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AllSTRACT 

The pcrceived spatial spread of amplitude panned virtual sources 
is dependent on the number of loudspeakers that are used to pro- 
duce them. When pair-wisc or triplet-wise panning is applied, the 
number oi active loudspeakers varies as a function of the panning 
direction. This may cause unwanted changes in spatial spread and 
coloration of a virtual source if it is moved in the sound stage. In 
this paper a method is presentcd to make the directional spread 
of amplitude panned virtual sources independent of their panning 
direction. This is accomplished by panning the sound signal to 
multiple directions near each other simultaneously. This forms a 
single virtual source with constant directional spread as a function 
of direction. 

1. INTRODUCTION 

In many thcalers and auditoriums there exists loudspeaker systems 
that include a large nnmher of loudspeakers. Audio systcms with 
multiple loudspeakers are also becoming more common in domes- 
tic use. In domestic use the speakers are most often placed to a 
horizontal plane around the listener (two-dimensional speaker se- 
tups). In theaters there are also systems in which also elevated or 
descended loudspeakers exist (three-dimensional setups). 

Virtual sourccs can he positioned to such loudspeaker systems 
using various methods. In two-dimensional setups the panning is 
most often performed using pair-wise panning mcthods [I]. Pair- 
wise panning can he generalized lo triplet-wise panning for three- 
dimensional loudspeakcr setups 121. Pair-wise panning and triplet- 
wise panning yields an acceptable virtual source quality in rela- 
tively large listening area. However, the virtual source quality is 
dependent on panning direction because the number of loudspeak- 
ers emanating the same sound signal varies in different directions. 
This may he perceived inconvenient when moving virlual sound 
sources are applied. 

In matrixing sound reproduction techniques, like Ambisonics 
[3], sound signals are encoded analogically to few audio channels. 
In the decoding stage loudspeaker signals arc decoded using some 
matrixing operations. In these techniques the same sound signal is 
existent in all loudspeakers, which may degrade the virtual source 
quality. However, when moving sound sources are applied, the 
number or loudspeakers producing a virtual source is not depen- 
dent on panning direction, thus the directional spread does not vary 
prominently. 

Basically the matrixing systems and pair-wise or triplct-wisc 
panning methods are quite similar techniques. In both methods a 
sound signal is applied to a number of loudspeakers with different 
ampliludcs. The goal of this study is to form methods for virtual 

source positioning that would be something in helween the matrix- 
ing techniqucs and pair-wise or triplet-wise panning. 

This paper is organized as follows: At first some basics of 
spatial hearing and amplitude panning are reviewed. The method 
for spreading amplitude-panned virtual sources is then presented. 
Thc directional spread of pair-wise panned virtual sourccs and 
sprcaded virtual sourccs are computcd using a binaural model. 

2. SPATIAL HEARING 

Spatial and directional hearing has been studied intensively; for 
overviews, sec e.g. [41. The duplex theory of sound localization 
states that the two main cues of sound source localization are the 
interaural time difference ITD and the interaural level diference 
ILD which are due to wave propagation time difference (primarily 
helow 1.5 kHz) and the shadowing effect by the head (primarily 
ahovc 1.5 kHz), respcclively. Both cues depend on frequency. 

In the median plane where the distances to both ears arc equal, 
the ITD and ILD values arc close to zero. Other effects, such as 
spectral cues and head movements, are considered to carry eleva- 
tion and front-hack information in the median plane. Spatial dis- 
crimination is difficult also in so called cones of confusion wherc 
ILD and ITD vary only slightly due to the unsymmetry of the head. 
A cone of confusion can he approximated with a cone which has 
symmetry axis in the line passing through listener's ears. 

If the cues of an auditory object are conflicting, the listener 
may perceive the object in multiple directions simultancously. The 
directional spread denotes how well the auditory object is situated 
in one direction: what smaller directional spread, that more point- 
like auditory object. 

