MAFFRA, S. A.R. S. ; GATTASS, M. ; FIGUEIREDO, L. H. . Propagation of Sound in Two-Dimensional Virtual
Acoustic Environments. In: Il WTDCGPI do SIBGRAPI, 2003, Sao Carlos. Anais do Il WTDCGPI do Sibgrapi, 2003.

Propagation of Sound in Two-Dimensional Virtual Acoustic Environments
SERGIOALVARES R. DE S. MAFFRA!, MARCELO GATTASS!, LUIZ HENRIQUE DEFIGUEIREDO!

1 TecGraf/PUC-Rio — Rua Mar@s de $0 Vicente, 225, 22.453-900, Rio de Janeiro, RJ, Brazil
{sam,gattass,|hf }@tecgraf.puc-rio.br

Abstract.  This paper describes the implementation of a system that simulates the propagation of sound in
two-dimensional virtual environments and is also capable of reproducing audio according to this simulation. The
simulation, which is a preprocessing stage, consists in creating direct, specular reflection and diffraction sound
beams that are used later for the creation of the actual propagation paths, in real-time. As the sound beams are
created in a preprocessing stage, the system treats only sound sources with fixed position and moving receivers.

1 Introduction

For a long time, computational simulation of acoustic phe-
nomena has been used mainly in the design and study of
the acoustic properties of concert and lecture halls. Recen-
tly, however, there is a growing interest in the use of such si-
mulations in virtual environments in order to enhance users’
immersion experience. According to [1], the addition of re-
alistic simulation of acoustic phenomena to a virtual reality Early D
system can aid in the localization of objects, separation of revebeatons

simultaneous sound events and in the spatial comprehen- Late
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sion of the environment. 3

Generally, we can say that a virtual acoustic environ- \ -
ment must be able to accomplish two tasks: simulating the ABCDE Tme " \itual Sound Sources
propagation of sound in an environment and reproducing
audio with spatial content, that is, in a way that allows its  Figure 1: Propagation paths and virtual sound sources
user to recognize the direction of the incoming sound wa-
ves.

To simulate the propagation of sound, one can solve
the wave equation [2] using finite and boundary element The reproduction of the simulated sound field is made
methods [3]. This approach, however, is not suitable for By superposing several virtual sound sources located around
interactive applications due to its high computational cost. the user, as Figure 1 illustrates. On Section 3 we discuss
An alternative for these expensive methods is the geome—hOW these virtual sound sources are used to render the si-
tric treatment of the propagation of sound, referred to as Mulated sound field.

geometrical room acoustidd]. As Kuttruff describes it, in Figure 1illustrates how a virtual acoustic environment
geometrical room acoustics the concept of a sound wave ighorks. First, propagation paths between the sound source
replaced by the concept of a sound ray. and the receiver are found. These are then used to create

The use of sound rays to simulate the propagation of the virtual sound sources, one for each propagation path
sound in an environment makes the algorithms created forbetween the source and the receiver.
this purpose very similar to the ones used in the analysis of
wireless communication networks [5] and in visualization
(hidden surface removal), suchray tracing[6] andbeam
tracing [7]. This means that the same techniques used toThere are three basic methods that can be used to enume-
speed-up visualization applications can also be used in therate propagation paths comprised of specular reflection and
simulation of sound propagation, as was shown in [1]. diffraction. Namely, thevirtual source methof#], ray tra-

In our system we implemented a beam tracer capa-cing [5, 6] and beam tracing [1].
ble of creating beams of specular reflection and diffraction. The virtual source method is basically an exhaustive
Section 2 contains more details on how our system simula-enumeration technique. It's main problem is computational
tes the propagation of sound. effort spent in vain in the generation of a large number of

2 Propagation of sound
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invalid paths that must be identified and discarded. These
invalid paths are created due to the lack of visibility infor-
mation in the method.

