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Summary

The radiation of sound from the mouth of a speaker is often described using a plane piston assumption. This is
satisfactory as long as the wavelength is longer than the largest transverse dimension of the vocal tract. For shorter
wavelengths, higher order acoustical modes can propagate and the particle velocity field in the mouth exit plane
can be nonuniform. As a consequence, the plane piston assumption does not hold and a more accurate description
of the particle velocity distribution at the mouth exit is necessary. This can be achieved using the multimodal
theory which allows one to account for higher order mode propagation. In order to study the influence of higher
order modes on the sound radiated from the mouth, four approximations of the vocal tract shape for the vowel [a]
are studied. The eccentricity of the junctions between the different portions of these geometries is used to control
the propagation of a higher order mode. The radiated sound is simulated and compared with the measurements
performed on mechanical replicas at various angles in the horizontal plane. It is observed that the propagation
of a higher order mode can strongly modify the directivity. Varying the degree of eccentricity of the junction
between the different sections shows that a very small eccentricity can induce the propagation of a higher order
mode. Reducing the size of the open end shows that higher order modes can affect the radiated sound even if the
radiating surface is small compared to the largest transverse dimension of the geometry.

PACS no. 43.70.Bk

1. Introduction 3. The presence of higher order acoustical modes (HOM)

inside the vocal tract, which is expected to be significant

The directivity of the sound radiated by a speaker has been
studied for various purposes, including microphone place-
ment optimisation [1], telephony [2], vocal performance
practice [3, 4, 5], experimental validation of acoustic the-
ories [6], architectural acoustics [7], auralization and 3D
sound synthesis [8, 9]. The observation on real subjects
by several authors [1, 4, 3, 5] showed that if a speaker
issuance is almost omnidirectional at low frequency, the
directivity patterns become more and more complex at
high frequency.

The variation of the amplitude and phase of the sound
radiated by a speaker with the direction can be due to sev-
eral physical phenomena including:

1. The diffraction of the radiated waves by the head of
the speaker, which is expected to be significant for the
wavelengths of the same order of magnitude as the
head.

2. The reflections on the torso.
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for the wavelengths of the same order of magnitude as
the transverse dimensions of the vocal tract.

The physical models and applications related to speech
directivity are often limited to a frequency range of 0 kHz
to about 5kHz because, though the sound quality in not
optimal, this is sufficient to ensure speech recognition and
it allows one to perform simulations with a low compu-
tational cost. In this range, a plane piston assumption and
accounting for the diffraction by the head and the reflec-
tions on the torso is sufficient to give a good description of
the directivity of the radiated sound [6, 10] and the HOM
can be neglected without loss of accuracy.

However the progress of the technology, the deve-
lopment of new applications such as wideband telephony
or augmentative hearing, the increase of quality require-
ments for 3D sound synthesis and the latest findings in
speech perception [11] leads one to focus more on fre-
quencies beyond 5 kHz. In this frequency range, the wave-
length becomes of the same order of magnitude as the
transverse dimensions of the vocal tract. Thus, HOM prop-
agation is expected and has been observed on mechanical
replicas [12, 13]. As a consequence, the particle velocity
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distribution on the mouth exit plane can become nonuni-
form and the directivity of the radiated sound can be af-
fected.

The aim of this work is to understand how the physical
phenomenon of HOM propagation can potentially affect
the speech directivity using a theoretical model validated
against experiments.

In order to take into account the HOM in the computa-
tion of the radiated sound, a more precise description of
the particle velocity distribution on the mouth exit plane is
needed. This can be achieved with any simulation method
which allows one to compute the 3D acoustic field inside
a variable section waveguide. However, the multimodal
(MM) theory [14, 15, 16, 17], with a lower computational
cost compared to other methods (such as finite elements or
finite differences), has the advantage of providing directly
all the information related to the propagation modes (eigen
functions, cut-on frequenciesl, mode amplitudes and cou-
pling terms). This is a valuable aid to understand the phy-
sical phenomena occurring inside the waveguide, and their
potential influence on the radiated sound.

Though a realistic vocal tract geometry would be inter-
esting to study, it has the disadvantage to be subject to
inter- and intra-subject variations and has a complex shape
which makes the understanding of the HOM propagation
occurring inside more difficult. Thus, it has been chosen
to study simplified geometries created from two approx-
imations of the vocal tract shape for vowel [a] which al-
lows one to identify clearly the HOM involved. The first
approximation is constituted of two cylindrical tubes [18]
and the second one of 44 cylindrical tubes [19]. Knowing
that, for a circular cross-section shape, the excitation of
the first HOM depends on the eccentricity of the junction
between the cylinders, the use of concentric and eccentric
junctions for both approximations has been chosen in or-
der to control the propagation of this HOM. The directivity
patterns have been experimentally studied and compared
with the outcomes of the MM simulations for frequencies
up to 10kHz. In particular the impact of the eccentricity
and the exit diameter on the directivity has been investi-
gated.

The paper is structured as follows: some aspects of the
MM theory and its implementation important for this study
are detailed in section 2, then the experimental setup is
described in section 3 and the simulation and measurement
results are presented and discussed in section 4.

