Verifying a vocal tract model with a closed side-branch
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In this article an implementation of a vocal tract model and its validation are described. The model
uses a transmission line model to calculate pole and zero frequencies for a vocal tract with a closed
side-branch such as a sublingual cavity. In the validation study calculated pole and zero frequencies
from the model are compared with frequencies estimated using elementary acoustic formulas for a
variety of vocal tract configurations. @001 Acoustical Society of America.
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I. INTRODUCTION (2000, Fig. 6. Each section includes terms for viscous
Our purpose in this article is to describe a vocal tractlosses, heat-conduction losses, and vocal tract wall losses, as
purp . S specified in Maedd1982. For the purposes of this Letter,
model using a branching transmission line to model a sub;

the glottal end of the vocal tract was modeled with a closed

lingual cavity, and its validation. As research on the acousiermination, and an R—L circuit model was used to approxi-

tics of speech production proceeds, models necessarily be- o )
o o mate the effect of radiation at the lips.
come more complex and detailed; the verification of these

models also becomes more difficult. Thorough validation ofj||. VERIFICATION PROCEDURE

the models is required before model-based infereres, In order to verify the performance of the AFSB2XFB

“analysis by synthesisJ' can be accepted. _ implementation of this model, the pole and zero frequencies
The construction of the model was motivated by a desirg;¢ groups of tube configurations were estimated using

to test the hypothesis that a sublingual cavity plays a cruciafjy, e the models. The first group of configurations tests

role in determining the acoustics of various apical, retroflex,, "\ J4al when the side-branch is strongly coupled to the
and rhotic speech sounds. This hypothesis has been advanq% t of the vocal tract because the vocal tract has no constric-

separately in the literature for /s_(/PerkeII, Boyce, and tion. These configurations are similar to some configurations
Stevens, 1979 for retroflex and sublingual stogkadefoged observed in r-colored vowels in American Engligee, for

and Bhaskararao, 1983and retroflex American English /r/ example, the cineradiographic data in Linddi®85, espe-
(Stevens, i99)9and IS address%d flurther n Es:py-Wllson, cially speaker P5, Fig. 11]5The second group of configu-
Bquce, Jacl sc;n, Narayanan, an ﬁ‘ V\@;]@OO. SS n Elspy-. rations tests the model when the vocal tract has a constriction
\éVlhson etal. ( 000" V:/i asi”?‘;e lt:) at th? Sfl]f hlngua ;:awty that decouples the side-branch from the back cavity of the
ehaves acoustically like a “side-branch™ off the vocal tract, ¢ tract. These configurations are similar to the configu-

at least for relatively low frequencies. rations observed in some /r/’s in American Englj$br ex-
ample, Lindau(1985, especially speaker P4, Fig. 11.5; and
Il. DESCRIPTION OF THE MODEL Espy-Wilsonet al. (2000, Fig. 3]. Unlike VTCALCS, these

. o o estimates neglect radiation effects and the effects of vibrating
The branching transmission-line model is implemented,qgcal tract walls.

as a MATLAB-callable routine called AFSB2XFB. It is Then, the model was used to calculate the frequency

based on the'TcALcs program described by Maed&982,  response of the same tube configurations, and peak and zero
as modified for use with MATLAB numerical analysis soft- frequencies were determined from this frequency response.
ware by Dr. Ronan Scaife at Dublin City University. It is The model'scalculatedpeak and zero frequencies are com-
intended to calculate the acoustic behavior of a vocal traghared with theestimatedpole and zero frequencies from
that includes a side-branch such as a sublingual cavity. Thgimple tubes. The results from the model are also compared
AFSB2XFB routine, given section lengths and area functionsyith the results from VTCALCS, since the model results
of the “main” glottis-to-lips portion of the vocal tract and & from side-branches tending toward zero length and zero
side-branch, calculates the vocal tract transfer function. Theross-sectional area should converge to the same results as
transfer function may then be searched, using numericajTcaLCs.

peak-picking routines, to determine peole) frequencies.

