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A laryngeal flow model with many parameters is described. This model consists of a glottal flow model,
laryngeal ventricle resonator, and supraglottal modulator. The model is capable of representing various
laryngeal airflows even when they are accompanied by supraglottal constriction and vibrations, such as
found in throat singing, growl, and harsh voices. The proposed model contains several parameters related
to a supraglottal modulation derived from the supraglottal vibration as well as those related to a glottal flow.
The parameters of the ventricular modulation is set depending on vocal styles. For example, in subharmonic
ventricular vibration, the parameter of modulation frequency is set to an integer multiple as the frequency
of the vocal fold vibration. The laryngeal ventricle resonance is implemented as a time-variant one-pole
filter in the laryngeal flow model. The proposed model is compared with laryngeal flow simulated by using
a physical modeling, which is a self-oscillating mass-spring model for vocal and ventricle folds (2 � 2-mass
model). It is shown that the proposed model provides a good fit to the estimated laryngeal flow in vocal-
ventricular phonation.

1 Introduction

The glottal source model has been widely studied because
the glottal flow is expected to play an important role in
determining voice quality. Several different glottal source
models, such as the Rosenberg model (R-model) [10]
and the Liljencrants-Fant model (LF-model) [4], have
been proposed and used for analyses and syntheses in
the framework of the source-filter model. In particular,
the LF-model has become a reference for glottal-source
analysis related to various voice qualities, such as modal,
falsetto, vocal fry, pressed, and breathy voices, in both of
speech and singing [1, 2, 8].
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flow

� Vocal tract
filter
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Figure 1: Source-filter model with laryngeal source,
vocal-tract filter and radiation.

All glottal source models assume that the glottal voice
source is determined by vocal fold vibratory patterns and
aim at controlling voice quality by changing the parame-
ters related to the vocal fold vibratory pattern.

In some singing styles, besides the vocal folds, the supra-
glottal structure in the larynx, including the ventricular
folds, aryepiglottic folds, and laryngeal ventricle, often

plays an important role in regulating voice quality. In
throat singing, such as Khöömei in Tyva, Khöömij in
Mongolia, and Kai in Altai, the the ventricular folds (also
referred to as the false vocal fold) vibrate and contribute
to the generation of its unique timbre [5, 7, 14]. Further-
more, among traditional music styles in Asia, a pressed-
type singing techniques is widely employed. Japanese
Min-yoh, Korean Pansori, and Chinese Beijin Opera are
its representatives. For example, in Min-yoh, the con-
striction of the supraglottic structure is also observed,
though the ventricular folds do not vibrate [6]. In growl,
which is widely found in Blues, Gospel, and Jazz, the
aryepiglottic folds vibrate, as well as the vocal folds [11].

In speech, the vibration of the supraglottal structure in the
larynx, including the aryepiglottic and ventricular folds,
contributes to phonemic contrasts in some languages
[3]. Moreover, in harsh-type voices, in terms of Laver’s
voice quality description, laryngeal sources obtained by
inverse-filtering are mostly subharmonic [9]. While the
subharmonic voice sources in some of the creak voices,
which are also referred to as vocal fry, arise from vo-
cal fold vibratory patterns, the subharmonic source of the
harsh-type voice is presumably the vibration of the supra-
glottal structure in the larynx, such as the aryepiglottic
folds.

Therefore, for synthesis of various styles of singing
voices, besides the vocal fold vibration, the effects of vi-
bration of the supraglottal structure, including the ven-
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tricular and aryepiglottic folds, and the resonance of the
laryngeal ventricle must be considered.

In this paper, we propose a many-parameter laryngeal
model based on glottal flow, laryngeal ventricle reso-
nance, and the modulation of the ventricular fold vibra-
tion. As the laryngeal source for the source-filter syn-
thesis, the proposed model is able to manipulate various
voice qualities.

2 Laryngeal sources

Here, we use laryngeal flow (source) ��� ���	� to mean the
airflow through the whole larynx or epilarynx, and glot-
tal flow (source) ��� � �	� to mean the airflow through the
glottis.

