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ABSTRACT

Today there are 2 major evolutions in spatial audio. First, an
enhanced 3D audio experience, where virtual sound sources can be
accurately synthesized in any direction, is possible with technolo-
gies such as binaural, Wave Field Synthesis, Higher Order Am-
bisonics or Vector Base Amplitude Panning. Second, 3D audio
is on the way to being democratized through binaural adaptation
for headphone listening. These evolutions call for revisiting the
methods and tools used to assess the perception of spatial sound
reproduction. The first objective of this paper is to delineate the
problem, by exploring the potential dimensions and the related at-
tributes underlying the perception of spatial sound, mainly within
the context of binaural reproduction. Secondly, assessment meth-
ods, including both standard and less conventional ones, are listed,
and their relevance for the measure of the attributes previously
identified is discussed.

1. INTRODUCTION

Sound spatialization is undergoing major evolutions with promises
of enhanced 3D audio experience and the recent inclusion of height
information. Beyond discrete channel audio, sound field represen-
tation formats such as Wave Field Synthesis (WFS) and Higher-
Order Ambisonics (HOA) are now appearing in the professional
community. These technologies typically require large sophisti-
cated installations. However, binaural audio playback using Head
Related Transfer Functions (HRTFs) makes 3D audio immersion
possible for any listener using nothing more than standard head-
phones.

The use of 3D audio technologies allows for synthesizing vir-
tual sound sources at any position in space with an accuracy that is
very close to natural listening [1]]. Binaural audio with headphones
could be the first technology which makes immersive 3D audio
mass consumable. Spatial information becomes then an inherent
feature of the experience. This raises the question of to what extent
we can quantify and optimize the quality of experience (QoE) in
immersive audio systems.

The consequence is that methods and tools for audio assess-
ment should be revisited. At least, a deeper investigation of spa-
tial attributes is required. Perceptual attributes, such as "spatial
impression", "depth", "envelopment", "width" [2| 3], which were
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identified by past studies on room acoustics and linked to spatial
perception, are no longer sufficient. More generally, our main con-
cern here is to measure how a 3D sound scene is perceived by a
listener, whatever technologies or listening setups are used. The
objective is to assess the perceived "quality", i.e. to identify the
perceptual dimensions used by the listeners to make their judg-
ments. Two main categories of dimensions are already identified:
1- the spectral content (i.e. timbre), 2- the spatial location of the
sound [4]. More global audio quality ratings rely on other per-
ceptual dimensions which have to be investigated, and for which
new tools of assessment are yet to be identified. Naturalness, or
plausibility, of the virtual sound sources is one example of such
additional dimensions.

It is beyond the scope of this article to answer these questions
on a global scale. In the following we will mainly focus on the con-
text of binaural sound reproduction, in the case of a direct binaural
synthesis of the different audio objects of a sound scene as well
as in the case of the binaural decoding of any channel based audio
format using the virtual speaker paradigm. It is well known from
literature, for instance, that the use of non-individualized HRTFs
degrades both the spectral and spatial "quality" of the reproduced
sound sources. Besides the use of individual or generic HRTFs, the
decoding of a stereo or surround format through the virtual speaker
paradigm is also less convincing than a direct binaural rendering
of the sound sources. Thus our concern may be the assessment of
the "quality" of any given set of HRTFs. By "quality" it is meant
to measure how a source is perceived by a listener when processed
by a given HRTF or how a sound scene is perceived when ren-
dered or decoded through binaural synthesis. Usually the quality
of HRTFs is assessed by localization tests, which mainly focus on
the localization accuracy and often do not measure other percep-
tual dimensions (such as timbre).

