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ABSTRACT 

Frequcncy dornaiii models for tlic vocal t,ract with 
distributcd sources are introduced. Pressure and vol- 
uinc velocity distributed sources arc inodcled within 
iiicreniciital lossy cylindrical pipes i n  a manner similar 
to that of inodcliiig electrical cornponciits. Equations 
for transmission matrices of uniforn-area vocal tract 
scctioiis with distributed sources are dcrivc:d. Transfer 
finictioris for pressure and volume velocity at various 
scgmcnts of t,he vocal tract are coriiputcrl. Cornparison 
of distributed sourcc niodcls with point sorirce models 
revcal sevcral iniprovcincnts 011 the traditional limped 
source rriodclirig rncthod and shows that tlic effects of 
t,lic finitc irripcdcncc coilstriction arid hack cavity cam 
iiot bc adcquatcly modclod using poiiit soiirces. The 
distributed sourcc vocal tract framework is important 
for building articulatory alii1 acoustic models for frica- 
tivt: soiinds and othcr plioiiciric categories. This paper 
provides sucli a rnathcrriatical framework for tlie first, 
tirnc. 

1. INTRODUCTION 

Turhulciicc rioisc gencratcd in the production of frica- 
tives lias traditionally k i n g  inodcled a a point prcs- 
surc sourcc sonic distaricc: anterior to thc constriction 
[I]. 0tla:r reprcsentatioris havc iiicliided inoiiopolc vol- 
IIIIIC velocity sourcc; dipolc flow source, and rrniltiplc 
point prcssurc soiirccs I;?]. 

Expeririiental studies iiidicatc that the noisc sourcc 
is in fact distributcd ovcr sumo distaiicc aiitcrior to 
tho constriction [SI. Lack of a riiathcinatical frame- 
work for distributed sources Iias prevciitcd froiii the 
rcalization of such a configuratioii. This paper dcvcl- 
ops a iriatlicrriatical modcl for dist,ributcd pressurc and 
flow sources ill sevcral stagc:s. Scction 2 derives dis- 
tribiitcd models for an increnicrital section of the vocal 
tract,. Section 3 prcsents transfer functions for point 
soiircc systcms. Scctioii 4 discusses thc transfer func- 
tions for distribukd sources. Sectioii 5 corriparcs dis- 
tributed inodcling to  point, source rnodcling for a v o d  
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Fig. 1. Increincntal scction for dis t r ihted pressure 
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Fig. 2. Iri(:rcriiental section for distrihutcd flow. 

tract. configuration of a fricative i s / .  It is shown t1ia.t 
point source morlcls arc iiiatlcquate in representing ail 
acciiratc accoustil: modcl. 
_.___ 

2. INCREMENTAL MODELS 

The vocal tract is considered a contiguous lossy tubc 
consisting of air surrouiidcd l y  tissrics sricli rr? tlie tongue, 
checks: pliaryngcal wall: hard palntc, and terrninatcd 
by the glottis and radiatiori load a t  tlic mouth or nos- 
trils. This three dirrmrisional system is reprcseiitcd us- 
ing om-diiiicnsiorial acoustic wave equations for frc- 
quencics below 4000 H a .  The tube may bc inodclcd a.? 
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a coricatcttatioii of iiicrciitciital lossy sections of unifortr~ 
properties. 

Figures 1 and 2 illustrate the proposed iricr(:incii- 
tal section models iri tlic frcq~cticy doniaiit with (lis- 
trihutcd pressrirt: source: and flow source respectively. 
Tlie acoustic prcssrirc arid volume velocity arc E ( z ,  ,s) 
uitd I(z,s) at distance z frotn the glottis and coruplcx 
frcqiicticy s .  

Tltc passive properties of tho iitcrcirtcittal section 
arc iiicorporat,cd it1 the cross irrtpcdaiicc pcr inlit lciigth, 
Z(z: ,s), and shiitit adillittartcc per miit Icitgtlt, Y ( z ,  .sj 
141. Tltc propogation constatit, 7 ,  diaractcristii: iriipedaui 
Zo, aiid c:lmract,cristk: admittaiico, Yo, arc given hy 
î = m, zo = m, yo = m. . .  

