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Summary
Vector-Base Amplitude Panning (VBAP) and Ambisonics are commonly used in 3D audio reproduction via
loudspeakers. While research has been investigating their properties using psychoacoustic test signals, there is
only a small number of investigations employing musical material. Considering the musical application of these
spatialization methods, we present an experimental study characterizing quality aspects using excerpts that belong
to three different musical genres (popular, classical, and contemporary spatial music). The study compares seven
configurations of vector-base and Ambisonic amplitude panning in a hemispherical listening environment that
is permanently installed in the IEM CUBE. Four configurations thereof used 24 loudspeakers, and the others
used a subset of 12 loudspeakers. In pairwise comparisons, participants rated each configuration pair on a quasi-
continuous scale in terms of preference, envelopment, spatial clarity, sound quality, and stability. Perceptual scales
were constructed which revealed how configurations ranked in terms of each attribute. The ranking of the tested
configurations on the perceptual scales was dependent on the musical material. In the case of the popular and the
classical music piece, results were relatively consistent and participants tended to prefer the configurations that
used 12 loudspeakers. Results indicate that preference judgements are correlated to envelopment, sound quality,
and spatial clarity.

PACS no. 43.38.Md,43.38.Vk,43.75.Wx

1. Introduction

The majority of spatial audio rendering evaluation stud-
ies employ simple stimuli, such as noise, and they mainly
focus on 2D or 3D localization and the spatial extent of
the auditory events [1, 2, 3, 4, 5, 6], and rarely sound col-
oration [5, 7]. Evaluation using more ecologically valid
stimuli, such as music or soundscapes, has received less
attention due to the multidimensional nature of the stimuli.
In such cases, evaluation is mostly performed by employ-
ing direct scaling of perceptual attributes that have either
been found to be relevant in the literature or elicited for the
purpose of the study [8, 9, 10, 11]. Both attribute elicita-
tion as well as direct scaling studies have been mostly per-
formed using relatively simple spatialization algorithms
such as stereo and 5.1 and primarily in the horizontal
plane. Choisel et al. [11] has criticized the use of direct
scaling procedures in experiments involving multidimen-
sional stimuli, such as music, because 1. subjects might not
be able to combine the different dimensions into a single
one, 2. subjects tend to use scale extent in an idiosyncratic
way, e.g. concentrating on the top or bottom of the scales,
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3. the relative inability of such procedures to reliable en-
code the perceptual distance among the stimuli, and 4. the
poor way with which judgment intransitivity is encoded.
He proposed using indirect scaling methods for this pur-
pose to help overcome aforementioned problems.
In this study, we seek to evaluate 3D spatial audio ren-

derers using ecologically valid musical stimuli. Following
Choisel et al. [11], we employ indirect scaling of Pref-
erence and the following perceptual attributes: Envelop-
ment, Spatial Clarity, Sound Quality, and Stability. These
attributes were selected from attributes that have been pro-
posed in the literature because they form an integral part
of what listeners consider to be important for a spatial au-
dio listening [8, 9, 10, 11, 12]. In the literature such at-
tributes were generated using verbal elicitation procedures
in response to popular and classical music that has been
reproduced primarily using stereo and surround sound ren-
dering in the horizontal plane. To what extent they are ap-
plicable in the case of more sophisticated 3D rendering
techniques and in the case of contemporary music has not
been examined yet.
In the experiment we present here, three three-dimen-

sional spatial audio renderer configurations (VBAP, ener-
gy-preserving and all-round Ambisonics) realized on a
hemispherical fixed loudspeaker setup were compared us-
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ing musical material of substantial variability, ranging
from pop, to classical, and contemporary music. Based
on the results we make inferences on the feasibility of
the undertaking, the extent to which judgments were af-
fected by the material itself, the way preference can be
explained on the basis of the other four attributes, and on
how the different renderers were rated by the listeners. We
present first the 3D audio renderers we have used, among
them state-of-the-art hemispherical Ambisonics decoding
[13, 14], and then the experiment and its results.

2. Amplitude panning

Amplitude panning aims at steering the perceived di-
rection of an individual auditory object by distributing
its sound signal s(t) to loudspeakers using frequency-
independent, real-valued, and largely positive weights gl.
To obtain stable loudness in common listening environ-
ments, weights should be normalized l g

2
l = 1.

The signal of the lth loudspeaker is simply obtained by

xl(t) = gl s(t). (1)

The amplitude-panned sound at its desired direction is
called a virtual source. The amplitude panning algorithm
calculates the weights gl = gl(θs) for the virtual source
direction θs.
We denote any direction, be it of virtual source or loud-

speakers, by its R3 unit direction vector θ = [cosϕ cos ϑ,
sinϕ cos ϑ, sin ϑ]T which depends on the azimuth angle ϕ
and the elevation angle ϑ in the spherical coordinate sys-
tem.

