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ABSTRACT

Acoustic modeling of even small simple environments
is a complex, computationally expensive task. Sound, just
as light, is itself a wave phenomenon. Although there are
several key differences between light and sound there are
also several similarities. Given the similarities which ex-
ist between sound and light, this work investigates the ap-
plication of photon mapping (suitably modified), to model
environmental acoustics. The resulting acousticsonel map-
ping technique can be used to model acoustic environments
while accounting for diffuse and specular acoustic reflec-
tions as well as refraction and diffraction effects.

1: INTRODUCTION

Incorporating spatialized auditory cues in an immersive vir-
tual environment can be beneficial for a variety of rea-
sons; spatial auditory cues can add a better sense of “pres-
ence” or “immersion”, they can compensate for poor vi-
sual cues (graphics), lead to improved object localization
and at the very least, add a “pleasing quality” to the sim-
ulation [21]. Despite these potential benefits, spatial audi-
tory cues are often overlooked in immersive virtual environ-
ments where traditionally emphasis has been placed on the
visual (graphic) scenes [6]. Systems that do convey audi-
tory information often do so poorly, typically assuming that
all interactions (reflections) between a sound wave and ob-
jects/surfaces in the environment are specular, despite that
in our natural settings, acoustical reflections may include
diffuse, diffractive and refracted components as well. Fail-
ure to accurately model all the reflection phenomena (in par-
ticular, diffractive [23] and diffuse [14] components) leads
to a decrease in the spatialization capabilities of the system,
ultimately leading to a decrease in performance.

Given the importance of simulating the acoustics of an
environment accurately and the similarities that exist be-
tween computer graphics and acoustic modeling, this work

investigates the application of photon mapping-like tech-
niques (see [8] for a review of photon mapping) to model
the acoustics of a dynamic environment. By accounting for
the differences between the propagation of sound and light
as well as how propagating sound waves interact when they
encounter objects in the environment, a novel technique,
termedsonel mapping, is developed that can be used to ac-
curately model the acoustics of an environment.

This paper is organized as follows: Section 2 provides
a brief introduction to auralization and describes some rel-
evant room acoustic modeling techniques. A description of
the sonel mapping method is described in Section 3, begin-
ning with a brief description of the computer graphics based
photon mapping method on which it is based. Test results
are provided in Section 4 while a summary and discussion
of future work is presented in Section 5.

2: AURALIZATION

The goal of auralization [9] is to recreate a particular lis-
tening environment, taking into account the acoustics of the
environment (e.g., reverberation) and the characteristics of
the listener (e.g., head related transfer functions or HRTFs).
Auralization can be accomplished by determining thebin-
aural room impulse response(BRIR). The BRIR can then
be used to filter, typically through convolution, the desired
sound material and when this filtered sound is presented to
a listener, the original sound environment will be recreated.
The BRIR can be decomposed into two separate compo-
nents; i) theroom impulse response(RIR) which captures
the reflection properties (reverberation), sound attenuation
and absorption properties of a particular room configuration
(e.g., the “room acoustics”) and ii) the HRTF that captures
the effects introduced by the listener, due to the listener’s
physical make-up (e.g., pinnae, head, neck, torso). Greater
detail regarding the determination of the HRTF, in addition
to human sound localization in general, is provided in [3]



and will not be described further here.

2.1: Estimating the Room Impulse Response

Current approaches to computational acoustic modeling can
be broadly divided into two categories;wave-based model-
ing andray based modeling[18]1.

Wave-Based Methods:With wave-based methods, the
objective is to solve the wave equation, also known as the
Helmholtzequation, to recreate a particular sound field. Un-
fortunately, an analytical solution to thewave equationis
rarely feasible [18] and wave-based methods use numeri-
cal approximations, such as finite element methods (FEM),
boundary element methods (BEM) and finite difference
time domain methods (FDTD) instead [18]. With respect to
acoustical wave-based methods, numerical approximations
sub-divide the boundaries of a room into smaller elements.
Then, by assuming the pressure at each of these elements is
a linear combination of a finite number of basis functions,
the “boundary integral form” of the wave equation can be
solved [6]. An example of such an approach is the acous-
tical radiosity method [16, 20], which is itself a modified
version of the image synthesis radiosity technique.