Ray tracing has a well known discretizatialiésing
problem: no matter how close rays from the same source
are created near their origin, as their distance to the source”’ Yy
increases, so does the gap between neighboring rays. The
existence of gaps between rays creates a discontinuity in the X
sound field that can lead to audible artifacts.

Beam tracing fixes the problems of the previous methods
by dealing with beams, represented by a region of space,
instead of individual rays and by using visibility informa-
tion in the creation of beams, as we show on the next secti—,[he basic operations that are realized on beams.
ons. The disadvantage of the beam tracing technique is the Figure 3 illustrates the association between beams and
complexity of the geometric primitives and data structures convex cells. Notice that two different beams are created
necessary for its implementation. It was this complexity when the original beamu] strikes the boundary of the first
that motivated us in implementing a two-dimensional si- o) “Beamc is areflection beamcreated due to the inter-
mulation in_order to gain more fam_iliarity with the method section of beana with an opaque portion of the boundary
before moving to the three-dimensional case. of the cell. The intersection of the original beam with a
transparent portion of the boundary originatesassmis-
sion bear{beam), that only differs from the original beam
in its cross-section.

Figure 2: Representation of beams

2.1 Beam representation

We begin our brief explanation of the beam tracing method
by describing the representation of beams. As we menti- .

. 2.2 Beam operations
oned before, beams are represented by a region of space:
This means that a single beam can represent an infiniteThere are two basic operations that are frequently made
number of rays, which eliminates the aliasing that occur in on beams during a beam tracing algorithm: determining
ray tracing. whether a beam contains a point in space and determining

In our implementation, we have used the same repre-the intersection of a beam and a segment of the boundary
sentation for beams used in [7], where beams are represenef a convex cell of the environment. Both operations are
ted by a local coordinate system (theam coordinate sys- based on the projection of a vertex in the cross-section of a
tem) and by a cross-section defined in this coordinate sys-beam. This projection is made along the ray defined (in the
tem, as Figure 2 illustrates. The figure shows on the left abeam coordinate system) by the origin of the beam and the
beam defined in the global coordinate system (axesd vertex.

y) with its local coordinate system (axeSandy’). On the Once the projection is made, it is enough to check if
right it shows the same beam (nhow in its local coordinate the projected vertex lies inside the interval that limits the
system) and its cross-section (defined by the position of across-section to determine if the vertex being tested is loca-
vertical projection planex,) and an interval located on this  ted inside the beam.

projection plangy,;, y,¢)). The intersection of a beam and a segment of the en-

The cross-section of a beam is responsible for limiting vironment is used in the creation of transmission and re-
the area it occupies. Notice, however, that beams are actuflection beams to determine the cross-section of the new
ally structures with infinite area, as the cross-section only beams. When the newly created beams inherit the posi-
limits how open beams are and not how far they can reach.tion of the projection plane from the beam that originated
That is, rays defined inside the gray area shown in Figure 2them, the intersection operation can be greatly simplified.
have infinite length. In this case, the only information needed for the creation of

An essential part of the beam tracing method, as im- the new beams is the interval that results from the intersec-
plemented in our system, is the decomposition of the en-tion of two other intervals: the cross-section of the original
vironment into convex cells. This decomposition permits beam and the interval defined by the projection of the end-
the efficient traversal of the environment and also allows to points of the segment in the projection plane of the original
limit the range of a beam, as each beam must be associabeam.
ted with a single cell of the environment. This association For more detail on the implementation of the basic
means that operations realized with a beam are valid onlyoperations realized with beams, in two and three dimen-
inside the cell it is associated with. The next section definessions, refer to [8].
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Figure 3: Beams and their association to cells Figure 4: Difiraction beams

