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ABSTRACT several 2-D meshes to approximately simulate the modes of a

A novel method for simulation of acoustic spaces, such af°0m- In Section 3, a case study is presented. The benefits of
concert halls or listening rooms, using several 2-D digitat'Sing 2-D meshes for visualization are investigated iniBect

waveguide mesh simulations is discussed. The advantagés

of this approach include reduced computational load, reduc

memory usage, and simplified model structure in comparison 2. MODELING ROOM ACOUSTICSWITH THE
to a 3-D waveguide mesh simulation. In approximating the DIGITAL WAVEGUIDE MESH

modal frequencies of rooms, all the most important lowest

modes get modeled, but some higher modes are missing. TRel- Digital waveguide mesh algorithm

proposed method is useful for finding low-frequency modesy,g gjgital waveguide mesh is a multi-dimensional extemsio
and for detecting changes in modal distribution when a soungs 1_p igital waveguides, which are widely used in musical
soulrc;a] IS molj]/ed,.for example. As an acpusf'c_V'Sqal'iat'g%strument modeling [7]. The mesh is constructed of scatter
tool, the method is superior over a 3-D simulation in that Iting junctions at regular grid locations. The signal values a

can isolate a certain layer of the acoustic wave field and-it alhassed between neighboring junctions by bi-directionél un
tomatically hides waves that propagate in other directiorts delays. Of multiple possible mesh topologies, we are using

thus confuse the visualization. the rectilinear grid, as it is relatively easy to handle anitss
well with the rectangular shapes often encountered in rooms
1. INTRODUCTION Numerical dispersion errors have been minimized by use of
interpolated mesh structure and frequency warping [8].

Modeling of room acoustics is commonly based on geomet-  sjgnal valuep at a certain junction at time stepis calcu-
rical methods, such as the ray tracing or the image-sourqgted as

method [1, 2]. These methods are computationally very in-

tensive and their modeling error becomes large at low fre- pe(n) = 23 Yilupi(n — 1) — pe(n — 2), (1)
guencies when the wavelength is large compared to the room > Vil
dimensions. whereY andh are the admittance and interpolation coeffi-

At the low frequencies, the modal frequencies and theigjents of an interconnectiop, represents the signal value at
spatial distribution are the most interesting featuresoofm 5 junction, subscript ¢ denotes the junction to be calcdlate
acoustics. For shoebox rooms these can be solved analyfjng index runs through all its axial and diagonal neigbor-
cally, but for more complicated geometries numerical met_hmg junctions. In homogenous media the admittariGesf all
ods are needed [3]. One method for the accurate modelingnnections are equal, so the denominator in (1) reduces to
of the low frequency modal behavior is the digital waveguide, constant [5]. At the boundaries, reflection coefficients ar
mesh [4, 5, 6]. A reason for this method not being popular insimy|ated using the admittance coefficients and the mesh is
room acoustics modeling is its large computational loatlén t {rncated with an absorbing boundary condition [9].

3-D cases. The computation is significantly less demanding Because of the rectilinear mesh structure, the simulation
in 2-D as discussed in Section 2. Thus we propose the use f |imited to frequencies below one quarter of the sampling
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whereN represents the dimensionality of the meslis the 200 T T ‘ ‘ ‘ wxy ]
wave propagation speed anlr is the spatial interval be- N N e o
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ample simulation of a lecture hall db x 7 x 2.5 m3 with 2

Az = 0.02m Corresponding t(fs ~ 29 kHz would require % LB B B R I R AR LA T T T T T
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) ) Fig. 1. The impulse responses of each of the four 2-D meshes
whereLy, Ly, andL, are the dimensions of the space anngWhen simulating the response in receiving point A.

its main axis andy, ny, andn, are the index numbers of the
modes [3].

For the axial 1-D standing waves occurring between twa, ;

- . It

parallel walls, two out of the three-indices in (3) are set to

As the lowest, most important modes get modeled already
h the three basic meshes, we decided to use only one addi-
e tional mesh. One dimension of it was combined from the two
zero. For the 2-D modes, one of theindices equals zero, | ! . .

argest room dimensions by the rule in (4), and the second

and for the 3-D modes all the indices have non-zero values.mesh dimension was set to equal the smallest room dimen-
As a substitution of the full 3-D model, three 2-D meshes q

. _“sion. A more detailed discussion of the model is found in
are set to the sizes of the walls of the room. The reflectio ]
. . . ection 3.
coefficients at the mesh boundaries are set to approximate t

L . 69 i
characteristics of the respective wall. The source andvece .. This kind of model wouldrequire onF}LO x1072-Djunc .

. . : .~~~ tions for modeling the same space with the same sampling
locations are projected on the meshes, the simulation is r

for a set number of time steps and finally the received rer Cauency as in the previous 3-D example. This would im-

