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Summary

Ambisonic decoding refers to the process of reconstructing a sound field represented by spherical harmonic
modes up to a given order. The issue with the spherical harmonic representation is that perfect reconstruction
of the sound field is typically possible only within an area whose size is inversely proportional to the frequency.
Therefore, in order to decode ambisonic signals for high-frequency sounds or a wide listening area, one has to rely
on other criteria than the sound field reconstruction error. Classic criteria for the derivation of ambisonic decoding
matrices are the total energy of the loudspeaker signals and the direction and norm of the so-called energy vector,
which corresponds to the energy-weighted sum of the unit vectors pointing to the directions of the loudspeakers.
The underlying idea behind using such criteria is that they are somewhat related to the perceptual attributes of
the reproduced sound field. In particular, the norm of the energy vector can be interpreted in terms of the angular
spread of energy across loudspeakers, which was recently shown to be correlated to the perceived width of virtual
sources. In previous works, ambisonic decoding methods have been presented which yield a constant loudspeaker
energy and minimal energy-vector direction mismatch across virtual source directions. However, in the case of
irregular speaker layouts, these methods result in a varying angular spread across directions. In this paper we
present a method for calculating ambisonic decoding matrices providing a nearly constant angular spread across

source directions while maintaining a constant energy and very low energy-vector direction mismatch.

PACS no. 43.60.Fg, 43.38.Md

1. Introduction

The ambisonic or Higher-Order Ambisonic sound field re-
production technique [1, 2] relies on the decomposition
of the sound field into spherical harmonic modes up to
a given order, L. When playback is intended for only
one listener, the loudspeaker signals are classically cal-
culated such that the spherical harmonic modes of the
sound field reconstructed by the loudspeakers are iden-
tical to that of the desired, virtual or recorded, sound
field. This method of ambisonic playback is often referred
to as mode-matching decoding. The objective of mode-
matching decoding is to physically reproduce the desired
sound field around the listener. However, limiting the sum-
mation of the spherical harmonic modes up to order L only
provides an accurate approximation of the sound field in-
side a small region of space, the size of which is inversely
proportional to the frequency [3]. For instance using an
order-4 ambisonic system at 2 kHz, the sound field is ac-
curately reproduced within a region of space roughly the
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size of the human head. At higher frequencies, the size of
the accurate spatial region shrinks to less than the size of
the human head. Of course, when playback is intended for
more than one listener, the area in which the sound field
is to be accurately reproduced increases and the maximum
frequency for physically accurate sound field reconstruc-
tion decreases.

In order to improve the perceptual quality of ambisonic
playback for high frequency sounds or for spaces accom-
modating a large audience, various techniques have been
proposed. A common feature of these techniques is the
use of some form of amplitude panning based on a vector
model of the sound field. The inventor of ambisonics, Ger-
zon, used various vector models to characterize the proper-
ties of perceived sound objects generated using amplitude
panning [4]. Optimization criteria based on the so-called
energy vector' or on the loudspeaker energy appear espe-
cially useful for the design of ambisonic decoding matri-
ces. This approach was used in recent work [5, 6, 7, 8]
to gain control over, e.g., loudness in the situation where
the loudspeakers are irregularly distributed in space. Other

! The energy-weighted sum of the unit vectors pointing to the loud-
speaker directions.
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works with similar approaches were recently pre sented
for first-order Ambisonics by Arteaga, Heller, Benjamin,
and Lee [9, 10].

The use of heuristic rules such as Gerzon’s energy vec-
tor for the calculation of panning gains or ambisonic de-
coding matrices is somewhat controversial, as it is not
fully supported by rigorous perceptual experiments. For
instance, the direction in which a virtual source is per-
ceived may depend on a number of factors, such as the
source signal, the positions of the loudspeakers relative to
the listener, etc. Nevertheless, recent works [11, 12] show
that in the context of amplitude panning over a horizon-
tal loudspeaker array: a) the direction of the energy vector
could be used to predict the perceived source direction of
broadband stimuli with a reasonable accuracy; and b) for
these same stimuli, there is a correlation between the per-
ceived source width and the norm of the energy vector. As
well, when considering a wide listening area, the energy
of the loudspeaker signals provides a good criterion for
predicting the loudness of a virtual source.