2. Outline of the multimodal acoustic the-
ory

The MM acoustic theory used to perform the simulations
is detailed in [13]. The implementation used for this work
is limited to discrete straight waveguides with arbitrary

! The term cut-on frequency refers to the fact that the HOM begin to prop-
agate above their cut-on frequency, it is the same as the cutoff frequency
which refers to the fact that the HOM stop propagating under their cutoff
frequency.
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cross-sections set in an infinite baffle. Since the geometries
used for this work are described with piecewise constant
cross-section, it is the more adapted method for this study.
However, a continuous approach allowing the curvature to
be taken into account [20] could be useful to simulate more
accurate approximations of the vocal tract shape in the fu-
ture.

According to the MM theory, the pressure field inside a
constant cross-section waveguide can be described by the
expression

POt x2,%3,0) = D0 Y W (x1, %2) Pn(x3) €, (1)
m=0 n=0

where (x1, x;, x3) is a generalized coordinate system, x3 is
the propagation direction, P,,(x3) is the modal amplitude,
o = 2z f is the angular frequency, and ¢ is time.

The functions v, are the so called propagation modes.
In the case of a circular cross-section of radius R, they
can be expressed using polar coordinates (r, 8) in the plane
(x1,x3) as a product of Bessel functions of the first kind
and sine and cosine functions

Jn(rymn/R) { SIH(I’IG)

Kun cos(nf) ’ )

Wmn(r , 9) =
where K,,, is a normalization factor, y,,, is the order m
zero of the first derivative of the Bessel function J,,. The
cut-on frequency f. of each mode v, is given by

CYmn

Je= 2zR’

(3)
where c is the speed of sound. In the case of a more com-
plex cross-sectional shape, the functions v, can be esti-
mated using a numerical method such as finite differences.

The coupling of the modes y,,, at a discontinuity in the
cross-section is described with the matrix F which links
the modal amplitude on both sides, a and b, of the junction

P,=FP, “4)

where P, and P, are two vectors containing the modal
amplitudes P,,, and P,,; corresponding to each side of
the discontinuity. This equation is true only if the cross-
sectional surface of side a is smaller than the one of side
b and lies inside it. The small tube can be placed either
on the right or left side so that convergent and divergent
shapes can be handled. Even if this case does not ap-
pear in the following, it is worth noticing that the prob-
lem of a junction whose cross-sections are not enclosed
in each other can be solved by inserting an intermediate
zero-length waveguide portion whose cross-section is the
intersection of the original two neighboring cross-sections.

The terms of the matrix F can be evaluated with the
expression

1 *
ana,mnb = ? JS Wmnawm"b dS, (5)

with S, the smallest cross-sectional surface.
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An analytical expression can be found in the particular
case of two circular cross-sections sharing the same cen-
tral axis. However, as long as it is not the case, finding an
analytical expression is very difficult and numerical inte-
gration has been used. On the other hand, this allows one
to handle the case of the junction between two waveguide
portions having different cross-sectional shape.

A grid of N, points regularly spaced is generated on .S,
and the value of y,,,, and vy, are evaluated at each point
of the grid. The coupling coefficient can then be evaluated
by computing the sum

N
1 & .
N Z Won, (X1is X20 ) Winn, (X175 X24)- (6)

P =1

ana,mn;, =

For the simulations performed in this study, the spacing
between the points has been set to 0.5 mm (for a diame-
ter of 30 mm this yields N, ~ 650). This resolution has
shown a good agreement with experimental data [13], and
convergence tests confirmed the reliability of the simula-
tions?.

The radiated pressure can be computed with the
Rayleigh-Sommerfeld integral

P(x1,x2,x3, k) = @)
O L J@r N
— Umn mn B _dS’
23,555 Gt

with U, the modal amplitude of the particle velocity,
h= \/(xl —x)2 + (x2 — x3)% + (x3 — x})2, S being the
surface at the open end of the waveguide and (x/, X}, x})
the coordinates of the points on .S. This integral can be
approximated considering a finite summation over (M +
1) x (N + 1) modes and replacing the integral by a finite
summation evaluated on a grid of N, points

P(Xl X2, X3, k) = (8)
Jop eJth
Z Z Z Umnl//mn(xll xz,) .
m=0 n=0 !

with

h; = \/(xl - x,],‘)2 + (x2 — x’2i)2 + (x3 — x’3[)2’

(x;. x;, x3;) being the coordinates of the points of the
grid. Note that one does not divide by the area .S, since the
area elements dS' have not been taken into account in the
summation above. On the other hand, one must divide by
the number of points N,. This expression does not allow
one to compute the acoustic pressure at the exact location
of a point of the grid: in this case h; = 0 and a division by
zero is introduced. However, it is possible to compute the
pressure at these locations with Equation (1).

2 In the range 0kHz to 10 kHz the mean amplitude difference between a
simulation performed with a resolution of 0.5 mm and a simulation per-
formed with a resolution of 0.3 mm is lower than 0.7 dB. The mean phase
difference is lower than 0.2 rad.
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Figure 1. Vocal tract geometries approximating vowel [a], the
glottis is located at x3 = 0.
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Figure 2. Mode-shapes and cut-on frequencies (f.) of the propa-
gation modes of a circular cross-section whose cut-on frequency
is below 20 kHz for a diameter of 29.5 mm and a temperature of
26.5°C. The lines are zero amplitude nodal lines and the colour
indicates the phase change.

