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ABSTRACT

A major category of algorithms for simulating sound propagation in three dimensional environments is the
category of geometrical acoustics which are based on various tracing techniques. All tracing techniques are
essentially tree traversals throughout a tree of candidate sound paths which could potentially affect the
sound field at a given receiver location. Even though there is significant literature for speeding up tracing
in three dimensional spaces for use in real time applications, the type of these algorithms has barely been
discussed. In this work, we implement an image source method variant and we compare three different tree
traversal approaches, depth-first, breadth-first and best-first. We examine their performance in respect to
time and we highlight the advantages and disadvantages of each one and evaluate the applicability of each

in real time sound propagation calculations.

1. INTRODUCTION

Algorithms for fast calculation of sound propagation is
a hot research topic both in audio and computer graph-
ics field. Fast and accurate sound rendering is an im-
portant component of an interactive virtual environment
[1] [2]. Sound serves significant functions in such en-
vironments such as delivering important information, at-
tracting user’s attention, assisting in user’s orientation,
evoking emotional responses, creating ambience or sug-
gestion, creating anticipation for future events, resonat-
ing memorable moments, enhancing the environment’s
structure and adding sense of location. But sound render-
ing calculations are computationally expensive. There-
fore improved calculation times for accurate acoustics
calculations are required by commercial acoustics soft-
ware applications, as current algorithms are often com-
plicated and time consuming [3]. As a result, research
has been focused on speeding up the calculation of sound
propagation through space [4].

There are three major categories of methods for sound
simulation. These are a) Geometrical propagation meth-
ods b) Numerical methods and ¢) Hybrid methods. In
brief, in geometrical propagation methods sound is de-
scribed as a ray phenomenon [3]. Thus sound rays prop-
agated within an environment are used for the estima-
tion of a sound field at a given receiver position. Trac-
ing techniques are those techniques used in geometri-

cal acoustics that detect the propagation of such sound
paths in a three dimensional space. Numerical methods
are methods which subdivide the space or boundaries to
smaller elements and solve progressively the wave equa-
tion in order to estimate the sound field of the space [5].
Hybrid methods are combinations of the two aforemen-
tioned categories.

In this paper, we will focus on geometrical propagation
methods. Most geometrical propagation algorithms can
be described as tree traversals. It is widely known in
computer science that a tree can be traversed in many dif-
ferent ways with each different type of traversal affecting
the algorithm’s performance. As a result, tree traversals
are a major topic in the field of artificial intelligence [6].

2. RELATED WORK

Geometrical acoustics is the category of methods used in
acoustics to describe sound as a ray phenomenon. There
are various subcategories of algorithms under the geo-
metrical acoustics definition based on the tracing tech-
nique used. These are the image source methods [7] [8]
[9] [10] [11], beam tracing [12] [13] [14] [15] [16] [17]
[18], frustum tracing [19] [20] [21], ray tracing [22] [23]
[24] [25] [26] [27] and particle tracing[28] [29]. These
methods share a common concept, that of tracing sound
rays emitted by a sound through an environment until
they reach a receiver, and then calculating the expected
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impulse response at that receiver.

Image source method is the method of finding virtual
sources by considering each polygonal surface in the en-
vironment as a reflector. Virtual source locations are as-
sumed as new locations of sound sources and are used in
a recursive way to calculate the propagation of sound in
space. Image source method is a method that provides
accurate results, as it detects all the possible sound re-
flections in a three dimensional environment, but suffers
from poor performance. Beam tracing is a method of
tracing polyhedral beams in space and then casting them
to rays. In beam tracing, beams are cast throughout the
environment. Each beam is intersected with each poly-
gon in the environment in a front to back order. Then,
the beam is clipped removing the shadow region created
by the polygon. After that, the shadow region is used to
construct a transmission beam and image source method
is used to construct the reflection beam. The final rays
that arrive at the receiver are used for the computation of
the impulse response.

Ray tracing is used as a technique for generating an
impulse response by tracing the path of a sound ray
throughout a three dimensional environment and calcu-
lating the various effects that occur when that ray en-
counters an obstacle. The disadvantages of ray tracing
techniques are that the discrete number of rays traced
and the arbitrary shape of rooms might lead to signifi-
cant loss of paths or paths counted multiple times [25].
Particle tracing is a variation of the ray tracing tech-
nique and it is usually referred as phonon tracing or
sonel mapping. Phonon tracing is inspired by the pho-
ton mapping technique used in computer graphics ren-
dering. Frustum tracing is an approach similar to beam
tracing, with the difference that it performs an approx-
imate clipping by subdividing the beams to sub-frusta,
opposed to beam tracing which performs accurate clip-
ping of beams. Frustum tracing combines the efficiency
of interactive ray tracing with the accuracy of tracing a
volumetric representation.

