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Abstract
We examined the physical interaction between the voice source
system in the larynx and the acoustic filter of the vocal tract.
The vocal tract of a soprano was first scanned in three dimen-
sions using magnetic resonance imaging (MRI) while she pro-
duced four musical notes with different vowels. These images
were used to simulate voice production, including the vibratory
motion of the vocal folds and the behavior of glottal airflow.
Images for the /i/ vowel were used in the simulation, because a
good proximity relationship was found between the fundamen-
tal frequency and the first impedance peak of the vocal tract.
The simulation results revealed that the fundamental frequency
(vibration frequency of the vocal folds) was decreased to a large
extent by the source-filter interaction especially when their nat-
ural frequency was in the proximity of the impedance peak. In a
specific case, this frequency lowering had the effect of changing
the acoustic load of the vocal tract exerted on the vocal folds so
that their vibratory motion was effectively assisted.
Index Terms: voice production, source-filter interaction, so-
prano singing

1. Introduction
The mechanisms of speech production can be broadly explained
using a linear framework (i.e., source-filter theory), based on
the assumption that the voice source system in the larynx and
the vocal-tract filter can function independently of each other.
However, these two systems are not independent in vivo and the
vibration frequency of the folds is influenced by the acoustic
characteristics of the vocal tract. In particular, the behavior of
the vocal folds was found to change significantly when the vi-
bration frequency approaches peak input impedance of the vo-
cal tract [1, 2, 3, 4, 5, 6, 7]. These studies have reported that
source-filter interaction makes the vocal-fold vibration unsta-
ble, causing a change in voice register, a sudden jump of the
fundamental frequency, sub-harmonics of voice source signals,
and even suppression of vocal-fold oscillation.

In this study, source-filter interaction was examined us-
ing vocal-tract data taken from a soprano singer. In soprano
singing, the fundamental frequency reaches 1000 Hz or even
higher and the fundamental frequency can be very close to a for-
mant. Another feature of singing, formant tuning, also supports
the occurrence of such an interaction. Formant tuning (or reso-
nance tuning) is a phenomenon in which the frequency of a for-
mant is adjusted in the proximity of the fundamental frequency
[8, 9, 10]. The range of this vocal-tract adjustment depends
on the individual singer, but, on average, the first formant fre-
quency becomes very close to the fundamental frequency when
the fundamental frequency is around 600 to 1000 Hz for sopra-
nos.

Because the source-filter interaction can cause voice insta-
bility, formant tuning may lead to an unstable state of phonation.
However, soprano singers can avoid this risk by adaptively con-

trolling the formant frequency so that the vocal-tract load is in-
ductive. On the other hand, Ishizaka and Flanagan [1] reported
that the vibration frequency of the vocal folds can change as a
function of the vocal-tract load, especially when the vibration
frequency is close to the formant frequency. This finding sug-
gests that, besides voice instability, soprano singers can suffer
from difficulties controlling the fundamental frequency under
the influence of the source-filter interaction. Therefore, we fo-
cused on the possible effects of the source-filter interaction dur-
ing the act of soprano singing and investigated how the vibration
frequency of the vocal folds can be affected by the interaction.

We here observed the shape of the vocal tract using mag-
netic resonance imaging (MRI) while a soprano produced a
range of musical notes. Scanned images were first used to in-
vestigate how the participant changed their vocal tracts morpho-
logically and acoustically, depending on the note and type of
the vowel. A computer simulation of the voice production pro-
cess was then performed using models of the vocal folds and
the vocal tract. We performed simulation experiments with and
without the interaction and compared the results to show how
the source-filter interaction can affect the motion of the vocal
folds, including their vibratory frequency.

