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Abstract

This document describes the methods used for creating a physical model of a simple
drum and creating sound from this model. The project’s goal was to investigate the
process of creating a physical model, setting up the necessary systems of equation, and
creating a sound rendering pipeline. As this project was a way to see the big picture
and understand a broad view of computing sound, I attempted to write as much of the
application and the prototype as possible without external libraries.

1 Introduction

Take your hand, make a fist and hit a table. Now open your hand, and slap the table in
the same spot. Notice that the sound you hear is not the same. In fact, in the real world
we are constantly surrounded by sound. Due to this we are very aware of the subtitles of
what we hear as well as what sounds real or artificial. This awareness makes the addition
of good sound to applications such as electronic music, games and virtual worlds important
to the listener or user.

The process of creating sound within a computer can be done in multiple ways. Some
methods include pre-recording audio via a microphone for future playback, while others use
physically based methods which model the environment and object interactions. In some
situations using prerecorded, or sampled sound can be advantageous as physically based
methods can be computationally costly. However, the drawback of prerecorded methods is
the limited ability to modify samples usefully in a large variety of situations. This causes
the samples to become repetitive, fake and unnatural, especially in musical situations. One
solution to this is to have a very large sound bank, but then this becomes very demanding
on space resources which is also not desirable. Physically based methods on the other hand
do not need a sound bank as the variation of the sounds is a byproduct of the modeling
technique.
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Methods for physically based modeling of sound are well studied in the graphics com-
munity, including methods for objects whose eigenfunctions have analytical solutions [6],
deformable objects [1], rigid objects [3], and objects modeled as spring mass systems [4].
In addition methods for sound rendering are also well studied, and presented in [5], and
[1], and [4].

For this project I investigated physically based sound synthesis as well as the sound
rendering pipeline though creating an implementation of a physical model of a circular
membrane using a combination of the techniques presented in [6], [1] and [4], and then
investigated sound rendering by combining the techniques presented in [5] and [4].

2 Method

In this section we describe the method used for modeling the drum. For clarity, we describe
the method ”backwards”, first discussing how we create sound from a deformation, then
describing how we deform the membrane.

2.1 Sound

We consider our model for sound by starting with a formulation similar to [1]. Note that
as an object moves in a medium, such as air, it disturbs the surrounding medium creating
a pressure wave. Since the pressure wave is relatively small and shock waves do not form
we can describe our acoustic waves as

∂2p

∂t2
= c2∆2p

where t is the time, p is the difference between the current pressure and the fluid’s equi-
librium pressure, and c is the speed of sound. To actually make sound, what we need
to compute is the acoustic pressure difference of some patch of the the surface of the
membrane.

Let T be a triangulation of the surface of the membrane, and τ ∈ T be the sounding
triangle, that is, the triangle which the microphone is pointed. If we consider the velocity
of τ , v and its unit normal n̂, and neglect viscous shear forces, the acoustic pressure, p is
defined as,

p = zv· n̂ (1)

where z is the fluid’s acoustic impedance and defined as z = ρc. From [2], the acoustic
wave speed, c = 353 m/s, and the density, ρ = 1.21 kg/m3, at 20◦C and 1 atm. This gives
us z = 415 Ps·s/m.

If we consider the three vertices of τ , xi, i = 1, 2, 3, the unit normal of τ is given by

n̂ =
(x2 − x1)× (x3 − x1)
‖(x2 − x1)× (x3 − x1)‖
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and the average velocity is given by

v̄ =
1
3
(ẋ1 + ẋ2 + ẋ3)

Substituting into 1, we get

p̄ = zv̄· n̂

Which tells us how pressure fluctuates over τ .

2.2 Deformation and Striking

To create sound by the method described above, we must be able to deform the membrane.
To do this we use the method of [6] which models vibrations of objects based on eigen-
functions and eigenvalues, where the eigenfunction of the circular membrane are Bessel
functions and the zeros of the Bessel functions are the eigenvalues.

This allows us to represent the deformation of the membrane as a linear combination of
a set of time varying eigenfunctions, {ψ1, ψ2, . . . , ψm}, and a set of gains, {α1, α2, . . . , αm}
where m is the number of modes of interest. For example figure 1 shows the first four
eigenfunctions, {ψ1, ψ2, ψ3, ψ4}, and figure 2 is a linear combination of the eigenfunctions
in figure 1 with gains {.34, .22, .78, .18}.

Putting the pieces together, the general updating loop for the deformation updates the
gains at every time step, dampening by a constant factor. As the dampening is applied,
modes with a gain below a specified threshold are truncated as in [4]. We then compute
u(t) = Ψα where the columns of Ψ are the time varying eigenfunctions, α is a vector of
gains, and u(t) is the shape of the membrane at time t.

Now, as time advances and the membrane deforms and we can compute the change of
a triangle of the membrane and create a sound by the method in section 2.1.

Finally, we consider striking the membrane. As is common in the literature, we model
the impact as an instantaneous force, f . To compute the effect of the forcing function on
α, we compute α = ΦT f since Φ−1 = ΦT to get the new α values.

3 Application and Tools used

The application which implements the described system was written in C++. All the code
was written by myself excluding the interface widgets of the GLUI UI toolkit. As the goal
of this project was to get a better idea of the components of sound rendering and physical
modeling, I tried to use as little external tools as possible, except where I found it more
educational. The system was prototyped in MATLAB, and MATLAB was used for sound
playback. The Bessel Zeros were computed in Mathematica for stability reasons, and at
one point I was using a least squares fitting which was computed with LAPACK, since I
had already written least squares, but never used LAPACK.
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Figure 1: First fur eigenfunctions of a circular membrane
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Weighted sum of eigenfunctions

Figure 2: Weighted sum of the first four eigenfunctions

Figure 3(a) shows a screen shot of the application, where the green triangle is the impact
location (not visable), and the the red triangle is the mic location. Figure 3(b) shows the
controller which allows you to visualize the different eigenfunctions and how they interact.
Also, from the controller the use can set the truncation, dampening, time step, force and
face where the impact occurs.

4 Results and Acknowledgments

The system runs very fast being able to render around 1,500 fps with 961 vertices and 225
modes on a 2.4 GHz Core2 Duo, using only 1 core. Further speedups can be achieved by
not modeling the entire membrane and only the region of the membrane where the sound
pressure is being computed. As the membrane has an analytical solution, this is possible,
although this would not allow for the visualization of the deformation of the membrane.

I would like to thank Nikunj Raghuvanshi for all of his time spent discussing physically
based sound methods with me.
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Figure 3: The application and the controller

5 Final Note

This project was very useful towards applying many of the techniques which I learned in
Scientific computing and physical modeling, and very rewarding. In the end, I feel that
I may have picked a project that was out of my league due to my lack of background in
physics and differential equations, but it gave me a great opportunity to learn a substantial
amount. I appreciate allowing me to take an incomplete to finish the project, and am happy
that I was able to achieve my goal of a make a program that generates sound from a physical
simulation.
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