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a b s t r a c t

Measurements of speech directivity patterns show that it differs according to the phoneme

pronounced. In the case of the vowels, these differences can be attributed to variations of the

vocal tract shape. The multimodal method, which takes into account higher order propaga-

tion modes, is used to simulate directivity patterns (2 kHz–15 kHz) for simplified vocal tract

geometries of the vowels [a], [e], [i], [o] and [u]. The directivity patterns of a simplified and a

realistic replica of the vowel [a] are measured experimentally. The comparison of the exper-

imental data with the simulations shows a good agreement (average difference of 1.7 dB).

It is observed that the amplitude, orientation and number of lobes can change significantly

for some small frequency intervals, of the order of 100 Hz; these are shown to be caused

by higher order modes. These changes can occur as low as 3 kHz if a wide cavity is present

near the mouth exit. A small mouth exit limits the effect to specific frequency intervals, and

a narrow channel limits the transmission of the higher order mode effect to the mouth exit.

The comparison of the directivity measured on a realistic replica corresponding to the vowel

[a] with simulations performed on two simplified geometries shows that a fully asymmetric

shape (for which the centers of the cross-sectional contours are not aligned) is qualitatively

more realistic than a partially asymmetric shape (when the centers of the cross-sectional con-

tours lie along the same axis).

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The speech directivity consists in the variation of the amplitude of the sound radiated by a speaker with the direction. It

is important for various applications including microphone placement [1], telecommunication [2], vocal performance practice

[3–5], architectural acoustics [6], auralization and 3D sound synthesis [7–9]. Directivity patterns have been measured experi-

mentally on human subjects [1,3–5,10] as well as modelled physically [2,11,12]. It was observed that they are almost omnidi-

rectional at low frequencies (of the order of 100 Hz) and that they become more complex and directional at higher frequencies

(starting at 500 Hz).

Whereas speech directivity has been mostly considered for words and sentences, some studies highlighted differences

between the directivity patterns of different phones. Marshall and Meyer [4] observed a difference between the directivity

patterns of vowels [a], [o] and [e]. Halkosaari [2] also reported differences between vowels and related it to the difference of

mouth aperture size. Likewise, for the fricatives, Monson et al. [5] observed differences between [s], [s], [f] and [𝜃]. Katz et al. [10]
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showed differences for both vowels and fricatives in a study specifically dedicated to the radiation patterns of the phones. On

the other hand, higher order propagation modes (HOM) are present inside the vocal tract [13,14] above 3 kHz, and it is known

that they can influence significantly the radiation of ducts [15–18]. It has been shown on simplified vocal tract geometries cor-

responding to the vowel [a] that HOM can influence significantly the directivity [19]. Thus, HOM could play an significant role

for high-frequency speech directivity (above 3 kHz).

With the progress of technologies and applications, the increase of quality requirements necessitates a better knowledge

of the physics underlying high-frequency speech radiation. Indeed, the simple physical models of speech directivity [2,11,12]

account only for the external reflections, the diffraction by the head and the diffraction of the plane wave at the mouth exit.

So the only parameter specific to a particular phone is the mouth exit cross-sectional area. The effect of the lips shape, the

mouth exit cross-sectional shape and the three-dimensional (3D) aspect of the internal acoustic field in high-frequency are

not considered. Thus, they cannot be used to predict accurately the directivity pattern of a specific phone for frequencies up to

15 kHz. On the other hand, directivity measurements are usually performed with a minimal frequency resolution of third-octave

bands and with a minimal angular resolution of the order of 10◦. This may mask phenomena related to the presence of HOM

which occur within smaller frequency intervals and angular regions as reported in Ref. [19].

The objective of this work is to study the influence of the HOM, without other directivity mechanisms, on the directivity

patterns for the vowels [a], [e], [i], [o] and [u]. Simulated directivity patterns of simplified vowel geometries are compared to

each other and to measurements performed on mechanical replicas. The aim is also to provide a method which allows one to

account for HOM while relying on simplified geometries and reasonable computational complexity in order to make systematic

studies possible. For this purpose, the multimodal method (MM) [20–23] is used to predict the particle velocity distribution at

the mouth exit at a relatively low computational cost compared to finite element or finite difference methods [14]. The radiated

acoustic pressure is then calculated with the Rayleigh-Sommerfeld integral accounting for this distribution. In order to observe

the directivity patterns accurately, the frequency range and the angular resolution of the measurements and the simulations

have been set to 2–15 kHz and 2◦ respectively. Simplified geometries are designed from area functions provided by Story [24].

The design is made so that as much HOM as possible are elicited. Elliptical cross-sections are used as a simple way to take into

account the width and height of the lip opening provided by Fromkin [25]. Eccentric junctions (i.e. the centers of consecutive

contours are not aligned) are used in order to elicit as much as possible the HOM as it prevents cancelation of HOM due to

symmetry [14,19].

The reliability of the simulation method is first assessed comparing simulations and experiments on a vowel [a] simplified

geometry. Then, MM is applied to five simplified vowel geometries corresponding to [a], [e], [i], [o] and [u], in order to study the

effect of HOM on these different vowels. Finally, the effectiveness to reproduce the effect of the HOM of the simplified geometries

is evaluated for the vowel [a] by comparing the simulated directivity patterns with that measured on a realistic replica designed

from magnetic resonance images (MRI) [26]. The vowel [a] is used since it has the largest mouth exit cross-section area and

hence the effect of HOM is expected to be significant [19].

