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Abstract

Fricative /s/ is known to be pronounced by jet generation and subsequent

impact on walls of the oral cavity. The prediction of acoustic characteristics

of /s/ is an ongoing research topic due to the aeroacoustic nature of the sound

source. In this study, acoustic characteristics are modeled using the multi-

modal theory with monopole and dipole sources positioned in the oral tract

waveguide. The oral tract geometry of fricative /s/ was simplified by concate-

nating rectangular channels whose cross-sectional areas and vertical height

are derived from medical imaging. To validate the model accuracy, transverse

and sagittal directivity patterns (49 cm every 15◦) were measured for flow

supplied to a realistic oral tract replica. Comparison between measured and

modeled spectra showed that the modeling with the dipole source predicted

the pressure amplitude within a discrepancy of ±5 dB up to 14 kHz. Modeled
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acoustic directivity patterns using a dipole source reflected main tendencies

observed on measured directivity patterns in both the transverse and sagittal

planes. The proposed modeling approach enables a systematic analysis of the

high frequency (>5 kHz) acoustic characteristics as a function of geometrical

details for speech production due to an aeroacoustic sound source.

Keywords: speech production, multimodal theory, oral tract simplification,

sibilant fricative

1. Introduction

The cause of acoustic characteristics for speech sounds has been widely in-

vestigated by modeling the phenomena occurring in the vocal tract. Fant [1]

pioneered acoustic modeling for vowels using vocal tract waveguide geome-

tries derived from X-ray images. To model vowel production, a sound source5

was situated at the larynx where vocal folds are vibrating. Stevens [2] mod-

eled sound generation for fricative consonants assuming a sound source of

turbulent flow at the constricted part of the oral tract. Later on, Shadle [3]

proposed a geometrical approach to study fricatives consisting of the combi-

nation of a constricted channel with an obstacle inserted downstream from10

the constriction to investigate the relationship between geometrical parame-

ters and acoustic characteristics of fricatives.

Howe and McGowan [4] argued that the main sound source of /s/ is gen-

erated at the gap between incisors and proposed a one-dimensional aeroa-

coustic model. In this model, the one-dimensional vocal tract area function15

was simplified using only cross-sectional areas at four positions, and the first

characteristic spectral peak of /s/ around 4 kHz [5] was predicted. In ad-
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dition, Krane [6] proposed an aeroacoutic theory for a constricted duct and

predicted the acoustic characteristics of unvoiced speech sound. However,

these theories consider the one-dimensional plane wave mode, so that such20

theories can be applicable only for sounds below 5 kHz.

More recently, by using cross-sectional shapes at five positions, differences

of the acoustic characteristics between /s/ and /S/ were reproduced experi-

mentally [7]. Flow simulations for the vocal tract geometries of /s/ showed

that the sound source is mainly generated near the surfaces of upper and25

lower incisors [8, 9]. However, the relationship between the generated source

and acoustic characteristics in far-field is still unclear.

To investigate the relationship between source location and the acoustic

characteristics, multimodal acoustic modeling was applied to the simplified

vocal tract model of /s/ [10]. The multimodal modeling considers higher-30

order modes of acoustic propagation and enables to estimate the acoustic

amplitude in higher frequency ranges compared with the plane wave analysis

(i.e. above 5 kHz) [11, 12]. Therefore, this modeling can be used to advance

the understanding of speech sounds where the radiated acoustic energy peaks

above 5 kHz. By applying the multimodal modeling to the simplified vocal35

tract of /s/ proposed in [7], two spectral peaks characterizing /s/ were pre-

dicted in the frequency range up to 9 kHz [10]. However, the discrepancy

between the measured and the modeled spectrum exceeds 9.9 dB, which at

least for vowels is shown to be perceptually significant [13]. This is caused by

the use of a monopole source in the modeling, and it is hypothesized that the40

use of a dipole source, which represents the characteristics of sound source

generated by flow impingement on a wall [2–4, 6], might improve the model
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accuracy. In addition, the use of dipole source is a strong motivation for the

