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Abstract
We present an acoustic rendering approach visualizing the listener-speci�c contribution of frequency-dependent
pressure �elds on a scene geometry with acoustic re�ection and scattering properties. Our method facilitates
the evaluation of simulated acoustics showing the effect of simulation parameters like absorption and scatter-
ing. The image-based spatial localization of acoustic properties is complementary to the auditive evaluation by
means of auralization. Our core contribution is a pressure-based acoustic rendering equation and a corresponding
raytracing method applying techniques from photorealistic rendering to the �eld of simulated room acoustics. Ap-
plications are directed at the visualization of interference patterns and analyzing the impact of acoustic re�ection
parameters.

Categories and Subject Descriptors(according to ACM CCS): I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and RealismRaytracing; I.6.8 [Simulation and Modeling]: Types of Simulation Monte Carlo; J.2 [Com-
puter Applications]: Physical Sciences and EngineeringPhysics

1. Motivation

Understanding the results of numerical simulation is a pri-
mary goal of scienti�c visualization. In the scope of simu-
lated acoustics, the most general concept is a virtual-reality
(VR) based combination of visualization and auralization
methods [FCE+ 98, BDM+ 05, LSVA07]. This means that
stereoscopic viewing of three-dimensional geometry and si-
multaneous display of acoustic signals within an immersive
VR-environment is feasible. Auralization systems provide a
realistic auditive environment, either using a great number of
speakers for sound �eld synthesis or based on head-related
transfer functions providing stereo signals perceived by a hu-
man.

The core contribution of the present work to this process
is the adaption of photo-realistic rendering techniques to the
visualization of acoustic simulation results. Therefore, we
establish a pressure based acoustic rendering equation which
is applied to an array of frequencies. Since the auditive en-
vironment of a scene is by far more complex than its visual
environment regarding the number of base frequencies that
can be distinguished, our method produces a set of images in

each rendering pass. For each frequency, the corresponding
image conveys the pressure amplitude (mapped to bright-
ness) and its phase shift (mapped to color). From this vi-
sual representation, local details of the directional impulse
response are conveyed spatially much sharper than possible
with auditive methods, complementing the valuable analysis
by means of auralization.

While methods inspired by photo-realistic rendering
[JC98] have already been used for acoustic simulation
[KJM04, BDM+ 05], to our knowledge there exists no ap-
proach of this kind for visualization purposes. Instead, pre-
vious work on acoustic visualization is mostly based on
graphical primitives like spheres, arrows and (iso-)surfaces,
whereas rendering plays an inferior role. Theoretical ap-
proaches well known from photo-realistic image synthesis,
e.g. approaches based on a rendering equation [Kaj86], have
not yet been used for the visual evaluation of acoustic sim-
ulation results. The present work is meant to close this gap,
showing that acoustic environments provide a “nice and col-
orful view” when seen with the eyes. This enables us to un-
derstand the contribution of re�ected and direct sound to the
audible result at a special position in an intuitive way, be-
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cause humans are able to distinguish between the exact di-
rection of light sources in contrast to sound sources.

Furthermore, we illustrate how important details regard-
ing variations of the simulation method can be viewed,
which may be much harder to perceive from audio signals.
Our rendering method is based on the phonon map, but it is
generally applicable to results obtained from other simula-
tion methods capable of calculating pressure �elds.

The remainder of our work is structured as follows: Sec-
tion 2 provides a review of related work, including the dif-
ferent approaches to simulated acoustics, visualization and
auralization, as well as photo-realistic rendering. In section
3 our previous work is summarized. Section4 contains the
core contribution of our work, thepressure based acoustic
rendering equationand its use in a raytracing-based visu-
alization algorithm. This method is tested and evaluated in
section5.

2. Related Work

In room acoustic design and especially in virtual and acous-
tic reality applications mostly methods based on geometric
acoustics are applied. They are based on optical fundamen-
tals and make use of approaches developed there. Theimage
source method[AB79,Bor84] models specular re�ections by
inserting new sound sources, which are obtained by mirror-
ing the location of audio source on polygonal surfaces inside
the scene. In theray tracing method[Kro68,Kul84,Vor88]
several rays are traced from the sound source to receivers,
which are typically represented as spheres. The re�ections
on the surfaces in the scene take place according to Snell's
law of specular re�ection and Lambert's law for diffuse re-
�ection calculation.

