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Three-dimensional (3D) numerical simulations of the vdcatt acoustics require very detailed
vocal tract geometries in order to generate good qualityey@aunds. These geometries are typi-
cally obtained from Magnetic Resonance Imaging (MRI), fawhiich a volumetric representation
of the complex vocal tract shape is obtained. Static vowehds can then be generated using
a finite element code, which simulates the propagation afigt@waves through the vocal tract
when a given train of glottal pulses is introduced at thetglatross-section. A more challenging
problem to solve is that of generating dynamic vowel souisthe one hand, the acoustic wave
equation has to be solved in a computational domain with ngplsbundaries, which entails some
numerical difficulties. On the other hand, the finite elenmaeshes where acoustic wave prop-
agation is computed have to move according to the dynamitsest very complex vocal tract
shapes. In this work this problem is addressed. First, thasdic wave equation in mixed form
is expressed in an Arbitrary Lagrangian-Eulerian (ALEpisvork to account for the vocal tract
wall motion. This equation is numerically solved using @#ized finite element approach. Sec-
ond, the dynamic 3D vocal tract geometry is approximated bgite set of cross-sections with
complex shape. The time-evolution of these cross-sect®nsed to move the boundary nodes
of the finite element meshes, while inner nodes are comphteddh diffusion. Some dynamic
vowel sounds are presented as numerical examples.

1. Introduction

Dynamic vowel sounds such as diphthongs or hiatus have baedicibnally generated using one-
dimensional (1D) approaches. To do so, the three-dimeak{8D) vocal tract geometry, typically
obtained from Magnetic Resonance Imaging (MRI), is apprated by the so-called vocal tract
area functions 1], which describe the changing area of toahract along its midline. These area
functions can be used to generate, for instance, a diphthpmgterpolating the starting and ending
vowel area functions. However, 1D techniques assume plave wropagation, which holds up to
about 5 kHz. Beyond this limit higher order modes can proaffi, which can not be obviously
captured by 1D methods. Three-dimensional (3D) approachie®vercome this limitation and di-
rectly work with MRI-based geometries. However, they hagerbmainly focused on analyzing the
vocal tract acoustics of static sounds[[3/ 4] 5,16,17, 8], mayittle attention to the production of
diphthongs or hiatus. It is to be mentioned that some redéernats have been done towards this
direction, in [9] using the tuned 2D vocal tractslin[10] ofd!,[12] using 3D vocal tracts. However,
the latter mainly focused on the numerical formulation dretéfore made use of simplified straight
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vocal tracts with circular cross-sections, which can baéyedsiven by area interpolation (similar to
1D).

In this work, dynamic vowel sounds are numerically generéteusing 3D complex vocal tracts
obtained from MRI. However, it is infeasible to obtain tireeelving MRI-based vocal tracts with
high spatial and time resolution. Moreover, it would regumage segmentation and surface recon-
struction at each time step with the intervention of an expler surpass these limitations it is herein
proposed to use static MRI-based vocal tract geometriesxnalct not only the vocal tract area func-
tion, but also the shape of each cross-section and its twcatid orientation in the midline. By using
these parameters (shape, location and orientation) theo88l tract can be easily reconstructed and
interpolated so as to generate a dynamic vocal tract. Tlwndemroblem to solve consists on simulat-
ing the propagation of acoustic waves in a moving vocal tré@ido so, the mixed wave equation for
the acoustic pressure and acoustic particle velocity isesged in an Arbitrary Lagrangian-Eulerian
(ALE) frame of reference and numerically solved using thatEiElement Method (FEM). The finite
element meshes are deformed in time according to the 3D dgnaioal tract model. In particular,
this vocal tract model is used to prescribe the motion of thees located at the vocal tract walls,
while the position of the inner nodes is obtained from theigoh to the Laplacian equation, which
smoothly translates the movement of the boundary nodegtmtier ones through diffusion.

This work is organized as follows. Sectibh 2 describes théhaumlogy followed to generate
dynamic vowel sounds using 3D-FEM and 3D MRI-based vocatsraSome numerical results of
diphthong sounds are next presented in Se€fion 3. Sddtitmsdscthe paper with the conclusions.

2. Methodology

2.1 The dynamic 3D vocal tract model

The MRI-based vocal tract geometries for vowel sounds ir} J&e used as a starting point.
First, they were adapted for our purposes by removing the &acd neck, the lips and the subglottal
tube. Then, a set of cross-sections were extracted thrdwggkdcal tract midline for each vowel
vocal tract geometry as in_[14]. The next usual step woulceHasen that of computing the area
of each cross-section so as to obtain the so-called voazldraa functions (see e.d./ [1]), typical
from 1D approaches. However, since our aim is to deal with 8Mmex vocal tract geometries,
the shape of each cross-section was preserved togetheitsMitication and orientation through the
vocal tract midline. The vocal tract geometry can then bemstructed by connecting each cross-
section so as to form a quad-faced surface mesh. An examfliisqirocedure is illustrated in Figl. 1,
where the MRI-based vocal tract geometry of vojglis discretized in 40 cross-sections and then
reconstructed.