3. AMPLITUDE PANNING 

Amplitude panning [SI is most oftcn applied to two loudspeak- 
ers which are in a standard stereophonic listening configuration, 
as depicted in Fig. 1. Loudspeakers 1 and 2 are placed in front 
of the listener with aperture of 60". A signal is applied to cach 
loudspcaker with different amplitudes, this can be formulated as 

Si@) = @ S ( t ) ,  i = 1,2, (1) 

where s i ( t )  is the signal to be applied to loudspeaker i ,  gi is the 
gain factor of the corresponding channel, and t is the time param- 
eter. 

The sound signals arrive to listener's both ears from both loud- 
speakers. If the wave propagation time difference is taken into ac- 
count, but the shadowing effect of the head is neglected, we inay 
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presented the sine law [6] as 

sin 'p ~ YI - 92  
sin yo YI +D' 

where 'p is the perceived angle of a virtual source and yo is the 
loudspeaker base angle. as in Fig. 1. Thc equation is valid only 
when thc frequency is below 600 Hz and when the listener's hcad 
is pointing directly forward. In the equation it is also assumed that 
the elevation is 0'. The equation does not sct limitations to 'ps but 
in most cases it its value is set to satisfy lip1 5 pn. If IyI > PO 
the amplitude panning will produce antiphase loudspeaker sign& 
which may distort the virtual source [41. 

Y . 

a) 

Figure 1: A standard stereophonic listening configuration. The 
virtual souice can be positioned between the 1oud.speukers. 

If the listener is facing towards the virtual source, the tangent 
law is morc correct [7] 

(3) 

This equation has the same limitations as the sine law. 
The perception of the virtual source can be modeled by con- 

structing the sound signal cntering listcner's ears using mcasured 
HRTFs and listening setup model 181. The frequency-dependent 
ILD and ITD can be then calculated using a binaural auditory 
model. The virtual source qualities can then be monitored by com- 
paring the ITDs and ILDs of real and virtual sources with each 
other. Further, the ITD and ILD can he expressed in dircction an- 
glcs, according to individual table lookup, which enablcs compa- 
ration of sound object direction perception between individuals. It 
has been shown that the model is ablc to predict many phenomena 
existing in spatial reproduction [ I  1 I. 

3.1. Wir-wise amplitude psnning 

When the number of loudspeakers exceeds two, pair-wise panning 
methods can be used. The sound signal is panned to the adjacent 
loudspeaker pair between which the virtual source direction lies. 
The virtual source is produced using one or two loudspeakers. If 
the virtual source is panned coincident with a loudspeaker, only 
that particular loudspeakcr emanates the sound signal. 

When the sound signal is panned to a single loudspeaker, it is 
actually not a virtual source, but a real source. This means lhat its 
directional spread is as low as i t  can bc. When the virtual source is 
panned to two loudspeakers, thc directional spread is higher, it can 
be localized crroneously and it may be colored. The directional 

spread of an auditory object may be estimated by simulating the 
listening condition and by calculating the main localization CUCP. 
The average directional spread q pcrceived by an individual lis- 
tener may be cstimated as 

rl = ~uII.I)/~ - ILDll + wruIIa - ITDII, (4) 

whcre 'w11.1) and fuITr1 represent a Oequency-dependent salience 
function of 1LD and ITD, respcctively. Variable N denotes the me- 
dian value of ILD and ITD, which represcnts thc center direction 
oi thc sound object around which the spcctral sprcad appcars. ITD 
and ILD arc expressed as azimuth angles a1 42 ERB (cquivalent 
rectangular bandwidth) channels. 

, --~-.7~~-~ 
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Figure 2: Simulated direcrional spread of pair-wise amplitude 
punned and mnltiple-direction amplitude punned virtual sources. 
Solid: pair-wise panning. Two-direclion punned virtual sources: 
dashed -spread angle 2O", dash-dotted - ,spread angle 30". 5 loud- 
speakers, directions -go", -30". O", 30°, and 90" were used. 
2-D VBAI: 11g11 = 1 

Figure 3: The pairifactors of loudspeakers ut direction IT, 30' und 
90" as function of panning angle. Solid: one panning direction. 
Two panning directiorrs: dashed - sprmd angle ZO', dash-dolled 
. spreud angle 30". 5 loudspeakers, directions -90". -30". OD, 
30". and90" were used. 2-0 VBAI: llgll = 1. 