2. Morphological and acoustic analysis of
the vocal tract

MRI was used to image the vocal tract of an amateur soprano.
Sectional images were scanned in three dimensions while the
participant produced four musical notes (A3 [220 Hz], E4 [330
Hz], D5 [587 Hz], and A5 [880 Hz]), with each of the /a/ and
/i/ vowels. In addition to these singing tasks, the vocal tract
was scanned when the participant spoke the /a/ and /i/ vowels.
The shape of the upper and lower teeth was then measured inde-
pendently, while the participant bit the tongue softly so that the
outline of the teeth could be distinguished in the images. Each
slice was measured in the sagittal plane. The slice thickness was
3 mm for the vocal tract and 1 mm for the teeth. There were 18
slices for the vocal tract and 88 slices for the teeth. The reso-
lution of each slice was 512 × 512 pixels covering a scanning
area of 256 × 256 mm2.

Figure 1 shows the midsagittal images of the vocal tract.
For the /a/ vowel, the tongue posture for A3 was the same as
that for speech. When the note increased from A3 to E4 and
from E4 to D5, the tongue shape for the /a/ vowel changed only
very slightly, but it exhibited a significant change when the note
increased from D5 to A5. For the /i/ vowel, the tongue moved
gradually to the posterior direction as the note became higher.
As a result, the tongue posture was relatively similar between
both vowels for the highest note [11].

To investigate the input impedance of the vocal tract seen
from the glottis, we estimated the cross-sectional area of the
vocal tract. The vocal tract was divided along the center line
into 40 sections of equal length and the cross-sectional area in
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Figure 1: Midsagittal images of the vocal tract for the /a/ and /i/ vowels measured with MRI. The leftmost image was taken when the
participant uttered a vowel. Other images represent vocal-tract shapes when the participant sang musical notes, A3, E4, D5, and A5.
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Figure 2: The thin and thick lines represent the area function
for the /a/ and /i/ vowels, respectively.

the direction perpendicular to the center line was obtained using
the vocal-tract images with the teeth superimposed. Figure 2
shows the estimated area function as a function of the distance
from the glottis. For notes A3 and E4, a clear difference of the
vocal-tract shape can be seen between the /a/ and /i/ vowels. The
cross-sectional area of the posterior cavity noticeably decreased
for the /i/ vowel when the note changed from E4 to D5 and from
D5 to A5, because the tongue moved in the posterior direction.
For note A5, the vocal tract had a frontal cavity for both vowels,
in accordance with the vocal-tract images in Fig. 1.

The input impedance was then calculated with a frequency-
domain acoustic tube model [12]. When the vocal tract sections
from the glottis to the lip opening were defined as 1, 2, ..., N ,
the propagation matrix is given as(

A B
C D

)
=

N∏
i=1

(
Ai Bi

Ci Di

)
. (1)

The matrix components, Ai, Bi, Ci, and Di, are determined by
the length, Li, and cross-sectional area, Si, for the ith section
such that Ai = cosh(σLi/c), Bi = −(ρc/Si)γ sinh(σLi/c),
Ci = −(Si/ρc)(sinh(σLi/c))/γ, and Di = cosh(σLi/c). α,
β, γ, and σ are frequency-dependent parameters used in pre-
vious studies [12], such that α =

√
jωc1, β = jωω2

0/{(jω +

a)jω+b}+α, γ =
√

(α+ jω)/(β + jω), and σ = γ(β+jω),
where a = 130π rad/s, b = (30π)2 (rad/s)2, c1 = 4 rad/s,

ω2
0 = (406π)2 (rad/s)2, and j =

√
−1. ρ is the air density and

c is the speed of sound. In this study, ρ was set to 1.184×10−3

g/cm3 and c to 34630 cm/s. The input impedance of the vo-
cal tract, Z, was calculated as follows under the assumption of
complete glottal closure:

Z =
AZp +B

CZp +D
, (2)

where Zp is the radiation impedance of the lip aperture [13].
Figure 3 compares calculated input impedances. The

impedance value for the lowest note was markedly different
between the /a/ and /i/ vowels. As the note became higher,
however, the frequency of the first impedance peak increased
and that of the second peak decreased for the /i/ vowel. The
impedance characteristics were then relatively similar between
the /a/ and /i/ vowels for the highest note. For the /i/ vowel,
the magnitude of the first impedance peak increased as the note
became higher.