multimodal modeling which can properly express the sound propagation for

the frequency range of flow noises.45

Meanwhile, the multimodal acoustic model approach is also used to in-

vestigate the directivity pattern of speech sounds up to 15 kHz. Blandin

et al. [14, 15] used vowel vocal tract geometries and found that the low-

frequency symmetrical directivity pattern is affected mainly in the frequency

range above 7 kHz. For the fricative /s/ uttered by English speakers, mea-50

surements with a microphone antenna showed that amplitudes at the center,

i.e. in the speaker’s direction, increases with up to 20 dB [16]. Measurements

with a realistic vocal tract replica of /s/ with and without lips revealed that

the directivity pattern is largely affected by the lips and sound source loca-

tion [17]. However, the multimodal modeling has not been applied to the55

vocal tract geometry of /s/ to study its directivity pattern.

Therefore, in this study, we apply the multimodal model approach (Sec-

tion 2.1) to a simplified oral tract geometry of /s/ in order to predict both

the far-field sound spectrum and directivity pattern of /s/. In the previous

study [17], the directivity pattern of /s/ was investigated by comparing the60

experiments with the flow source and artificial acoustic source at the glottis.

Hence, there was no intention to model the directivity pattern of /s/ with the

multimodal theory. Meanwhile, in [10], the multimodal modeling was devel-

oped to predict the acoustic characteristics of /s/ using the monopole source.

However, the dipole source was not used, and the directivity pattern was not65

modeled in the paper. Therefore, in this study, we develop the multimodal

modeling of /s/ with the dipole source which is more physically accurate
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to represent the unsteady aerodynamic forces in the vicinity of the incisors,

and the directivity pattern is modeled and compared with the experimental

results.70

The oral tract geometry was simplified as a concatenation of rectangular

cavities with constant cross-section and of length 0.5 mm each, in order

to represent the changing area of the realistic oral tract geometry up to

the lip edge (Section 2.2, 2.3). The accuracy of the model outcome for

different sound sources was compared with respect to the realistic geometry75

(Section 2.4). The directivity measurements were conducted with the flow

supplied to a realistic oral tract replica and a rectangular baffle set in two

positions, posterior and anterior. The posterior baffle position represents

a normal lip-face junction position. For the anterior baffle position, the

position was shifted from the lip-face junction to the trailing edge of the80

lips so that the outlet geometry becomes comparable with the modeling.

Directivity patterns measured with the anterior baffle were compared to the

modeled ones (Section 3) and modeled and measured results are discussed

(Section 4).

2. Method85

2.1. Multimodal modeling

Multimodal acoustic theory has been developed by several researchers [18–

20] and applied to vocal tract geometries [10–12] to clarify the relationship

between vocal tract geometry and acoustic characteristics. The amplitude

of sound pressure p(x) and particle velocity vector v(x) in waveguides are90
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calculated from velocity potential φ(x) as

p(x) = jωρφ(x), (1)

v(x) = −∇φ(x), (2)

with angular frequency ω, air density ρ and spatial position vector x =

(x1, x2, x3) where x1 indicates the propagation direction. The velocity po-

tential satisfies the Helmholtz equation

∇2φ(x) + k2φ(x) = 0, (3)

where k = ω/c denotes the free field wave number and c is the speed of sound95

in air. The solution of the Helmholtz equation becomes a summation of an

infinite number of propagation modes ψmn(x2, x3) weighted by forward and

backward propagation amplitudes amn, bmn:

φ(x) =
∞∑

m,n=0

ψmn(x2, x3){amn exp(−γx1,mnx1) + bmn exp(γx1,mnx1)}, (4)

where m and n are the number of modes in the x2-direction and x3-direction,

respectively. The propagation mode ψmn(x2, x3) is the solution of the two-100

dimensional Helmholtz equation and can be obtained analytically when con-

sidering waveguides with a rectangular cross-section of dimensions Lx2 and

Lx3 ;

