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ABSTRACT

In the last few decades, various panning algorithms have
been proposed to generate virtual sound localization in loud-
speaker systems. Vector base amplitude panning (VBAP)
is the most widely adopted pair-wise amplitude panning
method. However, pair-wise amplitude panning has a di-
rectional discontinuity problem in the multichannel surround
panning. In particular, sound localization for the virtual
source does not smoothly vary in the direction of the near
speaker. While coincident panning using multiple loud-
speakers, such as Ambisonics, performs better, it has less
stability in sound localization due to the precedence effect.
In this paper, a multiple-wise vector base virtual source pan-
ning algorithm is proposed. To generate more stable local-
ization of panning sound, the proposed panning algorithm
calculates the amplitude panning gains using multiple-wise
vector base formulation. Additionally, the angle-dependent
and nonnegative gain control function is applied to prevent
artifacts caused by negative amplitude gains. The subjective
listening tests using the method of adjustment (MOA) are
performed to evaluate the sound localization of the proposed
algorithm, which is compared with the conventional ampli-
tude panning methods.

1. INTRODUCTION

High-definition (HD) and ultrahigh-definition (UHD) video
formats, which provide high-quality optical resolution and a
wider angle view, are rapidly being applied to various mul-
timedia systems. The audio format for HD and UHD video
must generate a wider sound field and more immersive sound
effects in order to optimally accompany these video formats.
However, the conventional stereo system cannot live up to the
desired sound quality in the latest multimedia systems. The
effort to generate a spatial localization of the sound source
in the multichannel loudspeaker system has tried and various
sound reproduction techniques had been suggested. Using
one loudspeaker for one sound source can create the most
natural and point-like sound source. But it is difficult to con-
struct such a system because of spatial restrictions or the
insufficiency of the loudspeakers. Thus, the panning algo-
rithms based on the psychoacoustic theorem, e.g. summing
localization, were proposed to acoustically create a direc-
tional perception of the sound source in the spatial sound
stage [1]-[9].

The most popular panning technique is pair-wise ampli-
tude panning. When two signals with level differences due
to gain factors emanate from two loudspeakers, the sound lo-
calization of the virtual source is perceived by the listener
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Figure 1: Arbitrary angle-positioned multispeaker stereo for-
mat.

as being on the opposite side of the loudspeakers. The di-
rectional position of the virtual sound source is controlled
by the amplitude level difference in the horizontal stage be-
tween two loudspeakers. The sine law and the tangent law
are basic pair-wise amplitude panning methods in the stereo-
phonic loudspeaker format [2, 3]. In 1997, Pulkki proposed
vector base amplitude panning (VBAP), which was not only
available with a symmetric stereo layout, but also for any
angle-positioned pair-wise loudspeaker setup [4]. However,
pair-wise amplitude panning, including VBAP, has the disad-
vantage that the virtual source is pulled in the direction of the
near speaker; this is called the detent effect [5]. It also has a
discontinuity problem with respect to the directional spread
of virtual source [6].

Pulkki proposed multiple-direction amplitude panning
(MDAP) to resolve the problem of pair-wise amplitude pan-
ning [6]. MDAP generates multiple panning vectors to make
the listener perceive a single virtual source. With MDAP, the
virtual vector of one virtual source is made by the superpo-
sition of two or more virtual vectors panned by VBAP. As
a result, the local minima of directional spread at the near-
speaker position can be prevented. The localization perfor-
mance of MDAP has not been fully certified yet. Actually,
the localization performance of VBAP has been known to
be worse in the lateral side and the rear than in the frontal
stage in an angle-dependent manner [7]. Therefore, the lo-
calization of a single-perceived virtual source through use of
the multiple vectors in MDAP can be degraded by the lateral
panning vector.

In Ambisonics, spatial localization of the virtual source
is generated by using all of the multiple loudspeakers around
the listener [8, 9]. The gain factors of Ambisonics are al-
lowed to be both positive and negative. It can achieve more
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correct localization of virtual source than pair-wise ampli-
tude panning. But the directional quality is less robust to
the listener outside of the best position due to the prece-
dence effect [10]. The minus gain can also cause the out-
of-phase problem [8]. Currently, Poletti proposed the pan-
ning functions for surround sound systems with nonuniform
loudspeaker layout; these panning functions produced a ro-
bust sound-field directionality in the ITU 3/2 configuration
[11]. It resulted better performance for sound localization,
but required additional computation in the asymmetric and
arbitrary angle-positioned loudspeakers layout.

