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ABSTRACT

A model for ealeulading the poousiic charactarisibes of 3-0
vocal tracl configuration ia presented. A mode-matching
techniqoe and an impedasce transformation ars ussd Lo
calculate the kigher-order modes in this model where both
propagative and evansdcent hlgher-order medes are connid-
ared, A cascaded siruciure of reciangalar acoustic tubea
in introduced s an l.ppm:in.l.l:inl of the real voorl teact
geometry. The number of higher-order modes (o esch tube
can be sslected independently, which significanily decreases
ihe imatahility of compuintion cansed by the svanescent
higher-order modes. Preliminary calculstion resulis ate
dlscumsed fram Lhn view point of the inAvencem of the off-
sel connaction of talbes,

1. INTRODUCTION

Heecent development of technlques for the obeervation of
speach organe such as MR allows us to ohtain accurate
descriptions of vecal tract abape, Numencal computation
bechnigues such as the Finite Element Method (FEM ) [1] or
iha Tranamission Line Maiels (TLAM) motkod [3] have bean
applied Lo Investigate the delailed acoustic characierisiics
of 3-1) vooal tract models, The resulie abtained emphasise
the large infuence of the vocal traci shape detalls opon
the transfer fumction. These methods, however, require a
large amount of compuiation, and are nol suiiable for the
parpeas of speech synibesis

This paper presents a method to compute the accustic
characteristics of the 3-I0 voeal iract model, in arder io
achieve the reduction of the computation, and to explore
tha voeal tract acoaskics 1hat can nok be represented by the
traditianal 10} model. A cascaded siruciure of rectangu-
lar acoustic tubes is introduced a8 an approximation of the
vocel kpect geameley, The geomeiry (sae and axls posi-
tion) of cach tube can be detormined from MBI data, The
3-D peountic Reld in ssch tube s reproseated by the supet-
position of plane waves and several higher-order modes,
A modemaiching techaique and an impedance transfor-
mathen are wsed to calculate the higher-order modes in
this model whero both propagative and evanescent highee-
order modes are considered. In many applicatbons relating
to duct acoustics, the evanescant modes are mot taken into
accousk winoe thess modes are localized noar Lbe jumciions
beiwesn lubes. However, the evapescenl modes are im-
partaml Lo reprosant the 31 aoconalio eharactorialbes of Lhe

vocal tract model simce each tube is not bong encugh for
the evansscent modes (o decay away.

Comsidering several evanescent modes somelimes causes
compulational dificulties related (o the numerical preci-
sion, In the propesed method, the aumber of higher-order
modes cas be selected indapendantly in each wubs, In pas-
ticular, only plane waves may be considered for narrow
iabes and sevaral highor-arder modes can be taken lnia
account for wider tubes, The fexdbibity In the selection
afl tke number of the higher-order modes in oach tube in-
creases the computationsl stability significantly, while also
reducing computational time,

Computational results are discussed from the view point
of the influences of the offset connection, A Bsectlon con-
figmration imifating an occlusion at the teeth in weed do
evalasie the path for plane wave to propagate is the o
clugive area, The Infsences of Lbe amall perturbation of
the position of tube axes are also shown oeing F-aection
configurations from MR data,

4. 3D YVOCAL TRACT MODEL

2.1. Mode expansion and coupling

A cascaded structiure of rectangmlar acomstic tubes, com-
nocted asymmeirically with vespect to thelr axes, is intro-
duced as an approximation of the vocal tract geometry.
The 3- scoustic field in cach tube can be repressnied in
infinite series of higher-order modes. The sound-pressure
e, 2], & being the direction of the tubs anis, and the
e-direction particle velocity v, (£, 5, #) in each tube are ex-
pressad AR

[er]
ple, wor) = E (Bmne” ™" o bmae ™" " Jdmn iz, ¥)
L]
& ¢ (z,51{D(—)a + D{s)b]
vili pa)m @75 u)25 {D(=s)a = Dis)b)

(1}
where m and 6 stamd for dhe nombets of the highar-arder
modes in r and y directions, Yma and $mnlz, v} are the
pfopagation comstamt snd mermial functicn (slgea fanetban ),
respectively. In the matriz nodetion in eqg. (1), the lofinite
neries are iruncated Lo 8 cortain valoe, &b and ¢ (2, ¥)
aph column veclon composed of amn, bpn and $me (2, ¥,
respeciively. & and b are determined by the boundary
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conditions st the both emds of ench tube, DYs) and S are
defined ns:

D{s) = disglexplyens)] . Zo = jkpe(diag[rmn))™" (2)

where &, p and ¢ are ware number, ale density amd saund
apeed, respociively. A modal spound-pressure vecior I* and
a modal particle velocity vector ¥ can be defined as:

P= Dj-sja+4 Dizlb (]
Ve Z:'{D{-:)a- D{s)h}

Herealter, a subscedpt i & used to repressnt the variables
in tha nection o, By sulng a mods matching technique, Lhe
mode coupling at the jusction between the sections § and
F4 1 can bo exprosed as follows[d]:

P, = &P
"'-’.'.41"-'- = VYip )

where the coupling matels ¥ 43 & calculated na:
®ii41 :jé-f’ (0 Gale0ds  (5)

S; o an area of the soction 4, FEquation (4) indicaies that
the coupling coeffickents matrix ;43 can be simply -
garded as & matrix representing the transformation ratio
of & muolu-port keal tramsformer in an squivalent electrical
circuit,

2.2. Impedance transformation
Korgomard [4] presented o "propagating modoes™ mobhod

for the impedance transformation where all evasescent modes

are lermloated at ibe junction, [s this section, the for-
mulaticn of the impedance transformatlon suitable for dhe
-0 wocal-tract moded i presemied. 1 should be noted
ihat the evansscent higher-order modes do nol propagais,
Howaver, ihey can influence the resonance characteristics
through ihe mode coupling batwesn plane waves and Lo
evanescent modes at the janctlon, Thus we consider the
evanescent modes either as berminaled (lamped elemant )
at the junction or as pe element) in the tube
as illustrated in figure 1.

A radiation impedance mairix is the first impedance for
staribng the lmpedance iransfermation, The gensraliged
modal radiation impedanes matrix T4 for & rectangular
oponiag with tho kighar-order moilan ls glven by [5] a8

frraa = _{g"ﬂ" Ll
Em," = ;t—i:;f #mﬂ.(";l}#ﬂ{:n rI]lTﬂ.stS,

MY T e

(6}
whero 5 s ihe area of the last section corpmapuncding to the
mouth, Zospe is the radistion impedance used in the plane
wave Lhoory.

Input impedances looking toward loads at the right and
lefi ends of the secilon 1 are defined as:
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Flgure 11 Equivalent alscirical creult,

whare superscripts (*! and 'Y are used to donote the quan-
thties at the elght (lip side) and left (glottks side) ends of
the tube. From eq. (3], the impedance bransformation by
a tube (fram ZM 1o Z1Y) is easily oblained as:

2" = (D, 2N + D, 2o, (D, 2 + ﬂa.ﬂa.]ﬂﬂrfé]
whort Do, s (DL} +D[= 1)} /2 and Dg, = (DL }=
Du(=Li1}/2, L: being the lengih of the section & The
Impedance iransformation by & junction [from Eﬁﬂ o
240} {a given from the wellknown circuit theary as:

2N - @ 2 # (8)
We nssume thal the coupling coofficlent matrix @ 4
square. The mumber of modes seleciad for Lhe calenlation
of %441 can be large. Ik may be, however, limited to 6 or
6 as described in the next decthon, Some of thess modes
arc considered for transmimion, while the others are Ler-
minated with their characterislic impedances as [lustialed
im figure 1. Some input impedance matrices are also de
fined in Agare 1. The problem o solve for ihe impedance
icansformation st each section is to express E‘,H in terms
of 3™ &)%Y and 23} B{" wnd B13) are simply diagonal
matrlees composed of characteristic im used for
termination of the ideal dramsformer, 215} ls wrilten as,

L}
Ll o [ A
¥l L)
' o 23

} {10}
Then from eq. (9), we get,

2w 245, 0T
a[m oan be dp:pmpn.lﬂ] lnte sul matrcns s

=[5 2 ]

where the size of Z1%) corresponds Lo the number of modes

considered for transmission in the i-th section, Them ﬂfm
in ealoulated as:

2{™ = H - 2000 (2155 + 2{M) 2

Finally, Z1* ia cbisined by substituting Zi™ into eq. (8).
Raepeating the abave procedurs ssetion by section, the given
eadiation impedance matrix Fyeq inaq. (6} is transformed
inta the input impedance matrix of the fizet section,

{11)

(12)

(13)

=343
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Figura 3: Bomnd-pressure distributions st 6 kiz,

Cinea all input impadance mattices are obininmsl, wave com:
poncnl weckors A and b st each section can be calculated
wping wge, (3 and {4) recursively, Then sonmd-predaura
distnibution is obtained from 2. {]] A transfer fanction
H of the proposed model is evaluated by,

H oo % (14)

where Wy and Y5 are & radintlon power and a source vol-
ume velocivy, respectively,

