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hnis
he Universität, Berlin, GermanySummaryWave Field Synthesis (WFS) is a te
hnique to synthesize a desired sound �eld in an extended areasurrounded by a se
ondary sour
e distribution. In pra
ti
e these se
ondary sour
es are realized withloudspeakers and therefore a spatial sampling of the se
ondary sour
es o

urs. The sampling maylead to aliasing artifa
ts in the sound �eld depending on the distan
e between the loudspeakers. Inthe time domain these artifa
ts will o

ur as additional wave fronts. If a linear loudspeaker array isused, its �nite length will introdu
e further artifa
ts in the sound �eld. In this 
ase the trun
atedarray a
ts as a slit for the desired sound �eld and di�ra
tion takes pla
e, whi
h leads to additionalwaves o

urring from the edges of the loudspeaker array. The per
eption of these deviations from thedesired sound �eld depends on the strength of the deviation and on the type of the desired sound�eld, e.g. if we have plane waves or a fo
used sour
e lo
ated within the listener area. A test was
ondu
ted to rate the di�erent per
eptional dimensions of these artifa
ts. A binaural model afterLindemann (1986a) was used to predi
t the per
eption and to get insight into the me
hanisms thatmay play a role in the per
eption of artifa
ts of synthesized sound �elds.PACS no. 43.66.Ba, 43.60.Sx1. Introdu
tionSound Field Synthesis (SFS) des
ribes the ability to
reate a syntheti
 sound �eld within a de�ned andoutspread listening area. This distinguishes it fromother te
hniques su
h as stereophony, where the 
re-ated sound �eld is only 
orre
t at one point, 
alled thesweet spot. The prin
iple of SFS lies in the Kir
hho�-Helmholtz-integral [1℄, hen
e the listening area has tobe surrounded by se
ondary sour
es whi
h are drivento 
reate the desired sound �eld within the area.There exist di�erent approa
hes to solve the under-lying equations whi
h lead to di�erent te
hniques forSFS su
h as wave �eld synthesis (WFS) or higher-order Ambisoni
s (HOA). This study will limit itsfo
us to WFS. The Kir
hho�-Helmholtz-integral as-sumes that the listening area is free of sinks andsour
es, nonetheless it is possible to synthesize vir-tual point sour
es within the listening area so 
alledfo
used sour
es, with the restri
tion that this leads toa smaller listening area. In this study the sound �eldof a virtual point sour
e and of a fo
used sour
e are
onsidered.(
) European A
ousti
s Asso
iation

In pra
ti
e, the se
ondary sour
es have to be spa-tially sampled due to the use of real loudspeakersas se
ondary sour
es. This leads to artifa
ts in thesynthesized sound �eld whi
h might be audible forthe listener. At the moment it is not foreseeable tosolve the problem of spatial sampling, therefore it isof great interest to know to what degree di�erent arti-fa
ts of the synthesized sound �eld are audible. If thisis known, the synthesis might be psy
hoa
ousti
allytuned in a way to minimize audible artifa
ts. A fewstudies have already been 
ondu
ted fo
using on dif-ferent aspe
ts of the per
eption of synthesized sound�elds. They have showed that, depending on the typeof the synthesized sound �eld and the size of the loud-speaker array, wrong lo
alisation, 
li
k artifa
ts [2℄ or
oloration [3℄ are the most dominant unwanted per-
eptual e�e
ts.In order to assess the per
eption of WFS in a more
ost- and resour
e-e�
ient way than with listeningtests, it will be of great interest to use an auditorymodel that 
an 
omplement the subje
tive experi-ments. A �rst step into this dire
tion is to apply ex-isting binaural models, as it is apparent that binau-ral hearing plays a major role in the per
eption ofsound �elds. This study presents the su

essful useof a binaural model to predi
t wrong lo
alisation in
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ussthe limitations of 
urrent binaural models for the tar-get appli
ation, and dis
uss what will be required inorder to evaluate other aspe
ts of the per
eption ofsynthesized sound �elds.2. Theory2.1. Wave Field SynthesisThe theory of WFS for a linear loudspeaker array wasinitially derived from the Rayleigh integrals [4℄. If theloudspeakers are lo
ated at the x-axis, they are able tosynthesize a desired sound �eld in the x-y-half-planewith y > 0. The sound �eld P in the half-plane is thengiven by:

