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ABSTRACT

Holophonic sound reproduction using Wave Field Synth&%E$)
[1] aims at recreating a virtual spatialized sound sceneniexa
tended area. Applying this technique to synthesize vidoalces
located within an indoor environment can create strikindiaef-
fects in the context of virtual or augmented reality applmas.
However, interactions of the synthesized sound field withlig
tening room must be taken into account for they cause modifica
tions in the resulting sound field. This paper enumeratesesaim
these interactions according to different virtual scenefigora-
tions and applications. Particular attention is paid to réero-
duction of the sound source directivity and to the reproiduncof
a room effect coherent with the real environment. Solutifans
synthesizing the directivity of the source and the assediabom
effect are proposed and discussed around simulationsloppes
ments and first perceptual validation.

1. CONTEXT

This research has been conducted in the context of the CARRRDU
project [2] which is supported by European IST. It aims avjio

ing methods and technologies to create or record a statig-or d
namic sound scene, to transfer it to a remote place wheranit ca
be reproduced with high fidelity regarding the original sglesnd
perceptual properties of the sound field.

multaneously on the shape and acoustical properties oftiineds
aries and also on the directivity characteristics of thecau

After reminding the general features of WFS rendering, the
paper exhibits the main reasons for the discrepancy betiveen
natural room effect and the room effect which is automadijcal
generated when synthesizing the virtual sound source shas/n
for example, that this difference depends on the charatiteiof
the synthesized virtual sound source. The paper presdfaredi
solutions for improving the reproduction of sound sourcesated
inside the listening environment.

Firstly, it addresses the problem of synthesizing the tamia
pattern of the simulated sound source. This method has been i
plemented on a real WFS installation and some informal tadtic
confirm its effect. Secondly, other methods are proposeddaro
to compensate for the absence of some important room effeet ¢
tributions.

2. THREE DIMENSIONAL RADIATION OF
LOUDSPEAKER ARRAYSUSING WAVE FIELD
SYNTHESIS

Wave Field Synthesis is a holophonic reproduction formaivdd
from Huygens’ principle and its mathematical formulatiqKsér-
choff Helmholtz and Rayleigh integrals). These formulasicug-
gest the use of a continuous distribution of secondary ssu:
cated on a surfacB separating the source space, where primary

Rendering of the sound scene focuses on Wave Field Synthesigources are located, and the reproduction space, whereuhd s

in order to accurately restore spatial information and téntain
spatial coherence over a larger area in comparison wittdatedn
5.1 or even stereo setups.

A commonly identified problem when rendering spatialized
sound scenes is the compensation of the listening room. Argen
overview of the problem in the case of WFS rendering is dbedri
in a previous paper [3]. It is shown that, thanks to WFS priggr
early reflections can be partially reduced over a large arehd
listening room. Another quoted possibility is to take intwaunt
the acoustics of the listening environment and anticigatednse-
quences by pre-modifying the virtual acoustics parametefised
in the sound scene description.

In this paper, the room interaction problem is approacheh fr
a different standpoint. We consider the particular caserevitee
WEFS is used to create virtual sound sources located inselisth
tening environment. In order to achieve a fully convincingp
ence effect of the sound source, the room effect associatdutt
synthesized source should sound as coherent as possihléheit
actual acoustic properties of the listening environmeris. Known
for example, that in real situations the room effect will deg si-

field produced by the primary sources is accurately recdeidie
[5].

Wave Field Synthesis is derived using an infinite planeSor
on which a continuous distribution of sources is placed.

Practical implementation of such a system involves several
simplifications that modify the effective radiated soundtfie

e reduction of the infinite plane to a line to focus the repro-
duction domain on the horizontal plane.

e restriction of the infinite line to a segment therefore linmt
the area of correct reproduction.

o discretization of the distribution of sources that res¢ribe
frequency band in which the sound field is correctly repro-
duced because of spatial aliasing effects.

These simplifications have influence on the effective thiee d
mensional radiated soundfield:

e The reduction of the infinite plane to a line causes the emis-
sion of a soundfield that manifests a symmetry around the
axis of the loudspeaker array.
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e The restriction of the infinite line to a segment introduces
windowing effects due to the visibility of the virtual sound
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emitted by a source situated in front of the WFS array. Olsligu
the wave field cannot be correct between the virtual sourse po

source through the loudspeaker array. The loudspeaker ar-tion and the loudspeaker array. But, once again, the aresewhe

ray tends to focus the emitted sound field to the visibility
area and diffraction occurs.

The discretization of the distribution of sources involves
a completely different behavior of the loudspeaker array
above the spatial aliasing frequency (impossibility of fo-
cusing on the visibility area, "diffuse” soundfield).

