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Abstract 
In computer graphics, most research focuses on creating images. 
However, there has been much recent work on the automatic 
generation of sound linked to objects in motion and the relative 
positions of receivers and sound sources. This paper proposes a 
new method for creating one type of sound called aerodynamic 
sound. Examples of aerodynamic sound include sound generated 
by swinging swords or by wind blowing. A major source of 
aerodynamic sound is vortices generated in fluids such as air. 
First, we propose a method for creating sound textures for 
aerodynamic sound by making use of computational fluid 
dynamics. Next, we propose a method using the sound textures 
for real-time rendering of aerodynamic sound according to the 
motion of objects or wind velocity. 
   
CR Categories: I.3.7 [Computer Graphics]: Three-Dimensional 
Graphics and Realism - Animation; I.6.8 [Simulation and 
Modeling]: Types of Simulation - Animation; I.3.7 [Computer 
Graphics]: Three-Dimensional Graphics and Realism; I.6.3 
[Simulation and Modeling]: Applications; H.5.5 [Information 
Interfaces and Presentation]: Sound and Music Computing – 
Methodologies and techniques, Modeling. 
   
Keywords: Sound Synthesis, Animation, Aerodynamic Sound, 
Simulation, Computational Fluid Dynamics. 

1. Introduction 
One of the ultimate goals of computer graphics and virtual reality 
(VR) is realistic simulation of virtual environments. In addition to 
the images, sound is a very important element [Cook 2002], and 
adds information not included in the images. Therefore, many 
methods have been developed for the automatic generation of 
sound by making use of techniques developed in computer 
graphics, such as texture mapping/synthesis [Takala and Hahn 
1992; Dubnov et al. 2002], beam tracing [Funkhouser et al. 1998], 
and rigid body simulations  [O’Brien et al. 2002; van den Doel et 
al. 2001]. These methods make it possible to create realistic sound 
related to objects in motion and depending on the geometric 
relationship between the receiver and the sound source. Sound 
synthesis is developing into an important research field even in 
computer graphics. 
Some of the more interesting sounds are the sounds generated by 
the motion of fluids such as wind and water. In computer graphics, 
although much research on the visualization of natural phenomena 
related to fluids such as smoke and water has been done, little 
attention has been paid to the sound of fluids. This paper focuses 
on one such sound - aerodynamic sound, with air as the fluid. In 
particular, we treat two types of aerodynamic sound, aeolian 
tones and cavity tones. The aeolian tones are usually generated 
when stick-like objects are present in a flow. Fig. 1 shows an 
example of aeolian tones generated by swinging swords. Cavity 
tones are generated by the flow around hollows (or cavities). The 
sound of a draft wind through a window is an example of cavity 
tones. The cause of aerodynamic sound is not the subtle 
oscillation of a solid object but vortices generated in the fluid (or 
air) [Fisher and Lowson 1971; Goldstein 1976]. Therefore, we 
need a new approach different than methods used for generating 
sound due to the oscillation of objects. One simple approach is to 
use recorded sound. However, the frequency and amplitude of 
aerodynamic sound depends on the shapes of the objects and the 
wind velocity. This makes it almost impossible to record 
aerodynamic sound for all cases. 
In this paper, we propose a method for automatically generating 
aerodynamic sound. The advantages of our method are: 

------------------------------------------------------ 
  †e-mail: {doba,yamamoto}@nis-ei.eng.hokudai.ac.jp 
  ‡e-mail: nis@is.s.u-tokyo.ac.jp 

  
  
  
  

0.2s 0.4s 0.6s 0.8s
Figure 1: An example of aerodynamic sound generated by swinging swords. Sound wave (below) is computed based on the motion
and shape of the swords. The motion blur is artificially added to visualize the motion of the swords.
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(1) synthesis of sound corresponding to object motion and wind 
velocity, 

(2) synthesis of sound according to the object shape, 
(3) real-time rendering of sound, 
(4) consideration of stereo and Doppler effects. 

