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Thelocalizationof amplitude-pamedvirtual sour@sis biasedowardsthe medianplanewhenloudspeakrsarenot posi-
tionedsymmetrially with themedan plane.Thebiasis measuredisinglisteningtestsandwith compuationalmodding
of virtual sourcepercepion. A modification to an existing pairwise pannng methal is propsedthat compeisatesthe
displacemat of virtual source. The propsedmethodis evaluged by interpieting condictedlisteningtestresults,and
by simulatingvirtual source with computationalmodding. Evaluations suggesthat the biasis non-isting with the

proposedmethod

INTRODUCTION

Multi-channelloudspealer systemsareusedo creatam-
mersve auditay displays[i, 2. Amplitude pannirg is a
methal to positionvirtual sourcesn suchdisplays.A vir-
tual sourceis a percepion of soundsourcethatdoesnot
coincice with ary physicalsoundsource In earlierstud-
iesit hasbeenshavn thatthe positionsof virtual sour@s
are contolled with goad accurag whenthe loudspe&-
ersareplacedsymmetricallywith the medianplaneof a
listener In suchcaseghe paming directian correspads
well to the perceved direction[f_{]. In othercasesvirtual
sourcdirectin is biasedowards themedianplaneof the
listener whencompaedwith paming direction [4}].

A pannirg methodthatwould compesatethebiaswould
bebeneficial. Compemsationis possiblan applicatiorsin
which the orientdion of a listeneris known. This holds
in variows casesg.g.compuer usersand movie watch-
ersseldomlook elsavherethanat the screen.However,
sometimescompesation cannd be periormed In im-
mersve visual displaysthe orientationof a useris not
limited. In suchcasescompensationis possibleonly if
thelisteners headpositionandorientatia is tracked

This papermeasursthevirtual sourcedirectionbiasus-
ing subjectve listening testsand compuational model-
ing of directimal hearig mechanisms.Listening tests
arecorductedby usingsynttetic andnaturl broad-barl

sound to explore the needof compensationwith typical
listening material. Using this data,an enhatementto
thevectorbaseamplituce pannirg (VBAP) [|_§J methodis

suggestedhatcompesateshebiasatlateraldirections.

This paperis organizedasfollows. Thedirectioral hear
ing mechanisraof humansarereviewedin sectionLand
amplituce pannirg techniqesin Section.’gl Conducted
listeningtestsaredescribe in Sectiond, andamethocto
enhamce VBAP is presentedh Sectiorlg!.

cone of confusion

Figure 1: Coneof confwsion. Spherial coordnate sys-
temthatis convenientin directianal hearirg. Thedirec-
tion of asoundsourceis dendedas(f ., dcc) pair.

1. DIRECTION AL HEARING

Humars areableto perceve directins of soundsources,
or more geneally, directiors of auditoryobjects.An au-
ditory objectis an internal percep thatis causedby a
soundsourceemitting soundsignals(or soundwaves).
In this Sectionthe mainconcejs andmechanismén di-
rectioral hearingarereviewed

Beforeperceptal issuesareconsicered,somedefinitiors
arein order The medianplanedivides symmeérically
the spacerelatedto a listenerinto left and right parts.
The planethat divides spaceinto upper andlower parts
is calledthe horizantal plane. A coneof confusion[§]
is definedas a set of points which all satisfy following
condtion, the differenceof distancesfrom both earsto
ary point ontheconeis constah It canbeapprximated
by a core having axis of symmetryalonga line passing
through the listeners earsandhaving the apex in center
poirt betweerthelisteners ears,asin Fig. g,'

Spherich coordiratesazimuth(#) and elevation (¢) are
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often usedto denotesoundsourcedirectinsin research
of spatialhearing Thisis, however, nota convenientco-
ordinate system,since a core of confusion can not be
specifiedeasily An alternadive sphericalcoodinatesys-
tem hasbeenusedby Duda[?]. The soundsourceloca-
tion is specifiedby definingtheconein whichit lies,and
further by the directian within the cone. The coneis de-
fined by the anglef . betweerthe medianplaneandthe
cone,Fig.:j,'. Variabe 6. mayhave valuesbetween—90°
and90°. The directian within the coneof confusionis
dendedasg.c, andit variesbetween-180° and180°.