2.1. Vector-Base Amplitude Panning (VBAP)

VBAP [15] defines weights g̃l fitting a weighted super-
position of the loudspeaker direction vectors l g̃lθl to
the direction of the virtual source θs. Amplitude pan-
ning weights are a normalized version thereof, gl =

g̃l/ l g̃
2
l . Weights should be positive g̃l ≥ 0 and

activate only the fewest loudspeakers around the vir-
tual source. Finding the weights can be formalized as
�1-minimization under equality and non-negativity con-
straints,

min
l

|g̃l| (2)

subject to
l

g̃l θl = θs, and g̃l ≥ 0, ∀l.

Solutions are either obtained by numerical optimization,
e.g. cvx [16, 17], or by constructing the convex hull
spanned by the loudspeaker direction vectors. In the com-
mon second case, the hull is searched for the facet, line,
or vertex, which yields an all-positive solution. The all-
positive solution exists as long as the corresponding loud-
speaker vertices enclose an angle ≤ 90◦. Figures 1a–c
specify the vertices of either the 24 or 12 loudspeakers
employed in the experiment below. The figures present the

corresponding convex hulls in azimuthal equidistant pro-
jection (similar to a view from the z-axis, but with ele-
vation steps mapped differently). The Table in Figure 1
provides the exact loudspeaker angles.

2.2. Ambisonic panning/decoding

Ambisonic panning [18, 19, 20] considers a continuous ex-
citation of surrounding sources in terms of a finite-order
expansion in spherical harmonic functions Y m

n (θ). Spher-
ical harmonics depend on the direction vector θ, and they
have two integer indices 0 ≤ n ≤ ∞ and |m| ≤ n. An ex-
pansion into spherical harmonics of limited order, n ≤ N,
can represent any directional function g(θ) whose direc-
tional resolution is uniformly limited. Such an N-th order
function with optional weights an expands the continuous
pattern representing a virtual source at θs

g(θ) =
N

n=0

n

m=−n
Y m
n (θ) an Y

m
n (θs). (3)

Typically, so-called max-rE weights [21] are used, which
can be approximated as an ≈ Pn(137.9◦/(N + 1.51)), us-
ing the Legendre polynomials Pn(µ), cf. [14]. The contin-
uous expansion is represented by the loudspeakers, which
are, however, located at discrete directions. Customizing
the discretization to the given facility, the final amplitude
panning weights are obtained through a decoder [18] dlnm
whose coefficients are only known after a suitable decod-
ing rule is defined for the given playback facility

gl =
N

n=0

n

m=−n
dlnm

decoder

an Y
m
n (θs)

encoder

. (4)

In many cases, decoding to irregular or incomplete spher-
ical loudspeaker layouts is necessary, as addressed in
[22, 23]. Ambisonic panning weights obtained by any of
the above decoding rules are not strictly but largely posi-
tive, and they roughly fulfill both linear and square vector
proportionalities l glθl ∝ θs, l g

2
l θl ∝ θs and a rough

normalization constraint l g
2
l ≈ const. The difficulty of

decoding to the hemisphere and of fulfilling different con-
straints is handled differently by the decoding rules stated
below. Most importantly: only a little is known about their
perceptual aspects.

2.2.1. Energy-preserving decoding for the hemisphere
(EP-Ambisonics)

As one decoding rule, we employ energy-preserving Am-
bisonic decoding as described in [13]. The investigated
configurations decode to all 24 lousdpeakers with N =
5 and to the subset of 12 loudspeakers with N = 3.
This decoding rule exactly normalizes the sum of the
squared loudspeaker weights l g

2
l = const. To achieve

this for the hemisphere, the limited-order spherical har-
monics are transformed to a smaller set of basis functions
called Slepian functions, cf. [24]. These functions are ob-
tained by numerical integration to form the matrix G =
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1 2 3 4 5 6 7 8 9 10 11 12

ϕl (◦) 0 -23.7 -48.2 -72.6 -103.1 -138.5 -179.8 138.3 100.9 69.8 44.8 21.4
ϑl (◦) 0.0 0.5 0.6 0.6 0.6 0.2 0.4 0.1 0.6 0.4 0.5 0.5

13 14 15 16 17 18 19 20 21 22 23 24

ϕl (◦) -22.7 -67.9 -114.2 -157.8 156.4 113.3 65.4 22.7 -46.8 -133.4 133.4 43.7
ϑl (◦) 28.5 28.5 27.9 28.7 28.7 28.4 28.5 28.0 57.0 57.0 56.6 57.7

(a) 24 channel setup (b) 12 channel subset (c) 12 channel subset plus 12 virtual

(d) Azimuth angles ϕl and elevation angles ϑl of the 12+8+4 loudspeaker arrangement in the IEM CUBE

Figure 1. Azimuthal equidistant projection and exact polar coordinates of the loudspeaker setups employed for VBAP and Ambisonics.
Dashed lines connecting loudspeakers indicate the convex hull used in the implementation of the Hybrid and the VBAP, AllRAD
renderers.