3. INTERACTION OF VIRTUAL SOURCESWITH THE

LISTENING ROOM

3.1. Analysisof atypical rendering situations

In order to introduce the problem addressed by this paperowe c
sider two characteristic examples of a simple sound scemgevh
the room interaction need to be accurately controlled. Bt
ations depicted on figure 1 refer to the reproduction of augirt
sound source within a concert hall and using a WFS array.dh ea
case, the goal is to create the illusion of a sound sourcdddca
on stage. The application could be either the superimposif

a phantom source within a live music ensemble, or the sound en
hancement of one of the music instrument with an accuratéspa
coherence between the real source and its enhanced sound.

Virtual Source

Visibility Area

Figure 1:WFS setups for creation of "on stage” virtual source

On the left part of figure 1, the WFS array is installed in front
of the stage (actually just above or below). Locating a wirtu
sound source on stage means giving the illusion to the bsten
situated inside the reproduction area that a punctual seoncte
is emitting from behind the loudspeaker array. The reprtidoc
of such virtual sources behind the transducer array is eovby
Huyghens’ principle. One can observe that the entire listparea
is fed by the direct signal emitted by the virtual sound seurc

On the right part of figure 1, the WFS array is installed behind
the stage. Locating the virtual sound source on stage mézng g
the illusion that a punctual sound source is emitting in fiafrthe
loudspeaker array. This type of virtual source, referedasused
source” is not covered by Huyghens’ principle. Howeverngsi
phase inversions, one is able to partially reconstruct taeeviront
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good reproduction can be expected may cover a large pareof th
audience as illustrated in figure 1.

3.2. Analysing discrepancy between real and virtual situations

Firstly, it is known that the radiation characteristics of iastru-
ment is part of its acoustical signature and is importantafaui-
tory perception. On the one hand it is obviously responddriéhe
characteristics of the direct sound according to the catém of
the instrument. On the other hand, it will also influence tified

ent room effect contributions : first reflexions and late rbeeated
field. All these aspects being clearly relevant for audijpeycep-
tion it is interesting to look for an extension of WFS rendgrihat
would address the synthesis of source radiation.

Secondly, it is clear from figure 1 that although the repreduc
tion area can cover the whole audience area, some parts of the
room boundaries are not lit up correctly by the synthesizeohd
field. In other words, if the sound field synthesized by the WFS
was an exact reproduction of the one produced by the physical
source, the room effect generated by the synthetic field dvaut
tomatically be equivalent to the natural one. As descrilbeplairt
2, the practical implementation of WFS has strong influente o
the effective radiated soundfield in terms of spatial winthgnxand
aliasing frequency.

For example, on the right part of figure 1 the major difference
is the absence of the first order reflexion coming from thetfron
wall since it receives no energy from the direct sound radidty
the virtual source. The side walls are also partially aéfdcby
windowing. One can observe that the frontal sections of ithe s
walls are not fed by direct sound emanating from the repreduc
source, as would be the case for a real source situated adrife s
position.

This, of course, is only true if the wave front being focused
on the source by the louspeaker array is coherent, i.e. bilew
spatial aliasing frequency. Above the spatial aliasingjdiency,
loudspeakers situated along the front wall radiate highueacy
energy along the side walls due to the diffuse propertieshef t
aliased sound field. It can be remarked that the side walts als
receive low frequency energy due to sound waves diffracyetid
front loudspeaker array.

In light of these observations, we propose a method for com-
pensating the lack of these room effect contributions it par

4. DIRECTIVITY CONTROL OF VIRTUAL SOURCES

WES usually considers virtual sources as monopoles or planes
which is a limit case of a monopole at a large distance. True
sources usually exhibit complex directivity charactécist There-
fore, realistic reproduction of a source should considevelkthis
aspect.

4.1. decomposition of sourceradiation

The 3 dimensional sound field radiated by a an acousticateour
can be decomposed on spherical harmonics. These functions p
vide an orthogonal basis that can describe any radiatioracte-
istics [6].
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In the context of WFS, linear distribution of loudspeakems a
used. Though radiating in 3 dimensions, the WFS loudspeaker
array focuses on the correct reproduction in a horizontahel
Therefore, the reproduction of a directivity with WFS stibabn-
sider the 2D representative of spherical harmonics thatalted
cylindrical harmonics. There directivity functions are:

cos(mb) pour m >=0

sin(m@) pour m >=1

@)

4.2. Multichannel equalization for WFS

Multichannel equalization for WFS reproduction has bedroin
duced in [7]. Loudspeakers exhibit complex directivity dwer-
istics that modify the effective radiated sound field. Thisqess
has been developed to compensate for this problem in theabirt
source visibility area of the horizontal plane.

The sound field produced by the loudspeaker array is describe
with acoustical measurements of each driver by a microplaone
ray. Impulse responses that correspond to the radiatioriabat
virtual source are specified at the microphone positions. ultim
channel iterative procedure is used to obtain filters thaimize
the quadratic error of the produced sound field at the miangh
positions. Above the aliasing frequency, individual e@aglon of
the drivers, combined with energy control of the produceshsio
field, is used.