1.1. Binaural cues

Tempaal differercesbetweerearcanalsignalsarecalled
theinteraual time differenceqITD) andmagritude dif-
ferercesarecalledthe interaual level differences(ILD)
[6, 8. Thesedifferercesare causedespectiely by the
wave propagtion time difference(primaily belowv 1.5
kHz) and the shadaving effect by the head (primarily
abore 1.5 kHz). Whena soundsoure is shiftedwithin
a coneof confwsion, ITD andILD remainconstant,al-
thoudh, theremight besomefrequeng-depemdentchangs
in ILD [:_7.]. In (Bce,dcc) Sphericalcoodinatesystemthis
meanghatf.. canbedecodedvith ILD or ITD. Theau-
ditory systemdecoasthecuesin afrequeng/-depenént
manrer.

In psychacoustictestsit hasbeenfound that mecha-
nismsthatdecaelTD aresensitve to thephaseof signal
atlow frequencieselav roughly 1.6kHz andto ernvelope
time shiftsat high freqLencies[l_i]. ITD is a quite stable
cue;its valueis almostconstantith frequeng. The ab-
solutevalue,however, is higherat low frequencies.Also,

thedepeenceof ITD onf is mondonic.

It hasbeenfound thatILD mechaisms are sensitve to

differencesof soundpressureat earcanals.Dueto com-
plex wave acousticsarourd the head ILD is largely de-
pendnton frequeng: it is negligible atlow frequencies
andincreasesonnonotoncally with frequency. Thebe-
haviour of ILD with 6 is alsoproblenatic. It behaes
mondonically only within someregion —y < f¢c < 7
[1_3] depadingon frequancy, wherethe valueof + is typ-

ically 40° — 80°. ILD is alsodepeienton distanceof a
soundsour@ [1_4]. However, in this studysoundsoures
arein farfield, wherethis effect canbe neglected.

1.2. Additional cues

Binauralcuesresohe the 8. directionof a sourd object,
ortheconeof confusionof it. Additional cuesareneead
to alsoresole the ¢ directionwithin thatcone The
pinnacausesstrongdirectiondepenentspectraleffects
to ear canalsignals,which are usedto decale the ¢
direction[&]. Also, theeffectof headrotatian to binaual
cuesis usedin ¢ decaling [§].
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The precelenceeffect [, G, 1] is an assistingmecha-
nism of spatialheamg. It is a suppressiomnf early de-
layedversionsof thedirectsoundn sourcedirection per

ception Thishelpsin reverberam roomsto localizesound
sources.

1.3. Modeling of virtual sourcedir ectiond perception

In this study amplitudepannel virtual sourcesare ana-
lyzed. In the analysisthe preedencesffect is not mod-

eled. In principle, theresultsarethusvalid only in ane-
choiclisteningconditians. However, sincetheprecelence
effect suppesseghe effect of room reflectionsin local-

ization, a listenerresohesdirection mostly using direct
sound Direct soundis equalin differentlisteningcordi-

tions. Thusthe analysisis valid alsoat leastfor mocer-

atelyreverberantisteningconditions.

In theauditay modelusedin this studythe earcanalsig-
nals were simulatedwith measuredheadrelatedtrasfer
fundions (HRTFs), 6 individual HRTF setswere used.
The midde earwas modeledwith a filter, that approxi-

matesaresposefundion derivedfrom theminimumau-
dible pressurecune [i@ The frequency resolutionof

the cocHeawassimulatedwith a gamnatonefilter bank
with 42 frequeny band [£3]. Hair cells were modeled
by half-wave rectificationandlow-passfiltering.

ThelTD betweerearsignalsveresimulatedvith amocel
thatis basedon the coinciderce-counting mode by Jef-
fress[14]. Cross-correlatioswith differenttime lagsbe-
tweenearsignalswerecalculated. Thetime lag thatpro-
ducesgthe highestvaluefor cross-corelationwasconsid-
eredasthe ITD value. ITD was calculatedat different
frequeng bands, which prodicedvaluesasa functionof
frequeng. It hasalsobeenshowvn thatif ITD hasthe
samevalueat adjacenfrequeng band, it is consideed
more relevart in localization[15. To simulatethis, a
secondevel coincicencecourting unit was addel [15.
The cross-corelation function at a frequeny bandwas
multipliedwith cross-corelationfunctionsattheadjacent
bands.