[ π

ϑ≥0 Y
m
n (θ)Y

m�
n� (θ) dθ]

n�m�
nm , and by truncating its eigende-

composition G = QΣQT to only those eigenvectors Q>

of sufficiently large eigenvalue. The energy-preserving de-
coding rule for the sampled Slepian functions uses their
singular value decomposition QT>[Ynm(θl)]lnm = USV T

and defines a decoder [dlnm]
nm
l = V [I , 0]TUTQT> that pro-

vides l g
2
l = 1 on the upper hemisphere, cf. [13].

2.2.2. All-Round Ambisonic Decoding (AllRAD)
As described in [14], All-Round Ambisonic Decoding
(AllRAD) is a hybrid alternative combining VBAP and
Ambisonics (cf. [23]). The investigated configurations use
an internal layer of either 70 or 180 virtual sources {θ̊j} in
an optimal spherical t-design [25] arrangement, for direct
sampling of equation (3) to obtain the virtual Ambisonic
part of the decoder d̊jnm = Y m

n (θ̊j). The jth internal vir-
tual source is represented on the given loudspeakers by
a set of static VBAP gains ĝjl according to equation (2).
As described in [14], the VBAP part for the upper hemi-
spherical playback uses an extra internal virtual source di-
rection at nadir θJ+1 = [0, 0,−1]T to enlarge the convex
hull. This is done to preserve some of the signal amplitude
on the lower hemisphere by mapping to the closest hor-
izontal loudspeaker pairs. The AllRAD decoder consist-
ing of the VBAP part and virtual Ambisonic part finally is
dlnm = J

j=1 ĝ
j
l d̊

j
nm.

2.2.3. Hybrid VBAP-EP-Ambisonics
As a third alternative, the energy-preserving Ambisonic
decoder dlEPnm of the order N = 5 designed for 24 loud-

speakers was used, but only to feed the 12 odd-numbered
loudspeakers. For this purpose, odd-numbered loudspeak-
ers were fed by the decoder directly, while the additional
signals of even-numbered loudspeakers were represented
as virtual VBAP sources. Accordingly, the decoder was
defined as d2j+1nm = d

2j+1
EPnm + i ĝ

2i
2j+1 d

2i
EPnm, see Figure 1c.

3. Experiment
3.1. Participants
Thirty participants took part in the experiment (mean age
27 years, standard deviation 3.5 years, 11 females); all par-
ticipants were members of a trained listening panel [26].
Participants were randomly allocated in three groups, each
of which rated one of the three musical excerpts.

3.2. Apparatus and materials
The experiment took place in IEM CUBE, where 24 loud-
speakers are permanently installed. Twelve of them are lo-
cated in the horizontal plane, eight at approximately 30◦

elevation and four at approximately 60◦ elevation, cf. Fig-
ure 1. The configurations listed in Table I were evalu-
ated. Participants rated the configurations in pairs using
the Graphical User Interface (Figure 3). The GUI con-
tained five quasi-continuous scales, one for each attribute,
that could obtain values between 0 and 128 with a step of
1, two buttons (A and B) that played back each of the two
musical excerpts, a red arrow to proceed to the next test
pair, the current trial number, and total number of trials.
The GUI was displayed on a screen with a resolution of
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Radiohead Mahler

Ch 1 2 3 4 5 6 7 8 1 2 3 4 5

ϕ(◦) 2 -2 -39 -27 34 18 -15 0 0 30 110 -30 -110
ϑ(◦) 9 9 9 9 9 9 9 28 0 0 0 0 0

Kühr

Ch 1 2 3 4 5 6 7 8 9 10 11

ϕ(◦) 0 35 120 -35 -120 70 -70 45 -45 135 -135
ϑ(◦) 9 9 9 9 9 19 19 19 19 19 19

(a) Radiohead (b) Mahler (c) Kühr

(d) Azimuth ϕ and elevation angles ϑ of static/starting positions for the three pieces

Figure 2. Azimuthal equidistant projection of the sound sources in the three pieces used in the experiment. Black numbers in white
disks correspond to the static virtual source positions, while white numbers in black disks correspond to the starting positions of the
virtual source trajectories in the Kühr piece. For reference, gray circles indicate elevations of 0◦, 30◦, and 60◦, in which the 24 (small
filled squares) or 12 loudspeakers (large squares) are arranged.

Figure 3. The Graphical User Interface of the experiment.

1280x1024 placed on a desk in front of the listener that
was sitting in the sweet spot in the center of the room.

3.3. Stimuli

Stimuli were: 1. a 27 s long excerpt of the song Reck-
oner from the band Radiohead, 2. a 27 s long excerpt of

Table I. The renderers/configurations in the experiment.