All the aforementioned techniques used are essentially
tree traversal algorithms. However, to the best of our
knowledge, there is no research that relates geometrical
acoustics techniques with tree search problems, which
are studied within the artificial intelligence domain. In
the following section, we describe why these techniques
can take the form of a tree search and we describe three
basic algorithms of searching tree data structures.

IMAGE SOURCE METHOD TREE DATA STRUCTURE

Fig. 1: Representation of the tree structure of an image
source algorithm.

3. TREE TRAVERSALS
ACOUSTICS

As mentioned above, these techniques can be represented
in computational terms as a tree data structure. The con-
cept is similar in all the aforementioned techniques. In
the case of the image source method, an image of the
source is created for each reflecting surface, forming this
way the first level of nodes in the tree. Following on,
all images in the first level of the tree are used to create
second order images, representing second order reflec-
tions. This process continues until an interruption crite-
rion is met, such as the maximum depth of the tree, the
distance of an image source to the receiver or any other
criterion set by the algorithm (see Fig. 1).The sound at
the listener is computed based on the reflections derived
by the tree traversal. In a similar way, all other tracing
techniques can be represented as trees. Beams and frusta
intersect with polygons, which then become new nodes
that shoot new beams and frusta in a recursive way un-
til they reach the receiver or an interruption criterion is
met. The same logic applies for ray tracing and particle
tracing algorithms.

IN GEOMETRICAL

The tracing problem can be represented in the form of
a tree traversal problem. This fact implies that the solu-
tion can be found using a tree traversal algorithm. Tree
traversal algorithms are widely studied in the domain
of artificial intelligence and a lot of variants exist but
they are mainly divided into two major categories, depth-
first tree traversals and breadth-first tree traversals [6].
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Fig. 2: Representation of a depth-first preorder traversal.

In the case of geometrical acoustics, the tree to be tra-
versed can be either constructed during tracing or pre-
constructed before tracing. This decision has important
implications in the algorithm’s performance. Precon-
structed trees require memory allocation for the entire
tree and predefined termination criteria like the depth of
the tree. Also preconstructed trees imply static geome-
tries. On the other hand dynamically constructed trees
require less memory and allow dynamically set termina-
tion criteria but the dynamic creation of the nodes results
to a performance overhead in the case the calculation is
repeated many times for the same tree. Following on,
a more detailed description will be given for each cate-
gory, as well as for a subcategory of breadth-first vari-
ants, called best-first approaches.

3.1. Depth-first Tree Traversal

A depth-first tree traversal algorithm is an algorithm
where the nodes of the tree are expanded in depth as far
as possible e.g. until an interruption criterion is met, be-
fore the algorithm backtracks to the previous nodes [31].
Depth-first algorithms come in many types like preorder,
postorder and inorder, defined by the order that the root is
examined related to the left and right subtree. The most
common type used in geometrical acoustics is the pre-
order depth-first approach. Figure 1 demonstrates the or-
der in which the nodes of the tree will be examined in the
case of a depth-first preorder traversal.

The main benefit of a depth-first algorithm occurs in the
case of a dynamic tree construction. When a tree is
constructed dynamically, implying that child nodes are
added only after a parent node has been visited, then the
memory requirements of this algorithm are minimal, as
the only traversal related information needed to be stored
in memory at any time are the parent nodes of the visited
node at each moment. This makes a depth-first traver-

Fig. 3: Representation of a breadth-first traversal.

sal memory efficient as well as fast because no search
queue needs to be maintained. However, the main dis-
advantage of depth-first is need of an a priori set termi-
nation criterion. Without a termination criterion, the tree
will expand forever on the leftmost path of the tree. As a
consequence, the programmer or the user needs to set be-
forehand a termination criterion for the algorithm. This
is a drawback for a real time approach as we will show
later on in this paper.

