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ABSTRACT

Practical implementations of sound field synthesis evokesicle
erable artifacts that have to be considered in the creafi@mtie
ficial reverberation. The most prominent artifact is spalas-
ing, which manifests itself as additional wave fronts thatofv
the desired synthetic wave front in time. These additionavev
fronts propagate into different directions and occur arivels that
are similar to the intervals at which acoustic reflectionsundn

waves is proven. Early reverberation was created using ttrerm
image model but was excluded from the evaluation. Appropria
input signals for the plane waves can be obtained, e.g., fmm
crophones distributed in the recording venue as they cawvedel
sufficiently uncorrelated signals.

In [11]] a convolution reverb is described that uses multipoi
room impulse responses in order to create the proper raverbe
ation for a given virtual sound source in WFS from dry (ane-
choic) source signals. Due to the large amount of data ireblv

real rooms. It may be assumed that the human auditory system, o 2 meterization of the captured reverberation basedptana

is not capable of differentiating aliasing artifacts andrroreflec-
tions so that a synthetic reflection pattern should be designch
that it evokes a plausible pattern together with the aliasade
fronts. Two potential solutions are outlined. Finally, tapability
of sound field synthesis of synthesizing room resonances(ro
modes) is analyzed and the promising results are illustiaased
on numerical simulations.

1. INTRODUCTION

Sound field synthesis approaches employ high numbers of loud
speakers in order to synthesize a given desired sound fieldaov

wave representation and psychoacoustic criteria is pezpddow-
ever, no formal perceptual evaluation is providéd] [125pres an
extension to the approach from J11] that enables the maaipul
tion of measured multipoint impulse responses based orea-thr
dimensional visualization using augmented reality tetbgies.
The manipulation is performed in time-frequency domain &sd
motivation is the provision of more flexibility and artisfieedom
to the sound engineer.

None of the above mentioned approaches considers the men-
tioned artifacts that practical implementations of souettfsyn-
thesis exhibit. The synthesis of room modes has not been dis-
cussed in the literature. The present contribution disg=i$®0

extended ared[1]. The two best-known methods are Wave Fieldapproaches for the design of appropriate early reflectidieiwe
Synthesis (WFS)]2] and Near-field Compensated Higher Order considering the unavoidable spatial aliasing artifadthen inves-

Ambisonics (also termed Ambisonics with Distance Codii®j) [
The vast part of the scientific literature so far has focusethe
synthesis of the direct sound of virtual sound sources. Kewe
the creation of appropriate reverberation may be congidesem-
portant or even more important for achieving a desired apiati-
pression. Throughout the paper we assume the simple yetieéfe
model of reverberation being composed of discrete earlpaefl
tions the density of which increases over time and that grifdu
turn into diffuse late reverberation. The time intervakafivhich
the perceptual transition occurs is referred tongsng time [4].

While the perceptual properties of mid-size and large rooms
are mostly governed by the later part of the reverberatiorglls
rooms can exhibit distinct early reflection patterns and-fmy
quency resonances also terntedm modes [5} [6,[7]. This paper
focuses on the creation of appropriate early reflectiorepadtas
well as room modes. Late reverberation is not consideredlas s
tions already exist as discussed below.

A first outline of the process of creating artificial reverdtésn
for WFS can be found iri [8] where a two-stage implementatson i
described. Early reflections are generated using a mirragém
model [9] and late reverberation is generated using signits
appropriate statistical parameters. [[n][10] the capgbdftWFS
of creating perceptually diffuse late reverberation vieateo$ plane

tigates the potential of sound field synthesis of synthegizoom
modes. When considering early reflections, we focus oraatsf
as they appear in spatially fullband sound field synthesithous
such as WFS and the Spectral Division Method (SDM)[1, 13].
Spatially narrowband methods like the members of the Anmbiso
ics family exhibit artifacts with slightly different proptes. The
extension of the presented results to narrowband methdtbewi
outlined. The presented results on room modes are validlffor a
methods since room modes are only perceptually significant a
lower frequencies [14,15] where all methods exhibit a santiigh
accuracy([1].

This contribution focuses on the creation of artificial me-
ation. Itis not clear at this stage how the results can besfeared
to reverberation recorded/measured with microphone srray

2. EARLY REFLECTIONS

2.1. Properties of the Spatial Aliasing Artifacts

The sound fields created by practical sound field synthestes\s
exhibit a number of deviations from the prescribed virtueldf{1]].
These deviations are termadifacts and the most important arti-
fact in the present context gpatial aliasing. The term spatial
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aliasing is typically used in a very broad sense and oftegrseb

all artifacts that arise due to the combination of spatistitiza-
tion of the secondary source contour and the radiation priege
of the involved secondary sources (i.e. the loudspeake¥ste

that spatial aliasing can theoretically be avoided by usingntin-

uous distribution of secondary sources. A detailed treatroan

be found in[[1, Sec. 4.4.4] and [116].