In this work, our aim is to develop an ambisonic decod-
ing method that provides control of the relevant energy-
vector measures and the loudspeaker energy. In particular,
this includes controlling the norm of the energy vector so
that it is constant across source directions. Our approach
can be decomposed in two steps: first, design amplitude
panning rules yielding the desired energy vector and en-
ergy level properties; second, calculate an ambisonic de-
coding matrix which matches the properties of the panning
as accurately as possible. In the first step, we employ a
method derived from Multiple Direction Amplitude Pan-
ning (MDAP) [13], whereby loudspeaker panning gains
corresponding to numerous virtual source directions are
combined together to result in a wider auditory object.
This virtual source combination is then iteratively opti-
mized until the energy vector has the desired properties. In
the second step, we derive the ambisonic decoding matrix
that best fits the panning rules in the least-square sense.
This is similar to the methods presented in [5, 14, 15].
The advantage of this approach is that it may be applied
to decoders with any ambisonic order, and to arbitrary, ir-
regular loudspeaker arrays. Note that the performance of
the decoder is naturally limited by the physical character-
istics of the loudspeaker setup, as well as by the inherent
resolution of the ambisonic representation. For example,
it is impossible to obt ain narrow virtual sources across
every direction when the loudspeakers are very sparsely
distributed. Likewise, low-order ambisonic decoders gen-
erally result in sound energy that is widely spread across
loudspeakers.

The outline of the paper is as follows. In Section 2, we
briefly review the concept of ambisonic decoding and in-
troduce performance criteria based on the characteristics
of the energy vector. In Section 3, we introduce Vector-
Base Intensity Panning (VBIP), which is derived from
VBAP. We then show that VBIP yields a vector rg pointing
to the direction of the desired virtual source, but does not
control the norm of this vector. In Section 4, we introduce
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Multiple-Direction Intensity Panning (MDIP), whereby
VBIP gains corresponding to several virtual source direc-
tions are combined. We then demonstrate that carefully
designed MDIP gains provide rg vectors that point in the
desired direction while having a constant norm. Lastly, in
Section 5, we detail the calculation of HOA decoding ma-
trices that optimally fit the MDIP gains. The performance
of the decoder is then illustrated in a practical example.

2. Ambisonic decoding

In this section we briefly review the concept of ambisonic
decoding and define quality measures for a given decoder
or panning method. In the frequency domain, the am-
bisonic decoding equation relates the vector of the loud-
speaker signals, q, to the vector of ambisonic signals, b,
and is given by [2]

q=Db, €]

where D is referred to as the ambisonic decoding matrix
and q and b are given by

q= [611, @, - qN]T,
b =

[b(o‘o), b(l‘—l), b(LvL)]T,

In the presence of a single, unit-amplitude plane wave in-
coming from direction Qg = (05, ¢s), where Os and ¢g
denote the elevation and azimuth, respectively, the am-
bisonic signals are given by [2]

b(Qys) = y(Qs) as, 2)

where ag denotes the complex signal corresponding to the
plane-wave source and y(Qy) is the vector of the spherical
harmonic function values for the direction Qg, i.e.,

¥(@s) = [Y2@9), ¥ @s). ... YEQ9]" )

Substituting the expression for b into equation (1), the
loudspeakers signals are then given by

q(Qs) =D y(Qs) as. “)

Therefore, encoding a plane-wave source signal into am-
bisonic signals and decoding these signals to the loud-
speakers is equivalent to panning the source with the gains
g(Qs), given by

g(Qs) = D y(Qs)
2Qs) = [61(Qs). £(Qs). ... gn(@5)]". (5

There are many different ways to derive ambisonic de-
coding matrices or, more generally, amplitude panning
gains. An important mathematical quantity characteriz-
ing the amplitude panning gains is simply the sum of the
squared panning gains, which can be interpreted as the to-
tal energy of the loudspeaker signals relative to the energy
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of the plane-wave source signal. In the case where am-
bisonic encoding and decoding are used to pan a single
plane-wave source, this quantity is given by

N
EQs) =) g(Qs). (6)

i=1

For the sake of brevity, we herein refer to E as the loud-
speaker energy. In general it is desirable for the loud-
speaker energy to be constant across panning directions.
This helps to ensure that if a sound source, such as a mu-
sical instrument, is moved to another direction at a con-
stant distance from the listener, the perceived loudness re-
mains reasonably constant. This can be understood as fol-
lows. One can interpret E (Qg) as providing a crude es-
timate of the energy of the sound field produced by the
loudspeakers, relative to the energy of the source signal.
Therefore, when it increases for a particular panning di-
rection compared to another panning direction, it is likely
the perceived loudness of a source also increases for this
panning direction. Note that the loudspeaker energy only
provides a rough estimate of the actual acoustic energy
of the sound field around a listener. Estimating the per-
ceived source loudness accurately requires taking into ac-
count many factors, including the position and orientation
of the listener relative to the speakers, the frequency, the
acoustic properties of the listening room, etc. Neverthe-
less, as a first approximation, the loudspeaker energy is a
reasonable quantity to use for equalization of sound level
across directions.