P (x, ω) = −

∫ ∞

−∞

D(x0, ω)G(x− x0, ω)dx0 , (1)where x = (x, y) with y > 0, x0 = (x0, 0) denotes theposition of the loudspeaker, ω = 2πf with frequen
y
f , D is the driving signal of the loudspeakers and Gis the 3D Greens fun
tion, whi
h is a physi
al modelof the point sour
e used as the se
ondary sour
e.In this study we are interested in the synthesis ofthe sound �eld of a point sour
e lo
ated behind theloudspeaker array and the sound �eld of a fo
usedsour
e lo
ated between the listener and the loudspeak-ers. For these kinds of virtual sour
es the driving sig-nal D is given as [5℄

Dps(x0, ω) = Ψ(ω)
xs − ys

|x0 − xs| 32 eiωc |x0−xs| , (2)for a point sour
e, and as [6℄
Dfs(x0, ω) = Ψ(ω)

xs − ys
|x0 − xs| 32 e−i

ω

c
|x0−xs| , (3)for a fo
used sour
e. xs = (xs, ys) denotes the positionof the virtual sour
e, c the speed of sound and Ψ 
on-tains the spe
trum of the desired virtual sour
e andin addition amplitude and spe
tral 
orre
tion terms.These 
orre
tions are ne
essary due to the use of pointsour
es as se
ondary sour
es instead of line sour
eswhi
h are needed for a 
orre
t synthesis in a plane,but are not available in pra
ti
e. In Figure 1, simu-lations of the sound �elds for the two given drivingfun
tions are shown. In the 
ase of a fo
used sour
ethe sound �eld 
onverges towards the fo
al point at

(0, 1)m and diverges afterwards, whi
h means the lis-tening area is restri
ted to the area with y > 1m.If we transform the equations from above into thetemporal domain we will get for the sound �eld
p(x, t) = −

∫ ∞

−∞

d(x0, t)g(x− x0, t)dx0 , (4)

where g is again the three dimensional Greens fun
-tion and d the driving signal. For the driving signalsfor the two desired virtual sour
es we get
dps(x0, t) = ψ(t) ∗

xs − ys
|x0 − xs| 32 δ(t+ |x0−xs|

c
) ,(5)

dfs(x0, t) = ψ(t) ∗
xs − ys

|x0 − xs| 32 δ(t− |x0−xs|
c

) ,(6)where δ denotes the delta distribution and ψ the in-verse Fourier transformation of Ψ. As 
an be seen, thedriving signal for the fo
used sour
e is a time reversalof the point sour
e driving signal, whi
h is a knownproperty from the prin
iple of a
ousti
 fo
using [7℄.2.2. Dis
rete LoudspeakersThe sound �eld is synthesized by loudspeakers. In the
al
ulations above the loudspeakers were handled asan in�nitely long 
ontinuous distribution, whi
h is notthe 
ase in reality. Hen
e, we have to handle the 
aseof a real loudspeaker array, whi
h is dis
rete and hasa �nite length. It has been shown that the use of areal loudspeaker array will lead to spatial samplingartifa
ts due to the dis
retization of the loudspeakerdistribution and to trun
ation artifa
ts due to the �-nite length of the array. [8, 6℄Spatial sampling o

urs above the spatial aliasingfrequen
y fal = 2∆x0

c
, where ∆x0 is the distan
e be-tween two loudspeakers. In the sound �eld, the spa-tial aliasing will be present as additional unwanted
ontributions, be
ause the 
ontributions of the sin-gle loudspeaker will not 
an
el out ea
h other. This
an be seen in Figure 2, on the left side for a pointsour
e and on the right side for a fo
used sour
e. Ad-ditional wave fronts exist besides the desired one. Forthe point sour
e these additional wave fronts arriveat the listener position after the desired one. For thefo
used sour
e the 
ase is inverted due to the timereversal prin
iple, so that the additional wave frontsarrive before the desired one at listener positions.The trun
ation of the array leads to additionalspheri
al waves originating from the edges of the arrayand interfering with the desired waves due to di�ra
-tion [9℄. These 
an be redu
ed by applying a taperingwindow whi
h drives the loudspeakers at the edgeswith a lower amplitude [4℄. In addition to this, the lis-tening area is smaller, and large amplitude di�eren
eso