In this study a rough approximation was used ol  the saliences 
of directional cues. The ITD salience function q r o  was modeled 
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with a function with value 1.0 at low frequencies and 0.1 at high 
frequencies. Thc ILD salience function TYLD had value 0 al low 
frequencies and 0.4 at high frequencies. Between frequencies 400 
Hz and 2000 Hr: the salienccs changed their values linearly. 

A 5-loudspcaker system with speaker directions M, 30". 90". 
-go", and -30" was simulated, and a pair-wisc panned virtual 
source with pink noise was applied to it. Thc directional spread 
was computed between -10" and 60", as shown in Fig. 2. The 
directional spread was calculatcd for 5 individuals, and the avc rge  
value over individuals was sct to be the directional sprcad estimate. 
The HRTFs of individuals have been measured by Wightman and 
Kistlcr [Y]. 

In the figure it can he seen that the directional spread has local 
minima coincident with loudspeakcr directions. Between the loud- 
speakers the virtual sourcc is sprcxl prominently. This simulation 
rcsult corresponds well to known behavior amplitude-panned vir- 
tual sourccs. The corresponding gain factors are shown in Fig. 3. 

3.2. niplet-wise panning 

In triplet-wise panning, the sound signal is applied to maximally 
three loudspeakers at time. The loudspeakers form a triangle when 
viewcd from the listener's position, as in Fig. 4. This enables three- 
dimensional positioning of virtual sources. Three-dimensional vcc- 
tor base amplitude panning (VBAP) is a method for positioning 
virtual sources to arbitrary directions inside arbitrary loudspeaker 
triplets [21. 

channel k 

Figure 4 Three-dimensional vector base amplitude panning. 

In three-dimensional VBAP a loudspeaker triplct is formu- 
lated with vectors. The unit-length vectors I,, I, and l k  point 
from listening position to thc loudspeakers. The dircclion of the 
virtual source is presented with unit-length vector p. Vector p is 
expressed as a linear weighted sum of the loudspeaker vectors 

P = gml, fgn l ,  +g&. (5)  

Here g,. 9%. and gr are called gain factors of respective loud- 
speakers. The gain factors can be solved as g = prL;ik,  wherc 
g = [g, g, gal' and Lm,r = [I, I, IS]. The calculated factors 
arc used in amplitude panning as gain factors of the signals ap- 
plied to respective loudspeakers after suitable normalizalion, e.g. 
llgll = 1. 

When thc number oI loudspeakcrs is greatcr than three, the 
loudspeaker setup is divided lo triangles forming a triangle set. An 
automaiic triangle forming algorithm has been presented in [lo]. 
During the panning process a single triangle from the set is chosen 
lo he used in panning. The selection can be made by calculat- 
ing the gain factors in each loudspeaker triangle in the triangle set 
and selecting the triangle that produced non-negalive factors. If 
the triangles in the se1 arc non-ovcrlapping. thc selection is nnam- 
biguous. VBAP can he also forinulatcd in two dimensions, in this 
formulation it can he applied also to pair-wise amplitude panning. 
2-D VBAP is a rcformulation of tangent law (Eq. 3) 121. 

3-D VBAP has a similar feature with pair-wisc amplitude pan- 
ning had, the directional spread is dcpendent on the panning direc- 
tion. The change of directional sprcad can bc cveii higher because 
the number of loudspcakers emanating same sound signal varies 
from one to three. 

4. UNIFORM SPREADING OF AMPLITUDE-PANNED 
VIRTUAL SOURCES 

It has now be shown that the directional spread of pair-wise and 
triplet-wise virtual sources depcnds on panning direction. Meth- 
ods for making the directional spread of a virtual source constant 
are now considered. The best way would be, of course, to make 
the virtual source as point-like as possible. There exists some at- 
tempts to this [I l l .  However, reducing the directional spread de- 
mands computational resources, and the spread can in very few 
cases removcd totally. 

