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Summary

Ambisonics is a recording and reproduction method that is based on the representation of the sound
field excitation as a decomposition into spherical or circular harmonics, respectively. This achieves
physically accurate sound field reproduction restricted within a sweet spot in the center of a loud-
speaker array in an anechoic room. However, experiments show that a perceptually defined sweet
spot is far less restrictive, even with a small number of loudspeakers in non-anechoic listening rooms.
In this case, Ambisonics is rather understood as a simple amplitude-panning method based on the
psychoacoustic phenomenon of a phantom source as it is known from stereophony. Taking the current
opportunity, this contribution gathers recent experimental results, brings them together with the con-
cept of quality, and hereby discusses the effect of quality elements (e.g. reproduction room, number
and equalization of loudspeakers, order weighting, and decoder design) on perceived quality features
(e.g. localization, source width, and coloration). The discussion reveals that a physically accurate
reproduction does not necessarily yield good perceived quality. For this reason, the contribution puts
optimal quality elements of Ambisonics in perspective that ensure optimal sound.

PACS no. 43.38.Tj, 43.38.Vk, 43.38.Md, 43.66.Qp, 43.60.Fg

Introduction

Although Ambisonics has been invented more than
40 years ago [1, 2], it has hardly left research labora-
tories to enter a broad commercial audience. Reasons
for this could either be the complexity of the mathe-
matics involved or demonstrations that did not fully
convince the audience, especially sound engineers.
Members of the latter group often report that they
perceived sound sources that always sticked to the
closest loudspeaker or severe coloration changes when
moving their head by a few centimeters. However,
these people are very pleased whenever given the
opportunity to enjoy a well-adjusted good-sounding
Ambisonic system.

The area around the center of an Ambisonic system
in which a sound field can be recreated accurately,
the physical sweet spot, increases with the Ambisonic
order and decreases with frequency. Using 15 order,
the physical sweet spot for 700 Hz tightly includes
the head of a single listener (rsyweet = 0.08m) [3]. In
the last 15 years, higher-order systems have been
investigated increasingly [4]. However, a physical
sweet, spot that provides sound to 4 listeners simul-
taneously (Tsweet = 0.50m) requires at least an order
of 7 (64 loudspeakers for a full sphere) at 700 Hz.

(c) European Acoustics Association

Nevertheless, perceptual evaluations and practical
experience during that time indicated that there
might be a perceptual sweet spot that is much larger.
Alternatively to the interpretation of Ambisonics as
sound field synthesis technique [5], it can be seen as
an amplitude-panning method that takes advantage
of the perceptual effect of a phantom source [6]. It
is known that level differences between the loud-
speakers create inter-aural time differences at low
frequencies [7], which are the dominant localization
cues in the horizontal plane [8]. This contribution
summarizes selected experimental results in order
to render assistance in how to set up an Ambisonic
system to our best current knowledge.

The paper first gives an overview about the basics
of Ambisonics, including decoder strategies and order
weighting. The overview introduces quality elements
that have been adjusted in the reported experiments.
Referring to the concept of quality from [9, 10], ex-
perimental results are presented for various quality
features individually: localization, source width, col-
oration, and loudness. The conclusion gives practical
recommendations for a good Ambisonic sound.
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2. Ambisonics

Ambisonics [1, 2, 4, 11] records and reproduces the
sound field excitation in terms of orthogonal ba-
sis functions. In the horizontal two-dimensional case,
these functions are the circular harmonics, in the
three-dimensional case the spherical harmonics, re-
spectively. Their maximum order N determines the
spatial resolution and the minimum number density
of loudspeakers required for reproduction. In compar-
ison to vector-base amplitude panning (VBAP) [12]
that does not have such a modal representation, Am-
bisonics is designed to enable playback with direction-
independent, smooth quality on arbitrary loudspeaker
arrangements. Typically, similarly to VBAP, Am-
bisonics rather works based on the perceptual effect
of phantom sources [6] than as physical sound field
synthesis.