The paper is structured as follows: first the geometries, the experimental setup, the simulation method and the data analysis

are detailed in section 2. Then, the results obtained from the comparison between simulation and experiment, the simulation

for the vowels [a], [e], [i], [o] and [u] and the comparison between the simplified geometries and the realistic one are presented

in section 3. Finally, the agreement between the simulations and the experiments, the relationship between the observed direc-

tivity patterns and the shape of the geometries, and the similarities between the simplified geometries and the realistic one are

discussed in section 4.

2. Methods

This section presents the methods used to acquire and analyse the experimental and simulated data presented in section 3.

These data consist of the acoustic pressure radiated by vocal tract geometries at different angular positions (spatial sampling

each 2◦) between 2 kHz and 15 kHz (frequency sampling every 10 Hz). The design of the geometrical approximations and the

experimental setup are detailed in sections 2.1 and 2.2 respectively. An improvement of the implementation of the MM with

respect to the previous works [14,19] is presented in section 2.3. Finally, the data analysis method is detailed in section 2.4.

2.1. Geometries

In order to perform simulations and experiments, different geometries approximating the shape of the vocal tract for the

vowels [a], [e], [i], [o] and [u] are used. They are designed from area functions provided by Story [24] and from a 3D geometry

extracted from MRI provided by Aalto et al. [26].

A 3D view of the simplified geometries is provided in Fig. 1. They are designed in order to exhibit HOM with cut-on fre-

quencies of the same order of magnitude as for realistic geometries. They are constituted of 44 constant length tubes whose

cross-sectional area is provided by area functions from Story [24]. Since the mouth exit cross-sectional shape is prominent for

radiation problems, it is schematized as an ellips with a width to height ratio of the same order of magnitude as real subjects.

In this purpose, the average ratios of 4 subjects presented in Fig. 5 of Fromkin [25] are used. Since no information about the

internal cross-sectional shape is provided by Story [24], this ratio is kept constant for all the tubes for a given vowel. For each

tube, elliptical shapes having the same area as the one provided by Story [24] are generated with the ratio averaged on Fromkin

data [25]. The width and height of the mouth opening, the corresponding ratio and the length of the tubes are presented in
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Fig. 1. Vocal tract geometries used for the simulations. The left side corresponds to the vocal fold location and the right side to the mouth exit. (a) Vowel [a] symmetric

with respect to the plane (x2, x3) (symmetric [a]); (b) vowel [a] (fully asymmetric [a]); (c) vowel [e]; (d) vowel [i]; (e) vowel [o]; (f) vowel [u].

Table 1

Features of the elliptical cross-sectional shape of vocal tract geometries designed as concatenations of 44 tubes

from area functions corresponding to the vowels [a], [e], [i], [o] and [u]: width (along x1), height (along x2) at

the mouth aperture, ratio of width over height provided by Ref. [25] and length along x3 of the tubes.

Vowel [a] [e] [i] [o] [u]

Width along x1 at mouth exit (mm) 44.2 20.2 25 14.64 9.32

Height along x2 at mouth exit (mm) 13.6 6.00 4.62 4.08 2.18

Ratio of width over height 3.25 3.35 5.43 3.58 4.27

Length along x3 of the tubes (mm) 3.85 3.84 3.81 4.09 4.38

Table 1. The length of the tubes is kept constant for a given vowel.

In order to elicit as much HOM as possible, the centers of the cross-sections are shifted along both axis x2 and x1. The contours

are aligned so that their highest point along x2 is contained in a common plane (x1, x3). Thus, the coordinate xn
2

of the center

of the tube n are shifted so that xn
2
= h44 − hn with n ∈ [1, 43], hn being the height of the elliptical shape. The center of the

cross-section corresponding to the mouth is placed at the origin of the landmark: x44
1

= x44
2

= 0. Along x1, 25% of eccentricity is

introduced. The value 25% has been set arbitrarily as a rough adjustment so that the directivity patterns of the fully asymmetric

[a] are qualitatively similar (above 3 kHz) to the experimental ones obtained with the realistic replica of the vowel [a]. A too

high eccentricity would exaggerate the effect of HOM and a too small eccentricity would underestimate their effect [19]. The

coordinate xn
1

of the center of the tube n is shifted so that xn
1
= −0.25 × (w44 − wn) with n ∈ [1, 43], wn being the width of the

elliptical shape. As a reference, an additional geometry is created for the vowel [a] with all the cross-sections sharing a common

line on the top in the plane (x2, x3) and all cross-sections centred in the plane (x1, x3) (see Fig. 1a). This geometry is referred to

as symmetric [a] hereafter. For all the geometries designed from area functions, the length of the tubes provided in Ref. [24], is

modified (see Table 1) so that the length of the line which connects the centers of all the tubes, the center-line, is the same as

the original length provided in Ref. [24] i.e 170.9 mm, 169.8 mm, 169.0 mm, 183.3 mm and 195.9 mm for [a], [e], [i], [o] and [u]

respectively. This is done to compensate a shift down of the formant frequencies (down to 2%) which occurs without adjustment.

The mouth exit of these simplified geometries is considered to be located at the junction between the upper and the lower lips,

i.e. the corner of the lips.