a neighboring cell (the one adjacent through the intersec-
ted segment). As with opaque segments, the cross-section
The beam tracing method has two different stages. The firstof the new beam is obtained by the intersection with the
stage, implemented in our system as preprocessing staggarent beam.
comprises the construction of theam-treadata structure. There is also another kind of beam we have neglected
The beam-tree is the data structure that links all beams ori-to mention until now:diffraction beams Diffraction is the
ginating from the same source, allowing the construction of scattering of a wave that happens when it strikes a wedge
the actual propagation paths, which is the second stage obf the environment. Figure 4 illustrates the diffraction of a
the method. Each node of a beam-tree represents a beawave incident to a wedge. Notice how the scattered wave
that is linked to its parent beam (the one responsible for its propagates in all directions around the wedge, forming the
creation). Figure 3 illustrates, along with the association figure of a cone. As the scattered wave propagates in all
of beams and convex cells, the beam-tree created for thedirections around the wedge, the number of beams might
beams illustrated in the figure. The next sections discussexplode. To avoid this increase in the number of beams
the stages of the beam tracing method in more detail andwe use the same approximation adopted in [10]: diffraction
also how the contribution of each propagation path for the beams are traced only in the region shadow region of the
simulated sound field is calculated. wedge (the region around the wedge that is not illuminated
by the incident beam). This approximation is also shown
in Figure 4. The justification for using diffraction beams
that only cover the shadow region is the high attenuation
As mentioned in the previous sections, whenever a beamof the amplitude of the wave that occurs in the diffraction.
intersects a segment of the environment a new beam is crein the region around the wedge that is illuminated by the
ated. This creation involves the computation of the new incident wave and, occasionally, also by its reflection, the
beam’s representation (local coordinate system and crosseontribution of the scattered wave can be discarded without
section), its insertion in the beam-tree and its association togreat losses to the resulting sound field. Notice that in the
one of the convex cells of the environment. shadow region, the only contribution to the sound field is
The segments intersected by the beams can be eithethe diffracted wave.
opaque (represented in our figures as continuous line seg-  In the algorithm, a new diffraction beam must be cre-
ments) or transparent (represented as dashed line segmentgted whenever a beam intersects a wedge of the environ-
Opaque segments represent the walls of the environmentnent, which happens when it intersects two consecutive
that reflect sound waves, while transparent segments are arsegments, one opaque and the other transparent.

2.3 Beam tracing

2.3.1 Beam-tree construction

tificial walls, commonly referred to gsortals[9], that are Regarding the construction of beam-trees, there is only
inserted in the environment to obtain its convex cell decom- one more consideration: the termination criteria for the cons-
position. truction of the tree. The most natural criterium for termina-

When an opague segment is intersected, a new reflecting the expansion of a branch of the beam-tree is an audi-
tion beam is created. Its coordinate system can be obtai-tive criterium, that is, beams shouldn’t be created when the
ned by reflecting the coordinate system on the line suppor-sound becomes inaudible. Limiting the maximum number
ting the segment. The cross-section of the new beam carof beams created and the maximum number of reflections
be obtained by performing the intersection of the original and diffractions in each branch are also commonly used.
beam with the segment (as described in section 2.2). Fi-
nally, reflection beams are always associated with the same, 32 p . th tructi
cell associated with its parent beam. In the case of an inter-="~" fopagation path construction
section with a transparent segment, the new beam inheritsThe second stage of the beam tracing method is the one
the coordinate system of its parent and is associated withexecuted in real-time and is responsible for the creation of



&, Viual Source tion path.
\\\ As in [1], we disregard phase information when com-
puting the amplitude of the wave reaching the receiver and
the phase change due to reflections, that is modelled as a
frequency independent constant facierirf the expression
below). Phase changes due to diffraction are also igno-
red. Given the complexity of the evaluation of more ri-
gorous formulations for diffraction, like theniform Ge-
ometrical Theory of Diffractiorf11] or the Directive Line
Source Method12], we have adopted an approximation
(0(0), defined in the formulas below) that we believe cap-
tures the essence of the effects caused by diffraction, that is
the growing attenuation suffered by the amplitude of the
scattered wave as it goes deeper into the shadow region
around a diffracting wedge. This approximation was ob-
tained through a curve-fitting approach, using diffraction
charts present in [10].