Ventricular fold vibration is observed in various types of
phonation in singing and in voice disorders. In throat
singing, both drone and kargyraa voice phonations are al-
ways accompanied by ventricular fold vibrations, as well
as by vocal fold vibrations. In the drone voice, the ven-
tricular folds vibrate in the same period as the vocal folds,
and in the kargyraa voice, the ventricular folds vibrate in
an integer multiple (usually double or triple) period of the
vocal folds [5, 7, 14].

2.1 Laryngeal flow by inverse-filtering

The laryngeal flows of drone and kargyraa for two dif-
ferent male throat singers are shown in Figs. 2, and 3.
These flows were obtained from recorded sounds using
an inverse-filter analysis. We marked five poles on the
spectrum in the range from

�
to � kHz, constructed the

inverse-filter, and manually adjusted it to make the re-
sulting flow smooth.
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Figure 2: Laryngeal airflow of drone voice obtained by
inverse-filtering. Top: Singer A. Bottom: Singer B.
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Figure 3: Laryngeal airflow of kargyraa voice obtained
by inverse-filtering. Top: Singer A. Bottom: Singer B.

2.2 Simulation using a physical modeling

For simulating drone and karygraa phonations using a
physical model, a certain vibratory mechanism is needed
for the ventricular folds in the model.

The 2 � 2-mass is a two-tiered self-oscillating mass-
spring model obtained by improving the Ishizaka-
Flanagan’s two-mass model. In the 2 � 2-mass model, the
ventricular folds are described by a self-oscillating model
as are the vocal folds [12, 14] (Fig. 4).
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Figure 4: Physical model for synthesis of singing voices.

The ventricular folds are not equipped with a mecha-
nism to change their physical properties, but they can
be adducted by the action of certain laryngeal muscles.
Their physical properties, such as mass and stiffness, and
how those properties are changed by the adduction are
still unclear. To take into account the changing shapes
of the ventricular folds, we introduce an adduction pa-
rameter into the model, as one possible parameteriza-
tion. Along with a narrowing of the rest area between
the ventricular folds in the 2 � 2-mass model, various
phonations—pressed without distinguishable ventricular
vibration (e.g., Min-yoh, Japanese singing, [6]), kargyraa
(triple- and double-periodic), and drone—appear consec-
utively. These results are supported by physiological ob-
servations [12]. The simulated laryngeal flow includes
the laryngeal ventricle resonance.
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In Fig. 5, synthesized laryngeal flows (top) and the vocal-
ventricular vibratory patterns (bottom) at two adduction
parameter values are shown. In the bottom panels, the
thick solid line, thick dotted line, thin solid line, and
thin dotted line show the horizontal displacements of the
lower lip of the vocal fold, upper lip of the vocal fold,
lower lip of the ventricular fold, upper lip of the ventric-
ular fold, respectively.

In the panels on the left, the area between ventricular
folds is initially set to

��� �������	�
. The ventricular adduc-

tion is considerably strong, and the initial setting was in-
terpreted from the physiological observation of the drone
voice. The simulated vocal-ventricular vibratory pattern
is very similar to the vibratory pattern observed using
high-speed imaging and EGG [14]. Namely, the fre-
quency of the ventricular fold vibration is equal to that
of the vocal fold vibration, and a phase difference of vo-
cal and ventricular folds is about 
�� � . The synthesized
laryngeal voice is also very similar to the laryngeal voice
of drone obtained by inverse-filtering (Fig. 2).

