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Abstract: We simulated acoustic 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 dimensions
using magnetic resonance imaging while she produced four musical notes (A3, E4, D5, and A5) with
/a/ and /i/. 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 fundamental 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 interaction
especially when their natural frequency was in the proximity of the impedance peak. In a specific case,
the acoustic load of the vocal tract exerted on the vocal folds changed as a result of the interaction,
so the vibratory motion was effectively assisted. These interaction effects were also examined in terms
of the phase relation among the temporal waveforms of the glottal variables.
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1. INTRODUCTION

The mechanisms of speech production can be broadly

explained using a linear framework (i.e., source-filter

theory) [1], 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 acoustic

systems are not independent in vivo. In a classic study of

the two-mass vocal fold model [2], Ishizaka and Flanagan

demonstrated that 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 vibration frequency ap-

proaches peak input impedance of the vocal tract.

Since Ishizaka and Flanagan’s study, the dependence

between the voice source system and the vocal-tract filter

(i.e., source-filter interaction) have been examined exten-

sively [3–6]. Titze [5] conducted a computer simulation

of the voice production process when the fundamental

frequency changes in time such that modal and falsetto

registers are switched via interaction. The study demon-

strated that the effect of interaction was more accentuated

when the cross-sectional area of the epilarynx tube is

narrow, and accentuated interaction induced a large pitch

jump during the register transition.

Titze [5] and Titze and Worley [7] interpreted the

interaction more specifically in terms of the reactance of

input impedances arising from the acoustic load of the

sub- and supra-glottal tracts, because the phase response of

these impedances provides information about the relative

timing between flow and pressure waveforms in the

vicinity of the glottis. When the acoustic load of the vocal

tract is inductive, for example, positive pressure results

when the glottis is opening and the flow is increasing

because of the phase advance properties of the load. This

positive pressure pushes the left and right vocal folds and

assists the opening behavior of the glottis. The phase

response therefore determines the quality of the source-�e-mail: kabu@design.kyushu-u.ac.jp
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filter interaction. The magnitude response, on the other

hand, gives an indication of the quantity and strength of the

interaction, since it represents the amplitude of the acoustic

pressure fed back from the tracts.

Thus, the acoustic load of the vocal tract can affect the

voice-source system, and this interaction has been con-

firmed not only by computer simulations, but also voice

measurements using human subjects [8–10]. These meas-

urement studies have reported that source-filter interaction

makes the vocal-fold vibration unstable, 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. It has also been

found that the interaction tends to occur for vowels with

a relatively low first formant frequency, such as the /i/

vowel, because the fundamental frequency can readily

approach the formant.

In the current study, source-filter interaction was

examined using vocal-tract data taken from a soprano

singer. In soprano singing, the fundamental frequency

reaches 1,000 Hz or even higher. This singing frequency

is high enough to cover the first formant frequency of

American English vowels uttered by adult female speakers

[11]. Therefore, the fundamental frequency can be very

close to a formant during the act of soprano singing,

resulting in source-filter interaction.

Another feature of singing, formant tuning, also

supports the occurrence of such an interaction. Formant

tuning (or resonance tuning) is a phenomenon in which the

frequency of a certain formant is adjusted in the proximity

of the fundamental frequency [12–14] by controlling the

vocal tract. The range of this vocal-tract adjustment

depends on the individual singer, but, on average, the first

formant frequency becomes very close to the fundamental

frequency when the fundamental frequency is around 600

to 1,000 Hz for sopranos. In addition, it has been reported

that the formant frequency was on average consistently

slightly higher than the fundamental frequency [13]. Note

that the acoustic load of the vocal tract is inductive for

such conditions, and the inductive load is preferable for the

maintenance of vocal-fold oscillation [5].

Because the source-filter interaction can cause voice

instability, as described above, formant tuning may lead to

an unstable state of phonation. However, soprano singers

can avoid this risk by adaptively controlling the formant

frequency so that the vocal-tract load is inductive. In

addition, when the fundamental frequency or its harmonic

component is in the proximity of the formant, the glottal

sound source will be enhanced with ease by the corre-

sponding vocal tract resonance. On the other hand, Ishizaka

and Flanagan [2] 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 suggests that, besides

voice instability, soprano singers can suffer from difficul-

ties controlling the fundamental frequency under the

influence of the source-filter interaction. Therefore, we

focused on the possible effects of the source-filter

interaction during the act of soprano singing and inves-

tigated how the vibration frequency of the vocal folds can

be affected by the interaction.

