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Introduction

For the development of Virtual Acoustic Environments
(VAEs) it is an essential task to evaluate the perceived
quality of the reproduction system. In virtual reality re-
search the definitions of the quality labels immersion and
presence have been extensively discussed in several pub-
lications [1], [2]. A standardized method for the evalua-
tion of these concepts has never been established within
the research community. For the evaluation of spatial
audio reproduction and virtual acoustic environments,
the situation is similar, although definitions and possi-
ble measurement methods have been published [3]. In
this work, a questionnaire was developed with the aim of
a standardized measurement for the degree of perceived
immersion (PI) in VAEs. Therefore a definition of per-
ceived immersion was made and items were selected and
designed in order to cover the aspects of immersion such
as source localization or room impression. After the ini-
tial definition of the items (in German language) and a
preselection based on a cognitive pretest, an initial listen-
ing experiment was designed and conducted to identify
items that are capable of measuring PI as defined. In or-
der to cover the full range of PI, different (spatial) audio
reproduction systems with different levels of immersive
qualities were chosen. To introduce another variation of
immersive quality, audio files were created and manipu-
lated with a low and high immersion level. The results
indicate that a set of questions exists which can distin-
guish between different levels of the immersive quality
of the spatial audio reproduction system (IQoRS) and
audio signal (IQoS).

Background

In several investigations [4], [5] subjects had to rate the
immersion of a sound reproduction as one of the quality
features of the system. The work of Kohnen [5] suggests,
that for the comparison of so called immersive spatial au-
dio reproduction systems a questionnaire could be supe-
rior to an A-B comparison to the question which system
was more immersive. Two rivaling approaches assume
that the measurement of immersion can be realized based
on either the technological, the objective side of the im-
mersive system or the psychological, the subjective side
of the user. For Slater and Wilbur [1]

”
immersion is a

description of a technology, and describes the extent to
which the computer displays are capable of delivering
an inclusive, extensive, surrounding and vivid illusion of

reality to the senses of a human participant“ (p.3). In
contrast for Witmer and Singer [2]

”
immersion is a psy-

chological state characterized by perceiving oneself to be
enveloped by, included in, and interacting with an en-
vironment that provides a continuous stream of stimuli
and experiences“ (p.227). As the technical (reproduc-
tion) system is already a basic requirement of a VE, the
approach of Slater [1] is useful for the system design of
the VE but leaves the question unanswered if the techno-
logical aspects (the objective criteria), were successfully
implemented. Hence a subjective feedback is required.
As a VE has the goal of being a substitute for the non-
virtual environment, the impression of ”being there” [1],
[2], [6], called presence, is another quality measure of a
VE. Immersion is understood to be a condition for pres-
ence [1], [2], [6]. Besides immersion the plot, i.e. the
storyline of the scene and possible interactions, enhances
the possibility of the experience of presence [1]. Wirth
et al. [6] consider the ”immersive capacities” of VE ap-
plications as ”their capability to make users believe that
they are personally and physically ’present’ in the dis-
played environment” (p.494). They propose a two step
process model of spatial presence experiences (see fig. 1).
In a first step the immersive capacity of the VE and its
interaction with properties of the user is described. In a
second step the experience of presence becomes possible.
Firstly the user of a VE constructs a mental model a,
”spatial situation model” (SSM) of the space in the pre-
sented scene, which is influenced by processing factors
such as attention, user factors such as the users interest
in the presented scene and finally media factors like the
quality of reproduction or content of the virtual scene.
The SSM can be described as a process of room-image-
construction and self-orientation from the users perspec-
tive. Within a SSM several self-orienting sensory inputs
occur at the same time: Those from the VE and those
from the non-VE. As soon as the user accepts those from
the VE as an inner reference and considers himself as
self-located and capable of possible actions in the simu-
lated scene, he experiences spatial presence. Hence pres-
ence can but does not necessarily result out of a SSM [6].
Immersive characteristics of the VE are described by ori-
entation and spatial features that can be summarized in
localization in general (source localization in acoustics)
and room impression. In conclusion for a subjective eval-
uation of the immersive capacity of a VE reproduction
system, we define the perceived immersion as the impres-
sion of being submerged into, enveloped or surrounded
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Figure 1: Figure of the two step process model of spatial
presence. Three basic factors are involved into the construc-
tion of a spatial situation model (SSM): Attention, media
factors and user factors. Spatial presence occurs after a SSM
was generated. After Wirth et al. [6], p. 498.

