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Understanding the influence of technical system parameters on audiovisual experiences is
important for technologists to optimize experiences. The focus in this study was on the in-
fluence of changes in audio spatialization (varying the loudspeaker configuration for audio
rendering from 2.1 to 5.1 to 7.1.4) on the experience of immersion. First, a magnitude estima-
tion experiment was performed to perceptually evaluate envelopment for verifying the initial
condition that there is a perceptual difference between the audio spatialization levels. It was
found that envelopment increased from 2.1 to 5.1 reproduction, but there was no significant
benefit of extending from 5.1 to 7.1.4. An absolute-rating experimental paradigm was used
to assess immersion in four audiovisual experiences by 24 participants. Evident differences
between immersion scores could not be established, signaling that a change in audio spatializa-
tion and subsequent change in envelopment does not guarantee a psychologically immersive

experience.

0 INTRODUCTION

Spatial audio has been an integral part of audiovisual ex-
periences for several decades in the form of channel-based
audio. Technological advancements (e.g., object-based au-
dio) have revitalized spatial audio and enabled new, in-
triguing auditory experiences. Listening tests are crucial
for evaluating, understanding, and improving the experi-
ences created using modern spatial audio techniques. Sci-
entific effort has been focused on developing a better un-
derstanding of spatial audio reproduction from a perceptual
perspective. Nevertheless, the influence of spatial audio re-
production on encompassing concepts such as immersion
and quality of experience is poorly understood.

*Correspondence should be addressed to Sarvesh Agrawal,
e-mail: sraj@bang-olufsen.dk
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Enhancing the experience for the users is one of the
fundamental goals for technologists and creators. However,
they have limited control and can only alter the system
parameters in the physical domain. Thus, it is vital to assess
and establish how changes in the physical domain influence
hedonic measurements.

The primary focus of this paper is to determine the in-
fluence of technical parameters of the spatial audio sys-
tem (rendering to different loudspeaker configurations) on
the experience of immersion. The authors were interested
in audiovisual experiences because the goal of the overall
project was to evaluate immersion and lay the foundation
for enhancing engagement for entertainment purposes in the
home. This study will test the common assumption that spa-
tially superior systems lead to more immersive audiovisual
experiences. It will form the foundation for further work
aimed at bridging the gap between the technical parame-
ters and immersion. The method of magnitude estimation
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Fig. 1. Filter model as described in [1]. This model is used to
study the influence of audio spatialization on envelopment and
immersion in the present study.

applied for evaluating perceptual attributes and the subjec-
tive assessment methodology for evaluating immersion can
be inspirational for audiovisual assessment in a variety of
settings.

0.1 Filter Model Framework

The central idea of this paper can be organized with the
help of the filter model [1, 2]. The model is applied to
this task as depicted in Fig. 1. The model starts with the
physical domain where the stimulus can be characterized by
objective measurements, such as audio channels, number of
loudspeakers, etc. In the context of this study, the primary
variable is the loudspeaker configuration for audio render-
ing. The physical stimulus is perceived upon being filtered
by the sensory system. This is called an auditory event and
can be broken down into attributes (e.g., envelopment) that
can be measured perceptually. Finally, the percept passes
through a cognitive filter to form a holistic impression of the
auditory event (e.g., immersion). Mood, preference, emo-
tional state, and other non-sensory factors are accounted for
by the cognitive filter. Evaluation of quality, immersion, lik-
ing, etc. is housed in the cognitive domain and requires an
integrative frame of mind.

0.2 Research Question and Organization

The primary research question for this study was “What
is the influence of the changes in audio spatialization on
the experience of immersion in a domestic audiovisual set-
ting?”’

The target relationship to establish is one from the phys-
ical domain (changing audio spatialization) to cognitive
domain (experience of immersion). However, varying the
independent variable and recording immersion responses
cannot guarantee that the ratings are obtained because of
perceptual differences and not because of cognitive factors.
Therefore, the assumption is that the changes in the phys-
ical domain lead to a discernible change in the perceptual
domain. Evaluating the experiences at each step helps in
assessing the effect of the sensory and cognitive filters. The
results of the perceptual changes can be interpreted in con-
junction to immersion ratings to develop a comprehensive
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understanding of the changes caused by the independent
variable.

The task of choosing the relevant perceptual attribute(s)
for spatial audio reproduction can be an experiment in it-
self. Methods such as check-all-that-apply can be used for
attribute selection [3]. In this study, Recommendation ITU-
R BS.2399-0 [4], which presents a sound wheel developed
by aggregating perceptual attributes for sound reproduction
from over 20 studies, was consulted. From the spatial extent
attributes presented in the lexicon (balance, envelopment,
width, depth), envelopment was deemed to be the most rele-
vant for this study for the following reasons: 1) envelopment
has been a recurring attribute of spatial impression in mul-
tichannel audio reproduction [4-8]; 2) it is an attribute that
was found to be always important for listener preference
when evaluating spatial audio reproduction methods in a
study conducted by Francombe et al. [9]; 3) it is applicable
to both dimensions: horizontal and vertical; and 4) experi-
ence suggested that envelopment will be the attribute most
affected by the changes in audio spatialization levels.