We observed the shape of the vocal tract in three

dimensions using magnetic resonance imaging (MRI)

while a soprano produced a range of musical notes. MRI

is a safe, noninvasive imaging technique for use in humans

[15,16]. Previous studies performed volumetric scanning

of the vocal tract, reporting that the cross-sectional area

function can be accurately estimated [17,18]. Area function

data are useful for examining the acoustic characteristics of

the vocal tract [19].

In the current study, scanned images were first used to

investigate how the participant changed their vocal tracts

morphologically and acoustically, depending on the note

and type of the vowel. A computer simulation of the voice

production process was then performed using models of

the vocal folds and the vocal tract. The acoustic character-

istics of the vocal tract were realistic in our simulation

study because they were determined from scanned images.

In addition, if the participant used formant tuning, the

fundamental frequency would be expected to be in the

proximity of a peak of the input impedance. We were able

to manipulate the mechanical properties of the vocal folds

and other phonation conditions, such as the lung pressure,

in the computer simulation. The effect of the interaction

was also switched on and off in each condition. 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.

The current paper is organized as follows. Section 2

provides a description of the image acquisition technique

and results. The method for calculating the input impe-

dance is also described. The method of computer simu-

lation is described in Sect. 3, and the results are presented

in Sect. 4. Section 5 provides a discussion of our findings

and the conclusions that can be drawn from the current

results.

2. MORPHOLOGICAL AND ACOUSTIC
ANALYSIS OF THE VOCAL TRACT

2.1. Imaging of the Vocal Tract

MRI was used to non-invasively image the vocal tract.

The participant was an amateur soprano studying music

and singing at a university while training to become a

music teacher. Sectional images of the vocal tract were

scanned in three dimensions while the participant produced
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each of 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 the supine position. The participant was

instructed to sing these notes at mezzo forte without using

vibrato, and to maintain the configuration of the vocal tract

with as much stability as possible. The guide tone was

presented to the participant for each note just before the

scanning was started. In addition to these singing tasks, the

vocal tract was scanned when the same participant spoke

the /a/ and /i/ vowels at a comfortable pitch and loudness.

The shape of the upper and lower teeth was then measured

independently, because they are as transparent as air in

standard vocal-tract scanning [18]. The oral shape was

scanned using the usual scanning procedures, 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 resolution of each slice was 512� 512

pixels covering a scanning area of 256� 256 mm2. The

measurement was made by the ATR-Promotions Inc.

(Kyoto, Japan).

Figure 1 shows the midsagittal images of the vocal

tract for speech and singing. The main speech articulators,

including the tongue, lips, and soft palate, can be clearly

seen in the images. For the /a/ vowel, the tongue posture

obtained for the A3 note 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 [20].

2.2. Input Impedance of the Vocal Tract

To investigate the input impedance of the vocal tract

seen from the glottis, we estimated the cross-sectional area

of the vocal tract from each set of volumetric images. The

images for the upper and lower teeth were first super-

imposed on the vocal-tract images, based on an affine

congruent transformation [18]. Before applying the trans-

formation, the position of the teeth was manually marked

on images. When the transformation was performed and

the marked teeth area was mapped onto the tract images,

the correlation coefficient between the teeth and tract

images was calculated for the marked area. The optimal

affine transformation was then determined so that the value

of the correlation coefficient was greatest.

The area function was obtained using the vocal-tract

images with the teeth superimposed. First, the inferior and

superior outlines of the vocal tract were traced by sight

on the midsagittal plane. The center line of the tract,

representing the axis of wave propagation, was determined

so that the distances of each node point on the center line

from the two outlines were equal (see Fig. 2). The vocal

tract was then divided along the center line into 40 sections

of equal length. Finally, the cross-sectional area in the

direction perpendicular to the center line was obtained for

each section.

