NUMERICAL SIMULATION OF THE VOCAL TRACT ACOUSTICS USING THE
TLM METHOD
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ABSTRACT
The TLM method, originally developed for electromagnetism applications, has been adapted to
simulate the acoustics of the vocal tract. Although the TLM method cannot overcome traditional
techniques such as FEM or FDM in terms of computational costs, it is shown that this method
can be a very useful and simple tool for acoustical investigations. Specific examples concerning
the effects of a bend in the vocal tract, of the teeth or of 3-D propagation will be presented and
discussed.

INTRODUCTION
Numerical tools are now widely used in speech acoustics research. While most popular
techniques are based on the Finite Element Method (FEM) or the Finite Difference Method [1],
[2], we present here an original method based on the Transmission Line Matrix Method (TLM).
This method, originally developed for electromagnetism purposes [3] can indeed be applied to
linear acoustical propagation thanks to the similarity between the equations of propagation of
acoustic and electromagnetic waves. After a brief description of the method itself some specific
simulation examples are presented.

THE BASICS OF THE TLM METHOD
Principle of the Method
The principle of the TLM method is to represent the propagating medium as a discrete spatial
electrical network. Each node of the network represents a parallel junction between three
transmission lines. The propagation of electromagnetic (or acoustical) waves is simulated by
propagating and scattering pulses into the network. At each time step, every node receives
incident voltage pulses and sends scattered pulses. The relationship between incident and
scattered pulses can be easily described using a scattering matrix. The scattered pulses at a
time t become incident pulses on adjacent nodes at (t+∆t), as shown in Figure 1

Fig 1: Illustration of the propagation and the scattering of pulses in a two-dimensional network.
Using the inductance, L and the capacitance, C of the transmission line, one can show that the
equation of propagation for the voltage variation over a branch, Vy is [4]:
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Which a classic linear propagation equation, similar to an acoustical one:
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where P is the acoustical pressure and c the sound velocity. Using adequate value for L and C
½
(so that c = 1/(3LC) ) there is thus a direct analogy between the acoustical pressure P and the
voltage variation Vy . In the same way, it can be show that a similar analogy can be obtained
between the intensity current through the network and the acoustical particle velocity.
Boundary conditions
Since the TLM method is a time domain simulation method, boundary conditions require a
specific treatment. Classical (frequency domain) approaches using impedance description of
the boundaries are not applicable here. In order to ensure that the scattered pulses come back
at a node in synchrony with the initial incident pulses, the boundaries must be placed at equal
distance from adjacent nodes. For the sake of simplicity, in this paper, the vocal tract will be
considered as hard walled.
At the end of the vocal tract (i.e. at the lips) a free field boundary condition is imposed. The free
field is simulated by a finite rectangular mesh. To avoid spurious effects due to the use of such
a truncature, infinite space is represented by a backward wave coming from a virtual node
outside the mesh, and computed as a linear combination of the forward and backward waves on
the last three nodes In practice, it has been found that the best description for free field
boundary conditions can be obtained using a Taylor expansion [5].

Validation of the Method
The TLM method applied to the acoustics has been systematically validated by comparing the
simulations with analytical solutions of classical problems, with measurements on in-vitro
models of the vocal tract or by comparison with FEM simulations. A detailed description about
these tests can be found in [5], [6].
VOCAL TRACT SIMULATION RESULTS
Simulation of the whole vocal tract
In the following we present simulation results obtained using three dimensional vocal tract
geometries. These geometries were obtained from MRI data. The first examples present the
simulation results obtained for the fricative /sh/. The geometry used is represented in Figure 2.
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Fig. 2 : 3-D representation of the vocal tract for the sound /sh/
Two examples of simulation results are presented in Figure 3. In the first case, the sound
source, a monopole, is placed on the centerline of the vocal tract structure. In the second case
the sound source is placed near the wall of the vocal tract.

Fig 3. Pressure distribution simulation results for the fricative /sh/ at 10 kHz. Right curve is for a
centred sound source, Left curve for a sound source near the vocal tract wall.

This example quite clearly enhances the crucial importance of the position of the sound source
within the vocal tract. The spectacular differences observed between the two simulations can be
explained in terms of higher transverse acoustical modes. It can been shown, indeed, that since
10 kHz is quite above the cut-on frequency of the first acoustical mode of this geometry a
transverse mode can therefore propagate. However, a centred source cannot excite odd modes
and, indeed, only plane waves (equal pressure contours are straight lines) are observed. On the
opposite, in the case where the sound source is placed near a wall (which is more likely for a
fricative), the first transverse mode is excited and propagates. As a result the radiated sound
field is clearly asymmetrical (directivity effect).
Simulation of portions of the vocal tract
Global simulations of the vocal tract although often illustrative can sometimes lead to results
that are difficult to interpret. This is the case when the geometry is so complex that it is not easy
to evaluate which physical parameter is responsible for which variations. For this reason we
used TLM simulations on isolated vocal tract structures in order to evaluate their acoustical
consequences.
Simulation of a bent vocal tract
The first example deals with the effects of a 90° bend in the vocal tract.
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Fig. 4: Simulation of a 90° bend of the vocal tract.

On table 1, we present an example of comparison between the resonance frequencies obtained
using the TLM simulation with those obtained by neglecting the bend and assuming an
equivalent uniform pipe of length d1+d2.

Equivalent uniform vocal tract
1376
2669
3957
4463
5040

TLM simulations of a Bend
1320
2940
4120
4610
5290

Table 1: Comparison between the resonance frequencies, in Hz, of a 90° bent vocal tract and a
uniform straight one
As can be seen from this example, the differences are less than 10 % which is small enough to
neglect the effects of the curvature of the vocal tract. This result supports the conclusion already
stated by Sondhi [7].
Simulation of the teeth

The last example deals with the even more complex configuration depicted in figure 5. Such
configuration would thus, crudely, represent the obstacle formed by the teeth.

Fig. 5: geometry of an obstacle formed by the teeth. All dimensions are in mm.
Two examples of results are presented in Figure 6.

Fig. 6: Pressure contours in the (x-y) plane simulated using TLM method. Left curve at 6kHz,
right curve at 8 kHz.
As can be seen from Figure 6, strong acoustical perturbation are observed due to the presence
of the teeth. These effects and the way to account for them, as an end correction, is curently
under investigation.
CONCLUSION
Although it certainly can't rivals traditional FEM/FDM packages in terms of flexibility or in terms
of computing costs (memory loads, computing speed), the TLM method has proven itself to be a
quite useful tool for "simple" linear acoustics problems such as those encountered in speech
research.
The main advantage of the TLM method is its simplicity both in principle and in practice (stability
and convergence are always guaranteed, for instance). Further, the method itself is quite easy
to program since only matrix manipulations are involved. The possibility to access the code
itself without being an expert is not a negligible advantage. Especially when considering how
frustrating the "black box" effect, which is so often experienced with commercial softwares, can
be.
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