Another conventional method of assessment is the measure of
Basic Audio Quality (BAQ) [3]], where "Quality" here refers to the
fidelity with which a signal is transmitted or rendered by a sys-
tem. In other words, degradations are measured in comparison to
a given reference. It has been widely used in perceptual audio ex-
periments as a quick means to compare different alterations of a
signal, and was initially developed to classify audio codecs. Ap-
plying them to the assessment of the quality of HRTFs is question-
able. Assessing binaural reproduction and in particular the suit-
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ability of a set of HRTFs can be considered as a measure of degra-
dation. In most cases, the reference is unknown to the listener,
unless the subject can directly compare the real audio scene (e.g.,
sound played from a real loudspeaker at the same position as the
virtual sound source, played from a virtual loudspeaker) with its
binaural representation. In addition, evaluating BAQ gives little, if
any, information about the artifacts of a given binaural technique.
The exception to this rule is the assessment of modeled HRTFs, in
which the reference is the measured individual HRTF. However,
this choice of reference is not necessarily the ideal case, insofar as
real world HRTF measurements are not free from errors and ap-
proximations. Besides, the claim that measured individual HRTFs
provide the best overall audio experience (i.e. not only in terms of
localization, but for all the other perceptual dimensions) remains
to be verified.

We propose using the term Quality of Experience (QoE) as
an alternative to BAQ. QoE measures how a subject experiences
a given system. Since the range of situations that can be covered
by binaural reproduction is very large, we believe this QoE should
remain multidimensional and multicontextual.

The remainder of this article is an attempt to draw a roadmap
of the different dimensions and methods that should be investi-
gated to delineate the numerous dimensions of the Quality of Ex-
perience. In the following, two principal questions will be ad-
dressed. Section 1 will first explore what are the potential dimen-
sions underlying the perception of binaural sound. Then, Section 2
will present an overview of available methods of perceptual assess-
ment. Both conventional and new tools will be considered. Three
different groups of methods to assess the perceptual audio quality
will be used for classification: a) direct assessment of a percep-
tual attribute without any reference; b) direct assessment with a
reference; and c) indirect assessment, in which case the quality is
inferred from the subject’s behavior (e.g., measure of task perfor-
mance). For each perceptual dimension the relative merits of the
different methods will be discussed.

2. PERCEPTUAL DIMENSIONS OF BINAURAL SOUND

Binaural audio consists of a left and right ear signal that can be
directly played back over headphones. These signals can be di-
rectly recorded (e.g., using a dummy head or in-ear microphones),
or synthesized using individual or non-individual HRTF filters.
QoE addresses the questions of a) how can a listener describe
his/her perception, and b) what are the objective features (espe-
cially acoustical) and how do they correspond to the perceptual di-
mensions. Some dimensions are already known. For instance, the
physical properties of the sound scene that the binaural sound in-
tends to reproduce have clearly an influence on perception, namely:
the frequency content of the sound signal, the location of the sound
source, the acoustic environment (room effect), etc. The percep-

tual attributes related to these physical parameters are called "physical-

related attributes” in the following discussions. Another category
of attributes concerns the effect on the psychic or affective state of
the listener: are the virtual sound sources plausible, to what extent
does the listener feel immersed in the virtual sound scene, what are
his/her emotion(s), etc.? More generally, perceptual studies need
to be reconsidered in order to take into account the specific con-
text of listening, involving perception-action feedback according
to a given task or cognitive situation [6].
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2.1. How to investigate perceptual dimensions?

Different methods to identify the perceptual dimensions and asso-
ciated attributes have been proposed in the literature. The two most
prevalent approaches are: 1- Multi-Dimensional Scaling (MDS)
and 2- verbal elicitation techniques, e.g. Descriptive Analysis (DA),
Repertory Grid Technique (RGT), or Free-Choice Profiling (FCP).
MDS measures the perceptual dissimilarities between a large set of
stimuli and derives the most relevant perceptual parameters from
these distances. However, MDS methods do not always guarantee
that the dimensions revealed by the analysis correspond actually
to perceptual attributes. The INDSCAL method has been intro-
duced to overcome this limitation [7]] and has been used for mu-
sical timbre analysis [8] as well as for perceptual studies in room
acoustics [9]]. Alternatively, DA, RGT and FCP are direct ver-
bal methods for eliciting and evaluating people’s subjective expe-
riences and perceived differences between the stimuli of a similar
large set of stimuli [10}[11]. They originate from the food indus-
try, where they’ve been used for creating dictionaries of words for
flavour qualification. These methods help in constructing a space
corresponding to the perceptual attributes elicited in the given set
of stimuli, and can also infer the words that best describe each end
of a perceptual dimension. However, DA, RGT, and FCP are time-
consuming methods, both for the experimentor as well as for the
subjects of the experiment.