6 ; : .
sponses are added together. As there are three dimensicprlg 2.'0 x 10 ”gemo.“.’ locations, updGatmg .Of.Wh!Ch would
) o require9.8 x 10° additions and.9 x 10° multiplications per
in a room but the model comprising of three 2-D meshes h
- . : . Ime step. Compared to the full 3-D model, the memory con-
six dimensions altogether, each room dimension gets mod- L o :
. . . sumption is thus diminished by7% and the computational
eled twice. Thus all the 1-D modes are included twice, the . o L
. .cost by99%, assuming that additions and multiplications are
2-D modes get simulated once and the 3-D modes are not N Lallv expensive
cluded in the results. qually exp '
If a more accurate model is wanted, more wave propa-
gation paths can be simulated using additional meshes. One 3. APPROXIMATION OF THE MODAL
way to construct such a mesh is to set one of its edges to be FREQUENCIES
of length Ly and setting the other edge length to be a combi-
nation of the two other lengths, and L, as As a case study we investigated the acoustic modeling of lec-
ture hall T3 at Helsinki University of Technology. The model
B 1 1 4 ing results were compared with measured responses. The hall
Lyz=1 72 + 2 4) was empty of furniture during the measurements. The floor
y z : : . .
dimensions aré2 m x 7.3 m and the roof dimensions are
This can be seen also as constricting two of the indices in (3)1.3 m x 6.6 m, because the left side wall and the back wall
to have equal values, = n,. The same equation is used for are sloping. The height of the room2s3 meters but a soft
projecting the source and receiver locations on the new meshbsorbent plate is hung @40 m below the ceiling, covering
To cover more index combinations, more 2-D meshes ofhe full area from the back wall 8.0 m from the front wall.
different sizes could be used. However, a great number of The sound source was placéd m away from the left

modes would then be modeled two or more times. side wall and from the front wall at the height b2 m. The
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Frequency / Hz Fig. 3. Instantaneous absolute sound pressure distribution at
three time steps on Hl.6 x 6.9 m? plane excited with &.1
Fig. 2. The simulated responses of the lecture hall at receivin§ burst of a3.2 Hz sine signal at the upper right hand corner.

points A (a) and B (b), and the measured responses at poinidthe upper series the absorbing boundary with reflectien co
A (c) and B (d). efficient valuer = 0.70 is on the vertical boundary marked

with dashed line, in the lower series it is on the horizontal

impulse response was recorded at two locations, pointi@ at boundary. At all other boundaries= 0.98.
m and point B a6.0 m away from the front wall. Both points
were2.0 m from the left side wall at the height af7 m. in heights and Q-values of the modal peaks are significant be-

The hall was roughly simulated using rectangular meshegause of the roughness of the model. Some modes are missing
with junction spacingAz = 0.10 m corresponding t¢f, ~  because they are related to 3-D wave propagation that is not
4.8 kHz. The mesh dimensions are listed in Table 1. Thanodeled with the 2-D layers chosen for this simulation. Also
reflection coefficient of the ceiling was set@®0, and that the reflection coefficient values and room dimensions were
of all the other surfaces was set@®7. The difference of only roughly estimated. Still the differences seen between
distance attenuation df/r in 2-D compared to that of />  the modeling results in the two receiving points are similar
in 3-D had to be taken into account by setting the reflectiorwith the differences in measurement results. See, for exam-
coefficients to slightly lower values than those of the stefa ple, the level of the lowest mode that decreakedB in the
materials in the hall. The impulse response efadB/octave  simulation results antlé dB in the measurement results when
lowpass filter was used as excitation signal. The simulatiomoving from the receiving point A to B.
was run for2'4 time steps, which corresponds to abBuis.

Flgure 1 shov_vs_ the responses of each 2-D mesh separr_sltely 4 2-DDIGITAL WAVEGUIDE MESH AS A
for the first receiving point. The responses simulated using

L ; g VISUALIZATION TOOL

four 2-D meshes at two receiving points are shown in Fig. 2
along with the measured responses. Bhdowest theoreti-

. As signal values passing through a digital waveguide mesh

i all f lots. It b that the low f eBresent actual sound pressure values, wave propagation can
In all frequency piots. It can be seen that tn€ low ITequUency,q ,4yeq by visualizing the values at each junction point

Imtqdels o;the smulgted (rjes]E)onse m_atch |‘_'|V€” with :Ee AN e visualization task is demanding if the full state of a&thr
ytical and measured mode Irequencies. HOwever, e emfimensional mesh is drawn, as already after few reflections

the wavefront has typically split into multiple waves mayin
Table 1. Dimensions of the 2-D meshes in the room moddn many directions. One possible solution is to choose only
approximation. 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
Mesh XXy yxz XX2Z Z X Xy nowhere and to vanish unexpectedly, which makes following
Dimensions| 116 x 69 | 69 x 25 | 116 x 25 | 25 x 60 of the visualization quite difficult [5].

If we choose to model the space again with 2-D meshes
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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 &.1 s burst 0f140 Hz sine signal.
Absolute sound pressure distribution is plotted at timéainis
0.2 s. In the left image the source is located &8,1.0) 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 isr = 0.98.

as proposed in Section 2, only the wavefronts moving at the
level of the chosen layer are to be seen [11]. By investigatin
multiple such layers independently of each other, the Wsua
izations become much more usable compared to the use of
3-D models. Some reflections will not appear in the visual-
izations, but the most important wavefronts, standing wave

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-fr
qguency burst 06.1 s was used as input signal. In Fig. 3 itis
shown how the location of absorbing wall material affects th
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 coexgbar

to the absorption on the horizontal boundary.
Figure 4 illustrates how moving of the sound soubdem

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 diffetén
the two shown cases.

5. CONCLUSIONS

The idea of simulating the sound field in a room using two-
dimensional digital waveguide meshes was introduced. When
one three-dimensional simulation is replaced with at leaditOl
three 2-D meshes, the computational load and memory con-
sumption are diminished dramatically. A semi-rectangular
hall was studied, where the new method was shown to pro-
duce modes at correct frequencies. As aresult of roughhessq 1
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 othedha

the 2-D method outperforms the 3-D construction when used
for visualization: besides being much faster, modelingo t
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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