In this paper, we present a multiple-wise vector base
panning algorithm that maintains the advantages of VBAP,
but provides more accurate localization of the virtual source
by concurrently using multiple loudspeakers. The proposed
panning algorithm is inspired from the vector base formula-
tion of Pulkki’s VBAP, with a motive of Gerzon’s panpot law
in the multispeaker stereo setup as shown Fig. 1 [4, 5]. The
main advantages of the proposed algorithm are its stability
of the bias problem due to the precedence effect in the sound
localization, and the simplicity of the panning gain calcula-
tion for any arbitrary multichannel format. To prevent the
out-of-phase problem due to negative panning gain, a non-
negative gain control function is applied to the vector base
formulation of the gain factors.

The organization of paper is as follows. First, the multi-
speaker stereo setup and the vector base panning algorithms
are introduced in Section 2. The formulation of the proposed
panning algorithm with application of a nonnegative center
channel gain function is described in Section 3. In Section 4,
we evaluate and discuss the sound localization performance
of the proposed panning algorithm by comparing conven-
tional panning techniques using subjective listening tests. Fi-
nally, it is summarized and concluded in Section 5.

2. MULTIPLE LOUDSPEAKERS FORMAT AND
VECTOR BASE AMPLITUDE PANNING METHODS

2.1 Multispeaker stereo setup

To obtain better performance of the spatial localization in the
frontal stage, the center loudspeaker is occasionally added
in the middle of the stereo format, e.g. the ITU 3/2 multi-
channel format. In this format as shown in Fig. 1, the pan-
ning algorithm of the frontal multiple loudspeakers should
be changed. Gerzon defined such a format as a multispeaker
stereo format, and also calculated the optimal panning gain,
that is, the panpot law for the multispeaker stereo, to satisfy
the coincident localization of the velocity vector and the en-
ergy vector [5]. Gerzon’s panpot law was certified as the op-
timal computation method, but it does assume that the loud-
speaker angle for the left and the right speakers should be
same relative to the center direction, 6; = 6, of Fig. 1. Sim-
ilarly, the loudspeaker format in Ambisonics must be sym-
metric to achieve optimal results [10]. The proposed ampli-
tude panning algorithm is supposed that the loudspeakers’
configuration is arbitrary with respect to angle positioning,
that is, the layout could be either symmetric or asymmetric.

2.2 Vector base amplitude panning methods

The vector base formulation to calculate the panning gain is
introduced by Pulkki [4]. In the two-dimensional plane, the
vector matrix Lo, which consists of a pair of loudspeaker

Figure 2: Optimal multiple-wise panning gain by pseudoin-
verse matrixing; solid line - symmetric layout (|6; — 6y| =
|6, — 6y]) and dashed line - asymmetric layout (|0; — 6| #
|62 — 6p)).

vectors, is multiplied by the gain vector g and forms the vir-
tual source vector p = [p1 pa]T.

p'=gLiy, where g=[gi &2]. Lio=[L b]". (1)
The panning gain of two loudspeakers in the two-
dimensional space can be calculated by the inverse matrix
of Lj» as

g=p'Ly. 2

In the multichannel format, the surround panning gains
are computed by VBAP’s formulation with paired loudspeak-
ers. In the multispeaker stereo format as Fig. 1, the loud-
speaker pairs are different at left stage (6; ~ 6p) and right
stage (6y ~ 6,). The directional perception of the virtual
source is point-like in the direction of the center loudspeaker.
Point-like perception of the virtual sound source is the best
result of sound localization, but can be affected by the direc-
tional spread, such as spatial blurring. The directional spread
increases in further directions to the loudspeaker [6, 10]. It
means that the directional spread varies with panning direc-
tion. For example, when the virtual source moves across the
center loudspeaker in the horizontal plane, the variation of
directional spread causes a degradation of spatial sound qual-
ity.

In MDAP, the variation problem of directional spread
is improved by generating the virtual source using multiple
loudspeakers [6]. It is implemented by the superposition of
multiple-panned virtual vectors. However, the pair-wise pan-
ning of VBAP was verified as the sound localization is worse
in the lateral or rear sides than in the frontal stage [7]. As
a result, the multiple directional-vectors created by MDAP
result in the different accuracy of localization. Thus, the per-
ception of the virtual source can be biased in the direction of
the center because of the localization error for the more lat-
erally positioned virtual vector. This effect is verified by the
subjective listening test in Section 4.
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Figure 3: Angle-dependent gain control function for nonneg-
ative panning gain; solid line - symmetric layout (|6; — 6| =
|6, — 6y|) and dashed line - asymmetric layout (|0; — 6y| #
|62 — 6o)).

