. (a) Dark /l/ (b) Light /1/
(3) Differences and similarities between these sounds pro-

duced in sustained utterances with respect to the sounds
produced in naturally spoken words. Both inter-subject AR s
differences in the articulatory patterns for each sound AK oS S
and differences and similarities between light versus S Sl
dark /I/ are investigated. Our focus here is to study the
variabilities of sustained sounds with respect to those
occurring in natural contexts, and not to investigate spe- . .
cific coarticulatory effects. K S
(4) Inter-subject differences in the articulatory patterns for el o
each sound. -

1. Data analysis

EPG data from the sustained utteran¢eght repeti-
tions) were collected from the subjects in a supine posture MI
(simulating the position assumed inside the MRI scanner
EPG data were also collected for the worgditist, freely,
Robert E. Legfor light /I/, and the wordgpaul, peel, pod!
for dark /I/, all of which were spoken embedded in the carrier .
phrase “Say—again”. These utterances were spoken by the SC
subjects in their normal upright posture. L
The total percentage of electrodes contacted in the front
and back regiongrefer to Fig. 2 for region definitionsvere
Cal.cmated and used for variability analyses. Tempor.al averlz G. Al. Sample linguopalatal contact profiles for the dark and light lateral
aging of the contact measures was done over the middle 3., nones of the different subjects.
s of each sustained data segment.
It should be noted that, given differences in individual
oral morphologiegsuch as palate structyrehe intersubject experiments. Further detailed analysis of intra- and inter-
comparisons using EPG contacts can be justified si@e: token variabilities was done using repeated measures
region definitions for each subject were selected based oANOVA with total linguopalatal contact as the dependent
their individual palate structure instead of an arbitrary aswvariable.
signment of electrodes to particular regio(i®, comparisons The first set of these tests used sustained utterances. Re-
were based on normalized “percentage” contacts in eackults showed no significant intra-token variations in the total
region, andc) intersubject comparisons are intended to give,contact values for both dark and light /fF=0.183,
at a gross level, differences in the tongue-palate interactions=0.903 for all the subjects.
(e.g., whether light /I/ is characterized with greater contactin ~ ANOVA results(one-way repeated measures using allo-
one subject compared to anothdbue to the data “normal- phone type as factor and total linguopalatal contact as the
ization,” such comparisons should reflect differences in gesdependent variabldor between-subjects variation in the to-
tural rather than anatomical differences. tal contact of the sustained light versus dark /Il may be con-
Sample EPG contact profiles are shown in Fig. Al. Forsidered somewhat statistically significan{F =4.092,
the sustained utterances, the mean and standard deviation@£0.092. The absence of a high significance in these vari-
the total (i.e.,=front+back linguopalatal contact were cal- abilities is not surprising since the contact patterns for the
culated. Fofl], the total linguopalatal conta¢expressed in dark and light /I/ of subject MI, and to a lesser degree, of
percentage relative to the total number of electrp@esoss subject SC, are comparable. This may have resulted due to
tokens was 60% in AK and PK when compared to 40% ineither the tongue shaping and bracing associated with the
MI and 25% in SC. Token-to-token variability was less thanapical nature of the /I/s produced by these subjects, and/or a
5%, and within-token variations were within 4%, assuringgreater tongue bracing in the artificial scenario of sustaining
both within- and across-token consistency. Hdr the total  the lateral soundgthe latter hypothesis may be verified by
contact was 20%, 40%, and 25% for AK, MI, and SC, re-comparing sustained and in-context EPG glatde analysis
spectively. Token-to-token variability was less than 7%, andalso showed variations in the total contacts of dark versus
within-token variations were within 3.7%. Subject PK pro- light cases for each subject with similar statistical signifi-
duced[t] with no lingual contactin 3 tokeng or with mini-  cance level§F=1.984,p=0.080. There was an equally sig-
mal contact(5%—10% total contact in 5 tokendRecall that nificant interaction with the sound-type factOF=2.198,
the “sampling time” for EPG is 10 ms. Hence, about 400 0.059 which may be due to the fact that not all subjects
EPG profile samples were averaged in each token. showed the same contrast in tongue-palate contact patterns
These results indicate that our phonetically trained subbetween1] and[t].
jects produced the sustained sounds in a consistent manner In the second of these tests, EPG data corresponding to
assuring a degree of articulatory stability during the MRIthe laterals extracted from naturally spoken words were com-
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FIG. A2. Total linguopalatal contact expressed in percent relative to the total number of electrodes for light and dark /I/ obtained from both naturally spoken
words and sustained utterances, averaged across eight repetitions for each subject. The first five bins in each panel correspond to light /I/ while the last five
correspond to dark /I/. For light /I/,c1,c2,c3 represent contact values extracted from the{eliists freely, Robert E. Léerespectively, while for dark /I/,