Renderer Ord. Loudspk. Abbreviation

VBAP - 24 VBAP/24
VBAP - 12 VBAP/12
EP-Ambisonics 5 24 EP/24/5
EP-Ambisonics 3 12 EP/12/3
AllRAD(180) 5 24 AllRAD/180
AllRAD(70) 5 24 AllRAD/70
Hybrid VBAP-EP 5 12 EP/12/5

Mahler’s 3rd Symphony 5th Movement, and 3. a 24 s long
excerpt of Gerd Kühr’s, Revue Instrumentale et Électron-
ique, a composition for an instrument ensemble and elec-
troacoustic music (2004/05).
Figure 2 presents the spatial mix used in each piece.

Piece 1 (Radiohead) was an 8-channel close-mic multi-
track recording, including only static sources that were
rendered with an elevation of either 9◦ or 28◦. Piece 2
(Mahler) was spaced-mic surround recording from the
Salzburger Festspiele (Tonmeister Edwin Pfanzagl-Car-
done) that was statically rendered on the horizontal plane.
Piece 3 (Kühr) contained two parts: i. a 5.1 recording of
the instrument ensemble that was statically rendered with
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Table II. Range of obtained scales for the five attributes and three
pieces used in the experiment. Kendall’s coefficient of concor-
dance for each attribute across the three pieces in the last column.

Radiohead Mahler Kühr W

Preference 0.54 0.51 0.25 0.25
Envelopment 0.49 0.44 0.33 0.29
Spatial Clarity 0.30 0.24 0.12 0.30
Sound Quality 0.43 0.32 0.13 0.30
Stability 0.21 0.20 0.17 0.13

an elevation of 9◦ and ii. 6 mono tracks in which mono
sources moved along a spiral trajectory originating from
19◦ and terminating at 79◦ elevation after rotating 360 de-
grees in azimuth. The Mahler piece was the only piece that
was rendered on the horizontal plane. Consequently, in the
case of local-panning VBAP renderers the horizontal plane
loudspeakers were exclusively activated. However, in the
case of the global Ambisonic panning algorithms elevated
loudspeakers were also active.

3.4. Procedure

Pieces were tested as a between subjects variable by each
of the three participant groups, while renderers as within
subjects in each group. Prior to starting the experiment,
an explanation to all four attributes was given. Participants
were instructed to move the slider towards A or B accord-
ing to the extent to which A or B provided more of the
particular attribute (Figure 3). The sliders for all attributes
were presented in the same screen for each pair in the ex-
periment.
Participants were asked to rate Preference in propor-

tion to the degree each listening experience was favorable.
Participants were asked to rate Spatial Clarity in propor-
tion to the degree each listening experience provided clar-
ity and precision with respect to localization. Participants
were asked to rate Envelopment in proportion to the de-
gree they were feeling immersed in the sound scene. Par-
ticipants were asked to rate Sound Quality in proportion
to the degree sounds were rendered without audible col-
oration or distortions. Participants were asked to rate Sta-
bility in proportion to the degree the scene was stable with
regard to head movements and movement in the room.
Stability and Spatial Clarity were inspired from [10].

Stability was used in a similar sense as in [10], but was
also extended in this study to not only include head move-
ments but also movement within the listening area. Spa-
tial Clarity related to the readability/localization attribute
used by [10] and the Spatial Clarity attribute in [27]. The
use of Envelopment is the typical one in the case of the
Kühr piece, which contained sounds all around the listener,
as well as the Mahler piece, which contained room infor-
mation rendered by the rear loudspeakers. In the case of
the Radiohead piece, in which close-mic frontal sounds
were used, with this attribute we aimed to capture possible
differences in immersion due to sound being emitted by
peripheral loudspeakers in Ambisonics rendering. Within

Radiohead Mahler Kuehr
Low

High

Pieces

P
re
fe
re
n
ce

VBAP/12

VBAP/24

AllRAD/180

AllRAD/70

EP/24/5 EP/12/3 EP/12/5

Figure 4. Preference scales and standard errors for the seven dif-
ferent renderers and the three different pieces.

each pairwise comparison trial, participants could listen to
each renderer realization for as many times as they wanted.
However, each pair was only rated once per participant to
keep the experiment within a reasonable time frame; there
were no trial repetitions. Typically a participant would lis-
ten to each excerpt in the sweet spot again and again in or-
der to rate each of the attributes, and then walk around in
the space to judge the stability of the percept. After provid-
ing ratings for all attributes, participants pressed a button
to proceed to the next trial.

3.5. Results

Scales were constructed for each participant individually,
based on the pairwise comparison data (Figures 4 and 5).
The normalized (between 0 and 1) rating in each scale was
used to represent the frequency with which each partic-
ipant would choose the corresponding algorithm as this
would emerge in a typical scaling experiment using A/B
comparisons. This allowed the calculation of the scales ac-
cording to the standard Thurstone Case V procedure [28].
Mean scales in Figures 4 and 5 are plotted unnormalized
as their range depicts the magnitude of the perceived dif-
ference among the renderers; standard error of the means
are plotted to provide an overview of the variability in the
dataset. The average scale range for each attribute is pro-
vided in Table II. It is evident that the variation in the judg-
ments of the participants was reduced in the third piece
and in addition for certain attributes, most notably Sta-
bility and Spatial Clarity. On the other hand, the varia-
tion in the participants’ judgments was highest for pref-
erence, envelopment, and sound quality judgments. The
relative variability across the three pieces is also reflected
in Kendall’s coefficient of concordance, which remained
low when considering the rank order of the renderers in
the three different pieces (Table II).
For a more detailed analysis, a one-way repeated-mea-

sures Analysis of Variance (ANOVA) was performed in-
dependently for each piece and attribute in the experi-
ment, using the renderer type as independent variable and
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Figure 5. Scales and corresponding standard errors for the seven
different renderers and the three pieces. (a) Envelopment, (b)
Spatial Clarity, (c) Stability, (d) Sound Quality.