In this contribution, the Cartesian direction vector is
defined as @ = [cos(¢)sin(¥)),sin(¢) sin(1}), cos()]T
that depends on the azimuth ¢ and zenith angles
. For one source at a direction 6, the Ambisonic
spectrum yn(6;) is calculated by evaluating the cir-
cular/spherical harmonics at 6,. This calculation is
frequency-independent and assumes that all sources
and loudspeakers lie at the same radius r.

The decoder derives the gains g = {g1, ...g1,} for the L
loudspeakers of an arrangement from the Ambisonic
spectrum yn(6,) by multiplication with the decoder
matrix D:

g = D diag{an} yn(0;). (1)

The matrix is derived from the circular/spherical
harmonic spectra yn(0;) of each loudspeaker Yy =

[yn(01), yn(O2), ..., yn(OL)].

2.1. Decoder Strategies

Decoding Ambisonics to regular loudspeaker arrange-
ments, e.g. full spheres or circles, is simple and the
application of the traditional decoder strategies sam-
pling and mode-matching [13] is feasible. The sam-
pling decoder can be calculated by transposition of
Yn, whereas mode matching requires its pseudo-
inverse Y3 (YnYW)~!. On irregular arrangements,
both strategies can cause fluctuations in localiza-
tion, source width and energy. Introducing regulariza-
tion [14] to mode-matching Y3§ (YnYy + ol)~! can
improve its performance (this article uses a = 32
cf. [15]).

Alternatively, the energy-preserving strategy reduces
the set of basis functions according to the geometry
of the loudspeaker arrangement and subsequently ap-
plies singular value decomposition in order to omit
all singular values [16]. Other strategies employ elab-
orate optimization to find suitable decoder matrices,
e.g. [17, 18].
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In contrast, AIIRAD is a very efficient strategy [15]. It
decodes Ambisonics to an optimal virtual loudspeaker
arrangement, by sampling which results in a decoder
that is at the same time mode-matching and energy-
preserving. The signals of these virtual loudspeakers
are mapped to the real loudspeakers using VBAP.

2.2. Order Weighting

A weighting vector ay can be applied as a spatial low-
pass filter in the harmonics domain in order to control
the main and side lobes that emerge from the trunca-
tion of the harmonics [4]. The attenuation of the side
lobes is intended to stabilize localization at off-center
listening positions. The basic weighting uses a vector
of ones ay = 1 and results in the narrowest possible
main lobe and the strongest side lobes. In contrast, in-
phase weighting completely suppresses the side lobes
at the cost of a wider main lobe. A trade-off can be
found in the maz-rg weighting that maximizes the
energy towards the panning direction.

3. Concept of Quality

In [9] the assessment of quality is defined as the %judg-
ment of the perceived composition of an entity with
respect to its desired composition”. The desired com-
position typically refers to external or internal refer-
ences [10]. On the one hand, quality is composed of
multiple quality features, i.e. the particular perceived
characteristics of the entity. On the other hand, qual-
ity elements are the parameters that can be adjusted
and that may influence quality.

3.1. Quality Elements

In the experimental results that are discussed here,
the influence of the following quality elements of Am-
bisonics has been evaluated:

e number of loudspeakers,

Ambisonic order and weighting,

loudspeaker array radius and delay compensation,
decoder strategy,

reverberation time of the reproduction room.

3.2. Quality Features

This contribution discusses a selection of particular
quality features that have been evaluated in the liter-
ature about Ambisonics:

e localization,

e source width,

e coloration,

e loudness.

Although according to [19], timbral features domi-
nate preference, evaluation mostly focused on spatial
features. The author is not aware of any publication
about the importance of loudness fluctuations, how-
ever they are assumed to be similarly important as
timbral features.
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4. Localization

The localization error (absolute difference between
the perceived and the panning direction) decreases
for higher orders at the central listening position
for both horizontal panning on a loudspeaker ring
(Figure 1 left, [20]) and for vertical panning on
a loudspeaker hemisphere (Figure 1 right, [21]).
This finding agrees with the results from other
studies [22, 23, 24]. As the order is proportional to
the spatial resolution, higher orders require large
number of loudspeakers. Increasing the number of
loudspeakers without increasing the order does not
improve localization.

