THREE-DIMENSIONAL COARTICULATORY STRATEGIES OF TONGUE MOVEMENT
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ABSTRACT preciselythe timecourse othe CVmotion, becausthe sampling
rate wasonly 7 Hz. However,the path oflocal displacements,
This paper will present three-dimensiortahgue “volumes,” and thecomponent deformitiethat contribute to thglobal shape
reconstructed fronthree sagittal slices (left, mid, righthade change are presented below.
using tagged cine MRI. The volumesll be animated tashow

CV movement fronthe consonantgk/ and /s/ to therowels/i/, Questions asked by thistudy are: (1) Are the effects of
/al, and /ul. consonants on vowels greatban that ofvowels on consonants?

C and V endpoint shapdsr the three planes aeompared to

INTRODUCTION determine themost andleast consistent shapes. (2) eal

portions of theongue movdinearly in timefrom target to target?
The tongue is a three-dimensional non-ridgiddy, which is  Pathlines are plotted to reveal the direction and ratecsement
normally measured as a two-dimensional object using images ordd points on and within the tongue’s surface in each plane. (3)
series of points in the midsagittal plane. Three-dimensional statidow is lateraltongue movement differefitom midline? X-shift,
data are available, but there is no 3btion of the tongue  y-shift, and xy-shear are calculated to compare the C-to-V changes
available. This paper presents three-dimensiotmigue in all three planes.
“volumes,” whichmove intime through up to seven time-phases.
The volumesare reconstructedrom three sagittal slice-series METHODS
(left, mid, right) made usintpgged cine MRI. Each slice-series
is captured at 7 time-phases during the course of one second. TAd9-year-oldmale, native speaker of English repeatedGhés
series are animated slhow movement fosix Consonant-Vowel /si, sa, su, ki, ka, ku/ 96 timesch while a left, mid, and right
(CV) signatures. As thimngue deforms oveime, the measured sagittalcine-MRI slice-sequenceas collected. The three MRI
points reflect both surface and internal deformations. slices are 7 mm thick and 4 mm apart in spaEach slice was
encoded with a grid of tadines during production of the
The project explores the coarticulatedvements from a front or consonant, and seven time phases were recorded during the
back consonaris, k/) to the thre@oint vowels(/i, a, u/). Our  succeeding second #eetongue movednto thevowel. Each CV
previous research has depicted 3D static tongue surface shapesv@s repeated 32 times to create a single slice sequence (96 times
18 English sounds [1]. Based trat, thetwo consonanték/ and  for the three-slice series). The tags are made of intersecting
/sl werechosen foithis study. The chosen sounds differ in static horizontal and verticalines each 1.3 cm apart. As tkengue
shape as well as position. Th& is afront consonantvith a  moves between two soundsthe tagsdeform, reflecting the
continuously grooved tongue body from front to back. /Khés a  internal tissue deformation. The tagie fairly dense, and as the
back consonantith an arched tongubody fromfront to back. tongue moves quickifthe deformations becomguite large (with
We were interested in examining the 3D strategies of méoom  respect to the tag grid spacing)or fast tongue movements,
the archedk/ to theslightly grooved/a/, to thefront raised/i/, additional time steps were interpolated between dbkected
which has an arched anterior agrdovedposterior shape, and to temporal data sets to facilitate tag alignment.
the /u/,whose shape is ntvo differentfrom the /k/ itself. The
movement fromthe grooved/s/ into those threevowels was The tag line intersections and the poirti®ng the tongue’s
expected to be quite different. The differences shpuitkide  circumference were stored as xy coordinate points. The left,
insight into the tongue’s strategies of three-dimensicoalace  middle, and right sets of points at each time phase were aligned in
and internal motion. 3D space using Vutongue, custom software discussed in Stone
and Lundberg (1996). Z coordinates weset so that the
While one can predidhe nature ofongue shape changes using interslice distance was twice that of the original distannaking
simple linear interpolation between the extreme positions, it ishe midline slicesnore visible. The 3D timeeries of tag points
well established thaibbngue motion ovetime is not linear. As and slice edges (real data and interpolates) were ithported
early as 1973, tongue movement was modeled as a cosine functioio a 3D visualizing program (Geomview, Cenfier Geometric
[2]. Tongue movements ithe sagittal and conal planeshave = Computing) for interactive display and export to videotape.
indicated that different portions of thengue surface reach the
maximum phoneme target at different times and domote  The deformations observed between slices wa#eomposed
toward it simultaneously [3]. The present da@nnot track using a continuum mechanics optimization method. The