Another widely used technique in acoustic computation is
thebeam tracing method. Beam tracing overcomes the alias-
ing problem of classical ray tracing by recursively tracing
beams (i.e. sets of rays) of polyhedral [FCE+ 98,FTC+ 04],
conic [Ama84,MM93,Dal96], triangular [Lew93,Far95], or
rectangular (frustum tracing) [LCM07] cross-sections.Ray
tracing and image source methodsdepend on the receiver
position. Changing the listener position implies a recalcula-
tion of the room impulse response. In contrastbeam tracing
andradiosity methods[SZ93,NMI04] are view independent.
Siltanen et al. [SLS07] derived an energy based acoustic ren-
dering equation which is used to solve a global sound energy
transport problem for auralization purposes. The computa-
tion complexity of all these methods does not seem practical
for large environments.

Due to the shortcomings of the approaches described
above, continuative approaches have been developed e.g.
[Vor89, Hei93, Nay93, Lew93]. They mostly employ parts
of the classical schemes or a combination of them. Sonel
mapping [KJM04] is a particle based Monte Carlo method
for geometric acoustics also inspired by photon mapping
[JC98]. It is a two stage sound particle based method model-
ing specular and diffuse re�ections, as well as diffraction of

the sound wave.
Visual representation of sound propagation as well as rep-

resentation of the sound received at a listener position can
help in understanding this complex process. The existing vi-
sualization techniques can be classi�ed into two groups. The
�rst group considers the propagation of the sound waves or
rays inside the room independent of the listener position.
[YST02] and [PR05] visualized 2-dimensional sound wave
propagation. [PL03,FCE+ 98,LCM07] use 3 dimensional vi-
sualization for the evaluation of their results. The second
group is based on the measured or simulated room impulse
response for individual listeners. [KFW98] used colormaps
for the visualization of pressure levels, [MLPK01] employed
2D plots to visualize the impulse response. Stettner et. al.
[SG89] and Monks et al. [MOD00] visualized several acous-
tic parameters by using speci�c icons. A couple of commer-
cial systems, e.g. odeon (www.odeon.dk), catt (www.catt.se),
bose (www.bose.com), provide several tools for visualizing
measured or computed acoustic quantities.

In our previous work we have introduced the phonon trac-
ing algorithm for the simulation of room acoustics based
on particles. Furthermore we developed several visualiza-
tion techniques utilizing the results of the simulation. The
algorithm and the visualization approaches are brie�y sum-
marized in the next section.

In this paper we present a pressure based sound render-
ing equation for room acoustic simulation. Our backward
ray tracing approach facilitates a listener based visualization
of pressure amplitude as well as pressure phase for middle
frequencies of 22 frequency bands. The method shows the
unfold of the overall sound at a speci�ed listener position.
Due to consideration of the sound pressure instead of energy
we are able to simulate and visualize interference effects.

3. Previous Work

3.1. Phonon Tracing

The improved phonon tracing approach, introduced in
[DBM+ 06] computes the pressure level of a propagating
wave front in contrast to most geometric approaches which
are energy based. Given a scene with de�ned absorption
properties of the objects, position and emmision probability
distributionY of a sourceS, one ore more listener positions
Lk an impulse response �ltergk for eachLk is computed. The
algorithm consists of two steps: thephonon emissionstep
constructs the phonon map, and thephonon collection and
�ltering step collects the phonon's contribution togk. The
phonon map contains for each phononj the pressure spec-
trum p j , the phonon's positionPj on the surface, the image
sourceVj from which we can calculate the phonons outgoing
direction~o j , the traversed distanced j , number of re�ections
nr j , and the materialmj at the current re�ection.

