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Abstraet

A maodde] for caleulating the acoustic characteristics of three-dimensional vocal tract
configuration is presented. A cascaded structure of rectangular acoustic tubes, connected
asymmetrically with respect to their axes, i introduced as an approximation of the real
wocal tract geometry. Both propagetive and evanescent higher-order modes are consid-
ered in these tubes, The number of higher-order modes can be salected independently in
each tube, which signifleantly decreéases the instability of computation caused by the
evanescent higher-order modes.  Calculation results for two configurations are discussed.

1. Introduetion

Recent development of techniques for the observation of speech organs such as MREI
allows us to obtain sccurste descriptions of vocal tract shape.  Although 3D shapes of the
vocil tract are available, 1D theories are still used to compaute acoustic characteristics of
the wocal tract, A reason maybe lles in the complexity of computation of the resonance
characteristics of D ghapes.

Mumerical computation technfgues sich as the Finite Elament Method (FEM) [1] or
the Trangmission Line Matrix (TLM) method [2] have been applied to compute the
moouatle characteristics of 3D vocal tract models, The results obtained emphiasize the
large influence of the vocal tract ahape details upan tha tranafer function.  Thesse methods,

® Depariment of Elecitonics smd [nformeticen Engineering, Hokkai-Gakuen University, 526, W11,
Sapporo, HG4-0ie, JTAFAN
# 8 Inatitud de la Comemunbcation Parbe, UMRE CHES 5000, TNPG-Universicd Sendhal 46, Avesue Félix
Viallet, 38031 Grenphle, FREANCE

= b=




104 Kuniioshi Miomess, Fierre Banin, Xavier PELORSSN and Hiroki MaTsuzass

however, vequire a large amount  of computation, and are not suitabde for the purpose of
speach synihesls,

This paper presents a paramatric method (o compute the acoustic characteristics of
the 3D vocal tract model, in order to achieve the redoction of the computation, and to
explore the vocal tract acostics that can not be represented by the traditional 1D model.
A coscided structure of acoustic tubes, connected asymmetrically with respect to their
axes, 5 introduced as an approximation of the vocal tract geometry. Each tube is
assumed to bave a rectangular crosssectional shape whose geometey (siee and axis
position) can be determined from MRI date. The 3D seoustic fGeld in each tube 8
repregented in terme of Mgher-order modes. A mode-matching bechnigue is then used to
establish & mode coupling at the junctions betwesn tubes.  In the proposed method, both
propagative and evanescent higher-order modes are considered in each tube, since each
section is often not long enough for the evanescent modes to decay away,

Considering several evanescent higher-order modes sometimes causes computational
diffleulties related to the numerical precialon,  As & matter of fsct, in & previous report
[4], the number of higher-order modes taken into aceount in each tube was necessarily
constant; this was a major drawhack when constrictions were present since the evanescent
hgher-order modes in the narrow tube often caused computational instability.  In the
proposed method, the number of higher-order modes can be selected independently in each
tube, In particular, only plane waves may be considered for narrow tubes and several
higher-order modes can be faken into account for wider tubea. The flexibility in the
selection of the number of the higher-order modes i ench tube Incroases the computation
skability significantly, while also reducing computaticnal time.

Calculation results for two  configurations, a J-section configuration approximating
an oeclugion ot the teeth, and Mi-section configuration hased en MR data, are discussed

2. 3D vocal tract model

21 Mode expansion and coupling
Vocal tracts are approximated by cascaded structures of rectangular acoustic tubes,
a% shown in figure 1. The 3D acoustic field in each tube can be represented In  Infinite
series of higher-order modes, The ssand-pressurs sy ) £ balng the direction of the tube
axis, and the z-direction particle velocity vdz .20 in each tube are expressed as;
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where m and » stand for the numbers of the higher-order modes in x and v directions, s
and gesley) are the propagation constant and normal lunction (eigen function), respective-
Iy, ¥ea's are imaginary aumbers for propagative modes and real numbers Tor evanescent
modes.  Neither loas factors due to the viscosity and the heat conductivity of air, nor wall
vibratlen effects are included.  In the matrix ntation inoeq, (1), the Infinite series are
truncated to a certaln value, &, b and ¢ix.y) are column vectors composed of Ges, bay 0rid
@rlz,y), Tespectively.  daalxy]s are chosen to have the following orthogonal property:

']s'j:i[xd"}"{i'l-'.}'}rﬂ=' (2)

where 5 is the ares of tha tube, and T a unit mateix, & and b are detecmined by the
boundary conditions at the both ends of each tube. Diz) and Z: are defined as;

I z)=diaglexpl yanzl], Fc=ihoci{diag] yaa))™’ (3

where kg and ¢ are wave oumber, air density and sound speed, respectively. A modal
sourd-presgure vectar P and & modal particle velocity vestor W can be defined as:

P=I{—zla+Dzb

i
V = Zi' (D~ 2}~ D{a)h) 1

If ¢ach componant of I* and ¥ is regarded as a voltage and o current at position £, each
higher-order mode can be represented by an equivalent electrical transmission line.
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Hereafter, a subtscrint ¢ s used to represent the variables in the section 7, By using a mode
matching bechnlque, the mode coupling at the junctlon between the sectlons § and (-1 can
be expressed as follows[4):

Po=@P )
B ¥Vi=Vin
where the coupling matrix ®,,.; is calculated as:
uini=g- [ $lr I Lalx )dS )

&y s assumed to be smaller than that of the section r41. I the smaller area s for section
i+1, all sufflxes { and /41 should just be exchamped, Eguation (5) indicates that the
coupling coeflicients matrix ®.,.0 can be simply regarded as a matri representing the
trangformation catio of & multi-port ideal transformer in an equivalent electrical circuit.

2.2 Impedanee transformation

Acoustic transfer functions and sound-pressure distributions in the vocal tract can be
calculated from inpul impedance matrices af each section. Starting with a given load
impedance matrix, which is often & radiation impedance mateix, an impedance transforma-
tion [8 necessary 1o obiain the Input Impedance matrices for all sections.  Kergomard [4]
presented a "propagating modes" method for the impedance transformation where all
evanescent modes are terminated at the junction.  In this section, the formuolation of the
impedance  tranaformation sitable for the 3D vocal-troct model 8 presented, [ can
hamdle short sections with asymmetrical connection between the adjscent tubes. [t should
be noted that the evanescent higher-order modes do not propagate.  However, they can
influgnce the resonance characteristics through the mode coupling belwesn plane waves
and the evanestent modes at the junction. Moreover, if two junctions are located very
closely, the evanescent modes can be related (o a power transmission.  Thus we congider
the evanescent moces elther as “terminated” at the junction or ae “related to the power
transmission” in the tube as Mustrated in figure 2,

2.21 Hadistion impedance mairix
A radiition impedance mateix @8 the first impedance {or starting the impedance
tramaformation. The generalized modal radiation impedance matTix fqe for & rectangu:
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where S5 I8 the area of the laat section corresponding to the mouth,  Note that Zeew
represents the modal radiation impedance between modes (m,0) and (fg). Zae is the
radiation impedance used in the plane wave theory.

2.2.2 Basie tranaformation
Tube Input impedances looking toward loads at the right and left ends of the section § are
defined as:

PR=ZM P=FMY (8

where superscripts "™ and *' are used (o denote the quantities at the right (lip side} and left
{glottls side) ends of the tube.  From eq. (4), the impedance tranaformation from Z* 1o Y
is easily obtained as:
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T = (Do ZM+ D Ee D EF + De e} "B, (9

where De,= (DL + Dl — L2 and D= I L,) =D = LiJ}/2, L, being the length of the

gaction f.

Junction The relation between impedance matrices & and &% is given from the
well-known circuit theory as

Ef“=ln.mﬂ':'| "I.Jq-l {1m

223 Transformation with terminatlons

We assume that the coupling coefficient mutrix @4 is square, The number of
modes selected for the caleulation of @0 can be large. It may be, however, limited to
5 or 6 as described in the next section.  Some of these modes are considered for transmis-
glon, while the others are terminated with their characteristic impedances as illusiraied in
figure 2, Some lnput impedance matrices are also defined in figure 2. The problem to
solve for the impedance transformation is to express Z3 in terms of 27, 2% and 25y, 2
and 2% are simply diagonal matrices composed of characterlstie impedances wsed for
termination of the ideal tranaformer. &5 is written as,

- w
0 7

Then from eq. (10), we get,

E'i'ﬂ_ 't'i.ru E‘i}-?l ‘I".r.ru "ﬂ

FiM can be decomposed into sub matrices os:

2=

FAn ﬂ.‘ﬁ] (L)

a2

where the slze of Z% corresponds to the number of modes considered for transmission in
the i-th section. Then ZM |5 ealeulated as:

2 = BN, — B 204 21 B, {14)
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Finally, Z!*' is obisined by substituting 2% into eq. ). Hepeating the above procedure
section by section, the given radiatlon impedance motrix % e inoeq. (7) bs transformed into
the input impedance matrix of the first section.

23 Transfer funetion

Once all input impedance matrices are obtained, wave component vectors o and b at
each section can be calculated using eqs. (4) and (5b recursively. Then sound-pressure
distribution i ebtaingd from eq, (1), [t I8 also poasible to compute the sound-pressure at
an arbiteary far point by wing the Rayleigh integral with the ealeulated vibrating patiern
at the radiation end. However, 8 more convenient way to evaluate the resonance charae:
teristics I to wse the power that is actually radiated in the free space,  Since the present
model assumes no losses inside the vocal tract, the actual radiation power s equal to the
tokal active intensities W) on any arbitrary cross-section in tubes, which can be evaluated
at the glottis section ag

W= [ Lie(pton)as=SRetizovicrviy as)

where * denctes a complex conjugate, and ¥, is the modal particle velocity vector of the
given pattern of the source vibration., Then the sound pressure at & far point can be

considered bto be proportional to YW, Thus the transfer function # of the proposed
model is evaluated by,