An experimental setup (Figure 3) has been designed
to measure the directivity patterns of different vocal tract
replicas (Figure 1) in order to quantify the directivity pat-
terns and to validate the above theory.

3. Measurement method

3.1. Replicas

For this study four vocal tract replicas which can be con-
sidered as a vowel [a] vocal tract approximation [18, 19]
have been used:

1. Two replicas composed of two cylindrical tubes (85 mm
long with diameters 14.5 mm and 29.5 mm) [18] shar-
ing either the same central axis (Figure 1a) or a com-
mon line on the edge (Figure 1b) which corresponds
to a distance between the centers of 7mm. In what
follows, they are referred to as 2CT (Two Concentric
Tubes) and 2ET (Two Eccentric Tubes) respectively.
For both replicas the cross-section area function is de-
picted in Figure 1c. The lowest cut-on frequency based
on the exit diameter yields 6.8 kHz (at 26.5 °C).
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2. Two replicas with 44 circular cross-sections whose area
function is taken from [19] with all sections sharing
either the same central axis (Figure 1d) or a common
line on the edge (Figure le). In what follows, they are
referred to as 44CT (44 Concentric Tubes) and 44ET
(44 Eccentric Tubes) respectively. For both replicas the
cross-section area function is depicted in Figure 1f.
The lowest cut-on frequency yields 5.9 kHz (at 26.5 °C)
based on the maximal diameter.

The multimodal approach outlined in section 2 is ap-
plied to the described geometries. As an example, the
mode-shapes and the cut-on frequencies of the propaga-
tion modes corresponding to the largest tube of the two
tube geometry are presented in Figure 2 up to 20kHz.
The modes wo1, W2, W03, Wos and yq; are degenerate: they
have two mode-shapes similar by rotation of a certain an-
gle having the same cut-on frequency. Note that the first
subscript index corresponds to the radial dimension and
the second to the angular dimension in the cross-section
plane (xi, x2).

3.2. Experimental setup

A schematic diagram of the experimental setup is pre-
sented in Figure 3. A compression driver (Eminence
PSD:2002S-8) is used to generate a linear sweep signal
with a frequency varying from 2kHz to 10 kHz, which
is transmitted to the replicas through an adaptation part
which features a 2 mm diameter hole. The compression
driver and the adaptation part are rotationally symmetric
with respect to the center of the entrance of the replicas.

The open end of the replica is set inside an insulated
room (1.92 x 1.95 x 1.99 m?, Vol = 7.45m?>). The replica
is equidistant from the wall of the room in the plane
(x1,x3). Even though this room cannot be considered as
perfectly anechoic, its acoustic performances in the fre-
quency range of interest in this study (2kHz to 10kHz)
are sufficient so that the influence of the external noise can
be neglected and the free field assumption holds: the di-
rect field is higher than the reverberated field up to 0.94 m
from the open end of the replica and the attenuation of the
external noise is greater than 25 dB SPL [21].

A baffle of dimensions (365 x 360 mm?) is attached to
the outlet of the replica in order to mimic a human face.
It corresponds to the flanged boundary condition of the
theory. The sound source is placed outside of this room to
avoid interferences.

The radiated sound is measured at 48 cm from the exit
of the replica at 13 different angles from the axis of the
replicas (every 15° from —90° up to 90° as indicated in
Figure 3) using a microphone (B&K 2669 L). For the ec-
centric geometries the common edge corresponds to the
angle 90°.

The output of the microphone and the excitation signal
are amplified respectively with a microphone conditioner
(B&K 5935L) and an amplifier (Onkyo a-807). The gen-
eration of the excitation signal and the recording of the
signals from the microphone and the input of the com-
pression driver are managed by a data acquisition card (NI
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Figure 3. Experimental setup used to measure the directivity pat-
terns of vocal tract replicas. The orientation of the eccentric part
of the replica corresponds to the convention used for the experi-
ment and the simulations.

PCI-MIO 16 XE). The whole measurement process is con-
trolled with Labview.

In order to enhance the change of pressure amplitude
with respect to the angular position, unless stated differ-
ently, the amplitude at the different positions has been nor-
malized by the amplitude at the central positions (which
corresponds to the point located in front of the replica at
an angle of 0°). The fact that the sound source amplitude
depends on the frequency could disturb the interpretation
of the measurements and their comparison with the simu-
lations. However, its amplitude being the same for all the
positions, dividing by the amplitude at one position can-
cels its influence, and the results can be compared with the
simulations.

To get a more general view of the directivity effects,
the maximal sound pressure level difference (MSPLD) be-
tween the different positions has been computed for all the
frequencies. To do so, for each frequency, the minimum of
the sound pressure level (indB SPL) has been subtracted
from the maximum with respect to the angular position.

On the experimental data the amplitude at —90° and 90°
is lower for every measured frequency. Since it is not the
case for the simulated data and that this happens even at
low frequencies, this can be attributed to a measurement
artifact probably related to the fact that the microphone
was close to the wall of the insulated room at these posi-
tions. To avoid the perturbations of this artifact in the anal-
ysis, the MSPLD without the measurements of the edges
(at —90° and 90°). However the observed overall tendency
remains similar.

