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The open end correction coefficigf@ECQO of acoustic tubes has been widely investigated under

a free-field condition. This study examines OECCs in confined regions, such as side branches within
the vocal tract. To do this, a number of mechanical acoustic models are used to examine the effects
of the angle of the branch axis and the proximity of the walls of the main tract to the open end of
the branch. The OECC is estimated by matching both the peaks and tr@eghspectral maxima

and minima of the computed and measured transfer functions for each model. The results indicate
that the OECC of a side branch dependd.éB, wherelL is the cross dimension of the main tract

at the branching point, ard is the branch diameter. For side branches connected to the main tract
through a narrow neck, the OECC of each end of the neck is determined using the ratio of the radius
of the neck to that of the adjacent section. Two empirical equations for evaluating the OECC within
a tract are derived from the present study. Finally, the range of appropriate OECC values for
estimating an accurate vocal tract transfer function is discussed, based on the results presented here
and morphologic measurements reported previously. 1998 Acoustical Society of America.
[S0001-496608)00408-1

PACS numbers: 43.70.Bk, 43.70.Jt, 43.70[AL ]

INTRODUCTION solved the sound radiation for an unflanged circular pipe.
They gave a theoretical value of the OECC, 0.6133, for a
It is well known that sound radiation takes place at anylow-frequency approximation of the end correction. Nomura
abrupt transition from a smaller cross-sectional area to &t al. (1960 examined the sound radiation at the open end of
larger area in a compound acoustic system. The radiatioa flanged circular pipe numerically, and showed that the
makes the effective length of the section with the smallefOECC for a flanged pipe is 0.8217 at low frequencies. Ando
area longer than its actual length. The ratio of the length(1969 employed the same approach to analyze the sound
increment to the radius of the smaller area is referred to asadiation at the open end for various widths of the flange of
the open end correction coefficie®®ECQO. It has been the pipe, and the OECCs were consistent with the above
proved that the OECC depends on the Helmholtz nurkber solutions. Based on experimental data, HA887) suggested
(cf. Levine and Schwinger, 1948wvherek is the wave num- the following empirical equation to describe the relation be-
ber andr is the equivalent radius of the open end. In the fieldtween the OECC and the width of the flange for a low-
of speech production, the OECC is often used as a lumpeflequency approximation,
coefﬂcpnt in transmission line models for a low-frequency a,=0.821- 0.1 (W/b) +0.42) 054 1)
approximation.
Sound radiation at an abrupt area transition has beewhereb is the radius of the open end aNd is the width of
investigated under several conditions by a number of studieshe flange. Peterst al. (1993 estimated OECCs under con-
Among them, Rayleigl{1945 gave theoretical descriptions ditions in which the geometry at the open end of pipes was
in which the OECC is 0.785 for each side of an orifice in anvaried with and without a mean flow. The OECC obtained
infinitely thin plate, and is 0.824 when the plate becomedor a hornlike open end under the condition with no flow was
infinitely thick. Levine and Schwingef1948 rigorously  approximately 0.46(adjusting their value by taking the
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OECC ratio in terms of the horn radius rather than the pipe

radiug, which is much lower than the previously suggested

value of 0.6133. They showed that the OECC changed with Nasa|
geometries at the open end of pipes, larger for a sharp edge cavity
and smaller for a rounded one. In other words, the OECC in
a compound acoustic system is related to the abruptness of
the area transition between the adjacent sections. They also
demonstrated that the OECC for large mean flow is low and
independent of the flange thickness; for small mean flow the
OECC becomes relatively constant, but the value of the con-
stant depends on aspects of the geometry such as flange
thickness, ranging between 0.6 and 0.8.

In contrast to free-field conditions, OECCs appropriate
for confined regions have not been so extensively studied.
Ingard(1953 examined the radiation of sound at the neck of
a Helmholtz resonator, and suggested the following formula
to evaluate the OECC for the interior end of the neck:

Velopharyn-
geal port

Epiglottis

Piriform
fossa

a,=0.48A)°I 1/ —1.25R], 2

where A andr are the area and radius of the smaller-area
section.R is the radius of the larger-area section, with FIIG. 1. A diagra_m of a _sagittal view of the vocal tract showing_the major
smaler than OR. EVRaheb and Wagndd980 examined _ *%° benehes, i the dsance o e noes for 0 e cong of e
the effects of the sharp bends and branches of acoustic tubggses.
for a given cross-sectional area and gave distributions of the
sound pressure within the acoustic tubes. They showed that
some different patterns of the transverse mode occurred for According to previous studigdall, 1987; Peterst al,,
the rectangular pipes and the circular pipes. Since the dimeri:993, the geometry of the open end is a factor affecting the
sions of the vocal tract are much smaller than those of theiacoustic radiation. This factor is expected to be more domi-
tube models, such phenomena shown in their study wouldant in the vocal tract because the geometries around the
appear in a higher frequency region for a tube with dimen-open end of the side branches are much more complex in the
sions similar to the vocal tract. However, most of the studies/ocal tract than those discussed in the literature cited above.
on speech production are more concerned with a lowAccording to MRI-based morphological studiésee Dang
frequency region which meets the assumption of plane-wavet al, 1994; Dang and Honda, 1996c, 199%he branches
propagation. show various geometric shapes, and the dimensions of the
In modeling the vocal tract, a number of side branches imain tract and the open end of the branches differ signifi-
the vocal tract such as the nasal tract, paranasal sinuses, acghtly from each other. Figure 1 shows a diagram of the
piriform fossa must be taken into accousete Fig. L. The  major side branches within the vocal tract. At the bifurcation
OECC is a significant factor in accounting for an abrupt areaf the nasal and oral tracts, for example, the velopharyngeal
transition, large area ratios, and in most cases, short brangiort opens into the oral tract at the bend of the velum, and is
lengths. Partially due to a lack of experimental data for condirected almost opposite to the direction of sound propaga-
fined regions, however, the OECC values previously used ition in the vocal tract. Contrarily, the direction of the open-
vocal tract models differ widely. ing of the piriform fossa is parallel to the direction of sound
Fant proposed 0.8 as the OECC for a low-frequencypropagation, and the lateral walls of the fossa are continuous
approximation. He also recommended the use of Ingard’svith the posterior and lateral walls of the pharynx. This ge-
equation Eqg. (2)] to compensate for the radiation inductanceometry is expected to enhance the radiation reactance of the
of an abrupt area transition within the vocal tract such as thepen end. The directions of the ostium openings of the para-
area between the teetfrant, 1970. Sundberg(19749 em- nasal sinuses to the nasal tract differ from one another, and
ployed a value of 0.7 as the OECC to evaluate the acoustithe cross dimension of the main tract is relatively small in
characteristics of the piriform fossa. Dang and Hondathe vicinity of the open end. Radiation reactance at the open
(1996 and Danget al. (1996 estimated an OECC of 0.75 end of the branches is expected to be different for these
for the piriform fossa using MRI-based mechanical and nu-different geometries.
merical models. Koyam&l966), in evaluating the antireso- In this study, a number of mechanical models with vari-
nances of the paranasal sinuses, used an OECC value of 1.d6s branches were constructed to imitate the geometries of
for the abrupt area transition at the two ends of the ostiathe side branches in the vocal tract. OECCs were estimated
0.73 for each end. On the other hand, Mas#ia92 re- for the side branches within the mechanical models. The pur-
ported that no end correction was necessaey, the OECC pose of the present study was to provide experimental evi-
equaled zerpfor the ostia of the paranasal sinuses accordinglence to support the use of particular values of lumped-
to a comparison of his morphology-based computation wittcoefficient compensation for the radiation at the ends of side
measured antiresonances. branches within the vocal tract model.
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FIG. 2. Diagrams of mechanical models A through D, designed with differ- g .

ent branch angles.

FIG. 3. A diagram of the experimental setup for measuring the transfer

function of an acoustic tube.
|. EXPERIMENTAL PROCEDURE

The experimental procedures employed in this studyFig. 10 was for estimating the OECC of a side branch with
were (1) design and construction of mechanical models witha narrow neck. Two identical holes, 1 cm apart, were drilled
various side brancheg$?2) measurement and calculation of for the probe tube in the main tract wall near the input end
the transfer functions of the mechanical models; é3)ces-  for models E, F, and G.
timation of the optimal OECC for the side branches based on
the computed and measured transfer functions. B. M

. Measurements

The pressure-to-pressure transfer function of the me-
chanical models was measured using a two-point pressure

Acoustic experiments were designed to obtain a realistienethod, with which the acoustic properties of the side
OECC for vocal tract models. To this end, a number of me-branch can be exactly described by measuring simulta-
chanical models were constructed to imitate the geometrieseously the sound pressure in the main tract on the source
of the side branches in the vocal tract. The main tract waside of the branch and the sound pressure from the radiating
made from hard acrylic plates with a thickness of 0.3 cm.end of the main tracDang and Honda, 1996aA diagram
The cross-sectional shape of the main tract was designed tf the experimental setup used for measuring the two pres-
be square, and thus side branches in the tract had a plasares is shown in Fig. 3. Microphone 1, B&K 4003, was
opening end. Two types of side branches with a uniform areg@laced 6 cm away from the radiating end to record the radi-
were employed: a tube with a circular cross section, and ated sound. The probe tube of probe microphone 2, B&K
tube with a rectangular cross section. The circular tube wag128, was installed through the hole drilled in the main tract
attached about midway along the main tract on the outside ofall on the source side of the branch. A white-noise signal
one of the walls. The rectangular tube was placed inside thproduced by an FG-143 function generathiF Circuit De-
main tract by partitioning one of the ends. sign Block Co) was amplified and fed into an SG-505FRP

Figure 2 shows diagrams of four basic models. Modelshorn driver unit(Goto Unit Co) to excite the mechanical
A, B, and C were 18.5 cm long and X&.6 cm in their model. The join between the model and the neck of the horn
inner cross section, while model D was 19.5 cm in lengthdriver unit was sealed with plasticine to prevent sound leak-
and 2.1X2.1cm in its inner cross section. The branch inage. The outside sound pressure in the vicinity of the join
models A, B, and C was a circular tube with a length of 4 cmwas confirmed to be about 25 dB lower than that at the
and a diameter of 1.7 cm, where the length was measuregdiating end. This implies that sound leakage from the join
along the branch’s central axis from the closed end to thean be considered to be negligible in this measurement.
open end. The branch in model D was 4 cm long and 2.1Sound recording was carried out at a sampling rate of 48 kHz
X 1.0 cm in its cross-sectional size. The branch angles of then an anechoic room. A room temperature of 20 °C was
models were 90, 60, 30, and O degrees, respectively. Theseaintained during the measurement, and therefore the sound
four models were used to examine the effects of differentelocity used in all calculations was 34 300 cm/s.
angles of the side branch axis to the main tract. To install the  The two sound pressures were recorded simultaneously
probe tube of a probe microphone for acoustic measurgor 5 s for each measurement. Averaged power spectra of the
ments, holes with a 0.12-cm diameter were drilled in thesound pressures were computed using DFT with a 340-ms
main tract wall about 1 cm back from either end. Hamming window shifting by 85 ms over the entire 5-s sig-