ψmn(x2, x3) =
cos(mπx2/Lx2)√

Lx2σm

cos(nπx3/Lx3)√
Lx3σn

, (5)

where σm, σn are 1 (m,n = 0) or 1/2 (m,n ≥ 1). Note that this method can

be applicable for arbitrary cross-sectional shapes by using other solutions of105

two dimensional Helmholtz equation [12] The propagation constant γx1,mn is
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given as

γx1,mn =

√(
mπ

Lx2

)2

+

(
nπ

Lx3

)2

− k2. (6)

To estimate the pressure amplitude in the oral tract, the geometry is sim-

plified as a concatenation of rectangular waveguides and the relationship

among pressure, velocity and acoustic impedance is calculated at each cross-110

section. The number of modes is truncated based on the cutoff frequency of

each cross-section. In this paper, the number of modes was considered up to

eight. Details of the calculation procedure are reported in [10, 11]

The boundary condition at the outlet of the oral tract waveguide needs

to account for the presence of the face, so that the radiation impedance was115

computed assuming an infinite baffle [21]. The impedance at the inlet was

set as the non-reflection boundary condition. The pressure amplitude outside

of the oral tract waveguide was calculated with the Rayleigh-Sommerfield

integral [22] for the radiation impedance and particle velocity at the outlet.

These equations were implemented in MATLAB (Mathworks, Natick, USA).120

2.2. Oral tract simplification

The oral tract geometry of fricative /s/ is simplified as a concatenation

of rectangular channels with uniform cross-sectional area with the following

procedure. Images of the oral tract during pronunciation of /s/ were obtained

using computed tomography (CT) scan [23]. The subject is a 32-yr-old male125

native Japanese speaker with normal dentition (Angle Class I) and no speech

disorder in self-report. The CT scan was taken in 9.6 s while the subject

sustained /s/ in seated position without vowel context. A surface of the oral

tract was extracted based on brightness values of the scan with the software
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itk-SNAP [24]. The CT scan and extracted surface are shown in Fig. 1 (a)130

and (b), respectively. The surface was extracted from the lip tip up to the

anterior part of pharynx.

Then, oral tract’s cross-sectional areas and vertical heights (Lx2) along

the coronal plane (x2−x3) were measured every 0.5 mm along the posterior-

anterior propagation direction (axis x1). The transverse length of the sim-135

plified tract (Lx3) was then obtained by dividing cross-sectional area with

Lx2 . When the cross-section along the coronal plane reached far-field (no

wall along axis x3), the cross-sectional area was estimated with Lx3 obtained

at 0.5 mm posterior position, and Lx2 and Lx3 were calculated up to the tip

of lip surface. Then, uniform channels of length Lx1 = 0.5 mm and with140

rectangular cross-section of dimensions Lx2 and Lx3 were concatenated along

the centerline of the oral tract (see [25] for details). The simplified oral tract

geometry is depicted in Fig. 1 (c), and dimensions Lx2 and Lx3 are plotted

in Fig. 2. The origin of the coordinate system is located at the center of the

lip outlet. The total number of cross-sections is 137 so that the total length145

from inlet to lip outlet yields 68.5 mm.

2.3. Sound source modeling

To model the sound generation of /s/, the sound source was situated

near the upper and lower incisors. When the jet flow is generated from the

constricted channel of the oral tract, monopole, dipole, and quadrupole sound150

sources are generated whereas the dipole source is argued to be dominant for

the sound generation of /s/ [2, 3]. Therefore, the multimodal model approach

is applied using a dipole source as well as a monopole source [10] in order

to consider the imprint of source characteristics on the far-field spectrum.
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For the monopole source, the cross-section was divided into an upstream155

(anterior) section and a downstream (posterior) section along axis x1, and

modal pressure P and velocity V up to its cutoff frequency are calculated at

each cross-section as

P+ −P− = 0, (7)