4. Results and discussions

In section 4.1 the measured and simulated data are de-
scribed, and an analysis is provided in section 4.2.

4.1. Results

The measured and simulated normalized pressures and the
MSPLD are presented in Figures 4 and 5 for respectively
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Figure 4. (Colour online) Normalized amplitude (dB) and maximal sound pressure level difference MSPLD with respect to the angular
position of the pressure radiated from two tubes vowel [a] replicas with concentric and eccentric junction measured and simulated
at 48 cm from the exit between 2kHz and 10kHz every 15 ° and 3 ° for respectively the experiments and the simulations. To avoid
perturbations linked to experimental artifacts present on the extremal positions, the maximal sound pressure level difference has been
computed with and without the edge positions (—90° and 90°). a) 2 concentric tubes (2CT) experiment, b) 2 eccentric tubes (2ET)
experiment, ¢) 2 concentric tubes (2CT) MM simulation, d) 2 eccentric tubes (2ET) MM simulation.

the two and 44 tubes geometries. Directivity patterns ob-
tained for selected frequencies are presented in Figure 6.

4.1.1. Directivity of concentric configurations (2CT and
44CT)

The concentric configurations generate a one lobe sym-
metric directivity pattern with a maximum in the center
(at 0°, see Figures 4a, 4c, 5a and 5c). The amplitude of
this lobe increases in the center and decreases towards the
edges (—90° and 90°) when the frequency is increased.
The MSPLD increases progressively and reaches 10dB
and 7dB at 10kHz for the 2CT and 44CT respectively.
In the experimental data, this pattern is perturbed by mea-
surement noise which can be due to insufficiently damped
reflections on the walls of the insulated room, or external
noise.

In addition to this noise, one can see more important
localized discrepancies between the experiments and the
simulations. For the 2CT, a peak of MSPLD of 10dB can
be seen at 7.52 kHz. The corresponding directivity pattern
presented in Figure 6a is asymmetric with a lower ampli-
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tude between 0°and 90°. Other less pronounced discrepan-
cies can be found at 7 kHz and 9.3 kHz. On the experimen-
tal data obtained with the 44CT, peaks of MSPLD can be
seen at 8.1kHz (36dB), 8.3kHz (34dB), 8.8kHz (14 dB)
and 9.1 kHz (57 dB). Inside a narrow frequency band cen-
tered on these frequencies, the directivity patterns is con-
stituted of two asymmetric lobes separated by a low ampli-
tude direction (see Figure 6¢). These discrepancies can be
related to the differences observed between the measured
and simulated internal pressure field observed in [13] (see
Figure 8 and 11 of [13]). It can be hypothesized that they
are generated by small asymmetries of the replicas, this
is looked into later. Another explanation could be that a
small asymmetry in the placement of the replica inside
the insulated room would induce an asymmetry of the re-
flections. However, the direct field is higher than the re-
verberated field at 48 cm from the end of the replica, and
the effect of reflections would be expected in the whole
frequency range. Apart from these particular narrow fre-
quency bands, the same patterns are observed in the ex-
perimental and the simulated data.
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Figure 5. (Colour online) Normalized amplitude (dB) and maximal sound pressure level difference MSPLD with respect to the angular
position of the pressure radiated from 44 tubes vowel [a] replicas with concentric and eccentric junction measured and simulated
at 48 cm from the exit between 2kHz and 10kHz every 15° and 3 ° for respectively the experiments and the simulations. To avoid
perturbations linked to experimental artifacts present on the extremal positions, the maximal sound pressure level difference has been
computed with and without the edge positions (—90° and 90°). a) 44 concentric tubes (44CT) experiment, b) 44 eccentric tubes (44ET)
experiment, ¢) 44 concentric tubes (44CT) MM simulation, d) 44 eccentric tubes (44ET) MM simulation.

4.1.2. Directivity of eccentric configurations (2ET and
44ET)

For the eccentric geometries, a one lobe pattern which be-
comes more pronounced for increased frequency can be
seen up to 6.5 kHz. Above this limit, more complex asym-
metric patterns with one or two lobes are visible (see Fig-
ures 4b, 4d, 5b, 5d, 6b and 6d). The variations of the direc-
tivity are important within short frequency intervals: the
MSPLD can vary up to 50 dB within 100 Hz intervals.

In order to see better the appearance and the evolution
of the two lobe pattern, the angle corresponding to the
minimum between the lobes has been plotted in Figure 7.
This minimum is typically of the order of 30 dB lower than
the maximum and is limited to a narrow angular region of
about 30°. Its direction can vary a lot (up to 60°) within a
short frequency interval (of the order of 100 Hz). For both
2ET and 44ET, the minimum of amplitudes tends to be lo-
cated between -90° and 0°, which corresponds to the side
opposite to the common edge.

In the case of the 2ET, the patterns obtained by simula-
tion can be recognized in the experimental data. For both

experiment and simulation, peaks of MSPLD can be seen
at 7kHz, 7.5kHz, 8.5kHz, 8.8 kHz and 9.6 kHz. Except
between 7.9 kHz and 8.1 kHz, two lobes can be seen at all
the frequencies from 6.94 kHz (see Figures 6b and 7a).