In our method, pressure fluctuations on object surfaces are pre-
computed using computational fluid dynamics (CFD) and are 
stored as sound textures. The sound textures are used for real-time 
rendering of the aerodynamic sound corresponding to the object 
motion or wind velocity. The user can specify the motion and 
wind velocity interactively. 
In this paper, previously developed methods are discussed in 
Section 2. In Section 3, the principle and prediction of 
aerodynamic sound is explained. The basic idea of our method is 
described in Section 4. Then, in Sections 5 and 6 we propose 
methods for creating sound textures and real-time rendering of 
aerodynamic sound, respectively. Guidelines for setting the 
parameters for our method are described in Section 7, examples 
are demonstrated in Section 8, and the limitations of our method 
are discussed in Section 9. Finally, Section 10 gives our 
conclusions. 

2. Related Work 
In computer graphics, methods for generating sound based on 
physical simulation can be classified into two groups. One is the 
simulation of the propagation of sound, and the other is for the 
synthesis of sound. 
In the first group, reflection and absorption of sound due to 
surrounding objects are simulated. This makes it possible to 
compute sound taking into account the geometric relationship 
between the receiver and the sound source [Takala and Hahn 
1992; Funkhouser et al. 1998; Funkhouser et al. 1999; Tsingos et 
al. 2001; Lokki et al. 2002]. These methods, however, do not treat 
the synthesis of sound waves radiated from sound sources. 
The methods in the second group compute sound waves generated 
by sound sources. Hahn et al. proposed a method for creating 
sounds procedurally by controlling sound parameters so that the 
sound changes as a result of changes in the object motion [Hahn 
et al. 1995]. A method using a sound map for synthesizing sound 
is proposed by [van den Doel and Pai 1998]. However, the 
purpose of that method is to simulate contact sounds, so it is not 
applicable to aerodynamic sound. O’Brien et al. developed 
methods for computing sound waves by numerical analysis of the 
subtle oscillation of objects taking into account their shape and 
material [O’Brien et al. 2001; O’Brien et al. 2002]. These 
methods can automatically generate the sound of objects colliding. 
They focus on the sound generated by the oscillation of solid 
objects. However, the sound of fluids including aerodynamic 
sound is not taken into account.  
On the other hand, researchers in the field of CFD have developed 
methods for predicting aerodynamic sound [Tam 1995; Lele 
1997]. The purpose of this research was to reduce the noise due to 
high-speed transportation facilities and air-conditioners, etc. In 
this field, in order to predict the sound precisely, the motion of the 
objects and the changes in wind velocity are taken into account in 
the numerical fluid analysis. However, this analysis is very 
complex and requires a large amount of computation. Therefore, 
this it is not appropriate for real-time applications such as VR. 
The method proposed in this paper generates aerodynamic sound 
in real-time by making use of the predictive methods developed in 
the field of computational fluid dynamics. 

3. Curle’s Model for Prediction of Aerodynamic 
Sound 
The main source of aerodynamic sound is vortices in fluids. For 
example, the principle of generation of aeolian tones is as follows. 
As shown in Fig. 2, when a stick-like object is placed in a flow, 
vortices called Karman vortices are periodically generated behind 
the object. At the time the vortices are created, subtle fluctuations 
of pressure occur. These subtle fluctuations are perceived as 
sound. Therefore, the primary frequency of aerodynamic sound 
corresponds to the frequency of generation of vortices. In 1878, 
Strouhal performed an experiment with a circular cylinder and 
found the relationship, fD/v = St, where f is the frequency, v the 
speed of the flow, and D the diameter of the cylinder [Strouhal 
1878]. St is called the Strouhal number and is about 0.2 for the 
circular cylinder. 
A basic theory for aerodynamic sound was established by 
Lighthill in 1952 [Lighthill 1952]. Recent research on the 
numerical prediction of aerodynamic sound is based on this 
theory [Tam 1995; Lele 1997]. One of the most straightforward 
approaches is the numerical analysis of the subtle fluctuation of 
fluids (air in most cases) by solving the compressible Navier-
Stokes equations. However, this analysis is computationally very 
expensive since the magnitude of the fluctuations is of the order 
of 10-5 compared to the atmospheric pressure and we need a dense 
mesh and very small time step to capture such subtle fluctuations. 
To address this problem, our method makes use of a model 
developed by Curle [Curle 1953]. In this model, the sound 
pressure pα at the receiver can be computed if the behavior of air 
around the sound source is known. When the receiver is 
sufficiently distant from the sound source in comparison with the 
length of the sound wave and the size of the object is sufficiently 
small relative to the length of the sound wave, the sound pressure 
pα is expressed by the following equation. 
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where, as shown in Fig. 2, q is the position of the receiver, o the 
center position of the object (such as the center of gravity), t the 
time, c0 the sound speed, p the air pressure on the object surface, r 
the distance between points q and o, s the position on the object 
surface S, and (nx, ny, nz) the normal vector at point s. In Eq. 1, the 
term t - r/c0 indicates the time delay of the sound due to the 
distance between the source and the receiver. The vector function 
g in Eq. 2 is independent of the position of the receiver. In this 
paper, we call the function, g, a sound source function. Although 
Curle’s model gives just an approximate solution to the 
aerodynamic sound, several experiments indicate the validity of 
the model [Phillip 1956; Gerrad 1961; Roshko 1961; Morkovin 
1964]. 