The acoustic behavior of the “main” tract and the side- IV. RESULTS FOR VARIOUS TUBE CONFIGURATIONS
branch is approximated using the transmission-line analog,  sjge-branch strongly coupled to main tract

sections specified in Maedd 982 and Espy-Wilsoret al. _ ] o ) o )

This configuration is schematized in Fig@l A uni-
form tube with the “glottal” end closed and the “labial”
dCurrent address: 86 Spring Ave., Arlington, MA 02476. Electronic mail: end open has a side-branehith a closed endattached. The

ladmttj@ix.netcom.com .\ . .
bCurrently at Department of Communication Sciences and Disorders, MaiPOSition, length, and cross-sectional area of the side-branch

Location 379, University of Cincinnati, Cincinnati, OH 45221. vary.
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FIG. 2. (a) Estimated pole and zero frequencies of the tube configuration in
Fig. 1 aslg varies from 1 to 12 cm. In this and subsequent figures,*
represents a pole frequency an®* represents a zero frequencgh) Cal-
culated pole and zero frequencies.

cies that would be the resonant frequencies of the isolated
side-branch tube. This series of zero frequenéjes given
by the well-known formulg2),

-30} b

“% 1000 2000 3000 2000 5000 6000

(b) Herz L=(2n—1)cldl,. )
FIG. 1. (@ The tube configuration simulated in the “strongly coupled” For example, given a 17-cm vocal tract with a uniform
models.(b) A sample plot of the calculated transfer function. cross-sectional arel, = A= A;=4 cn12, with a back cavity

lengthl,= 12, a side-branch length=4, and a front cavity

The acoustic impedance of ideal, hard-walled tubes ifengthl;=5, the zeros of Eq(1) can be numerically evalu-
this configuration, as seen from the branching point, is giverdted. The estimated resonant frequencies 2485, 1205,
by Eq.(1), in which wall and other losses are neglected. The2925, 3655, and 4605 Hz. An estimated zero frequency of

resonances of the glottis-to-lips transfer function are giver?190 Hz is found from Eq(2). Figure 1b) shows a plot of
by the zeros of Eq(1), the glottis-to-lips transfer function calculated by the model

for this configuration. It can be seen that there are peaks near
Z(w)=Aptan(wl,/c)+Atan wls/c)— As cot wl ¢ /c). 450, 1150, 2650, 3400, and 4300 Hz. In addition, there is a
(1)  possible zero at 2000 Hz.
Table | summarizes the strongly coupled configurations
[Here,Z(w) is the vocal tract impedance at the angular fre-tested. The results are presented as nomograms in Figs. 2—4,
quencyw, Ay, As, andA; are the cross-sectional areas of theand summarized in Tables Il and IV. The first two rows of
back tube, side-branch tube, and front tube, respectiVgly; Table | summarize configurations in which the side-branch
ls, andl; are the lengths of the same; aads the speed of length varied from 1 to 12 cniwith the minor variation of
sound. In this Letterc will be taken as 35000 cm/s for the using 0.5-cm sections for the 1-cm side-branch and 1.0-cm
warm, humid air in the vocal tragt. sections for the rest The third row of Table | summarizes
The side-branch produces zeros in the glottis-to-lipconfigurations in which the cross-sectional area of the side-
transfer function at the frequencies at which the acoustic imbranch varied from 0.5 to 4 cmThe fourth row of Table |
pedance of the side-branch goes to zero, i.e., at the frequesammarizes configurations in which the location of the side-

TABLE I. “Strongly coupled” model configurations tested. “Fig.” is the figure in which the results are presemiedis, n; : the number of tube sections
(circuit elementsused to model the back, side, and front cavities, respectixglyxs, X; : length in cm of tube sections used to model the back, side, and
front cavities. Other symbols are as in the text.

Back cavity Side-branch Front cavity
F|g Ib Ab Ny Xp IS AS Ng Xg If Af N X¢
2 12.0 4.0 12 1.0 1.0 4.0 2 0.5 5.0 4.0 5 1.0
2 12.0 4.0 12 1.0 26120 4.0 2512 1.0 5.0 4.0 5 1.0
3 12.0 4.0 12 1.0 6.0 0-54.0 6 1.0 5.0 4.0 5 1.0
4 2.0~15.0 4.0 2-15 1.0 6.0 4.0 6 1.0 15-862.0 4.0 1552 1.0

2984 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 Jackson et al.: Verifying a vocal tract model 2984



6000 T T T — T T T Constriction

5000»6) B /_7\
§4000 5 ° ° © ° © © °© ] Back cavity -l
5 x x x x x x x /——/R Front cavity
§> 30001 x x x X x x x ] Ib
& 20001 o % x x x x % E! <
. # 8 R X % % M \