they represent contact values extracted from the w(pdsl, peel, podl ca and sa represent the pooled average values for the in-context and the sustained
utterances, respectively. The error bars represent the variations in linguopalatal contact across repetitions. Further data analysis was based on ANOVA
techniquegsee text for detai)s

pared against the sustained ones. Segmentation from eaph-0.655. Similar tests foft] with respect to contexivords
word was done manually using time-aligned displays of thevs sustainedalso showed no significant variation between
acoustic waveform, spectrograms, and EPG data. The totéthe various cased =2.098, 0.154 Matrices of comparison
contact for each token was then obtained(tgmpora) av-  probabilities computed following Tukeypost hoc tests
eraging over the segmented duration and used for variand@ables Al and All, for{l] and[t], respectively showed that,
analyses. The variabilities within the eight repetitions of eachalthough statistically not significant, relatively greater vari-
token were found to be statistically insignificant, and theability was found when the in-context cases were compared
results reported in this paper are based on averages of thdth the sustained cases. The reason for this may be the
total contacts across the eight repetitions. The average totabmewhat greatdbut not significanttongue bracing seen in
linguopalatal contact values for each of the in-context caseshe sustained utterances of all subjects, except subject SC.
along with their pooled average and the average value forthe The final set of tests were comparisoiisvo-way
sustained utterances, are shown in Fig. A2. ANOVA on totalANOVA followed by Tukeypost hoctests based on pooled
average contaddependent variab)efor [1] with respect to  averages across the various in-context cases with respect to
context showed no significant variationF=0.554, averages for sustained cases. The resulting matrix of com-

TABLE Al. Matrix of pairwise comparison probabilities from Tukeyost TABLE All. Matrix of pairwise comparison probabilities from Tukeyost
hoc tests following ANOVA of average total linguopalatal contact for hoc tests following ANOVA in average total linguopalatal contact fof

across various contexts and sustained utteraffee®.554,p=0.655. across various contexts and sustained utteraffee®.098,p=0.154.
elitist fredy Robert ELee sustained pau ped pod sustained
elitist 1.000 pau 1.000
fredy 1.000 1.000 ped 0.864 1.000
Robert E.Lee 0.991 0.995 1.000 pod 0.987 0.693 1.000
sustained 0.675 0.707 0.831 1.000 sustained 0.250 0.638 0.151 1.000
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TABLE Alll. Matrix of pairwise comparison probabilities from Tukey post capture “canonical” tongue shapes for these sounds. The

hoc tests following a two-wgy ANOVA in average total Iinguopalatgl con- ~aveats of our study, however, should be reiterated. The
tact for [t] and[l] across various contextpooled averagesand sustained

utterances. ANOVA results: For, the factlfophone={[t][I]}, (F=34.108, coarticulatory influences in the production .Of liquid CQH;O—
p=0.000; for the factor type={in-context, sustaingd (F=6.243, nants are well-known, and EPG data provides only limited
p=0.019; for the interaction between allophone and tygf=0.174,  articulatory information. Our study, however, is an attempt

p=0.680. to provide insights into the three-dimensional vocal tract and
1] ] 0] [ tongue shapes during speech production and to gather quan-
context  sustained context  sustained titative data that can be useful for articulatory-to-acoustic
modeling.
t context 1.000
1 sustained 0.190 1.000
I context 0.000 0.108 1.000 IAn approximant is a sound that is characterized by the approach of one
I sustained 0.000 0.020 0.467 1.000 articulator toward another but without the tract being narrowed to such an

extent that a turbulent air stream is produ¢kddefoged, 1998
2Data from sustained utterances were also collected from the subjects in
upright position, but no significant differences in the linguopalatal contact