Additionally, three more models, E, F, and G, were con-nal duration. The ratio of the power spectra of the radiated
structed for further examinations. Model @iagramed in  sound to the internal sound was taken to be the pressure-
Fig. 6) was used for examining effects of the flange of thepressure transfer function of the segment from the internal
open end of the side branch, and of the proximity to the mainmmeasurement point to the radiating end.
tract wall. Model F(in Fig. 7) was designed to determine The antiresonance of the side branch can be identified in
effects on the OECC of the branch diameter and the distanake measured transfer function. However, the antiresonance
between the open end and the opposite wall. ModdinG may not appear clearly in the transfer function if it is located

A. Construction of the mechanical models
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near a resonance. Our previous studies demonstrated that ad- 30 T ' T T T
justing the location of the internal measurement point can 5 1 :
move the resonances in the transfer function without affect-

ing the antiresonance frequencies of the side brabeng ) Lol
and Honda, 1996a,cln essence, the resonances correspond *

to the resonances of the tube open at both ends, with one end3
corresponding to the open end and the other to the location &

of the internal measurement point. For this reason, two probe E‘_lo
holes as described previously were designed for models E, F,
and G to change the internal measurement point. Thus anti-

20r

[
A
%
@-20f

resonances that may be distorted or obscured by nearby reso-& : Measured
nances for one internal measurement point can be revealed ~3° T 5 pr Computed
through this procedure. § ” :

Strictly speaking, a factor for the transfer from the main ~ *% 1000 2000 3000 4000 3000 6000
tract end to M1, which is in the near field, should be in- Frequency [Hz]

cluded. As a check, transfer functions were measured fOI'—:IG. 4. A typical comparison of measured and computed transfer functions

different positions of M1, varying the distance from the opentor a tract with a side branch; this case is model D.

end to M1 from 3.5 to 30 cm. It was found that there were

some changes in the amplitude of the baseline of the mea-

sured spectra and in the slope of the envelope, but notin the | this estimation, the OECC for the branch was ad-

resonance or antiresonance frequencies. Since in this stuglysted to match the computed troughs and peaks to the mea-

we are more interested in these frequencies, this factor wagred ones. The optimal OECC value was defined that satis-

omitted. fied the condition that the differences in both the peak and
trough frequencies should be less than 3% for frequencies
below 3 kHz. The OECC values found in this way will

C. Estimation of OECC henceforth be referred to asatched OECC valueso dis-

Since the interaction between the resonances and anfinguish them from OECC values derived from empirical
resonances in an acoustic system tends to obscure or distdpfmulas. Figure 4 shows an example of the comparisons
each other, frequencies of maxima and minima in a meabetween the measured and computed transfer functions for
sured transfer function are usually different from the truemodel D. In this example, the computation and the measure-
resonances and antiresonances to some extent. We thereféf@nt are consistent within 3% below 3.5 kHz for the fre-
refer to maxima and minima in the measured transfer funcduencies of the peaks and troughs, and within 5% above. The
tions as peaks and troughsy respective|y' and compare tH@mpUtEd and measured transfer functions demonstrate al-
measured and computed transfer functions in order to estaB0st identical spectral shapes at lower frequencies. These
lish the frequencies of the true resonances and antireséWO spectra show an increasing disparity at higher frequen-
nances. A transmission-line model was employed to computgi€s. This is probably caused by the accumulated effects and
the transfer function for the comparison. If both the troughsthe assumption of plane-wave propagation in the simulation,
and peaks in the computed transfer function are matcheyhere the assumption is not always correct for higher fre-
well to those in the measured one, it is reasonable to assun§iencies. For this reason, the above comparison for the
that the acoustic properties of the computational model ar&oughs was limited to the first trough of the branch, though
identical to those of the mechanical model. the second trough was typlcally visible in the hlgher fre-

The transmission-line models had an identical area funcduency region.
tion to that of the measured tube segment, from M2 to the ~ Figure 4 shows that as frequency increases, the ampli-
radiating end, with an adjustable OECC for the branch. Thdude difference between the spectra increases. This differ-
bifurcation point of the branch and main tract in the compu-ence is mainly caused by the different tilts of the two spectra.
tational model was at the intersection of the branch’s central he tilt is more pronounced for the measured spectrum be-
axis and the open end for models A, B, C, F, and G, and atause microphone 2, B&K 4128, has a decreasing response
the edge of the open end of the branch for models D and EWVith increasing frequencysee the instruction manual of
The equivalent radius used for the square openings was af&K 4128), while microphone 1, B&K 4003, has a flat re-
proximated by a circular radius of= JA/x, whereA is the ~ SPonse over a wide frequency region. Since there was no
area of the opening. The radiation impedance of the maigignificant effect on the frequencies of the peaks and troughs
tract of the computational models was approximated by Lither with or without calibration, noncalibrated data are
cascaded connection of resistance and inductd@emisse Used in obtaining the measured transfer function.
et al, 1984. Losses due to viscosity and heat conduction
were implemented in the computatidffflanagan, 1972 Il RESULTS
while losses due to wall vibrations were ignored for these -
rigid-walled mechanical models. The validity of the acoustic =~ The results of the experiment are shown for the effects
parameters above was confirmed using a uniform straightf (1) the angle of the branch to the main tra@) the flange
tube. of the open end of the branch and the surrounding wall of the
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NN N N TABLE |. Trough frequencies measured from the transfer functions shown

