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Summary

The complexity of a room model affects to the computational resources required to model its acoustics by means
of geometrical acoustics modeling methods. Thus, a method for reducing the geometry of the room models is
presented for static room geometries. The topology of the model is simplified in a process where the model is first
decomposed into a volumetric structure. The surface is reconstructed by utilizing this structure, and subsequently
simplified by merging coplanar regions. The results of the method are verified by extracting room acoustical
attributes from the original and reduced models with the ODEON room acoustics prediction software. It is shown

that the most important acoustic properties have been preserved, even with relatively high reduction rates.

PACS no. 43.55.Ka, 43.58.Ta

1. Introduction

Being able to predict the acoustic properties of concert
halls, auditoriums, and other large buildings early in the
design process, can save expenses and effort since late
changes are often costly. Computers equipped with room
acoustics prediction software can perform that task effi-
ciently, provided that a three-dimensional (3-D) model of
the space is given as input. Thus, it is important to obtain
such models easily. However, the models created for vi-
sualization by architects are usually too complex and con-
tain acoustically irrelevant details. In addition, they sel-
dom are watertight as the preference often is for room
acoustics prediction programs. Hence, either the predic-
tion software cannot handle the amount of data or the com-
putation would take too long to be repeated frequently dur-
ing the early stages of the design process. Consequently,
the models for acoustics modeling are often constructed
manually by an acoustic consultant. Although the acoustic
quality of the model is thus guaranteed, the construction
is time consuming and strenuous work. It would be more
convenient if the acousticians could apply the same 3-D
models as the other designers.

In this paper we offer one possible solution to this
problem by presenting an automatic geometry reduction
method that can convert a complex 3-D room model to
a simple model while retaining the acoustically important
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information. The goal of this method is to produce high
quality reduced models from large models, consisting of
dozens of thousands of polygons.

1.1. Room acoustics modeling

Different approaches to model room acoustics have been
developed [1, 2]. Some of these methods benefit from the
reduction more than the others. One approach is deriving
the solution from the wave equation which is the physi-
cal basis for modeling sound propagation. Finite element
method (FEM) and boundary element method (BEM) try
to solve it numerically. They are computationally demand-
ing methods and are at their best when modeling low fre-
quency behavior of sound. They might not benefit much
from the reduction since the model is already implicitly
reduced in the discretization of space used in those meth-
ods.

On the other hand, geometrical room acoustics model-
ing methods use an approximation where the sound is rep-
resented as rays. This approach is accurate enough when
the modeled wavelengths are significantly smaller than the
surface details [3]. The number of elements in the model
affects greatly to the performance of the geometrical meth-
ods which makes the reduction very useful.

A statistical approach is to shoot a large number of rays
from the sound source and trace them as they reflect on
surfaces [4]. A small portion of the rays hit the listener
which is usually represented by an object with a finite vol-
ume. These rays can be utilized in calculating the energy
response. However, there are systematic errors in this ap-
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proach which must be compensated to get more accurate
results [5].

In the image source method [6, 7] the first order im-
age sources representing first order specular reflections are
created by mirroring the sound source against each planar
surface in the model. Similarly, higher order image sources
are calculated by recursively mirroring the previous image
sources against each surface. The reflection paths are con-
structed from the listener to the source with help of the
image sources. Thus, all specular reflections up to the de-
sired order are found accurately. Unfortunately, the num-
ber of image sources grows exponentially in relation to the
reflection order [3] making it difficult to model high order
reflections in even moderately complex models.

Beam tracing methods calculate the image sources more
efficiently by using advanced spatial data structures and
beam-based visibility checking which prunes invisible im-
age sources early in the process [8, 9, 10].

Regardless of the geometric acoustics modeling me-
thod, the geometry of the complex room models should
be reduced to be able to model their acoustics efficiently.
The ray collisions can be calculated more efficiently in the
statistical ray tracing method, there are less image sources,
or the beams are not split in narrow slices too often.

Reducing the geometry of 3-D models has been a fruit-
ful research topic in computer graphics since the early
90’s. There are dozens of different algorithms with slightly
differing goals [11, 12]. But until recently, there has not
been any algorithms which would take into account the
needs of geometrical room acoustics modeling. The con-
tribution of this paper is to present and evaluate a geometry
reduction method, which has the goal of providing simple
acoustic models retaining the essential acoustical proper-
ties of the room as accurately as possible.

