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ABSTRACT

M.R.l. techniques have bearsed todescribe velunopening
of French vowelsData based on 1pined axial slices of 4
mm thickness were recorded with twabjects.Differences in
velum opening are calculated from areasasured irthe tract
between the lowered velum and the batlarynx wall. A 3 D
modelling of this tract is also proposed.

1. INTRODUCTION

Magnetic resonance imagin@IRI) has beerused toobtain
mid-sagittal cuts of the vocal tractand toextract area
functions from the latter [1], [2]. Recenprogress in MRI
allows us to gathedata muchasterandwith better accuracy
than before. Magnetic resonance imaging allows ushtmin
accurate slices of the velumopening in the coronal,
transversal,and sagittal plans, withou@ny invasive effect

transversal slices. This proton densiyeighted acquisition
took 13.8 seconds with the following parameters: TR746
ms, TE = 9 ms, gradient profile low-higiETL =11; Partial
Fourier encoding: 60 %. Field of view: 250 x 200 m¥hatrix
161 x 256. A stack of transversal slicess definedvith
slice thickness 4 mmand nogap between adjacent slices of
the stack.Accurateposition of the stackvas planned on a
sagittal survey image realized during simifg@monation. The
stack is set above thepiglottis with slices perpendicular to
the oro-pharynx wall. Adouble presaturation band was
applied to avoid foldover artifacts. Acquisitiomaslaunched
immediately after the beginning of phonation.
[0532_01.GIF]

2.3. Image Analysis

Until now, there has been no automadiad reliable method
for determining thearea of asection of the vocal tract in
M.R.l. Thus, measurementgere carried out according to the

for the subject.MRI completes a set of techniques alread§ollowing procedure:outlines of thesectionsare traced by

used to studyasality phenomenauch asthose described in
Krakow and Huffman[3]. MRI has beemused to make
measurements of the nasadvities, [3], [4],but up tonow,
no measure of velic lowering has been presented.

In this paper we describeelum opening for Frenchnasal
vowels. Images have beemecorded atthe Magnetic
Resonance Unit of thErasmusHospital, FreeUniversity of
Brussels.

2. METHOD
2.1. Corpus

Data have been recorded on two speakers, one femabgect
1) andone male (subject 2hoth of them nativeFrench
speakers living in Brussel§hetask of the subjectsvas to
pronounceand tosustain each of the nasal vowel, [[€],

[d], [3]- A reference was a word that contained the vowel to
pronounced. This referenagord was given afew seconds
before the recordingession byone of theexperimenters.

hand on atransparent sheet. By means ofdmitization
tablet, the outlinesare introduced irthe computerand each
area is computed by @golygon surface computation
algorithm. This digitization process however, might be
biased by some human factor. A test of thecuracy and
reproducibility ofareameasurementsvas carriecut. Three
different outlinescorresponding to 3ifferent sections, a
large, amedium and amall onewere used asest samples.
Each outline was measured lfimes. Mean and standard
deviation are given for eachsection. Results showthat
standard deviation is similar in the 3 casesl is lowethan
0.005 cm2. This accuracy can be consideredsatisfactory
for our purposes.

2.4. Geometrical Modelling

bEhe mathematical tools used in our 3D modeling of the velum
is based on a software project developed for the study of the
abdominal aorta [5].The MRIlimages are transfered to a

The reference words aridle vowels contained in these wordgraphics workstation and then processed to produce fiista

are the following : ‘un bon vin blanc’ ab3vebld].

2.2. Image Acquisition

Theimaging was donevith a 1.5 T M.R.l. system with a
quadrature Head-Neakoil (Philips Gyroscan NTACS, Best

step - a set of contours. These contours are obtainedelayns

of an elastic matching process dascribed below : Fogach
image, we initialize a closed free-form curve (likdNERB for
example) in the interest area . This curve is defined by a set of
control points. Aset of criteria is computed #tis point to
caracterize thisarea :pixel level, density gradiant dexture
analysis. Then, this curve is growing by a global moving of

The Netherlands).The images consisted of 1 stack of 18



its set of controlpoints. Eachmoving is controled by the -
local properties of the curve and the image properties.
The initialization of the elastic matching process in finst
image is doneinteractively by the user. For all the
followings, this initialization isdone through arestimated
starting position which iomputed from thdocation of the
previous contours. We obtain a semi-automatic procerest
is supervised by theaiser whocan, at any moment, re-

computed, a 3D set of points is generated by the adding of
spacial parameters of each images.