Hui%{ {16}

where L is a source volume velocity,

3. Results

3.1 Configuration with S-section
A brsection configuration is used to imitate the occlusion at (e teeth as illustrated in
figure 3, A tiny square sound source (0,01 mm = 0.01mm) is located at 0.5 mm apaet from
the upper right comer.  In the narrow sections ¢ and 4 only plane waves are considered for
the iransmission and the first 2 higher-order modes (1,0) and (2,00 are considered for the
mode coupling at ench junction. Computed sousd-pressure distribution at | kHe i ghown
im figure 4, both amplitude and phase contours being presented,  Note that these higher-
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order modes are all evanescent at | kHz, The superposition of the plane waves and of
thess two highee-ordar modes makes the waves travel almost in the vertleal direction in the
occlusion section.  As o result, the acoustic field becomes hust like anofler plane waees
being propagated in the vertical divection, This result indicates that this method can be also
used to determine the parameters of the 1D voeal (ract model, such as estimating an
ecquivalent length L. and aren 5, of the third section for the plane waves to propagate in
the vertical direction,  One gimple way to estimate these values is to use the computed
wave parametera for plane waves adjacent to the third section.  The components for plane
waves ot the righl énd of the second section and the left end of the fourth section shold
be related by L. and 5; with the plane wave theory as:

" L
) ] )
S v S

where the sufflx "=" I8 uged 1o represent plane wave components of modal pressure aned
particle valocity vectors,  Le and 5, are easily obtained from this equation,  The resultant
L. is almost constant up to 6 kHz while 5, iz gradually decreasing with the ascent of the
frequency. The average values up to 5 kHe are L= 174 cm and 5:=0.56 cm® while the

com{ ble) I%‘i—uin!kh]

FSesin(hLe) cos(hL.)

nxis length and cross-sectional area of the third section are 0.5 em and 2 em®,  As easlly
imagined from flgure 4, the occlusion has the effect of extending the path for equivalent
plane wave propagation at low frequencies. This lengthening can be evaluated quantita-
tively with the proposed method, This result s coherent with measurements [6] perfors
med using circular tubes with similar “occlusion:like” shapes. Even though the proposed
method is to represent the 3} acoustic field in the asymmetrical tube configuration, it can
be also used to establish a proper aren functlen for “occlusionlike” shape for the tradi-
tional 1D madel.

3.2 Configuraiion based on MEI data
In arder 1o study the differences between the pline wave and the higher-order models,
the 3D shape of a /) measured by MED has been converted into a 36-zection configuration
as Mustrated In flgure 5, Each tube is aligned to 8 common horizontal plane. The entire
configurntion s symmaetrical with respect to the Interal direction, but asymmetrical in the
vertical direction, A sound source is assumed (o be located at the beginning of the fiest
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section. 5 higher-order modes (3 in lateral direction and 2 in vertical direction} are
conaldered at each junction. Figure 6 ghows the acoustle tranafer characteristics defined
in e, (16) together with those obbained from the FEM asimulation and from the 10 model.
The peak frequencies obtained by the proposed method agree well with those from the
FEM although a slight difference around a “zero” at 6.4 kHz s sean.  The freguency of the
zero ténds to be more sensitive Lo the number of the higherworder modes than the peak

frequencies. Far peak frequencies up to 5 kHz, only a few higher-opder modes are neces.
gary to give the same peak frequencies as those of FEM. Comparison with the result of

Figuro &, 36-section configaration (/74
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Figure &,  Transfer functions of 3-section configuration
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the 1) model sopgests that the resonance frequencies are always lowered due to the
evanescont higher-order modes.  The rates of shife relative to the 10 model for the first 4
resonance frequencies are =38, =40, —3.1, and —4.3 %, respectively, Above the 5-th
resonance frequency, the plane wave and the higher-order models have quite different
transfer characteristies.  The “zero” can appear around the first cut-off frequency in the
lateral direction of the widest section. This may be understood using the analogy with
side branches, since the higher-order modes in each section correapond to transmission lines
in parallel as an equivalent electrical circuit.

4. Conelusion

It has been shown that the proposed model (s valld Lo represent the sieady-state
frequency characteristics for 3D configurations of rectangular tubes used as a geometrical
approximation of 3D vocal tracts, In particular, the proposed method presents the follow-
ing advantages: (1) more accurate acowstie characteristics, compared to those obtained
from the 11 modeling; {2) shorter computational time compared to FEM and/or TLM,
These are useful features for the Improvement of speech synthesis systems basad on vocal
tract models, It seems that the number of the modes needed to represent the 30 acoustic
field for the rectangular geometry is not large. However, a eritetion for the selection of
the number of modes for the given configuration is not well established,  Another possible
problem is that unwanted artifacts might occur dus to the use of the rectangular geometry.
Further studies are needed with regard 1o the manner of geometrieal approximation of real

vocal tracts.
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