ur at the side of the listening area due to di�ra
-tion minima and maxima, as 
an be seen in Figure 3.It shows the sound �eld synthesized by a loudspeakerarray with a length of 0.75m. The size of the fo
alpoint for the fo
used sour
e is very large, whi
h alsois an e�e
t of the trun
ation of the loudspeaker arrayand due to the di�ra
tion limit for the fo
al point [10℄.
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Figure 1. Simulation of the sound �eld P (x, ω) of a mono
hromati
 virtual sour
e with f = 1000Hz. The sound �eld ofa point sour
e lo
ated at xs = (0,−1)m (left) and of a fo
used sour
e lo
ated at xs = (0, 1)m is shown.
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Figure 2. Simulation of the sound �eld p(t, ω) for a broadband virtual sour
e. On the left, the sound �eld of a point sour
eis shown that is lo
ated at xs = (0,−1)m at a time t = 7.9ms after the impulse has startet at xs. On the right, the sound�eld of a fo
used sour
e is shown that is lo
ated at xs = (0, 1)m and t = 2.9ms. The amplitude of the loudspeakers dueto tapering is indi
ated by the 
olor-intensity of speakers.
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Figure 3. Simulation of the sound �elds P (x, ω) of mono
hromati
 virtual sour
es with f = 1000Hz. The sound �eld ofa point sour
e lo
ated at xs = (0,−1)m (left) and of a fo
used sour
e lo
ated at xs = (0, 1)m is shown. The size of theloudspeaker array is L = 0.75m. The amplitude of the loudspeakers due to tapering is indi
ated by the 
olor-intensityof speakers.
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Figure 4. Geometry of the virtual WFS systems used in the experiment. The loudspeaker arrays were always lo
ated onthe x-axis with their 
enter at x = 0. A more detailed des
ription is given in the text.3. ExperimentIt has been shown that the errors in the sound �elddue to spatial sampling and trun
ation of the loud-speaker array lead to di�erent artifa
ts in the per
ep-tual domain [3, 8, 6, 2℄.In the previous se
tion we have illustrated the fa
tthat spatial aliasing leads to additional unwantedwave fronts in the sound �eld. For the per
eption ofthese extra wave fronts the pre
eden
e e�e
t is of rel-evan
e [11, 12℄. It des
ribes the phenomenon that the�rst wave front arriving at the listener dominates thelo
alization per
eption in a time frame of 1ms � 40msafter its arrival. In addition, the extra wave fronts arenot heard as e
hoes in this time frame. This is why thepre
eden
e e�e
t enables us to 
ommuni
ate in 
losedspa
es. As a 
onsequen
e we 
an assume, that in spiteof the aliasing in the sound �eld, a virtual point sour
eis per
eived at the right lo
ation with no additionale
hoes, but with 
oloration due to the in�uen
e ofthe additional wave fronts, that a�e
t the overall fre-quen
y spe
trum. For fo
used sour
es, the additionalwave fronts arrive at the listener position before thedesired wave front. Geier et al. [2℄ and Wierstorf etal. [10℄ have shown in an experiment that in this 
asepre-e
hoes are audible for long arrays, and 
an be re-du
ed by using shorter loudspeaker arrays. The lo
al-isation of a fo
used sour
e 
an be disturbed by thelo
alisation dominan
e of the pre
eden
e e�e
t dueto the fa
t that the �rst arriving wave front 
omesfrom a single loudspeaker position and not from thelo
ation of the fo
used sour
e. In addition, for shortloudspeaker arrays the trun
ation 
an lead to wrongbinaural 
ues su
h as the interaural level di�eren
e(ILD).The fo
us of the present study lies on the lo
aliza-tion of the virtual sour
es. As mentioned above, dueto the pre
eden
e e�e
t the lo
alization may dependon the �rst arriving wave front. One problem to bea