We illustrate the most relevant results based on the example
scenario depicted in Figl 1: A virtual plane wave that is bgnt
sized by a circular distribution of 56 monopole loudspeskdhe
properties of other non-focused virtual sources are venjlai.
Focused virtual sound sources are a special case in which pre
echoes arisé [17]. They are excluded from the present igeest
tion.

The two different basic options — spatially narrowband syn-
thesis (27th order, Fig. I{a)) and spatially fullband (iiténor-
der, Fig.[I(D)) synthesis — are illustrated. It is eviderst thd-
ditional undesired wave fronts occur that follow the irifigane
wave within a few ms (FidJ2). A simple but useful model, espe-
cially for the spatially fullband example in F{g_I]b), isthssump-
tion that each active loudspeaker of the setup creates alitéonal
spherical wave front that is emitted at the time instant atiwthe
virtual plane wave passes the considered loudspeaker. Abeca
deduced from Fid.]2, the amplitudes of the additional wawvath
in Fig.[I(b] are only a few dB lower than the amplitude of the
intended plane wave and are therefore perceptually relevan

As illustrated in Fig[I(d), the aliasing artifacts occuckex
sively above a so-called aliasing frequency, which is apprately
1700 Hz in the current examile Note that this behavior is very
similar for spatially fullband and narrowband sound fielts [

The timing and amplitude distribution of the aliasing axtifs
is at least qualitatively similar to the timing and ampliésdof re-
flections in small reflective rooms. F[g. 3 shows some quetinté
results. It is evident when comparing Fig. 3(a) and (c) thatar-
tifacts arrive much denser than typical room reflections iana
time window that is much shorter. A situation in which a patte
evolves that is similar to the aliasing artifacts is whemeitthe
sound source or the receiver are located in a corner of tha.roo
The proximity of the three walls that form the corner causesrg
short delay between the direct sound and the first few refiesti
Whether or not the two situations and spatial aliasing arelai
from a perceptual point of view is not clear.

Another inconvenience arising from the densely spaceg-alia
ing artifacts is the circumstance that the time intervaheen the
direct sound — or the combination of direct sound and floor re-
flection — and the next following reflection is always very kho
in the artificial reverberation. Recording engineers ofiefier to
this time interval apre-delay. It can give important information
about the size of the room and the location of the sound soérce
large pre-delay suggests that the sound source is locatedigt
nificant distance from the closest wall. The room has theecto
be large. Manipulation of the pre-delay is a powerful audiging
technique[[1B].

Despite certain differences, the working hypothesis irpitee
sent paper is that the human auditory system cannot digsimgu
between the aliasing artifacts and room reflections. Thiothe-
sis bases mostly on the observations discussed above assvosil
informal listening to setups like the one presentedin [8],\when
the early room reflections are added as separate synthetie wa

1A minimum-phase filter is applied in Fif._I]c) in order to dbta
compact support of the resulting wave front.
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(c) Sound field from Fig[_I(h) lowpass filtered with a
minimum-phase FIR filter with a critical frequency of

1700 Hz.

Figure 1: Spatial impulse responses of a circular secorgtarnce
distribution in the horizontal plane when driven in ordesymthe-
size a virtual plane wave propagating in positiv€irection. The
absolute value of the time domain sound pressure is shown on i
dB. (from [, Fig. 4.19(c),(d)])

fronts (that exhibit their own aliasing artifacts). Infoaristen-
ing shows that the reverberation in such a scenario tendsuttds
too dense. Note that each artificial reflection causes aneeset
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Figure 2: Time domain sound pressure of the field depicted in
Fig.[LI{(b] at the coordinate origin on a logarithmic scale.

of wave fronts. A formal perceptual proof is not availableras
point.

2.2. Adding the Low-frequency Content to the Aliased Wave
Fronts

As noted above, a simplified interpretation of the aliasirjets

is that an additional wave front arises from each loudspedke
the present context, we interpret these wave fronts as asgeol
room reflections (recall Fi§. I{c)). The cutoff frequency (ithe
spatial aliasing frequency) is typically between 1500 a®@RHz.

It seems to be useful to artificially add the low frequencyteah
to the highpassed reflections in order to make them natutal. |
should also be considered that room reflections experieiffcacd
tion at the boundaries of the reflecting surface at the vemyend

of the audible frequency range and a more modal behaviagsaris
It might therefore be preferable not to add the very low entthéo
(specular) reflection but treat it differently as discusse8ec[3.
Note, however, that perception-based data are not avaiédlthis
point.