V+ −V− = Q, (8)

Q = Qψψψ, (9)

where + and − represent the variables downstream (posterior) and upstream

(anterior) of the source section, and Q denotes the amplitude of the fluctu-160

ating volume flow rate. The flow source was positioned at the center in the

transverse direction (axis x3) as depicted in Fig. 3 (a). Although modeling

with the monopole source is physically inaccurate for the sound generated by

flow fluctuations in the static vocal tract, we used it to examine influences
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of the source characteristics on the radiating sound.165

For the dipole source, an aerodynamic flow force F is applied to the modal

pressure in the anterior-posterior direction (axis x1)

P+ −P− = F, (10)

V+ −V− = 0, (11)

F = Fψψψ, (12)

as depicted in Fig. 3 (b).

Firstly, the amplitude of the source was expressed by a white noise with

constant amplitude in the frequency range for both monopole and dipole170

sources. The amplitude of the sources was adjusted to reproduce sound pres-

sure level (SPL) of the first characteristic peak observed in the experiment.

Then, the diffractive source spectrum [4], for which the amplitude decreases

with frequency (approximately -0.5 dB/kHz), was implemented for the dipole

source to express the frequency characteristics of the flow source. Based on175

previous findings [10, 26] both sources were positioned at the gap upstream

from the upper incisor (x1 = -13.5 mm, x2 = -3.75 mm) as depicted in Fig.

3 (c).
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2.4. Experimental setups

To validate the model accuracy, experimental measurements were con-180

ducted with a realistic oral tract replica and flow supply. The realistic oral

tract shown in Fig. 1 (b) was constructed using rapid prototyping of acrylic

resin (Objet30Pro, Stratasys, USA; accuracy: ±0.1 mm). A rectangular baf-

fle (370 × 370 mm) was attached at the anterior and posterior positions of

the replica outlet as depicted in Fig. 4. When the baffle is at the posterior185

position (Fig. 4 (a)), the baffle is aligned with the lip junctions and the tip

of the lip protrudes 9.5 mm with respect of the baffle. When the baffle is

at the anterior position (Fig. 4 (b)), the baffle is aligned with the tip of the

lip surface, and the gap between the lip region and the baffle was filled with

modeling clay to obtain a flat baffle at the outlet. The protruding lip surfaces190

with the posterior baffle position are more realistic compared to that with the

anterior position. However, the radiation impedance in the current method

cannot express the protruding surface from the infinite baffle. Therefore, we

changed the lip configuration with the anterior position of the baffle.

Steady airflow was provided to the replica by a compressor (GA7, Atlas195
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Copco), a pressure regulator (type 11-818-987, Norgren), a manual valve, a

mass-flow meter (model 4045, TSI), and a settling chamber (40 × 40 × 50

cm3) all connected with air tubes of inner diameter 10 mm. The settling

chamber was used to dissipate turbulence and sound generated upstream

from the replica inlet. The flow rate was fixed with the subject’s flow rate200

for /s/ production at 400 cm3s−1 [7].

Sound generated by the replica was measured with a single 1/2-inch mi-

crophone with flat frequency response up to 20 kHz (type 4192 and pre-

conditioner type 5935L, B&K) in an anechoic chamber [27] as depicted in

Fig. 5. The replica was set at 82 cm from the floor and the microphone was205

positioned at the same height as the replica. The distance between the lip

outlet and the microphone was 49 cm. The position of the microphone was

shifted from 0◦ to 180◦ in steps of 15◦ as shown in Fig. 5 (b) to measure

the sound in a transverse plane (x1 − x3). Then, the replica was turned on

its side, and the sound was measured in sagittal plane (x1 − x2) from 0◦ to210

180◦ in steps of 15◦ as shown in Fig. 5 (c). The position 90◦ donates the
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direction of axis x1 for both planes. If the wavelength of measured sound ex-

ceeds the distance between the sound source and measurement position, we

cannot accurately obtain the acoustic nodes and anti-nodes in the directiv-

ity measurement. Therefore, we estimated the minimum reliable frequency215

of directivity measurement 705 Hz as the ratio between the sound speed

(345 m/s) and the measurement distance (0.49 m).