The LD wasmockledby calculatingthe loudnhesslevel
of eachfrequengy bandandby subtractig thevalues from
the correspondirg valueat the contralateal ear[:_f@]. The
differenceof loudresslevelsbetweertheearsateachfre-
guercy bandwastreatedasthe LD spectrum.

ITD cuesaremeasued in millisecondsandILD cuesin
phans. This makesit impassibleto compare them to-
gether Additionally, individualsmay have differentITD
andILD valuesfor a soundsourcein a samedirectio.
To male it possibleto compae the cuestogetter andbe-
tweenindividuals,the cuevaluesat eachfrequeng/ band
weretranslatedvith a databaseearchto 6. anglesthat
they suggestedandthefinal valueswerecalledthe ITD
angle(ITDA) andthe ILD angle(ILDA). The databae
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Figure 2: Standardstereopbnic listeningconfiguration.

was formed from a large setof cuesof real sourcesn
known directiors. Details of the modelsare preseted
morethorowghly in [3].

Thesimulatiors in this studyarerun by usingpink noise
asinputto the mockl. Pink noiseis consideredo excite
all frequengy bardsandboth ITD andILD mechaisms
everly. Dueto simplicity no pereptualweightingis per
formedto thecues rathermediars andquartilesoverfre-
querey is perfamed.

2. AMPLITUDE PANNING

Amplitude pannng is themostfrequentlyusedtechniqie
to positionvirtual sour@s. In it a soundsignalis applied
to loudspealerswith differentamplitudes, which canbe
formulatedas

z;(t) = giz(t), i=1,...,N, (1)

wherez;(t) is thesignalto beappliedto loudsgaleri, g;
is the gainfactorof the correspadingchannel NV is the
numker of loudspealers,andt is thetime paraneter A
listenerpercevesa virtual sourcethe directionof which
is depenlentonthegainfactors.

2.1. Stereophay

Stereopbnic listeningconfigurationis mostusedlisten-
ing setup.In it therearetwo loudspakersplacedin front
of alistener asillustratedin Fig. ; Theapertue of loud-
spealkrsis typically 60°. They areequidistanfrom the
listener In the figure variable§ denots the perceved
azimuthof thevirtua source.Thereareanumberof pan-
ning laws that estimated from the gain factorsof loud-
spealers. The estimateddiredion is called paming di-
rectionor pannirg angle.

Bennettetal. [17] derivedapannirg law for stereophoic
setupby appoximatingthepropayationpathfromipsilat-
eralloudspealer to earwith a straightline, andthe path
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from contrdateralloudspealer to earwith a curvedline
arownd thehead.They endedup with alaw thatwasear
lier proposedfor differentlisteningconditinsin [liﬂ

tanf g1 —go
tanfp g1+ 92

)

This equatia is calledthe tangem law, the derivation of
it is valid only with ITD whenthe frequeng is belov
500Hz andwhenthe listeners headis pointingdirectly
betweertheloudspealers.However, in [f_a‘] it is foundthat
it is valid up to 1100 Hz with ITD cue,andalsoabore
300 Hz with ILD cue.In theequatiam it is alsoassumed
thatthe elevationis 0°. In [Zl.] the tangentaw hasbeen
formulatedwith 6. directins, which alsoallow oneto
usethe laws whenthe ¢ directiors of loudspe&ersare
notthesame.

Gainfactorscannotberesohedassuchwith tanget law.

They only statethe relationbetweengainfactors. To be
ableto solve the gainfactors,an equationcanbe stated
thatkeepspercevedvirtual sourcdoudresscorstant

®3)

Here p can be chosendifferently, depenihg on listen-
ing roomacousticsandits valueaffectsthe loudnessof

the virtua source[19]. In anech listeningthe virtual

sourcdoudressis rougHy equalwhenp = 1, andin real
rooms with somereverberationthe valueis often setto

p = 2. Thefirst casepreseresrouchly theamplitudeof

virtual sourcesignalsin theearcanalsandthelattercase,
theenepy of them.