Figure 1: (Left) MRI-based vocal tract geometry for voywdl (mid) corresponding 2D cross-sections
(solid blue line) represented through the 3D vocal tractlimed(dotted red line), and (right) recon-
structed vocal tract geometry.
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Once the cross-section database with the different voweIvioact geometries is constructed, a
dynamic vocal tract geometry can be simply generated bygatation. To that purpose, all cross-
sections are interpolated in time from the initial vowelsdto the target one, as well as their location
and orientation in the midline. Note that with this methapl we have reduced a 3D interpolation
problem, which would have required working with 3D complesogetries, to a 2D interpolation
problem for the cross-sections and a 1D interpolation gmbfor the location and orientation of
each cross-section. Figure 2 shows an example of the dynawat tract model when moving from
vowel[a] to vowel [i]. It can be appreciated how each cross-sectigh@focal tract deforms to reach
the desired articulation, and moves along the midline cimgnigs orientation to correctly represent
the vocal tract geometry. The equivalent surface meshdd bawe also been generated at any time
instant, as exemplified in Fig] 1 for vowgl]. However, this option is only required at the first time
step so as to generate an initial surface mesh. As it will lpdaéned in the Section 2.3, this initial
geometry will be meshed so as to obtain a volumetric finitenel® mesh to simulate acoustic wave
propagation. The boundaries of this volumetric mesh wilvemaccording to the variations of each
cross-section.

=

=
—

Figure 2: Dynamic vocal tract model moving from vowe]| to vowel [i].

2.2 The acoustic wave equation for dynamic vowel sounds

The vocal tract acoustics for static vowel sounds can be teddesing the mixed wave equation
for the acoustic pressugéx, t) and acoustic particle velocity(x, ),

1
—=0p +V -u =0, (1a)
PoCy

podiu + Vp =0, (1b)

with 0, denoting the partial time derivative apglandc, respectively standing for the air density and
the speed of sound. However, when facing the modelling oddya vowel sounds such as diphthongs
or hiatus one has to deal with moving vocal tracts. In suckuaton it becomes necessary to express
the wave equatiori{1) in an Arbitrary Lagrangian-EuleriAhE) frame of reference. One option
is to resort to a quasi-Eulerian ALE framewofrk [15] 16], weéne spatial derivatives are kept in
an Eulerian frame and the time derivatives are translatedamreferential frame moving with the
domain. Consider that the domain moves with a veloaity,,. The ALE mixed wave equation can
be obtained by replacing f < 9;f — uqom - Vf in EqQ. (1), which results in

1 1
—50ip — —5Udom - Vp+V -u =0, (2a)
PoCh PoCo

P00 U — PoUgom - VU + Vp = 0. (2b)
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Figure 3: A sketch of the computation domdinshowing the glottal boundarly, the vocal tract
walls T"y; and the mouth exify;.

In order to generate a vowel sound one has to supplemeni]gqgit(Rappropriate boundary and
initial conditions. Let us consider a computational dom@inepresenting the vocal tract geometry
with boundaried'y, I'yy andI'¢ respectively standing for the vocal tract walls, the mowtih @&nd
the glottal cross-section where the vocal folds are loc@ted Figur€l3). We impose

u-n=q(t) onlg, t >0, (3a)
u-n=np/i, on 'y, t >0, (3b)
p=20 onI'y, t >0, (3¢)
p=0, u=0 inQ, t =0, (3d)

whereg(t) is the glottal source inflow and,, the wall impedance used to introduce wall losses. For
simplicity, a zero pressure release condition is used in(&g). to consider an open-end boundary
condition. However, radiation losses could be easily ohticed by extending the computational do-
main outside the vocal tract geometry and consideringfieté-sound propagation (see e.q!,[I5, 7]),
although at the cost of increasing the computation time.

2.3 Time domain finite element simulations

Acoustic wave propagation through the 3D dynamic vocatsra@s simulated by using the Finite
Element Method to solve the ALE mixed wave equatidn (2) whid boundary and initial conditions
in (3). In particular, an algebraic subgrid scale strategg ¥ollowed [12], which allows us to pre-
vent numerical instabilities when using the same intetjpmafor the acoustic pressure and particle
velocity. A train of glottal pulses of the Rosenberg type][as generated and introduced at the
vocal tract entrance ag¢) in Eq. (3&). This train of pulses was enhanced by considexipgch
curve (variation of fundamental frequency), some jittedt ahimmer and a fade in/out to emulate the
onset/offset of the vocal folds. Wall losses were considieréq. [3b) by imposing a wall impedance
of Z,, = 83666 kg/m?s [3]. A speed of sound of, = 350 m/s and an air density ¢f, = 1.14 kg/m?
were used. A sampling frequency fif = 1/At = 250 kHz was selected to simulate time events of
T = 200 ms, withAt¢ denoting the time step size.

