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ABSTRACT
A novel method for simulation of acoustic spaces, such as
concert halls or listening rooms, using several 2-D digital
waveguide mesh simulations is discussed. The advantages
of this approach include reduced computational load, reduced
memory usage, and simplified model structure in comparison
to a 3-D waveguide mesh simulation. In approximating the
modal frequencies of rooms, all the most important lowest
modes get modeled, but some higher modes are missing. The
proposed method is useful for finding low-frequency modes
and for detecting changes in modal distribution when a sound
source is moved, for example. As an acoustic visualization
tool, the method is superior over a 3-D simulation in that it
can isolate a certain layer of the acoustic wave field and it automatically hides waves that propagate in other directions and
thus confuse the visualization.
1. INTRODUCTION
Modeling of room acoustics is commonly based on geometrical methods, such as the ray tracing or the image-source
method [1, 2]. These methods are computationally very intensive and their modeling error becomes large at low frequencies when the wavelength is large compared to the room
dimensions.
At the low frequencies, the modal frequencies and their
spatial distribution are the most interesting features of room
acoustics. For shoebox rooms these can be solved analytically, but for more complicated geometries numerical methods are needed [3]. One method for the accurate modeling
of the low frequency modal behavior is the digital waveguide
mesh [4, 5, 6]. A reason for this method not being popular in
room acoustics modeling is its large computational load in the
3-D cases. The computation is significantly less demanding
in 2-D as discussed in Section 2. Thus we propose the use of
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several 2-D meshes to approximately simulate the modes of a
room. In Section 3, a case study is presented. The benefits of
using 2-D meshes for visualization are investigated in Section
4.
2. MODELING ROOM ACOUSTICS WITH THE
DIGITAL WAVEGUIDE MESH
2.1. Digital waveguide mesh algorithm
The digital waveguide mesh is a multi-dimensional extension
of 1-D digital waveguides, which are widely used in musical
instrument modeling [7]. The mesh is constructed of scattering junctions at regular grid locations. The signal values are
passed between neighboring junctions by bi-directional unit
delays. Of multiple possible mesh topologies, we are using
the rectilinear grid, as it is relatively easy to handle and suits
well with the rectangular shapes often encountered in rooms.
Numerical dispersion errors have been minimized by use of
interpolated mesh structure and frequency warping [8].
Signal value p at a certain junction at time step n is calculated as
P
2 l Yl hl pl (n − 1)
P
pc (n) =
− pc (n − 2),
(1)
l Yl hl

where Y and h are the admittance and interpolation coefficients of an interconnection, p represents the signal value at
a junction, subscript c denotes the junction to be calculated
and index l runs through all its axial and diagonal neigboring junctions. In homogenous media the admittances Yl of all
connections are equal, so the denominator in (1) reduces to
a constant [5]. At the boundaries, reflection coefficients are
simulated using the admittance coefficients and the mesh is
truncated with an absorbing boundary condition [9].
Because of the rectilinear mesh structure, the simulation
is limited to frequencies below one quarter of the sampling
frequency
√
c N
,
(2)
fs =
∆x

where N represents the dimensionality of the mesh, c is the
wave propagation speed and ∆x is the spatial interval between two neighboring junctions in the mesh [10].
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2.2. Reduction from a 3-D mesh to multiple 2-D meshes