sound source field

r
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Karman
vortices
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Figure 2: Generation of aeolian tones.



  

By using Curle’s model, the sound pressure at the receiver is 
obtained if we can compute the pressure fluctuations on the 
surface of the object. So first, the pressure p on the object surface 
is computed by numerical analysis of the incompressible Navier-
Stokes equations. Next, the sound source function is evaluated by 
Eq. 2. Then, the sound pressure pα is obtained from Eq. 1. 

4. Basic Idea of Our Method 
It is very difficult to apply Curle’s model in a straightforward way 
to real-time simulation of an aerodynamic sound generated by a 
swinging sword (aeolian tone) or a draft wind (cavity tone). This 
is because precise numerical analysis of a fluid taking into 
account the motion of an object or the change in wind velocity is 
required, and this requires a large amount of computation. To 
address this problem, we first compute the behavior of flow 
through a static object. Using the results of fluid analysis, the 
sound source function g is computed and stored as sound textures. 
The sound textures are used to compute the aerodynamic sound 
corresponding to the motion of the object or wind velocity. For 
aeolian tones, we assume the sounds are not occluded by the 
object itself, such as stick-like objects and spheres. For cavity 
tones, we assume the cross sectional shapes of the hollows (or 
cavities) are almost uniform. In the following, we explain our 
method for the generation of aeolian tones. The same idea can be 
applied to cavity tones. 
To apply Curle’s model, the size of the object must be sufficiently 
small relative to the length of the sound wave. Therefore, the 
object surface is divided into n regions as shown in Fig. 3. The 
aerodynamic sound is computed approximately by applying 
Curle’s model to each of the regions and by summing the 
resulting sound. This is equivalent to assuming that there are n 
independent virtual point sound sources at the centers of the 
regions (Fig. 3(a)). Let us denote the sound source function of the 
lth region as gl. The position number of each point sound source is 
denoted by l as shown in Fig. 3(a). The number of regions (or 
point sound sources) n is specified by the user. See Section 7 for 
the appropriate number of regions. 
The sound source functions gl are computed in a pre-process and 
stored as sound textures. The aerodynamic sound is different 
depending on the direction in which the object is swung in or the 
direction of the wind velocity. Therefore, we analyze the flow 
fields for various sample directions of the flow u and speed v 
using CFD (Fig. 3(a)). Then, the sound source function gl 
corresponding to each point sound source is stored. See Section 7 
about choosing the appropriate speed v and the number of 
sampling directions. 
The aerodynamic sound in response to an object in motion is 
computed in real-time by using the sound textures. First, as shown 

in Fig. 3(c), the direction cl and speed vl of the velocity vector of 
each point sound source is computed based on the motion of the 
object. Next, the values of the sound source functions 
corresponding to cl and vl are computed using the sound textures. 
Then, the sound pressure due to each point sound source is 
computed using Curle’s model (Eqs 1. and 2.). The final sound 
pressure at the receiver is obtained by summing these pressures. 
This process is repeated at short time intervals to create 
aerodynamic sound waves (see Fig. 3(d)). 
In the following, the sound texture is expressed as w(l, s, u, v). 
The definition of sound texture is shown in Fig. 4. In this paper, to 
avoid confusion, s indicates the time in the texture domain (or 
texture coordinate) and t indicates the actual time. 