Geometric Acoustics and Ray-Based Techniques:In a
manner similar to geometric optics, ray based acoustical
modeling, assumes sound acts as rays. Hence, light (visual)
based rendering techniques are used to model the acoustics
of an environment. Essentially, the propagation paths taken
by the rays are found by tracing (following) these “acoustic
rays”. Mathematical models are used to account for source
emission patterns, atmospheric scattering, absorption of the
sound ray by the medium itself and the interactions with
any surfaces/objects the rays may encounter [6]. At the re-
ceiver, the RIR is obtained by constructing anechogram,
describing the distribution of incident sound energy (rays)
over time. Several of the more popular ray-based methods
includeimage sources[1], ray tracing [10] andbeam trac-
ing [5].

The numerical approximations associated with wave
based methods are computationally very expensive, mak-
ing them impractical for all but very simple, static envi-
ronments. Furthermore, their computational complexity in-
creases linearly with the volume of the room and the number
of volume elements and is proportional to the fourth power
of the frequency of interest [17]. Such techniques are cur-
rently beyond our computational ability for all but very sim-
ple, trivial scenarios.

Ray based methods, on the other hand, are fairly sim-
ple to model and are widely used in a variety of acoustical
modeling applications. Unfortunately, they are only valid

1Actually, Savioja [18] includes a third category calledstatistical mod-
eling. As described in [18], statistical modeling is primarily applied to
“predict noise levels in coupled systems in which sound transmission by
structures is an important factor” and hence not suitable for auralization.

for higher frequency sounds, where reflections are typically
specular. Ray based methods thus ignore the wavelength
of sound and phenomena associated with diffraction. By ig-
noring such phenomena, they can only accurately model the
early portion of the room impulse response as these tech-
niques become computationally expensive as the number of
reflections increases [6]. Ray based methods also fail to
properly account for diffuse reflections, leading to higher
predicted reverberation times [7] and generally, a decrease
in the overall quality of the auralization [13]. Models that
do attempt to account for diffuse reflections, according to
Dalenb̈ack et al. [14], do so in a “crude manner”.

3: SONEL MAPPING

In this paper we propose a novel technique for auraliza-
tion calledsonel mapping. Sonel mapping is an applica-
tion of the photon mapping computer graphics method to
auralization. Photon mapping [8] is a two-pass “particle-
based”, probabilistic global illumination method developed
by Jensen in 1995 in order to determine the illumination
at any point in a scene. In the first pass, “photons” (the
basic quantity of light) are emitted from each light source
and traced through the scene until they interact with a sur-
face. When photons encounter a diffuse surface, they are
stored in a structure called aphoton map. In the second
stage, the scene is rendered using the information provided
by the previously collected photon map to provide a quick
estimate of the diffuse reflected illumination. Distribution
ray tracing is employed to model specular effects. Photon
mapping is independent of the scene geometry, thereby al-
lowing for the illumination of arbitrary complex scenes to
be computed. In addition, it can handle complex interac-
tions between light and a surface, including pure specular,
pure diffuse and glossy reflections and any combination of
them.

Here we use the same basic approach as photon map-
ping but apply the technique to the task of auralization.
Consider the possible outcomes when a propagating sound
encounters a surface/object or obstruction in its path (see
Figure 1). A propagating sound can experience specular
or diffuse reflection, refraction, diffraction or absorption,
solely or in any combination. Following the same strat-
egy as used in photon mapping, rather than modeling the
exactmechanical wavephenomena of sound propagation
(e.g., particles in the medium as they move about in their
equilibrium position), at each source, this process is ap-
proximated by emitting one or more “sound elements” (the
analogue to photons when considering the visual photon
mapping method), from the sound source and tracing these
sound elements through the scene until they encounter an
object/surface. (Hereinafter, a sound element will be re-
ferred to as asonelor sonelswhen considering more than
one sound element). The sonel can be viewed as a packet
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Fig. 1. Acoustic reflection phenomena.

of information propagating from the sound source to the re-
ceiver, carrying the relevant information required to sim-
ulate the mechanical wave propagation. The information
carried by each sonel includes the information used by pho-
tons in the photon mapping approach: position (x,y,z coor-
dinates), direction to incidence and energy in addition to in-
formation specific to sound and sound propagation, includ-
ing: distance traveled, phase and frequency.

The goal of sonel mapping is to model the propagation
of sound within an environment, taking into consideration
both specular and diffuse reflections, refraction, absorption
and most notably diffraction, in an efficient manner, allow-
ing sonel mapping to be used to model complex interactive
virtual environments. Work with respect to this goal is on-
going and although diffraction and refraction have yet to be
added, the current system supports specular and diffuse re-
flections in any combination.