According to [12], the first step of dimensional analysis meth-
ods is to generate a large set of stimuli that is representative of the
differences encountered in the area of interest, so that many or all
perceptual differences can be expected to be found when compar-
ing all the stimuli.

In the context of binaural sound reproduction, building a set
of representative stimuli is a non-trivial task. Binaural stimuli are
highly individual: HRTFs vary widely from one subject to another
and using non-individual HRTFs leads to large perceptual differ-
ences. Sets of stimuli that include non-individual binaural signals
will therefore be perceived differently from one subject to another,
and may lead to different constructs from one subject to another,
making the statistical analysis of the elicitation process more com-
plex. A solution would be to generate a set of sufficiently different
stimuli so that similar constructs are found. It would therefore
need to include individual HRTFs, deteriorated individual HRTFs
and non-individual HRTFs. The deteriorations would need to be
perceptually identical from one subject to another, which is not
possible as long as the perceptual attributes and their underlying
models remain unknown. Finding the perceptual dimensions in
the context of binaural recordings should therefore be considered
as an iterative process, where several consecutive experiments of
perceptual dimension identification should be conducted. In these
conditions, an exhaustive identification of all the dimensions of the
perception of binaural sound is a very difficult task, if possible at
all.

2.2. Physical-related attributes

Physical-related attributes describe perceptual attributes that can
be directly linked to a physical or mathematical property of either
the sound source, the acoustic space, or the sound reproduction
system.



2.2.1. Timbral attributes

According to the British Oxford dictionary, timbre is the character
or quality of a musical sound or voice as distinct from its pitch
and intensity. According to this definition, spatial characteristics
should be part of a sound’s timbre. Indeed the acoustic response of
the room contributes to the timbre of sound at the listener’s place.
At different positions in a room listeners will not perceive the same
timbre of a sound. What’s more, in binaural reproduction, timbre
has an ambiguous role: spectral features are partly interpreted as
localization cues. However, a number of studies separate timbre
properties of a sound from its spatial properties [13| |4]. In this
paper, we will consider timbral attributes separately from spatial
attributes, though some attributes may overlap.

Several lists of timbral attributes have been designed. [14]
proposed a list of timbral attributes that can be used in machine
learning. However, attributes such as the zero crossing rate or
centroid temporal peakedness can hardly be used by subjects to
describe timbral qualities of sound. For this reason, lists of spe-
cific perceptual attributes of timbre have been developed for music
instruments [15]], speech [16], and loudspeakers [10]. Timbral at-
tributes are generally related to the spectro-temporal properties of
the sound.

2.2.2. Source location

The location of a sound source is, to some extent, directly percep-
tible by listeners. It is generally expressed in terms of azimuth,
elevation and distance. Spherical coordinate systems are preferred
to cartesian coordinate systems as the sound source position is per-
ceived relatively to the subject itself. Localizability, or spatial defi-
nition, refers to the ease of localizing the sound and is an additional
aspect worth considering.

Perception of distance is rarely assessed in listening tests (stereo-
phonic or multichannel reproduction). However, it should be high-
lighted that, in the specific case of binaural sound, distance per-
ception is of greater importance. This is related on one hand to the
ability of binaural reproduction to render varying distances and
on the other hand to the problem of inside-the-head localization
(IHL) and externalisation as a common artifact of binaural repro-
duction is that the virtual sound source is localized inside or close
to the head. Therefore, when judging auditory distance for binau-
ral sound, this phenomena must be carefully examined.