3. PROPOSED AMPLITUDE PANNING
ALGORITHM USING MULTIPLE-WISE VECTOR
BASE FORMULATION

In this section, we introduce the vector formulation to com-
pute the optimal multiple-wise panning gain in the arbitrary
multispeaker stereo format and the nonnegative and control-
lable angle-dependent function to prevent the out-of-phase
effect by negative panning gain.

3.1 Multiple-wise vector base amplitude panning

First, to calculate the optimal multiple-wise panning gain,
we defined the multiple-vector matrix Lgj» to compute the
coincident panning gain for the multispeaker stereo format.
The vector of virtual source p is then decided by the angle-
dependent configuration of loudspeakers Ly, with the vector
of panning gain g as

p" =gLoin, where g =[g0 g1 g].Lonn=1[lo i b]". (3)

It is similar to Eq. (1), but we employ pseudoinverse method,
also known as the Moore-Penrose inverse matrix, to compute
the inverse of non-regular square matrix Ly [12]. By using
the multiple-wise vector base formulation, the optimal pan-
ning gain vector of multiple loudspeakers is

g=p'Li,, 4

where the pseudoinverse matrixing is X+ = (XTX)~'1XT. As
a result, the optimal panning gains in the loudspeaker format
of Fig. 1 are described in Fig. 2 with energy normalization
as

gscaled _ - 8 - 2- (5)
V8T8 18

3.2 Nonnegative gain control function

In Section 3.1, the optimal panning gains using a multiple-
vector base formulation were calculated for any loudspeak-
ers format, i.e. symmetric layout or asymmetric layout, as

Figure 4: Proposed multiple-wise panning gain with non-
negative gain control function; solid line - symmetric layout
(|61 — 69| = |6 — 6y)) and dashed line - asymmetric layout
(|81 — 60| # |62 — 6o)).

VBAP [4]. But in Eq. (4) the panning gain at far directions
from the loudspeaker is negative as Fig. 2. Panning algo-
rithms using multiple loudspeakers, e.g. Ambisonics, were
proposed to achieve the best perception of sound localiza-
tion [5, 9]. Especially, Gerzon introduced the optimal pan-
ning gain to satisfy the perceptual angle of Gerzon vectors
in the multispeaker stereo setup [5]. To obtain the optimal
gain factors for the listener in the middle of loudspeakers,
these panning techniques allow for negative panning gains
for the loudspeakers far from the direction of virtual source.
However, negative panning gain occasionally causes an out-
of-phase effect, degrading the sound localization. To resolve
this problem, an in-phase panning algorithm that only used
positive panning gains was proposed in Ambisonics [8].

Therefore, we additionally applied the angle-dependent
gain control function in the procedure of vector formulation
of Eq. (4) to obtain the nonnegative panning gain.

1 0 o
Ly, =W(0)Loj2, where W(0) = [ 0 6(6) 0 ] .
0 o0 1
(6)
In Eq. (4), the vector matrix of loudspeakers, Loz, is sub-
stituted with L612 of Eq. (6). It means that the vector of the
middle loudspeaker is angle-dependently regulated by a non-
negative gain control function, §(0). This control function

is defined as

5(6) = (0.5—0.5cos(1\2/7i91))‘f’, %)

where N =2[6p—6,|,p=1or2.

The panning angle 6 is [—|6) — 6,|,4|60 — 6,|]. In Fig. 3,
the angle-dependent nonnegative gain control function in the
multispeaker stereo format as like Fig. 1 is described. This
function gradually reduces the loudness of the middle loud-
speaker as the panning angle of the virtual source is further
from the center. The function also very effectively prevents
the negative panning gain and is also useful for incorporat-
ing minute adjustments of the virtual source’s panning angle.
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Figure 5: Subjective test results; bias error (degree) of panning angle. (a) symmetric layout (30°,0°,—30°) (b) asymmetric

layout (40°,0°, —20°).

The optimal value of ¢, in Eq. (7) can be decided by the con-
figuration of loudspeakers. If the angle-interval of the loud-
speakers, i.e. |0 — 6| or |6y — 6], increases, the larger value
is perceptually better to improve the quality of sound local-
ization from degradation by the out-of-phase or by the detent
effect. So, in the asymmetric layout, i.e. |6; — 6| # |62 — 6p|
in Fig. 1, the value ¢ of left side from the centered loud-
speaker is experimentally decided to be larger than the right
side as like Fig. 3. In Fig. 4, the proposed panning gain
results for the symmetric and asymmetric layouts applied
with nonnegative center gain control function are described.
The formulation of the proposed panning algorithm is de-
rived from the vector form of multiple loudspeakers and it
is termed multiple-wise vector base nonnegative amplitude
panning (MVBNAP).