At each spatial position, the sound was recorded during three seconds

using a data acquisition system (PXI0MIO 16XE, National Instruments,

USA) with sampling frequency 44.1 kHz. Sound spectra were computed220

using Welch’s method using 60 time segments of 1024 samples, Hanning win-

dow and 30 % overlap between segments. Acoustic pressure levels (dB SPL)

were calculated based on a reference level of 20× 10−6 Pa.

Flow

Settling
chamber

Replica

Ba e

Microphone

x2

x1

2.1 m

1.9 m

49 cm

82 cm

Anechoic chamber (V =7.45 m3)

0o

180o

15o

49cm

Microphone

0o

180o

15o

49cm

Microphone
x2

x1

x3

x1

(a) (c)

(b)

Figure 5. Experimental setups. (a) The oral tract replica with supply and measurement

setups in the anechoic chamber. The measurements were conducted in transverse 

plane (x1 - x3) (b) and in sagittal plane (x1 - x2) (c) every 15o from 0o to 180o.
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3. Results

Measured sound spectra at 49 cm along axis x1 (90◦ in the transverse225

plane) are plotted in Fig. 6 for both baffle positions. Modeled spectra with

monopole and dipole sources (white noise characteristics) are also plotted in

Fig. 6. The sound amplitude increased with frequency from 4 kHz (20 dB)

and reached a maximum of 46 dB at 6 kHz. For frequencies greater than

6 kHz a broadband spectrum is observed whose amplitude remained greater230

than 40 dB for the posterior baffle position. Shifting the baffle to the anterior

position decreased the amplitude (< 10 dB) for frequencies greater than

7 kHz. Modeled pressure amplitudes increased with frequency up to a first

spectral peak of 47 dB at 5.3 kHz for both sound sources. Although the slope

of the first peak (between 4 to 5.3 kHz) of the dipole source was steeper than235

those of the monopole and experiments, amplitudes below the first peak

(< 3 kHz) of the dipole were closer to those of the experiments compared to

the monopole source. For frequencies greater than the first peak (5.3 kHz),

amplitudes of dipole agreed with those of experiments up to 10 kHz, whereas

amplitudes of monopole were 15 dB smaller than those of experiments. In240

contrast, the dipole source overestimated amplitudes above 10 kHz, whereas

amplitudes of the monopole agreed with those of experiments above 11 kHz.

The modeled spectra with dipole source of white noise and diffractive

source characteristics are plotted in Fig. 7. By implementing the diffractive

source, the amplitudes above the first peak (5.3 kHz) were decreased so that245

amplitudes above 10 kHz are more in agreement with measured data than

when the dipole with white noise characteristics was used. The maximum

discrepancy of amplitudes between the experiments and dipole source with
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diffractive source was approximately 5 dB in the frequency range above 5

kHz.250

To visualize the directivity pattern at each frequency, normalized pres-

sure amplitudes measured in the transverse plane (x1−x3) and in the sagittal

plane (x1−x2) are depicted in Fig. 8 for the case with the baffle at posterior

(a), (b) and anterior (c), (d) positions, respectively. The pressure amplitude

was normalized by the spatial mean at each frequency. The pressure ampli-255

tude was centered at 90◦ above approximately 4 kHz in the transverse plane,

whereas the amplitude was centered at 90◦ above 6 kHz in the sagittal plane

for the posterior baffle position. When the baffle was at the anterior posi-

tion, the large amplitude shifted to 120◦ in the frequency range from 9 up

to 12 kHz in the transverse plane, whereas no significant directivity pattern260

15



appeared in the sagittal plane.