Table III. a: Summary of the statistical analysis for the three
pieces in the experiment: One-way ANOVA for each attribute
and piece.

Attribute Piece F -ratio, p-value

Preference
Radiohead F6,54 = 10.0, p = 0.001
Mahler F6,54 = 13.2, p = 0.001
Kühr F6,54 = 2.06, p = 0.073

Envelopment
Radiohead F6,54 = 4.32, p = 0.001
Mahler F6,54 = 8.79, p < 0.001
Kühr F6,54 = 3.59, p = 0.005

Spatial Clarity
Radiohead F6,54 = 3.09, p = 0.011
Mahler F6,54 = 6.56, p = 0.001
Kühr F6,54 = 0.37, p = 0.892

Sound Quality
Radiohead F6,54 = 7.85, p = 0.001
Mahler F6,54 = 8.79, p < 0.001
Kühr F6,54 = 0.56, p = 0.763

Stability
Radiohead F6,54 = 2.70, p = 0.023
Mahler F6,54 = 3.76, p = 0.003
Kühr F6,54 = 1.65, p = 0.153

Table III. b: Linear regression coefficients of Preference re-
gressed on i. the other four attributes (CSC,SQ,E,ST ) and ii. a two-
dimensional representation of the space spanned by the same
four attributes, obtained using PCA (PC1,2, CPC1,2 ). (E) = En-
velopment, (SC) = Spatial Clarity, (SQ) = Sound Quality, (ST)
= Stability.