Another common mathematical quantity used to derive
ambisonic decoding matrices is the so-called energy vec-
tor, rg, first introduced by Gerzon. For example, max-rE
decoders attempt to maximize the length of the vector rg
across every source direction. In the presence of a single
plane wave in direction, Qg, the energy vector is given by

Xe(Qs)

rg (Qs) = E Q)

(N

where e(€2s) denotes the vector of the loudspeaker signal
energies,

e(Qs) = [ Qs), £(Qs). ..., @], ®

and X is the matrix whose columns comprise the unit vec-
tors pointing in the direction of the loudspeakers,

X = [x1, X2, ..., Xn],
x; = cos(6;) cos(¢;),
where x; = [x;, yi. zi]" yi = cos(9)) sin(¢;),  (9)
z; = sin(6;).

In a recent work, Frank [12] showed that the direction of
the energy vector predicts the perceived source direction
with reasonable accuracy when using Vector-Base Ampli-
tude Panning (VBAP) [16] or when using ambisonics to
pan sources across a horizontal loudspeaker array. Note
that the phase of the individual loudspeaker gains is not
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taken into account in the calculation of the energy vec-
tor, so it may not be precise. In other words, there may be
perceptual consequences related to these phase differences
that are not captured by the energy vector. Nevertheless,
for the context of this paper, the loudspeaker signals are
generally assumed to be mostly in phase. Thus, it follows
from these considerations that it is desirable for the am-
bisonic decoding matrices to result in rg vectors pointing
in the direction of the desired virtual sources. We define
the rg direction mismatch, AQ(Qg), which measures the
angular distance between the direction of the energy vector
and the direction of the desired virtual source, as

re(Qs) "xs )

10
@)l (10

AQ(Qy) = arccos (

where X is the unit vector pointing to the direction Q.

Another recent work by Frank [11] shows a correla-
tion between the norm of the energy vector and the source
width perceived by a listener in the context of amplitude
panning using a horizontal loudspeaker array. More specif-
ically, the shorter the energy vector, the wider the per-
ceived source. The intuition behind this result is that, for a
given loudspeaker energy value and a given energy vector
direction, a smaller norm implies that the energy is more
widely distributed across the loudspeakers. On the other
hand, a unit norm can be obtained only if a single speaker
is used, in which case the source should be perceived as
very narrow. We characterize this property of the panning
via a mathematical quantity that we refer to as the angular
spread, ¢(Qs), which corresponds to the angular width of
the area over which the sound energy is distributed, and is
defined by

o(Qs) = 2arccos (2 ||re(Qs)l| — 1). (11)

With this definition, the angular spread is equal to the an-
gular aperture of the equivalent continuous sound source
distribution that would result in the observed energy vector
norm. For instance, the spread is equal to 0 when the norm
of the energy vector is one, which corresponds to a source
distribution with an aperture equal to O (only one active
speaker). On the other hand, the spread is equal to 2z when
the norm of the energy vector is 0, which corresponds to
a situation where the sound sources are evenly distributed
over the sphere, i.e. the angular aperture of the equivalent
source distribution is 2z. The derivation of equation (11)
above is provided in the Appendix. Note that this defini-
tion of the angular spread is slightly different from that
given in [11].

The angular spread is naturally only a very rough pre-
dictor of the perceived source width. Methods for control-
ling the width of virtual sources typically applyy decorre-
lation to the loudspeaker signals. As we have defined it,
the angular spread value is mathematically independent
of the correlation between the loudspeaker signals. Nev-
ertheless, it may be desirable that the angular spread re-
main relatively constant across virtual source directions.
This issue has, to the best of our knowledge, not been
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addressed in the existing literature. In the following, our
aim is to design ambisonic decoders providing: a) an opti-
mally constant loudspeaker energy; b) an optimally small
rg direction mismatch; and c¢) an optimally constant angu-
lar spread. Our approach to this problem is to first design
panning gains with the desired properties and then calcu-
late the decoding matrix which optimally matches these
gains.