In order to perform measurements for the validation of the simulation method a mechanical replica of symmetric vowel [a]

geometry (see Fig. 1a) has been 3D printed (see Fig. 2a). This has been done with a 3D printer ProJet 3510 SD with accuracy

0.025 mm–0.05 mm per 25.4 mm. The thickness of the walls of the replicas is 5 mm. Likewise, in order to study a more realistic

vocal tract shape which cannot be simulated with the implemented MM method (see section 2.3) due to the curvature of the

vocal tract shape and the lips, the 3D shape provided by Aalto et al. [26] for the vowel [a], has been 3D printed. This realistic

vocal tract geometry is the only one throughout based on a single subject. To do so, the trachea and the face have been removed

and a 5 mm thickness has been added as well as fittings for a sound source and a rectangular flange allowing one to attach a

Plexiglas baffle (see Fig. 2b).
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Fig. 2. Mechanical replicas used to perform acoustic measurements. (a) Vowel [a] symmetric with respect to the plane (x2, x3) designed from an area function from Story

[24] (symmetric [a]); (b) vowel [a] from MRI from Aalto [26] (realistic [a]).

Fig. 3. Schematic overview of the experimental setup used to measure the directivity patterns of the vocal tract replicas. The replicas are mounted with the same orientation

as in Fig. 1.

2.2. Experimental setup

An experimental setup is designed in order to measure the acoustic pressure at various locations outside the replicas. A

schematic diagram of it is presented in Fig. 3.

Sounds are generated at the entrance (vocal fold side) of the replica with a compression chamber (Eminence PSD:2002S-8)

which is connected to the replicas by an adaptor which features a 2 mm diameter centred communication hole from which the

sound radiates inside the replicas. Linear sweeps going from 2 kHz to 15 kHz in 30 s are used.

The acoustic pressure is measured with a B&K 4182 probe microphone equipped with a 1 mm in diameter and 25 mm long

probe, and connected to a B&K 4192 microphone conditioner. This microphone is moved by a positioning system (OWIS PS35)

with an accuracy of ±0.1 mm, however this accuracy can be reduced by the initial positioning which is less accurate (±1 mm)

and can induce a systematic error. All the measurements are performed on 91 points equally distributed (each 2◦) in the plane

(x1, x3) on a half circle of radius 40 mm centred on the exit of the replicas. This radius is imposed by the limitation of the

experimental setup. The replicas are mounted following the orientation (x1, x2, x3) shown in Fig. 1.

The signal Vm recorded by the microphone is transmitted to a data acquisition card (NI PCI-MIO 16 XE) and sampled at a

frequency of 44.15 kHz. The same card is used to generate the excitation signal transmitted to an amplifier (Onkyo a-807) and

then to the compression chamber. The whole process is controlled by a Labview (NI) program.

The open end of the replicas, the microphone and the positioning system are placed inside an insulated room (1.92 × 1.94 ×
1.99 m, Vol = 7.45 m3, [27]). Even though this room cannot be considered as perfectly anechoic, its acoustic characteristics in

the frequency range of interest (2 kHz–15 kHz) are sufficient to consider that the influence of external noise can be neglected

and that the free field assumption can be used. Indeed, the direct field has an higher amplitude than the reverberated field up to

0.94 m from the exit of the replica and the attenuation of the external noise is greater than 25 dB SPL [27].

Acoustic foam is placed on the table supporting the positioning system and on the positioning system itself in order to damp

the first reflections. The acoustic source is placed outside of the insulated room to avoid interference between the sound directly
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radiated by the compression chamber and the sound radiated by the replica. A rigid Plexiglas rectangular baffle (365 × 360 mm)

is attached to the exit of the replica (mouth side) to approximate the infinite baffle assumption implemented in the simulation

method and to act as a very rough approximation of the face. The temperature inside the insulated room is measured with a

precision of ±0.1◦C.

2.3. Simulations

The MM presented in Refs. [14,19,28] is used to simulate the acoustic pressure radiated by the different geometries. This

implementation is limited to discrete straight waveguides with arbitrary cross-sections set in an infinite baffle.

In order to reduce the computational cost and to improve the accuracy of the simulations, the implementation is modified so

that the resolution of the grid is adapted to the size of the different cross-sections. For each cross-section, the minimal distance

rmin between the center of the cross-section and the edge is computed. The spacing Δx between the points of the grid at a given

cross-section is defined as

Δx = rmin

Nmin

,

Nmin being the number of points along the segment linking the center of the contour and the closest edge. Nmin is kept constant

for all the cross-sections. Indeed, this allows one to compute more accurately the propagation modes in the small cross-sections

without requiring a great number of points in the large cross-sections. Thus, for a given accuracy it requires less computation

than for a grid with constant spacing. On the other hand, a constant resolution induced an in-homogeneity of the accuracy of

the computation of the propagation modes which was detrimental for the accuracy of the computation. Indeed, the propagation

modes were computed with a better accuracy in the large cross-sections than in the small cross-sections. However, the lower

accuracy obtained on the small cross-sections affected the whole computation.

The convergence of this new implementation has been assessed performing simulations with different Nmin. The simulations

presented here have been performed with Nmin = 40 i.e. 0.03 ≤ Δx ≤ 0.24 mm. Inside each tube of the geometries all the HOM

having a cut-on frequency comprised between 0 kHz and 50 kHz are used. The convergence has also been assessed with the

number of HOM performing simulations with different upper frequency boundary for the computation of the HOM. The source

(vocal fold side) is modelled by a circular surface of 2 mm in diameter located at the center of the first cross-section on which

the particle velocity is set equal to 1. A Neumann boundary condition is used on the contour of the cross-sections in order to

model hard walls. At the exit (mouth side) an infinite baffle condition is considered. The radiated pressure is simulated between

2 kHz and 15 kHz every 10 Hz.