1.2. Previous work

The research in the area of model simplification has been
extensive, although most of the work is less relevant from
our point of view. One approach which is worth consid-
ering is volumetric geometry simplification. Anddjar and
Brunet proposed a framework for simplifying polyhedral
models using the volumetric approach, and presented two
simplification algorithms based on it. They also mentioned
the applicability of their approach to acoustics modeling
[13]. Later they have still improved the algorithms [14],
but it was not clear how to adjust them for preserva-
tion of acoustic properties, and thus they are not applied
here directly. However, the suggested framework is gen-
eral enough to be applied in the algorithm described in this
paper.

An earlier contribution to volumetric geometry simpli-
fication research was the algorithm by He et al. in which
the model was sampled into a density grid. An isosurface
extraction algorithm was used in reconstructing the sur-
face from the grid [15]. This approach is flexible since the
surface reconstruction algorithm can be modified easily.
In addition, He et al. later made the volume structure hi-
erarchical [16] which is also used in our algorithm in the
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decomposition phase, although not directly in the recon-
struction phase. A similar volume grid structure was also
used by Nooruddin and Turk in their algorithm which can
be applied both for repairing and simplifying polygonal
models [17]. Their approach is very similar to ours, al-
though the reconstruction phase is different. The reviewed
volume-based techniques work best at small models which
are viewed from outside. This is exactly the opposite case
to the typical models of acoustic spaces, which are both
large and viewed from inside. This paper intends to pro-
vide a volume-based algorithm which does work with such
models. The algorithm has been presented earlier [18], but
a proper evaluation is presented in this paper.

2. Geometry reduction method

In geometry reduction the number of geometric elements
in the model should be reduced while preserving its most
important features. There are several application areas
where geometry reduction is used, and thus it is necessary
to choose the properties which are considered significant
in each case. In this case the acoustic point of view is cho-
sen.

Room acoustics is often evaluated by using several
acoustical parameters. Most of these parameters change
when the volume or absorption area of the space changes.
In addition to the shape of the room, these are properties
to be preserved through the reduction process. Retaining
the volume also helps to keep the change in the room di-
mensions small. Retaining the absorption area implies pre-
serving the surface area and the absorption of the materials
or compensating the change in one of those by the other.
When two parts of the model with different materials are
merged, it might even become necessary to blend materi-
als.

The presented method consists of two phases: topol-
ogy simplification and surface simplification. The reduc-
tion process is illustrated in Figure 1.

2.1. Topology simplification

The purpose of the topology simplification phase is to re-
move geometrical details and complex topological struc-
tures from the model. Thus, the model is decomposed into
volumetric structure. The surface of the model is then re-
constructed by using the volume data only. This process
removes parts of the model which would prevent radical
simplification and makes the distribution of the geometric
elements in the model more even.

The volumetric structure which is used in the algorithm
is octree [19]. The input model, consisting of a mesh of
polygons, is inserted into the octree, see Figure 1c. The
error in this phase can be bounded by choosing an appro-
priate limit for the smallest cell size in the octree. The
maximum error is the diagonal length of such a cell. On
the other hand, fixing the smallest cell size also limits the
depth of the tree.

The next step is to create an intermediate model by uti-
lizing the volumetric data structure, see Figure 1d. The
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Figure 1. The volumetric geometry reduction process, a) the detailed original model, b) the original model as wire-frame drawing
showing the polygon borders, c) the octree structure into which the detailed model is inserted, d) the octree structure is utilized to
construct an isosurface, e) an intermediate model consisting of the isosurface has a large number of small polygons, f) the final reduced

model after the coplanar polygon merging.

marching cubes algorithm [20] is an algorithm for con-
structing an isosurface for a threshold value in a regular
grid of density values. The corners of a cell in a volu-
metric grid can be occupied (its density is greater than
some threshold value) in 28 = 256 ways. The fact that all
cases can be achieved by complementing or rotating one
of the 15 basic cases (illustrated in Figure 2) is utilized in
the marching cubes algorithm. The triangulations for these
cases can be placed in a lookup table. These triangulations
are shown in the figure. The dots present occupied corners,
while the other corners are unoccupied. In the algorithm,
every cell is visited and classified. Then the appropriate tri-
angulation is chosen and the vertex positions along edges
are interpolated according to corner density values. Rota-
tion and inversion of triangle orientations are performed
if necessary. The output of the algorithm is a consistently
oriented 2-manifold surface.