Other way to solve the problem is to increase the directional 
spread in directions wherc the loudspeakers are in order to create 
a roughly constant directional spread. The directional spread can 
hc increased by applying the same sound signal to more than onc 
physical loudspeaker at each time. However, the virtual source 
quality on directions between the loudspcakers should not be de- 
graded more. 

This can be imolemented with a method in which the sound 
signal is panned simultaneously to multiple panning directions near 
the wantcd virtual source direction. Despite of thc multiple pan- 
ning directions, the listener will still perceive a single virtual source. 
The average direction of the panning directions is considered as 
the panning direction, wherc the virtual source is wanted to ap- 
pear. The method is called multiple-direction amplitude panning 
(MDAP). The largest anglc betwecn the multiple panning direc- 
tions is called the spread angle. 

When the multiple panning directions are located inside the 
same loudspeaker set, MDAP is equivalcnt to traditional ampli- 
tude panning with a single virtual source, since the sound signals 
arc panned to same loudspeakers. This implics that MDAP does 
no1 degrade further the virtual source quality in directions where 
the virtual source quality is at its worst in traditional amplitude 
panning. 

The difference between traditional amplitude panning and 
MDAP appears when there exist loudspeakers between the pan- 
ning directions in MDAP. The sound signals are then panned to 
different loudspeaker sets, which affects the gain factors and in- 
creases the amount of used loudspeakers. This spreads thc virtual 
source. The amount of spreading can be sclected by adjusting the 
spread angle of MDAP. 

When the virtual source is desired to be spread in two- 
dimensional speaker setups, the effect can be achievcd using two 
panning directions, as in Fig. 5 .  If the loudspeakers are not spread 
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evenly, there might be situations in which there exist more than one 
speaker between panning directions of one virtual source, which 
may Cause that some of tile speakers between the panning dircc- 
tions may not emanate sound at all. This can he avoided by apply- 
ing morc panning directions to MDAP. 

Figure S: Spreuding the virtual source using two panning direc- 
lions. 

Figure 6: Spreading rhe virtual source in 3-D loudspeaker setups 
using three panning directions 

In 3-D loudspeaker setups, if two panning directions are used 
in MDAP, the sound signal is applied at least to two loudspcak- 
ers at time. If thc sound is desired to he applied a1 least to three 
loudspeakers at time, thrcc panning directions are needed as is il- 
lustrated in Fig. 6. 

The directional spread of virtual sources created with MDAP 
with 2 panning directions with spread angles 20“ or 30” are shown 
in Fig. 2. The virtual sources created with MDAP do not have local 
minima on directions coincident with loudspcdkers, as pair-wisc- 
panned virtual sources have. It can also he seen that the amount 
of directional spread increases when the spread angle of MDAP 
is incrcased. The directional spread is also roughly constant over 
panning direction with virmal sources created with MDAP. The 
result corresponds well to informal listening tests in which it was 
found that the directional spread of vinual sources created with 
MDAP did not vanish on directions coincident with loudspeakers. 
The corresponding gain factors are shown in Fig. 3 

In matrixing systems the reproduced sound signal is applicd 
to vinually all loudspeakers at one time. This can be simulated 
with MDAP by applying the sound signal to needed amount of 
dircctions and by gaining the input signal properly in different di- 
rections. 

5. CONCLUSIONS 

The pair-wise and Iriplct-wise amplitudc panned virlual sources 
can he spread by panning the same sound signal to multiple di- 
rections. This techniques is called multiple-direction amplitudc 
panning (MDAP). When applying MDAP, the sound signal never 
emanales from only one loudspcaker. The directional spread is 
increased on directions coincident with loudspcakers, hut the di- 
rcctional spread between loudspeakers remains on same valuc as 
in pair-wise or triplet-wise panning. Thc amount of directional 
spread of the virlual source can he conlrollcd by adjusting Ihc pan- 
ning directions. The panning direction sets can bc composed in 
such a manner that the spread of virtual sources is not dependent 
on panning direction. The directional sprcad was simulated using 
a binaural model, and examined wilh informal listening tests. 
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