Accounting for Frequency:Following the common ap-
proach in architectural acoustics applications [15], the dis-
tribution of sound frequency in a given sound source is ap-
proximated by considering the center frequency of a fixed
number of frequency bands ranging from63Hz to 8kHz.
Table 1 provides a summary of the frequency bands used
here along with their associated lowerfl, upperfu and cen-
ter frequencyfc. Each sonel holds the energy contained
in each frequency band and currently each frequency band
(center frequency) is considered separately at each stage of
the simulation.

3.1: Addressing the Differences Between Light and
Sound Waves

Two basic differences between the propagation of light and
sound waves that must be addressed by any acoustical mod-
eling method employing visual (light) based techniques are
[17, 20]: i) the slower propagation speed of sound and ii)
the greater attenuation (damping) of sound by the medium

Bandwidth fl (Hz) fu (Hz) fc (Hz)
1 44 89 63
2 89 177 125
3 177 354 250
4 354 707 500
5 707 1400 1000
6 1400 2800 2000
7 2800 5600 4000
8 5600 11300 8000

Table 1. Bandwidths and center frequencies.

(air).
Accounting for Absorption by the Medium:Assuming

planar sound waves, the attenuation of sound energy due to
absorption by the air follows an exponential law [11]:

Ed = Eoe
−md (1)

whereEo is the energy of the sound at the original position,
Ed is the energy after the sound has traveled a distanced and
m is the air absorption constant and varies as a function of
the conditions of the air itself (e.g., temperature, frequency,
humidity and atmospheric pressure). Expressions for the
evaluation ofm are provided by Bass et al. [2] and a list
of values form for various frequencies and relative humid-
ity values, at constant air temperature of20oC and normal
atmospheric pressure of10−3m−1 is provided by Kuttruff
[11].

Accounting for the Finite Propagation Speed of Sound:
Each sonel contains information to describe the total dis-
tance it has traveled. During each interaction (intersection)
between a sonel and a positionx on a surfaceS, the distance
between pointx and the pointx′ from which the sonel was
last emitted/reflected from is determined and this is added to
the accumulated distance field of the sonel (dsonel). When
required by the simulation (e.g., when the sonel reaches a
receiver), the total timetsonel between the emission of the
sonel by a sound source and the time it reaches the receiver
can be determined by dividing the distance traveled by the
speed of soundvs (e.g.,tsonel = dsonel/vs).

3.2: Stage One: Sonel Tracing

In the first stage of the sonel mapping method, the sonel
maps are constructed (“populated”). The sonel map is a
“global” structure used in the second stage (rendering stage)
to determine the sound energy reaching a receiver which has
been reflected diffusely at least once independent of the re-
ceiver’s position or orientation. From each sound source, a
pre-determined (user specified) number of sonels are emit-
ted and traced through the environment. When the sonels
encounter a diffuse surface, the information contained in
each sonel is updated (this process is described below) and
the sonel is stored in the sonel map.



Sound Sources - Emitting the Sonels:Sonels are gener-
ated based on the distribution of sound energy in different
direction at each source. Currently, omni-directional point
sources are used where the sonels are emitted uniformly in
all directions. Each sound source generatesNsonel sonels
from the energy distribution function of the sound source.
Accuracy of the estimation increases as more sonels are
emitted however, increasing the number of emitted sonels
leads to a corresponding increase in computation time. The
total power of each source is divided equally amongst each
of the sonels emitted from it. Given an omni-directional
sound source with a power level ofLsdB, the energyEo of
each sonel when emitted from the source is determined as:

Eo =
10L/10

Nsonel
× 10−12 (2)

The energy of each sonel is divided equally amongst each
frequency band. As sonels propagate through the environ-
ment they may interact with a surface. Sonels that do not
interact with a surface are lost.

Upon encountering a surface, three types of interaction
(specular and diffuse reflection and absorption) will occur
simultaneously provided the percentage of the sonel’s en-
ergy has not decreased below a user defined energy discon-
tinuity percentage (EDP). The EDP represents the percent-
age of the original (sonel) energy which must be lost before
the sonel is terminated (e.g., not reflected any further) [4].
The incident sonel is reflected both specularly and diffusely
and the energy carried by each of the reflected sonels is de-
termined as follows:

α + δ(1− α) + (1− δ)(1− α) = 1 (3)

whereα is the incident surface absorption coefficient indi-
cating the fraction of sound energy absorbed by the surface,
δ is the incident surface diffuse reflection coefficient indi-
cating the fraction of sound energy reflected diffusely and
(1 − δ)(1 − α) represents the amount of energy reflected
specularly. Hence, at each point of incidence (provided
α < 1 andδ < 1), two “new” sonels are created; one is
reflected specularly and the other diffusely.