Previously [14], the MM simulation method was validated to simulate the acoustic pressure field inside vocal tract geometries

including the symmetric [a]. In addition, qualitative good agreement of the directivity pattern was obtained for concentric (2

tube and 44 tubes) and eccentric (2 tubes and 44 tubes) circular approximations of vowel [a] [19]. However, it was seen that

a higher spatial measurement accuracy was needed in order to confirm this quantitatively. A quantitative validation of the

directivity patterns is therefore assessed in sections 3.1 and 4.1.

In the case of the symmetric [a] (see Figs. 1a and 2a), the acoustic pressure is simulated at the same locations as the measure-

ments: on 91 points equally distributed in the plane (x1, x3) on a half circle of radius 40 mm centred on the exit of the replicas.

For the other geometries, the radius is increased to 600 mm, which is closer to the distance corresponding to a conversation

[29].

For the sake of brevity, the directivity maps simulated at 40 mm of the exit of the fully asymmetric geometries are not pre-

sented here. Indeed, no significant difference between the directivity simulated at 40 mm and 600 mm is expected since both

distances are in the far field from Fresnel diffraction point of view. The Fresnel parameter S allows one to make the distinc-

tion between near field and far field [30]. It is defined as S = r𝜆

(w44∕2)2 , r being the distance from the center of the exit, 𝜆 the

wavelength and w44 the width of the last section. The far field is considered to start at S ≥ 1. In the case of 15 kHz at 20◦C

and r = 40 mm, S = 1.9 for the widest exit. So, the far field assumption holds. However, this is true for a uniform pressure

field at the exit and HOM create more complex diffraction patterns. Thus, the average of the absolute difference between the

directivity maps simulated at 40 mm and 600 mm has been computed in order to quantify the variations with the distance. This

is less than 2 dB, which confirms that there are no significant differences between measurements or simulations at these two

distances.

2.4. Data analysis

For the experimental data, the relative amplitude of the acoustic pressure is estimated from the sweep signal using Fourier

transform. The signal is sliced in windows of 2048 samples (46.4 ms) overlapping each other by 50%. A Hann window is applied

in order to limit the artifacts due to the small duration of the window [31]. Then, the maximum spectral amplitude is sought

inside an interval of 100 Hz centred on the middle frequency of the sweep signal inside each window. This allows one to remove

the harmonics generated by the nonlinearities of the sound source. The influence of the nonlinearities and the repeatability of

the measurement have been assessed (sections 3.3.2 and 3.3.3 of [28]).
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Fig. 4. Normalized amplitude of acoustic pressure P as a function of frequency and angular position measured |Pexp| and simulated |PMM| in the horizontal plane (x1 , x3) at

40 mm from the exit of a simplified vocal tract symmetrical [a] geometry shown in Fig. 1a. The difference between the measured and simulated directivity pattern averaged

on the angular position |Pexp| − |PMM| is presented as a function of frequency. (a) Experiment |Pexp|; (b) MM simulation |PMM|; (c) difference between the amplitude of the

experiment and the simulation averaged over the angular position |Pexp| − |PMM|.

In order to highlight the change of amplitude related to the angular position, the amplitude is normalized by the maximum

of amplitude over the positions at each frequency. Directivity maps showing the variations of the directivity pattern with the

frequency are thus obtained (see Figs. 4–6). In order to quantify the directivity at given frequencies, the difference between

the maximum and the minimum of amplitude over the positions is computed. This quantity is referred to as maximal sound

pressure level difference (MSPLD) hereafter.

3. Results

In this section the data obtained from the experiments and the simulations are presented in the form of directivity maps

in Figs. 4–6. First, the experiment and the simulation for the symmetric [a] are compared in section 3.1 in order to assess the

reliability of the simulations. Then the simulation method is applied to the fully asymmetric geometries of the vowels [a], [e], [i],

[o] and [u] in section 3.2. Finally, the directivity of the realistic replica of the vowel [a] is presented in section 3.3. A discussion

of these results is provided in section 4.

3.1. Comparison between simulation and experiment

Fig. 4 presents the directivity maps measured with the symmetric [a] replica (see Fig. 4a) and simulated with the same

geometry (see Fig. 4b). The difference between both maps averaged over the angular positions for each frequency is presented

in Fig. 4c.

In the experimental data (see Fig. 4a), the directivity pattern tends to be uniform with small variations visible as verti-

cal streaks up to about 4.6 kHz. Above this frequency, a one lobe pattern which becomes more pronounced as the frequency

increases is visible up to 9.7 kHz. After this frequency a three lobes pattern appears. Likewise, in the simulation data (see Fig. 4b),

a one lobe pattern is visible from 2.8 kHz to 9.4 kHz, which becomes more pronounced as the frequency increases. Above 9.4 kHz

it becomes a three lobes pattern. The directivity patterns are perfectly symmetric in the case of the simulation while they show

small asymmetries in the case of the experiment.

Above 6.7 kHz, the directivity patterns, both measured and simulated, become more complex. Significant variations of the

MSPLD, the number of lobes, the position and the size of the lobes occur within small frequency variations (order of 100 Hz). This

is observed in particular at 6.69 kHz, 8.48 kHz, 10.60 kHz, 12.28 kHz and 13.92 kHz for the experiment and at 6.71 kHz, 8.48 kHz,
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Fig. 5. Normalized amplitude of the acoustic pressure as a function of frequency and angular position simulated in the horizontal plane (x1, x3) at 600 mm from the exit of

five simplified vocal tract geometries corresponding to [a], [e], [i], [o] and [u] shown in Fig. 1b, 1c, 1d, 1e and 1f. (a) Vowel [a]; (b) vowel [e]; (c) vowel [i]; (d) vowel [o]; (e)

vowel [u].