3. Vector-Base Intensity Panning

In this section we briefly review Vector-Base Intensity
Panning (VBIP) [17] and show that this panning technique
provides optimal performances in terms of loudspeaker
energy and rg vector direction. In the Vector-Base Am-
plitude Panning (VBAP) [16], the loudspeaker gains are
calculated such that the velocity vector [2] points to the
direction of the source. Likewise, in VBIP, the gains are
calculated such that: 1) the rg vector points to the desired
direction ; 2) only the three loudspeakers that are the most
closely located to the virtual source direction are employed
for any given source direction ; 3) the loudspeaker energy
is equal to one. For a virtual source located in direction
Qg, the vector of VBIP loudspeaker energies, €(Qy), is
given by

&(Qs) = [61(Qs), 82(Qs), ..., en(Qs)]T (12)
=10...0,8, 0...0,&,0...0, &, 0...0]",

where u, v and w are the indices of the three loudspeak-
ers that are the most closely located to the virtual source
direction, the energies of which are denoted é,, é, and é,,.
These energies are given by

[, &, &,] = [pu. pv. pwl
ST put vt
[pu. pv. pw]T = X;vlw Xs, (13)

Xow = X0, X, Xy,

where p,, p, and p,, can be referred to as the un-normalized
loudspeaker energies and x,, x, and x,, are defined as in
equation (9). Note that, when the virtual source is exactly
located in the direction of a loudspeaker, only this loud-
speaker is used.

The loudspeaker energy resulting from VBIP, E (Qg),
is equal to 1, as we have

N
EQs) = ), &(Qs) = &+ & + &0,
i=1

:pu+pv+/’w=1. (14)

Put Pyt pw
As well, it can easily be verified that the energy vector re-
sulting from VBIP, ¥g(Qy), points to the desired direction.
From equations (7) and (13), we have

- Xe(Qyg) - I

rE(QS) = = = Xe(QS) = Xuvw €y, €y, ey| ,
E (Qs) | ]
Xuvw X;vlw Xs _ Xs

= . (15)
Put py+ pw Put py+ pw
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Figure 1. CARLab’s 32-channel loudspeaker setup.

Although the VBIP energy vector points to the desired di-
rection, the norm of this vector is (p, + py + py,) !, which
means that the angular spread varies as a function of the
virtual source direction. In particular the norm is maximal
and equal to one when the virtual source is located in the
exact direction of a loudspeaker. Only in this condition is
a single loudspeaker used. On the other hand, the norm is
smaller when the three closest loudspeakers are relatively
far from the virtual source direction, yielding a larger an-
gular spread.

In order to illustrate the properties of VBIP, we calculate
the VBIP gains for the setup of 32 loudspeakers located
in the Computing and Audio Research Laboratory (CAR-
Lab) facilities, at the University of Sydney (see Figure 1).
The resulting loudspeaker energy, rg direction mismatch
and spread are shown in Figure 2. While the energy level
and rg direction mismatch are optimal for every source di-
rection, the spread varies significantly from zero (in the
loudspeaker directions) to approximately 92° (at the north
and south poles). This property is undesirable because it
may result in a varying perceived source width as a con-
stant virtual source moves around the sphere.

4. Constant-spread Multiple-Direction In-
tensity Panning

We now show that it is possible to derive panning gains
achieving the same loudspeaker energy and direction per-
formances as that obtained with VBIP while controlling
the angular spread. The approach taken here is similar to
that of the Multiple-Direction Amplitude Panning [13],
whereby VBAP gains corresponding to a number, P, of
auxiliary virtual source directions are combined to in-
crease the perceived source width. Because we combine
VBIP gains, we refer to this technique as the Multiple-
Direction Intensity Panning (MDIP). It is important to
note here that it is impossible to obtain angular spread val-
ues that are smaller than that obtained using VBIP. This is
because VBIP already employs optimally few loudspeak-
ers. Combining several VBIP gain vectors results in using
loudspeakers located farther from the virtual source and
thus can only yield a larger angular spread value.
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Figure 2. Performance of VBIP using CARLab’s 32 loudspeaker
setup: a) Loudspeaker energy; b) rg direction mismatch; c) An-
gular spread, as a function of the virtual source direction. The
crosses indicate the position of the 32 loudspeakers in CARLab’s
3D audio facility.