Figure 2 shows the estimated area function for four

musical notes 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 figure shows that

the vocal tract had a frontal cavity both for the /a/ and /i/

vowels. This finding is in accordance with the features of

the vocal-tract images shown in Fig. 1.

The input impedance was calculated from cross-sec-

tional area function data with a frequency-domain acoustic

/a/

/i/

A3 (220Hz) E4 (330Hz) D5 (587Hz) A5 (880Hz)Speech

Fig. 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 four musical
notes, A3, E4, D5, and A5.
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tube model [19], which properly accounts for energy losses

along the wall of the vocal-tract tube. 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

� �
¼
YN
i¼1

Ai Bi

Ci Di

� �
: ð1Þ

Here, 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 ¼ coshð�Li=cÞ, Bi ¼
�ð�c=SiÞ� sinhð�Li=cÞ, Ci ¼ �ðSi=�cÞðsinhð�Li=cÞÞ=�, and

Di ¼ coshð�Li=cÞ. �, �, �, and � are frequency-dependent

parameters used in previous studies [19], such that

� ¼
ffiffiffiffiffiffiffiffiffi
j!c1

p
, � ¼ j!!2

0=fð j!þ aÞj!þ bg þ �, � ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�þ j!Þ=ð�þ j!Þ
p

, and � ¼ �ð�þ j!Þ, where a ¼ 130�

rad/s, b ¼ ð30�Þ2 (rad/s)2, c1 ¼ 4 rad/s, !2
0 ¼ ð406�Þ2

(rad/s)2, and j ¼
ffiffiffiffiffiffiffi
�1
p

. � is the air density and c is the

speed of sound. In this study, � was set to 1:184� 10�3

g/cm3 and c to 34,630 cm/s.

The transfer function, H, and input impedance, Z, of

the vocal tract were calculated as follows under the

assumption of complete glottal closure:

H ¼
1

CZp þ D
ð2Þ

and

Z ¼
AZp þ B

CZp þ D
; ð3Þ

where Zp is the radiation impedance of the lip aperture

[21]. The transfer function is the volume velocity at the lip

end over the volume velocity at the glottis. The input

impedance is the ratio between the acoustic pressure and

the volume velocity at the glottis when the vocal tract is

seen from the glottis.

Figure 3 compares calculated input impedances for the

/a/ and /i/ vowels. The impedance value for the lowest

note was markedly different between the 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. Perceptually, vowel intelligibility was

lost for this note and it was difficult to distinguish both

vowels. For the /i/ vowel, it should be noted that 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 funda-

mental frequency approached the peak as the note became

higher. For the /i/ vowel, the figure shows that the peak
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Fig. 2 Illustration of the method for determining the center line of the vocal tract (left) and estimated cross-sectional area
function of the vocal tract for four musical notes. The thin and thick lines represent the area function for the /a/ and /i/
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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) [12–14].

When the formant frequency is higher than the

fundamental frequency, the acoustic load of the vocal tract

is inductive and the inductive load is preferable for the

maintenance of vocal-fold oscillation [5]. The first peak

frequency for /a/ was almost stable from A3 to D5 and was

sufficiently higher than the fundamental frequency, indi-

cating that the vocal-tract load was inductive and the

participant could sing without changing the vocal tract.

For the /i/ vowel, in contrast, the figure suggests that the

participant should control the vocal tract so that the peak

frequency was higher than the fundamental one to keep the

vocal fold vibration stable.

3. VOICE PRODUCTION SIMULATION

Next, the effects of the source-filter interaction were

examined using a mechanical model of the vocal folds [22]

and an acoustic tube model of the vocal tract [19]. The

acoustic characteristics of the vocal tract were computed

from the image data, as explained in the previous section.

We examined the behavior of the vocal fold when the

acoustic characteristics of the vocal tract were altered, as

described below.

3.1. Simulation Model

The physical quantity of glottal sound source signals is

the time-varying pattern of airflow that gushes from the

glottis. When the vocal folds vibrate to open and close the

glottis periodically, the opening area of the glottis changes

with time in synchronization with the vocal fold motion.