In the second step, a generalized cylinder match this set
points. The generalized cylinder model provides a smooth g
structured representation oftubular cavities : First, we
compute the central axis of the tubular cavity (by means
least squares approximation). Then, a set of closed section
computedalong this axis to match the set pbints. The
generalized cylinder is finallydefined as a cubic uniform B-
spline surface passing by thesections. Two parameters are
using to describe thisurface as dunction S(u,q) the axial
parameten gives the position of a section along the axis a
the angular parameterdescribe this section.
[0532_01.MOV]

3. RESULTS
3.1. Nasal Vowels

Figure 1 a, b, c, d give the mosignificant slicesobtained
for the vowels §], [€], [d@] and B]. from subject 1.Theslices
presented from left toight (SL4, SL5,SL6) show the area Figure 1. Magnetic resonance images of transvesdales
situated behind the velum followed by tkeparation of the obtained for subject 1Three sliceslices are given for each
oral tractand ofthe nasal tract. Tissues betwatarkened nasal vowel. Slicesare presented from left toright and
zonesarethose of thevelum (nasalopening atthe bottom labelled SL4, SL5, SL6The first slice, SL4, gives the
and oral tract at the top). Slices situated beflw give areas smallestarea measuretbr each vowelThe secondand the
at thepharynx level, those beinfurther aboveSL6 are in a third slices, SL5 andSL6, show theseparation of thenasal
non-significant region for our study. and oral tracts forg], [&], [@] but not for p]. The scale is the
same for all slices.

The examination of the images presented on Figure 1 a, b, c,

d allows us to consideinteresting differences thatexist 3.2. Velum Area Measures

between the front vowelg][and [&] andthe back vowelsd] i

and ] for subject 1. Figure 1 &[and 1 b ] show that For eachrecordedimageand forevery nasal vowel, all areas

neither the velum nor the uvula are in contact with tivegue corresponding to all the slices have betawnfor the two
dorsum withfront vowels. The oral tractand the nasalract subjects.The areas odll slices have beemeasured by the

are both open. The tongue groove which is na@nounced method described above, and the results are giv_ennﬁm in

for front vowels is clearlyisible for both vowelsbut much 12ple 1 and table 2. The number of measured slices for the two
more pronounced fok[, which is more front thandf]. These subjects is not the sameéue todifferences in vocaltract
facts are consistently repeated with the three other subjectsl%'?gth'

the study. Figure 1 c and 1d show somportant differences gyamination of the M.R.l. scans shows thiat vowels &1,

for back vowels. Slices &nd 6presented at Figure 1show [d], [3] produced bysubject 1, slice 5 is the firslice

that for p], which has the more back articulatoposition, showing aclear separation between the orahd the nasal

the oral tract is completely closed by the contact of the Ve'%ct, while for f], slice 6 shows thiseparation.Above this
with the tongue dorsum. Thigbservation has consistently point, there is aprogressive enlargement dhe areas

beenmadefor both subjectsFigure 1 c §] shows that the cqonsidered. This enlargement varies from one vowel to
uvulahits the tongue'sagittal groove aSL5, leaving free  5nother. For this subject, based on these data, we can
airway on both sides of the contact.. Thfact.i.s likely a consider that the velar pofVP) area ofslice 5 [&], [d], [3],
consequence of the more open articulatprsition of fi]  angslice 6 f] provides themeasure of the veluropening.
than p]. The relative differences in VP size between the vowedsthe
[0532_02.GIF] following: [3] < [d] < [¢] < [&&]. The twoback vowels 3] and



[@] have smalleropeningsandthe two front vowelsg and all vowels as it was showed by the measwieen in table 2
[€] have bigger openings. The smallest opening ofrthsal and figure 3.
tract for p] is the consequence of the highemd moreback -
position ofthe tongue body among the examinvedvels. Cross sectional areas [gm
The ob_served dlfft_arences in veluopening clearl_ylllustrgte Slice 3 (@] [l 3]
the articulatory differences between voweldhe bigger size 1 1.62 5 41 1.86 5 10
of the port for {i] compared to the port fob] is explained by ' ’ ' '
I S 2 1.14 1.11 1.10 1.23
the fact that even ifd] is a back vowel, it is more opethan
~ S . 3 1.19 1.30 0.77 0.59
[3] and therefore the constriction is situated lower intifaet. 4 1.21 0.66 0.49 0.38
There arefewer differences between the two front vowel [ 5 1.77 1.24 0.44 0.48
6
7
8

and ], whose articulatory differences lie in the marentral
] ! Y Sy 2.18 1.28 0.57 0.36

and rounded positions of]. The VP of E] is slightly larger
o 2.42 1.86 0.65 0.75

than [€]. Differences between all nasal vowgtsoduced by
. ) - 2.48 1.65 0.65 0.53
subject larepresented at Figure 2, whidahsplays the areas