Radiohead, R2SC,SQ,E,ST = 0.77, R2PC1,2
= 0.77

SC SQ E ST
CSC,SQ,E,ST 0.18 0.44 0.43 0.15 CPC1,2

PC1 0.72 0.32 0.08 0.61 0.40
PC2 0.00 0.34 0.89 -0.30 0.48

Mahler, R2SC,SQ,E,ST = 0.80, R2PC1,2
= 0.80

SC SQ E ST
CSC,SQ,E,ST 0.55 0.55 0.28 0.38 CPC1,2

PC1 0.65 0.75 -0.11 0.10 0.77
PC2 0.00 0.09 0.95 0.31 0.43

Kühr, R2SC,SQ,E,ST = 0.36, R2PC1,2
= 0.33

SC SQ E ST
CSC,SQ,E,ST 0.43 0.30 0.36 0.03 CPC1,2

PC1 0.94 0.34 0.03 0.01 0.52
PC2 0.00 -0.07 0.95 -0.31 0.31

the scale values for each participant and renderer as the
dependent variable (Table III.a). Significant main effects
emerged for all attributes for the Radiohead and Mahler
pieces, but only for Envelopment in the case of the Kühr
piece. Following a significant main effect of renderer, pair-
wise t-tests between the different renderer pairs were per-
formed within each piece and attribute to spot which dif-
ferences among the compared rendering techniques ac-
counted for the globally significant differences observed
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in ANOVAs. Significant differences (t-tests, p < 0.05) are
reported next; no pairwise comparisons are reported for
the Kühr piece due to the lack of significant main effects.
Preference:
Radiohead: EP/12/5 was the most preferred renderer, sig-
nificantly more than all others. There was no difference
among VBAP/24, VBAP/12, EP/12/3 and AllRAD/180
renderers, with the exception of AllRAD/180 which was
significantly less preferred than VBAP/24. AllRAD/70
and EP/24/5 were the least preferred renderers, signifi-
cantly less than all others. EP/24/5 was significantly less
preferred than AllRAD/70 but not from AllRAD/180.
Mahler: VBAP/12, EP/12/5 and AllRAD/180 were the
most preferred renderers, their difference not being signif-
icant. VBAP/24 follows, significantly less preferred than
VBAP/12 and EP12/3 but not than AllRAD/180. All-
RAD/70, EP/12/3 and EP/24/5 follow being significantly
less preferred than all the aforementioned renderers but
with no significant difference among them.
Envelopment:
Radiohead: EP/12/5 yielded significantly higher Envelop-
ment compared to all other renderers except VBAP/24.
VBAP/24 was at par with VBAP/12 and EP/12/3 and sig-
nificantly better than EP/24/5, AllRAD/180, AllRAD/70.
There was no significant difference among VBAP/12,
EP/24/5, AllRAD/180 and AllRAD/70. EP/12/3 was not
significantly different than VBAP/12 and AllRAD/180
provided significantly more Envelopment than AllRAD/
70. Similar results were obtained in the case of the Kühr
piece.
Mahler: VBAP/12 obtained the highest ranking, which
was however not significantly different than neither All-
RAD/180 nor EP12/5. Following, EP/12/5 and AllRAD/
180 were in addition not different to VBAP/24 and better
than EP/24/5, EP12/3 and AllRAD/70. On the lower tail,
EP/12/3 was not significantly different than AllRAD/70,
EP/24/5 and VBAP/24, while AllRAD/70, EP/24/5 pro-
vided less envelopment than VBAP/24 but not than
EP/12/3.
Spatial Clarity:
Radiohead: VBAP/24 and EP/12/5 renderers yielded sig-
nificantly more Spatial Clarity compared to both All-
RAD/70 and EP/12/3, EP/12/5 performing better than
VBAP/12. AllRAD/70 ranked significantly lower than
EP/24/5, AllRAD/180.
Mahler: The two VBAP configurations yielded high-
est Spatial Clarity, not significantly different than All-
RAD/180, but significantly higher than AllRAD/70,
EP12/3 and EP/24/5 (not VBAP/12) and EP/12/5. All-
RAD/180 comes third, yielding higher clarity than
EP/24/5, EP/12/3, and marginally AllRAD/70. EP/12/5
comes fourth, better than EP/24/5 and EP/12/3, but not
significantly different than neither AllRAD/180 nor All-
RAD/70.
Sound Quality:
Radiohead: EP/12/5 yields significantly better Sound
Quality than all other renderers. VBAP/24, VBAP/12, All-
RAD/180 and EP/12/3 follow with no significant differ-

ences among them, with the exception that Sound Quality
for EP/12/3 was worse than VBAP/12. At the lowest end
of the scale, AllRAD/70 and EP/24/5 not were not signifi-
cantly different but worse than all the rest of the renderers.
Mahler: VBAP/12 leads the scale yielding significantly
better Sound Quality than all renderers save VBAP/24.
VBAP/24, AllRAD/180 and EP12/5 follow, not signifi-
cantly different to each other. EP/12/3, AllRAD/70 and EP
24/5 follow not significantly among each other but signif-
icantly worse than the rest.
Stability:
Radiohead: VBAP/24, VBAP/12 and EP/24/5 were the
most stable renderers, with no significant difference
among them. VBAP/24 was significantly more stable than
all the remaining renderers. VBAP/12, EP/24/5 were sig-
nificantly more stable than the AllRad renderers. EP12/3,
AllRAD/70, AllRAD/180 were not significantly different
to each other.
Mahler: Few differences were significant, VBAP/12,
VBAP/24, AllRAD/180 and EP/12/5 were significantly
more stable than AllRAD/180 and EP/24/5, and VBAP/12
was more stable than AllRAD/70.

3.6. Preference prediction and dimensionality reduc-
tion

Multiple linear regression was applied to the dataset of
each piece, with Preference as the dependent and Envel-
opment, Spatial Clarity, Sound Quality, and Stability as
the predictor variables (Table III.b). The obtained regres-
sion coefficients indicate a high weighting of Envelopment
and Sound Quality for the Radiohead piece, Spatial Clarity
and Sound Quality for the Mahler piece and a more uni-
form weighting of the attributes for the Kühr piece. Results
are similar when applying stepwise regression. The order
with which terms come into the model is: Envelopment
(R2 = 0.65), Sound Quality (R2 = 0.74), and Spatial
Clarity(R2 = 0.77) for the Radiohead piece; Sound Qual-
ity (R2 = 0.68), Envelopment (R2 = 0.75), Spatial Clar-
ity (R2 = 0.78) and Stability (R2 = 0.80) for Mahler; and
Spatial Clarity (R2 = 0.16), Envelopment (R2 = 0.29),
Sound Quality (R2 = 0.36) for the Kühr piece. For the
Radiohead and Kühr piece, adding Stability as a predictor
variable does not improve the model significantly.
It is relatively common to observe correlations between

the perceptual attributes [10, 11, 29], which can obscure
the interpretation of the linear regression results. In our
case, the correlation coefficient among the aggregated in-
dividual scales used for the prediction was low, below 0.65
for all pieces, with the exception of the correlation coef-
ficient between Sound Quality and Spatial Clarity in the
case of the Mahler piece, which was 0.8. Although slid-
ers for all attributes appeared simultaneously, this did not
seem to increase intra-attribute correlation significantly,
high correlations were also observed in [11], where only
two attributes were presented at a time, as well as in
[10, 29], where only one attribute was presented at a time.
To reduce the impact of the collinearity problem, it has

been suggested [11] to construct the Preference model us-
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Figure 6. Results of a principle component analysis for each
piece; rotated so that Spatial Clarity is aligned with the hori-
zontal axis (PC1). Whenever necessary, the resulting PC2 was
mirrored so that Envelopment points upwards. Depicted Prefer-
ence contours were calculated using the regression coefficients
in Table III.b. Percentages along the axes indicate the amount of
variance that can be explained by the first two components, el-
lipses indicate standard errors. (a) Radiohead 84.4%, (b) Mahler
86.2%, (c) Kühr 69.4%.