The un-normalised energies, é;(€2s), of the MDIP loud-
speaker signals for source direction Q¢ consist of a weigh-
ted sum of the VBIP loudspeaker signal energies for P
auxiliary directions Qg;, i.e.

P
&(Qs) = )7, 8(Qs)), (16)
J

where y; denotes the weight associated with the j-th aux-
iliary source and é;(Qg;) is the energy of the i-th loud-
speaker signal when using VBIP for a virtual source lo-
cated in direction Qg;, as defined in equation (12). As with
VBIP we impose that the total energy of the loudspeaker
signals is equal to one, therefore we calculate the MDIP
panning gains as

| Q)
(Qg) = . 17
Ki(Qs) ¥ 6(Qs) an

It is easy to show that the energy vector, Fg(Qs), cor-
responding to the MDIP panning is a weighted sum of
the VBIP energy vectors corresponding to the auxiliary
sources. Using equation (16) and recalling the definition
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of the energy vector, we have

YV é(Qs)x; B X v aQs)x;

. 00 -
) = SNy YN 6,Qs)
X n X a@s)x X v EeQs) -
SV é(Qs) YN&Qs)

Thus, we see that the vector Fg(Qg) points to the direc-
tion Qg if the following conditions are met: a) the aux-
iliary source directions Q; are symmetrically distributed
around the target source directions Qg; b) the weights y;
only depend on the angular distance between directions
Qg and Qg;; and c) the vectors Fg(Qg;) have equal norms.

As shown in section 3, the VBIP panning does not result
in energy vectors with equal norm, therefore we need to
compensate for this discrepancy to obtain MDIP energy
vectors pointing in the desired direction. This can be done
by defining the weights y; as

, = wo (s, Q) (19)
T IRe@sp)I

where w, (L5, Qg;) is a spatial windowing function which
depends only on the angular distance, Z(Qg, Qs;), be-
tween directions Qg and €;, and «a denotes the aperture
angle of the window. In this work we use a Tukey window,
given by

1 if £(Qs, Qs)) < /2.
wa(QS,QSj) = 0 if A(QS:QSj) > a, (20)

£(Qs.Q .
cos? [ﬂ' (% — %)] otherwise.

Note that other choices are possible for the spatial win-
dowing function. It is easy to show that, with the weights
given in equation (19), the MDIP energy vector is guaran-
teed to point to the target direction Qg, provided that the
auxiliary source directions are symmetrically distributed
around Qg. Substituting the expression of equation (19)
in equation (18) and recalling equation (15) we obtain

f'(Q):;iw(Q Q)M
T IV s & T IR @)
_ waagvgsyﬂs;)xs;. en
2,’ eol(QS)

Within this framework, calculating the panning gains
which yield a given spread value thus simply consists in
finding the appropriate window aperture value a for each
virtual source direction Q: a larger aperture activates aux-
iliary sources located farther away from the target source
direction, therefore yielding a greater spread value.

The procedure for the calculation of constant-spread
MDIP gains for a given target source direction Qg then
consists in three steps: 1) Generate a dense set of P auxil-
iary source positions 5; distributed evenly along concen-
tric rings around Qg; 2) Estimate the value of the angular
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Figure 3. Performance of the constant-spread MDIP using CAR-
Lab’s 32 loudspeaker setup: a) Loudspeaker energy; b) rg direc-
tion mismatch; ¢) Angular spread, as a function of the virtual
source direction.

aperture a(Qg) such that the norm of the energy vector
I'r(Qg) matches the desired value. This can be done us-
ing a non-linear minimization algorithm, such as that used
in MATLAB’s fminsearch or fzero functions; 3) Normalise
the loudspeaker energies such that the total energy is equal
to one and calculate the loudspeaker gains as the square
roots of these energies.

We used the procedure described above to calculate pan-
ning gains for the CARLab 32 loudspeaker setup. The
gains were calculated for 2562 virtual source directions,
relatively evenly distributed over the sphere. In the calcu-
lations, the target angular spread was kept constant and
equal to 92°, which corresponds to the maximum value
obtained using the VBIP gains (north and south pole di-
rections). This is because, as mentioned above, the angu-
lar spread can only be larger than that obtained with VBIP.
The results are shown in Figure 3. Clearly, the MDIP gains
result in a constant loudspeaker energy, zero rg direc-
tion mismatch, and a 92° angular spread for every virtual
source direction.