5. Sound Texture of Aerodynamic Sound 
This section describes the method for computing sound textures. 
Three properties of aerodynamic sound are used to reduce the 
computational cost for the numerical fluid analysis. 

5.1 Efficient Computation using the Properties of 
Aerodynamic Sound 

To compute sound textures, numerical fluid analysis must be 
repeated for many speeds and sampling directions (see Figs. 3(a) 
and (b)). This results in a very long computation time. To reduce 
the time, we make use of the following properties of aerodynamic 
sound [Fisher and Lowson 1971; Goldstein 1976; Phillips 1956; 
Rockwell 1977]. 

1) The frequency of the sound is proportional to the flow speed 
v. 

2) The amplitude of the sound is proportional to the 6th power 
of the flow speed v. For cavity tones, the amplitude is 
proportional to the 4th power of v. 

Using these properties, we can compute the sound source function 
of an arbitrary flow speed if the sound texture at the base speed v0, 
w(l, s, u, v0), has been obtained. Moreover, for stick-like objects 
as shown in Fig. 5, the following property is utilized [Williamson 
1988; Lee and Budwig 1991]. 

sound texture: w(l,s,u,v)
a table that stores the sound source function of a region cor-
responding to point sound source l at time s. Each element
of the table stores three components of the sound source
function. 0<l<L, 0<s<T, 0<v<V, where L, T, V are the sizes
of the texture.

Figure 4: Definition of sound texture.

sound textures
((c1, v1), (c2, v1), ..., (cn, v1))

receiver position q

Curle’s model

(a) fluid simulation (pre-process) (b) sound textures (c) velocity of point sound source (d) synthesis of sound wave
Figure 3: Synthesis of aerodynamic sound by our method.
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3) In the case of a stick-like object inclined at an angle φ to the 
direction of the flow, the sound is roughly equivalent to that 
of an object perpendicular to a flow of speed vcosφ (see Fig. 
5)1. 

Therefore, for sampling directions of the flow u we need only 
consider the directions perpendicular to the axis n of stick-like 
objects (see Fig. 5). These properties can reduce both the 
computational cost and the memory requirements drastically. 
Note that the sound source functions computed by using the above 
properties are not always correct because of the turbulence of the 
flow. The characteristics of fluid dynamics depend on the 
Reynolds numbers. As the Reynolds number becomes larger, the 
flow becomes more turbulent. Our method cannot take this 
turbulence into account. However, this turbulence is perceived as 
noise that is not favorable for sound effects. As shown in Section 
8, we can obtain satisfactory results by using the above method. 

5.2 Numerical Fluid Simulation 
We use either a finite difference method or a finite element 
method for the numerical fluid simulation. The finite element 
method is more accurate than the finite difference method. 
However, satisfactory results can be obtained even by the finite 
difference method. The finite difference method we use is well 
described in [Foster and Metaxas 1997; Stam 1999]. For the finite 
element analysis, we use a commercial program, STAR CD 
developed by Computational Dynamics Ltd. The analysis method 
is Streamline-Upwind/Petrov-Galerkin method [Brooks and 
Hughes 1982]. This is one of the common methods for fluid 
analysis. For more details, please refer to technical books such as 
[Chung 2002]. The physical parameters required for the fluid 
analysis are the viscosity coefficient and the density of the 
atmosphere. When the temperature is 20 degrees centigrade and 
the atmospheric pressure is 760 [mmHg], the density and the 
viscosity are 1.025 [kg/m3] and 18.2x10-6 s][Pa ⋅ , respectively. 
The time step for the simulation should be sufficiently short to 
capture the subtle fluctuations. It depends on individual situations 
but our recommendation is 1/8000 [s] or 1/16000 [s]. 
The numerical simulation is repeated for each of m sampling 
directions of the flow, uj (j = 1,…, m). We rotate the object 
instead of changing the flow direction. At each time step in the 
simulation, the sound source function is computed using Eq. 2 and 
stored as the sound texture. The numerical simulation is computed 
for a specified number of time steps. During the early steps, 
however, the simulation is numerically unstable. Therefore, 
computation of the sound source function begins after the 
simulation has reached a stable state. 
The following subsections describe computational conditions for 
the generation of the sound textures. 