2.3. Adding Artificial Room Reflections

Adding artificial room reflections as separate syntheticafeants
similar to the direct sound does not seem to be a favorable ap-
proach. Each added reflection will evoke a separate wave fron
pattern as illustrated by the blue marks in fig. B(a) so timd o
very few extra reflections lead to a very dense pattern of b hig
number of wave fronts. There are two obvious alternatives:

a) Use an individual loudspeaker for each reflection.

b) Synthesize the reflection using fewer loudspeakers waith |
ger spacing than for the direct sound.

Ad a) This option is simple to implement and runs efficiently.
However, the virtual room reflection that is produced by ak&n
loudspeaker will exhibit an amplitude decay that is closé tiB
for each doubling of the distance to the loudspeaker siretatter
is typically very small and therefore acts like a monopolerse.
Larger sound sources — and therefore also reflections gf ksur-
faces — exhibit a slower decay. This might not be an issuetiaitls
systems but with systems that have dimensions in the ordensf

in, Germany, 3-5 April 2014

(&) Timing and incidence azimuths of the
wave fronts of the sound field from Fig. I[b)
at the coordinate origin (black marks) and
four virtual reflections (blue marks).

(b) Fig.[3(@) but with the virtual reflections
synthesized by every third loudspeaker.

5T

(c) Timing and incidence azimuths of the
first couple of reflections calculated from a
mirror image mode([9] for a room of dimen-

sions5 x 3.1 x 2.33 m. Green marks: Re-

flections that impinge from more than 30

off the horizontal plane.

Figure 3:
fronts/reflections. The radius represents the delay in nasgbfen
wave front/reflection relative to the first arriving waverito

of meters the relative amplitudes of the artificial reflectichange
differently with the listening location than real refleci®

Timing and incidence azimuths of the wave
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Ad b) Using fewer loudspeakers with larger spacing causes
aliased wave fronts that are less dense than those of thet dire
sound. It is therefore possible to achieve a more balanced di

tribution of the wave fronts than when all loudspeakers apzllas / A

depicted in Fig[ 3(B). Using more loudspeakers causes htlglig / \

slower amplitude decay of the wave fronts than 8t a) V2R A \ """""
Note that for both options a) and b) the incidence angleseof th e \

virtual reflections change somewhat differently with thetdning
location than those of real reflections. The perceptualifsigmce
of this circumstances is not clear.

(a) One-dimensional wave impinging on a rigid
boundary (solid line) and being reflected off (dashed
As mentioned in the Introduction, spatially narrowband el line).

for sound field synthesis such as the Ambisonics family of ap-
proaches exhibit spatial discretization artifacts thaersomewhat
different properties than those of the spatially fullbandtiods
discussed so far. As evident from comparing [Fig.]1(a) and (b)
the additional wave fronts are fewer and are less homogsheou
distributed over the listening area. Note that this is mérequan-
titative than a qualitative difference. We assume that tresicler-
ations presented in the previous sections hold.

2.4. Extension to Spatially Narrowband Methods

3. ROOM MODES

3.1. Physical Fundamentals (b) Standing wave resulting from a superposition
of the impinging and the reflected wave. Different

In order to illustrate the physical circumstances that l@acom shading of the wave refers to different time instants.

modes, i.e., resonances of the room, we use the simplifie&imod

of a plane wave bouncing off an infinite rigid plane that egten

normal to the propagation direction of the plane wave. Weantg

phenomena like diffraction that occur at boundaries of dimix-

tent. The reader interested in a detailed treatment isrezféo [7].
Rigid boundaries such as the walls of a room constitute Neu- ) )

mann boundary conditions for the sound waves inside thes@sm ~ System has reached a steady state. The simplest case is a wave

the particle velocity in the propagation direction of thevwaran-  bouncing between two parallel walls of infinite extent. Whee

ishes at the boundary (the particles cannot move due to thecbo ~ Propagation direction of the wave is perpendicular to thitsreand

ary). As a consequence, the wave bounces back without a phasgvhen the walls are perfectly reflective a persistent standiave

Figure 4: lllustration of the formation of a standing wavesdo
reflection off a rigid surface.

shift of the sound pressure. Refer to Fig. #(a) for an illatson. evolves at those frequencies specified above. Dependinfeon t

The result is a field that consists of two plane waves of eqeal f ~ Periodic path, different standing wave pattern evolve.

guency and amplitude but with opposing propagation dioesti A significant amount of diffraction occurs in real rooms espe

Expressed in one-dimensional and in complex notationsésigs ~ Cially atlow frequencies where the wave length is of similetfer
like the dimensions of the wall so that always a wave compbnen