ounted for in SFS is the fa
t that we have not

the 
lassi
al pre
eden
e e�e
t s
enario, sin
e insteadof one well de�ned repetition, a bun
h of repetitionsare arriving with a distan
e in time of under 1ms,all from di�erent dire
tions and with di�erent ampli-tudes, depending on the loudspeaker they arrive from.For fo
used sour
es, the e�e
t is dependent on the lis-tener position, be
ause the sampling artifa
ts are dif-ferent at di�erent positions [6℄. In order to simplifythe assessment of the lo
alisation in SFS, we evaluatethe performan
e of a binaural model to predi
t theper
eived lo
alization. A subje
tive test was done forthe lo
alization of fo
used sour
es in order to verifythe model data. The test was part of a larger sub-je
tive test asking also for 
li
k artifa
ts, whi
h waspresented in [10℄. After that, the lo
alization of vir-tual sour
es has been modeled and will be presentedin Se
tion refse
:modelling.3.1. MethodThe method will only be presented brie�y here, fora full des
ription of the experiment refer to [10℄. Thetest was 
ondu
ted by a virtual WFS system real-ized by dynami
 binaural resynthesis [13℄ and withheadphone presentation. Binaural resynthesis givesthe possibility to position di�erent subje
ts in a 
on-sistent manner in the sound �eld and to swit
h in-stantaneously between di�erent positions or virtualloudspeaker arrays. To 
reate virtual loudspeaker ar-rays, a set of head-related impulse responses (HRIR),measured with the FABIAN dummy head [14℄, hasbeen interpolated and summed up. The SoundS
apeRenderer [15℄ in 
ombination with a head-tra
ker wasused to realize the dynami
 binaural presentation.The test itself 
onsisted of 17 di�erent 
onditionsresulting from a sample of four listener positions and�ve array lengths. See Figure 4 for a sket
h of theused geometry. As array lengths, 0.3m, 0.75m, 1.8m,
4m, 10m were used. Note that for an array lengthof 4m only the two listener positions with R = 1m,
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Figure 5. Results for the model dependent on the 
onditions for the point sour
e (left) and the fo
used sour
e (right). Inaddition the mean value and varian
e for the rating of the attribute pair left vs. right is shown for the fo
used sour
e.The abs
issa displays the di�erent array lengths, the ordinate the judged or predi
ted position.and for an array length of 10m only the listener po-sitions with R = 4m have been tested. In addition tothe applied SFS, a referen
e 
ondition with a singleloudspeaker lo
ated at the virtual sour
e position waspresented. As audio material a senten
e uttered by afemale speaker and pie
e of 
astanets were played.Six subje
ts parti
ipated in the test. All of themhad normal hearing levels and experien
e with su
htests. In the test the subje
ts were presented a s
reendisplaying on the top of the s
reen the attribute pairleft vs. right with whi
h the stimuli were to be judged,and below nine sliders, one for ea
h of the eight di�er-ent 
onditions with a �xed angle of 30◦ or 60◦, and onefor the referen
e 
ondition. The subje
ts 
ould swit
hbetween the di�erent 
onditions instantaneously andas often as they wanted. They had to position thesliders a

ording to the per
eived lateralization ofthe stimuli. The test was run in two parts, one withspee
h, the other with 
astanets.3.2. Results and Dis
ussionIn Figure 5 (right), the results of the lo
alization rat-ings are presented. The mean over all subje
ts, audiomaterials and the two angles have been 
al
ulated. It
an be seen that the referen
e 
ondition (arriving fromthe front of the listener) was rated to 
ome slightlyfrom the right side. All other 
onditions 
ame fromthe left side, whereby shorter arrays and smaller radiilead to a rating further to the left.The initial head orientation of the listener was al-ways towards the lo
ation of the fo
used sour
e. Thismeans that the per
eived lateralization of the fo
usedsour
e should have been near 0◦ for all 
onditions.On the other hand, the lo
alisation dominan
e impliesthat the per
eived lateralization should be dominatedby the position of the loudspeaker whi
h emanatesthe �rst wave front, whi
h here is the speaker at theedge of the loudspeaker array. In this 
ase, the lat-eralization of the fo
used sour
e is expe
ted to be tothe left of the listener, whi
h obviously is the 
ase.