5. Constant-spread Ambisonic decoding

We now demonstrate the design of ambisonic decoders
yielding properties similar to that of the constant-spread
MDIP. In order to derive an ambisonic decoding matrix
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for a given loudspeaker setup, we first calculate constant-
spread MDIP gains for a large number, Q, of virtual source
directions evenly distributed over the sphere. We then de-
fine a matrix, K, containing the collection of computed
MDIP gains

K= [k(Qs1), k(Qs2), ..., kK(Qs0)] . (22)

where x(€s,) denotes the vector of the MDIP panning
gains for target direction Qg,. Our approach to the design
of a constant-spread ambisonic decoder is to calculate the
decoding matrix which results in panning gains that match
K optimally, in the least-square sense. Recalling equation
(5), the matrix, G, of the panning gains corresponding to
the HOA encoding and decoding of plane waves located in
the directions Q, is given by

G=DY, (23)
where D is the decoding matrix and G and Y are given by

G=[g@s) 2Qs2). ..., g(Qs0) ]
Y = [y(Qs1), ¥Qs2). ..., ¥(Qs0)] (24)

V@sy) = [Y2Qsp), Y7 Qsy). ... YEQs]"

The optimal constant-spread decoding matrix, Dcs, is the
matrix which minimizes the mismatch between K and G,
hence it is given by

Dcs = argmin ||K — DY|| , (25)
D

where || - || denotes the Frobenius norm. equation (25)
admits a closed-form solution, which is simply the product
of K with the Moore-Penrose pseudo-inverse of Y, i.e.,

Des = KYT(YYT) ™. (26)

Note that the number of virtual source directions, Q,
should be strictly greater than the total number of spherical
harmonic components for D to be a least-square solution.
As well, the position of the virtual sources may affect the
conditioning of the matrix YY'. As a rule of thumb, using
about twice as many virtual sources as there are spheri-
cal harmonics should prevent the problem from being ill-
posed. Possible choices for the virtual source positions are
the Lebedev grids or spherical-T designs [18].

We now demonstrate the performance of the constant-
spread HOA decoder. We again consider CARLab’s 32
loudspeaker setup. We used the method described in Sec-
tion 4 to compute constant-spread panning gains for 2562
virtual source directions. These gains were calculated to
provide a constant spread value of 92° for every virtual
source direction. The virtual source directions were ob-
tained by successively refining the triangular faces of an
icosahedron and are relatively evenly distributed over the
sphere. We then used equation (26) to derive HOA decod-
ing matrices for orders 1 to 10 and calculated the loud-
speaker energy, rg direction mismatch, and angular spread
as a function of the virtual source directions.
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Figure 4. Performance of the constant-spread order-4 HOA de-
coder: a) Loudspeaker energy; b) rg direction mismatch; ¢) An-
gular spread, as a function of the virtual source direction.

Figure 4 shows the performance of the order-4 constant-
spread decoder. The loudspeaker energy is practically con-
stant over source directions, with variations on the order of
0.1 dB. As well, the mismatch between the energy vector
direction and the virtual source direction is very small. The
rg direction mismatch is less than 1.5° for every virtual
source direction, which is probably imperceptible to the
listener. Note that the rg direction mismatch is minimal
for source directions located close to the equator, which
is were the loudspeakers are the most densely distributed.
Lastly, the angular spread varies about + 3° around the tar-
get value of 92°. Again, slightly lesser spread values are
obtained around the equator, where loudspeakers are more
densely packed, than for sources located close to the poles,
where loudspeakers are more sparsely distributed.

In order to observe the effect of the HOA order on the
performance of the decoder, we have summarized the per-
formances of the constant-spread decoders for orders 1
to 10 in Figure 5. The order has a negligible impact on
the loudspeaker energy, the values being comprised be-
tween —0.1 and 0.15 dB for every direction at every or-
der. The difference between the maximum and minimum
loudspeaker energies is thus well below the just-noticeable
difference (JND) of 1 dB [19, p. 174]. Unlike the loud-
speaker energy, the rg direction mismatch and spread vary
as a function of the order. In particular, the rg direction
mismatch decreases with increasing order, which can be
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Figure 5. Global performance of the constant-spread HOA de-
coder as a function of the HOA order: a) Loudspeaker energy;
b) rg direction mismatch; ¢) Angular spread. The round markers
represent the average values over every virtual source direction
and the bars indicate the minimum and maximum values. The
grey areas represent the regions where values are located below
the INDs: £0.5 dB for the loudspeaker energy (JND =1 dB); 0—
1° for the rg direction mismatch (JND = 1°); and 92 + 5° for the
angular spread (JND ~ 10°).