2.2.3. Perceived width and Apparent Source Width (ASW)

The perceived width of a sound source is the measure of an audi-
tory event’s spatial extent, which can be expressed in terms of an
angular span (i.e. spherical sector) and depth. An auditory event
does not usually have clear limits, which makes it difficult to define
without a reference. In room acoustics, Apparent Source Width
(ASW) is affected by from where and at what times the early re-
flections arrive [17,[18,[19]. ASW is also affected by the physical
extent of the source (when not a point source) and to the sound re-
production system [20} 21]. Objective measures have found ASW
to be correlated to the interchannel or interaural cross-correlation
[22 23]]. Several other attributes are perceptually close to ASW
yet different enough to require distinction: locatedness [24] and
diffuseness of the source, as well as spatial unity
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2.2.4. Room-related attributes

The room in which sounds are played and/or recorded has a strong
influence on their perceptual attributes. Rooms add reflections to
the original sound (the direct sound), which may result in a change
in perceived timbre or spatial properties. The source directivity
also influences the perceived sound [25]. Some spatial attributes
and their characterization can be found in, e.g., [17, 26} [10]. How-
ever, the number of perceptual dimensions remains unclear. Early
work of Sabine identified 3 attributes ("loudness", "distorsion of
complex sounds: interference and resonance", and "confusion: re-
verberation, echo and extraneous sounds"). Present literature rely
on at least 7-9 necessary attributes [27,28]. The study of their cor-
relation with acoustic criteria showed that the perception of room
quality is mainly influenced by the energy of the direct sound (in-
cluding early reflections), the overall energy of reverberated sound,
the decay time of reverberation (i.e. reverberation time), the time
and spatial distribution of early reflections, and the frequency bal-
ance of each criteria, all of which have well-defined metrics.

2.2.5. Discussion

Several physical parameters which potentially represent a sound
scene are listed in the previous section. For some, it is unknown
if and how they affect auditory perception. The intensity of the
perceptual effect is probably not the same for each parameter:
their relative weights need also to be determined. In addition, this
physical description should be revisited in light of studies concern-
ing auditory scene analysis [29]. The brain distorts the "physical
reality" for building the associated percept (concept of auditory
streams based on grouping or segregation of auditory events). In-
formation is ordered by mental and cognitive processing, some-
times independently from the physical properties. Some studies
suggest for instance that frequency features are of primary impor-
tance, above spatial properties [29].

2.3. Psychic and affective attributes

Other attributes may be related more to the listening experience
than to physical properties of the sound sources or the properties of
the room. Psychic and affective attributes refer to the results of fur-
ther processing and analysis of the sound scene by the brain. That
which is of interest is no longer the "pure acoustic information",
but the way in which the psychic state of the listener is modified by
the sound. This question is rather new, and we are far from having
a clear understanding of all the dimensions involved. It should be
noted however that these effects are obviously highly dependent on
the audio content and personal experience of the subject. As a first
contribution, we propose here to consider 3 potential attributes:
naturalness (and its correlates), readability, and emotion.

2.3.1. Naturalness

Binaural technology offers the ability to reproduce at the ears of a
listener the exact sound that would have arrived at his/her ears if
he/she had been located in the original environment. Alternatively,
binaural synthesis can be used to create an auditory environment,
in which case the only reference a listener may have is an expecta-
tion of the auditory scene which might be induced from memory or
derived from visual information. Since binaural technology aims
at mimicking natural listening, the realism, the naturalness, and



the fidelity to the original sound scene or to the expected one, of-
ten seems to be a more important question in this context than for
other spatial sound technologies.

[30] showed that naturalness is a desirable characteristic of an
environment. In addition, one can expect to find naturalness rat-

ings being strongly correlated to preference ratings, as [31]] showed.

Thus the rating of naturalness might be influenced by preference,
even if a preference judgment is not explicitly asked from the lis-
teners. Nevertheless, in some situations, naturalness might not be
as desirable as listeners may think. For instance, it happens that,
when attending a concert, our natural experience is poor (e.g., the
sound scene is perceived as ill-defined and narrow), maybe due to
the listening’s position. A recording of such a sound scene could
then be poorly rated in terms of preference and possibly in terms of
realism, in contrast to a more processed recording, where each in-
dividual source is clearly definable, and which could be perceived
as more natural even though it would be physically impossible.