The basic marching cubes algorithm can be modified
to our purposes. Instead of using the density values to
classify the cell corners and determine the location of the
surface in the edges of the cells, other techniques can be
used. Nooruddin and Turk proposed shooting rays to sev-
eral directions from each cell corner and counting the in-
tersections [17]. In closed two-manifold models an odd
number of intersections indicates that a corner is inside a
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Figure 2. All 15 basic cases applied in the marching cubes algo-
rithm.

model. However, there are irregularities and defects in typ-
ical complex room models. Thus, in addition to the heavy
computational requirement of that approach, the quality of
the results would be poor. A more reliable approach was
chosen where a corner is considered to be inside if the ad-
jacent octree cell in the direction of the positive coordinate
axis is occupied by a polygon. This results in minor inac-
curacies, but they can be compensated by translating the
surface accordingly along the edges of the cell.
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There are several strategies to determine the surface po-
sition along the edges of the octree cells without the den-
sity data. One possibility is to trace rays in the direction
of the edge and find the first and last intersections inside
that cell. An average of these is a decent choice, especially
since usually there is only one intersection which results in
an accurate position. This approach would approximately
preserve the surface orientations. Another alternative is
to clamp the surface positions to octree cell boundaries.
This results in rectangular geometry which might be desir-
able in some cases since the input models usually contain
such geometry, although the surface orientations would be
changed when the geometry contains non-rectangular sur-
faces.

The surface reconstructed by the variant of marching
cubes forms the intermediate model. This is illustrated
in Figure le. The algorithm produces at most four trian-
gles per octree cell and the surface is guranteed to be 2-
manifold. The absorption area might change, especially if
the original model had plenty of details smaller than the
octree cell size. In a typical model the changes are small,
however. After topology simplification there is a large
number of small, almost equally sized polygons. Thus the
number of geometric elements must still be reduced in the
surface simplification phase.

2.2. Surface simplification

There is a large number of algorithms for geometry sim-
plification [11, 12]. In this case the aim is to merge small
polygons, especially in flat regions of the model. There-
fore, the geometric optimization algorithm by Hinker and
Hansen [21] was applied. The algorithm collects the poly-
gons into coplanar sets by using representative trees [22].
In the coplanar sets the edges shared by any two polygons
are removed leaving only edge segments that border large
areas. These segments are sorted so that they form borders
of large polygons, see Figure 1f.

Since the simplification is performed inside coplanar
sets, the changes in geometry are insignificant. However,
there might have been polygons with different material
properties in the sets. Thus, the borders between the poly-
gons with differing materials can be preserved. Or, al-
ternatively, the materials can be blended by weighting
them properly by the surface areas. In this case, it is as-
sumed that the material properties behave linearly. Then,
if the material properties are presented by absorption co-
efficients for, i.e., octave bands, the total absorption area
does not change in the linear interpolation of those coeffi-
cients with areas as interpolation weights.

2.3. Parametrization

There are two parameters which affect the quality of the
reduced model: the octree cell size and the angular toler-
ance in co-planar set merging. The former value should
be chosen according to the accuracy required in the mod-
eling. When modeling higher frequencies, smaller values
should be used. The latter parameter value was fixed to a
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Table 1. Properties of the models applied in the performance val-
idation. Reduction percents are given in relation to the original
model and to the model reduced by GLUE-algorithm in ODEON
(in parenthesis).