In the case of the 44ET, similar patterns can be rec-
ognized in the experiment and the simulation, but there
are more differences above 9 kHz. Peaks of MSPLD can
be seen at 6.6kHz, 8.5kHz and 9.7 kHz (see Figure 6d)
for both experiment and simulation. A two lobes pattern
appears inside more reduced and isolated frequency in-
tervals: 6.63kHz to 6.65kHz, 8.38 kHz to 8.53 kHz and
9.58kHz to 9.89kHz (see Figure 7b). Between 6.6 kHz
and 8.5 kHz a one lobe symmetric pattern can be seen and
between 8.5kHz and 9.7 kHz, there is a one lobe asym-
metric pattern with lower amplitude between 0°and 90°.

4.1.3. Input impedances

In order to characterize more globally the studied vocal
tract geometries, the input impedance Z has been com-
puted as the ratio of the pressure over the particle velocity
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Figure 6. (Colour online) Measured (dotted lines) and simulated
(full lines) acoustic pressure amplitude (dB) as a function of an-
gle at selected frequencies. a) 2 concentric tubes (2CT), b) 2 ec-
centric tubes (2ET), c) 44 concentric (44CT), d) 44 eccentric
tubes (44ET).

at the center of the communication hole. The amplitude of
Z is presented for the four studied geometries in Figure 8.

The peaks of input impedance correspond to resonances
inside the geometries. The two first peaks correspond to
the two first formants, which characterize the vowels. In
the case of the two tube geometries (see Figure 8a), their
frequency are 670 Hz and 1200 Hz, and in the case of the
44 tube geometries (see Figure 8b) they are 660 Hz and
930 Hz (similar values are given in [19]). These values do
not depend on the junction type.

Up to 6.5kHz the input impedance curves of the con-
centric and eccentric configurations are almost exactly
similar. Above this frequency, the variations of Z are
more complex for the eccentric configurations. The in-
put impedance of the 2ET is almost completely different
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Figure 8. (Colour online) Modulus of the input impedance Z
corresponding to four vocal tract approximations based on [18]
and [19] with either concentric or eccentric junctions between
the different sections. a) 2 tubes geometries (2CT and 2ET), b)
44 tubes geomeries (44CT and 44ET).

from the one of the 2CT, and the input impedance of the
44ET is different from the one of the 44CT inside three
frequency intervals (6.2 kHz to 7kHz, 7.9 kHz to 8.6 kHz
and 9.3 kHz to 9.8 kHz). Additional maxima can be seen at
6.6kHz, 7.1 khz, 7.6 kHz, 8.3kHz 9kHz and 9.7 kHz for
the 2ET and at 6.5 kHz and 8.3 kHz for the 44ET. There are
also additional minima at 7 kHz, 7.4 kHz, 7.9 kHz, 8.6 kHz
and 9.5 kHz for the 2ET and at 6.6 kHz, 8.1 kHz, 8.9kHz
and 9.7 kHz for the 44ET.
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4.1.4. Influence of the degree of eccentricity

In order to investigate the influence of the degree of ec-
centricity of a junction on the directivity, simulations have
been performed varying the distance between the centers
of the two cross-sections of the 2 tubes geometry from
Omm to 7mm by steps of 0.5 mm. This corresponds to
the progressive transition from the 2CT (Figure 1a) to the
2ET (Figure 1b). The radiated pressure has been computed
for each distance between the centers. The MSPLD corre-
sponding to four distances between the centers is presented
in Figure 9. These distances, 0 mm, 0.5 mm, 3.5 mm and
7 mm, corresponds respectively to the concentric configu-
ration, the lowest possible eccentricity with the discretiza-
tion of the cross-sectional surface used (0.5 mm), the in-
termediate configuration and the fully eccentric configura-
tion. At 0.5 mm of distance, peaks of MSPLD up to 20 dB
can be seen above 6.5 kHz and the MSPLD curve is com-
pletely separated from the O mm curve above 8 kHz. With
a distance of 3.5 mm the MSPLD curve is very similar to
the 7 mm curve.

4.1.5. Convergent exit

During speech production, the vocal tract often has a cav-
ity located before the mouth with larger transverse dimen-
sions than the mouth exit, and thus has a convergent exit.
This is what one can see in the area function of the 44
tubes approximations which decreases near the open end
of the vocal tract (see Figure 1f).

However, this is not the case for the two tubes approx-
imation. In order to investigate how a convergent exit can
affect the directivity, a third section, of zero length, has
been added at the end of the 2ET geometry. Its diame-
ter has been reduced by steps of 0.5mm from 29.5 mm
(which corresponds to the diameter of the second sec-
tion) to 10 mm. A convergent exit is thus gradually intro-
duced. The radiated pressure has been computed for each
diameter value. The MSPLD and the input impedance cor-
responding to 3 diameters values, 29.5 mm, 20 mm and
10 mm, are presented in Figures 10a and 10b respectively.
The first one corresponds to the 2ET without convergent
exit.

When the diameter of the third section is reduced, the
MSPLD is globally decreasing. With a diameter of 10 mm
it is almost zero up to 6.5 kHz. However, above 6.5 kHz
the MSPLD still has locally important values (up to about
35dB at7kHz, 7.3 kHz, 8.1 kHz and 9.3 kHz for an exit di-
ameter of 10 mm), but between these peaks the MSPLD is
reduced. The frequency of the peaks is decreased and one
peak disappears at 10 mm. The peaks of input impedance
have a greater amplitude and a reduced bandwidth and the
minima have a reduced amplitude. The frequency of the
peaks and minima of input impedance is also reduced.