10.49 kHz, 12.26 kHz, 13.80 kHz and 14.38 kHz for the simulation. One can also see transitions between almost omnidirectional

patterns (MSPLD smaller than 4 dB) and very directional patterns (MSPLD greater than 40 dB).

The averaged difference between the experiment and the simulation (see Fig. 4c) is less than 5 dB, except for some peaks

which appears at frequencies corresponding to significant change of the directivity pattern within a small frequency interval (at

6.7 kHz, 8.52 kHz, 10.49 kHz, 12.26 kHz and 12.35 kHz). The difference averaged on all the position and frequencies is of 1.7 dB.

The averaged difference is globally higher between 7.5 kHz and 15 kHz. This can be related to the greater complexity of the

directivity patterns and their variations as well as the more pronounced minima of amplitude in this interval.
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Fig. 6. Normalized amplitude of the acoustic pressure as a function of frequency angular position measured in the horizontal plane (x1, x3) at 40 mm from the exit of a

vowel [a] vocal tract replica (see Fig. 2b) built from MRI [26].

3.2. Simulation of the directivity for five vowels

Fig. 5 presents the directivity maps simulated with the geometries corresponding to the vowels [a], [e], [i], [o] and [u], shown

in Fig. 1b, 1c, 1d, 1e and 1f.

For all the geometries, there is a one lobe symmetric pattern (maximum between −10◦and10◦) which becomes more pro-

nounced with the frequency, at least up to 6.5 kHz. The progressive augmentation of its amplitude (of the order of 0.1 dB per

100 Hz) as the frequency increases contrasts with significant variations of the directivity patterns localized in frequency intervals

or in high-frequency. Indeed, significant change of the orientation (order of 50◦), the number of lobes (up to 4), the amplitude of

the lobes (up to 50 dB) of the directivity pattern occurs inside small frequency intervals (order of 100 Hz) and in high-frequency.

In particular, transitions between almost omnidirectional patterns and more directional patterns occur within less than 100 Hz.

In the case of the vowel [a] (see Fig. 5a), the symmetric one lobe pattern is visible up to 6.5 kHz. It is interrupted by two

significant variations which occur in intervals of about 500 Hz centred on 3.81 kHz and 5.68 kHz. Above 6.5 kHz the directiv-

ity patterns are asymmetric at all the frequencies. The variations of the directivity patterns increase in complexity with the

frequency. There are significant changes within about 100 Hz at all the frequencies between 6.5 kHz and 15 kHz. Significant

variations of the orientation of the lobes are observed, as an example, there is a variation of 68◦ between 6.54 kHz and 6.65 kHz.

Likewise, significant variations of the orientation of the minima occurs, as an example, there is a variation of 88◦ between

8.63 kHz and 8.8 kHz. The number of lobes alternate between 1, 2, 3 and 4. There are transitions between quasi omnidirectional

patterns (MSPLD down to 0.96 dB) and very directional patterns (MSPLD greater than 28 dB) within less than 70 Hz at 5.74 kHz

and 6.58 kHz. The MSPLD reaches up to 50 dB at 14.25 kHz.

In the case of the vowel [e] (see Fig. 5b), the symmetric one lobe pattern can be seen up to 13.2 kHz, after which the pat-

terns becomes fully asymmetric and more complex variations occur at all the frequencies. However, this pattern is interrupted

by significant variations within frequency intervals up to 300 Hz wide centred on 8.89 kHz, 11.1 kHz, 11.62 kHz, 12.4 kHz and

12.77 kHz. Inside these intervals the directivity patterns are asymmetric. Significant changes within very small frequency inter-

vals (order of 50 Hz) are also observed at 9.92 kHz and 10.84 kHz. Transitions between quasi-omnidirectional (MSPLD down

to 0.85 dB) and directional (MSPLD greater than 15 dB) patterns within less than 70 Hz are observed at 8.9 kHz, 11.68 kHz,

12.4 kHz, 12.7 kHz and 12.81 kHz. A two lobes pattern appears occasionally inside intervals up to 200 Hz wide centred on

11.7 kHz, 12.4 kHz, 12.7 kHz 12.8 kHz, 13.3 kHz, 14 kHz, 14.1 kHz and 14.6 kHz.

In the directivity map of the vowel [i] (see Fig. 5c) the symmetric one lobe pattern can be seen up to 9.5 kHz and between

11 kHz and 13.4 kHz. Outside of this frequency region the patterns are asymmetric and the variations are more complex at all

the frequencies. Between 9.6 kHz and 10.6 kHz one can observe the displacement of a maximum from 4◦ to 44◦ and back to −2◦

and the apparition of a two lobes pattern. Significant changes occur inside small intervals (up to 200 Hz) centred on 10.65 kHz,

12.2 kHz, 12.6 kHz and 13.14 kHz. Significant variations occur within very small frequency intervals (order of 50 Hz) centred

on 9.08 kHz, 9.25 kHz, 9.79 kHz, 11.31 kHz and 11.87 kHz. Transitions between almost omnidirectional patterns (MSPLD down

to 2.5 dB) and directional patterns (superior to 17 dB) within less than 100 Hz are observed at 12.6 kHz, 13.6 kHz, 13.9 kHz and

14.83 kHz. A two lobes pattern is present inside some of the small intervals containing significant variations, between 10.12 kHz

and 10.48 kHz and above 13.4 kHz.