by the (virtual) environment. We further ask: 1) Are
there any questions, that can form a scale of perceived
immersion (PI) in spatial audio reproduction systems?
If the questionnaire is valid: 2a) For a reproduction of
a signal with highly immersive characteristics (HI), the
PI should increase with increasing quality of the repro-
duction system; 2b) For a reproduction of a signal with
lowly immersive characteristics (LI): The PI should be
lower compared to a reproduction with HI; Considering
the possibility, that through a highly qualitative repro-
duction system, lowly qualitative aspects of the audio sig-
nal might become more pronounced we think that 2c) for
a reproduction of LI: Differences in PI should be smaller
compared to HI (see fig. 2).

Figure 2: Schematic diagram of the expected trend and po-
sition of the mean responses given to the questions under test
in different levels of IQoRS and IQoS.

Method

Based on research on immersion and quality of spatial au-
dio reproduction systems [1], [2], [3], [4], [7], [8], [9], [10],
[11], [12], literature [13] and gaming [14], four aspects
were extracted, which might contribute to the impression
of immersion. Those are assumed to be correlated among
each other. Whereas room perception, source percep-
tion and attention have already been introduced, attribu-
tion requires further explanation. It describes aspects of
the reproduction, which deal with the compilation of the
scene, and the exclusion of non-virtual elements by the

reproduction technique. The most salient aspect of the
compilation of the scene discussed in the ongoing research
is the naturalness or plausibility of the scene. Lindau [3]
defines plausibility as ”a simulation in agreement with
the listener’s expectation towards a corresponding real
event” (p.204). He addresses the assessment of plausibil-
ity of a scene as an assessment of the perceived quality
of the reproduction system as a whole.

Figure 3: Display of a nomological net that was created
based on ongoing research on qualities described in the con-
text of perception in acoustic settings [1], [2], [3], [4], [7], [8],
[9], [10], [11], [12], literature [13] and gaming [14]. Four main
aspects are assumed to contribute to perceived immersion.
Those may correlate among each other.

Generation of Items

For the questionnaire, items of existing presence ques-
tionnaires were assigned to the four aspects of PI and
new items were developed matching the four aspects.
Immersion is thought to be connected to the intensity
of the impression of the defined aspects. An Immersion-
Intensity-Scale with a 5-point Likert-Scale response for-
mat was chosen. For the unambiguity of the matter un-
der question all items began with ”in the following audio
example, how strong is the impression...” (in German:
”Bei dem folgenden Hörbeispiel, wie stark ist der Ein-
druck...”). This was followed by the topic under interest
as in the following examples (originally in German):

• For room perception: ”...that at least one sound
source lies deeper in the room than the other sound
sources?”, ”...that you are enveloped by reverbera-
tion?”

• For source perception: ”...that the sound sources
are arranged at different positions of the room?”,
”...that you can hear the details of the sound
sources?”

• For attention: ”...that you had to concentrate,
to follow the events occurring in the acoustical
scene?”, ”...that, during the reproduction, you were
presented a room different from the experimental
room?”
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• For attribution: ”...that you have heard such an
acoustical scene before?”, ”...that you were included
in the acoustical scene?”

Cognitive Pretest

To investigate the phrasing of the 79 items with the pur-
pose to check if the user understands the question in the
way it was intended by the questioner, a cognitive pretest
was conducted. The questions were presented to 12 sub-
jects via headphones, followed by an acoustic example.
After the response the subject was asked to repeat the
question in her/his own words and to motivate her/his
selection. From the results of the pretest, questions that
were considered to be too difficult, ambiguous or redun-
dant were removed (see section Results) and 40 Items
remained.

