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Introduction
Spatial audio and virtual acoustics are concerned with
recreating or synthesizing sound fields that produce sen-
sations similar to those experienced in natural spatial
hearing. This is achieved by reproducing relevant physi-
cal properties of a sound field and and therefore certain
perceptual cues. Whilst analyzing these objective met-
rics, current research is also concerned with how sensory
cues evoke higher-level reactions in a cognitive and emo-
tional sense. In this context, the notion of immersion
is understood as a psychological construct – the defini-
tion of immersion thus lies in the domain of psychology,
as does the development and validation of experimental
paradigms used to assess it. The role of acoustics and
audio research, on the other hand, is to examine how
measurable sound field properties are related to immer-
sive experience beyond basic perceptual attributes.

Paradigms in spatial audio evaluation
In the evaluation of audio technologies, one major goal
is to assess the merits of technical systems in terms of
their effects on human perception. Typically, perceptual
evaluation methods used in audio evaluation attempt to
exclude personal preference or emotion from their assess-
ments [1]. As a consequence, common inventories of per-
ceptual attributes – such as the Spatial Audio Quality In-
ventory (SAQI) [2] – focus on the “perceptual characteri-
zation of a simulation’s technical shortcomings” [2]. The
overall experience provided by a spatial audio system,
however, does include aspects beyond technical proper-
ties. This disparity may be formalized by distinguish-
ing between between the concepts of basic audio qual-
ity (BAQ) and overall listening experience (OLE) [3],
with immersion being related to the latter.
It is important to note that there is no clear termino-
logical consensus on immersion, presence and related at-
tributes as different terms are used in describing the sen-
sation of being spatially included in a scene and being
absorbed in an activity in a cognitive sense [4, 5]. A dis-
tinction between these aspects can be made through the
distinction between spatial and emotional immersion [6].
The Immersive Musical Experience Inventory (IMEI) [7],
an inventory for the assessment of immersion in music lis-
tening, is based on a definition of immersion synthesized
from that of Witmer and Singer [8] and that of Georgiou
and Kyza [9], combining aspects of spatial envelopment
as well as cognitive absorption.

Current research on immersion in audio
Several studies investigating perceptual differences be-
tween spatial audio reproduction formats in terms of im-
mersion and similar concepts have been conducted. The

results of such studies differ for BAQ and OLE [10], sug-
gesting that the incorporation of OLE-like aspects rep-
resents a non-redundant addition to the evaluation of a
spatial audio system. Specifically, OLE (unlike BAQ)
was found to tend towards a saturation limit with an in-
creasing number of loudspeakers [10]. The phenomenon
of more loudspeakers delivering diminishing returns with
respect to immersion is observed across several studies
[10, 11, 12]. The exact number of loudspeakers lead-
ing to this saturation effect varies between studies, how-
ever. This is to be expected given the different experi-
mental conditions. However, being able to analyze this
phenomenon independently from a particular experimen-
tal setup would be desirable.
Another common observation is the content-dependency
of immersion and similar attributes [11, 12, 13] as well
as the dependency on production and downmixing tech-
niques employed in the creation of mixes for different
loudspeaker configurations [14, 15]. While this depen-
dency should ideally be controlled, when evaluating im-
mersion and OLE it is essential that ecological validity is
ensured by using stimuli representing examples of real-
world audio content. Hence, ways to account for the
content-dependency need to be developed.

Figure 1: Illustration of an immersive experience modeling
approach through sound field analysis.



Figure 2: Sound field analysis approach.

Sound field analysis framework
When studying immersion in audio rendered by different
reproduction techniques, a potential modeling approach
would preferably be de-coupled from the specific experi-
mental configuration and the content used to assess im-
mersion. Based on concepts and techniques originating
from the field of soundscape fingerprinting [16, 17], the
immersive experience induced by a stimulus may be mod-
eled through a more general acoustic fingerprint of each
stimulus rather than by comparing between specific ex-
perimental conditions. Such a fingerprint can be derived
by evaluating acoustic properties of the sound field pro-
duced by a particular stimulus in a given experimental
setup. As illustrated by Figure 1, this can help to allevi-
ate the uncertainty in investigating immersive experience
introduced by the experimental conditions.
The methodology used by the authors in a recent study
on immersive musical experience in multichannel music
reproduction [18, 19] is depicted in Figure 2. Based on
Higher Order Ambisonics (HOA) re-recordings of the mu-
sical stimuli using a spherical microphone array, various
sound field parameters were computed which can be cate-
gorized into loudness, timbral, temporal, spatial and bin-
aural (computed from the HOA recordings by binaural
rendering). In the framework used for sound field analy-
sis [20, 21], the sound field parameters are computed as
time series in frequency bands, from which simplified fea-
tures forming a stimulus fingerprint may be derived by
computing summary statistics. However, even these sim-
plified features are numerous, requiring further feature
selection to be applied in order to arrive at a reduced set
of meaningful features.

Modeling immersive experience based on
sound field features
In the recent study by the authors [18] within the scope
of the research project Richard Wagner 3.0 [22], immer-
sion was modeled based on sound field features using a
linear mixed-effects approach. Immersion ratings were
obtained from a listening experiment with 57 naive sub-
jects in the Immersive Media Lab (IML) listening room
[23] at the Institute of Communications Technology. A
feature selection procedure resulted in inter-aural cross-
correlation (IACC) and diffuseness emerging as partic-
ularly relevant features. Such features being commonly
associated with attributes such as listener envelopment
or spaciousness [24, 25, 26] is in line with the spatial
presence component of the assumed definition of immer-

sion. Notably, the phenomenon of immersion reaching a
point of saturation as well as – to a certain extent – the
content-dependency of immersion ratings were shown to
be predictable from the sound field features of the stim-
uli. However, a strong inter-personal dependency of im-
mersion ratings and an interaction between personal and
content effects remain, highlighting the need for further
investigation of the emotional and cognitive aspects of
immersive musical experience.

Summary and outlook
In audio research, notions of listening experience beyond
the common perceptual attributes are becoming increas-
ingly relevant. One such notion is that of immersion
which can be defined to be formed by a sense of spatial
presence combined with cognitive absorption in the lis-
tening process. In the evaluation of immersion evoked
by varying technical parameters of an audio system, us-
ing a sound field analysis approach can be argued to be
advantageous over comparing immersion ratings for dif-
ferent stimulus conditions, as this can help to explain
differences in immersion ratings as well as implicitly ac-
counting for different experimental conditions. This may
help to more generally model perceived immersion based
on the actual sound field experienced by a listener.
In this context, it is crucial to validate that the sound
field features used in immersion modeling are represen-
tative of what a listener is hearing. This concerns both
the computation of the sound field features from acous-
tic measurement results as well as the acoustic measure-
ments themselves – with the characterization of the area
around a reproduction system’s sweet spot yielding a con-
sistent perceptual experience being of particular interest.
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