Naturalness of a sound scene is regularly used in perceptual
evaluations [10]] but is should be treated carefully. Naturalness
is essentially a comparison between an unknown reference (the
original sound scene, where the listener often was not present or
has an old and potentially erroneous memory of it) and a known
signal (the binaural reproduction). [32] questions the desirability
of fidelity and naturalness. Nuances of the concept of naturalness,
such as plausibility and presence, have been developed to address
additional perceptual attributes.

2.3.2. Readability

When listening to a complexe sound scene, i.e. composed of many
sources conveying various information, the question of its read-
ability is an important parameter. Here this term refers to the abil-
ity to discriminate the different concurrent sound sources, in order
to focus on one specific component [33]. Speech intelligibility is
one particular example (i.e. cocktail-party effect [34]), but read-
ability it pertinent for any audio content. In classical music, it
describes the ability of the listener to dynamically focus on one
instrument (or group of instruments) [35]. More generally, read-
ability is one aspect of auditory scene analysis, which allows one
to separate the overall scene into several streams with various lev-
els of processing. Readability is affected for instance by frequency
or spatial separation.

2.3.3. Emotion

The emotional dimension corresponds to any emotion that is felt
by the listener, whether positive or negative. Our primary con-
cern is to acknowledge that the listener is "touched" by the sound,
which is an indication of a certain degree of immersion. Never-
theless, the nature of the emotion is also relevant information. Af-
ter Wundt [36], emotion is described by 3 dimensions: valence
(pleasure vs unpleasure), vigilance or dominance (no control vs
maximal control), and arousal (excitation vs relaxation). However,
valence and arousal have been shown as the more reliable dimen-
sions [37]. Measuring and analyzing emotions is a difficult task,
all the more that it is highly dependent on the content and the in-
dividual, though some bio-metric data has been shown to provide
correlations to certain aspects.
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3. WHICH EXPERIMENTAL PROCEDURE FOR WHICH
PERCEPTUAL PARADIGM?

Evaluating the above-mentioned perceptual attributes requires suit-
able experimental protocols. This section and the following one re-
view the most common approaches to perceptual evaluation in the
context of binaural experience and discuss for each one the per-
ceptual paradigms they may help to evaluate. From experimental
psychology, two main categories of evaluation are distinguished:
direct evaluation, where the subject is directly asked to rate the at-
tributes under study, and indirect evaluation, where the subject’s
perceptual rating is inferred [12].

3.1. Direct measure of attributes

This method intends to assess each perceptual attribute separately.
For example, if we consider the perception of timbre and focus on
the descriptor "clarity" [38], the subject is asked to rate the clarity
of audio stimuli. For each stimulus, he / she gives a score within an
appropriate scale ranging between 0%, meaning a muffled sound,
and 100%, meaning a clear sound. For each attribute, the choice
of the scale (grading, labeling) must be carefully designed as a
function of the considered attribute. A single attribute or a set of
attributes can be measured at the same time. Another example is
localization accuracy testing, where the subject is asked to report
the azimuth, elevation, and/or distance of a sound source. In that
case, the scales are in degrees or meters. A third example is the
assessment of room quality by a questionnaire, in which the sub-
ject is asked to rate a set of attributes ( "presence”, "room effect",
"reverberance", etc.).