2.2. Multi-loudspeaker setups

In 2-D loudspealersetupsll loudspalersarein thesame
planewith a listener Pair-wise amplitude panring [20]
methals canbe usedin suchloudspe&er systems.The
soundsignalis appliedto two loudspekersbetweerwhich
the pannirg directi lies. Differert pannirg laws have
beenusedwith suchsetupsalthoudn they have notbeen
derived for suchcases.Whenthe existing laws areused
in thesecasesthedirectiors of virtual sourcesnaydevi-
atefrom intended direction. This wasobseredin [21],
wherethelocalizationof virtual soure@swasstudiedwith
listeningtests. The directian of a virtual sourcechangd
insidealoudspealerpairtowards themedia plane when
thepairwasmoreonthesideof alistener Whenthecen-
troid of a pair wasin a lateraldirectin (£90°), it was
notatall possibleto createstablevirtual sourcedetween
loudspealers.

Therehasbeenno pannirg laws derivedfor loudspe&er
setupsunsymmetricwith themediarplane althoudn pan-
ning laws for symmetic setupsare comnonly usedin
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suchcases. The prediction for virtual sourcediredion
percepion maybefalsewith traditionallaws. This study
focuseson derivationof a pannirg law thatwould holdin
geneal cases.

A threedimensioml loudspealer setupdendesasetupin

whichall loudspeakrsarenotin the sameplanewith the
listener Typically thismeanghattherearesomeelevated
and/o loweredloudspeak&rsaddedo a hotizontalloud-
spealer setup. Triplet-wise pannirg canbe usedin such
setups.In it, a soundsignalis appliedto a maximun of

threeloudspealersat onetime thatform atriande from

thelisteners view point.

2.3. Vector baseamplitude panning

virtual
source

channeln | -=~ RS channel m

o <O

VAN

Gl

Figure3: A loudspealer pair for two-dimersionalvector
baseamplituce panning (VBAP).

Vector baseamplitide paming (VBAP) is a methodto
calculategainfactorsfor pair-wise or triplet-wiseampli-
tudepannng [5]. In pair-wisepanring it is avectorrefor
mulationof the tangen law (Eq. 2,‘) Differing from the
tangen law, it canbe generalizeckasilyfor triplet-wise
pannng.

In VBAP the listening configurationis formulatedwith
vectas; In two-dimensionalpannirg aCartesianunit vec-
torl, = [l1 l,2]T pointsto thedirectionof loudspeker
n, from the listening position. Unit vectos 1,,, andl,,
thendefinethe directiors of loudsgealersn, andm, re-
spectvely. The paming directionof a virtual sourceis
definedasa 2-D unit vectorp = [p, p.]T. A sample
configurationis presetedin Fig. 3

The pannirg direction vectorp is expressedas a linear
combnation of two loudspeker vectas 1,, andl,,, and
in matrix form:;

P = gnln+ gmlnm, 4)
p’ = gL, (5)

Hereg,, andg,, aregainfactorsg = [g5 gm] andL,,,, =
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[, 1,,]*. Vectorg canbesolved
g=p"L,, (6)

if L} exists, which is true if the vecta basedefined
by L,,,, spansa 2-D space.Eq. t_i' calculatedarycetric
coodinatesof vectorp in avecta basedefinedby L ,,., .
The commnentsof vectorg canbe usedasgainfactors;
ascalingof themmaybedesiredaccodingto Eq. i}l

3. LISTENING TESTS

The displacerent of virtual sourceswith differentloud-
spealer setupss now measuredsinglisteningtests.The
selectiorof listeningtestsignalsis considerd first. Most
of sound that are usedin main applicatiors of ampli-
tudepanniry, like gamirg, virtual reality andmovies,are
broad bard. Thusbroad-baul signalswereusedwith dif-
feren temporl and spectralstructue in condictedlis-
teningtests. The spectrogamsof four test signalsare
presentd in Fig. :ff Pink noisewas selectedsinceit is
consideed to have a percepually flat spectrum,andit
hasa quite strongtempaal structue. It shouldthuspro-
ducereliableITD andILD cues.Chimessourd wasse-
lected since most of its enegy is found at frequencies
wherelLD cueis strong. Speechs very importar type
of soundto humars, a male speechsample’the concept
of’ was chosen. The samplecontainsdifferent vowels,
plosies, fricativesand a nasal. A snaredrum tremolo
wasselectedo prodiwce stronglTD cues.