explained by the fact that more degrees of freedoms are
available to match the performance of the MDIP. Never-
theless, the rg direction mismatch is on the order of a few
degrees even at order 1. As well, for orders higher than
3, the largest rg direction mismatch lies in the range of the
minimum JND (localization blur) for directional sound lo-
calization in free field of 1° [20, p. 38]. Regarding the an-
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gular spread, lower orders, especially 1 and 2, result in
spread values that are considerably larger than the target
92° value. This is simply due to the fact that, at these or-
ders, the inherent resolution of the ambisonic represen-
tation is too coarse to achieve the target angular spread.
Note that the spread is nonetheless approximately constant
as a function of the source direction for orders 1 and 2.
For higher orders, the angular spread values are approxi-
mately within the range of the JND, which we estimate to
be about 6° based on the results of perceptual experiments
presented in [11, p. 50]. In summary, the performance of
the constant-spread decoders is good for orders 1 and 2,
considering the limitation in spatial resolution, and excel-
lent for orders higher than 3.

6. Conclusions

We have presented a method for designing ambisonic
decoding matrices which yield excellent performance in
terms of rg vector direction and loudspeaker energy, while
providing an almost constant angular spread across di-
rections. The constant-spread decoder is particularly use-
ful for setups where the loudspeakers are irregularly dis-
tributed, as classic decoders typically yield varying an-
gular spreads with setups of this kind. Because the min-
imum achievable angular spread ultimately depends on
the angular distance between the loudspeakers, making
the spread value constant for every virtual source direc-
tion comes at the cost of an increased spread value in the
regions where the loudspeakers are the most densely dis-
tributed. Therefore, setups whereby the loudspeakers are
evenly distributed across directions are desirable because
they allow for a greater range of constant spread values.

In our experiments, the constant-spread decoding matri-
ces were found to match the MDIP gains with a surprising
accuracy for orders higher than 3. This is because the di-
rectivity patterns corresponding to the MDIP gains are rel-
atively wide and there is no major difficulty reproducing
these with spherical harmonic functions. By contrast, it is
much more difficult to derive ambisonic decoding matrices
that match the VBIP gains accurately, as these correspond
to narrower directive beams.

Our formulation of constant-spread MDIP requires that
a windowing function is optimized for a large number of
virtual source directions. As a result the panning gains for
a given target angular spread must be calculated offline.
This raises the question of how to efficiently control the
angular spread during playback. In the context of ambison-
ics, a possible solution could be to interpolate between
several pre-calculated decoding matrices corresponding to
different spread values.

Lastly, note that the criteria used for the calculation of
the decoding matrix are mostly based on the properties
of the energy vector. Although experiments conducted by
Frank [11, 12] showed a relation between these criteria
and the perceptual attributes of virtual sources, a proper
perceptual evaluation of the methods described in this pa-
per is required. This evaluation will be conducted in future
work.
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Figure Al. The notations used for describing the geometry in the
Appendix are shown.

Appendix

In this appendix we derive the definition of the angular
spread as given in equation (11). Assume the sound field is
emitted by a continuous distribution of loudspeakers form-
ing a cone with angle o, as illustrated by the red cap in
Figure Al. Further, assume that the energy density of the
speaker distribution is constant and equal to 1. The energy
vector is then given by

Iy = (A1)
IO%IOZ " (sin @ cos @i + sin 6 sin @j + cos 6k) sin § dO dg

£ 27 sin 0 do dgp

where i, j and k are the unit vector pointing to the direc-
tions x, y and z, respectively. Because the speaker distri-
bution is symmetric around the z axis, the expression of
the energy vector simplifies to

5p2r .
cos@sinfdode
rp = Iojo Kk

¢ 2% sin 0 do do
[£ cosOsind @, [£ sin20do .

[£ sinodo 2 (% sin0do

_ l-coso _l+sin2§—0052%
4(1—005%) 4(1—cos%)
1 —cos® § 1+cos$
_ k = k. (A2)
2(1—003%) 2

Therefore, the norm of the energy vector is given by

(o2
1+cos§

2 (A3)

lIrell =
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Lastly, we can express the aperture angle o as a function
of the norm of the energy vector, i.e.,

o = 2arccos (2 ||rg|]| = 1). (A4)
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