3.2. Breadth-first Tree Traversal

In breadth-first tree traversal, the algorithm searches the
tree in the following way. Starting, it first visits the root
node. Then it finds all the child nodes and adds them
in a queue to be examined. Following on, it recursively
takes a node from the queue, examines it and adds all
its child nodes in the queue. This process results into an
order of visiting nodes as the diagram shown in Figure
3. The main benefit of a breadth-first algorithm is that it
can traverse all the width of the tree without an explicit
a priori set termination criterion. Contrary to a depth-
first algorithm, a breadth-first one can traverse an infinite
tree in infinite time without a termination criterion. On
the other hand, a major drawback of breadth-first search
is the management of the queue. As the depth of the
search deepens, the queue gets larger exponentially, mak-
ing the algorithm memory inefficient and unpractical for
searches requiring traversals in tall trees.

3.3. Best-first Tree Traversal

Best first tree traversal is a mutation of a breadth-first
tree traversal. It follows the same principles as breadth-
first, except that the queue is a priority queue. In a
priority queue, nodes are not dequeued in First In First
Out(FIFO) order but based on a priority function. The
outcome of the priority function depends on the node
that it evaluates, the problem to be solved, the informa-
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tion gathered by the search up to that point on any extra
knowledge we might have about the problem[6]. This
way the algorithm expands each time the most promis-
ing node based on a specified rule.

3.4. Tree Traversals in Current Techniques

As described in section 2, there is a variety of techniques
for geometrical sound propagation which are based on a
tree traversal approach. We examined some of the imple-
mentations in order to determine the type of tree traversal
used in each case. Notably, only some mention explicitly
the method used and provide justification for their choice
[81[12] [13][16] [18]. [8] uses a depth-first approach for
memory reasons [12] uses depth-first without any further
justification and [13], [15] and [16] use best-first in com-
parison with a depth-first approach. [18] use breadth-first
for multi-threading purposes. Other implementations do
not mention the approach used but it can be extracted by
examining the algorithm’s description. [10] and [9] use
breadth-first approaches and [19] [20] and [21] seem to
be using a depth-first approach.

A notable conclusion from this short survey is that ex-
cept [15] and [16], where performance comparisons take
place, no other implementation justifies the traversal type
choice based on performance criteria. On the other hand,
it seems that the choice is usually related to implemen-
tation convenience. Hence, in the following sections we
validate three traversal types based on their performance
in respect to time and we discuss the outcomes.

4. VALIDATION OF TREE TRAVERSALS

We have implemented an image source algorithm for
the detection of specular reflections in three variants, for
each respective traversal as described above, to evalu-
ate the qualitative differences of the three different types.
Our image source algorithm uses a form of visibility trac-
ing which assists in pruning the image tree by eliminat-
ing invalid image nodes from non visible trees. The tree
is constructed dynamically at run time. Thus, we avoid
preconstructed trees that impose a priori boundaries to
the search process. We ran the algorithms on four con-
figurations with different geometrical characteristics and
we compare the results. The aim of the comparison was
to investigate how these algorithms compare in detect-
ing valid images over time and how the traversal type
affects the outcome. We decided to make this type of
comparison to evaluate the different approaches in rela-
tion to real time requirements where time constrains can
affect significantly the outcome of the search process.

Fig. 4: Configurations. Top Left: Cubic Room. Top
Right: Choir Room. Bottom Left: Urban Environment.
Bottom Right: Outdoor Environment

We chose four different geometrical configurations, aim-
ing at representing the best way possible typical scenar-
ios where real time sound propagation calculations could
take place. The algorithms have been implemented using
C# and the PEMARD AcousticsLib [30]. Following on
we present the results for each case.

For the depth-first approaches we have set a termination
criterion based on the maximum reflection order, as this
is arequirement for a sensible execution of the algorithm,
as described above. In order to compensate for the need
to set a maximum reflection order in the depth-first case,
we ran the algorithm with three different maximum or-
ders and compared the outcomes with the other two cases
in order to evaluate how this decision affects the perfor-
mance. Then, for breadth-first and best-first search we
took the number of valid images detected by the depth-
first search with the highest termination order and set it
as a termination criterion.

4.1. Priority Function

For the case of the best-first algorithm we had to use a
priority function that would guide the algorithm. We de-
cided to use a heuristic priority function based on infor-
mation gathered from the parent nodes of each evaluated
node. As a result, the priority function used is the fol-
lowing.

f(n) = 10VAi+ Pio
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Fig. 5: Cubic Room.

where VAi (Valid Ancestor images) is the number of
nodes that are ancestors to the node under investiga-
tion, that created valid reflections to the receiver and
Pio(Parent image order) is the reflection order of the par-
ent node. We consider VAi as a good indicator of the
importance of the current node because the more valid
parents a node has, it is more likely that the node will be
valid too. The factor of 10 is added so we can add the
parent image order as a last digit to be used in the case of
equality. For example, if for two nodes the VAi equals to
3 and the one represents a 6th order image and the other
a 7th order image, then the node at the lowest order will
have a priority of 35 while the highest order one will have
a priority of 36. Thus, the 6th order node will be assigned
priority. This priority function has been selected for its
ease of implementation and from empirical observations
that it provides a decent prioritization without implying
that this is the best possible priority function.