In the emission stage,h phonons are ent out from the
sourceS according to the emission probability distribu-
tion Y. At the intersection of the phonon ray with the
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scene, a virtual sourceVj with pressure reduced by material-
dependent absorption is placed behind the re�ecting surface.
The phonon is stored at the intersection point, contributing to
a global phonon map. In the collecting stage of the algo-
rithm the phonon's contribution to the impulse response �lter
gk for every listener positionLk is determined. In the case of
a point source and uniform absorption for all frequencies, the
contribution of a phonon visible from the listener is a scaled,
translated unit pulse (Dirac). The Dirac is shifted by the time
elapsed between emission and reception of a phonon. The
scaling decreases with the accumulated length and wall ab-
sorption along the phonon path and depends on the angle
between the phonon direction and the direction from the vir-
tual source to the listening positionk:

p(t;L) =
ctot pre f

d j
w

�
\

�
~o j ;L � Vj

�
�

� dfs

�
t �

d j

c

�
(1)

where pre f is a reference pressure at 1m from the source,
ctot is the product of the re�ection coef�cients along the
phonon path andw is a Gaussian weighting function chosing
s such that the associated Gaussians approximate a partition
of unity on the unit sphere:

w(j ) =
2

hs 2 e� j 2

2s 2 (2)

In the more general case of frequency-dependent absorp-
tion, the unit impulse is subdivided into wavelets repre-
senting the individual frequency bands. The Dirac becomes
then a sum of these wavelets scaled and shifted as de-
scribed above. The �lter design, especially the correspond-
ing band pass �lters (wavelets), is described in full detail
in [BDM+ 05].

3.2. Visualization Approaches

Our phonon tracing approach precomputes particle traces
and records them in the phonon map which we used for
sound visualization. In [BDM+ 05] we visualized the sound
wave propagation by use of color coded spheres represent-
ing particular phonons. The color of these spheres corre-
sponds to the energy decomposition of the phonons. In an-
other work [DMB+ 06] we presented additional techniques
using the phonon map to visualize wave fronts on the scene
surfaces using geometric primitives, triangulated surfaces
and scattered data interpolation. Additionally we visualized
the results at a listener position using a color coded sphere
which is deformed according to the direction and amount of
the received energy. In [MDHB+ 07] we introduced a visual
analysis approach of acoustic quality at listener positions uti-
lizing acoustic parameters (metrics) and gave an example of
improvement of speech comprehensibility inside a lecture
room.

All previous visualization approaches are based on graph-
ical primitives (spheres, arrows, surfaces, etc.) and do not
make use of an acoustic rendering equation.

(a) (b)

Figure 1: The pressure at the point L can be calculated
by the pressure on the surface of an in�nitesimal sphere S
around L with diameter d= 2r (a). In analogy, the pressure
at the surface point E can be calculated by the pressure on
an in�nit small hemisphere H around E with diameter d (b).

4. Visualization Algorithm

To vizualize phase and pressure of sound arriving through
the individual pixels of the viewing window, we establish a
pressure-based sound-rendering equation. The correspond-
ing relation between the sound-pressurep(S;t) at a source
at positionS and the sound-pressurep(L;t) at a listener-
positionL is computed by convolution with a proper impulse
responseg,

p(L;t) = g(t) � p(S;t) =
Z

t
p(S; t )g(t � t )dt : (3)

4.1. Adaption of the Ray Tracing Approach

Based on the local pressure representation at scene surfaces
obtained from simulation and our rendering equation, a pres-
sure signal is calculated for every pixel. Therefore, we make
the following assumptions of linear geometric acoustics:

� linear spread of a wave front with sound speedc = 343m
s

� linear attenuation of sound pressurep � 1
d

� the total pressure is the sum of all re�ected pressure �elds

Linear acoustics is only applicable to wavelenghtl << x ,
with x as a measure for the dimensions of the simulated en-
vironment. The second assumption of linear attenuation with
the traversed distanced is valid for pressure, whereas energy
is subject to quadratic attenuation.

To calculate equation (3) by ray tracing the pressure re-
sponse needs to be forumulated geometrically. This is done
by our sound rendering equation

p(L;t) = limr ! 0

�
1

4p r 2

Z

Sr

PE(B;t) dB
�

; (4)

calculating the pressure on an in�nitesimal sphere with ra-
dius r around L by integrating the incomming pressure
PE(B) on its surface. As illustraded in �gure1, B is a point
onSr andr denotes the ray fromL throughB to its intersec-
tion point E with the scene. Based on Huygens' principle,
the pressure �eld on a re�ecting surface can be represented
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Figure 2: Huygens' principle: A re�ected sound wave cor-
responds to an in�nite set of point sources. When adding the
individual pressure �elds, shape and direction of the wave
front are preserved.

by an in�nite set of in�nitesimal spherical sources, see �g-
ure 2. The incoming pressure atL may thus be represented
by integrating the pressure contributions of all re�ecting sur-
facesE.