ing a projection of the dataset upon an orthonormal sub-
space of the attribute space, obtained through Principal
Component Analysis (PCA). When performing PCA on
Envelopment, Spatial Clarity, Sound Quality, and Stabil-
ity, it was found that two components explain about 85%
of the variance in the case of the Radiohead and Mahler

pieces, while three components would be necessary to ex-
plain 89% of the variance in the case of the Kühr piece.
The subsequent analysis is performed on the subspace
spanned by the first two components. To facilitate inter-
pretation, this subspace was rotated so that Spatial Clarity
aligns with PC1. Whenever necessary, the resulting sec-
ond subspace component was mirrored so that a positive
mapping of Envelopment onto PC2 was obtained, cf. Fig-
ure 6. In the figure, by projecting each attribute vector onto
the two axes their weighting in each principal component
is obtained, while the cosine of the angle between each
two of them indicates the extent to which they are corre-
lated. The ellipse centre indicates each average renderer
score and the ellipse itself the standard error of the aver-
age. By projecting the symbols orthogonally onto an at-
tribute vector, the ranking of each renderer with regard to
each attribute can be observed.
Multiple regression of Preference on the two most sig-

nificant principal components in the different conditions of
the experiment led to very similar results as in the case of
using four predictor variables (Table IIIb). The contours in
Figure 6 show the predicted Preference based on the afore-
mentioned linear regression model. It can be further veri-
fied that Sound Quality is an important Preference predic-
tor (cf. Table III.b) and the attribute that aligns best with
Preference in the case of Mahler and Radiohead pieces (cf.
Figure 6). Envelopment and Spatial Clarity are also impor-
tant but their contribution to the models as single attributes
and their degree of alignment to Preference depends on
the musical material used. It is however important to note
that they are in all cases nearly orthogonal and the vector
emerging from their combination is pointing consistently
in the Preference direction.

4. Discussion

While the use of non-musical test stimuli in spatial audio
renderer evaluation has its merit, the use of musical mate-
rial is also important to provide for an ecologically valid
task. We have performed a renderer evaluation using mu-
sical material in order to obtain insight on the quality of
the listening experience with respect to the examined ren-
derers and also to investigate the process of spatial audio
evaluation using musical material. We found that such an
approach is promising as long as the musical material is fa-
miliar and its spatial complexity is low. This is evidenced
by the fact that in the case of the Radiohead and Mahler
pieces our investigation yielded significant findings and a
clear influence of the musical material itself on the listen-
ers’ judgments. In such cases, listeners can therefore pro-
vide judgments consistent enough to enable selection, dis-
crimination, and characterization of renderers.
Although variation of the listeners’ judgments across

musical material is to be expected [10, 11], the one ob-
served between the electro-acoustic piece (Kühr) and the
other two is pronounced. Apparently the spatial complex-
ity and the lack of familiarity with the sound material ob-
scured the results of the evaluation by blurring the differ-
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ences inherent in spatial audio renderers. Furthermore, the
relative inability to obtain consistent ratings in the case
of the Kühr piece might also relate to the fact that the
attributes used here were derived from the literature on
two-dimensional reproduction of static musical sound ma-
terial which did not include contemporary electroacous-
tic music. Consequently, they might not be appropriate for
the purpose of evaluating more complex three-dimensional
musical scenes involving auditory movement and con-
temporary electroacoustic music material. This hypothe-
sis needs however to be investigated further and cannot be
answered based on the results of this study.
Concerning the Radiohead and Mahler excerpts, higher-

order Ambisonics and VBAP renderers using twelve loud-
speakers were preferred to the 24 loudspeaker ones, ar-
guably because Sound Quality was a critical determinant
of the Preference judgments. By inspecting Figure 5(d),
it is clear that listeners judged the sparser loudspeaker
configurations to be superior in terms of Sound Quality.
Such a result is not surprising considering that fewer loud-
speakers yield a cleaner response that might help preserve
transients and reproduce the high frequency content bet-
ter. An interesting observation emerges when considering
its prevalence in Preference of VBAP/12 over VBAP/24
in the Mahler piece. This is mainly due to significantly
more Envelopment and a marginally better Sound Quality
(p = 0.06). The importance of Envelopment can be at-
tributed to the fact that in the case of VBAP/12 the energy
from the dominating frontal signal channels 2 and 4 was
distributed to wider loudspeaker angles (∼ 90◦ between
loudspeaker 11 and 3) in comparison to VBAP/24 (∼ 40◦
between loudspeaker 12 and 2), which, at least for mono-
phonic sounds, is known to result in a broadening of the
sound image that could account for the increased envel-
opment ratings [5]. In addition, in VBAP/12 a smaller to-
tal number of loudspeakers carries loud-enough signals.
Thus, Sound Quality slightly improves.
The most preferred renderer in the case of the Mahler