Thetestmethodwasmethal-of-adjustmen[24, four lis-
tenersvereasledto adjustedhegainratio of loudspek-
ersto matchthe diredion of a virtual sourceto the same
directionwith a real source. In the teststhe loudspek-
ersfor virtual sourceproductionwerein directiors —30°
and 30°, gainfactorsg; andg, wereassignedo these
loudspealers, respectiely. The refeencesourceswere
in £15° and0° of azimuth, asis shovnin Fig. . In first
testthelistenerfacedtowards 0° direction andin second
andthird testtowards—30° and—60°, respectiely.

Thelistenerswveresittingin ananeche chamlerequids-

tantfrom theloudspekers,andheld a keyboardon their
lap. The keyboardwasusedto contrd the gainratio be-
tweentheloudspealers. A virtual andarealsourcewere
producedconsecutiely andrepeaedly, until thelistener
found a matchbetweenthe source and presseca key.

Theinitial gainratiowasrandam, andit waschangedn
ascaledefinedby thetangem law with onedegreesteps.
Thesamplesverepresentednh randam order.

3.1. Results

Theresultsareshovnin Fig. § asaboxplot. They aredis-
cussedseparatelyfor differentlistenerdirectiors. With
listenerdirection 0° the resultsare consistent;the lis-
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Figure 4: Spectrogamsof listeningtestsoundsignals.
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center reference
souce
left reference r|ght reference
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-30° \ 0°
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. ) Y virtual souce
listenerdirecions ¥} production

Figure 5: Listeningtestsetup.

tenershave favoredcertaingainratioswith differentref-
erencedirectilns. The medianvalues for different sig-
nal typesarealsoneareachother however, the 'chimes’
soundhas producedsomevhat differentresults. In the
right sideof thefigurethe VBAP panring directiors that
corresponddo gainratiosareshovn. VBAP panring di-
rectiors matchwell with therefereredirectiors.

In [[3] thelLD andITD cueshave beenanalyzdfor vir-

tual sourcedn this setup. The low-frequemy ITD cues
arestableandcoincide with the pannirg direction. This
explains the consistentesultwith signalsthatincluded
low-frequeng compamentgnoise speectanddrum). The
chimessoundwas, however, adjusteddifferertly. Simu-
lation resultsin [8] shav thatILD cuesbetweenl and
3 kHz suggestdirectionsfartherfrom the medianplane
whenthe panring angleis £15°. This explainsat least
partly why the listenersfavored pannirg directimns to-

wardsthe medianplanein +15° refererce case. How-

ever, the favoredgainratiosof differentsignaltypesare
relatively closeto eachother It seemghatthedirection
percepion is similar with all testedsignaltypes.

In —30° listenerdirectiontesttheadjustedjainratiosare
neareachotherwith eachrefererce direction. However,

the effect of soundsignalis differentfrom 0° listenerdi-
rectioncase It hasaneffectonly with refelencedirection
—15°. With refeencediredions 0° and15° the sound
signalseemsotto have aneffect onresults.

The bestjudged gain ratios of listenerdirection30° are
displacedfrom gain ratios of listenerdirection 0° case
with 2 — 5 dB to negative directian. Thisis in agreenent
with earlierresultsin whichavirtual sourcenvasfoundto

be biasedtowards the medianplane,whenloudspalers
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Figure6: Listeningtestresults.Bestjudgedgainratiosof loudsgealers1 (—30°) and2 (30°). Four listenersmatcheda
virtual sourceto samediredion with arefererrerealsourcan direction —15°, 0° or 15°. Two repetitiors werecondicted
pereachlistenerdirection, eachsignalandeachreferencedirection

weremovedto sideof alistener[21]. Thelistenershave
comgensatedhe biasby makirg the loudspaker louder
thatis fartherfrom themedianplane.This wasalsoveri-
fied with anauditorymodelin [2_1,]. ITD andILD suggest
directiors biasedtowards the medianplanewhen com-
paredwith VBAP pannng direction

In listenerdirection—60° caseresultsarelessstablewith

reference directions 0° and 15° thanin previous tests.

However, theresultsfor referencedirection—15° arestill
quite stable. Two possiblereasos canbe statedfor de-
terioratirg of results. With refererce directions0° and
15° sourceswerein 6. direction60° and 75° relative
to listeners medianplane The accuag of directianal
hearirg is low at suchlateraldirections,andthe quality
of amplitude-pamedvirtual sourcesmay be alsolow in
thesedirectiors.