The formula below contains the expression used to
the actual propagation paths between the sound source andompute the amplitude of the wave at the receiver. The pro-
the receiver. As we mentioned before, each beam storedpagation path modelled in the formula has suffergd;
in the beam-tree contains a reference to its parent beamreflections,ng; s diffractions and has length. P is the
Therefore, given any beal it is possible to traverse the initial amplitude of the wave. The diffraction attenuation
beam-tree, passing through all ancestor beamsiafil the term of the formula receives as parameter an afigleat
sound source is reached. It is by making this traversal thatmeasures how deep into the shadow region the propagation
one can build an actual propagation path between a sourcgath is.
and a receiver.

In order to create the propagation paths, the position N Ry
occupied by the receiver must be determined (which is un- P=" a"es [Ty 6(65)
determined during the construction of the beam-tree). Once T
its position is known, to create the propagation paths the be-
ams that contain the receiver must be identified. This iden-
tification can be performed quite efficiently by examining

Virtual Source

Figure 5: Constructing propagation paths on a beam-tree

all the beams associated with the convex cell that contains 5(0) = ;
the receiver. Notice that for each beam that contains the re- L+ Kom
ceiver, a different propagation path can be built, as for each K =130
beam there is a different path on the beam-tree that leads to n = 1.66
the source.
The construction of a propagation path is illustrated in The time delay associated with a propagation path is

Figure 5. The figure shows a rectangular environment with given by r/c, wherec is the velocity of propagation of
three different beams and the resulting beam-tree. Since theound.

beamc contains the receiver, it is the starting point of the For a more detailed explanation on the calculation of
path towards the sound source. Also, note that each noddhe attenuation and delay suffered by a sound wave, refer
along this path contributes with a segment to the propa-to [8].

gation path (the intermediary propagation paths are shown

next to the arrows that indicate the path along the beam-2 4  Cell partitioning of the environment

tree). . " .
) As stated previously, the decomposition of the environment

into convex cells is an essential part of the beam tracing al-
gorithm. It simplifies the representation of beams, which
Once the propagation paths have been found, the contribucan be modelled as infinite areas. It also defines an or-
tion of each path to the resulting sound field must be calcu-der among the occluders of the environment allowing the
lated. As our main interest is not the rigorous analysis of implementation of efficient visibility queries and efficient
acoustic phenomena, we have adopted several simplificatitraversal of the environment, which are essential for an ef-
ons in the computation of the contribution of each propaga- ficient creation of beams [8].

2.3.3 Attenuation and delay



The decomposition of an environment into convex cells
is usually made using binary space partitions (BSP) [1, 13,
14, 10, 9]. The disadvantage of this technique is the occasi-
onal generation of decompositions with a large number of
cells. When a large number of cells is created unnecessa-
rily, the large number of portals (or transparent segments) in
the decomposition can cause a large increase in the number
of beams traced, since whenever a beam crosses a portal, a
new transmission beam is created [8].

To avoid this increase in the number of beams traced,
we have used a different method, based on one of the te-
chniques in [9] to create cellular decompositions for bidi-
mensional environments. This technique consists in using a
Constrained Delaunay Triangulation [15] algorithm to ob-
tain the decomposition. The triangulation, however, also
has a large number of cells, not solving the problem of the
unnecessary increase in the number of beams. We have 2
avoided this problem by removing edges of the triangula- , .
tion. Once the triangulation is built, its transparent edges i e o e D o e S
(portals) are sorted in decreasing length order and then re-
moved from the triangulation once it is determined that its
removal will not create a concave cell in the decomposi-
tion [8].

Figure 6 illustrates the results obtained by the techni-
ques described in the section when applied to the model of a
real residential building. As the figure illustrates, the result
obtained in this example by the simplification of a trian-
gulation is much superior to the one obtained by the BSP
technique.
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3 Auralization

Auralization is a term created to describe the rendering of
sound fields, in analogy to visualization. Many systems for
the auralization of sound fields have been developed along
the years. A good overview of such systems and of how the
localization of sound sources by human beings occur can
be found in [16] and [8].