Another important feature was the relationship between the
fundamental frequency and the frequency of the first impedance
peak. For the /a/ vowel, this peak frequency was almost the
same among every note, and the fundamental frequency ap-
proached the peak as the note became higher. For the /i/ vowel,
the peak frequency increased as the note became higher. In
addition, the fundamental frequency was almost the same as
the peak frequency, particularly for D5 and A5, indicating the
occurrence of the vocal-tract adjustment (i.e., formant tuning).
When the formant frequency is higher than the fundamental fre-
quency, the acoustic load of the vocal tract is inductive and the
inductive load is preferable for the maintenance of vocal-fold
oscillation [4]. The first peak frequency for /a/ was almost stable
from A3 to D5 and was sufficiently higher than the fundamen-
tal frequency, indicating that the vocal-tract load was inductive.
For the /i/ vowel, in contrast, the participant should control the
vocal tract so that the peak frequency was higher than the fun-
damental one to keep the vocal fold vibration stable.

3. Simulation model of the voice production
Next, the effects of the source-filter interaction were examined
using a mechanical model of the vocal folds [14] and an acoustic
tube model of the vocal tract [12]. We examined the behavior
of the vocal fold when the acoustic characteristics of the vocal
tract were altered.

By assuming that the air pressure at the separation point
is equivalent to the atmospheric pressure, Bernoulli’s principle
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Figure 3: Input impedance of the vocal tract. The thin and thick
lines represent the absolute value of the impedance for the /a/
and /i/ vowels, respectively. The dotted line shows the nominal
frequency of each note.

suggests the following relationship upstream of the separation
point:

∆p =
1

2
ρ

(
ug

Ss

)2

, (3)

where ∆p is the pressure difference between the glottal entrance
and the separation point, ug is the volume flow that passes
through the glottis, and Ss is the opening area of the glottis at
the separation point. To represent the source-filter interaction,
we consider the acoustic pressure at the entrance of the vocal
tract, ps, in addition to the static tracheal pressure, p0, as

∆p = p0 − ps. (4)

The value of this acoustic pressure can be determined as [12]

ps(t) = Z0ug(t)+

∫ ∞

0

r(s){ps(t−s)+Z0ug(t−s)}ds. (5)

r(t) is the inverse Fourier transform of the reflection function
and Z0 = ρc/S1, where S1 is the cross-sectional area at the
entrance of the vocal tract. The reflection function of the vocal
tract, R, can be determined from the input impedance, Z, such
that R = (Z − Z0)/(Z + Z0).

Discretization of Eq. (5) gives

ps(n) = Z0ug(n)+

K−1∑
k=0

r(k){ps(n−k)+Z0ug(n−k)}, (6)

where n is the time step and K is the effective length of r(t).
By combining Eqs. (3), (4), and (6), ug(n) can be solved as

ug(n) =
−A2 +

√
A2

2 + 2A1(p0 −A3)

A1
, (7)

where

A1 =
ρ

S2
s

, A2 =
1 + r(0)

1− r(0)
Z0 ,

and

A3 =
1

1− r(0)

K−1∑
k=1

r(k){ps(n− k) + Z0ug(n− k)}.

The values of ps(n) and ug(n) are thus calculated from Eqs.
(6) and (7), respectively, at each time step of the simulation.

Together with the fluid-dynamic and acoustic behavior of
the air, a symmetrical two-mass model of the vocal folds [14]
was adopted here, because this model is capable of comput-
ing essential divergent-convergent changes of the glottal shape.
Each vocal fold is constructed by two point masses, m1 and m2,
respectively located at the lower and upper parts of the fold, and
three plates, which connect the inlet and outlet of the glottis and
the point masses. Masses are connected to the fixed wall by
dampers of resistance r1 and r2 and linear springs with Hooke’s
constants k1 and k2. The two masses are joined by another lin-
ear spring of constant k12.