When considering a speci�c frequencyw, the incomming
pressurePE(B;t) can be represented by a complex function

pE(B;t)dB= g(B;E) � pout(E); (5)

whereg(B;E) denotes the complex transfer function of the
direct transmission line betweenB andE, given by equation
(6). The harmonic pressure wave and the complex descrip-
tion reduce the convolution withg to a simple multiplication
with g. The phasea and amplitudeA of the pressurep(X)
are expressed by a complex numberp(X).

g(L;E) =
1

jjL � Ejj
eia (jjL� Ejj ) (6)

p(X;t) = A� cos(wt + a ) = Re(Aeia eiwt ) (7)

= Re(p(X)eiwt )

Inserting this into equation (4) provides our frequency-
speci�c sound rendering equation

Pre f l(L) =
1

4p r 2

Z

S
g(B;E) � pout(E; r) dB

�
�
�
�
r ! 0

; (8)

calculating the total incomming re�ected sound pressure. We
note that the direct response from the point sourceS is not
represented here, since it corresponds only to one point in
the image. The outgoing pressurepout(E; r) at E with re-
spect to the ray directionr is calculated by a simple acoustic
bi-directional re�ection distribution function (BRDF), as de-
scribed below.

The discretization of equation (8) is provided in equation
(9), wherey i is the solid angle covered by the pixelwi .
The in�nitesimal radiusr is eliminated when considering
only the pressure re�ected through the viewing windowY
towardsL:

Pre f l;Y (L) �
1

4pr 2 å
i: y i2Y

g(B;Ei) � pout(Ei)r 2y i

�
�
�
�
�
r ! 0

(9)

=
1

4p å
i: y i2Y

g(L;Ei) � pout(Ei)y i (10)

=
1

4p å
i: y i2Y

Pre f l;y i (L) (11)

4.2. Recursive Ray Tracing

In geometric acoustics re�ection of sound is considered
more specular than re�ection of light. Diffuse re�ections
are mainly due to simpli�cations in the geometric model,
for example representing a book shelf by a planar surface.
Hence, recursive ray tracing provides a good approximation.
The total outgoing pressurepout at each intersection point is
the weighted sum of specularly and diffusely re�ected and
emitted sound pressure.

For an intersection pointXk and an incident rayrk during
the recursion, the pressurepout, which is emitted in reverse
direction ofrk, can be written as:

pout(X
k;rk)=

8
<

:

pout;di f f (X
k) i f rd = rdmax (a)

pemis(X
k; rk) i f r k hitsasource (b)

pout;re f l(X
k; rk) otherwise (c)

(12)

with rd being the current andrdmax maximum recursion
depth. If the maximum recursion depthrdmax is reached only
diffuse re�ection is used for the last intersection point (12,a).
The calculation of the diffusely re�ected outgoing sound
pressurepout;di f f from simulation data is shown in the next
paragraph. The case that a ray hits a point source (12,b) is
very unlikely, as a point source has no area. Therfore, it will
be neglected.pout;re f l (12,c) is calculated by (13) which de-
scribes the outgoing pressure for the �rstn � 1 re�ections
of a ray with rd intersection points. To ensure the correct
reproduction of direct sound in case of specular re�ection a
shadow ray is traced for each sourceSi .

pout;re f l(X
k; rk)

= pout;spec(X
k; rk) + pout;emis(X

k; rk) + pout;di f f (X
k)

pout;spec(X
k; rk)

= Rspec(Xk; rk) � g(Xk;Xk+ 1) � pout(X
k+ 1; rk+ 1)

pout;emis(X
k; rk) = å 8Si2Vk Rspec(Xk; rk) � g(Xk;Si) � pemis(Si)

(13)

pout;re f l is the sum of the perfectly specular re�ected pres-
sure pout;spec(X

k; rk), the specular re�ected direct incom-
ing soundpout;emis(X

k; rk) and the diffusely re�ected sound
pout;di f f (X

k). Vk is the set of direct visible sourcesSj from
Xk, rk+ 1 is the perfectly specular re�ected ray andXk+ 1

its next intersection point with the scene.Rspec(Xk; rk) is
the specular part of the Bidirectional Re�ection Distribution
Function (BRDF). It calculates the sound pressure re�ected
by Xk in one meter distance. This enables us to approximate
the re�ected sound pressure by that of a point source atE.