(in cm2) with respect to the slice number. From slice 5, where io i%)g 323 ggg g;g
the measures of velum areatart, there is grogressive ’ ' ' '
) 11 2.18 3.77 1.82 1.22
enlargement of the tract but theelation betweenvowels
: . 12 1.68 1.63 1.84 1.20
remains more or less constant even if them@somechanges
. . . L 13 2.29 2.06 1.93 1.31
in the order ofvowels. This fact being not significant
. 14 2.27 1.81 2.02 1.26
because these measures account for the size of the tract at the
t f th | ii h ab th | 15 2.85 2.83 2.89 2.11
entrance of the nasal cavities much above the velum. 16 390 5 82 308 2 65
Cross sectional areas [gm 17 4.30 4.33 4.11 4.05
18 5.23 4.23 4.52 4.78
Slice El [c®] [a] [3] Table 2. Cross sectionakreas of 18 slices taken from a
1 2.11 1.13 1.00 1.02 region above the glottis to the nasal cavity for fremolwels
2 2.43 0.87 0.92 0.90 pronounced by subject 2
3 2.70 1.57 1.01 1.00 A
4 0.94 0.92 0.66 0.59 s Swear
5 1.06 0.98 0.81 0.70 . T
6 0.95 1.01 0.85 0.69 4[| = om b
7 1.09 156 1.13 1.03 = :
8 1.45 1.51 1.29 1.24 £ir . 4 1
9 1.58 2.09 1.70 1.89 = . . °
10 2.27 2.26 230 2.12 gr : ]
11 2.41 3.41 3,57 2.89 H ]
TP R s a0 gt ]
12 s 2 X 1
Table 1. Cross sectionakreas of 11 slices taken from a 0 I B P BT B B,
region above the glottis to the nasal cavity for fremolvels L S:"_ 'j z s R
Ice Number

pronounced by subject 1 ) )
Figure 2. Plot of differences between all nasabwels
Data for subjects 2 are given in Table 2. Images show that fsonounced by subject 1..

subject 2 slice 12 is the level for measuring velapening ] Subject 2

for vowels [g] and E] while slice 13 is the level for aave-a
measuring velum opening for vowel§ fand [d]. The relative SH m & e
differences in VP size between the vowatethe following: o LB . ¥ 5]
[3] <[] < [E] < [d]. For this subject {i] has the largesarea, " ¢

LYy
E

[3] is the smallest. Théour VP sizes of this subjecare quite =35t i .
I

small andrather similar one taanother. This confirmghat ,f 1 o = $: . 1
velum loweringandchanges in the articulatorposition of : * " ME T
the tongueare executed toealize a nasal vowel when the vt ; - 0.2t et ]
latter is compared to a coresponding oral vowel. o, et f e
0 2 4 6 8 10 12 14 16 18
Slice Number

A 3 dimensionnal visualization dhe pharynxand of the g6 3. plot of differences between all nasabwels
nasal tract (for subject 2) obtained by the method describedﬂﬂ)nounced by subject 2.

section 2.4, is given in figure One can sethat the size of

the pharynx is much bigger for the front vowels compared to

the back vowels. The size of the nasal tract is comparable for



[3]
Figure 4. 3D reconstruction of the pharynx and of thasal
tract for the four nasal vowels of subject 2. [0532_03.GIF]
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3.3. Comparison of Oral and Nasal

Vowels

Figures 4and 5show pharyngeal areas, in addition to the

velum opening data. For each vowel and for each speaker,
dimension of the pharynx is given by evemeasured area
below the slice used for determining the velar port opening.

The pharynx spans differently from one speaker totrer,

but differences in pharyngeal dimensions between vowels are 2.

very consistentfrom one speaker to thether. For both

subjects, §] has the largest areas in the pharynx followed by

[&€]. This is not surprising since botare front vowels. For
our subjects differences ipharyngeal dimension$or back
vowels are the samed][is slightly bigger thang]. The plots

addedthat labialization is also part of this articulatory
complex, but this was not taken into consideration in our
study, due to constraints on the acquisition of the images.

4. Conclusion

Theresults of thisstudy show that the magnitude pésal
coupling is quite variable accross different subjects. These
variations are accounted for biytrinsic morphological
differences between th&ubjects.However the magnitude of
the oral-nasal coupling seems to be smaller than biegen
assumed inacoustic studies. These results also shiat
differences between nasal vowelsdtheir oral counterparts
are accounted for by velum lowering and bynadification of
the position of the tongue body, which is more backrfasal
vowels.
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that the tongue bodposition ofthe nasals is more retracted

in comparison with the corresponding vowed$ 4nd p] can
also be seen for the four subjects includedun study, for all
vowels. These facts confirm arguments presented Mgeda
[7] who claimed that if velic lowering can ngtrecisely be
controlled, then articulatory adjustments play essential
role in causing the acoustic effects that result imasal
percept. Maedaproposed that velum loweringnd tongue
backing must be considered asiagle articulatorycomplex
used toproducenasal counterparts to oral voweldlaeda