In the panels on the right, a ventricular adduction is strong
but looser that that in the drone voice setting. The are be-
tween ventricular folds was initially set to

�
� ���������
. The

initial setting was also interpreted from the physiological
observation of the kargyraa voice. The simulated vocal-
ventricular vibratory pattern is very similar to the vibra-
tory pattern observed using high-speed imaging and EGG
[14]. Namely, the frequency of the ventricular fold vibra-
tion is half that of the vocal fold vibration. The synthe-
sized laryngeal voice is also very similar to the laryngeal
voice of kargyraa obtained by inverse-filtering (Fig. 3).
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Figure 5: Synthesized laryngeal flows using the 2 � 2-
mass model. Left: Simulated drone voice. Right: Sim-
ulated double-periodic kargyraa voice. Laryngeal flow
(top) and the vocal and ventricular fold vibrations (bot-
tom).

3 Laryngeal flow model

Based on the above results, a new laryngeal flow model
that makes it possible to synthesize various voice timbres
is proposed. Here, the model is obtained through two

stages. In the first stage, we construct a ventricular mod-
ulation model (VTF-modulation model), and in the sec-
ond, a VTF-modulation and larynx tube resonance model
(VTF-modulation � LT-resonance model).

3.1 VTF-modulation model

The block diagram of a VTF-modulation model is shown
in Fig. 6.

Glottal flow
��� ���	� �
� �

� � �	�
VTF-modulation

� � � ���	�
Laryngeal flow

Figure 6: Block diagram of the VTF-modulation model

The VTF-modulation model of the laryngeal flow � � � �	� is
simply defined as follows:

� � � �	����� � ���	� ��� ���	� (1)

The vibratory patterns of the ventricular folds were ob-
served using a high-speed imaging and seem to not be
exactly a sine-shape [7, 14]. However, here we define
the VTF-modulation function

� � �	� by multiplication by
constant

�
of the false glottal area function ���� . We also

define ���� as an asymmetric cosine function:� � �	����� � � �� � �	� (2)

� �� � �	�����
 !!!!" !!!!#
$�% � ��&�')( 
+*,.-�/ $10 �324�5� � �687

if
�:9 � 9<;
= �% � ��&�' ( 
 *?> ,.- /,A@ / > ,�- / $B0 � 2 �C� � �6 7

if
; = � 9 � 9<; 6 �

(3)

where % � represents the amplitude of the ventricular fold
vibration, � � �6 the area between the ventricular folds at
rest,

; 6 � the period of the ventricular fold vibration,
; = �

the time at which the ventricular fold is open maximally,
and 0 � the phase difference of the ventricular fold vibra-
tion from vocal fold vibration. All of these are positive
real numbers. Physiological observations and simulation
using the 2 � 2-mass model suggest that the periods of the
vocal and ventricular fold vibration satisfy; � 6 �ED ; 6 (4)

where D is a positive integer.

The speed quotient F�G � for the ventricular fold modula-
tion is defined as

F G � ��� ; = �; 6 � $ ;H= � (5)
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A R-model [10] is used for the glottal flow. The R-model
used here [the type B in [10]] is described as follows:

� � � �	� �
 !!!!!!" !!!!!!#
% ��� ( *, - 2 � $�� ( *, - 2��	� 7

if
�:9 � 95;H=% ��
 $ ( *?> ,.-,.- 2 � � 7

if
;H= 9 � 9<;H= � ;�� 9<; 6 (6)

where % is amplitude,
; =

opening time,
; �

closing time,
and

; 6 the period. All of these variables are posi-
tive real numbers. The open quotient 
 G is written as
� ; = � ; � � � ; 6 .
Double-periodic subharmonic laryngeal flow is repre-
sented by using a period changing parameter

; G . As seen
in Fig. 5, in subharmonic vibration of the vocal and ven-
tricular folds, the second flow ��� � � �	� starts during the
closing phase of the first flow � ��� ���	� . The starting time
of the second flow was set to

; G ; 6 . For periodic normal
glottal flow,

; G � 

. In one double period, glottal flow

� � � �	� is defined as

� � ���	� � ����� � ��� � ���	� 7 ��� � ��� $ ; G ; 6 � � (7)

In the case of D -multiple periodic vibrations (Eq. 4), D $ 

parameters for overlapping glottal flows would be re-
quired.
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Figure 7: Synthesized laryngeal flows (Left: Drone.
Right: Kargyraa). Top: Illustration of the glottal flow
by the R-model and modulation. Bottom: Laryngeal flow
obtained by modulating glottal flow.