The localization error increases with the distance to
the central listening position. Figure 2 indicates a
doubling of the error for a listening position that was
about 2.5m away from the center of a loudspeaker
ring with an average radius of about 5 m. Independent
of the listening position, max-rg weighting yields the
smallest errors. Interestingly, the compensation of the
different delays towards the central listening position
increases the errors for all weightings tested [20].
The results in Figure 3 illustrate the effect of
weighting at off-center positions: Without weighting
(i.e. basic weighting), the phantom source splits into
two different auditory events, one at the desired
direction and one at the direction of the nearest
loudspeaker (at 90°). With max-rg, the side lobes
that drive this loudspeaker are attenuated, so that
the splitting does not occur [25].

A recent study [26, 27] investigated the influence
of the loudspeaker array radius on the off-center
localization errors. For two different radii, the errors
at the same relative positions were similar, cf. Fig-
ure 4. The results suggest that the level differences
(that are depending on the relative position) are
more important than the different delays (that are
depending on the absolute position). This suggestion
is supported by results from [28, 29].

The investigation in [15] compared different decoder
strategies on an irregular semicircular loudspeaker
arrangement and employed the direction of the en-
ergy vector as localization predictor [25, 30, 31, 32].
The traditional sampling and particularly mode-
matching yielded large localization errors, whereas
regularization of the mode-matching decoder and the
energy-preserving decoder resulted in smaller errors.
The smallest errors were achieved by AIIRAD.

In general, long reverberation times of the repro-
duction room impair localization [33] and should be
avoided for any sound reproduction system that uses
loudspeakers.
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Figure 1. Medians and corresponding interquartile ranges
of horizontal (left,[20]) and vertical (right,[21]) localization
errors (absolute difference between perceived and panning
angle) for max-rg Ambisonics with different orders.
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Figure 2. Medians of and corresponding 95% confidence
intervals of horizontal localization errors for 5™ order us-
ing different weightings with/without delay compensation
to the central listening position, evaluated at the central
(left) and an off-center listening position (right) [20].
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Figure 3. Histograms of perceived angles in dependence of
the panning angle for different weightings at an off-center
listening position [25]. The radii of the circles indicate the
relative number of values within a range of 5°.
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Figure 4. Medians and corresponding interquartile ranges
of horizontal localization errors in dependence of listen-
ing position and Ambisonics order for 2 loudspeaker array
radii [26, 27].

5. Source Width

Smooth movements of sources require a source width
that is independent of the panning angle. Figure 5
shows for 34 order on a regular ring of 8 loudspeak-
ers, that the widest source was perceived for a panning
direction that coincides with the direction of a loud-
speaker. Panning further in between the loudspeak-
ers (from quarter to half way between the loudspeak-
ers) yields significantly narrower sources. This depen-
dency disappears for higher orders and more loud-
speakers [25, 34].

The dependency of the source width on different de-
coder strategies was investigated in [15] for an irreg-
ular semicircular loudspeaker arrangement employ-
ing the length of the energy vector as a width pre-
dictor [25, 35]. As for the localization, the mode-
matching strategy yields the worst results, i.e. the
strongest dependency on the panning direction. Regu-
larization, sampling, and energy-preserving strategies
result in a smoother source width distribution. The
best results were achieved by AIIRAD.

6. Coloration

The coloration changes of a moving pink noise source
(clockwise and counter-clockwise rotation with 0.1°
per ms) were investigated in [25]. The investigation
revealed that Ambisonics with max-rg weighting pro-
duced less coloration changes than basic Ambisonics.
This result was independent of the order/number of
loudspeakers and the listening position. Interestingly,
the amount of coloration significantly increases with
the order/number of loudspeakers (only weakly for
max-rg at the central position). This agrees with the
results using musical stimuli in [36], where the condi-
tions with fewer loudspeakers were mostly preferred.