120 /\ /\\/"\y o in Fig. 5, and matched OECGBA: branch anglg
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defined in the computational model since the opening plane
Frequency [Hz}

of the branch is not parallel to the wavefront for the plane-
FIG. 5. Transfer functions measured for the mechanical models shown ifvave assumptiorisee El-Raheb and Wagner, 198Uhere-
Fig. 2 with the model label and branch angle for each curve. Successivéore it is not possible to obtain the OECCs for models B and
curves are offset by 20 dB. C using the present method. For this reason, this estimation
was limited to models A and D. Matched OECCs are shown

main tract,(3) the dimensions of the branch and the mainin the fourth column of Table | for branch angles of 0, 90,
tract at the bifurcation, ant#) a narrow neck within a side and 180 degrees. The OECCs obtained for 0 and 180 degrees
branch. are not significantly different. Contrarily, the OECC for the
branch angle of 90 degrees does differ significantly. The
value of 0.48 for the 90 degrees case is much smaller than
that proposed in previous studi¢Rayleigh, 1945; Hall,

Four mechanical models were used experimentally ta1987).
determine effects of the angle of the side branch axis on the  Since the branch angle is not a major factor affecting the
OECC. The mechanical models are shown in Fig. 2. Th@DECC, it is suspected that the geometric shapes surrounding
branch angle is defined as the angle between the central axise open ends of the branches caused the difference. In
of the branch and that of the main tract, using angles in thenodel D, but not model A, the branch shares walls with the
range of 0—180 degrees. In models A through D, the branchain tract. This structure may enhance the radiation reac-
angles are, respectively, 90, 60, 30, and 0 degrees when ugmnce of the open end. Another difference is that the dimen-
ing E1 as the input end. Treating E2 as the input end, thgion of the main tract into which the branch opened is larger
corresponding branch angles for the same models are 9th model D than that in model A. To clarify the relations
120, 150, and 180 degrees. between the OECC and these aspects of the geometry, we

The measurements were carried out on the models twicgonducted the following experiments.
feeding sound from E1 and then E2. Thus, seven transfer
functions were obtained from the models for the angles o
90, 60, and 120, 30 and 150, and 0 and 180 degrees. TI‘E3
measured transfer functions are shown in Fig. 5, given in
pairs except for model A. Effects of the angles, if any, canbe A mechanical model with a branch angle of 0 degree
easily found from each pair for the same model, because thgnodel E, shown in Fig. 6was used to examine the effects
geometries surrounding the branches were exactly the samef. the flange of the open end of the side branch and the main
The troughs occur at approximately the same frequency fotract wall. The main tract was 10 cm long, with a cross
each pair of transfer functions, but their amplitudes aresection of 2.X2.1 cm. The branch was 4.0 cm in length,
slightly lower (the troughs are deepédor the obtuse than for
the acute angles, and the spectra surrounding the troughs
show slightly different shapes. The frequency of the first
trough is listed in Table | for each case. The trough frequen- T
cies show significant differences for varying branch angles 2.’
across the four models. As could be predicted theoretically,
there is no significant difference in the trough frequencies for
the same model regardless of whether its branch angle is
obtuse or acute. The consistency of the measurement with
the theoretical prediction confirms the accuracy of our ex-
perimental procedure. FIG. 6. Model E for examining effects of the flange of the open end of the

The OECCs of the branches in the models were alséide. branch and the main_ tract wall) Axial-sectional view;(b) cross-

. . . . ectional view at the location of the probe hole. The layers added on the
estimated using the method described in Sec. | C. For mode§iginal walls are shown by W1, W2, W3, and W4. All dimensions are in
B and C, however, the open end of the branch is not simplgm.

A. Effects of the angle of the side branch axis

3 Effects of the flange of the open end and the main
ract wall

probe hole
(&) (o)
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TABLE II. Condition 1: thickening wall W1 in model E. Branch dimen- TABLE IV. Condition 3: thickening walls W2 and W4 in model E. Branch

sions, measured troughs, and matched OECCs are listed. dimensions, measured troughs, and matched OECCs are listed.

w1 Branch end Troughs W2, W4 Branch end Troughs

thickness(cm) area (crf) (Hz) OECC thicknes3 (cm) area (crf) (Hz) OECC
0.6 2.10 1845 0.79 0.0 2.10 1842 0.80
0.7 1.89 1845 0.83 0.1 1.90 1851 0.81
0.8 1.68 1848 0.87 0.2 1.70 1863 0.81
0.9 1.47 1863 0.87 0.3 1.50 1877 0.81
1.0 1.26 1877 0.88 0.4 1.30 1883 0.85
1.1 1.05 1895 0.88

aThe value shown is the thickness of the insert on each side.