The bestjudgedgain ratios are biasedslightly more to
negaive valueswhen comparedwith listener diredion
—30° and0°. CorrespodingVBAP pannirg anglesare
displacedslightly more than with —30° listenerdirec-
tion casewhich coincideswith resultsin [21] andin [4].
Thereseemsto be no stronginfluene of soundsignal
with —60° headdirection

In overall, the effect of soundsignalto bestjudgedgain
ratiois relatively smallin all casesThis suggestshatthe
pannng law neednotto bechangedvhensoundsignalis
chan@d. However, theeffectof listenerdirectionis more
promnentandsystematic.

4. ENHANCING AMPLITUDE PANNING

Basedon the resultsof previous chapter it is clearthat
amplituce-pamedvirtual sourcesredisplacedromtheir
desireddirection A pannng methal which would pro-
ducelesserraneouspercepionsis now derived. Theprop-
ertiesof a suchpanring law canbe descriledasfollows.

Whena stereopbnicloudspeakr pairis positioredsym-
metrically with the medianplane the tangem law (Eq.

?) predcts virtual sourcedirection as well as possible
with amplituce pannng. The new panrng law should
be equvalentto the tangem law in suchcases. When
one loudspealer is closerto the medianplanethanthe
other virtual sourceis biasedtowards the medianplane.
A straight-fowardway to compasatethisis to make the
level of loudspeker higherwhich is fartheraway from

the medianplaneto compesatethe virtual sourcedis-

placemat, asthelistenersdid in repotedlisteningtests.
This canbeimplementedby addinganaddtional gainto

eachloudspealer chamel befae gain factornormaliza-

tion.

Whendirection+90° is betweerloudspakers,thereex-
istsregionbetweertheloudspealerwhereavirtual sour@
cannot be positiored. Whenthe loudspealersare posi-
tionedin a sameconeof confwsion, (e.g.60° and120°
of azimuth, no stablevirtual sourcescanbe positiored
betweerthem. In theselateralcaseghe enhanementof
amplituce pannirg is not possible. However, to be con-
sistentwith the tangent law, the enhancd pannng law
shouldbeassimilaraspossibleo it.
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A enhanementof VBAP is presentedn following sec-
tion, thatfollows theseguiddines.

4.1. Non-unitary VBAP

A pannirg methal canbeenharedto compeisatevirtual
sourcedisplacemat by addng additioral gainvaluesaf-
ter gainfactorcalculation in pairwise pannirg this can
beformulatedas

f_9n

gt r=Im (7)

)\n ? gm Am ?

where),, is apositive realnumterrelatedto corresjpnd-
ing loudspeker chanmel. The g* gainfactorsshouldbe
normalized using Eq. 2_3 to keepvirtual sourceloudress
constant. The normalizdion doesnot, however, charge
theratio of gainfactors.

In implementationof pannirg Eq. Z: shouldbe compued
during runtime, thatreserescompuationalcapacity We
may seeka more efficient way to perfom the enhaice-
ment. Using definitiors of VBAP (Eqgs.4—6), Eq.vican
betransfomedto aform

[g;,)\n g:n/\m] = Panila 8

which canbeexpressecdhs

P = gnlodn + g lmAm, ()]

andfurther
g*=p A, (10)

whereg* = [g}; g5 ] andA = [I,\, 1pAn]T Thisfor-
mulationcanbe treatedasa modification of VBAP (Eq.
4) in which the vectass in vectorbasearenot of unitary
length Variable A, introducesa lengh to eachunitary
loudspealer vectorl,. Thisis calledasnonunitary vec-
tor baseamplitude panring (NVBAP). As shawn, thisis
equialentto Eq. 7_7: However, whenformuatedin this
way, additional computationalroutines apgearin loud-
spealer setupinitialization befae run time, which en-
sureghatthecompuationalcompleity of NVBAP is the
samethanof VBAP.