The motion of the lower and upper parts of the vocal fold is
respectively expressed as

m1
d2y1
dt2

+ r1
dy1
dt

+ k1y1 + k12(y1 − y2) = f1 (8)

and

m2
d2y2
dt2

+ r2
dy2
dt

+ k2y2 + k12(y2 − y1) = f2 , (9)

where y1 and y2 are the displacement of the masses. The abso-
lute mass position is y1 + y0 and y2 + y0, where y0 is the com-
mon resting position. The effect of collision is incorporated by
increasing the values of the mechanical constants of the springs
and dampers [14].

f1 and f2 are the driving force of each mass, which can
be estimated by multiplying the pressure along the axis of the
glottal space with the surface area of the vocal fold:

fi = lg

{∫ xi

xi−1

x− xi−1

xi − xi−1
p(x)dx+∫ xi+1

xi

xi+1 − x

xi+1 − xi
p(x)dx

}
, (10)

where xi(i = 0, 1, 2, 3) represents the position of the glottal
inlet, two point masses, and glottal outlet along the glottal mid-
line. lg is the length of each vocal fold. The pressure, p(x), is
the sum of the static pressure from the lungs and the acoustic
pressure, ps.

The geometry of the glottis and the values of the model
parameters included in Eqs. (8) and (9) were set following the
literature [14]. The length of the vocal folds was 1.4 cm, the
depth of the membranous part (x2 − x1) was 0.2 cm, and the
depth of both the inlet (x1−x0) and outlet (x3−x2) of the glot-
tis was 0.02 cm. The height of the glottal entrance was 1.8 cm.
The rest position of the vocal fold masses, y0, was 1.4 × 10−4

cm. The value of each model parameter was the same for the
upper and lower parts of the vocal fold. The mass parameter
was m1 = m2 = 0.1 g and the stiffness parameter was set

so that the natural frequency, 1
2π

√
k1
m1

and 1
2π

√
k2
m2

, was 100
Hz. The stiffness connecting the upper and lower parts was
k12 = 0.6k1. The damper parameter was r1 = 0.2

√
k1m1 and

r2 = 0.2
√
k2m2, respectively. To change the natural frequency

of the vocal folds, a control parameter, q, was introduced. The
mass parameter was then divided by q and the stiffness param-
eter was multiplied by q, resulting in the natural frequency of
100q Hz. The air density was 1.184 × 10−3 g/cm3 and the
sound velocity was 34630 cm/s. The sampling frequency of the
time domain simulation was 20 kHz and the number of points
in calculating the input impedance of the vocal tract was 212.
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4. Simulation results
Voice production simulation was first performed to adjust the
values of model parameters, q and p0 in combination, so that
the vibration frequency of the vocal folds was close to the fun-
damental frequency of singing voices during the MRI measure-
ment. Here, the vocal-tract shape for the /i/ vowel was used
because a proximity relationship between the fundamental fre-
quency and the impedance peak was observed. The results are
summarized in Table 1. The absolute error between the actual
and reproduced pitches was less than 4% for every note.

Next, computer simulation was performed for every com-
bination of three vocal fold conditions and four vocal tract con-
ditions. The vocal fold condition was the set of the natural fre-
quency and the lung pressure value shown in Table 1. The vocal
tract condition was the input impedance of the /i/ vowel for one
of the notes, A3, E4, D5, or A5. The vibration frequency of the
vocal folds was then calculated to examine how the behavior of
the vocal folds changes depending on the acoustic load of the
vocal tract under the influence of the source-filter interaction.