The rendering of the simulated sound field is accom-
plished by using several virtual sound sources. Being a so-
mewhat lengthy subject, we leave the description on how
such virtual sources are implemented to the references above.

I
[

d) Removal of edges in decreasing length order

! > Partitioning | Cells | Vertices | Occluders | Portals
In our system we delegate the creation of these virtual a - 380 378 0
sound sources to the DirectX library [17], which offers se- > s e 22
veral algorithms that implement virtual sound sources and d 206 380 378 207

also supports different reproduction systems, like headpho- ] ) o

nes and several arrangements of loudspeakers. Figure 6: Comparison of cell partitioning methods
To auralize the simulated sound field, we create a dif-

ferent sound source for each propagation path found between

the source and the receiver. The position of these sound

sources is determined, as in a polar coordinate system, by

the length of the propagation path and the incidence angle

of the wave at the receiver (which is determined by the last



segment of the propagation path). The attenuations due to
the reflections and diffractions suffered by the wave along
a propagation path were simulated by adjusting the volume
of the virtual sound source.

We used a 5.1 surround sound system [18] and he-
adphones as our test reproduction systems. A){ -

4 Results

In our tests we obtained the same qualitative results obtai-
ned in the literature, such as an exponential growth in the [ L_Li*== T
number of traced beams with the increase of the number _l'_LEI ; —
specular reflections in each propagation path [1] and the L P - T
acceleration of this growth [10] with the addition of dif- [ |-|

fractions.

We also noticed that the addition of diffraction be-
ams to the propagation paths results in smoother sound fi- 100004
elds [10], what we believe validates the approximation used oo
to evaluate the attenuation of the sound wave due to diffrac- 70004
tions. We also noticed that the addition of diffraction can 0]
dramatically improve the coverage of the environment. o
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55 caminhos de (100, 16.00) para (16.40,6.46)

SPL (dB)

40.004

Regarding the performance of the algorithm, our initial 30007

tests indicate that it is suitable for the construction of a large 1o00]

number of propagation paths in real-time. T P SR P AT
More detail on the tests performed and on the results peavna)

obtained in this work can be found in [8]. As examples w o ingle s Amplitude

of the results obtained, we have included a few images ge- 100004

nerated by our program. Figure 7 illustrates a few propa- o]

gation paths computed for the residential building exam- 7000

60.007
50.004

ple. Figure 9 illustrates the sound fields obtained with and
without diffraction, where the smoother sound field (with
diffraction) can be viewed quite clearly. And finally, Fi-

SPL (dB)

40.004
30.004
20.004

i

gure 8 illustrates the sound intensity levels computed for 10004 i ””

the residential building example. R TTTt o | s T oo Tl

5 Conclusions and future work BT T o et A

The main objective when we started this work was to obtain ]

more familiarity with a subject previously unknown to us. Ty

Given the accordance of our results to the ones existing in < ool

the literature and the excellent performance of the algorithm & 000

implemented we believe to have successfully implemented o

a simple virtual acoustic environment. oy ||||| | T “ i
Our system can still be extended in several ways. The "iE00 280 ea0n odo eono 12800 15300

Angle (dew)

transmission of sound through walls and the use of different
materials for the occluders of the environment can be easily
implemented. We can also use more physically correct mo-
dels to evaluate the attenuation due to diffractions and re-
flections. Another possible extension is the modification of
the beam tracing algorithm to treat moving sound sources,
as was made in [13] with the use of parallel processing.
Currently, we are working on extending our system

to handle 2.5D environments,environments defined by the
vertical sweep of environments defined in the plane. We

Figure 7: Propagation paths computed for the residencial
building example
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Figure 8: Sound intensity levels for the residencial building example
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Figure 9: Sound intensity level fields without (left) and with (right) diffraction