1000 ki 3

x x x x x x x Al ! Vb
O0 0.5 1 1.5 2 25 3 3.5 4 /
Side branch cross-section (cm2) £
8000 T T T T T T T
b)

5000 B
54000’ [o) [e) o o [s] o] [s] g
8 2000F x x x x x x x ] FIG. 5. The tube configuration simulated in the “weakly coupled” models.
g X X X X X X X
8 2000} o x x x x 7
& O T - -

ieo0r " y 9 " - . x 7 Qualitative features of the nomogram, such as the abrupt

% 05 1 5 2 25 3 35 ) decrease in the number of poles in the transfer function of
Side branch cross-section (om?2) the model vocal tract dt,=1,=12 cm, are seen in both Figs.

FIG. 3. (a) Estimated pole and zero frequencies of the tube configuration in2(@) (estimateﬂi and (b) (determined fr(_)m model transfer
Fig. 1 asA varies from 0.5 to 4 ¢/ (b) Calculated pole and zero frequen- functions) In addition, the pole frequencies calculated by the

cies. model as the side-branch length tends to zero clearly con-
verge to the pole frequencies for a tube with no side branch.
Figure 3 shows nomograms of the estimated and calcu-
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g x X X X X X x x x X X X X
2000+ Xk W ox XXX % 4 shows nomograms of the estimated and calculated pole and
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x X X X X X X x X X X X x . e .
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§ 2000} S5 % % o« w g5 55 535y lengthl . and cross-sectional aréq , into a front cavity with
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FIG. 4. (a) Estimated pole and zero frequencies of the tube configurationin A lumped vocal tract resonance exists in these configu-

Fig. 1 asl, varies from 2 to 15 cm whilé,+ 1 (the overall tract lengthis ~ rations because the back cavity is separated from the front

held constant at 17 cntb) Calculated pole and zero frequencies. cavity of the vocal tract by a constriction. This resonant fre-
quency is approximately the Helmholtz, or cavity resonance

branch(its distance from the glottal end of the modearied  frequencyF, given by Eq.(3) (again, the radiation imped-

from 2 to 15 cm. ance and vocal tract losses are neglegted

Figure Za) shows a nomogram of the pole and zero

frequencies beneath 5.5 kHz estimated from Etjsand (2) Fr=(cl2m)((Ac/(Vplc))- &)

as the length of the side-branch varies. Figui® 8hows the [In (4), A; is the cross-sectional area of the constriction;

(first five) pole and zero frequencies measured from the calV,=A,* |, is the back cavity volume, and is the constric-

culated transfer function, together with the limiting pole fre- tion length]

quencies for a tube with no side-bran@le., the column of The combination of the side-branch and front cavity
pole frequencies plotted on theaxis, atl;=0cm), as cal- gives rise to a series of quarter-wave resonant frequefgies
culated by VTCALCS. given by Eq.(4); see Espy-Wilsoret al. (2000, p. 345 ff,

TABLE Il. “Weakly coupled” model configurations tested.: number of tube sectiongircuit elementsused to model the constrictior,: length in cm
of tube sections used to model the constriction. Other symbols are as in the previous table.

Back cavity Constriction Side-branch Front cavity
Fig. Iy Ap ng Xp le Ac ne X¢ lg Ag ng Xs I A¢ n¢ X¢
6 12.0 4.0 12 1.0 1.0 0.2 1 1.0 0#%.0 2.0 2-16 3/8 4.0 2.0 4 1.0
7 12.0 4.0 24 0.5 1.0 0.2 2 0.5 2.5 0:22.0 5 0.5 4.0 2.0 8 0.5
8 12.0 4.0 24 0.5 1.0 0.2 2 0.5 106.0 2.0 2-12 0.5 7.0-2.0 2.0 14-4 0.5
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FIG. 6. (a) Estimated pole and zero frequencies of the tube configuration inFIG. 7. (a) Estimated pole and zero frequencies of the tube configuration in
Fig. 5 asl s varies from 0.75 to 6 cmb) Calculated pole and zero frequen- Fig. 5 asA varies from 0.25 to 2 cnb) Calculated pole and zero frequen-
cies. cies.