where Lx , Ly , and Lz are the dimensions of the space along
its main axis and nx , ny , and nz are the index numbers of the
modes [3].
For the axial 1-D standing waves occurring between two
parallel walls, two out of the three n-indices in (3) are set to
zero. For the 2-D modes, one of the n-indices equals zero,
and for the 3-D modes all the indices have non-zero values.
As a substitution of the full 3-D model, three 2-D meshes
are set to the sizes of the walls of the room. The reflection
coefficients at the mesh boundaries are set to approximate the
characteristics of the respective wall. The source and receiver
locations are projected on the meshes, the simulation is run
for a set number of time steps and finally the received responses are added together. As there are three dimensions
in a room but the model comprising of three 2-D meshes has
six dimensions altogether, each room dimension gets modeled twice. Thus all the 1-D modes are included twice, the
2-D modes get simulated once and the 3-D modes are not included in the results.
If a more accurate model is wanted, more wave propagation paths can be simulated using additional meshes. One
way to construct such a mesh is to set one of its edges to be
of length Lx and setting the other edge length to be a combination of the two other lengths Ly and Lz as
,s
1
1
+ 2 .
(4)
Lyz = 1
L2y
Lz
This can be seen also as constricting two of the indices in (3)
to have equal values ny = nz . The same equation is used for
projecting the source and receiver locations on the new mesh.
To cover more index combinations, more 2-D meshes of
different sizes could be used. However, a great number of
modes would then be modeled two or more times.
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A three-dimensional digital waveguide mesh is computationally heavy and its memory consumption is large. For example simulation of a lecture hall of 15 × 7 × 2.5 m3 with
∆x = 0.02 m corresponding to fs ≈ 29 kHz would require
33 × 106 3-D junctions excluding the boundaries. This would
take 920 × 106 additions and 130 × 106 multiplications per
time step and a total of 66 × 106 memory locations. Thus
we decided to approximate the room shape with multiple 2-D
meshes. The room shape has to be close to rectangular for
this approximation to be valid. In a rectangular space, standing waves occur at frequencies
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Fig. 1. The impulse responses of each of the four 2-D meshes
when simulating the response in receiving point A.
As the lowest, most important modes get modeled already
with the three basic meshes, we decided to use only one additional mesh. One dimension of it was combined from the two
largest room dimensions by the rule in (4), and the second
mesh dimension was set to equal the smallest room dimension. A more detailed discussion of the model is found in
Section 3.
This kind of model would require only 1.0×106 2-D junctions for modeling the same space with the same sampling
frequency as in the previous 3-D example. This would imply 2.0 × 106 memory locations, updating of which would
require 9.8 × 106 additions and 5.9 × 106 multiplications per
time step. Compared to the full 3-D model, the memory consumption is thus diminished by 97% and the computational
cost by 99%, assuming that additions and multiplications are
equally expensive.
3. APPROXIMATION OF THE MODAL
FREQUENCIES
As a case study we investigated the acoustic modeling of lecture hall T3 at Helsinki University of Technology. The modeling results were compared with measured responses. The hall
was empty of furniture during the measurements. The floor
dimensions are 12 m × 7.3 m and the roof dimensions are
11.3 m × 6.6 m, because the left side wall and the back wall
are sloping. The height of the room is 2.8 meters but a soft
absorbent plate is hung at 0.40 m below the ceiling, covering
the full area from the back wall to 3.0 m from the front wall.
The sound source was placed 2.7 m away from the left
side wall and from the front wall at the height of 1.2 m. The
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Fig. 2. The simulated responses of the lecture hall at receiving
points A (a) and B (b), and the measured responses at points
A (c) and B (d).
impulse response was recorded at two locations, point A at 10
m and point B at 5.0 m away from the front wall. Both points
were 2.0 m from the left side wall at the height of 1.7 m.
The hall was roughly simulated using rectangular meshes
with junction spacing ∆x = 0.10 m corresponding to fs ≈
4.8 kHz. The mesh dimensions are listed in Table 1. The
reflection coefficient of the ceiling was set to 0.90, and that
of all the other surfaces was set to 0.97. The difference of
distance attenuation of 1/r in 2-D compared to that of 1/r2
in 3-D had to be taken into account by setting the reflection
coefficients to slightly lower values than those of the surface
materials in the hall. The impulse response of a −3 dB/octave
lowpass filter was used as excitation signal. The simulation
was run for 214 time steps, which corresponds to about 3.5 s.
Figure 1 shows the responses of each 2-D mesh separately
for the first receiving point. The responses simulated using
four 2-D meshes at two receiving points are shown in Fig. 2
along with the measured responses. The 30 lowest theoretical modal frequencies are marked with dashed vertical lines
in all frequency plots. It can be seen that the low frequency
modes of the simulated response match well with the analytical and measured mode frequencies. However, the error
Table 1. Dimensions of the 2-D meshes in the room mode
approximation.
Mesh
Dimensions