3.2. Direct measure of attributes with a reference

A reference is defined here as any audio or visual stimulus which
is provided to the subject and to which he/she is asked to com-
pare to the signal under assessment. It is not necessarily a ref-
erence representative of a high quality standard. The task of the
subject is to rate an attribute of an audio sample in comparison
to the given reference. In addition, specific anchors, correspond-
ing to various grades along the judgment scale, can be included.
This inclusion allows for a check of the reliability of the subject
(median anchor) or to insure that the listeners are using the scale
consistently through the whole experiment (low anchor). Anchors
should be chosen so that the stimuli are distributed along the whole
scale that listeners have to use. If not, one may encounter various
kinds of biases as described in [39]]. [40] describes two types of
anchors: direct anchors, that are explicitly given to the listener,
similar to references, and indirect or "hidden" anchors, which lis-
teners are not aware of. The main advantage of direct anchoring
is that it can help stabilize the range of estimations given by the
subjects. Indirect anchors can also be used for that, though less
efficiently. Indirect anchors are useful to estimate the reliability of
the subject or biases related to the non-uniformity of the results.
Examples of direct measure with a reference are AB or ABX

tests, recommended when the differences between stimuli are small,
or MUSHRA tests [41] if the differences are moderate, though
they were designed to evaluate degradations caused by audio codec
compression. A third example is a relative localization test through
alignment, where the listener needs to match the perceived direc-
tion or distance of a test stimulus with that of a reference stimulus.



3.3. Indirect measure
3.3.1. Task performance

In this situation, the subject is asked to perform a task in the con-
text of binaural sound. His/her QoE is inferred from his/her suc-
cess. For instance, the listener’s task can consist in describing the
sound scene, that is to report the number, the nature, and the lo-
cation of the sound sources [42]. Another example is given by
[43] who inferred QoE by asking the listener to explore the sound
scene and find targets. In [44], Guillon described a localization
test where the listener had to localize the virtual sound source as
fast as possible, recording the response time for various sets of
HRTFs corresponding to different levels of HRTF modeling. Re-
sults showed a correlation between the response time and the mod-
eling quality. The general intent of these types of experiments is
to derive information about the naturalness and readability of the
sound scene from observations of the listener’s behavior.

3.3.2. Physiological measures

Psychophysiology studies the relationships between physiologi-
cal responses and psychological changes. The principle is to ob-
serve cognitive, emotional, or behavioral phenomena by analyzing
the physiological responses of the subject. Electrodermal activ-
ity, heart pulse, skin temperature, or eye activity are examples of
physiological observables that can be recorded and linked to the
psychic state of the listener [45] 46]. Particularly, electrodermal
activity and heart pulse are considered as relevant measure of emo-
tions, the former being associated to the "arousal” dimension, the
latter to the "valence" dimension.

3.3.3. Brain imagery

Magnetic Resonance Imagery (MRI), electroencephalogram or mag-
netoencephalogram are useful tools for observing brain activity.
Particularly, technological progress has made electroencephalo-
grams easier to measure with a simple headset. Understanding
the link between neuronal activity and the underlying mental pro-
cess is improving daily. Currently, we are not able to translate
brain activity maps directly into what subjects think or feel. How-
ever, some information about their emotions can be inferred from
knowledge of neuronal activity and connections. For instance, in
[47]], brain activity of ferrets listening to virtual sounds was com-
pared between individual and non-individual HRTFs, showing that
the spatial selectivity of neurons is strongly altered in the case of
non-individual synthesis. This is a potential measure of natural-
ness or plausibility. Brain activity can also give information on
the mental effort required by the listening task, which could be
linked to readability. This measure could be of interest when sub-
jects are sound engineers being observed during a post-production
session. Brain imagery appears thus as a promising tool to investi-
gate perception of spatial sound in general, and binaural sound in
particular.

4. CONCLUSIONS

Assessment of the QoE of spatial sound reproduction is the ques-
tion raised by this article. Rather than providing answers, this pa-
per attempts to clarify what is known and what requires further in-
vestigations, for which several promising tools are recommended.
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Complementary assessments are needed: on the one hand, over-
all ratings where all dimensions are taken into account, and on the
other hand, unidimensional measures focused on one specific at-
tribute. In order to accomplish this however, the first step is to
clarify the number and semantic interpretation of the numerous
perceptual dimensions. An open question is whether these dimen-
sions depend on the sound reproduction system, namely the au-
dio spatialization technology used. In addition, it is important to
identify or develop objective criteria correlated with the perceptual
dimensions.
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