5.2.1 Choosing 2D or 3D simulation 
We choose 2D or 3D simulation depending on the shape of the 
object. When the cross sectional shape of the object is almost 
uniform such as a circular cylinder as shown in Fig. 6(a), we 
choose 2D simulation based on the cross sectional shape. This 
decreases the computation time. In this case, a sound texture with 
l = 0 is obtained, w(0, s, u, v0). This sound texture is applied to all 
the point sound sources to compute the aerodynamic sound. 
Experimentally, we heard no significant difference between 2D 
and 3D simulations for this kind of object. On the other hand, it is 

                                                                 
1 Strictly speaking, this property is true only when φ < 35 

degrees and the Reynolds number is less than around 104. 

difficult to apply 2D simulation to an object whose cross sectional 
shape is not uniform, as shown in Fig. 6(b). In this case, 3D 
simulation is used to compute the sound texture, w(l, s, u, v0). 
Note that the base speed v0 as well as the sound texture is stored. 

5.2.2 Boundary Conditions 
The boundary conditions in the fluid simulation are as follows. 
First, in 2D simulations, the cross sectional shape is computed 
(Fig. 6(a)). Then the behavior of the fluid is computed in the xy 
plane to compute the velocity v = (vx, vy, vz) and the pressure p, 
where vz is always 0 in 2D simulations. For one of the boundary 
conditions, the velocity at y = 0 is set to (0, v0, 0). A natural 
boundary condition is applied to the rest of the boundaries. That is, 
the differentials of velocity and pressure normal to the boundaries 
are 0. At points on the surfaces of the object, the velocities are 0 
and the differentials of pressure in the normal directions are 0. 
Initially, all the velocities and pressures in the region being 
analyzed are set to 0. 
For 3D simulations, the initial status and boundary conditions are 
similar to those for 2D simulations (see Fig. 6(b)). 

5.3 Memory Requirements 
This subsection discusses the memory requirement for the sound 
textures. The sound texture is a function of (l, s, u, v). Since we 
use the three properties described in Section 5.1, the speed of the 
flow v is fixed at v0 (base speed). This means the sound texture is 
represented by a three-dimensional table. However, if we use 2D 
fluid simulation, l is fixed (see Section 5.2.1). In this case, the 
sound texture is represented by a two-dimensional table. Besides, 
if the shape of the object is symmetric such as circular cylinders, 
u can also be fixed. Then, one-dimensional table is sufficient. In 
this case, the memory requirement is less than tens of kilobytes. 
For other cases, the memory requirement is proportional to the 
number of the sampling directions of the uniform flow. If we use 
3D fluid simulation, it is proportional to the number of the point 
sound sources, too.  

6. Real-time Rendering of Aerodynamic Sound 
This section describes the method for computing sound waves 
using sound textures. The basic idea is similar to the one called 
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wavetable synthesis [van den Doel et al. 2001]. That is, a 
precomputed wavetable (or sound texture in our case) is 
resampled for real-time synthesis of sound. However, this 
approach is not directly applicable to our case since we have to 
take into account the properties of the aerodynamic sound in 
resampling the table. The detail of our method is as follows. 
Let us assume the object is static at time t = 0 when the process 
starts. The value of the sound source function is zero at t = 0. 
Computation of the sound pressure is repeated at short intervals of 
time, ∆t. In the following, tk = k∆t, where k is a non-negative 
integer indicating time steps in the simulation. 
Let us consider a case where time t = tk. First, the velocity vectors 
of each point sound source are computed based on the motion of 
the object. Let us denote the direction and speed of the velocity 
vector of a point sound source l as cl(tk) and vl(tk), respectively. 
Next, the sound source functions are computed using the sound 
textures. Using the properties 1) and 2) described in Section 5.1, 
the sound source function is computed from the following 
recurrence relation. 
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where s0 = 0. As shown in Eq. 3, the texture coordinate sk at time 
tk is recursively computed from sk-1, the value stored in the sound 
texture w at texture coordinate sk is used to obtain gl(tk). When the 
sound textures are computed by 2D simulations for stick-like 
objects, the property 3) in Section 5.1 is utilized as follows. That 
is, )(' kl tc  and vl(tk)cosφl are used instead of cl(tk) and vl(tk) in Eq. 
3, where )(' kl tc  is obtained by projecting cl(tk) onto a plane 
whose normal n is in the direction of the object axis and 
normalizing to a unit vector, and φl is the angle between the 
vectors n and cl(tk) (see Fig. 5). 
As shown in Fig. 7, Eq. 3 indicates that the sound source function 
sampled at intervals of (vl(tk)/v0)∆t in the texture domain is 
mapped onto the actual time domain. This implies that the 
frequency of the sound becomes (vl(tk)/v0) times higher (or lower). 
Clearly, the amplitude becomes (vl(tk)/v0)6 times larger. The sound 
texture is used periodically since the texture size T is finite (see 
Fig. 7). The ends of the texture are blended to give a smooth 
transition of the sound source function. 
The final sound pressure at the receiver is computed by summing 
the sound pressure due to each point sound source, that is, 
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where rl is the distance from the receiver to the sound source l, 
and ol is the position of the sound source l. Before the sound 
reaches the receiver, tk - rl/c0 < 0. In this case, we assume          
gl(tk - rl/c0) = 0. The sequence of sound pressures is the resulting 
sound wave. 
We use a sound library developed by Banno [Banno 2002] to 
control the audio devices. Images are rendered by using OpenGL. 
Stereo sounds are easily created by placing two receivers at the 
positions of ears. In this case, sound pressures are computed twice, 
once for each ear. 