In contrary to classical equalization techniques, thicpss
controlsthe produced sound fieloh a given listening area and
compensates accurately the angle dependent deficienciesnyf
element of the loudspeaker array.

The multichannel equalization process can be adapted to the

reproduction of directive sources by specifying impulsspmses
that correspond to a given directivity. Using the fact thdiractiv-
ity function can be decomposed in spherical/cylindricahianics,
we propose to derive filters for a set of cylindrical harmerfior
each virtual source positions. These filters are calculatad off-
line process and are stored in a database that can be acbtgssed
the virtual position and the cylindrical harmonics order.

A given directivity can thus be recomposed by applying the
coefficients of its cylindrical harmonics decompositiorthe cal-
culated filters.

4.3. Reproduction of directive source using multichannel equal-
ization

This process has been applied to WFS reproduction on MAR loud
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Figure 2: MAP reproduction setup. Crosses correspond to the
loudspeaker positions, red circles to the microphones ardbtue
circle to the target source
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Figure 3:Low pass filtered impulse responses of a 5th order cylin-
drical harmonics

(approximately 1200 Hz). Above that corner frequency, thesl
field gets diffuse as for omnidirectional sources in WFSadpc-
tion.

In figure 3, the impulse responses have been low pass filtered
with a corner frequency at 1200 Hz (aliasing frequency)ait be
seen that the 3 lobes are properly reconstructed below iteray

speaker panels. The setup is composed of 4 adjacent MAPs thafréquency with the accurate phase properties.

forms a 32 elements loudspeaker array. This setup has been me
sured on a linear microphone array made of 48 omnidiredtiona
elements. The target source is located at 5 m from the orfgimeo
coordinate system and is centred toward the loudspealagy. dtr
reproduces a cylindrical harmonic of order 5. The figure Rldigs

the geometry of the setup and the position of the source.

5. PROPOSED METHOD FOR COMPENSATING LACK
OF ROOM EFFECT IN THE CASE OF INSIDE SOURCES

This section describes an evaluation of the primary retiastthat
are absent when synthesizing focused sources using WF8] In [

Figures 3 and 4 display the impulse and frequency responsesit is shown that first order image sources along the ceilirmprfl

of the MAP array at the microphone positions. They have bé&en o
tained by processing the measured impulse responses ofAle M
array with the filters obtained from the multichannel ecgsgtion
process.

It can be noticed on figure 4 that the frequency response of
the source is accurately reproduced up to the aliasing émxu
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and back wall of the listening room can be approximated as be-
ing correctly reproduced by a WFS system. However, firstrorde
image sources along the front and side walls are absent. #is-a ¢
sequence, their progeny is also absent; this implies thenakbsof
entire clusters of reflections originating from the froraad lateral
zones of the listening room.
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Figure 4:Frequency responses of a 5th order cylindrical harmon-
ics

We propose an approach for recreating the primary reflextion
lacking along the front and side walls when reproducing $ecu
sources by WFS:

e Front wall: One can generate a virtual image source on
the other side of the front wall to artificially recreate the p
mary reflection that is present in the case of a real source.
Seeing as this section of the room is invisible to direct soun
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a method using virtual image sources to artificially injeatere-
flections that are otherwise absent in the WFS reproductiam o
side sources. These techniques may allow for more realighein
resulting rendering.

BACK WALL
l:l Room zone fed by direct sound from the virtual source
[ ]

Virtual source

o

Artificially injected virtual image source

Figure 5: Artificial injection of virtual image sources using loud-
speaker arrays along front and side walls of the listeningno

7. REFERENCES

radiated by the focused source at all frequencies, one must

account only for absorption coefficient when adding the vir-
tual image source.

Sidewalls: By adding extensions to the loudspeaker ar-
ray along the frontal sections of the side walls, one can also
generate virtual image sources in these sections. The artifi
cial reproduction of side wall reflections must however be
restricted to the zone that was previously shown to be unfed

by the direct source signal. Moreso, an assessment of the

energy radiated by the frontal loudspeaker array onto the
side walls at low frequencies (diffraction) and at high fre-

gencies (spatial aliasing) should be made. This will allow
us to determine the quantity of energy already present on
side walls before reinjecting artificial image sources.

Figure 5 illustrates the injection of virtual image sourtes
account for the lack of primary reflections in WFS reproduti
of focused sources. This automatically generates the pyoge
these primary reflections and therefore reproduces a cotfre@n
effect.

6. CONCLUSION

After having analysed the reproduction of virtual sourcemal

a WFS system in an indoor environment, we have exhibited two
principal lacks in the reproduction of inside sources: thdia-
tion properties of the source and the lack of some contobgtof

the room effect. A method has been introduced for the syigthes
of the sound source radiation based on the reproduction oba s
set of cylindrical harmonics. The method relies on an admpta

of the multichannel equalization algorithm to compensatettie
acoustical characteristics of the loudspeakers. We alsoritied
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