The temporal pattern of the glottal volume flow is thus

determined by the vocal fold motion. When the flow enters

the glottal space, the flow streamline is parallel with the

wall of the channel. By assuming that the flow is inviscid,

steady, and incompressible, the flow behavior can be

described by Bernoulli’s principle in this laminar flow

region. Further downstream, the viscosity of air can no

longer be ignored and a phenomenon called flow separation

takes place. The separation point is usually in the vicinity

of the outlet of the glottal space, but the point is known to

change and move depending on the shape of the glottal

space [23,24].

By assuming that the air pressure at the separation point

is equivalent to the atmospheric pressure, Bernoulli’s

principle suggests the following relationship upstream of

the separation point:

�p ¼
1

2
�

ug

Ss

� �2

; ð4Þ

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.

This relationship suggests that ug is mainly determined

by the static pressure in the trachea and the cross-sectional

area of the glottal space at the flow 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 lung pressure, p0, as

�p ¼ p0 � ps: ð5Þ

The value of this acoustic pressure at time t can be

determined as [19]

psðtÞ ¼ Z0ugðtÞ þ
Z 1

0

rðsÞfpsðt � sÞ þ Z0ugðt � sÞgds: ð6Þ

rðtÞ is the inverse Fourier transform of the reflection

function and Z0 ¼ �c=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 ¼
Z � Z0

Z þ Z0

: ð7Þ

Discretization of Eq. (6) gives

psðnÞ ¼ Z0ugðnÞ þ
XK�1

k¼0

rðkÞfpsðn� kÞ þ Z0ugðn� kÞg; ð8Þ

where n is the time step and K is the effective length of rðtÞ.
By combining Eqs. (4), (5), and (8), ugðnÞ can be solved as

ugðnÞ ¼
�A2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

2 þ 2A1ðp0 � A3Þ
p

A1

; ð9Þ

where

k   1 k   2r  1

r  2

m    1
m    2

k   12

Trachea Vocal tractVocal
fold

x

h(x)

y

Glottal outletGlottal inlet
x    0 x   3x    1 x    2

Fig. 4 Construction of the mechanical model of the
vocal folds (adapted from [22]).
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A1 ¼
�

S2
s

;

A2 ¼
1þ rð0Þ
1� rð0Þ

Z0;

and

A3 ¼
1

1� rð0Þ

XK�1

k¼1

rðkÞfpsðn� kÞ þ Z0ugðn� kÞg:

The values of psðnÞ and ugðnÞ are thus calculated from

Eqs. (8) and (9), respectively, at each time step of the

simulation.

Together with the fluid-dynamic and acoustic behavior

of the air, the mechanical behavior of the elastic body (i.e.,

the vocal folds) should be incorporated. A symmetrical

two-mass model [22] was adopted here, because this model

is capable of computing essential divergent-convergent

changes of the glottal shape during each oscillatory cycle.

According to this divergent-convergent change, the flow

separation point can vary so that the vocal fold oscillation

is effectively maintained [23,24]. 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 linear spring of constant k12 (see Fig. 4).

The motion of the lower and upper parts of the vocal

fold is respectively expressed as

m1

d2y1

dt2
þ r1

dy1

dt
þ k1y1 þ k12ðy1 � y2Þ ¼ f1 ð10Þ

and

m2

d2y2

dt2
þ r2

dy2

dt
þ k2y2 þ k12ðy2 � y1Þ ¼ f2; ð11Þ

where y1 and y2 are the displacement of the masses

perpendicular to the midline of the glottis. The absolute

mass position is y1 þ y0 and y2 þ y0, where y0 is the

common resting position. The stiffness of the springs is

linear, even when the vocal folds collide with each other.

The effect of collision is incorporated by increasing the

values of the mechanical constants of the springs and

dampers [22].

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 ¼ lg

�Z xi

xi�1

x� xi�1

xi � xi�1

pðxÞdx

þ
Z xiþ1

xi

xiþ1 � x

xiþ1 � xi
pðxÞdx

�
; ð12Þ

where xi ði ¼ 0; 1; 2; 3Þ represents the position of the glottal

inlet, two point masses, and glottal outlet along the glottal

midline. lg is the length of each vocal fold. The pressure,

pðxÞ, is the sum of the static pressure from the lungs and the

acoustic pressure, ps, given in Eq. (8). Note that the static

pressure in the glottis depends on the glottal shape and is a

function of x. The value of pðxÞ can be determined using

Bernoulli’s equation upstream of the separation point, and

can be set to ps downstream of the separation point, in

accordance with a previously reported method [22]. In

addition, integration in Eq. (12) can be performed easily

because of the polygonal representation of the glottal

shape. The flow separation point is determined using the

separation constant [22].