_ emi%a i 12 iwt w i that propagates perpendicular to a given wall arises. Tipditatie
incoming -+ =e Cxewt—&—ecert—Qcos(—x)em propag perp given ¢
Pincoming 7" Prefiected ) and theQ-factor (and therefore the ringing duration) of the reso-

. . . . nance depend on the acoustical properties of the boungatiézh
when assuming monochromatic waves of unit amplitude andszho

) - - are usually not perfectly rigid. Room modes occur all overah-

ing the time reference and coordinate system such that tbe tw dible frequency bandwidth but only the low-frequency moeles

waves exhibit a relative phase shift of 0. The result is adstan perceptually relevant because of their sparsity[14, 15]

ing wave of e_qual frequency like the component waves andawith Fig.[H illustrates the node/antinode patterns th:':\t evavehie

pressure antinode at the boundary as illustrated i Fig} 4(b combination of different numbers of plane wave pairs so diifat
Note that this formation of standing waves occurs at all fre- ferent patterns can be realized. The standing waves exthiit

quencies. We are usually not dealing with monochromaticasay maximum amplitudes at the depicted time instant. Refer &lso

but with waves that carry broadband and therefore timeivgry the animations at[19] that accompany this paper

content. In real rooms the waves bounce back and forth betwee ’

the bounding surfaces. Standing waves occur only at p&aticu ) _ _

frequencies in a room, namely at those frequencies for wiieh ~ 3.2. Room Modes in Sound Field Synthesis

path length of the periodic path that a wave travels insidedlom

s . The parameters of modes in real rooms are complicated to-dete
corresponds to an integer multiple of half the wavelengtérahe P P

mine because they depend heavily on the position of the sourc
2Note that the slowest amplitude decay that e.g. an infiniesali loud- and many of the acoustical properties of the room. The istede

speaker array can produce is that of a cylindrical wave of Zwiuation reader is referred t¢[7]. It may be doubted that the humai aud
per doubling of the distancEl[1]. tory system has a detailed expectation of plausible roomesied
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Figure 5: Cross-sections through the horizontal plane®stund
pressure evolving from different numbers of plane wavespair
frequencyf = 200 Hz. All sound fields are normalized to unity.
The arrows illustrate the propagation directions of theelaave
components. The dotted lines mark the nodes.

that the more pragmatic approach of choosing the paramters
resonance frequency, amplitude, and bandwidth based guiesim
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Figure 6: The standing wave from F[g. 5(b) synthesized by two
quadratic sound field synthesis systems of different siZEise
black lines represent the secondary source contours. Netdift
ferent scalings of the axes.

statistical assumptions might be sufficient.

The creation of room modes based on pairs of plane waves as
described in SeE_3.1 is straightforward in three-dimeraisound
field synthesis systems such as spherical arrangementaiadf lo
speakers because plane waves with low-frequency contartieca
synthesized accurately. A set of narrow peak filters can péeap
to the input signal of a given virtual source to efficientlgate the
narrowband input signals for the plane wave pairs.

The situation is more challenging in 2.5-dimensional — i.e.
horizontal-only — synthesis. Here, synthetic plane wavesbé
an unavoidable amplitude decay of 3 dB for each doubling ef th
distance to the loudspeakelr$ [1]. Short arrays exhibit an éaster
amplitude decay because of the spatial truncation. [FFig pictte
the sound field from Fig_5(b) synthesized by two loudspeaker
systems of different sizes. FiQl 7 shows cross-sectiorsugitr
Fig.[6(a) and (b). Refer also to the animationg at [19].

The simulations from Fid.16 arld 7 indicate that it is indeed
possible to achieve standing waves in 2.5D synthesis. Thie de
ation of the synthesized sound wave from the theoretic signd
wave is small even for the mid-size array witlm edge length. It
seems that the propagating components in the synthesized so
field are negligible. Future work has to investigate in whatas
tions a considerable perceptual impairment arises.
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Figure 7: Cross-section through F[g. 6(a) and (b) alongathe
axis. Different gray shading represents different timésints. The

blue lines represent the envelope of the prescribed (estetling
wave calculated similarly t@11).

4. CONCLUSIONS

We presented guidelines for the creation of artificial eaefjec-

tions and room modes in sound field synthesis. The most impor-

tant aspect in the context of the creating of early reflestisrithe
fact that practical sound field synthesis systems exhibifaats
that are known as spatial aliasing that exhibit properties are

similar to room reflections. We presented two approachethfor

design of reflection patterns that take the spatial aliaaitifacts
into account.

We also suggested that the modal behavior of real rooms can
be mimicked by synthesizing pairs of plane waves that prajgag

into opposing directions. Numerical simulations showeahyis-

ing results even for 2.5D synthesis where the synthesizadepl

waves exhibit an undesired amplitude decay.
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