and 2.2X1.0 cm in its cross section. Measurements of the

transfer function of this model were made under three conthis way can apparently be considered to involve two main
ditions: components: increase of the flange thickness and decrease of

Condition 1: Vinyl chloride plates with an area of 4.0 the proximity to the main tract wall. According to the result

% 2.1 cm and a thickness of 0.1 cm were glued on the partifOf condition 1, thickening the flange increases the OECC.
tion wall, W1, one by one. This manipulation was done inHowever, no such tendency was seen under condition 2 even
order to explore effects of the flange width of the open end irfhough the thickness of flange W3 was increased by the same
a confined region by thickening W1 while retaining the prox-amount. It can be concluded that decreasing the proximity to
imity to the main tract walls. The measurement was repeatethe main wall has the opposite effect, i.e., it tends to decrease
while the thickness of W1 increased from 0.6 to 1.1 cm inthe OECC. In other words, when the branch wall continues

0.1-cm steps. directly into the main tract, the open end effect of the branch
Condition 2:Plates identical to those used in condition 1 is greatly enhanced.
were glued on the main tract wal\WW3, referred to as the Under condition 3, the matched OECCs increase

back wal) to decrease the effects of the proximity by mov- slightly, unlike in condition 2. This tendency shown in Table
ing the open end of the branch away from the main tractV implies that the effect of decreasing the proximity to the
wall. The measurement was repeated while increasing thiateral walls is smaller than that of thickening the flanges.
thickness of the inserts from 0 to 0.5 cm at 0.1-cm intervalsThe difference between conditions 2 and 3 indicates that the
Condition 3: Two identical plates with an area of 4.0 |ateral walls had a smaller effect than the back wall, although
X1.0 cm and a thickness of 0.1 cm were glued on two opthe length of the boundary between the lateral walls and the
posite sides of the branch simultaneou8ly2 and W4 to  pranch was about the same as that between the back wall and
decrease the proximity to the lateral walls of the main tractihe pranch. If one simply imagines the effective open end of
The measurements were carried out while the thickness @fe branch to extend diagonally from W1 to the back wsdl
each side insert increased from 0 to 0.4 cm with intervals ofjy5t the length of the back wall effectively “belonging” to

0.1 cm. the branch is longer than the partition wall YWzhis phe-

The measured trough frequencies and matched OECGfymenon is easily understood. With this conjecture, the mag-
are shown in Table Il for condition 1. The matched OECCspjiiude of the effect of the lateral walls on the OECC is ap-

inprease as waII'Wl is thickened. This tendency is CO”SiSte’Hroximately half that of the back wall for the same boundary
with those obtained by And¢1969 and by Hall (1987. length.
Thickening W1 from 0.6 to 1.1 cm increases the OECC from Summarizing the above results, thickening W1 increases

0.79 to 0.88, a total change of 0.09, or 11%. This implies tha_{he thickness of the flange and shortens the length of the

the effect of the flange of an open end in a confined space Il§oundary between the lateral walls and the branch, but it

the ?rime as tr?aé i(l;;cféeeffield. dition 2 h in Tabl does not change the situation between the back wall and the
e matche s for condition 2 are shown in Ta ®ranch. Therefore it can be concluded that thickening the

[1l. At first, the OECC decreases as flange W3 increases frorﬂange enhances the OECC. Thickening W3 under condition

2.0 0 ?\}vgr?n lrt then rf? mrﬁlgslnf a(r)ly4cor?]stgrk1]t ﬁsi;hevt\gciz—z showed a different behavior from that produced by thick-
€ss 0 creases from ©.2 fo ©.4 cm. Lhanging ening W1 under condition 1. One of the causes may be that

. N . . an extra abrupt area transition was added to the branch with
TABLE IIl. Condition 2: thickening wall W3 in model E. Branch dimen-

sions, measured troughs, and matched OECCs are listed. W3 under condition 2. However, since adding an abrupt area
transition should enhance the end radiation and this tendency
W3 Branch end Troughs was not seen in the result, the extra abrupt area transition is
thickness(cm) area (crf) (H2) OECC not the major cause of the difference. Considering the com-
0.0 2.10 1845 0.79 mon results under conditions 2 and 3, the major cause seems
0.1 1.89 1868 0.76 to be due to the decrease of the proximity to the main tract
0.2 1.68 1880 0.76 wall; it results in acoustically reducing the effective length of
8:2 ig; ggg 8:;2 the branch. In other words, the proximity to the main tract
05 1.05 1921 0.77 wall contributes to increasing the effective length of the
branch.
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FIG. 7. Model F for investigating the relationship between the OECC and
the dimensions of the main tract and the branch at the bifurcaapAxial-
sectional shapdp) Cross-sectional shape. All dimensions are in cm.