7. Notes on Setting Parameters 
Apart from the parameters for fluid simulation, there are three 
parameters that have to be specified by the user in our method. 
These are 1) the number of point sound sources (n), 2) the base 
speed (v0), and 3) the number of sampling directions of flow (m) 
for creating sound textures. This section gives some guidelines for 

setting these parameters. We omit the parameters for fluid 
simulation. For this, please refer to technical books in the field of 
CFD, for example, [Chung 2002]. 

7.1 Number of Point Sound Sources 
An inappropriate number of point sound sources would result in 
unnatural aerodynamic sound. The number is determined by the 
interval between point sound sources and there are appropriate 
intervals. We can assume that pressure fluctuations in a range       
[-∆h/2, +∆h/2] around a point sound source are roughly the same 
since a fluid is a continuous medium. The length ∆h is called a 
correlation length [Fisher and Lowson 1971; Goldstein 1976]. We 
use the correlation length for the interval between point sound 
sources. The correlation length depends on the Reynolds number. 
In our application, such as aerodynamic sound generated by 
swinging swords or wind blowing, the Reynolds number ranges 
approximately from 104 to 105. In this case, the correlation length 
is around 3D, where D is a dimension of the object [Phillips 1956; 
Gerrrad 1961; Fisher and Lowson 1971; Goldstein 1976]. For 
example, in the case of a swinging circular cylinder, we can use 
the diameter of its cross-section as D. For reference, Reynolds 
number Re is computed from the following equation. 

η/Re DU= , (5) 
where U is the average speed of the flow and η is the dynamic 
viscosity. In the case of air, η is roughly 1.5x10-5 [m2/s]. 

7.2 Base Speed 
If the base speed v0 is too large, the Reynolds number becomes 
large and the flow becomes turbulent. This produces unpleasant 
noises in the resulting sound. We recommend choosing the base 
speed so that Reynolds number is from 103 to 104. In our 
experiment, when using such a base speed, the noise due to 
turbulence is not perceived. Actually, we used v0 = 10 [m/s] for 
all the examples shown in Section 8. 

7.3 Number of Sampling Directions 
A single sampling direction (m = 1) is sufficient when the shape 
of the object is isotropic such as for a circular cylinder or sphere. 
However, in the case of objects like swords, multiple directions 
have to be sampled at sufficiently small intervals. If the number 
of sampling directions is too few, the aerodynamic sound is 
perceived as a chord of sounds corresponding to neighboring 
sampling directions. In our current implementation, we choose 5 
degrees as the sampling interval. A possible approach for 
automatic computation of the number is that m is incremented 
until the sound source functions for neighboring sampling 
directions become almost the same. 
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Figure 7: Mapping of sound textures.



  

8.  Results 
First, simulated aerodynamic sound is compared with the real 
(recorded) sound. Then, several examples are demonstrated. 