In the case of the vowel [o] (see Fig. 5d), the symmetric one lobe pattern can be seen up to 14.4 kHz after which asymmetric

patterns with complex variations are visible. It is interrupted by significant variations between 11.4 kHz and 11.7 kHz, 13.1 kHz

and 13.6 kHz, 13.9 kHz and 14.2 kHz, 14.4 kHz–15 kHz. Significant changes can also be seen within small frequency intervals

(order of 100 Hz) centred on 6.94 kHz, 8.8 kHz, 9.43 kHz, 10.14 kHz, 11.49 kHz, 11.67 kHz, 11.95 kHz and 12.64 kHz, and within

very small frequency intervals (order of 50 Hz) centred on 3.78 kHz, 6.66 kHz and 11 kHz. Transitions between quasi omnidi-

rectional (MSPLD down to 0.15 dB) and more directional patterns (MSPLD greater than 8 dB) can be seen at 6.9 kHz, 11.45 kHz,

13,97 kHz and 14.89 kHz. A two lobes pattern appears inside each of the frequency intervals containing significant changes of

directivity pattern, and above 14.4 kHz.

The directivity of the vowel [u] (see Fig. 5e) predominantly consists of a symmetric one lobe pattern. It is interrupted by

significant variations within very small frequency intervals (order of 50 Hz) at 7.57 kHz, 8.09 kHz, 9.81 kHz, 11.74 kHz, 12.1 kHz,

13 kHz, 13.57 kHz and 14.71 kHz. Transitions between almost omnidirectional (MSPLD down to 0.2 dB) and more directional

patterns (MSPLD greater than 3 dB) occur at 9.8 kHz, 13.56 kHz and 14.7 kHz. A two lobes pattern appears at 7.57 kHz, 9.81 kHz,

13.57 kHz and 14.71 kHz.
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3.3. Directivity measurements for realistic vowel [a] replica

Fig. 6 shows the directivity map measured with the realistic vowel [a] vocal tract replica (see Fig. 2b). The directivity pat-

tern exhibits one almost symmetric lobe up to 4 kHz (MSPLD inferior to 3 dB). It is interrupted by a significant change with a

pronounced asymmetry within about 100 Hz around 3.5 kHz. Above 4 kHz strong asymmetries appear and the variations of the

patterns become more and more complex as the frequency increases. Significant changes of the orientation (order of 50◦), the

number (up to 4), and the amplitude of the lobes occur within about 100 Hz. Particularly significant changes occur at 3.56 kHz,

5.96 kHz, 8.059 kHz, 11.49 kHz, 13.08 kHz and 13.39 kHz. Transitions between patterns with small directivity (MSPLD inferior

to 10 dB) and patterns with prominent directivity (MSPLD of the order of 30 dB) occur within about 100 Hz, as an example at

5.6 kHz, 8.7 kHz, 10.2 kHz and 14.6 kHz.

4. Discussion

In this section, the results presented in section 3 are discussed. First, the validation of the simulation of the directivity patterns

is discussed in section 4.1. Then, the directivity maps obtained for the vowels [a], [e], [i], [o] and [u] with fully asymmetric shapes

are interpreted in terms of propagation of HOM and geometrical features in section 4.2. Finally, the measurements performed

on the realistic [a] are compared to the simulations performed with the symmetric [a] and the fully asymmetric [a] in section

4.3.

4.1. Validation of the simulated directivity patterns

The directivity maps measured on the symmetric vowel [a] replica (see Fig. 4a) and simulated on the same geometry (see

Fig. 4b) show similar patterns. The difference between both directivity maps is small: the averaged difference is less than 5 dB

for most of the frequencies. The vertical streaks visible between 2 kHz and 4.6 kHz can be explained by the measurement noise

which generates amplitude variations greater than the ones due to directivity, which is very weak in this frequency interval. This

disrupts the normalization procedure which generates these patterns. Above 4.6 kHz the amplitude variations due to directivity

becomes greater than the measurement noise and a one lobe pattern becomes visible. In both cases a symmetric one lobe pattern

becoming more pronounced with the frequency can be seen up to 9 kHz. The small asymmetries present in the experimental

data can be explained by small asymmetries of the experimental setup and measurement noise. The maxima and minima of

the experiment and the simulation occur at frequencies and angular positions close to each other. The significant variations

of the directivity pattern within small frequency interval occur at close frequencies. These small frequency difference (of the

order of 100 Hz) are at the origin of the peaks of averaged difference. It may be explained by errors in the computation of the

eigenfrequencies of the propagation modes due to the limit of the boundary condition model, numerical errors (see section

2.3) or inaccuracy of the temperature measurement (see section 2.2). It can be concluded from this comparison that the MM

successfully predicts the directivity of the symmetric vowel [a] replica. This simulation method is thus considered as valid for

the simulation of the directivity of other vocal tract geometries.

4.2. Comparison of the directivity of five vowels

In what follows, the concept of cut-on frequency is used in a local sense, i.e. at the scale of a section. It is used to indicate if

HOM are damped in a section or not.

The five fully asymmetric vowel geometries generate very different directivity maps. However, all of them show, at least at

low frequency (up to 6.5 kHz for [a]), a symmetric one lobe pattern which becomes more pronounced as the frequency increases.