C. Effects of the dimensions at the bifurcation L/D

Figure 7 shows a diagram of model F which was used td-IG. 9. Matched OECCs of Fig. 8 plotted against dimensionless parameter
examine the effects of the dimensions of the main tract andi/D- See Fig. 7 for the definitions df andD. The line marked; is the
the branch at the bifurcation. The main tract was 10 cm Iong';easpsqu""res fit to all of the curves shown.
and 2.72.7 cm in its inner cross section. The branch, a ) ]
circular uniform tube, was 4 cm in length and 1.7 cm in relationship of the OECCs to the parameters, the data were
diameter. Effects of the dimensions of the branch and th&eplotted against a dimensionless paramef@. As shown
main tract in the vicinity of the bifurcation were examined in Fig. 9, the six curves of the matched OECCs collapse
by varying two dimensions systematically: the inner diam-@PProximately onto a curve that is a function ofD. A
eter of the branchD, was decreased by increasing the thick-'€ast-square method was used to calculate the best-fitting
ness ofW,: and the distancé across the main tract was Curve. This curve, which we call thestimated OECCis
decreased by increasing the thicknessVf. D was de- plotted in Fig. 9, and is given by the following empirical

creased from 1.7 to 0.7 cm in 0.2-cm steps by gluing layerformula:

of stainless steel foil, 0.1 cm thick, on the inner wall of the 1.27 L

branch. For each value @, L was varied from 2.7 to 0.6 =107 0.086, 0.2é= <45, €
cm in 0.3-cm steps by gluing an acrylic plate with an area of

10X 2.7 cm and a thickness of 0.3 cm on wil . whereas is the estimated OECC for model B, is the inner

Figure 8 shows the matched OECCs for all of the com-diameter of the open end of the branch, anis the distance
binations ofL andD. The figure demonstrates that OECCs from the open end to the opposite wall of the main tract. The
increase with_ for a given branch diametd. For a given ~Mmean-square error was 0.048 between the measurements and
L, the OECCs increase a3 decreases. The curves of the the prediction by this formula. Considering the conditions of
OECCs move in parallel withD. the measurement and application, the formula is appropriate

The results show that the OECC is approximately proi0 be used in a range @f=L/D between 0.2 to 4.5, where
portional to distancé and inversely proportional to the di- a3 ranges from 0.03 to 0.80.
ameter of the open end of the branch. To arrive at a general

D. End corrections for a branch with a narrow neck

In the vocal tract, there are a number of branches with a

1.0 j f ' ! " narrow neck, such as the paranasal sinuses in the nasal cav-
0.9 g:g-g- A . ity. A neck has two ends: one opening into the main tract,
D=1.1 ——x—— | referred to as the tract end; and the other one opening into
£o.8 ferred t the tract end; and the oth t
B D=1.3 ——e—— LXK the cavity, referred to as the cavity end. Both ends require an
H0.7 L D=1.5 T —-3::{——6 o . .
o D=1.7 —o— TR d end correction for the abrupt area transitions. The tract end
0.6 : < R 1 of the branch neck has a similar geometry to that discussed
§o0.5 ' ] for model F. For this end, therefore, the correction coeffi-
g 0.4 | cient can be evaluated using Eg). In this section we arrive
g at an estimate for the OECC for the cavity end of the branch
go-3 neck.
go.z A mechanical model shown in Fig. 10, referred to as
0.1} model G, was used in this examination. This model consisted
: : : . : of a main tract with a square cross-sectional shape of 2.7
% 0.5 1.0 1.5 2.0 2.5 3.0 X2.7cm, and a circular branch with a narrow neck. The
L (cm) cavity of the circular branch was 3.8 cmin length and 1.7 cm
FIG. 8. Matched OECCs for various combinations.aéndD for model F, 1N INNEr d'?meter- The neck length was ch_osen to be 0.3
shown in Fig. 7. cm which is approximately equal to the ostium length of the
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Del.7 1% for the first trough, and within 2% for the first two peaks.
Figure 11 shows the matched OECCs for the cavity end
(plotted using an asteriskwhich decrease monotonically
from 0.712 to 0.069 as the ratio of radii increases. To derive
a general empirical formula, an expression similar to that
used by Ingard1953 was adopted to describe the experi-
mental data. The parameters in the expression were derived
based on the measurements with a constraint that the OECC
be equal to 0.821 wheg=0 (Nomuraet al, 1960. By
minimizing the mean least square of errors between measure-
ment and prediction, we arrive at the expression:

\
N
N

=

DRI

FIG. 10. Model G, used for estimating the OECC for the cavity end of the a,=0.8211-1.6%), £<0.6, (4)
branch neck as a function of neck diamedgy=2r\, . |y is the length of the o . )
neck. All dimensions are in cm. whereé=r/rc. Values ofa, (solid line) are plotted in Fig.

11 as¢is varied, which predicts the matched OECCs with a

maxillary sinus, the biggest side branch in the nasal trac mean-square error of 0.053. This result indicates that the end

Diameter,Dy, of the neck was varied as described below. radlatlon is negligible V\(hen th? ratipis larger than 0.6 even
. . _if an abrupt area transition exists.
Transfer functions of model G were measured while
varying the diameter of the neclg) from 0.17 to 1.0 cm in
12 steps. In the measured transfer functions, [y lll. DISCUSSION