8.1 Experimental Results 
To verify the validity of our method, we recorded the 
aerodynamic sound from swinging a circular cylinder and a 
square prism. The diameter of the circle and the side length of the 
square were 1 cm. The lengths of the cylinder and prism were 50 
cm. While we recorded the sound, the motion of the objects was 
measured by a 3D motion tracker.  We compared the real sound 
with the sound simulated using the measured motion. In the 
simulation, the sound textures were generated by 2D fluid 
simulations. We used the finite element method. The 
precomputation time was 45 minutes for the circular cylinder. For 
the square prism, the number of sampling directions was 40 in 
total. However, we only needed to consider one eighth of them 
(i.e. 8 directions) due to the symmetrical shape of the prism and it 
took 4 hours. We used a SGI Origin 2000 with 32 processors (4 
processors are used for our simulation). The sizes of the sound 
textures are 40 KB (circular cylinder) and 200 KB (square prism) 
approximately. The number of sound sources was 16 since the 
correlation length in this case was 3.0D = 3 cm. 
Fig. 8 shows spectra of the sounds. Fig. 8(a) corresponds to the 
circular cylinder and Fig. 8(b) to the square prism. The red lines 
correspond to the recorded sounds and the blue lines to simulated 
sounds. As shown in Fig. 8, the amplitude of the high frequency 
components of the real sound is larger than that of the simulated 
sound. The reason for this is that our method is unable to take 
turbulence into account when the Reynolds number is large. 
However, the spectral distributions around the peak frequencies 
(462 Hz in the circular cylinder and 344 Hz in the square prism) 
are almost the same. This implies that our method captures the 
distinctive features of the aerodynamic sound. 

8.2 Examples of Aerodynamic Sound 
Fig. 9 shows an example of the aerodynamic sound generated by 
swinging a sword. The sound textures are generated by 2D fluid 
simulations. Fig. 9(a) shows the cross sectional shape of the 
sword. The length of the sword is 70 cm. The number of point 
sound sources is 10. The motion of the sword is specified by 
using a 3D motion tracker. The user swings the tracker instead of 
the sword to input the motion into our system. Fig. 9(b) shows the 
motion of the sword. Fig. 9(c) shows the speed of the end of the 
sword and the corresponding sound wave. The amplitudes of the 
sound waves are normalized so that the maxima are 1.0. Fig. 9(d) 
shows the spectrum of the sound. As shown in Fig. 9(c), the sound 
changes according to the motion of the sword. 
In Fig. 10, we use a club instead of the sword. The shape of the 
club is shown in Fig. 10(a). In this case, 3D fluid simulations are 
used to create the sound textures. The number of point sound 
sources is 10. In contrast to Fig. 9, low frequency components are 
dominant. This indicates that the aerodynamic sound is different 
depending on the shapes of the object. 
Next, Fig. 11 shows a simulation of the aerodynamic sound 
generated by rotating a sphere tied with a wire. Fig. 11(b) shows 
the sound waves when the sphere is rotated four times. The sphere 
is rotated at a constant speed. The sound textures are generated by 
3D fluid simulation. The aerodynamic sound generated by the 
wire is not taken into account. Doppler effects due to the motion 
of the sphere are simulated. This makes the frequency higher 
when the sphere approaches the receiver and vice versa. 
Fig. 12 shows the aerodynamic sound generated by throwing a 
circular cylinder at the receiver. The cylinder rotates as it 
approaches. Doppler effects are taken into account. 
Next, the proposed method is applied to character animations. In 
Fig. 1, a warrior moves with his swords swinging. In this example, 
we artificially add echoes due to the surrounding walls by 
filtering the obtained sound waves. We can create compelling 
animations by adding aerodynamic sound corresponding to the 
motion of the warrior. Fig. 13 shows another example where a 
bear swings a huge club. In these examples, we generate 
aerodynamic sound by scaling the speed. In this way, it is possible 
to emphasize aerodynamic sound using our method. 
Finally, Figs. 14 and 15 show examples of aerodynamic sound 
generated by wind blowing. Fig. 14 shows an example of sound 
due to a cold wintry wind through a fence. The fence is modeled 
by circular cylinders. Fig. 15 shows an example of cavity tones 
generated by a draft through a gap between windows. In these 
examples, snow is rendered in order to visualize the wind velocity 
and has no effects on the sound. The user specifies the velocity of 
the wind interactively at each time step. Then small random 
numbers are added to the wind velocity. The aerodynamic sound 
is generated by using the wind velocity as the velocity of each 
point sound source. Reasonable sounds are generated 
corresponding to the wind velocity. 
In the examples shown in this subsection, the shapes of objects 
were created by using our interactive modeling tool. The images 
were rendered in real-time, 60 frames per second. The 
corresponding sounds were generated simultaneously. The 
computation times for the sound textures took about one hour (2D 
simulations) and 10 hours (3D simulations). We used the finite 
difference method. The sizes of the sound textures ranged from 40 
KB to 5 MB. We used a desktop PC with a Pentium III (1.3 GHz) 
processor. Please refer to the conference DVD (or our website) 
for movies corresponding to the examples shown in this section. 
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Figure 8: Comparison of real sound with simulated sound.