But for shorter arrays the lateralization to the left isexpe
ted to be lesser due to the fa
t that the edge ofthe array moves to the right, from a listeners point ofview. The result shows the opposite trend: the shorterthe array, the more lateralization to the left.As mentioned in Se
tion 2.2 the trun
ation of thearray leads to a di�ra
tion of the sound �eld, and thusto errors in the binaural 
ues. The di�ra
tion is themore pronoun
ed, the shorter the array. Hen
e, forsmall array sizes, the result of the experiment maybe a

ounted for by the di�ra
tion. In order to testthis hypotheses, a binaural model will be used in thenext Se
tion to predi
t the lo
alisation based only onthe two binaural 
ues interaural level di�eren
e (ILD)and interaural time di�eren
e (ITD).4. ModellingLo
alization predi
tion for an auditory event usinga binaural model has been the s
ope of many stud-ies [16℄. For the purpose of this study, a binauralmodel after Lindemann [17℄ has been implementedin the Auditory Modelling Toolbox [18℄, and appliedto the virtual sour
es. The binaural model examinesthe interaural time di�eren
e by 
al
ulating a run-ning 
ross-
orrelation between the two ear signals. Byin
orporating a 
ontralateral inhibition me
hanism,also the ILD is a

ounted for, by shifting the peakof the 
ross-
orrelation. The same stimuli previouslypresented to test subje
ts in the listening test wereused as input to the model. The same parameters ofthe model as des
ribed in the original paper by Linde-mann were 
hosen. As a value for the lateralization ofthe sour
e, the 
entroid of the 
ross-
orrelation out-put was 
al
ulated. In a �rst step this was done forall 
onditions of the fo
used sour
e experiment, 
orre-sponding to the set-up sown on the right of Figure 4.The results are illustrated in Figure 5. The data fromthe model was s
aled to have the same order of mag-
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tthe lateralization for the referen
e 
onditions as wellas for the three shortest arrays. On the other hand,for the two long arrays of 4m and 10m, the modelis not able to predi
t the results. In the Lindemannmodel, the pre
eden
e e�e
t is not in
luded. It 
on-siders only ITD and ILD. Hen
e, the 
on
lusion 
anbe drawn that the lateralization of the fo
used sour
eis dominated by the wrong binaural 
ues 
reated dueto the di�ra
tion in 
ase of the short arrays, and forlarger arrays the lateralization is in�uen
ed by thepre
eden
e e�e
t, so that the model fails in this 
ase.In a next step, the model was used to predi
t thelateralization for a point sour
e for the listening posi-tions as shown in the left of Figure 4. The predi
tionsare depi
ted on the left side of Figure 5, this timewithout respe
tive listening test results. Again, thehead of the listener has always been oriented towardsthe position of the virtual sour
e. The model predi
tsa lateralization of around 0◦ only for the referen
e
ondition, and for the 10m-array 
ondition. For 4m,the per
eption is bounded to the left of the listener,and for shorter arrays to the right. For short arraysagain wrong binaural 
ues are present in the sound�eld, and are likely to be the reason for values pre-di
ted by the model. For the 4m array the predi
tedresult 
annot easily be explained at the moment.5. Con
lusionsThe per
eptual properties of SFS are still an open �eldof resear
h. The artifa
ts of SFS due to the spatialsampling or the trun
ation of the used loudspeakerarray 
annot easily be avoided in pra
ti
e, sin
e aloudspeaker distan
e of 0.15m already leads to spatialaliasing for frequen
ies above approximate 1000Hz.To apply SFS, it is therefore important to know towhat degree and what kind of artifa
ts a subje
t isable to per
eive in a synthesized sound �eld, andwhi
h of these artifa
ts lead to an espe
ially annoyingper
eption. In order to rea
h this goal, additional sub-je
tive tests are needed. As a 
omplement the usageof auditory models 
an provide �rst predi
tions fore�e
ts the models are able to address. In this study, abinaural model was used to predi
t the lateralizationof virtual sour
es lo
ated in front of (fo
used sour
e)and behind a loudspeaker array (virtual point sour
e).It 
ould be shown that the binaural model was able topredi
t lo
alisation artifa
ts for fo
used sour
es syn-thesized by short loudspeaker arrays. These artifa
tsare due to the di�ra
tion of the sound �eld for shortarrays. For virtual point sour
es, the model also pre-di
ts lo
alisation artifa
ts, whi
h have to be veri�edin a future listening test. On the other hand, so farthe model is not able to a

ount for lo
alisation dom-inan
e as part of the pre
eden
e e�e
t. Future inves-

tigations will fo
us on the dete
tion of further modellimitations, and extensions to the models to �nallyserve for quality predi
tion for SFS.A
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