With a loudspeakr pair, standardvBAP producesgain
factorsthat charge symnetrically with the centerpoint
betweenloudspekers, aspresentedn Fig. 'Z'. The gain
factorscalculatedwith NVBAP for stereophnic setup
with two differert casesareshawn in Fig. v In first case
An = 2.0 and),,, = 1.0, in secondcase),, = 4.0 and
Am = 1.0. It canbe seenthatthe gainfactorratiosare
displacedvith eachotherwith aconstanamount of deci-
bels. This shavs thatNVBAP changstheratio of loud-

spealer gains,however, it is notknown in this point how

) valuesshouldbe setfor loudspaker pairsin different
configurations.This is consideedin next section.

Gain ratio g / g [dB]
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Figure7: Gainratio g,,/g.» whengainfactorshave been
calculatedwith NVBAP using differert A,,/\,,, ratios.
Loudspeakrsn andm arepositionedto —30° and30°,
respectrely.

4.2. Defining compensationfunction

A function f of loudspaker direction may be formed
thatproducesA valuesthatcompensatehedisplacenent
of amplitudepannél virtual sour@swith loudspealer se-
tupsin lateral directiors. In beginning of this section,
someprerequisitesvere statedfor the function. The ef-
fect of this enhaacementshouldbe similar in front and
backof thelistener also,whendirection(90°,0°) is in-
sidealoudspeker pairor triple, theeffeat shouldbemild

or nonexisting. Thesecondtions arefulfilled whenthe
fundion is defineddepexdingon 6,

A = f(Bec)- (11

ThisyieldsequalX valuewithin eachconeof confusion,
whichalsoimpliesfront-backsymmetry In stereophnic
setup,andin all setupshaving two loudspeakrs sym-
metricallywith respecto the medianplane,the funcion
shouldreturnequalvalues, thus

f(ecc) = f(_acc)- (12)

This yields left-right symmetry To be consistentwith
the tangen law, it is defin@ that f(6.. = +30°) =
1. Sincethe virtual sourcesare displacedtowards the
medianplanewith lateralloudspaker setupsthe loud-
spealer gainsshouldbegreaterin thosedirectiors corre-
spondngly. This canbe achieved if the valuesof f(0cc)
are descenihg when 6. departsfrom zero. Defining
f(6¢c) is discussedn next section.

Expeimentaldatafrom listeningtestsandsimulatiors is
analyzel to definethe compensatiorfunction f(f¢c). To
beabledefineit, it is desiredo knov how muchtheratio
betweentwo loudspealer gainsshouldbe changd with
loudspealer setsin differentdirectiors.

AES 22 InterrationalConfereiceon Virtual, SyntheticandEntertaimmentAudio 7
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Figure8: Boxplot: averagegainchangeneededo com-
pensatevirtual sourcedisplacemenin listeningtestdata.
Lines: averagegain chan@ neededo compensateaudi-
tory cuevalues Starsandsolid line, medianof simulated
gainchangefor ITD, Circlesanddashedine, medianof

simulatedgainchangsfor ILD. Thewhiskersderotethe
guatiles of data.

Gainratiosareknown, thatproducedto thelisteningtest
attendees percetion of a virtua sourcen the samedi-
rectionwith a refererce source. Thesegain ratios are
comparedto thegainratiosthatVBAP law suggestBoth
ratiosaremeasurd in decilelsanda differenceis taken.

Thisestimatesionv muchthegainfactos shouldbecharged

to enhacethe pannng law. The differencescalculated
with listeningtestdataare shavn asboxgdots in Fig. g
The mediars estimatethe A; /A2 ratios with eachused
loudspealer setup.

However, thelisteningtestresultsprovide dataonly with
threedifferentloudspealer setups.To obtainmoredata,
theauditoyy model describe in Sec.1.3wasusedto cal-
culateauditay cueswith different loudspeakr setups.
Virtual sourceswvere simulatedusinga loudspeakr pair
with apertue 60° with centroid in directiors

0°,10°,...... ,60°. In eachcentrad directionvirtual sources

weresimulatedwith 10° intenalsfor 6 individuals. A set
of ILDA:s andITDA:s wasobtaired,andadifferencebe-
tweendesiredvalue (pannng directior) and cue values
was computed. This estimateshe directioral displace-
mentof virtud sourcesTheamoun of gainfactorcom-
pensatiortanbeestimatedvith VBAP. It is assumedhat
if a virtual sourceis displacedby = degrees,it canbe
compensatedvith —z degreeschang in pannirg direc-
tion, whichyieldstheneededjainratiochan@. Thedata
is shavn alsoin Fig. &.