3.2. Simulation Method

Simulation experiments were performed, as described

below. The masses of the vocal-fold model were initially

set to their resting positions. The acoustic transmission

matrices and input impedances of the vocal tract were

calculated from specific area function data. Next, the

volume flow through the glottis and the pressure distribu-

tion along the vocal fold were determined. The driving

force of the vocal folds was calculated afterward, and the

mechanical equations were solved using an explicit Runge-

Kutta method. This procedure was repeated over the

desired time steps.

The geometry of the glottis and the values of the model

parameters included in Eqs. (10) and (11) were set

following the literature [22]. 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 glottis 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 ¼ m2 ¼ 0:1 g and the stiffness parameter

was set so that the natural frequency, 1
2�

ffiffiffiffiffi
k1

m1

q
and 1

2�

ffiffiffiffiffi
k2

m2

q
,

was 100 Hz. The stiffness connecting the upper and lower

parts was k12 ¼ 0:6k1. The damper parameter was r1 ¼
0:2

ffiffiffiffiffiffiffiffiffiffi
k1m1

p
and r2 ¼ 0:2

ffiffiffiffiffiffiffiffiffiffi
k2m2

p
, 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 parameter was multiplied by q, resulting in

the natural frequency of 100qHz.

The separation constant was 1.2. The air density was

1:184� 10�3 g/cm3 and the sound velocity was 34,630

cm/s. The sampling frequency of the time domain

simulation was 20 kHz and the number of points in

calculating the transfer function, H, and the input impe-

dance, Z, of the vocal tract was 212.
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4. SIMULATION RESULTS

4.1. Adjustment of the Glottal Parameters

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 fundamental frequency of singing

voices during the MRI measurement. Here, the vocal-tract

shape was constructed from MRI data obtained for the /i/

vowel. This process was undertaken because, as shown in

Fig. 3, the frequency of the first impedance peak increased

as the note became higher and a proximity relationship

between the fundamental frequency and the impedance

peak was observed. This was fitted for examining the effect

of the source-filter interaction.

The results of this preliminary experiment are summa-

rized in Table 1. Each simulation was performed for a

duration of 0.4 s, and the reproduced fundamental frequen-

cy was calculated from a steady portion of the synthesized

glottal flow signal using a pitch detection algorithm [25].

The absolute error between the actual and reproduced

pitches was less than 4% for every note.

4.2. Effect of the Source-filter Interaction on the

Vibration Frequency of the Vocal Folds

Next, computer simulation was performed for every

combination of three vocal fold conditions and four vocal

tract conditions. The vocal fold condition was the set of the

natural frequency and the lung pressure value shown in

Table 1 for one of the notes, A3, E4, or D5. 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 (input impedance) of the vocal tract under the

influence of the source-filter interaction.

Figure 5 shows the results, where the vocal tract

condition was A3, E4, D5, and A5 from top to bottom. The

absolute value and the imaginary part of the vocal-tract

input impedance was drawn for each note 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

simulated with the source-filter interaction. We also

obtained the vibration frequency without the interaction,

and the result is shown as the broken vertical line. To

disable the effects of the interaction, the pressure difference

was calculated as �p ¼ p0 in Eq. (5). In addition, the

pressure pðxÞ in Eq. (12) was computed only from the static

pressure in the glottis. Note that 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 natural

frequency was lower than the first impedance peak for

every vocal tract condition. The vibration frequency of the

vocal folds was almost the same as that obtained 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 the note of A3. Among the four

notes, the magnitude of the impedance at 340 Hz was the

Table 1 Parameter values for reproducing the funda-
mental frequency of the participant’s singing voice.
‘‘Nom.’’ is the nominal pitch presented to the partic-
ipant in the MRI measurement as a guide tone. ‘‘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 (vibration frequency of
the folds) obtained by the simulation.