3. COMPUTATIONAL RESULTS

3.1. Configuration with 5-section

A S-spetion eonfiguration is used bo imitate the ooclusion
ak the teath an illusteated in Agues 2. A tiny sguare sound
source (0.00 mm x 0.0lmm) is located at 0.5 mm apart
from the uppar tight comer. In the narrow sections 3 and
4 only plane waves are considered for 1he transmisslon and
the first 4 higher-order modes (1,00,(0,1),(2,0) and (0,2) are
gonsidered for the mode coupling &l ssch junction, Come-
puied soond-pressare distribmiion at 6 kHz for the site of
Dwm [ w80 mm ks shewn in Bgure 3{a], both amplitude
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and phass confours belng presented, Note that all higher-
order modes are evanescont ot 0 kHe, Flgure 3{b} shows
the result obdained from the TLM simulatlon with an el
aemant lenglh of 1.0 mm. ‘Thess resulis conflrm (het the
proposed moedel can propecly represant the acoustic char.
aclacinbicn of 31 tuba configuration.

The superposition of the plane waves and the highet-ordar
moddes makes (he waves travel almost ie the vertiesl di-
rection in the cccluslon section, As a vesult, the acoustic
ficld becomes just like ancther plone waves being props:
galed in the verlical direction. This result indicates that
thin method can be aleo uisd 1o dotermins Lhe paramelers
of the 1-I vocal tract model, such a8 eatimating an equiv-
alant lagth Ly and ares &, of the occlusive secilon far the
plame waves to propagaie in the vertical direction as illus-
trated in figure 4. One simple way to cetimate these values
is to uss the computed wave patametern for plans waves
adjacent to the third seclion. The composonts for plans
waved &l the rghtl end of the second section and the lefy
end of the fourth section should be related by L, and 3,
with the plane wave theory an

PR conl k) J'-;-'c: AinlkLg) Lj
[5'11-’.;:;}]= ;.ﬁ_;m:u.] conkL,) Sﬂ*’.‘.,':.’] 1)

7

Flgure 41 Equivalent lengih L, and area 5.
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Figure 6 Equlvalent lemgth and area at the ecclusion as
o function af B and L.
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where the anfflx “se” is used to represent plane wave com-
piments of modal preswure and particle veloclly vectors,
Ly and 5, are canily obtained from this equation. Figure
& ahows [, and 5, as & lincllon of D and L, As imaglned
from Egure 4, the increase of Ly and the decreass of 5,
can bo seen an [ bocomes shorter, Note that Ly and S
caincide with the geometrical valoes when there exisls no
occlusion (D = M mm). The occlusion hns the offect of ax-
tending the path for equivalent plane wave propagation at
low frequencios, This lengthening cin be evaluabed quanii
itatively with the proposed method, This result is coherent
with measurements [6] performed using circular tubes with
wimilar *occlaalon-like® shapes, Even though the proposed
method is to represent the 3-IF aconstic fleld in the asym-
motslcal bube configuratlon, it cnn ba slso used ko aslablish
8 proper ares fancilon for “ecclusion-like® shape for the
traditional 1-1) model.

3.2. Configuration based on MRI data

The 3-Dr shape of a.,fj',.f measured by MEI has been con-
veried into 36-section configurations Lo ebow the infuence
of the offset comnection of tabes upon the transfer fune-
tions. Fimt each tube is aligned do & common horizon-
tal plans with keeping the symmetry with respect Lo the
lateral direction. Then the axis position of cach tube is
porturbed randomly both [n the vortical [2) and Jateral
() direetloms. The mawlmim periorbation is 5 percent
of eross-pectional sz, Figure 8 shows an example of ihe
geomatry of tales, The resaliant tube configuration =
elightly anymmetrical with respect bo the lateral direction,
The iransfer famcilons far 20 mlgu[l.ﬂnm are shows in
ﬂgure 7.5 H.;h:r\-nrdu musd e {:I ini laberal and 2 in werti-
eal dieectbon) are conshlaped lor the computatlon, Higher
formant frequencies above § kHz are largely influenced by
the small change of the axis postion. Note that there is no
difference in area functions for these configuradions, The
appearsnes of peres and Lhale frequencies lend Lo b miora
senalilve o the small change of axis position.

4. CONCLUSION

It has baen shown Lhat the propossd model bs effeclive 1o
analyze the acousthe charactersibes of 3-D configuraticns of
rocinngalar lubes weod as & geometirical approximation of

vocal tracls, In particulsr, the proposed methed presents

ihi following advaniages: (1) morm sccurate acoustle hnrs
acteristics, compared to those obtained from the 1-IF mod-
eling; (2} shotker computational dime compared to FEM
andfor TLM, These are wselul festures for Lhe analyals of
the wocnl tract acowstien and fof Lhe improvement of specch
pyntheais systoms based on voeal tract models,
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