deformation componentssed were x- and y-stretch, xy shear, with positive numbers referring to elongatioky-shear indicates
rotation, and translation. Thisompact deformatiorset was  stretch upward and backward (positive) or upward and forward
designed to illuminate thecoarticulatory effects ofC-to-V (negative). The shear values in the table are squaretbke
movement by breaking dowrthe total deformation into them comparable tthe stretch measures with respect to their
quantitatively discriminated individual effects. The processeffect onarea. In the present data set, the shear values are all
employed involved samplinthe edge ofthe tongue in both the very small, and the C\fnovements themselvéend to be small.
reference (C) and théeformed (V) state and themunning  The largest deformations occurréar /ka/ whose surfaces are
custom continuum mechanics software to optimabyarate the shown in Figure 2. At midline and athe right, thetongue
components ofhe deformation based otihe change ofexternal  compresses ithe y-dimensionand expands in the x-dimension,
shape [4]. Internal movement can be inferred from the results ardhich is reflected in Table 1. Ghe left,only y-compression is
compared tdhe observed deformations dfie tag lines. The x- observed. An interesting asymmetry is observed for /su/, where y-
and y-stretch values in Tablerdpresent percentaghangefrom expansion occurs only on the right, reflecting rotationatement
the original shape. Theay-shear values, when squared, areas thetongue movesipwardfrom /s/ to /u/ on the righprimarily.
comparable in magnitude to the stretch values. Pathlinescould not be calculated fdsu/ because the tags were

laid down too late in the sequence.

RESULTS

The third area examined in this paper is local changes in direction

and rate during the Cvhovement. Lineapathlines were drawn
One of the features of interest studied in this project was theonnectingthe points in each frame. Figure 3 presents pathlines
variability of phoneme shapes across contexts. Figusbolvs  for mid and lateralmovements ofku/. Eachline catains an
overlaid surfaces dk/ and of /s/ in the threeowel contexts, and arrow after the third and fifth frames indicating direction of
for /i/, /al, and /u/ in thetwo consonant contexts. Visual movement. It is immediately apparehat the CVmovement is
inspection indicates thmost overlap foru/, progressing to the non-linear. Althoughthe overall motion is downward, other

least overlap through /k/ /il 1al Is/. directions are represented as well. On the left, Table 2 indicates
an x-compression ithe surface shape. This is visible in Figure
Table 1. Surface deformations for each CV 3A and the internal tags reflect this posteriorwandvement
toward the end. At midline, the tags reveal that the umpgue
X- y- Xy- X y lowers more rapidly and to a greattent than the rest, and in
stretch | stretch | shear trans | trans all three slices the tags in the tip compress backward.
LEFT .06 -14 .0081| -.08 -.06
k'to a MID 13 -21 .0025 -.0§ -.08
RIGHT 15 -13| .000064 -0 -.11 DISCUSSION
LEFT 09 05 10009 03 o8 These rgsults are an.interes’tmgy to’examine coarticulation. In
K to u MID 03 02 1000064 ol ol the stgtlc shapes, neither C’s n'or \V's werere variable. Rather
RIGHT 02 05 0025 008 ol the high spundstu/ and /k/,which were plastered against the
palate, varied less.
LEFT -.04 -.08 0 -.02 -.07 The pathlines revealed that the largesivements occurred at
kto I MID -.02 -.03 0004 .00§ -.009 midline in the upper 1/3 of thsngue, and posteriorffpr /i/. It
RIGHT .07 .05 .0001] -.03] .001 did appear that thenovementpatterns were sensitive to the
constrictions. The /ka/ and /kuhovements were primarily
LEFT .003 .009| .000004 -.02 .00y downward. Forsa/,movement was dowand back. At midline
s to a MID .06 -.01] .0289 .01 .08 and left, /ki/ wasdownward, on the right, there waslittle
RIGHT .06 -.009 .0004 -.03 .01 upward movement. Movement fdsi/ was up andback at
midline, downward othe left, andorward onthe right. For the
LEFT -.02 -.03 .0009) .01 .04 high sounds, the top had greater movement.
stou MID -.05 .04 .0001 01 -o0p )
RIGHT 06 17 0016 02 0d G_Iobal defo_rmatlonsf served sevgral_ purposeghey reflectgd
differences in magnitude of contribution of each deformation to
LEFT 001 05 0001 007 0ot the whole shape chan_ge.They al_so revgaled asymmetrical
MID - 05 o1 01 07 0 movements, such as fiwi/ (x-expa_nsmn on right) anfdr /su/ (y-
S to [ expansion and positive y-translation on right).
RIGHT -.01 .002 .0049 .06 -.0%

A secondarea of interest waglobal changes in tongue surface
shape in the midline versus lateral planes. Tab#hdws five
component deformationihat characterize thehange in surface
shape between tfeonsonanand vowel. The tags were not used
in these calculations. The x- and y-stretch vahrespercentages,
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Figure 1 a-e. Overlaid drawings of each sound taken from the different contexts.
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Figure 2 a-c. Surface movement from /k/ to /a/.
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Figure 3 a-c. Pathlines indicating direction and extent of tag movement over 5 frames from /k/ to /u/.
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