We proposc a frcqiicrtcy domain modcl for art ill- 
crcirieiital sectioii with distributed pressure source and 
flow sourcc itt the next two siibscctioiis. 

2.1. Pressrirc Soiirco 

Tlic distrilmtetl pressure source is modelcd as a prcs- 
siirc increase of dV(z,  .sj across thc incrctriciital section 
of Icttgth dz, i ls illiistratcd iit Figure 1. Tlta diffwctttial 
eqitatioiis are givctt bclow, where V ( z ,  .s) is prcssrirc per 
unit Icngth: 

dV(7., .sj = V ( z ,  s)dz 

Tho solution to tlic cqiiatioii for a uniform (noii- 
incrciiiciit,aI) section of lciigtli 1 :  iiiiiforiir distributioii 
of pnrssirrc source V(I ,  s)  = Vo(.s)/l: iiipitt prcssiirc and 
voliiriic velocity, Et atid I l ,  and outpul prcssitrc aid 
w l i u r i a  velocity Ez and I2 is as follows. 

p = ~:osIt($)~ q = -Zosiiili($), T = -Yosinh(yl), 
s = ~:osh(yl), e = sinti(yl)/($), aud f = Yo(1 - 
costt(ylj}/($). 

2.2. Flow Sourcc 

Tltc distributod flow soiircc is triodclcd as ail injcction 
of volurrtc vclocity dQ(z,s) = Q(z, s)dz indo tlic iiicrc- 
iiii:iital scctiott of lerigth dz, a? illustrated ill Figrtrti 2. 
Tlto diffcrcritial aqitations arc tllr: Sam: as that of tttc 
prcssurc source in tlic pravioiis scctioii, with Q(z, s) 
rcplncitig V(z,  .sj: aitd a soiircc itiiiltiplicr of [U 1IT in- 
stcad of [I o ] ~  

The inpiit/outpilt ralatiorts for a itttiforrri section 
of Icngth 1 ,  arid uniformly distrilmtcd volurrie velocity 
soiircc Q ( 1 : s )  = Qo(.sj/l, arc similar to those for the 
distributed prcssitrc source i r i  the previous subsection, 
with thesaiiicp,q,r,s; QorepIacitigVo; a i d e  = Zo{l- 
cosh($)}/ ( yl j ,  f = siiilt(yl)/ (yl). 

3. POINT SOURCE SYSTEM FUNCTION 

\Vc prcswt t,hc traitsfer function equations for the Iinnpcd 
(poiitt) sourcc iuorlcls rcprcscntcd by tlic systcrn mriig- 

;e, uratioii of Figure 3> to provide cornparisort with thc 
results of t,hc rlistribiit,ed models derived in tlil: next, 
section. The diaiiioud rcpresciits tlic part of tha sys- 
t,crii consisting of tttc poiut sourcc with ail ainplitrtdc: Vo 
for a pressure soitrcc aitd arnplititdc Qo for a volurnc 
velocity source. The rectaitgk: rcpresciits the passive 
part of the system govcrricd by the following eqiiatioii, 
a,iirl represents tltc rclationship for a coiicatcnatioii of 
iiiliforrn (iioii-iiicrcriicrital) tuhes. 

3.1. Pressure Source 

Tlic transfer functiotis for a prcssurc source wit,li inti- 
itite output iritpedcurc arc as follows. 

3.2. Flow Source 

The transfer fitiictioiis for a voliiriie velocity sourcc with 
input atltiiittancc, Yb, and 2, = 00 arc dcscribcd bclow. 
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Fig. 3. Systcrn model for point and distibutcd source. 

D = ( & d - c )  

P ~ I Q o  = d / D  
PoutIQ0 = 1 1 0  
Uin/Qo = -CID 

UmtIQo = O/D 
z,, = dl(-c) 

Thc equations for a firiitc output impedancc arc 
givcn by: 

D = [(a - Ybb) - Z e ( c  - Y b d ) ]  

p < n / Q ~  = ( Z e d - b ) / D  
PoutlQo = ZJD 
UinlQo (a -  Z e c ) / D  

UoutlQo = 1/D 
zi, = (Zed  - b ) / ( a  - Z,C) 

4. DISTRIBUTED SOURCE SYSTEM FUNCTION 

Thc transfer functions for distributed pressure and ool- 
unie velocity sources are derived in this scctiori by solv- 
ing circuit equations resulting from tlic vocal tract sys- 
tern configuration in Figure 3 and utiliziiig the relations 
developed in section 2. 

