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ADSTRACT

A model for calculating the scoustic characteristics of
ibren-dimenslonal vocal iract comliguration is presented,
A cascaded structure of rectangular acoustic tubes, con-
neclod asymmeltically with respect o their axes, ls lakro-
duced as an approximation of the real vocal tract geome
try. Bolb propagative and ovanescent higher-ardor modos
are considered jn these tubes. The number of higher-
order modes can be selected indepandently in each tabe,
which signiflcantly decreases the lawtability of computation
caused by the evanescent higher-order modes. Caloulation
ranults for two configurations sre disoumed,

1 INTRODUCTION

Recent development of technigues for the obesrvation of
speech crgane such as MK allows us to oldaln necursio
descriptlons of vocal fract shape. Although 3D shapes of
the wvocal bract arq available, 1D theories are still vaed to
compule acoustlc charactoristics of the voosl tract, A rea-
son maybe lies in the complexity of computation of the
redonanes chaeaciariaticn of 30 shapes,

Nuamerical computation technigues such a8 the Finite El.
ament Method (FEM) [1] or the Transmission Line Matrix
(TLM) meibkod [2] have been applied to compuie the acous-
tic characterintics of 3D vocal tract models. Tha resalis
obtaimed emphasize the large inflaence of the vocal tract
shape details upon the transfer fumction. These mathods,
however, requirs & large amoant of eompulatben, and sre
not saitable for the purpose of speech synihesis,

This paper presests & paramotrie method 1o compute
ihe ncoustic characteristbes of the 30 vocal tract model,
in order Lo achieve tho reduction of the computation, and
i explore the vocal tract acousiles that can mol be rep
resented by the traditional 1D model. A cascaded stroc
tute of scoustlc tubes, connacled asymmettieally with re
spect to their axes, is introduced as an approximation of
the vacal iract goometry, Esch tube ls sesumed to have a
rectangular cross-sectional shape whose geometry (size and
axis position) cam be determined from MRI data, The 3D
scouwtic fiald in each tube s represented in terms of highee-
arder modes, A mode-matching technigue is then used 1o
etabllih & moda coupling ai the juonciions betwesn Lubeos,
In the propoaed method, both propagative and svanescent
highar-arder modes are considered In mach tube, since sach
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eection i often nol lofig esough for the evamnescenti modes
o decay away.

Copuldaring several ovanescent higher-order modes some-
times causes computatiomal difficulties related to the nu-
marical proclsion. A & matior of fact, in & previous mport
[3), the number of higher-order modes taken into aceonnt in
each tube was necessarily constant] this was a major draws
back when consiriclions ware present dnce the evanescont
higher-order modes in the narrow tubs often caused cain-
putatiomal instabillty. e the proposed method, the mam-
ber of bigher-order modes can be gelected independently in
each tuba, In parileular, snly plane waves may be coneld-
ercd for marrow tubes and several highor-order modes can
be taken into accownt for wider tabes. The flexibility in
the selectlon of the sumber of the kigher-order moden in
each tube incresses the computation stability sigalficantly,
while also reducing computationnl time.

Calculation results for (wo configurations, a S-section
configuration approximating an occluslon &l the toeth, and
d6-section configuration based on BRI data, are discuesed,

2 3D YOCAL TRACT MODEL

2.1 Mode expansion and coupling

Vocal teacts are approximated by cascaded strueiures of
reciangular acoustic tubes, as shown In fgure 1, The 3D
acoustic field in each tube cam be represented in infiniie
series of higher-order modos, The sound:pressure pls, 5, 2},
£ baing the direction of the tube axis, and the s-direction
particle velogity ve(z, ¥, #) in each tube are expressed as:

P = D (o ™ 4 bune™ )b 2,0}

& @ (s, y){D{—s)a+D{z)b}
valr, w2} e ¢ T2, p)Z5 {D(=2)a = D{s)b}
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Flgure 1. Example of vooal tract modal.
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where m and » stand for the nambers of the higher-order
modes o & and p directions, 4ma and dmels, g) are the
propagation constant and normal fenction (sigen fasction),
ranpactively. Twma's ara imaginary sambars (or propagative
moddes and real mumbers for evanescent modes, Neithar