Test Trial

For a test of the items under real conditions different lev-
els of immersive characteristics of the spatial reproduc-
tion system (IQoRS) and the audio signal (IQoS) were
realized after the definition of Slater and Wilbur [1]. At
the three levels of IQoRS a Mono reproduction system
was chosen for the lowest level, a binaural reproduction
using a crosstalk cancellation system (NCTC [15]) for a
mid level and Higher-Order-Ambisonics (HOA) for the
highest level. As not only the hardware of the reproduc-
tion system but the reproduced signal contains immer-
sive qualities as well, two levels of IQoS were realized.
The HI condition was the unchanged signal and the LI
condition was achieved by lowering the main immersive
aspects as described with the nomological net. Several
criteria were considered for the virtual scene: In order
to keep the influence of the plot as small as possible, the
combination of the sound sources should be unnatural.
In order to have low influence of a specific sound signal,
different types were realized. Finally eight sound sources
were randomly placed in different positions around the
listening position: a zipper, a trumpet, a clear of one´s
throat and couching, a Danish male speaker, the pour of
a sparkling drink into a glass, the slam of a window and
a snipping (for more details see [16] in this volume).
56 subjects were randomly assigned to either one IQoRS
and answered each question twice: in IQoS-HI and IQoS-
LI. Subjects were seated in a dark room, listening to the
questions that were followed by an auditory example.
Answers were entered on a tablet device straight after
every question. The test took one hour on average.

Results

Cognitive pretest

The cognitive pretest showed that the item
”
...that the

sound sources sounded like a sound source in your ev-
eryday environment?“ was found to be asked repeatedly
across the questionnaire in a sense that sound sources are
comparable to the natural environment. All kind of these
questions marked as redundant were reduced to one kind
of that type of question. An example for an ambiguous

question is the item
”
...that the room expands itself to-

wards the width?“ Here subjects expected that the room
width would increase during the playback of the sample.
Those kind of questions were eliminated or rephrased.
The item

”
...that the boundaries of the room are outside

your area of operation?“ was considered too difficult to
answer as subjects had difficulties to detect room bound-
aries as well as to imagine her/his area of operation.

Test trial

Two subjects had to be removed because of hearing im-
pairment and distraction so 54 subjects remained. Three
items concerning attention had to be removed because
in more than 5% ”no answer” was selected. Figure 4
shows, that comparing Mono to NCTC the average PI
increases with IQoRS. Average PI in IQoS-HI is beneath
PI in IQoS-LI for Mono and NCTC, but not for HOA.
Differences in average PI of IQoS-LI are smaller than PI
of IQoS-HI. The results of an ANOVA show a signifi-
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Figure 4: Figure of the mean responses (= perceived immer-
sion (PI)) with 95% CI, for sum over all items.

cant main effect for the IQoS (F(1, 3952) = 55.350, p <
0.001), a significant main effect of IQoRS (F(2, 3952) =
17.927, p < 0.001) and a significant interaction of IQoS
with IQoRS (F(2, 3952) = 21.932, p < 0.001). A pairwise
comparison of the IQoRS results in a significant differ-
ence between NCTC and Mono (diff(N,M) = 0.298, p <
0.001) a significant difference between HOA and Mono
(diff(H,M) = 0.235, p < 0.001) but a non significant dif-
ference between HOA and NCTC (diff(H,N) = -0.063, p
= 0.426). Figure 5 shows a clear trend as hypothesized
in NCTC vs. Mono for most of the items (top). Those
can be seen as confirming the hypothesis. Some items are
contrary to the trend, such as 1, 27 and 31 and can be
seen as outliers. Item 31 was one of the items previously
excluded to the statistical analysis. Outliers are to be
removed or revised. Items that lie around the bisecting
line are not differentiating between IQoRS (center). The
lower figure shows that for NCTC vs. HOA the same
items fall into the outlier region and most items are con-
firmatory only contrary to what was hypothesized.

Conclusions

To develop a questionnaire for the investigation of the
immersion of spatial audio reproduction systems, a set
of items was determined based on existing presence ques-
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Figure 5: Distribution of the mean response for each item in
IQoS-HI for IQoRS NCTC vs. Mono (top), HOA vs. Mono
(center) and HOA vs. NCTC (bottom).

tionnaires and ongoing research in quality of spatial audio
reproduction systems. A preselection of items was made
by conducting a cognitive pretest. Those were tested un-
der real conditions. The results of the test show signifi-
cant differences between Mono and NCTC (question 2.a),
between a highly and lowly immersive signal (question
2.b) and a significant interaction (question 2.c). The un-
expected results of the HOA reproduction for the highly
immersive sound signal require a more detailed investiga-
tion of the answers as well as a validation of the applied
simulation models. The results of the test trial indicate
that questions exist which form an Immersion-Intensity-
Scale (question 1). The results indicate that the use of a
questionnaire with an intensity scale is superior to a sim-
ple A-B comparison of the question, which system was
more immersive.
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