4.1. Pressure Source 

The formulas for a distributed pressure source system 
with the load niodelcd as infinite inipcdaiice arc: 

The relationships for t,lic infiiiite load impedance with 
a distributed flow soiircc arc: 

Thc general cquatioiis for a distributed volume vc- 
locity source arc: 
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Fig. 4. 
soiircc at finite impcdaiicc mnist,riction. 

Oiitpiit spcctriirri for distril~iitod arid poirit 

5. EXAMPLE 

Tlic vocal t,rar:t wiifigiiration for thc frimtive (:oiiso- 
iiaiit, /s/ iii the coiitcxt of thc: vowel /a/ is iisod to 
r:omparc the dist,rilxited soiircc iiiudcl wit,h the poiiit. 
B U I I ~ C O  mudcl. Tha sliapa <:an ba approxirrintod by coli- 

cat,eiiatioii of thrcc iiiiiforrri area t,iilJcs: back cavity, 
coiistrii:tioti, atid froiit cavity 151. 

Tlic back cavity. rasidiiig ininiedia,tely iii front, of tho 
glottis lias aii arca of 4 . 0 ~ r r i . ~ ,  aid lcrigt,li 13.5cm.. Tlic: 
(:oiistriction in front of the back cavit,y l i ~ s  a lengtli of 
lciri, arid area of 0.lciri2. Tlic front, cavity Iias a loiigt.li 
of 2.5cm a i ~ d  aii arm of 1ciriz. Tlic: glottis is iiiodelorl 
as ail orificc of Iciigth lcni. atid arm 0.1r-rn2, t,hc iinpc- 
dcuce of t,lic glottis aiid t,lic (:oirst~ric,t,ioir arc coiiipiit~cd 
iisirig traditioiial irictliods [GI. Siiriilarly oxisting iiiod- 
els for the tiibe passive eleiiierits arid losses diie to wall 
vil)rat,ioii are used 171. 

Figprc 4 shows t,lio spectrum of outpiit voliiiiie PC- 

locity for a prcssiim soivcc at ttic coiistrictioii. Tlic 
solid liiic is for a soiircc dist,ril)iitcd iiiiifor~rily across 
2 c m  of tlio front (:avit,y, aiid tho dnsliorl line is for a 
point soiircu iiirrriediatcly antcrior to the wristrictioii. 
The point soiir(:e riiodel predicts the resotmiices atid 
atiti-rcsoiiana:s proporly h i t  is iiiadoqiiat~c in Iiiodoliiig 
t,lic spectral slinpc atid low frcqiicii(:v heliavior. 

Figiirc 5 illiistratcs t,hc spcctriirii with a point prcs- 
sure suiircc 0.Scrn aiit,crior t,o t,hc i:oiist,si&ion. The 
solid liiie is for a finite irnpedaiice coiistric:t.iori with 
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Fig. 6 .  Oiitpiit spoctnilri for poirit, soiircc 0.5 cm mite- 
rior t,o coiist,rii:tioii. 

a back cavity: awl thc dashcd lino is for aii iiifiiiita 
iliipcdaiic:c coiistrictioii. Tlic predii:t,ioiis for the for- 
iiiaiits / anti-forinaiits arid the spoctral slinpa iri t,lic fi- 
nite msc: arc siibstaiitially difforcrit, Erorii tlic dist,ribiitcd 
niodcl. Thc infiiiit,e impedaiicc modcl is inaccrira,tc for 
low frt:qiit:ni:ics and tlic spectral shapa, lnit predicts tlic 
rcsoiiaiit frcqiieiicy properly. 

This, incorporatioii of tlic constriction aiid Im:k 
(:avitv iicccssitatcs tlic iisc of distril~nt,cd source rriod(~ 
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