4.1.6. Spectrum of the sound radiated by the 2ET

In order to get an idea of how the HOM effect can be per-
ceived, the 2ET replica has been excited using a broadband
noise. This can be considered as an imitation of whispered
voice. The spectrum of the radiated sound is presented for
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Figure 9. (Colour online) Maximal sound pressure level differ-
ence MSPLD as a function of the frequency computed for differ-
ent spacing of the centers of both cross-sections of the two tubes
geometries.

601
= = =295mm |
= —20.0mm
Z aor oo 10.0 mm
o
-
&
2 20t
0 — e TO— J

(a) 0 2000 4000 6000 8000 10000

f (Hz)

Z] (aB)

0 2000 4000 6000 8000 10000
(b) f(Hz)

Figure 10. (Colour online) Maximal sound pressure level differ-
ence MSPLD and input impedance as a function of the frequency
computed for different diameters of the exit of the two eccentric
tubes geometry. a) Maximal sound pressure level difference, b)
Input impedance.

each measurement position in Figure 11. Up to 6.5kHz
it is very similar for each position, except at the edges (-
90° and 90°) where the amplitude is globally lower than
at the other positions (this has the same origin as the arti-
fact mentioned at the end of section 3.2). Above 6.5kHz
there is noticeable differences between the positions. As
an example, at -75°, -60°and -45°the amplitude is lower
than at the other positions between 8.5 kHz and 9.5 kHz.
The pattern observed on the directivity maps of Figures 4b
and 4d can be recognized in the variations of the spectrum
with the position. The authors perceived an audible differ-
ence between the positions when listening to the recorded
sounds.
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Figure 11. (Colour online) Spectrogram of the sound radiated by a vocal tract replica consisting in a two tube approximation with
an eccentric junction (2ET) recorded at a distance of 48 cm from the exit every 15°. The excitation signal used is a broadband noise.
Hanning windows of 46.4 ms (2048 samples) have been used with an overlap rate of 0.9.

4.2. Discussion

4.2.1. Propagation modes inside the geometries

Inside the small tube of the two tubes geometries the cut-
on frequency of the first HOM (the only one propagating
under 20kHz) is 14.5 kHz. The discontinuity correspond-
ing to the transition from the communication hole to the
replica is likely to generate evanescent HOM? at the en-
trance of this tube. However, the length of this tube being
more than five times greater than its diameter, the influ-
ence of evanescent HOM can be neglected at the junction
between the small tube and the larger one. Thus, between
0kHz and 10kHz, only plane waves (mode yyqy) arrive at
this junction. Inside the larger tube, yp; which has a cut-
on frequency of 6.8 kHz (see Figure 2), is the only HOM
which can propagate under 10 kHz. The 44 tubes geome-
tries have the same kind of shape as the two tubes ones:
a narrow part (from x3 = 0mm to x3 = 80 mm, see Fig-
ure 1) is followed by a wider one (from x3 = 80 mm to
x3 = 167 mm). The same arguments as for the two tubes
geometries lead to the conclusion that the only modes
propagating inside these geometries under 10 kHz are y
and Yvo1.-

4.2.2. Coupling between yqo and yy;

The exit of the geometries being perfectly axisymmetric,
the HOM wyyq; can be excited only if the junctions are
asymmetric. Indeed, in Eq. (5) the contributions of g
on either side of the nodal line of yj; compensate each
other exactly if the junction is perfectly axisymmetric. In
this case, the coupling term Fy; between yqo and yyp; is

3 An HOM is evanescent when it is excited under its cut-on frequency. It
is exponentially damped along the propagation axis from the excitation
point.
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zero and yyp; cannot be excited. If an asymmetry is intro-
duced, Fyp; becomes to be non zero and yg; can be ex-
cited. When the eccentricity is increased Fygo; increases.
Thus yy, is not expected to be present in the axisymmetric
configurations (2CT and 44CT).

4.2.3. Particle velocity distribution at the exit

In the case of the concentric configurations, the only prop-
agation modes expected at the exit of the geometries are
woo and evanescent HOM which are generated by the dis-
continuity corresponding to the transition from the geome-
tries to the exterior space. In the case of the eccentric con-
figurations, yyp; can be present and introduce the appear-
ance of two areas with opposite phase on the exit surface.

The evanescent HOM can change the particle velocity
distribution on the exit surface, and one could expect an in-
fluence on the directivity of the radiated sound. However,
in the concentric configurations, a simulation performed
with all modes whose cut-on frequency lies below 20 kHz
and a simulation with plane mode only give exactly the
same directivity patterns at 0.48 m from the exit. Thus, the
influence of these modes can be neglected at this distance
and the particle velocity distribution can be considered as
uniform if yygy is the only mode propagating.

4.2.4. Directivity of concentric configurations (2CT and
44CT)

For the concentric configurations, the only propagation
mode involved in the radiation is . Thus, the only direc-
tivity effect which can be expected is the well known ra-
diation from a baffled circular piston ([22] p226-227). In-
deed, except for some localized discrepancies in the exper-
imental data, the directivity pattern of these configurations
is one symmetric lobe with higher amplitude in the cen-
ter (at 0°) whose MSPLD increases progressively with the
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frequency. This pattern is only due to the difference in the
distance traveled by the waves coming from the different
parts of the radiating surface to the reception point which
induces a phase difference.