Normalized modeled pressure amplitudes in the transverse plane (x1−x3)

and in the sagittal plane (x1−x2) with the monopole source and dipole source

(diffractive source) are shown in Fig. 9. The modeled pressure amplitudes

are also plotted in every 15◦. In the transverse plane, the largest amplitude265

appeared at 90◦ above 10 kHz for both sources, whereas in the range from

8 up to 10 kHz the amplitude was more pronounced towards the sides (0◦

and 180◦) enveloping a trough from 40◦ to 140◦ for monopole source. For the

dipole source, the amplitude shift towards 180◦ around 9 kHz was smaller

than that of the monopole source. In the sagittal plane, troughs appeared270

in the frequency range from 8.5 up to 9.4 kHz for the monopole source.

The amplitude at 90◦ increased for frequencies greater than 10 kHz for both
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sources.
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To compare the directivity pattern between the experiments and model-

ing, normalized pressure amplitudes near the troughs (8.4 and 9.4 kHz) are275

plotted as a function of angle in Fig. 10. The amplitudes were normalized

by the maximum value at each frequency.

In the transverse plane at 8.4 kHz, amplitudes at 0◦ and 180◦ decreased

by 15 dB compared to that of the center (90◦) in the experiment. Meanwhile,

a trough of amplitudes appeared at 110◦ for the monopole modeling, whereas280

the amplitudes at 0◦ and 180◦ decreased by 7 to 12 dB for the dipole modeling.

At 9.4 kHz in the transverse plane, the amplitude at 0◦ decreased by 15 dB

for the experiment, whereas the amplitude decreased by 25 dB for the dipole

modeling. For the monopole modeling, a trough appeared at 75◦.

In the sagittal plane at 8.4 kHz, the amplitudes were almost uniform from285

0◦ to 180◦ for both the experiment and the dipole modeling. In contrast, the

monopole modeling gradually departed from the experimental levels between

90◦ and 180◦ up until 7 dB. At 9.4 kHz in the sagittal plane, the amplitudes

were almost uniform from 0◦ to 180◦ for both the experiment and the dipole

modeling, whereas the amplitude between 90◦ and 180◦ decreased by 10 dB290

for the monopole modeling.
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4. Discussion

The comparison of measured sound spectra (Fig. 6) with the baffle in

two positions showed that amplitudes above 7 kHz were increased (< 10 dB)

by shifting the baffle downstream, i.e. from the anterior to the posterior295

position. This suggests that geometrical changes to the lips and speaker’s

face affect the amplitude of /s/ only in the high frequency range (> 7 kHz).

Note that changes can occur between speakers or intra-speaker, e.g. due

to changes in facial expression, aging or wearable dental apparatuses such

as braces or retainers. Although it might not be significant for listeners300
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of normal hearing [28], this finding encourages further perceptual studies

focusing on the high-frequency range for /s/ and fricatives in general as well

as detailed studies on the potential impact of the baffle position and lips end

termination.

Modeled sound spectra with the monopole source (Fig. 6) exhibited the305

first peak at 5.3 kHz and the second peak at 11 kHz whose amplitudes co-

incide with measured amplitudes at these peak frequencies. Nevertheless,

modeled amplitudes underestimate measured values for frequencies in be-

tween these peak values. This is consistent with previous findings for a five-

cross-section geometrical oral tract simplification [10]. Modeled spectra with310

the dipole source of white noise characteristics reduced this discrepancy be-

tween the modeled and measured spectra in the frequency range from 5 kHz

up to 10 kHz. In addition, by using the diffractive source characteristics for

the dipole source, the amplitude above 10 kHz also agreed with the mea-

sured spectra. This result indicates that the flow source in the oral tract315

for /s/ was better approximated by the dipole source than by the monopole

source. Consequently, using the dipole source with diffractive characteristics

improved the multimodal model outcome for the prediction of /s/. Remain-

ing differences for peak frequencies and amplitudes between experiment and

modeling were probably caused by the geometrical differences between the320

realistic oral tract (Fig. 1 (b)) and the rectangular simplification (Fig. 1

(c)) used for the measurements and modeling, respectively. To improve the

results, we need to decrease the channel length Lx1 until the geometrical

differences become negligible.