3.2 VTF-modulation � LVT-resonance
model

A block diagram of the VTF-modulation � LVT-
resonance model is shown in Fig. 8. The model was ob-
tained as follows: The glottal airflow is convoluted with
the time-variant laryngeal ventricle resonator depending
on the ventricular fold vibration and modulated by the vi-
bration of the ventricular folds.

Glottal flow
��� ���	� �

LVT-resonance��� ��� ��� � �

VTF-modulation

� �
� � �	�

� � � ���	�
Laryngeal flow

Figure 8: Block diagram of VTF-modulation � LVT-
resonance model.

We denote the resonator by the laryngeal ventricle
by

��� ��� ����� . Then, the laryngeal voice with the la-
ryngeal ventricle resonance (LVT-resonance) and VTF-
modulation is described as

��� � �	� � � � � �	� ��� ��� � � � � �	�	� (8)

We introduce
��� ��� ��� � as a time-varying one-pole filter.

We calculate the resonance frequency of the laryngeal
ventricle, i.e. the frequency of the pole of

��� ��� , based
on a Helmholtz resonator. Let � � ���	� be the resonance
frequency, ! � the thickness of the ventricular folds, and"
�#� * the volume of the laryngeal ventricle. Then,� �#� * � �	� �%$� 
'& � �� ���	�! � " �(� * (9)

where $ is the sound velocity,

� � � � � 
 �*)���� � ' .
To permit control flexibility, we define the bandwidth
of the resonance by the multiple of variable + , which
changes depending on phonation types, and the band-
width as a Helmholtz resonator. + is used to adjust am-
plitude of the laryngeal ventricle resonance.,

�#� * � �	�)� + �.-
�#� * � �	�� 
0/ �#� * ���	� � 1� 
32 � (10)

The resistance
-
�#� * ���	� , inductance / �#� * � �	� , conductance1 , and capacitance 2 satisfy the following equations:-

�#� * � �	� � ! � �54 
 � �� ���	�� �� ���	� �76 
��8:9�; 7 / �#� * ���	� � 8 !8�� �� ���	�
1 � � ! �#� *=< 
 " �(� * �?> $ 


�8 $ � & @ ;��A 8 7 2 � "
�(� *8 $ �

where ; � � � 
�� ; 6 is the frequency of the vocal fold
vibration, and ! �#� * the thickness of the laryngeal ven-
tricle. The constants are set as follows: density of air8 � 
 � 
 � � 


� > �CB � ��� � ; viscosity 9 � 
 � �ED � 

� > )FHGJI�K ' � ���	� ; adiabatic gas constant > � 
 � �

; and spe-
cific heat A � ��� � ���	��L � B � K	F�M B*N M	M .
4 Model fitting

The proposed model of laryngeal flow with ventricular
resonance and supraglottal vibration has many parame-
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ters. Moreover, the same laryngeal flow can be obtained
from different parameter settings, i.e., a parameter set-
ting and laryngeal flow do not have one-to-one corre-
spondence. Therefore, there are many possibilities to ob-
tain optimal approximation by using this model for the
inverse-filtered laryngeal flow. Here, we propose sim-
ple fitting methods for laryngeal voices of drone and kar-
gyraa. In the fitting procedure for drone and kargyraa,
the VTF-modulation model is used. Once parameters of
the VTF-modulation model are fitted, the LVT-resonance
model is employed and the resonance of the laryngeal
ventricle to the VTF-model are added.

4.1 Model fitting for drone

The fitting of model parameters for the drone voice or
other non-subharmonic voices is manually processed.
The process consists of the following steps:

Step 1. Estimate � 6 and determine
; 6 .

Step 2. Adjust 
 G ; 6 to the first dip after the closing
phase.