Name of Number of Reduction Octree Cell
the model surfaces percent depth size (m)
Usher_unglue 9251 0.0 - -
Usher_glue 2386 74.3 (0.0) - -
Usher605 3597 60.5 (-50.8) 7 0.54
Usher636 3316 63.6 (-39.0) 7 0.61
Usher735 2416 73.5 (-1.3) 7 0.68
Usher772 2073 77.2 (13.1) 7 0.78
Usher842 1439 84.2 (39.7) 7 0.91
Usher861 1266 86.1 (46.9) 6 1.09
Usher913 793 91.3 (66.8) 6 1.36
Usher953 432 95.3 (81.9) 6 1.82

very small value in our experiments. This is usually advis-
able since increasing the tolerance would not improve the
reduction rate significantly in typical models which have
been through the surface reconstruction phase.

3. Evaluation of the reduction method

In this section the performance of the presented reduc-
tion method is evaluated. The performance can be val-
idated by making room acoustical simulations in differ-
ent versions of an example geometry and compare pre-
dicted room acoustical attributes. The easiest way to do
such a comparison is to perform calculations both with a
detailed original model and with reduced models with a
room acoustic prediction software used by acoustic con-
sultants, namely the ODEON 9.0beta software.

A model of the Usher hall in Edinburgh, Scotland was
chosen for evaluation purposes. The original DXF model
was created in AutoCAD and has a level of detail which
is typical for geometries which has been created for visu-
alization purposes. Details such as rows of seats and stairs
are included in the model. In total ten different models
were studied; the original model, the model “glued” by
ODEON software, and eight models reduced with the pro-
posed algorithm. The models are depicted in Figure 3.

3.1. Technical data and computation parameters

The reduction rates and numbers of surfaces of the applied
models are collected to Table I. In addition, the table con-
tains octree depths and cell sizes. Computation parameters
in ODEON were the same in all simulations. The number
of rays applied was 250 000 and the transition order was 2.
Thus, reflection orders 1 and 2 were carried out using the
image source method combined with a special ray tracing
method which accounts for the scattered energy. Higher
order reflections were modeled using a special ray based
radiosity method. All surfaces in all models had a scatter-
ing coefficient of 0.3. ODEON expands this mid-frequency
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Figure 3. All ten models in ODEON 9.0beta software.

value into frequency dependent scattering taking into ac-
count typical frequency functions for materials with differ-
ent surface roughness as well as the frequency dependent
diffraction caused by limited surface size (distance depen-
dent diffraction), using the methods described earlier [23].
It should be noted that lower scattering coefficients could
have been assigned in the detailed models and higher in the
simple geometries in order to account for structures which
have not been included in the models. However, this has
not been done in order to limit the number of variables in
the experiments.

The absorption coefficients for each octave band were
assigned by using proper material descriptions. Since the
scattering coefficients were constant, changes in the ab-
sorption coefficients could be observed more easily as they
were the only material-dependent values that could change
during the reduction.

3.1.1. The ODEON Glue surfaces algorithm

The ODEON program itself offers a geometry reduc-
tion option and it was also applied to process one model
(Usher_glue) for evaluation. The main principles of this
algorithm are described here. Surfaces in CAD drawings
are usually chopped into three or four-point surfaces, ei-
ther as single surfaces or clustered as sub elements in
meshes. Often large surfaces are subdivided into many
quite small triangles, see Figure 4. There may be good
reasons for this, but for use in ODEON it is not desir-
able - it increases calculation time, decreases visual qual-
ity and most importantly - the small surfaces do not have
areas which are acoustically relevant to the diffraction al-
gorithms in ODEON [23].

The Glue surfaces algorithm is developed for use in the
ODEON software, therefore the geometries it outputs may
not be suitable nor compatible with other room acoustics
calculation programs. First of all, the surfaces in geome-
tries used by ODEON can have edges containing many
points and the surfaces may have concave shapes such as
H, L, or U shapes. This is allowed because the point within
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Figure 4. An example of ODEON importing a geometry. On top
the geometry before ODEON applies it Glue surfaces algorithm,
on bottom the useful geometry which has been enhanced for cal-
culations as well as for visualization. The processing has reduced
the number of surfaces from 1362 to 209.

area algorithm used for collision detection is similar to the
one proposed by Lehnert [5]. Surfaces should in principle
be planes, however it is allowed that surfaces can have a
small warp of one or two centimeters, the plane equation
created for each surface by ODEON is fitted taking into
account all the edges on the border of the surface. There-
fore small mismatches in some of the border points do not
lead to poorly defined planes.