In what concerns the motion of the finite element meshes, wartl&om an intermediate vocal
tract geometry corresponding to the average between ttial iand final vowel sound to generate,
instead of starting from the initial vowel vocal tract gednge This helped us to minimize element
distortion produced when deforming the finite element megjenerate a dynamic vowel sound, and
thus to avoid remeshing strategies. This initial geometag weshed using tetrahedral elements of
sizeh ~ 0.003 m. Its boundary nodes were moved to reach the first vowel sanddhen to the
second vowel sound so as to generate a diphthong or a hiahesirdjectories of these boundary
nodes were obtained by using the dynamic vocal tract modsribeed in Section 211. The position
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of the inner nodes were then computed through diffusion. atiqular, the Finite Element Method
was employed to solve the Laplacian equation for the nogeatismentsv(x, t),

V2w =0 inQ, t =", (4a)

with boundary conditions

w't =gt on Iy, t =", (4b)

w"n =0 onlg, t =", (4c)

w"n =0 on Iy, t =", (4d)

Wherem@;}s andz? . stand for the positions of the nodes located in the vocat tadls at time

instantsn + 1 andn, respectively. The node positions at the- 1 time instant can be updated as
wn+1 — wn 4 wnJrl. (5)

The mesh velocityy,,,, appearing in the ALE mixed wave equatidnh (2) is computed atiatp:; as

ettt pn

ultl(x;) = =———+ A7 - (6)

3. Results

The production of diphthongi[] has been simulated as an example. As detailed in SdciBhm2.
started from an initial finite element mesh correspondingrtantermediate position between vowel
[a] and [i]. This initial mesh was then deformed to reach thealdtion of vowel[a]. This procedure
corresponded to a 150 ms simulation and only involved thelu&sn of the Laplacian equation
@). Once the articulation of the initial vowel was reachtd ALE mixed wave equatiof](2) with
boundary conditiong{3) was numerically solved to simu&teustic wave propagation through the
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Figure 4: Snapshots showing the acoustic pressure distnibof the vocal tract walls during the nu-
merical simulation of diphthongu[] (top) with the time evolution of the acoustic pressuretcagd at
the vocal tract exit (bottom). Values were taken at t=(27,188, 157) ms, respectively correspond-
ing to the articulation of vowella], two intermediate positions between vowgl$and [i], and to the
articulation of vowel [i].
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vocal tract, together with the Laplacian equatibh (4) usedhove the finite element meshes. The
articulations of vowel[a] and vowel [i] were respectively sustained during 15 ms andh85while
the transition time between vowels lasted 150 ms. This givesal time of 200 ms for the generation
of the diphthongi].

Figure[4 presents a set of snapshots showing the acoussisupeedistribution of the vocal tract
walls at different time instants. The first one correspomdhé articulation of vowela] (t=27 ms),
the second and third ones to intermediate positions betyvgdemnd [i] (t=88 ms and t=115 ms), and
the last one to the articulation of vowel [i] (t=157 ms). Tlhm@e evolution of the acoustic pressure
captured at a node close to the mouth exit is also representad figure to better illustrate theses
time instants. It can be observed how the vocal tract gegmsetoothly moves from the articulation
of vowel[a] to that of vowel [i], producing a smooth variation in time bétacoustic pressure captured
at the vocal tract exit. This signal indeed corresponds égptioduced diphthong sound, which can
be transformed to an audio file to listen to it. The spectnogeod this audio signal is represented in
Figure[®. As usually done in the literature, a pre-emphalses fivas applied to better visualize the
higher frequencies. We can observe in the figure how the fotsrEmoothly transition from those of
vowel [a] to those of vowel [i].

Frequency [kHz]

0 50 100 150
Time [ms]

Figure 5: Spectrogram of the generated diphthaiilg [

4. Conclusions

In this work a methodology to generate dynamic vowel soursilsgu3D MRI-based vocal tract
geometries has been presented. A 3D dynamic vocal tractirhadéeen constructed for this pur-
pose, which can generate the articulation of diphthong$éatds by interpolating the shape, location
and orientation of a set of cross-sections extracted fraticd¥IRI-based geometries of vowels. The
Finite Element Method has been used to simulate acoustie wapagation through these dynamic
vocal tracts. To do so, the mixed wave equation for the acopsessure and particle velocity has
been set in an ALE framework and solved following a subgralesstrategy. The boundary nodes of
the finite element meshes corresponding to the vocal tralt vave been moved according the the
constructed 3D dynamic vocal tract model, while inner noo&tpns have been obtained by solving
the Laplacian equation. As a numerical example the diptgHaih has been simulated, showing a
smooth transition of the formants during its production.
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