4.2. Cubic Room

The first model under investigation is a cubic room with
dimensions of 10m X 10m X 10m. We choose to start
with a cube as the simplest common geometrical struc-
ture resembling an indoor situation. The lowest bottom
corner at(0,0,0) and the opposite one at (10,10,10). We
set the source at (4,5,1) and the receiver at (6,5,1). The
maximum reflection order was 8, 9 and 10 for the depth-
first searches. The maximum number of valid images for
breadth-first and best-first was 1180. Figure 5 presents
the results obtained for the three depth-first searches, the
breadth-first and the best-first search. We observe that
depth-first searches have a linear pattern in the increase
of valid image sources per time. On the other hand, in the
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Fig. 6: Choir Rehearsal Room.

case of breadth-first and best-first searches, we note that
the rate of increase slows down over time. At this stage, it
is important to highlight the difference in performance of
the three depth-first variants. A change in the maximum
order termination criterion can change the performance
of the algorithm by a great amount when comparing the
valid image sources detected over time. We will provide
a detailed explanation of this phenomenon in the discus-
sion section.

When it comes to comparing best-first and breadth-first
searches, as it would be intuitively expected, best-first
search outperforms breadth-first search. This is because
best-first search is guided by the priority function. The
general delay to reach the same number of images as the
depth-first search is attributed to the management of the
queue required in both cases.

4.3. Choir Room

The next space under investigation is a choir rehearsal
room, as seen in Figure 4. The searches have been run
with the same mindset as in the cubic room. The termi-
nation orders for the depth-first searches were 4, 5 and 6
orders respectively. The maximum paths for the breadth-
first and the best-first searches were 337. In the case of
the choir room, we can discern similar patterns as in the
cubic room case. depth-first searches grow in a rather
linear way and the performance is affected by the ter-
mination criteria while the performance of best-first and
breadth-first deteriorates over time. Best first still outper-
forms the breadth-first algorithm.

4.4. Urban Environment
In the case of the urban environment, we choose a model
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Fig. 7: Urban Environment.

that carries typical characteristics of environments found
in urban topologies. More specifically, in a modern urban
setting, we can observe many cuboid shaped structures
aligned almost in parallel, with a lot of faces facing each
other. Figure 4 shows the model used for this scenario.
The termination orders for the depth-first searches where
6, 7 and 8 orders respectively. The maximum paths for
the breadth-first and the best-first searches were 32.

In this case, we see the patterns of behavior of the search
algorithms change. The most important change is the
rapid detection of valid image sources by the best-first
approach. This is attributed exclusively to the priority
function used. Environments of this type have many
faces with nearly opposite normal directions. This con-
tributes to the creation of repetitive reflections between
these surfaces up to high orders. The priority function
described earlier benefits from such occurrences and can
detect very fast these repetitive reflections. As a result,
we can see the explosion of the images detected by the
best-first search in Figure 7. Other important remarks are
the sharper growth of breadth-first during the first mil-
liseconds and the sharper slowdown for the rest of the
execution as well as the non linear behavior of depth-
first searches and the dramatic slowdown in the case of
setting the termination order to 8.

4.5. Outdoor Environment

The outdoor environment is an environment where vari-
ous buildings are distributed through the space in a rather
random way. This type of environment could resemble
an industrial site or an army camp. The termination or-
ders for the depth-first searches were 5, 6 and 7 orders
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Fig. 8: Outdoor Environment.

respectively. The maximum paths for the breadth-first
and the best-first searches were 56.

In this case, we can again see the following a) the rapid
increase of both best-first and breadth-first algorithms
during the first milliseconds of execution, b) the rapid
decrease in their performance after a certain point c) the
fact that best-first is outperforming breadth-first and d)
the fact that depth-first searches are highly influenced by
the highest order termination criterion.

5. DISCUSSION

The main outcome of this research is that different traver-
sal algorithms have different behavior patterns and this
fact can be a catalytic factor for their applicability in dif-
ferent scenarios. In this section, we will discuss the algo-
rithms used in this study by highlighting benefits and ad-
vantages of each algorithm as well as the cons and disad-
vantages, as these have been concluded by the test cases
described above.