The Glue surfaces algorithm makes use of the follow-
ing rules [24]. First step is to import the raw data, sur-
face points which are closer than a predefined tolerance,
e.g., one centimeter, are merged together. This way small
insignificant edges are removed. Second step is to chop
all surfaces into triangles. Then if surfaces are on a same
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drawing layer and share two or three points, it is examined
if they can be stitched together without creating a surface
with a warp greater than allowed. Also surfaces with dif-
fering materials are not stiched together. The process is re-
peated recursively until all combinations have been tested
and the number of surfaces has been reduced as much as
possible. If the geometry to be imported was modeled us-
ing solid modeling techniques in AutoCAD, then the re-
sulting number of polygons is typically reduced to one
fifth. More importantly the surfaces have areas which are
acoustically significant and the surface planes continue to
have the orientations they initially had. For example, the
sloped audience area and angled ceiling of the hall in Fig-
ure 4.

3.2. Results

The predictions were performed in all ten models with
three source positions at the stage of the hall and seven
receiver positions in the audience area. The source and the
receiver positions were exactly the same in each model.
Thus, with each model, in total 21 impulse responses were
predicted and the acoustical parameters were provided by
the ODEON program. The presented results are averages
with standard deviations of all source-receiver combina-
tions. With these values it can be estimated how well the
acoustic properties of the models are preserved during the
reduction process. The results are presented at four se-
lected octave bands as a function of reduction rate. Note
that in the most radically reduced cases some average val-
ues are real bad since one (or two) receiver positions were
outside of the model or on the same plane as the polygon
resulting problems to the prediction software. These cases
are evaluated with the help of selected positions.

It should be noted that the GLUE algorithm produces
74.3 % reduction already, and that is achieved mainly by
merging coplanar surfaces. Thus, the reduction percents
are given both in relation to the original model, and the
model reduced by GLUE (in parenthesis). The latter per-
centage corresponds roughly to the effects of the topology
simplification.

The first results are predictions of Early Decay Times
(EDT) and Reverberation Times (T60), see Figure 5. Re-
duction rates up to 86.1% (46.9%) give reasonable results
at least in the mid frequency bands. At low frequency
bands Usher605-Usher735 (-50.8% — -1.3%) give values
which are pretty close to the values of the original model
(Usher_unglue), but more radical reduction seems to di-
minish the accuracy.

The Clarity (C80) and Definition (D50) give similar
results, see Figure 6. It seems that geometry reduction
slightly lowers the values, but at mid frequency bands the
values hardly vary up to Usher842 model (39.7%).

The Strength values (SPL) are presented in Figure 7.
Again the averages as well as changes in standard devi-
ations remain in the limits of subjective difference limen
(1dB) [25] up to Usher842 (39.7%) model at mid and high
frequency bands. At low frequency bands the reduction
raises the SPL levels slightly.
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Figure 5. EDT and T60 values at four octave bands as a func-
tion of reduction rate. Averages and standard deviations of 21
predicted source-receiver pairs are plotted.
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Figure 6. C80 and D50 values at different octave bands as a func-
tion of reduction rate.

The Center Time (TS) prediction are plotted in Fig-
ure 8. They behave similarly as other parameters, although
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Figure 9. LF80 values at different octave bands as a function of
reduction rate.

Usher772 (13.1%) deviates from other reduced models.
Usher772 (13.1%) seems to give a little higher EDT and
T60 values also, see Figure 5.

Finally, the Lateral Energy Fraction (LF80) tells how
much energy is reaching the listener position from the side.
Thus, this parameter can be used to verify how well spatial
properties of the models are preserved during the reduction
process. In addition, the LF80 values are most sensitive to
the reduction, because the original orientations of the sur-
faces might be lost in the topology simplification phase.
The results are seen in Figure 9 and it seems that there is
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Table II. Reduction times with different volume raster resolu-
tions. The reduction algorithm was run on a PC with 2.8 GHz
Pentium IV processor and 1 GB of RAM. The original model
consisted of 119434 polygons and it is depicted in Figure 10.