Step 3. Adjust F G to match the peak of the model flow to
the peak of the flow obtained by inverse-filtering.

Step 4. Adjust � � 6 � 7 % � 7 0 � to minimize the root-mean
square error between the flow obtained by inverse-
filtering and that obtained using model.

In Fig. 9, the solid line and dotted line show the laryn-
geal flow obtained with the model and that obtained by
inverse-filtering, respectively. For the left panel, the es-
timated parameters are 
 G � �������

, the speed quotientF G ��� � = � � � � 
 � � , F G � � 
 � � , 0 � � D 
�� � � , � � �6 � ��� �*D���
, and % � � ��� ��� ���

. For the right panel, they are
 G � ����� � , F G � � � � � , F G � � 

, 0 � � 
�� � � , � � �6 � ��� �*D���

, and % � � ��� ��� ���
.

For the calculation of the LVT-resonance in both flows,
we used ! � � 
 ���

, ! �#� * � ��� � ��� , and
"
�(� * � �
� ���� � . Parameter + for adjusting bandwidth of the LVT-

resonance was set to
�
� � .
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Figure 9: Fitting for drone voices of two different singers.
Solid line: Laryngeal flow obtained by the model. Dotted
line: Larngeal flow obtained by inverse-filtering.

4.2 Model fitting for kargyraa

Here, only double-periodic subharmonic laryngeal flows
are treated. The process of fitting the model parameters
for the kargyraa voice or other subharmonic voices con-
sists of the following steps:

Step 1. Estimate � 6 and determine
; 6 .

Step 2. Determine an interval of the vocal fold closure� � ; 6 $ 
�G ; 6 � ; G � 

� 7 � ; 6 � .

Step 3. Set 
 G � 

and calculate

; G .
Step 4. Adjust 0 � 7 F G 7 F G � to approximate the temporal po-

sitions of the dip and peak of the model to the flow
obtained by inverse-filtering.

Step 5. Adjust % � 7 � � 6 � to fit the shape of the flow by the
model to the flow obtained by inverse-filtering.

In Fig. 10, the solid line and dotted line show the la-
ryngeal flow by model and laryngeal flow obtained by
inverse-filtering, respectively. In the left of Fig. 10, the
estimated parameters are as follows: F G � 
 � �*� , F G � �
 � �*� , 0 � ��� 
�� � , � � �6 � ��� 
 � ��� , % � � ��� � �����

. In the
right of Fig. 10, the estimated parameters are as follows:F G � 
 � � �

, F G � � 
 � �*� , 0 � ��� 
�� � , � � �6 � �
� 
 � ��� , and% � � �
� �������
.

For calculation of the LVT-resonance in both flows, we
use the following parameters: ! � � 
 ���

, ! �(� * � �
� ����
, and

"
�#� * � �
��� � ��� � . A parameter + for adjusting

bandwidth of the LVT-resonance is set to
��� � .
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Figure 10: Fitting for kargyraa voices of two different
singers. Solid line: Laryngeal flow by the model. Dotted
line: the flow obtained by inverse-filtering.
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5 Discussions and conclusions

A many-parameter model of the laryngeal flow was pro-
posed. The model consists of a glottal flow model, laryn-
geal ventricle resonator, and supraglottal modulator. The
results show that the proposed model provides a good
fit to the estimated laryngeal flow in vocal-ventricular
phonations, such as drone and kargyraa. In this paper,
we did not mention fitting the model to other pressed-
type phonations, such as growl and harsh. However, by
changing the LVT-resonance parameters, such as ! � , ! �#� * ,
and

"
�#� * , it would be possible to manipulate the whole

epilarynx resonance for vocal-aryepiglottic phonation.

At present, the fitting process for the model is partially
done by hand. An automatic fit-estimation procedure of
the model will be addressed as future work. Especially,
based on perceptual evaluation of importance of the pa-
rameters, such as studied in [9], a perceptually effective
parameter estimation method is required, because there
are many control parameters in the model.
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