. . . patterns of these sounds produced in the two postures were found. Some of
parison probabllltles{TabIe AIII) helps us to further isolate the minor differences found fofl] include: for PK, a tendency toward

some of the variabilities. No significant differences were rejatively larger linguo-alveolar contacts in the upright articulations when
found between the sustained and in-context cases for[both compared to the supine ones; for AK, slightly greater lateral linguopalatal
and [ﬂ The differences in the total linguopalatal contact contacts were observed in supine position; and for SC, lateral contact in the

L . - postpalatal region, which is probably due to the anterior extension of the
were significantly different betweef] and[1] in both sus- i, 0 /o velar bracing, were found in supine position.

tained and in-context cas€s<0.005. A two-way ANOVA  3a convex shape refers to doming of the tongue surface as viewed from the
with respect to the different subjects and sound tiqberk, palate, whereas concave refers to curving of the surface inwards as viewed
light) showed significant differencep<0.01) between[|]]  from the palate.

and[t] for subjects AK, PK, and SCTable AlV).

In summary, the EPG analyses indicate S|gn|flcant Intra'Espy-WiIson, C. Y.(1992. “Acoustic measures for linguistic features dis-

and inter-token articulatory stability in the production[bf tinguishing the semivowels /wjrl/ in American English,” J. Acoust. Soc.
and[t] by our phonetically trained subjects. Furthermore, no Am. 92,736-757.

significant differences were found in the linguopalatal con-Gartenberg, R(1984. “An electropalatographic investigation of allophonic

e . variation in English /I/ articulations,” inNork in ProgressVol. 4 (Pho-
tact patterns of the artificially sustained utterances of /I and | ..o Laboratory, University of Readingp. 135—157.

those that occurred in natural contexts. These results giveiles, S. B., and Moll, K. L(1975. “Cineflurographic study of selected
credibility to our using MR images of sustained laterals to allophones of English /I/,” Phonetical, 206—227.

Ladefoged, P(1993. A Course in PhoneticéHarcourt Brace Jovanovitch

College, Fort Worth 3rd ed.

TABLE AIV. Matrix of pairwise comparison probabilities from Tukggpst ~ Lehiste, 1.(1964. “Acoustical characteristics of selected English conso-
hoc tests following a two-way ANOVA in average total linguopalatal con-  nants,” Folklore and Linguistic84, 10-50. Indiana University Research
tact (pooled across various contexfsr [f] and[l] across various subjects. ~_ Center in Anthropology. _ _
ANOVA resuilts: For, the factoallophone={[][I]} (F=44.231,p=0.000; ~ Narayanan, S., Alwan, A., and Haker, Hn preparation). “Articulatory-

and palate contributions to speech production,” J. P23 81-100.
sysTAT for Windows: Statistics(1992. SYSTAT Inc., Evanston, IL, ver-
sion 5 ed.

for the factorsubject={AK,MI,PK,SC} (F=1.044,p=0.391; for the inter- acoustic data, analysis, and models: Vowe(si preparation
action between allophone and subjéét=1.358,p=0.279. Narayanan, S. S., Alwan, A. A., and Haker, K.995. “An articulatory
study of fricative consonants using magnetic resonance imaging,” J.
m m momoomoomon Acoust. Soc. Am98, 1325-1347. N
AK MI PK SC  AK M PK sc Sproat, R., and Fujimura, @1993. “Allophonic variation in English /I/
and its implications for phonetic implementation,” J. Phat, 291-311.
[f] AK 1.000 Stevens, K. N(to be published. Acoustic Phoneticto be published
[f] Ml 1.000 1.000 Stone, M.(199)). “Toward a model of three-dimensional tongue move-
[{] PK 1.000 1.000 1.000 ment,” J. Phon19, 309-320.
[ff M 1.000 1.000 1.000 1.000 Stone, M., Faber, A., Raphael, L. J., and Shawker, T(1992. “Cross-
| AK 0031 0035 0024 0.033 1.000 sectional tongue shapes and linguopalatal contact pattefi®,ifS] and
[11,” J. Phon.20, 253-270.
: g:( %%%72 %L:)Z)% %%Z;; %%%i %%3;63 t%%% 1.000 Stone, M., and Vatikiotis-Bateson, E1995. “Trade-offs in tongue, jaw,
|

SC 0.111 0.124 0.089 0.118 0.998 0.991 0.638 1.000
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