Figure 4 shows the results. The absolute value and the
imaginary part of the vocal-tract input impedance was drawn
with blue and red lines, respectively. The vibration frequency of
the vocal folds is plotted with vertical lines for each vocal fold
condition. The red line shows the vibration frequency simu-
lated with the source-filter interaction. The vibration frequency
without the interaction is shown as the broken vertical line. To
disable the effects of the interaction, the pressure difference was
calculated as ∆p = p0 in Eq. (4) and the pressure p(x) in Eq.
(10) was computed only from the static pressure in the glottis.
When the interaction was disabled, the vibration frequency was
identical irrespective of the vocal-tract condition if the vocal
fold condition was the same.

When the natural frequency was 210 Hz, this frequency was
lower than the first impedance peak for every vocal tract condi-
tion. The vibration frequency of the vocal folds was almost the
same as that without the interaction. In addition, the vibration
frequency did not substantially change among the four vocal
tract conditions, indicating that the vocal fold motion was less
affected by the change in the input impedance of the vocal tract.

The natural frequency of 340 Hz was very close to the first
impedance peak for A3. Among the four notes, the magnitude
of the impedance at 340 Hz was the largest for this note. More-
over, the vibration frequency with the interaction was notice-
ably lower than the frequency without the interaction, suggest-
ing the occurrence of a strong source-filter interaction. For E4
and A5, the frequency with the interaction was lower than that
without the interaction to a small degree.

The natural frequency of 630 Hz was higher than the fre-
quency of the first impedance peak for A3, E4, and D5. For

Table 1: Parameter values for reproducing the fundamental fre-
quency of the participant’s singing voice.“Nom”is the nominal
pitch,“ Act” is the actual pitch produced by the participant.
“ Nat” is the natural frequency of the vocal fold model, and
“ Rep”is the reproduced pitch by the simulation.

Pitch (Hz) Lung pressure
Note Nom Act Nat Rep (cmH2O)
A3 220 223 210 231 10
E4 330 337 340 347 15
D5 587 587 630 588 25
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Figure 4: Results of the voice production simulation for the
vocal-tract configurations of the /i/ vowel sung at the notes of
A3, E4, D5, and A5. The blue line shows the absolute value of
the input impedance and the red line shows its reactance. The
yellow box shows the frequency region in which the reactance
is negative and the vocal-tract load is capacitive. Outside this
region, the load is inductive. Vibration frequency of the vocal
folds with and without the source-filter interaction are drawn by
solid and broken vertical lines, respectively.

A3 and E4, this natural frequency was much higher than the
impedance peak. The results revealed that the change in the
vibration frequency with and without the interaction was rel-
atively small for these notes. For D5, the natural frequency
was higher than the negative peak of the imaginary part of the
impedance to a small extent, indicating that the acoustic load
of the vocal tract was capacitive. As a result, the vibration fre-
quency was much lower than the natural frequency under the
interaction. At that vibration frequency, the imaginary part of
the impedance was positive and the acoustic load was inductive,
which is suited to the maintenance of the vocal fold vibration.

5. Conclusions
The change in vibration frequency of the vocal folds was ex-
amined using computer simulation when the interaction was
switched on and off. This change was significant when the natu-
ral frequency of the folds was in the proximity of an impedance
peak of the vocal tract, and the interaction generally decreased
the vibration frequency. In particular, when the vocal tract con-
dition was D5 and the natural frequency was 630 Hz, the acous-
tic load of the vocal tract was capacitive at the vibration fre-
quency without the interaction. However, when the interaction
was switched on, the load was inductive as a result of the lower-
ing of the vibration frequency. As such, our findings imply that
the fundamental frequency may be influenced by the source-
filter interaction in addition to the physiological adjustment of
the vocal folds. Fine adjustment of the fundamental frequency
may become difficult under a strong interaction, and it requires
the simultaneous control of the larynx and the vocal tract. Fur-
ther study is needed for exploring such synergistic control of
the organs when an experienced soprano adjusts the fundamen-
tal frequency while managing undesirable interaction effects.
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