Figure 5. Perceived phantom source width using max-rg
Ambisonics with different orders/numbers of loudspeakers
in dependence of the panning angle relative to the loud-
speakers [25].

T — ‘ ‘ —I

\ \ 1 + sampling

] = = = mode-matching

u 1 i

Ly 1 = 1€g. mode-matching | |
= 0.2 \' Energy-Preserving
= \' = = = AIIRAD
1 1 I
i L ‘]

0.1 ! "

-90 -60-44 -25 -5 30 50 65 90
panning angle in °

Figure 6. Predicted source width (1—||rg||) in dependence
of the panning angle using different decoder strategies on
an irregular loudspeaker semicircle (loudspeaker angles in-
dicated on the x-axis) with 7*" order [15].

Due to the large number of neighboring active loud-
speakers, in-phase weighting was reported to cause
stronger coloration than all other weightings in [20].
The same effect occurs when using a large number of
loudspeakers with low orders [37].

Delay compensation of differently distant loudspeak-
ers towards the central listening position creates
a physically accurate sound field around this posi-
tion. However, the accurate area is typically smaller
than a human head at high frequencies. Thus, small
head movements around the central listening position
can yield strong phase variations that cause severe
changes in coloration and localization [20, 38].
Although one might consider the anechoic listening
condition ideal, it draws the listeners’ attention to
comb filters that emerge from the superposition of
the loudspeaker signals. The audibility of these comb
filters can be conceal by adding reflections or choosing
a more reverberant playback environment [39].
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Figure 7. Coloration changes during source movement em-
ploying Ambisonics with different orders/numbers of loud-
speakers and weightings at central (left) and off-center lis-
tening position (right) [25].
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Figure 8. Relative overall energy variation in dependence
of the panning angle using different decoder strategies on
an irregular loudspeaker semicircle (loudspeaker angles in-
dicated on the x-axis) with 7" order [15].

7. Loudness

Whenever a suitable decoder is found for a given
loudspeaker arrangement, the loudness does not de-
pend on the number of loudspeakers or the order.
Employing the overall energy as a simple predictor
for loudness, the study in [15] investigated loudness
fluctuation for different decoder strategies. Again, the
un-regularized mode-matching decoder is impracti-
cal. With regularization the fluctuation decreases to
+1dB. AIIRAD yields similar results, whereas sam-
pling is worse. Best results were achieved by the
energy-preserving decoding strategy that lives up to
its name.
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8. Conclusion

Physically, the most accurate Ambisonics system
would employ a mode-matching decoder with basic
weighting and delay compensation in an anechoic
room. Perceptually, this is not a good idea unless in-
finitely many loudspeakers and infinite order are avail-
able to bridge the apparent uncanny valley of spatial
sound reproduction [40].

A large number density of loudspeakers can yield a
good localization performance, especially at off-center
positions. However, the order has to be chosen ac-
cordingly. Too low orders activate too many neigh-
boring loudspeakers with the same signal resulting
in coloration. This holds true for in-phase weight-
ing that exaggerates side lobe attenuation. Too high
orders can cause imbalanced timbre, source width
and loudness, especially when employing traditional
decoder strategies on irregular loudspeaker arrange-
ments. In contrast, a large number of loudspeakers
can yield stronger coloration. Severe coloration can
also be caused by delay compensation, which indeed
does not improve localization in the center. Neverthe-
less, a non-anechoic listening room can help to conceal
coloration.

The author knows from personal experience that 4"
or 5*" order max-rg-weighted AIIRAD-decoded Am-
bisonics on hemispheres with about 20...30 loud-
speakers works well. Without delay compensation in
studio-like rooms, such a system offers a perceptual
sweet-spot of about 2/3 of the loudspeaker array’s ra-
dius, i.e. 30 listeners for an array radius of 3 m.
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