>0.5cm, a second trough appeared at a higher frequency. In this section, we summarize the effects of the geom-
This implies that the branch can no longer be modeled as etries on the OECC of a side branch, and compare the pre-
simple Helmholtz resonator. Accordingly, this branch wasdictions of our formulas with previous results. The range of
treated as a tract with two cascaded sections in this estim@®ECCs for the side branches within the vocal tract is also
tion of the OECC. discussed based on the present results and morphologic mea-
As mentioned above, the OECC of the tract end wassurements reported previously.
evaluated using Eq23). For L/D>4.5, the OECC was rea-
sonably assumed to be 0.80. As shown in Fig.(fidoken
line), this region occurs in model G fop /r -<0.35, where
ry=radius of the branch neck amg=radius of the branch A number of mechanical models were designed with
cavity. various side branch shapes to imitate the geometries of the
In order to estimate the OECC for the cavity end of theside branches within the vocal tract. With these models,
branch neck, the computed transfer function was matched tacoustic effects of the geometries on the antiresonances and
the measured one while the OECC was adjusted. The optthe OECCs of the branches were examined. The angle of the
mal OECCs were obtained when the measured and computdtglanches with respect to the main tract was varied; this did
transfer functions were consistent with one another withimot show any significant effects on the antiresonance fre-
qguencies, nor on the matched OECCs in the cases where they
could be estimated. Two cases, i.e., the branches parallel to
0.2 0.4 0.6 0.8 1 and perpendicular to the main tract, however, showed differ-
' ' ' ' ' ' ' ' ' ent behaviors.
The parallel-branch cadenodel B showed an interac-
tion of the effects on the OECC of the branch flange and the
proximity to the wall of the main tract. General speaking, the
OECC is higher for a branch within a main tract than the
same “branch” in a free field. This effect is heightened as
the branch open end approaches the main wall of the tract.
The perpendicular-branch cagaodel B showed an in-
teraction of the effects on the OECC of the diamet@) ©f
the branch’s open end and the distaricgfrom the end to
the far wall of the main tract. This effect was strong enough
to allow us to collapse all of the matched OECCs onto one
L T curve using the dimensionless paramdi¢D. These col-
0.1 0.2 0.3 0.4 0.5 0.6 lapsed curves can be predicted well using an empirical for-
E=Ty /r. mula[Eg. (3)]. As shown previously, this formula is derived
for a given width of the main tube. What are the possible
FIG. 11. Predictions and measurements for model G, Fig. 10. With theaffects on the formula if the width of the main tube varied?
oS st e rackcn of e neck evasted s Bevoken I e afasically, increasing the width of the main tube has two
treatment *” ), and an empirical approximatidiEq. (4)] to that is shown  Simultaneous actions: thickening the flange and reducing the
(solid ling). ry andr are defined in Fig. 1My, is the diameter of the neck. proximity of the lateral walls to the branch open end, and

A. Summary of the measurements

COpen end correction coefficient
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Dn (cm) offer a good prediction for the more general case. Therefore
0z 04 = 06 .08 we conclude that our formula is better in general for the end
0.9 correction at an abrupt area transition of the vocal tract.

9t ° 4

-

[o]
08 1 o 1 B. The OECC for side branches within the vocal tract

0.7 %o~ °

The morphologies of side branches in the vocal tract
were investigated by the authors using magnetic resonance
imaging (MRI) (Danget al, 1994; Dang and Honda, 1996c,
1997. In this section we combine vocal tract data with the
OECC estimates derived above to arrive at a range of
OECCs appropriate for the branches within the vocal tract.

The nasal tract is the largest branch occurring in the
vocal tract. When the velum is lowered, an abrupt area tran-
sition of the velopharyngeal port occurs on both the oral side
01 0z 03 04 o5 o6 and the nasal side as shown in Fig. 1. On the oral side, the

g=ry/re geometry is most similar to model E, where the side branch
is considered equivalent to the entire nasal tract. Thus the
FIG. 12. OECC:s for the cavity end of the neck of model G: matched usingposterior wall of the pharynx, which runs continuously from
a Helmholtz resonator treatmefi), using a cascaded-tube treatméfl. 1o “main tract” into the “side branch,” would be predicted
and predicted using our formula E@}) (solid line) and Ingard’s formula L
Eq. (2) (dashed ling ry, rc, andly are defined in Fig. 10. In Ingard’s O €nhance the radiation from the open end of the nasal tract.
notation,&=r/R. According to our measurements from model E, an OECC
greater than 0.8 is required to compensate for the open end
radiation.
vice versa. According to the results obtained in Sec. Il B, the  On the nasal side, the geometry surrounding the velo-
OECC increases when widening the flange, and decreasebaryngeal port shows features of both model F and model
when reducing the proximity of the wall. These two effectsE, i.e., there is a limited distandeorresponding td.) be-
occur simultaneously when varying the main tube width, andween the open end and a wall of the nasal tract, and this wall
counteract one another to some extent. This interaction was also continuous with the main tra@ee Fig. 1. According
proved in the results under conditions 2 and 3 of model Eto Peterset al. (1993, the OECC for the open end of the
which have a smaller range of variation than that of condi-nasal side is smaller than that estimated by the models, be-
tion 1, when only the flange is changed. When the width ofcause of its horn-shaped edge. In contrast, the posterior wall
the main tube becomes wide enough, the effects of both thef the nasopharynx enhances the radiation reaction. Since
flange and the lateral wall on the OECC become constanthese two effects are expected to counteract each other to
Accordingly, it can be concluded that the relationshipLof some extent, the OECC of the open end on the nasal side can
andD in this formula is not affected significantly by varying be approximated using model F. According to our observa-
the width of the main tube. tions(Danget al, 19949, the distancé. from the open end to