Specular Reflection:When a sonel is reflected specu-
larly, the sonel is reflected assuming ideal specular reflec-
tion whereby the angle of reflection is equal to the angle
of incidence. Prior to reflecting the sonel, its relevant pa-
rameters are updated to account for the intersection with the
surface at pointx. This includes adding the distance be-
tween the last intersection point and the current intersection
point to the total distance traveled by the sonel, updating the
current point of intersection and surface normal.

Diffuse Reflection:When a sonel is reflected diffusely
(e.g.,δ > 0), the incident sonel is updated (e.g., position of
interaction on the surfacex, surface normal, distance trav-
eled, energy reduced due to absorption etc.) and the sonel

is stored in the sonel map. A new sonel is then generated
and reflected diffusely from this point on the surface. The
direction (θ, φ) of reflection for this new sonel is determined
by choosing a random direction in the hemisphere centered
about pointx. For a perfectly diffuse (Lambertian) surface,
directions are chosen uniformly over the hemisphere cen-
tered above pointx.

3.3: Stage Two: Acoustic Rendering

After construction of the sonel map, rendering of the acous-
tic environment takes place. In the rendering stage, the
room impulse response is estimated through the use of the
previously constructed sonel map coupled with acoustic dis-
tribution ray tracing. The impulse response is estimated by
emitting acoustic rays from each receiver and tracing them
through the scene, recording their interaction with any ob-
jects/surfaces. The impulse response (echogram) describes
the distribution of sound energy over time. Time is dis-
cretized and the spacing between “time steps” or “bins”
is denoted byps. As with the sonels emitted from sound
sources in stage one, the rays emitted from the receiver can
encounter either a specular or diffuse surface. Greater detail
regarding each of these two interactions are provided below.

Diffuse Reflection:When the ray intersects a diffuse sur-
face at pointx, the sonel map is used to provide an esti-
mate of the sound energy leaving pointx and arriving at the
receiver. The estimate is made using a modified form of
thedensity estimationalgorithm described by Jensen [8]. A
maximum number of sonelsnmax in the sonel map closest
to the intersection pointx are found by searching the sonel
map for all sonels within a pre-defined distanceds of x (the
actual number foundnactual may be less thannmax). In
reality, not all sonels matching this criteria will necessarily
reach pointx′, however, currently, it is assumed all sonels
do (future versions will consider including some form of
distribution function that describes the distribution of en-
ergy reaching pointx′ from point x). The energy of each
sonel (each frequency band) is scaled by1/nactual and fur-
ther scaled to account for attenuation by the air. Prior to
scaling for attenuation by the air however, the distance be-
tween pointx′ and pointx is calculated and this is added to
the total distance field of the sonel to account for the path
between the two points. The scaled energy of each of the
nactual sonels is then added to the appropriate “bin”bi of
the accumulating impulse response using Equation 4 given
below and the ray is terminated.

bi =
⌊
((tsonel + tray)× 1

ps
) + 0.5

⌋
(4)

wheretray is the time taken for the ray emitted by the re-
ceiver to reach pointx andtsonel is obtained from the sonel
itself (see Section 3.1).



Surface Material α (2kHz) α (4kHz)
Floor Wood (on joists) 0.15 0.11

Ceiling Plaster (smooth finish) 0.14 0.10

Walls 3/8” Plywood panel 0.28 0.22

Table 2. Surface absorption coefficients.

Specular Reflection:Specular reflections are handled
using the approach described for specular reflections in
stage one. However, in contrast to stage one, when a sound
ray encounters a sound source (acting as a receiver), its en-
ergy is scaled to account for attenuation of the medium and
distance. As with diffuse reflections, the appropriate im-
pulse response “bin” is determined as follows:

bi =
⌊
(tray ×

1
ps

) + 0.5
⌋

(5)

The scaled energy is added to it. The ray is then terminated
(e.g., it is not reflected off of the sound source).