Note
Pitch (Hz) Lung pressure

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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Fig. 5 Results of the voice production simulation.
Vibration frequency of the vocal folds with and
without the source-filter interaction are drawn by solid
and broken vertical lines, respectively. The vocal-tract
configurations of the /i/ vowel sung at the notes of A3,
E4, D5, and A5 were used in the simulation. The blue
line shows the absolute value of the vocal-tract 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.
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largest for this note. Moreover, the vibration frequency

with the interaction was noticeably lower than the

frequency without the interaction, suggesting the occur-

rence of a strong source-filter interaction. For notes 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

frequency of the first impedance peak for notes A3, E4, and

D5. For 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 relatively small for these notes. For note

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 frequency was

much lower than the natural frequency under the inter-

action. 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].

For the vocal-tract condition of A5, the natural

frequencies of 340 Hz and 630 Hz were away from the

impedance peak, but the figure shows that the vibration

frequency decreased with the interaction. This was because

the impedance value was especially great for A5 around the

peak (see Fig. 3), and the impedance was still large enough

at the frequency of 630 Hz. For the natural frequency of

340 Hz, the impedance value was noticeable at the double

frequency. These factors were responsible for the inter-

action and lowering of the vibration frequency.

To examine in more detail the lowering of the vibration

frequency observed for the natural frequency of 340 Hz and

the vocal tract condition of A3, the vibration frequency of

the vocal folds is plotted as a function of their natural

frequency in Fig. 6. When the interaction was switched

off, the vibration frequency increased almost linearly as

the natural frequency increased from 240 Hz to 340 Hz.

When the interaction was switched on, the increase in the

vibration frequency diminished when the natural frequency

approached the first peak (approximately 371 Hz) of the

vocal-tract impedance. As a result, the lowering of the

vibration frequency caused by incorporating the interaction

was significant when the natural frequency approached

the impedance peak. In this simulation experiment, the

subglottal pressure was a linear function of the natural

frequency, set so that the pressure was 10 cmH2O when the

natural frequency was 210 Hz and 15 cmH2O when the

natural frequency was 340 Hz.

4.3. Effect of Source-filter Interaction on the Wave-

form of the Glottal Variables

Figure 7 shows simulated waveforms of a range of

glottal variables, including acoustic pressure at the entrance

of the vocal tract, glottal volume flow, and displacements

of the upper and lower vocal-fold masses. The vocal-tract

condition was the /i/ vowel sung at the note of A3. For

the natural frequency of 210 Hz, the vibration frequency of

the vocal folds was almost identical with and without the

interaction (top plot of Fig. 5). In the top plot of Fig. 7, the

temporal pattern of the volume flow or mass displacement

was relatively stable without the interaction. Moreover, it

was also relatively stable with the interaction, although

a slight perturbation could be observed in the peak value

of the volume flow for each pitch period. The standard

deviation of the peak value was 5.4 cm3/s with the

interaction, while it was zero without the interaction.

When the natural frequency was 340 Hz and the

interaction was not considered, Fig. 7 shows that the

instant of each positive peak of the pressure waveform was

in accord with that of the flow or mass displacement as

indicated by (a) in the figure. This phase relation prevented

the closing motion of the vocal folds and hindered their

vibration if the interaction was activated while holding this

phase relation. However, when the interaction was consid-

ered, the vibration frequency of the vocal folds decreased

significantly, as shown in Fig. 5. As shown in Fig. 7, the

phase relation among the glottal variables changed as a

consequence. With interaction, the vocal folds began to

open when the pressure had a positive peak as indicated by

(b) in the figure. This phase relation was suited for

maintaining their vibratory motion.

Finally, at the natural frequency of 630 Hz, the acoustic

load of the vocal tract was capacitive. Although the

vibration frequency of the vocal folds was different with

and without the interaction (Fig. 5), the phase relation

among the glottal variables in Fig. 7 appeared similar,

where positive peaks of the pressure waveform were

observed when the glottis was closed as indicated by (c) in
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Fig. 6 Vibration frequency of the vocal folds as a
function of their natural frequency. The red and blue
markers respectively represent the vibration frequency
with and without the interaction. The vocal tract
condition was A3.
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the figure. This phase relation was not suited for the vocal

fold vibration, but the lung pressure was 25 cmH2O

(24,517 dyn/cm2) in the simulation and was much greater

than the acoustic pressure ps. The vocal fold vibration was

maintained under the capacitive vocal-tract load because of

the high lung pressure. The acoustic pressure waveform

comprised high-frequency components for both the with

and without conditions, because the frequencies for the

fourth harmonic component of the glottal flow were

2,646 Hz and 2,592 Hz for these conditions, and this

harmonic component was enhanced by the second impe-

dance peak of 2,715 Hz (see Fig. 3).