Fo=(2n—1)c/4(l+1;). (4) of pole and zero f_requencies _estimated from simple tube
) _ ~ models. Many details are seen in both the estimated and the
Th(_a back cavity contnbutes_a hqlf-wave resonance With-g|cylated nomograms. For example, Fig) 2nd (b) both
the series of resonant frequencies giverSh show an exact pole-zero cancellationlgt3 cm; in Fig.
F,=nc/2l. (5)  2(b), F5 atls=3 cm appears to be 1 kHz greater tHanat
. i . ;=2 cm because a peak “expected” fby, at about 3 kHz
Finally, the side-branch causes zeros in the transfef,q peen cancelled. Finally, the calculated pole frequencies
function at the frequencies given {@). when the side-branch length or cross-sectional area are close

Table Il summarizes the weakly coupled configurations, ;erq o in fact converge to the pole frequencies calculated
tested. The results are presented as nomograms in Figs. 6—3%/ VTCALCS for a tube with no side-branch.

and summarized in Tables Il and V. The first row of Table In many cases, the pole frequencies calculated by

Il summarizes configurations in which the side-branch lengtR, rca| cs and this model implementatiddFSB2XFB) are

|5 varied from 0.75 to 6 cm. The second row summarizéqq,er than the estimated values. The model pole frequencies
configurations in which the side-branch cross-sectional areg.q trom 5%—10% lower than the estimated ones. with the
As varied from 0.25 to 2.0 cfa The third row summarizes g jjest discrepancies generally 3. The discrepancy is
configurations in which the side-branch lengglvaried from 4.« 5 the fact that VTCALCS and the side-branch model
1 to 6 cm while the front cavity length; varied inversely  ae into account viscous, heat conduction, and wall losses
from 7 to 2 cm(thus keeping the total lengtg+I; constant  4ng ragiation loads that the simple tube models neglect. In

at8 c_n). ) addition, it is possible that3), which estimates the lumped
Figure 6 shows nomograms of the estimated and calcu-

lated (mode) pole and zero frequencies as the length of the
side-branch varies, together with the limiting pole frequen- ¢y

X X X X X
cies for a tube with no side-branch, as calculated by go0l® X X X * * ]
VTCALCS. Figure 7 shows the estimated and calculated £ 0| * = x x * k
pole and zero frequencies as the cross-sectional area of thi o} X % % % o 3
side-branch varies, together with the limiting pole frequen- gaooof o R ,
H H H i X X X X X - 4
cies. Figure 8 shows the estimated and calculated pole anc oo} % % x X X 3
zero frequencies as the lengths of the side-branch and froni o T ; ; : z :
cavity vary inversely, together with the limiting pole fre- Side branch fength (em)
guencies. 6000 . . ' . .

Table I reports the rms differences between the esti- 0l l
mated and model pole frequencies in Hz and in per¢eht £ 400t ® * i
the average pole or zero frequendgr each series of con- 2000t ¥ x ¥ x ¥ 3
figurations. Table IV reports the rms differences between the §ao00} y y . z o 1
estimated and model zero frequencies. * 1000% x x X x x ]

0 x X x X X
0 1 3 4 5 6

Side branch length (cm)

V. DISCUSSION AND CONCLUSIONS

. FIG. 8. (a) Estimated pole and zero frequencies of the tube configuration in
The patterns of pole and zero frequencies calculated bFfig. 5 asl, varies from 2 to 7 cm whild+1; (the “overall front cavity

the model are in good qualitative agreement with the patternngth”) is held constant at 8 cnib) Calculated pole and zero frequencies.
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TABLE Ill. Root-mean-square differences between estimated and model pole frequencies in Hz, and in % of
the mean pole frequency, for each series of configurations.

Varying
parameter F1 [Hz (%)] F, [Hz (%)] F3 [Hz (%)] F4 [Hz (%)] Fs [Hz (%)]
“Strongly coupled”
ls 37.27.8 51.54.7) 216.910.0 207.87.1) 451.112.1)
Ag 37.37.5 37.53.3 52.32.8 175.96.7) 253.87.1)
Iyl 34.47.6) 108.58.7) 287.314.9 321.111.6 568.115.5
“Weakly coupled”

Is 84.323.9 37.93.2 113.07.4 79.12.89 559.515.4
Ag 83.323.2 95.27.1) 328.022.5 33.11.2 386.99.6)
Il 88.624.6 76.717.0) 104.37.2) 38.61.3 654.7120.0
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