4: RESULTS

To demonstrate the ability of the sonel mapping algorithm
to model the acoustics of an environment, the reverbera-
tion time (RT ) for a simple, “box-like” enclosure was esti-
mated by the system for several sound source/receiver con-
figurations (two frequency bands, with center frequencies
of 2kHz and 4kHz were considered for this demonstra-
tion). The difference between the estimated and theoret-
ical values predicted by Sabine’s formula [15] is used to
provide a measure of system accuracy. The dimensions of
the room were10m × 9m × 8m. The position (x, y, z co-
ordinates, in meters) of the single omni-directional sound
source were (9.0, 8.0, 7.0), while the coordinates of the four
receivers were (4.0, 4.5, 4.0), (2.0, 5.5, 7.0), (3.0, 1.0, 3.0)
and (6.0, 6.0, 4.0). The surfaces of the room (four walls,
ceiling and floor) were assigned frequency dependent ab-
sorption coefficient valuesα corresponding to particular
materials as given in [15] (e.g., a wooden floor on joists,
smooth plaster ceiling and each of the remaining four walls
3/8” thick plywood) and listed in Table 2.

As assumed in Sabine’s formulation for reverberation
time, in this test all reflections were diffuse (e.g., there were
no specular reflections. The diffuse reflection coefficient of
surfacei (δi) was obtained as follows:

di = 1− αi (6)

whereαi is the absorption coefficient of surfacei. The al-
gorithmic parameters (as described in Section 3) used for
this test are summarized in Table 3.

Reverberation times were estimated by computing a lin-
ear regression on the−5 to −35dB portion of the decay
curve [12]. The decay curve itself was obtained using
Schroeder’s backwards integration method [19].

Parameter Value
Receiver Radius 0.12m
Source Power 90dB
EDP 99.999999
Echogram bin spacing (ps) 0.0001s
Number of Sonels (Nsonel) 100, 000
ds 0.1
nmax 10

Table 3. Sonel mapping algorithmic parameters.

Table 4 lists the percent difference%dif between the
predicted (actual) reverberation timeRTpredicted as pre-
dicted by Sabine’s formula and the reverberation time as
estimated by the systemRTestimated, calculated as follows:

%dif =
∣∣∣∣RTpredicted −RTestimated

RTpredicted

∣∣∣∣ (7)

As shown in Table 4, the percentage difference be-
tween the estimated and predicted reverberation times is
very small for each of the receiver positions and for both fre-
quency bands. Although the estimated values are very close
to the predicted values, this was obtained by setting the en-
ergy discontinuity percentage (EDP) to a very high value of
almost100% when in reality, the EDP is typically set be-
tween90 and99% [24]. Setting the EDP to such a high
value ensures the reverberation decay is linear and hence
the linear regression used to estimate the reverberation time
provides an accurate measure [24].

5: SUMMARY

This paper presented a preliminary version of the sonel
mapping acoustic modeling method. The goal of sonel
mapping is to model the acoustics of an environment, taking
into account the various acoustical phenomena occurring
as a sound propagates and interacts with objects/surfaces in
the environment, in an efficient manner thereby allowing it
to be used in interactive virtual environments. Currently,
the method accounts for specular and diffuse reflections in
addition to absorption as a sound propagates from the sound
source to the receiver. Preliminary results based on a com-
parison between the estimated and predicted reverberation
times indicate the method accurately estimates the decay of
diffusely reflected sound. This work is ongoing and future
versions will include modeling of refraction and diffraction
effects in order to fully capture the interactions between a
propagating sound and objects/surfaces in the environment.
More realistic sound source sonel distribution functions are
being pursued which take into account frequency depen-
dent source directivity. In addition, the use of a Russian
Roulette strategy [22] is being investigated to decrease the
computational requirements of the sonel mapping approach.



Position RTpredicted (2kHz) RTestimated (2kHz) %dif RTpredicted (4kHz) RTestimated (4kHz) %dif

4.0, 4.5, 4.0 2.42s 2.45s 1.24 1.80s 1.81s 0.56

2.0, 5.5, 7.0 2.42s 2.38s 1.65 1.80s 1.71s 5.00

3.0, 1.0, 3.0 2.42s 2.40s 0.83 1.80s 1.72s 4.44

6.0, 6.0, 4.0 2.42s 2.54s 5.00 1.80s 1.84s 2.22

Table 4. Comparison between estimated and predicted reverberation time for four receiver positions.
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