This can be attributed to the diffraction of the plane mode ([32], p226-227) which is present at all the frequencies. On the other

hand, all the vowels generate significant variations of the directivity pattern within small frequency variations (of the order of

100 Hz). As shown previously [19], this is due to the influence of HOM, and it is similar to the directivity patterns theoretically

predicted and observed with ducts when HOM are propagating [15–18]. These effects can appear on very wide frequency ranges

(as for the vowel [a] at all the frequencies from 6.5 kHz) as well as on very narrow frequency intervals (as for the vowel [u], on

intervals of the order of 50 Hz).

These phenomena are not observed yet in the measurements performed on human subjects [1,3–5,10]. Thus, it would be

interesting to increase the frequency and angular resolution of these measurements. On the other hand, no strong asymmetry of

the directivity patterns with respect to the mid-sagittal plane (x2, x3) are observed on human subjects as well. This is probably

due to the averaging effect of octave and third octave bands analysis which may compensate asymmetries. Indeed, the significant

variations, such as local minima, may be compensated by the remainder of the frequency band under analysis. Likewise, the

asymmetries, such as local maxima on one side may be compensated in the same way. Thus, it would be interesting to analyse

in vivo measurements with an increased frequency resolution and to perform others with an increased angular resolution in

order to identify this phenomenon in vivo.

The vowel [a] geometry (see Fig. 1b) has a large cavity (62 mm in the widest part) directly connected to a wide mouth exit

(44.2 mm, see Table 1). The HOM can propagate at low frequency (from 3.32 kHz) inside this cavity. Thus, they appear at lower

frequency than in the geometries studied in Ref. [19] for which it starts at 6.5 kHz. This can be attributed to the elliptical shape
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which induces lower cut-on frequencies [33] and to asymmetry of the geometry in both planes (x1, x3) and (x2, x3) which ensures

that all the HOM are elicited. They affect directly the particle velocity distribution on the mouth exit and thus, the directivity

patterns. As a consequence, their effect on the directivity can be seen from 3.7 kHz, and they affect the directivity at all the

frequencies from 6.5 kHz onwards. On the other hand, the two intervals corresponding to the effect of HOM below 6.5 kHz are

wider (about 500 Hz) than the first intervals in which HOM effect is visible for the other vowels (about 100 Hz). This can be

explained by the fact that the vowel [a] has the widest mouth exit.

The vowels [e] and [i] have similar shapes (see Fig. 1c and d). A wide cavity (37.6 mm wide for [e] and 60 mm for [i]) is

connected by a narrow channel (down to 18.4 mm wide for [e] and 15.6 mm for [i]) to the mouth exit. The channel becomes

larger at the mouth exit forming a small cavity (26.3 mm for [e] and 25.7 mm for [i]). This cavity is divergent and then convergent

in the case of the [e] whereas it is only divergent in the case of the [i].

The HOM can propagate from 5.46 kHz for [e] and 3.42 kHz for [i]. However, their effect on the directivity is visible only

from 8.89 kHz for [e] and from 9.08 kHz for [i]. This is due to the fact that the narrow channel diminishes the influence of the

HOM propagating inside the wide cavity on the particle velocity distribution at the mouth exit. Indeed, at the narrowest part

of the channel, the HOM can propagate from 11 kHz for [e] and 13.3 kHz for [i]. As a consequence, the HOM propagating below

these frequencies inside the wide cavity are exponentially damped. However, this damping is smaller for frequencies close to

the cut-on frequency. On the other hand, when the frequency increases the distance on which no HOM propagation is possible

reduces and is limited to the narrowest part of the channel. As a consequence, the HOM propagating inside the wide cavity can

affect the directivity if their amplitude is particularly prominent and the frequency high enough. This can be seen as significant

variations within very small frequency intervals (order of 50 Hz) at 9.92 kHz and 10.84 kHz for [e] and at 9.08 kHz, 9.25 kHz,

9.79 kHz, 11.31 kHz and 11.87 kHz for [i]. On the other hand, most of the effect of the HOM can be seen above 11 kHz for [e] and

13.4 kHz for [i]. This is due to the fact that the HOM propagating inside the wide cavity can influence more easily the directivity

above the cut-on frequencies of the narrowest part of the channel.

In addition to the influence of the wide cavity, significant variations within wider frequency intervals (about 300 Hz for [e]

and 1000 Hz for [i]) can be seen below the cut-on frequency of the narrowest part of the channel around 8.9 kHz and 10.1 kHz

for [e] and [i] respectively. This is due to the propagation of HOM inside the small cavity at the mouth exit. Indeed, in this cavity

HOM can propagate from 7.8 kHz for [e] and 8 kHz for [i]. This interval is wider for [i] (about 1000 Hz) than for [e]. Above the

highest cut-on frequency of the channel, the effect of HOM tends to be localized in distinct intervals for [e] and to be spread

over all the frequencies for [i]. This can be explained by the fact that the small cavity is divergent convergent for [e]. Indeed,

this configuration has already been shown to reduce the effect of HOM on the directivity to narrower frequency intervals ([19],

sections 4.1.5 and 4.2.10).