Figure3 shows the impact of the recursion depthrd. In
Figure3(a) the recursion depthrd = 1 is used. Thus, it shows
only the information of the phonon map, interpreted as dif-
fusely re�ected sound. Figures3(b) and (c) show the same
setup, traced withrd = 3 and rd = 20. A high recursion
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Figure 3: The same setup traced with recursion depth rd=1, rd=3 and rd=20 @640Hz. The �oor has 1% and the other surfaces
90% scattering. The impact of the recursion dept is obvious.

depth increases the effect of specular re�ection and over-
weights the diffuse part.Pre f l;y i (L) in equation (9) can be
calculated by:

Pre f l;wi (L) = g(L;X1
i ) � pout(X

1
i ; r1) (14)

4.3. Local Evaluation of the Phonon Map for diffuse
Re�ection

In contrast to previous work in [BDM+ 05] and [DMB+ 06]
we also want to visualize frequency-dependent effects like
inteference. Therefore we need some additional information,
like phase of the re�ected sound, to calculatePemis. As ex-
plained in section4.1, this is done by expressing the phase
and pressure spectrum for each phonon by a complex pres-
sure spectrum.

Each intersection pointE can be considered as a point
source, as described in section4.1. For diffuse re�ection the
sound-pressure and phase of this source is determined by
interpolating the phonon map. This is done by a gaussian
weighted sum, equation (15), as proposed in section3, or
standard Shepard interpolation. A comparison is depicted in
Figure4. As in this case the re�ection is assumed as perfect
diffuse, eachp j is weighted byRdi f f (b ) = cos(b ) for lam-
bertian re�ection.b is the angle between surface-normal and
incident direction of the Phononj.

pout(E;t) =
m

å
j= 0

w(g(Pj ;E))Rdi f f (b )p j (15)

For correct interpolation of the pressure atE we need to dis-
tinguish between the phonons on different surfaces. There-
fore, for each phonon, the normal and material-index of the
corresponding surface is added to the map.

In Figure4 (a) the left half of the image is rendered using
Shepard and the right half using equation (15). Even if the
results obtained by gauss interpolation are more blurry than
those by Shepard interpolation, the error can be accepted as a
trade off between quality of the results and physical correct-
ness. As contribution of diffuse re�ected sound pressure is
much smaller than that of specular re�ected sound pressure,
the overall error is negligible. Therefore gaussian interpola-
tion is preferred.

(a) (b)

Figure 4: (a) Phonon map of simple wall with point source
in front of it. The left half is interpolated with Shepard, the
right half with gauss interpolation. (b) Legend for minampl =
10� 4

4.4. Color Mapping

Phase and amplitude convey the most important information
in our approach. Therefore the phase is mapped on discrete
color intervals in order to display the isolines of the phase
shift. The amplitude is logarithmically mapped on the value
channel of the HSV color model. As in most simulations the
amplitude values are concentrated on a small interval, there-
fore a lower clipping levelminampl is de�ned. For values be-
low minampl the amplitude is set to zero. Figure4 (b) shows
the legend forminampl = 10� 4. As the ray tracer creates a
complex pressure spectrum for each pixel in one run, also
the color mapping is done in a single run. For each middle
frequency of a frequency band a single picture is mapped.

5. Examples and Results

(a) (b)

Figure 5: Con�guration of the simulation scenario in two
different lecture rooms. Orange spheres mark the sources
and blue sphere marks the listener position.
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(a) (b)

(c) (d)

Figure 6: The visualization of the phonon map using the described approach (a,b)and the phonon visualization described
in [DMB+ 06] (c,d) for the second re�ection showing the global (a,b) and local (c,d) in�uence of scattering. Pictures (a,c) are
traced with a scattering coef�cient of 1% and (b,d) with a scattering coef�cient of 50%