The gaincompensationestimatesalculatedrom listen-
ing testand auditorymodelingresultspreseted in Fig.
g correspad well with eachother The mediansof au-

Compematingvirtual sourcedisplacenent

Figure9: Compesationfunction. The depeidenceof A
onloudspealer directian.

ditory modelirg resultsare closeto the mediansof lis-
teningtestresults however, with listenerdirection—60°
theauditay modelresultsdeviatefrom listeningtestdata
slightly. This suggststhatthe auditay moceling canbe
usedalsowith listenerdirectiors thatwerenotincluded
in thelisteningtests which providesmoredatafor deriv-
ing the compensatiorfundion.

A compemationfundion is now derived. A first-order
sphericaharmanic

f(ecc) = asin ecc + b COS 0(;(;, (13)

wherea andb are corstants, fulfills the prereaisitesof
symmety suggestedn Sec.#.1. The constantsare se-
lectedin away that \; /A2 ratio matchedo resultspre-
sentedn Fig. 1_3 Thevaluesweresearcheananually and
a quite goodfit with the resultswas found with values
a = 1.11 andb = 0.6. The compemationfunction is
shawn in Fig. 8.

To velify themethal, virtual sourcesveresimulatedvith

NVBAP panring ande similarly asearlierin this section.
Thedifferencesbetweerauditoy cuevalues andpannirg

directiors weretaken,andresultingdeviationsareshavn

in Fig. 110 for loudspeker apertwes60° and30°. The
biasof bothcuesis non-&istentwith loudspealer setdi-

rectiors 0° to 40°. With setdirectiors 50° and60° the
mediars deviatefrom 0°, especiallywith ILD cues.How-

ever, thetargetdirection 0° lies still betweemuatiles of
data. This suggststhat NVBAP comgensateghe sys-
tematicbias.

The resultsof listeningtestcondictedin this studycan
also be usedto veiify the definedcompeasationfunc-
tion. In theteststheattendesselectedagainratio g1 / g-
that createda virtual sourcein direction of a reference

AES 22 InterrationalConfereiceon Virtual, SyntheticandEntertaimmentAudio 8
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Figure 10: Auditory cuesof a loudspeker pair with
60° and 30° apertues in different directions. Virtual
sourceswere simulatedwithin eachpair at intervals of
10°. Thedifferenceof panrng direction andauditor cue
anglewas calculatedwith eachcueandeachfrequeng.
Mediansof ITDA andILDA deviations are shovn, the
whiskersdende the quartilesof thedata.

source.f thebestmatchedjyainratioswould correspond
with NVBAP pannng angles,it would suppat the hy-
pothesisthatNVBAP compasateghevirtual sourcedis-
placemen The prefared gain ratios were corvertedto
correspondiny pannirg directiors usingNVBAP (Eq, Qb
with presentedonmpensatiorfunction. Thelisteningtest
dataasresultingNVBAP directionsis presentedn Fig.
:_1'1_. Panningangles correspad well to refeencesource
directiors in mostcasesandthereexists no systematic
biastowardsor away from themedianplane.

5. CONCLUSIONS

In pairwise pannng, when loudspeakrs are not sym-
metricallywith themedian planeof alistener amplituce-
panredvirtual sourcegrebiasedowardsthemediarplane
whencomparedwith VBAP pannirg direction. Thedis-
placemehwasmeasuredvith listeningtests.It wasfound
to be of order 10° in somecaseswhich may be disturb-

Compematingvirtual sourcedisplacenent

ing.

The displacementan be compensatedy changimg the
ratio of gainfactorsby favoring the loudspealer thatis
fartheraway from the medianplane A non-unitaryvec-
tor baseamplitudepanring (NVBAP) methal was de-
rived thatcompesateshedisplacerent. A functionthat
definesthe amoun of compensationwas formed using
listeningtestresultsandresultsfrom a binaual auditay
mockl.

ThelisteningtestresultswereinterpetedusingNVBAP
with the compesationfundion. This shoved that the
virtual sourcesverenotbiasedowardsthe median plane
whencompaedwith NVBAP panring direction. Virtual
sourcescreatedwith NVBAP werealso simulatedusing
loudspealer pairswith a30° and60° apertue. Thesimu-
lationsuggestethatthebiasis alsocompesatedn these
cases.
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