The vowels [o] and [u] have similar shapes (see Fig. 1e and f). A large cavity (62.6 mm wide for [o] and 55.9 mm wide

for [u]) is directly connected to a narrow mouth exit (14.64 mm wide for [o] and 9.32 mm wide for [u], see Table 1). The

HOM can propagate from low frequency (3.3 kHz for [o] and 3.7 kHz for [u]) inside the large cavity. However, their influ-

ence on the directivity is reduced by the small size of the mouth exit. Indeed, the HOM can propagate through the mouth

exit from 14 kHz for [o] and 22 kHz for [u]. As for the vowels [e] and [i], the effect of HOM can be transmitted by evanes-

cent HOM below the cut-on frequency of the mouth exit if the amplitude inside the wide cavity is high enough. However, in

this case, the length of the constriction is smaller and the damping is less significant. As a consequence, the effect of HOM

can be seen at lower frequencies, from 3.8 kHz for [o] and 7.6 kHz for [u]. The mouth exit of [u] being the smallest, the

effect of HOM is concentrated in narrower intervals (order of 50 Hz). On the other hand, the damping diminishing as the fre-

quency increases, one can see that the intervals corresponding to the effect of HOM become wider in the case of [o] as the

frequency increases. This cannot be seen for [u] because the cut-on frequency of the mouth exit is much higher (22 kHz).

Above 14.4 kHz the effect of HOM can be seen at all the frequencies for [o] because HOM can propagate through the mouth

exit.

These simulations were performed with a hard wall assumption, however, vocal tract walls are not rigid. Simulations per-

formed with non rigid walls [34,35] showed that, compared to rigid walls, the peak frequencies of the transfer function are

shifted upward and their bandwidth is increased. However, this effect is shown to diminish as the frequency increase. Thus, it

can be expected that with the introduction of non rigid boundary conditions, the effects of HOM on the directivity would be

observed at different frequencies and in larger intervals. However, the differences are not expected to be significant at high

frequency since the vocal tract walls behave more like hard walls.

4.3. Comparison of the directivity of a realistic replica of the vowel [a] and two geometrical simplifications

As stated in section 2.3, the average difference between the directivity map computed at 40 mm and the one computed at

600 mm (presented in Fig. 5a) is less than 2 dB. As a consequence, the comparison between the symmetric [a] measured and

simulated at 40 mm (Fig. 3.1a and b) and the fully asymmetric [a] simulated at 600 mm (Fig. 5a) leads to the same conclusions

as the comparison with the fully asymmetric [a] simulated at 40 mm.

The two geometrical approximations of the vowel [a] (see Fig. 1a and b) show very different directivity patterns. The directiv-

ity map of the symmetric [a] (see Fig. 4b) is rigorously symmetric whereas the directivity map of the asymmetric [a] (see Fig. 5a)

is asymmetric at almost all the frequencies. The effect of HOM can be seen from lower frequency (3.7 kHz) for the asymmetric

[a] than for the symmetric [a] (6.7 kHz). This is due to the fact that all the HOM which are symmetric with respect to the plane
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(x2, x3) cannot be excited. Indeed, the contribution of the plane mode to excite the HOM compensates each other exactly in this

configuration.

Similarly to the realistic replica, both the symmetric and the asymmetric [a] show significant variations of directivity pattern

within small frequency variations (order of 100 Hz). However, the directivity of the realistic replica is qualitatively more similar

to the one of the asymmetric [a]. Both are asymmetric at almost all the frequencies and the frequencies at which the effect of

HOM starts to be visible are close (3.7 kHz for the asymmetric [a] and 3.5 kHz for the realistic [a]).

However, the directivity map of the realistic replica is different and more complex than the one of the asymmetric [a]. This

can be explained by the more complex shape of the realistic replica and by the presence of the lips [36].

5. Conclusion

The simulations and the measurements have shown that HOM can affect significantly the directivity of simplified vowels.

Thus, significant changes of the MSPLD, the orientation and the number of the lobes has been observed to occur within small

frequency intervals (order of 100 Hz) for all the studied vowels in relation to HOM propagation. In order to observe this complex

phenomenon, it is important to use small enough angular and frequency resolutions (2◦ and 10 Hz in this study).

The effect of HOM can be predominant in some frequency intervals for some vowels (all the frequencies from 6.5 kHz for

the vowel [a]) and limited to very narrow frequency intervals for other vowels (a few intervals of the order of 50 Hz for the

vowel [u]). The differences of vocal tract shape between the vowels induces significant differences in the directivity patterns. In

addition, it is shown that one can qualitatively estimate the influence of the HOM from the shape of the vocal tract. Thus, a wide

cavity will allow the HOM to propagate from relatively low frequency (down to 3.3 kHz). If this cavity is directly connected to a

wide mouth exit, the effect will be present on a wide frequency range (all the frequencies from 6.5 kHz for [a]). On the contrary,

if the mouth exit is small, the effect can be visible for low frequency (down to 3.8 kHz for [o]), but is limited to specific frequency

intervals. Finally, if a wide cavity is connected to the mouth exit by a narrow channel, the effect of HOM propagating inside the

wide cavity can be seen only in narrow intervals below the highest cut-on frequency of the channel and on wider frequency

ranges above this frequency. The length of the channel will strongly limit the transmission of the effect at low frequency. As a

consequence, the effect will be visible only at relatively high-frequency (from about 9 kHz for [e] and [i]).

The comparison with a measurement performed on a realistic replica showed that a fully asymmetric geometry has a direc-

tivity map qualitatively more similar to the one measured on a realistic replica than a partially asymmetric or a symmetric

geometry. Thus, eccentricity in the transverse plane (defined by x1 and x2) is important to take into account.

These results highlight the importance of taking into account HOM for the simulation of directivity of vowels above the first

HOM cut-on frequency (from 3 kHz). This also shows more broadly the importance of HOM on the directivity of waveguides

when HOM can propagate. As a matter of fact, the simulation method and the prediction of the effect of HOM from the shape

can be applied to any other waveguide geometry for different applications.
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