4.2.5. Directivity of eccentric configurations (2ET and
44ET)

In the case of the eccentric configurations, the baffled cir-
cular piston pattern can be seen under the cut-on frequency
of yo; because up to this frequency g is the only mode
propagating. Above this cut-on frequency the particle ve-
locity distribution on the exit surface is no longer uniform.
The phase difference between the waves coming from the
different parts of the radiating surface is not only due to the
differences in traveled distance but also to the amplitude
and phase variations on the radiating surface. As a conse-
quence, more complex directivity patterns are observed.

4.2.6. Two lobes pattern

The presence of yyg,; at the exit of the geometries can in-
duce the appearance of two areas with opposite phase. In
this case, the radiating surface acts as an acoustic dipole
and a directivity pattern with two lobes separated by a low
amplitude direction is generated.

The interference of the acoustic pressure radiated by yqo
and yyq; can reinforce the radiated acoustic pressure on one
side and decreases it on the other. Asymmetric directivity
patterns are thus obtained. The low amplitude direction is
no longer orientated to the center (0°), but is shifted to
the side having the lowest amplitude. The variations of the
amplitudes and phase of yqo and yq; with the frequency
changes the direction of the minimum of amplitude.

The propagation of a HOM other than y,; would gen-
erate different directivity patterns. As an example, a HOM
having two parallel nodal lines would generate three lobes
separated by two low amplitude directions. Thus other
cross-sectional shapes (such as elliptical) would generate
different directivity patterns.

4.2.7. Comparison between HOM and plane piston

At some frequencies the combination of ygyy and yy; can
result in a particle velocity distribution which compen-
sates partially the phase difference due to the differences
in traveled distances between the different parts of the ra-
diating surface and the reception point. This generates a
reduced directivity compared to the baffled circular pis-
ton at the same frequency. This can be seen between the
second and the third peaks of MSPLD and after the fifth
peak of MSPLD for the 2ET (see Figures 4b and 4d). For
the 44ET it can be seen before or after the MSPLD peaks
(see Figures5b and 5d). The effect of HOM is slightly no-
ticeable below the cut-on frequency, from about 6.4 kHz,
whereas the cut-on frequency of vy, is 6.8 kHz for the two
tubes geometries. This can be explained by the fact that
close to the cut-on frequency the reduction of amplitude
of the evanescent modes generated at the junction becomes
less important and they can have a significant amplitude at
the exit.
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4.2.8. Relation between input impedance and directivity

The peaks of MSPLD appear close to input impedance
minima. For the 2ET the peaks of MSPLD at 7kHz,
7.5kHz, 8.5kHz and 9.6 kHz can be related to minima of
impedance located at 7 kHz, 7.4 kHz, 8.6 kHz and 9.5 kHz.
Likewise for the 44ET the peaks of MSPLD at 6.6 kHz and
9.7kHz can be related to minima of input impedance lo-
cated at close frequencies. However, the frequencies are
not exactly the same and some peaks of MSPLD cannot
be related to maxima or minima of input impedance. As
an example, for the 2ET, the peak of MSPLD at 8.8 kHz
does not correspond to a maximum or minimum of input
impedance. Likewise, for the 44ET, the peak of MSPLD
at 8.5kHz can not be related to a maximum or minimum
of input impedance. One can also notice that for the 2ET,
the peak of MSPLD located at 7.5 kHz is between a min-
imum (at 7.4kHz) and a maximum (at 7.6 kHz) of input
impedance. Thus, it is not possible to find a simple rela-
tion between the input impedance curve and the directivity
phenomenon.

4.2.9. Influence of eccentricity degree

The simulations performed varying the eccentricity
showed that even a very small eccentricity (0.5 mm) can
induce significant changes of the directivity patterns with
respect to the axisymmetric configuration (up to 15dB of
difference). Thus, it is not required for there to be a large
eccentricity for yy; to be excited and propagate. This is in
agreement with the assumption that the localized discrep-
ancies between simulations and experiments can be ex-
plained by small asymmetries in the replicas. The fact that
the frequencies of the discrepancies observed for the 2CT
corresponds to peaks of MSPLD of the 2ET reinforces this
hypothesis. However, the matching between the frequency
of the discrepancies and the peaks of MSPLD of the ec-
centric configuration is less good for the 44 tubes geome-
tries. The perfectly axisymmetric cases thus appear as the-
oretical cases difficult to reproduce accurately experimen-
tally. The human vocal tract cannot be considered as ax-
isymmetric and from these observations, one can conclude
that axisymmetric geometrical approximations of it are not
likely to reproduce a realistic directivity above their first
cut-on frequency. Introducing asymmetries in such kind
of approximations would allow one to simulate a qualita-
tively more realistic directivity above the first cut-on fre-
quency.