4. PERFORMANCE EVALUATIONS AND
DISCUSSIONS

In the subjective listening tests, sound localization perfor-
mance was evaluated according to the method of adjustment
(MOA) [7, 13]. The test signal consisted of 2 s pink noise.
The reference signal was emanated in the desired panning
direction by monophonic loudspeakers that had an angle in-
terval of 5 degrees (°) between the left loudspeaker at 6y
and the right loudspeaker at 6;. The loudspeakers for the
multispeaker stereo were positioned as Fig. 1 and the dis-
tance from the listener to each loudspeaker was equally 1.5
m. The five experienced audio engineers participated in the

tests. They were asked to adjust the panning angle with 1
degree resolution to match the direction of reference by self-
manipulating the control buttons in PC software as shown in
Fig. 6.

The three conventional panning methods, i.e. pair-wise
VBAP and MDAP with 20° or 30° spread angle, and the
proposed panning method, MVBNAP, were compared [4, 6].
The results of subjective listening test are described in Fig.
5. The bias error presents the difference between the per-
ceived panning angle and the desired panning angle. Fig.
5-(a) denotes the result of bias error in the symmetric lay-
out (30°,0°,—30°), and Fig. 5-(b) denotes the result of bias
error in the symmetric layout (40°,0°,—20°). To generate
the panning angle at all of directions from 6; to 65, the ad-
ditional loudspeakers at 90° and —90° were positioned only
for MDAP as [6].

In the symmetric layout, the sound localization of VBAP
results in increases in the bias error in closer directions to the
loudspeaker. This bias is caused by the detent effect and is
a common problem in the pair-wise amplitude panning [5].
But in the direction to the loudspeakers, the sound localiza-
tion of VBAP is best because the signal is emanated by only
one loudspeaker. MDAP results in better performances in
closer directions to the center-positioned loudspeaker. How-
ever, at the far directions from the center loudspeaker, the
localization performance remarkably decreases. It is under-
stood that the virtual vector for the lateral direction demon-
strates worse performance with respect to localization than
the virtual vector in the relative frontal direction. In addition,
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Figure 6: User interface of the test program using the method
of adjustment(MOA).

the position of additional loudspeakers at +90° can influence
sound localization. The bias error of MVBNAP is the small-
est in the frontal direction between about 10° and —10°. In
the direction of the side loudspeakers, MVBNAP also shows
the detent effect as being similar to that for pair-wise VBAP.
In this test of symmetric layout, we experimentally chose the
optimal parameter of nonnegative gain control function as
¢ = 0.82 as Fig. 3. If the curve of Eq. (7) is designed to
obtain better sound localization, it results can be improved.

In the asymmetric layout, pair-wise VBAP results the
similar effect with a symmetric layout. =~ MDAP also
shows better localization in closer directions to the center-
positioned loudspeaker. However, at the side directions,
the sound localization inclines toward the center direction.
The reason is that the localization performance of the vir-
tual source of VBAP is angle-dependent. This can be veri-
fied by the test result that MDAP30 presents worse than the
MDAP20 in the lateral directions. Although MVBNAP to-
tally results in the more robust localization than the other
panning methods, the bias error slightly increases within -2
degree at the near directions of the frontal loudspeaker. Its
bias to the right direction is caused by the proximity of the
center and right loudspeakers, when the multiple loudspeak-
ers concurrently emanate the signal as like MDAP. In the
asymmetric layout, the parameters (¢) of nonnegative gain
control function were set as 0.48 and 0.97 as Fig. 3. To
reduce the bias error with close loudspeakers, the curve of
Eq. (7) should be sharper. If more higher-order sinusoidal
function is applied into the formulation of Eq. (7), its sound
localization can be improved.

5. CONCLUSIONS

In the loudspeaker system, the point-like perception of the
virtual sound source is the best result. However, the per-

formance of panning algorithms is easily influenced by the
configuration of loudspeakers and the listener’s position. Ad-
ditionally, the negative gain factor can affect the stability of
sound localization. In this paper, we introduced a nonnega-
tive amplitude panning algorithm using a multiple-wise vec-
tor base formulation to compute panning gains for the mul-
tiple loudspeakers. It has the advantages of both vector base
formulation and multiple-loudspeaker panning techniques.
The proposed panning method can be improved by the op-
timization of nonnegative gain control function in any con-
figuration of loudspeakers.The results of subjective listening
tests indicate that the localization performance of MVBNAP
is more robust in almost every directions. However, the pro-
posed panning algorithm can be further improved through the
optimization of a nonnegative gain control function. A clear
and theoretical decision of control function should be verified
with a psychoacoustic theorem and subjective test results in
the future.
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