Next, Fig. 8 shows the simulation results when the

vocal tract condition was D5. The vocal tract load was

capacitive at the natural frequency of 630 Hz (Fig. 5), but

the vibration frequency decreased significantly with the

interaction, and the phase relation among the glottal

variables became different between the with and without

conditions. The pressure waveform had positive peaks

when the glottis was closing without the interaction as

indicated by (d) in the figure, whereas it had positive peaks

when the glottis was opening with the interaction as

indicated by (e). The phase relation was matched for

phonation in the interactive condition.

Note that simulated pressure value was much greater

in the D5 condition compared with the A3 condition,

because the vibration frequency in the D5 condition was

very close to the first impedance peak when the interaction

was considered (Fig. 5). The maximum pressure value was

almost equivalent to the lung pressure (24,517 dyn/cm2)

and the effect of the interaction was significant. Figure 8

also shows that the temporal patterns of the mass displace-

ment and the glottal flow were unstable with the inter-

action. Regarding the perturbation of the peak value of the

volume flow, the standard deviation was approximately

35 cm3/s with the interaction, while it was zero without the

interaction.

5. SUMMARY AND CONCLUSION

The effect of the source-filter interaction was examined
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Fig. 7 Simulation results were plotted for the vocal tract condition of A3 in terms of the temporal waveforms of the
acoustic pressure at the entrance of the vocal tract (ps), glottal volume flow (ug), and displacement of the masses (y1 and
y2). The blue line represents displacement for the lower mass. The red line represents displacement for the upper mass.
The natural frequency of the vocal folds was 210 Hz (top), 340 Hz (middle), and 630 Hz (bottom). In addition, simulation
was performed with (right plots) and without (left plots) the source-filter interaction. Broken lines with letters (a) through
(c) show the type of phase relation among the glottal variables (see text).
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in the current study using morphological measurement of

the vocal tract and a computer simulation of the voice

production process from a physical perspective, investigat-

ing how the acoustic load of the vocal tract affects the

oscillatory behavior of the vocal folds during phonation. To

reproduce a realistic situation, the vocal tract of a soprano

was scanned using MRI while she produced a range of

notes. We found that the participant tuned their vocal tract

resonance in the proximity of the fundamental frequency

when the note became higher, as reported in the literatures

[12–14]. Because the source-filter interaction is caused by

the acoustic pressure near the glottis and this acoustic

pressure is determined by the vocal-tract input impedance,

we were able to evaluate the interaction effect accurately

using morphological data obtained via MRI measurement.

A number of simulation studies have been performed using

morphological data taken for spoken vowels [3,5], but

we gathered vocal-tract data of sung vowels in three

dimensions and examined the interaction effect using the

observed vocal-tract configurations.

Computer simulation was then performed using acous-

tic models of the vocal tract [19] and vocal folds [22],

where the acoustic pressure at the entrance of the vocal

tract was used to incorporate the effects of the interaction

on the glottal volume flow and mechanical movements of

the vocal folds [5]. The natural frequency of the vocal fold

model and the lung pressure were the parameters for

controlling the vibration frequency of the folds, and the

values of these parameters were determined so that the

simulated vibration frequency agreed with the actual

fundamental frequency of three musical notes produced

by the participant during the MRI measurement. Finally,

simulation experiments were performed for every combi-

nation of four vocal tract conditions (input impedances)

and three vocal fold conditions (i.e., the values of natural

frequency and lung pressure).

Using this particular simulation setup, we were able to

examine the effects of the interaction for various relation-

ships between the impedance peak of the vocal tract and

the vibration frequency of the vocal folds. In addition, the

change in vibration frequency was examined when the

interaction was switched on and off. We found that this

change was significant when the natural frequency of the

vocal folds was in the proximity of an impedance peak, and

the interaction generally decreased the vibration frequency.