Beginning with the depth-first search, we can point out
its advantages which are a) simplicity in implementation
b) memory efficiency c) the fastest traversal of the en-
tire tree. Depth-first is simpler in implementation that the
other two approaches as it requires only a recursive func-
tion without the need to maintain a queue. This fact also
makes it memory efficient. This also results in a faster
overall traversal of the entire tree, when compared to the
other approaches. On the other hand, the main disadvan-
tages are the following a) it requires a maximum depth
to be set beforehand b) the rate of detecting valid im-
age sources in the starting milliseconds of the algorithm
is not as high as the other two. This can be explained
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by the fact that the ratio of valid images over the total
number of images is higher at the top of the tree rather
at the bottom while this doesn’t hold true when you ex-
amine the distribution of valid sources from left to right.
Thus breadth-first and best-first have this characteristic
shape of curve, rapidly increasing in the first millisec-
onds while slowing down at the later stages, in contrast
to depth-first which has a linear increase.

Based on the highlighted advantages and disadvantages,
the depth-first algorithm is ideal for scenarios where a
tree needs to be traversed up to a specified depth known
beforehand and adequate time is available. Such a sce-
nario could be for example software applications for
room acoustics analysis. On the contrary, depth-first is
not ideal for real time applications such as video games
and virtual reality. This is because in the case of real
time scenarios very strict time constrains exist and per-
formance over time is an important component. In this
case depth-first suffers from two main weaknesses a)
since a highest termination criterion needs to be set from
the start, the algorithm can perform faster if a low cut
off order is set or perform much slower if a high order is
set (See for example Figure 8.). b) If the algorithm does
not manage to search the entire tree withing the real time
constrain, it might lose important low images, since the
traversal examines the tree in a left to right order rather
than in a bottom down manner.

The advantages and disadvantages of the depth-first ap-
proach can deductively lead us to the advantages and
disadvantages of the other two approaches, breadth-first
and best-first. We can see that even though memory re-
quirements and the excessive slow down over time make
these approaches inappropriate for long running in depth
searches, it makes them ideal for real time sound ren-
dering applications. This is because these approaches,
having a top down approach in searching the tree, can
detect the most important valid nodes, which are usually
gathered in the higher part of the tree, in the first mil-
liseconds of the search process. The top down approach
is an inherent prioritization of the image sources within
the structure of the tree and since prioritization is of ma-
jor importance in real time applications, they benefit by
such an approach. Moreover, the higher density of valid
nodes in the top parts of the tree provides a very good
performance benefit to these algorithms during the ini-
tial time period of execution. Finally, the absence of a
required termination order criterion removes the perfor-
mance dependence from user decisions.

Furthermore, when the comparison is done between a
best-first approach and a breadth-first approach, the use
of a priority function offers an obvious benefit. Nodes
that can be heuristically evaluated as more important
are expanded before others, providing enhanced perfor-
mance over time when compared to a simple breadth-first
implementation. This benefit is vivid in all four compar-
isons we performed in this case study. As a result, it can
be concluded that from the three algorithms compared,
the best-first approach seems to have the best behavior
when it comes to real time sound rendering requirements.

6. CONCLUSION AND FURTHER WORK
Concluding, in this paper we made a comparison be-
tween three different tree traversal algorithms, as these
would be implemented in a typical image source ap-
proach, in four different geometries with different char-
acteristics. We compared the results and we have high-
lighted on the advantages and disadvantages of each ap-
proach. We have shown that while depth-first approach
is an ideal approach for time consuming in depth acous-
tics calculations, when the case is an application with
real time constrains, breadth-first variants have signifi-
cant benefits. On top of that, approaches that are guided
by priority functions offer improved performance when
compared to approaches without any prioritization.

The concept of priority driven tracing has been inves-
tigated in the past by Funkhouser and Min [13] [15] for
the case of a beam tracing algorithm with interesting out-
comes, but no further work has been carried out since
then, at least none to the knowledge of the authors. With
this paper we have established that best-first tree traversal
seems to perform better for real time approaches when
compared to other tree traversal algorithms. As a re-
sult, further work will include investigation of the per-
formance of various priority functions used in such algo-
rithms and extension of the concept to other acoustical
phenomena like sound diffractions. Also, we will evalu-
ate the performance over more parameters like reverber-
ation time, total energy, instructions required, memory
requirements and other related parameters.
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