This study also derived an empirical expresdigq. (4)] the ceiling of the nasopharynx was approximately 1.5 cm for
from the measurements of model G for predicting the OECGhasal sounds, averaging over four subjects. During nasal
of a side branch with a neck, where the branch was treated @a®nsonants, the area of the velopharyngeal port is typically
a cascaded tube. The expression has different parameteabout 1.7 crion the nasal side, and thus the equivalent di-
from Ingard’s[Eq. (2)], which was derived for the Helmholtz ameter D) is about 1.47 cm. An OECC of about 0.35 is
resonator. To compare these two formulas, the data obtaingatedicted using Eq3) for an average value. In the transition
in Sec. Il D were reprocessed by treating the branch as &om a nasal consonant to a nasalized vowel, the area of the
Helmholtz resonator. Figure 12 shows the matched OECCsgelopharyngeal port decreases and the edge of the port gets
obtained from the resonator-treatméimdicated by an open sharper. In this case, the OECC is expected to increase. For
circle), and the OECCs predicted from Ingard’s formula example, when the area of the port is reduced to 0% tne
(broken ling, and our Eq.(4) (solid line). Unlike the OECC increases to 0.54. The end radiation at both sides of
cascaded-tube treatmeshown by an asterigkthe OECCs the velopharyngeal port can lower the first nasal formant to
from the resonator-treatment at first decrease and then, f@ome extent. This may explain the fact that the first nasal
Dn>0.5, increase. This is also the point at which higher-formant in speech sounds is lower than that in morphology-
frequency troughs were observed in the transfer functionsdbased synthetic sounds. The discrepancy may be partly due
Therefore the following discussion is limited to the regionto the OECCs for the branches, in addition to the other
where the neck diamet& is smaller than 0.5. In this lim- acoustic effects of the paranasal sinuses reported previously
ited region, the matched OEC@spen circlg are consistent (Danget al, 1994; Dang and Honda, 1996c
with those estimated using Ingard’s formiigqg. (2)] within In the case of the paranasal sinuses, morphological data
2%, and within 15% for our formul@Eq. (4)]. This shows of the ostia are available only for the maxillary sinuses
that Ingard’s formula gives more accurate estimates than olDanget al,, 1994; Dang and Honda, 1996d he geometry
formula when the branch can be treated as a Helmholtz res@f the nasal side of the ostia is similar to model F. According
nator. However, one can see in Fig. 12 that our formula camo our measurement®anget al,, 1994, the diameter of the

Open end correction coefficient
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ostia was about 0.38 cm, and the distance from the ostiuriThe Helmholtz numbekr is also a factor affecting the OECC, whetés
opening to the opposite wall was about 0.3 cm. The OECCthe wave number and is the equivalent radius of the open end of the
of the ostia on the tract side was predicted to be about 0.2&ranch. In all of the cases discussed here, trough frequencies ranged from

. . . 1842 to 1921 Hz and the equivalent radii were 0.58—0.82sme Tables
using Eq.(3). However, the OECC for the cavity side should |, "\ "0 Vieimholtz numbekr ranged from 0.20 o 0.29 for the changes

be ?—bOUt 0.8 since the narrow neck opens to a relatively large, the geometry. According to previous studidsvine and Schwinger,
cavity. 1948; Ando, 1969; Peteet al, 1993, the OECC can be considered to be

The geometry of the piriform fossa resembles model E, approximately independent of the Helmholtz number for this range of

because the posterior and lateral walls of the pharynx en?-20-0:29.

hance the radiation of the fossa end. However, model E igndo, Y. (1969. “On the sound radiation from semi-infinite circular pipe
too simple to account for the geometrical complexity near of the certain wall thickness,” Acustica2, 219-225.

the open end of the piriform fossa. A detailed discussion j€aUsséR., Kergomard, J., and Lurton, X1984. “Input impedance of
. ) brass musical instruments—Comparison between experiment and numeri-
available elsewheréDang and Honda, 1996c, 1997; Dang 4 model.” J. Acoust. Soc. Aniz5, 241—254.

et al, 1996. Dang, J., and Honda, K(19963. “A new method for measuring anti-
Besides the side branches, there are three major abruptesonance details of the vocal tract transmission characteristics—An ex-

i . perimental study of acoustic tubes,” J. Acoust. Soc. Jgn.17, 93—96.
area transitions along the vocal tract: the outlet of the IarynxDang’ 3., and Honda, K1996h. "Acoustical modeling of the vocal tract

the reQion' around the .epiglottis, and the area between theyased on morphological reality: Incorporation of the paranasal sinuses and
teeth(the lips are not discussed here because they open to ahe piriform fossa,” Proceedings of the 1st ESCA Tutorial and Research
free field. The abrupt area transition at the epiglottis is ob- Workshop on Speech Production Modeling: from Control Strategies to

vious for front vowels such as /il and /u/, but not evident for érc:::é'czp&jglgzpe“h Production Seminar: Models and Data, Autrans,

back vowels such as /a/. Since front vowels have a relativelpang, J., and Honda, K19960. “Acoustic characteristics of the human
large pharynx, the effect of the abrupt area transition in this paranasal sinuses derived from transmission characteristic measurement
region is small. In the boundary of the |aryngea| and pharyn- and morphological observation,” J. Acoust. Soc. AbO0, 3374-3383.

. .. , Dang, J., and Honda, K1997. “Acoustic characteristics of the piriform
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pharynx varies with vowels, and ranges from 0.28 to 0.60 fOlbang, J., Honda, K., and Suzuki, .994. “Morphological and acoustical
English vowelgStory and Titze, 1996 The OECC based on  analysis of the nasal and the paranasal cavities,” J. Acoust. Soc98m.
formula (4) ranges from 0.0 to 0.43, which hardly contrib- _2088-2100.
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