4.2.10. Convergent divergent shape

In the case of a convergent exit, the radiation losses are
reduced in comparison with a non-convergent exit. As it
can be observed on the input impedance curves, this in-
duces a higher amplitude and a reduced bandwidth of the
resonances inside the vocal tract. This can be related to the
fact that the effects of the HOM are more localized around
the peaks of MSPLD for reduced exit diameters (see Fig-
ure 10). When the diameter of the exit is reduced, one gets
closer to a closed end boundary condition and the reso-
nance frequencies are reduced. This can be related to the
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decrease of the frequency of the peaks of MSPLD and in-
put impedance for reduced exit diameters. Thus, the fact
that the 44ET has a convergent exit and not the 2ET can
explain why the effects of HOM are more localized in fre-
quency for the 44 eccentric tubes geometry.

The influence of HOM can be seen even with a diame-
ter of 10 mm which is almost three times smaller than the
diameter of the large tube. Thus, more generally, it can
be expected to be significant even if the mouth aperture is
small compared to the preceding cavity. One can expect
that the influence of HOM on the directivity varies quali-
tatively with the phonemes. A wide mouth aperture would
induce an effect visible at all the frequencies from the first
cut-on frequency of the vocal tract and a narrow mouth
aperture would induce an effect limited to localized nar-
row frequency intervals.

4.2.11. Comparison between 2 tubes and 44 tubes

The two and 44 tubes eccentric geometries generate signif-
icantly different directivity patterns above 6.5 kHz. There
is not the same number of peaks of MSPLD and they oc-
cur at different frequencies. The effects of HOM are more
localized in frequency for the 44ET than for the 2ET. This
can be seen in both the MSPLD and input impedance
curves, and in the appearance of the two lobes pattern.
Since a convergent exit is closer to a real vocal tract shape,
the 2ET may over-estimate the effects of HOM and be
qualitatively less realistic than the 44ET. However, the
44 eccentric tubes, while being more realistic because of
a more accurate area function, does not take the cross-
section shape or the bending of a real vocal tract into ac-
count. Thus, it would be interesting to study a more realis-
tic geometry to test this hypothesis.

In terms of input impedance, the two and 44 tubes ge-
ometries are also quite different. The frequencies of the
second formants are very different (1200 Hz for the 2 tubes
and 930 Hz for the 44 tubes). This can be explained by the
fact that the two tubes shape has been designed so that the
frequencies of the two first formants corresponds to the
average values observed for the vowel [a] [18], whereas
the area function of the 44 tubes geometries has been de-
termined from MRI measurements [19]. In this case, the
perturbations related to the measurement process (supine
position in a noisy environment, see [19] for a detailed dis-
cussion) can induce formant frequencies different from the
average value, but which still corresponds to a vowel [a].

5. Conclusion

The measurements and the simulations presented in this
study showed that the propagation of the HOM vy, in-
side vocal tract approximations of the vowel [a] induces
great variations (up to 50 dB of MSPLD) of the directivity
patterns within small frequency intervals (of the order of
100 Hz) above 6.5 kHz.

A particular effect related to the mode-shape of yyg; has
been highlighted. The division of the exit surface into two
areas with opposite phase generates a directivity pattern
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composed of two lobes separated by a low amplitude di-
rection (of the order of 30 dB lower than the maximum).
The variations of amplitude and phase of yq and yp; with
the frequency induce variations of the size of the lobes and
the direction of the minimal amplitude (up to 60° within
100 Hz). Another effect of the propagation of yyp,; is the
reduction of the directivity in comparison with the baffled
circular piston directivity in some frequency intervals.

The excitation of HOM being very sensitive to small
asymmetries, the relevance of axisymmetric vocal tract ap-
proximation for the simulation of the speech directivity
above the first cut-on frequency of the vocal tract can be
questioned. Introducing asymmetries in these approxima-
tions would allow one to simulate qualitatively more real-
istic directivity patterns.

The effects of HOM can be seen even if the radiating
surface is small compared to the largest dimension of the
vocal tract. However, in this case, they tend to be localized
in particular frequency bands.

Since the vocal tract geometry is subject to inter- and
intra-speaker differences even for a single phoneme as
considered in this study, care is needed when extrapolat-
ing these conclusions to human speech. The two vocal
tract approximations studied generate very different direc-
tivity patterns above the first cut-on frequency. Therefore,
it would be interesting to study a more realistic geometry
in order to know better which one is the closest to realistic
directivity patterns.

Because the directivity patterns become different from
the baffled circular piston above the first cut-on frequency
in the eccentric configurations, one can expect that the
directivity is perceived differently above this frequency.
This assumption is reinforced by the fact that differences
related to the position are visible in the spectrogram of the
sound emitted by the replicas excited with a broadband
noise above 6.5 kHz. However, one can question how the
great variations (up to 50dB of MSPLD within 100 Hz)
of the effects of the HOM on the directivity with the fre-
quency are perceived or if they can be noticed by a listener.
Thus, it would be interesting to carry out perceptual tests
to further investigate this question. For the same reasons,
classical spectral measures such as the octave/third-octave
frequency band might mask the localized aspect of this ef-
fect. On the other hand, given the limited angular region of
some phenomena, it would be interesting to increase the
angular resolution in the future. Because of the high fre-
quency energy present in fricative and plosive sounds, this
effect is expected to have more perceptual impact. Thus, it
would be interesting to investigate its consequences with
vocal tract geometries corresponding to these phonemes.
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