  

9. Discussion 
Users of our method should pay attention to the following three 
points. 
First, as mentioned previously, our method cannot take into 
account randomness due to turbulence of the flow. That is, our 
method cannot reproduce high frequency components due to 
turbulence. However, our method does reproduce frequency 
components around the peak frequency. So, it captures the 
distinctive shape-dependant features and is useful for sound 
effects. The high frequency components may be added by using 
noise models that are often used for sound synthesis of wind 
instruments [Cook 2002]. If high frequency components must be 
reproduced exactly, the properties described in Section 5.1 should 
not be used. Instead, a number of sound textures corresponding to 
various velocities should be generated. Moreover, 3D fluid 
simulation is also recommended since there is turbulence that 2D 
simulation cannot capture. These enhancements would improve 
the results. However, they will increase the computation time 
significantly.  
Secondly, vortices generated by the end of the stick-like object 
have an effect on the aerodynamic sound. This effect is not taken 
into account when 2D fluid simulations are used to generate 
sound textures. 3D fluid simulations are required to take into 
account this effect even if the object shapes are stick-like. 
Thirdly, the sound is occluded by the object itself if the object 
occludes itself, such as with hammers. Curle’s model cannot take 
this into account. Although we can compute reasonable 
aerodynamic sound even in this case, the result would not be 
completely correct. 
As described in the above discussion, our method is an 
approximate solution to the actual physical phenomena. However, 
our method is sufficient for sound effects as demonstrated by the 
examples shown in Section 8. 
Finally, let us discuss human interventions involved in our 
method. The sound textures are automatically computed after 
specifying shape of object, positions of the point sound sources, 
the sampling directions of the uniform flow, and parameters for 
the fluid simulation. Once the sound textures have been generated, 
the user specifies the motion of the object interactively by using 
input devices such as a mouse and a motion tracker. The 
aerodynamic sound is automatically generated according to the 
specified motion. 

10. Conclusion 
In this paper, we have proposed a new method for generating 
aerodynamic sound in real-time. 
In the method, sound textures for aerodynamic sound are created. 
The sound textures store the sound source function, that is, the 
pressure fluctuations at the surface of the object. They are 
computed by making use of computational fluid dynamics, taking 
into account the shape of object. We utilized the properties of 
aerodynamic sound to drastically reduce the computation time 
and memory requirements for the sound textures. 
Furthermore, we have realized real-time rendering of sound using 
sound textures. The sound source function is evaluated according 
to the object motion or wind velocity. 
In conclusion, our method adds a new element, aerodynamic 
sound, to improve the realistic simulation of virtual environments. 
One of the most interesting tasks for the future is to develop a 
method for synthesizing the sound in other fluids such as water.  
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Figure 9: Aerodynamic sound by swinging a sword.
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Figure 10: Aerodynamic sound by swinging a club.
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Figure 12: Aerodynamic sound by circular cylinder approaching
the receiver. The radius and length of the cylinder are 1 cm and 50
cm, respectively. In Fig. (a), the speed is measured at an end point
of the cylinder.
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Figure 11: Aerodynamic sound by rotating sphere. The radius of
the sphere is 5 cm.
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Figure 13: Example of character animation. A bear swings a huge club.
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Figure 14: Aerodynamic sound by a cold
wintry wind.
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Figure 15: Aerodynamic sound by a draft. The left image shows the entire room and
the right image shows the gap between the windows.
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