Ioes factors dua o ihe viscosity and the heat comductivity
of air, por wall vibration effecis are included, In the matrix
notatlon in eq. (1), the infinite series are trumcated to &
corinin valua, &, b and @ (&, ) are column vector com-
posed of amn, ben 80d $mal, ), repectively. goo(z, p)'s
arn chimen o have Lhe following orthiogonnl properky:

5 f, @ (e.0)b (,0)7d5 =1

whera 5 is the aron of the tuba, and I & unit mairix, & and
b oare determined by the boundary conditions at the both
ends of sach tube. D) and o s defined as

Di(z) = disg[exp(tmnz]] , e = fhpc(disgrmn]) ™ (3)

where k, p and ¢ are wave number, air demsity and sound
speed, respectively. A moedal soond-presure veetor P and
& meidad partiole velocity veclor ¥ can be defined s

Pm Di=)a+4 Db
V= Z2'{D(-2)a- D(s)b)

(2)

(4}

Il ench eomponant of I' and V' s regarded s n voltage
snd & current st position s, sach highar-order mods can be
represented by an equivalent clecirical transmismion kine.
Hc:uﬂq, a lu'hll::r:i.pl:. i is msed to represent the varlahles
in the section & By ualng a mode matehing technigue, the
mede coupling at the jusctlon beiween the seciions | and
i+ 1 can bo expressed as follows[4]:

PN = 0P

#a Vi = Vi ()
where the coupling mateix 9, 44, 8 caloulated s
1
P = S—.I P =y ﬂl“vi']'ﬁ (#)
#

S b assamed to be smaller than that of the sectlon & + 1.
If the smallar aron in for seciion ¢ 4 1, all suffizes @ and
{ + 1 should just be exchanged. Equation (8) indicates
that the compling coefficients matnx ¥, .41 can be samply
regarded as o matrlx reprosemting ihe transformation ratho
of & mulii-port ideal transfarmer in an equivalent elecical
circult.

2.2 Impedance transformation

Mecustle tranafer Tumetionn and sound-presamrn disid-
buthons in the vocal iract can be calculaled from input
impedance matrices st anch sectbon, Binrting with & given
load |lmpedance matelx, which ls afien a radlatlon impedance
matriz, an impedance transformation is necesaary to ob-
inin the Input Impedance matricss for all sectlons. Kesgo-
mard [4] presented & “propagating modes” method for the
impedance iransformation where all evanescont modes ate
termimnated a1 the junciion. In this ssction, the formualation
af the impedance transformation suitable for the 30 vocal-
iracl model is presented. It éan handle ahort sacthons with
asymmeirical coanection between the adjacent tubes, [t
should be neted that the ovansscont highor-order modes do
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not propagate, However, they can influence the resonance
ohniscteriatics Lthrough the mode coupling betwesn plane
waved and the evanescent modes at the jumetion. Meore-
aver, i two janclkons are lucated vory clossly, ihe avanes-
coml modes can be related Lo & power transmissdon. Thuos
we consider the svanescont modos either ss "terminated”
uk the junciion or sa “relaied to the power transmission”
in the tobe as (ustraled in figurs 2.

2,21 Radiation impedance matrix

A radiation :imp-a&.l:p.-n: matnx s the first impl:ﬂq.m;: for
slariing the impadancs transformation. The ganeralized
modal radiation impedance matrix Zres for a rectangolar
oponing with the kigher-ordor modes is given by [5] as:

Tppd = Lﬂm } e
dmn,pg = ﬁﬂﬂﬂn{hﬂﬁn{i’u #']ﬂTdSrﬂ".
—e P +iy-v
{7

where 5 in Lhe aron of Uke lasl seclion eorrsponding bo Lha
mouth, Note that Zmppy represents the modal radiation
impedance between modes {m,n) and (p, §). Foo,pe in the
tadlation Impedance mieed ln the plane wave theary.

2.2.2 DBrile transformation

Tube Input impedances looking toward loads at the
right amd beft andn of the section § are defleed an;

PV = giMyiM | plid o glllyil) (8)

where superscripia "™ and ' are wsed to denote the quan-
ththes at the sght (Bp slde) and Jefi (glottls alda) ends of Lhe
tube. From eq. {4}, the impedance transformation from
ZIM 1o 2 in easily obialned e

2w (D, 2™ 4 Dig, 20, ) (D, 2™ 4 D, Ze, ) 2,
(o)
where D, = (D) 4 D=L} /2 and Dy, = [D (Li)=
Di(= L)}/, L, balng the langth of the section i.