5.1. Comparison of Different Visualization Methods

In virtual acoustics scattering is used to model diffuse re-
�ection of structured surfaces. In order to show the scater-
ing effect we visualize the phonon map with our approach
and by use of the method described in [DMB+ 06]. We build
the phonon map for scattering of 1% and 50%, respectively.
For the rendering we consider only phonons which are re-
�ected two times at the scene surfaces. The virtual scene is
depicted in �gure5 (a). The visual results achieved by use
of the sound rendering equation show the global in�uence of
the scattering coef�cient at 320Hz (see6 (a+b)). The result-
ing phase pattern becomes more blurry with increased scat-
tering coef�cient, recognizable in �gure6 (b) as distorted
phase color borders. The more blurry the total phase of a
surface is the more uncorrelated is the re�ected sound wave
front. This global in�uence of the scattering coef�cient can
not be seen in �gure6 (c,d), which shows single particles
on room surfaces [DMB+ 06]. Nevertheless it gives a good
local insight into the scattering effect.

5.2. Interference pattern visualization

Interference is a disturbing effect of standard speaker setup.
While the interference pattern of the �rst re�ection at scene
surfaces can be easily calculated, the determination of the
pattern after several re�ections is not that trivial. In order
to visualize the interference phenomenon we have simu-
lated the following scenario (see Figure5(a)). Inside the

virtual model of a university lecture room (13� 6 � 3 m),
we have placed two sources in a distance of approximately
three meters between each other (orange spheres). The lis-
tener (blue sphere) is positioned centered to the sources at
the same height several meters away. Using this setup inter-
ference patterns should be visible, at least for the early re-
�ections. We have calculated the sound pressure and phase
using our sound tracing algorithm for different frequencies
without scattering. The used phonon map contains about 2M
phonons. Figure7 shows the occuring interference patterns
on the scene surfaces for 452Hz (a,d), 640Hz (b,e), and
1280Hz (c,f) considering only the �rst re�ection (a-c) and
the early six re�ections (d-f). The interference patterns due
to the constructive interference (full color intensity) and the
destructive interference (zero color intensity) are clearly rec-
ognizable.

5.3. Application Examples

Figures5 (b) shows a model of a lecture room at our Uni-
versity. The shape and the materials inside this room are
chosen in order to satisfy its usage for speech. We have
calculated the pressure amplitude and phase approximating
the real absorption coef�cients. We have traced the rays un-
til the recursion depth of twenty using a phonon map with
2.5M phonons. Figure8 depicts the resulting visualization
at 452Hz frequency, corresponding to a low frequency of
speech. As expected our visualization shows that the lecture
room is suitable for speech presentations. The side walls on
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(a) (b) (c)

(d) (e) (f)

Figure 7: Phase visualization of sound received at one listener position for the frequencies 452Hz (a,d), 640Hz (b,e), and
1280Hz (c,f) for the �rst re�ection and after six re�ections (d-f) for the scenarion shown in Figure5 (a).

both sides of the blackboard are mainly responsible for this
fact. The big green spots in the �gure show that a large sur-
face of them re�ects sound with equal phase as that re�ected
off the middle of the blackboard. Therefore sound at this fre-
quency will be ampli�ed by these re�ections.

Figure 8: Room HS46-110 at the university @452Hz

6. Conclusions and future work

We presented a pressure based acoustic rendering equation
and a raytracing approach visualizing the results of simu-
lated acoustics. Using complex numbers for pressure �elds

at �xed frequencies has the great advantage that annihila-
tion for interference patterns can be modeled, which is not
possible with energy-based approaches (since energy is non-
negative).

Our rendering method provides an array of images repre-
senting the frequency-speci�c pressure �elds generated by
sound sources inside a room geometry with associated re-
�ection distribution functions. In this representation, color
is used to convey the pressure phase and amplitude contribu-
tions of the scene elements visible from a listener position.
We used our method to visualize acoustic patterns like in-
terference and to study the effects of modi�cations in the
simulation algorithm, such as the introduction and weight-
ing of scattering coef�cients.

Our work is a �rst step combining geometric acoustics
with wave-based methods (like �nite and boundary ele-
ment methods), where continuous complex-valued pressure
�elds are computed with tremendous computational efforts.
Since our visualization method can be combined with any
pressure-based simulation method (it is not restricted to
phonon mapping), we want to visualize the results of wave-
based simulation methods, as well.
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