This was typical when the vocal tract condition was set

based on the morphological data of A3 and the natural

frequency of the vocal folds was 340 Hz, or when the vocal

tract condition was D5 and the natural frequency was

630 Hz. In particular, for the D5 vocal tract condition, the

acoustic load of the vocal tract was capacitive at the

vibration frequency without the interaction. However, when

the interaction was switched on, the load was inductive as a

result of the lowering of the vibration frequency.

Finally, we examined simulated temporal waveforms

of the glottal variables, including the acoustic pressure at

the entrance of the vocal tract, glottal volume flow, and

displacement of each vocal-fold mass. As expected, the

amplitude of the acoustic pressure (and hence the strength

of the interaction) was greatest when the natural frequency

of the vocal folds was in the proximity of an impedance

peak. For the A3-340 Hz setting mentioned above, this

strong interaction decreased the vibration frequency to a

high degree. Interestingly, due to this lowering of the

vibration frequency, the phase relation between the

acoustic pressure and the glottal flow or the mass displace-

ment became in favor of phonation. This was also true in

the D5-630 Hz setting. Furthermore, we found that the

temporal patterns of the glottal flow and mass displacement

fluctuated to a large degree under the influence of the

source-filter interaction.

The results of our experiments were along the lines of

those obtained by the forgoing simulation studies [3–6].

First, the interaction became prominent as the fundamental

frequency approached an impedance peak. Second, the

interaction produced unstable behavior of the vocal folds
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Fig. 8 Simulation results are plotted for the vocal tract condition of D5 in terms of the temporal waveforms of the acoustic
pressure at the vocal tract entrance (ps), glottal volume flow (ug), and the displacement of the masses (y1 and y2), where
the blue line represents the displacement for the lower mass and the red line represents displacement for the upper mass.
The natural frequency of the vocal folds was 630 Hz. Simulation was performed with (right) and without (left) the
interaction. Broken lines with letters (d) and (e) show the type of phase relation among the glottal variables (see text).
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and related glottal variables. In addition to these known

properties of the interaction, the effect of the interaction

was clearly demonstrated by examining the vibration

frequency of the vocal folds and the phase relation among

the glottal variables with and without the interaction, as

mentioned above. The source-filter interaction generally

decreased the vibration frequency. The mechanism of this

frequency lowering can be explained as follows.

Suppose that the vibration frequency of the vocal folds

was lower than an impedance peak. Under the inductive

load of the vocal tract, the vocal folds began to open when

the acoustic pressure at the vocal-tract entrance had a

positive peak. The positive pressure could assist the vocal

folds in opening widely, resulting in the lengthening of the

fundamental period of the vocal fold oscillation and

lowering of the vibration frequency. On the other hand,

when the acoustic load of the vocal tract was capacitive in

the A3-630 Hz setting, for example, the vocal folds began

to close when the acoustic pressure had a positive peak.

The positive pressure could then interfere with the closing

movement of the folds, resulting in the lengthening of the

fundamental period also.

In relation to the soprano singing, our findings suggest

that the formant tuning could have both pros and cons. If

the frequency of a formant is adjusted in the proximity of

the fundamental frequency, the glottal sound source will

be enhanced with ease by the corresponding vocal tract

resonance. However, this proximity relationship may cause

voice instabilities. In particular, sopranos typically use

formant tuning around 600 to 1,000 Hz [12–14]. The

current experiments revealed that the magnitude of the

impedance peak was greater when its frequency was

higher, resulting in a stronger effect of the interaction, at

least for the /i/ vowel used in this study.

In addition, the interaction decreased the fundamental

frequency of voice to a large degree as the natural

frequency approached an impedance peak. 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 and lung

pressure, particularly when the fundamental frequency is as

high as the frequency of a vocal-tract resonance. Fine

adjustment of the fundamental frequency may become

difficult under a strong source-filter interaction, and it

requires the simultaneous control of the larynx and the

vocal tract. Further study is therefore needed for exploring

such synergistic control of the speech organs when an

experienced soprano adjusts the fundamental frequency

while managing undesirable interaction effects.
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