piece was VBAP/12, while in the case of the Radiohead
piece it was EP/12/5. Interestingly, in the first case, the
most critical Preference predictors are Sound Quality and
Spatial Clarity, and in the second Sound Quality and En-
velopment. One may therefore deduce that if Spatial En-
velopment is already encoded in the recording, as in the
case of the Mahler excerpt, Spatial Clarity is what be-
comes important. Additional Envelopment gained through
the use of global panning algorithms is less crucial. By
contrast, Spatial Clarity is less important in the reproduc-
tion of a spatially clear, close-mic recording (Radiohead
excerpt), in which case Envelopment makes rendering suc-
cessful. This explains the sucess of global panning algo-
rithms, which tend to increase Envelopment by disturb-
ing the signal over a larger number of loudspeakers. Ac-
cordingly in Figure 6. Envelopment is almost orthogonal
to Preference in the case of the Mahler piece, but not in the
case of the Radiohead piece.
Another contributing factor to the prevalence of VBAP/

12 in the case of the Mahler piece could be that EP de-

coders are not performing well for non-coincident micro-
phone recordings. This hypothesis is also supported by the
drop in the ranking of the EP decoders in the Mahler piece
in comparison to the Radiohead piece, for all attributes.
EP decoders tend to broaden and mix signals panned close
to the horizon. This property could account for the afore-
mentioned deterioration.
Interestingly, although Sound Quality is typically the

predominant factor for Preference, see e.g. [29], it appears
that the importance of the attributes can vary depending
on the musical material. For example, the importance of
Spatial Clarity was low in the case of the Radiohead piece,
significant in the case of the Mahler piece, and predomi-
nant in the case of the Kühr piece. In the second case, this
is arguably due to the difficulties in reproducing a surround
recording with Spatial Clarity, while in the third it may re-
late to the difficulty in reproduction of sound movement.
A similar explanation can be made for Envelopment based
on the arguments and observations in the previous para-
graphs. Further insight in the relationship between Prefer-
ence and the remaining attributes is provided by the results
of the principal component analysis, presented in Figure 6,
according to which Spatial Clarity remains orthogonal to
Envelopment for all three pieces. As a general rule for suc-
cesful rendering one would need to provide both to maxi-
mize Preference. This may prove difficult, as based on our
results it appears that global and local panning algorithms
trade off Spatial Clarity for Envelopment, at least for low-
order global panning algorithms.
Stability had a weak influence on the Preference judge-

ments and Stability scales yielded few significant dif-
ferences. Notably, the VBAP/24 algorithm performs best
in the case of the Radiohead piece, in the same way
as VBAP/12 and EP/24/5. Concerning the VBAP algo-
rithms this can be attributed to the smaller number of ac-
tive loudspeakers, which results in less distortion for lis-
tening positions away from the sweet spot. In addition,
VBAP/24 has a smaller inter-loudspeaker distance com-
pared to VBAP/12, which further supports the Stability of
this renderer. The ranking of EP/24/5 is also much bet-
ter in terms of Stability in comparison to its ranking for
other attributes, implying that a higher order and a larger
number of loudspeakers helps stabilize the image in global
panning algorithms. The results are more difficult to ex-
plain in the case of the Mahler and Kühr pieces. This can
be attributed on the non-coincident recording technique
used for the Mahler recording and in addition on the spa-
tial complexity of the Kühr piece and cannot be explained
based on the results of this study. Finally, it is worth men-
tioning that the AllRAD/70 configuration was consistently
judged to be worse than the AllRAD/180 renderer, an as-
sumption that has been made in [14] further verifying the
validity of the evaluation method.

5. Conclusions

Overall, we observed that musical material and the record-
ing technique influence Preference, Envelopment, Spatial
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Clarity, Sound Quality, and Stability ratings for different
rendering techniques. It was found that Preference could
be explained on the basis of the other four attributes. The
way in which each of these attributes contributes depends
on the musical material and the recording technique used.
There is a consistently strong correlation between Prefer-
ence and Sound Quality, while the importance of Spatial
Clarity and Envelopment varies according to the material
used. The space spanned by our attributes could be re-
duced to a two-dimensional subspace using PCA, which
explained nearly 90% of the judgments’ variance for two
of our pieces and more than two-thirds for the third piece.
Of the rendering techniques explored, EP/12/5 and

VBAP were found to be consistently yielding high Pref-
erence ratings. The first prevailed for the reproduction
of close-mic sound or individual tracks and the second
when considering spaced-mic surround recorded material.
EP/24/5, the AllRAD/70 and EP/12/3 were overall at the
lower ends of the scales in terms of Preference, while All-
RAD/180 was consistently in the middle of the Preference
scales.
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