Reduction Topology simpl. Surface simpl. Total
(%) (s (s) ()
70.7 25 82 107
79.0 23 58 81
79.6 21 37 58
83.3 20 24 44
87.2 15 14 29
91.5 6 5 11
94.2 5 3 8
97.0 4 1 5
99.2 2 1 3

some variation between the different reduction rates. How-
ever, the trend is similar as with other parameters and up to
Usher772 (13.1%) the values are within the limit of sub-
jective difference limen (5%) [25].

3.3. Another evaluation with more complex model

The geometry reduction process was done also for a de-
tailed model of a complete building. The model has been
originally created for visualization purposes and it con-
tains 119434 polygons. The original model and the re-
duced versions of it are illustrated in Figure 10. It can be
seen that the visual appearance of the model is preserved
quite well during the reduction, but naturally the radical
reduction rates violate the original model significantly.

The computation times of a non-optimized version of
the reduction can be seen in Table IL. It is apparent that
the coarse reduction levels can be produced very quickly,
but as the reduction rate decreases the reduction times in-
crease rapidly. However, the computation times are still
short compared to the manual construction of a model for
example in a concert hall design project.

3.4. Limitations

The acoustical properties are prone to changes in the vol-
ume and absorption area of the room. Thus, such proper-
ties should have been preserved as accurately as possible.
It is obvious that merging several small objects into a big-
ger one decreases the surface area. This can be compen-
sated in materials by increasing the absorption coefficients
appropriately. In addition, the scattering coefficient should
be modified to compensate the simplified geometry which
would cause additional scattering. However, this is still a
topic of future research. On the other hand, the volume of
the objects tend to increase in merging which means that
the volume of the sound transmitting medium decreases.
During the topology simplification phase the orientation
of the original surfaces is lost, because the intermediate
data structure is volume-based, not surface-based. Only
surfaces which are axis-aligned to the bounding box of the
object retain their orientations well. However, most rooms
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Figure 10. A few reduced models. The original model contains 119434 polygons.

have regular walls which are not affected by this limita-
tion. Only large walls in non-straight angle might be split
into several smaller axis-aligned parts.

In the surface simplification phase of the method, there
is a trade-off between quality and reduction rate. If the tol-
erance used in merging nearly coplanar regions is high, the
model can be reduced more, but the directional properties
of the reflecting surfaces suffer. On the other hand, strictly
preserving the surface orientations prevents drastic sim-
plifications and is not even sensible, because the topology
simplification phase has already disturbed the orientations.

Finally, the volumetric reduction preserves the volume
of the hall, but portions of the total volume might get iso-
lated as separated boxes around the main hall with the very
large reduction rates and cell size. Thus, the volume of the

main hall might decrease since the inner and outer surfaces
of the model might be separated by a volume of the wall.
In addition, parts of the volume originally connected to the
main volume by narrow passages might be cut off.

4. Conclusions

The proposed algorithm for geometry reduction is based
on the volumetric reconstruction. It preserves the volume
of the modeled space while reducing the acoustically ir-
relevant small details from the complex model. The simu-
lation results with one concert hall model showed that the
number of polygons can be reduced 75-80% without vio-
lating the acoustical properties of the geometry.
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The automatic geometry reduction is not yet reliable
enough for demanding concert hall design cases. As a con-
clusion it must be said that the best acoustical model can
still be obtained manually. When an experienced acousti-
cian makes a model, the result is a simple and well pa-
rameterized model with which reliable predictions can be
made. However, automatic geometry reduction could be
applied in projects when designs of the architects need to
be quickly evaluated. Already constructed computer mod-
els, e.g. for visualization purposes, could be applied also
in acoustics prediction. Without geometry reduction, visu-
alization models might be too complex for current room
acoustic prediction software.

Although the presented geometry reduction method is
already applicable in some cases, it could be made to be
more robust. The absorption and scattering coefficients of
the materials could be adjusted to compensate the dimin-
ishing surface areas in some cases. In addition, surface ori-
entations saved in the volumetric structure could be uti-
lized in the surface reconstruction phase, which would not
only help to preserve the orientations but also to position
the reconstructed surface more accurately thus preventing
significant errors in volumes.
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