x×y
116 × 69

y×z
69 × 25

x×z
116 × 25

z × xy
25 × 60

Fig. 3. Instantaneous absolute sound pressure distribution at
three time steps on a 11.6 × 6.9 m2 plane excited with a 0.1
s burst of a 43.2 Hz sine signal at the upper right hand corner.
In the upper series the absorbing boundary with reflection coefficient value r = 0.70 is on the vertical boundary marked
with dashed line, in the lower series it is on the horizontal
boundary. At all other boundaries r = 0.98.
in heights and Q-values of the modal peaks are significant because of the roughness of the model. Some modes are missing
because they are related to 3-D wave propagation that is not
modeled with the 2-D layers chosen for this simulation. Also
the reflection coefficient values and room dimensions were
only roughly estimated. Still the differences seen between
the modeling results in the two receiving points are similar
with the differences in measurement results. See, for example, the level of the lowest mode that decreases 12 dB in the
simulation results and 16 dB in the measurement results when
moving from the receiving point A to B.
4. 2-D DIGITAL WAVEGUIDE MESH AS A
VISUALIZATION TOOL
As signal values passing through a digital waveguide mesh
present actual sound pressure values, wave propagation can
be followed by visualizing the values at each junction point.
The visualization task is demanding if the full state of a three
dimensional mesh is drawn, as already after few reflections
the wavefront has typically split into multiple waves moving
in many directions. One possible solution is to choose only
one layer of junctions of the 3-D model to be visualized. This
way the picture becomes more understandable, but still the
waves passing through the chosen layer seem to come from
nowhere and to vanish unexpectedly, which makes following
of the visualization quite difficult [5].
If we choose to model the space again with 2-D meshes
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the 2-D method outperforms the 3-D construction when used
for visualization: besides being much faster, modeling in two
dimensions leaves out waves traveling through the selected
layer and makes it easier to follow the sound propagation on
the plane of interest.
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Fig. 4. Sound pressure distribution in a room depends much
of the location of the sound source marked with a black dot.
A plane is excited with a 0.1 s burst of 140 Hz sine signal.
Absolute sound pressure distribution is plotted at time instant
0.2 s. In the left image the source is located at (1.3, 1.0) m
from the upper left hand corner of the room, in the right image
it is located at (1.8, 1.0) m. The reflection coefficient of the
walls is r = 0.98.
as proposed in Section 2, only the wavefronts moving at the
level of the chosen layer are to be seen [11]. By investigating
multiple such layers independently of each other, the visualizations become much more usable compared to the use of
3-D models. Some reflections will not appear in the visualizations, but the most important wavefronts, standing waves
and flutter echoes are seen more clearly now.
For example, the waves propagating on different layers
can be seen in Figs. 3 and 4. The absolute sound pressure
distribution is plotted. A single Hanning-windowed sine frequency burst of 0.1 s was used as input signal. In Fig. 3 it is
shown how the location of absorbing wall material affects the
amplitude of the standing wave. As the input signal has the
frequency of a standing wave born vertically in the figures,
absoption on the vertical boundary is less effective compared
to the absorption on the horizontal boundary.
Figure 4 illustrates how moving of the sound source 0.5 m
away from the sloping wall affects the form of the sound field.
For example the amplitude of the standing wave close to the
vertical wall on the left hand side is significantly different in
the two shown cases.
5. CONCLUSIONS
The idea of simulating the sound field in a room using twodimensional digital waveguide meshes was introduced. When
one three-dimensional simulation is replaced with at least
three 2-D meshes, the computational load and memory consumption are diminished dramatically. A semi-rectangular
hall was studied, where the new method was shown to produce modes at correct frequencies. As a result of roughness of
the model, error is caused in amplitudes and Q-values of the
modal peaks. Some modes not occurring at the selected 2-D
planes are left out of the simulation results. On the other hand,
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