To confirm whether the flow source in the realistic geometry of /s/ is325
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generated in the expected place of the modeling, flow simulation conducted

for the realistic geometry used for the measurements is shown in Fig. 11 [26].

The figure showed that the jet impinged on the upper incisors so that the

sound source started to appear near the surface of the incisors. The position

of the dipole source was within the sound source region observed in the flow330

simulation. Nevertheless, the flow source in the simulation covers a wider

region which extends between incisors and lip surfaces. Therefore, modeling

might be further improved by accounting for the source distribution in order

to further clarify the relationship between characteristics of the sound source

region and the generated sound.335

In the directivity pattern, pressure amplitudes along the center of propa-

gation direction (90◦) increased when the baffle was at the posterior position

(normal lip-face junction position). This is consistent with directivity ob-

servations for an English speaker [16] and an oral tract replica of /s/ [17].

Meanwhile, by shifting the baffle from the posterior to the anterior position,340

the high-frequency (10-12 kHz) directivity in the transverse plane was shifted

from 90◦ to 160◦, whereas no pattern appeared in the sagittal plane. This
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indicates that lip protrusion orients the pressure amplitude to the center

90◦, and hence, the sound is directed towards the speaker’s forward direc-

tion. Thus, as discussed for spectra shown in Fig.6 at the beginning of this345

section, observed directivity patterns emphasis the need to investigate geo-

metrical lip features in more detail in order to account for the impact of the

end termination on the sound properties of /s/ and other fricatives.

The modeled directivity pattern showed that the large amplitude region

was shifted to the region 100◦ to 180◦ at 9 kHz in the transverse plane,350

whereas the directivity pattern was flattened for the sagittal plane. These

tendencies reflect the tendencies observed on the measured directivity pattern

with the baffle at the anterior position so that it is demonstrated that the

overall tendencies of directivity pattern for /s/ can be estimated using the

outlined multimodal model approach.355

Meanwhile, details such as small peaks and troughs characterizing mod-

eled directivity pattern in the frequency range from 8 up to 10 kHz did

not appear in the measurement patterns. However, the antenna plot (Fig.

10) showed that the measured amplitudes at 8.4 and 9.4 kHz agreed well

with those of the dipole source compared to the monopole source for both360

planes. This result also indicates that the modeling with dipole source better

expresses the flow source during the production of /s/. To improve the accu-

racy of the modeled directivity pattern, it is necessary to improve the model

by expressing the flow source distributions observed in the flow simulation of

Fig. 11. In addition, in order to be able to account for a posterior baffle (more365

realistic) position in the model, it is necessary to develop a methodology for

calculation of the radiation impedance for an end termination representing
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a protruded lip outlet.

5. Conclusion

Multimodal acoustic modeling for a rectangular simplification of the oral370

tract geometry of fricative /s/ was developed using monopole and dipole

sound sources in order to predict the acoustic characteristics of /s/. Modeled

spectra and directivity patterns were compared to measured sounds with

the flow supplied to the realistic oral tract replica of /s/. The discrepancy

between measured and modeled spectra was less than 5 dB up to 14 kHz when375

a dipole sound source was positioned at the gap upstream from the upper

incisor. In addition, main tendencies of the measured directivity pattern

with a baffle at the anterior (lip tip) position were predicted using a dipole

source. These results indicate that the proposed model approach enables to

predict both the spectrum and the directivity pattern of fricative /s/ with380

higher accuracy compared to the previous models. The proposed approach is

applicable to further analyzing oral tract geometries of other fricatives when

aiming a systematic investigation of the impact of geometrical features and

simplifications on the acoustic outcome.
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