L]

Junetion The relation betwees Impedance mairices Zi"
and EE:'L in given from the well-knows clieuit theory as:

2 =&, 2 @7, {10)
i)
Beevion g4+ f
i)
g

Figurs 3, Equivalent alectrieal elreult.
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2.2.3 Transformation with terminations

Wa assume that ibe coupling cosffickinl matein ¥, ;51 bs
square, The sumber of modes selected for the calcalation
of %41 can be lnrge. 16 may be, howsver, limited w 5 o
f n8 deseribed in Lhe nexi section, Some of these modes
arg considered for Lransmisaion, whils the othom are teremls
nabed with thalr charsctarbstic imped ances as llustrated in
figare 2, Some input impedance matcices are also defined in
figure 3. The problom to solve for the m H?ndn::r Lramafor-
mation is o express Z{*) in terms of 207 28 and 2L,
™ and 5-“.;] A dmpl.'r disgonal matrles mmpnnd ul'
chﬂtlﬂmw |mp upad for termination of the 1deal
iennsformer. 20,0 in writtan u,

e[ o
Then from eq. {lﬂ'}l we gat,
Egl:l = i‘---ﬂ%ﬂ 'ﬁ'?:m (12)
2™ can be decomposed into sub matrices as:
[RD
2™ - [ EEHJ'- (13)
& F,'.'Ii

whare the size dl'ﬁi corresponds to the number of modes

fnr-lrllml for iransmisalon im the (-lh seciion, Then E{"'
is callenlated aa:

2N = 20} - 202 + 202 10

Finally, Zi* Is obinined by subatituting Z'™ into eq. (9).
H.epl:l.tmg the above procedure seclion b;-mu“, the given
radistion impedanco matrix Tyaq in ag. (7} is transformed
into ihe inpul impedance matdx of Lhe Brst seciiom.

2,3 Transfor function

Once all input impadance matrices are obtained, wave
component vectors A and b st esch e=clion can be cal-
culated using oge, (4) and (5) recursively, Then sound-
presure distibution is obtained from eq. (1}, It is also
pomibls to compate ihe soand-pressure at an arbltrary far
paint by weing the Rayleigh integral with the calculated
vibrating pattern st the radiation end, Howewer, & moro
convenient way o evaluats Lhe resomance chacacieristics is
ko Use the power that is actually eadiated in the free space.
Bince the presenl model assumen wo losses inalde the vocal
tract, the sctpal radiation power i aqual to the total ae-
tive inlansilion Wy on any arblirnry cross-scciion in tubes,
which can be evalusted at the glotis section as:

W= | IRelpion)ds = ShRel (ZVED) VM)
5

' (18)

where ° denotes 3 complex conjugate, aid Vs ls the modal

particle valocity wector of the givem pattarn of the soaree

vibration. Thes the sound-pressure at & far point can be

congidered to be proportional to /T Thus ihe transfer

functlon A of the proposed model i evaluated by,

Hu%

where Mg 18 & source volume velociby,

(16}
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Figure 4. Bound-preffffif diatributions at 1kHz,
4 RESULTS

3.1 Configuration with S-asction

A Sesection configuration is wsed to imitate the occlusion
st tho tooth as Ulustrated is Agure 3. A doy squace sound
source (0.01 mm ¥ 0.0lmm) is located at 0.5 mm apart
fram the upper right corner. In Uhe narrow sections 3 and
4 coly plane waves are considered for the transmission and
the firnt 2 higher-order modes (1,0) and {2,0) are considered
far the mode conpling &t each junetion. Computed sond-
pressure distribution at 1 kHz is shewn in fgure 4, both
amplitude and phase contours buing presented. Nota that
these higher-order modes are all evanescent at 1 kHe. The
supeerpeoaition of the plane waves and of these two higher-
oprder modes makes the waves travel almost in the vertical
direction in the scelusion section. As a result, the aconstle
field bocomes jual like omother plons waves being propa-
gated in the vertkcal direction. This result indicatea thai
thin mothod can be alse used to dotormine the parameters
of the 1D vocal tract model, such as estimating an equiva-
lenk lengih Ly and area 5, of the third section for Lhe plane
waves Lo propagate im the vertical direction. One almple
way 0 eatlmate these valoes in to use the computed wave
paramalers for plane waves ad|acent bo the third sectlon,
The components for plane waves ab the right end of the sec-
il section and the left and of the fourth ssclion should
be related by L, and 8, with the plane wave theory as:

.F"“":' me-} JE:IH{H«:I PH'I
[M’““] Fu-m-m conlkLe) | LV

where Lhe suffix “5:° is wsed to mepresent plase wave com-
ponents of modal presswre and pariicls veloclty vectom. [,
amd 5, are easlly obtained from this squation. The resul-
sank Ly 06 alniost constant up to 8 kHa while 5, is gradually
decreasing with the ascent of the frequency. The average
valaes up bo 5 kHa are Ly = |.T4cm and 5, = 0.58cm"
while the axis lengih and cross-sectional area of Lhe thied
gection are 0.5 ¢m and 2 cm®. As ensily imagined from fig-
wrg 4, the ooclusion han the ofect of extonding ihe path fo

] {17}
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equivalent plane wave propagation st low frequencies. This
lengilienlng can be evalunied quaniliatively with the pro-

sod method. This resull is coberent with measurementis
] performed using circalar tubes with similar “occlasion-
Like" shapes. Even though the propossd method is to rep-
rapent Lhe 30 acoustic feld in the asymimetrical tube com-
figuration, it can be alio used Lo establish a proper ares
fanction for *occlusion-like”™ shape for the traditional 1D
muoslal,

3.2 Configuration based on MRI data

[ ordes 1o study Lhe diferenceds belween Lhe plans wave
and the higher-osder models, the 3D shape of ,|I'1fjl' miea-
sired by MRI has beon comvertod into a 3S-seckion cone
figuration as illustrated in figore &, Each tube s aligned
i a common honzonial plans, The entire configuration
la aymmetrical with respecl o the lateral direstion, bal
asymmetrical im the vertical direction, A sound source is
asuimed 1o ba localed st the beginning of the flrsd aoctlon,
5 higher-crder mesdes (3 i lateral direction and 2 in vertical
direction) are considored st each junction, Figure & shows
the scousile transfer characierstics defined in eq. (18] to-
gether with thoss obtained from (he FEM simulation and
fram the I model, ‘The peak frequendies obtained by (he
proposed method agree well with those from the FEM al-
thoagh a alight difference around a “zoro® at 6.4 ke ie
i, The frequency of lhe fero tends to be mooe sen-
#itiva 10 the number of the higher-order modes than the
peak frequencies. For peak frequencies up to § ke, only
a few higher-order medes are necessary to give the same
ponk frequencies na those of FEM, Comparson with the
teault af ile 1D mode] suggests that the resonance frequen-
cies are always lowered doe b0 the avanescent bigher-opdar
modes, The rates of shift relative 1o the 10 madel for the
firsk 4 resonance frequoncies are 3.8, 4.0, =3.1, and 4.3
%, reapectlvely, Above the S-ib rsonance [requency, the
plang wave and the higher-crder models have guiie differ-
anl iranafer charncteristles. The "zera® can appoar aroind
ibe first cub-off frequency in the lateral direction of ihe
widast section. This may be underelood aning ihe annlagy
with eide branches, simce the higher-order modes in esch
seclion correspond (o transmission linea in parallel as an
equivabent alecirical cirouli.

d4 CONCLUSION

[t has been abown that Lhe proposed model o valid o
represent the steady-state freguency charactedistbes for 31
configurations of rectangular tubes vsed as & geomatrical
approximation of 31 vocal tracis, [n particular, the pro-
posed method presesiz the following advamtages: (1) more
accurate acousthe charsctaristhes, compared to thess ob-
tniped from the 10 modeling; (2) shorter computational
Uimie tmpuuﬂ ia FEM l.nlcil.rm' TLM. These are useful
features for the improvement of spesch aynibeals systema
based on vocal track models. It seems that the numbser of
ithe modes needed to represent the 30 scoatic feld for the
rectangular geometry is not lazge. However, a criterion for
the salectlon of the number of modes for Lhe given corlig-
uratlon is mot well estabdished, Another pessible problem
is that unwanied ariifacts might occur due to the nae of
the rectangular geometry. Farthar stadies are meeded with
regard to the manner of geometrical approximation of real
vacal traeli,
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Flgure 8, Tranafer functlons of 30-soction
econflguration.
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