In this work, it is assumed that more envelopment should
yield more immersion and that more immersive experiences
will be preferred. The assumption that more immersive ex-
periences will be preferred has been discussed previously
[10] and is at the core of the motivation for studying im-
mersion.

This paper is organized as follows. SEC. 1 describes the
program material and experimental setup for the two ex-
periments conducted in this study. SEC. 2 focuses on the
influence of changes in audio spatialization on envelop-
ment. Immersion is assessed using the same independent
variable as for envelopment in SEC. 3. Finally, the results
from both experiments are discussed to answer the research
question in SEC. 4.

0.3 Envelopment and Immersion

Spatial audio reproduction over loudspeakers allows for
placement of sound sources around the listeners in the hori-
zontal and vertical plane (physical domain). This can lead to
an enveloping feeling for the listener (perceptual domain).
Envelopment in audio reproduction is referred to as source-
related envelopment [11]. It has been defined as the “degree
of being surrounded by a source, scene or ensemble” [4]
and “are you surrounded by the reproduced sound and does
it give a sense of space around you?” [12]. It can be created
by dry (direct) and/or reverberant (indirect) sound sources
around the listener [13, 11].

Envelopment is commonly explained as being analogous
to swimming underwater rather than being sprayed by a
water hose [2]. This analogy is similar to the one used
for describing immersion and is potentially responsible for
causing confusion between the two ideas [14]. Although
immersion can be described physically and perceptually
[15], it refers to psychological immersion in this study. The
definition and description provided by Agrawal et al. [14]
is used for this investigation.
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Immersion is a phenomenon experienced by an individual
when they are in a state of deep mental involvement in
which their cognitive processes (with or without sensory
stimulation) cause a shift in their attentional state such that
one may experience disassociation from the awareness of
the physical world.

Immersion is a holistic concept that is equivalent to men-
tal engagement in an activity. For a detailed discussion on
immersion and its assessment, refer to [16, 14, 10].

1 PROGRAM MATERIAL AND EXPERIMENTAL
SETUP

The program material and experimental setup were iden-
tical for both experiments. These are detailed in the follow-
ing sections.

1.1 Program Material

Three levels of audio spatialization were chosen for the
independent variable—2.1, 5.1, and 7.1.4 reproduction. The
rationale for these levels was as follows: The 2.1 reproduc-
tion is one of the common reproduction setups in which the
speakers are placed in front of the listener. The 5.1 repro-
duction has been the standard for surround audio reproduc-
tion, and it extends audio to loudspeakers placed around
the listener in the horizontal plane. Finally, audio can be
placed in the median plane with 7.1.4 reproduction to give
an impression of height. It is becoming a de facto standard
for domestic audio reproduction that includes elevation.

The stimuli were chosen such that they had ultra high-
definition (UHD), high dynamic range visuals. The native
aspect ratio and chroma sub-sampling were unaltered in
the experiments. It should be noted that the stimuli were
not mastered in UHD resolution, and the versions of high
dynamic range were different among the stimuli. See [10]
for additional details.

The material had to satisfy the conditions for assessing
immersion as discussed in [14, 10] because it was held con-
stant for both experiments. These conditions include length
of stimuli, variety in genre (in an attempt to evoke spa-
tial, emotional, and temporal immersion), and standalone
stimuli that do not require prior knowledge of the content.

From the perspective of testing envelopment, efforts were
made to pick stimuli in which there was an apparent differ-
ence in envelopment when rendered as 2.1, 5.1, and 7.1.4.
A clearly perceived difference among the levels was critical
because the evaluation of envelopment was to determine the
assumption of a perceptual difference for assessing immer-
sion.

The program material was largely inspired by the stimuli
mentioned in [10]. They are listed in Table 1. The example
excerpt was used only for the part of testing immersion and
is explained later in SEC. 3. The abstract excerpt was used
for demonstrating the differences in sound envelopment that
can be experienced. Please refer to [14, 10] to know more
about the rationale for choosing the stimuli and limitations
that restrict the stimuli universe.
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1.2 Experimental Setup

The experimental setup used in this experiment was iden-
tical to the setup described in [10]. The tests were conducted
in an IEC 60268-13 standardized listening room [17]. Au-
dio was decoded to 7.1.4 channels and fed to speakers that
were at a distance of 2 m around the listening position. The
speakers were positioned as per Dolby guidelines [18], time
aligned, and level calibrated. Stimuli (at the different audio
spatialization levels) were loudness matched by ear at the
listening position by two experienced listeners.

Video was displayed on a 65-in OLED screen. It was
positioned to yield a zero-degree vertical and horizontal
viewing angle. The viewing distance was same as the lis-
tening distance, i.e., 2 m, that followed the design view-
ing distance for UHD resolution stated in Recommendation
ITU-R BT.2022 [19]. Screen settings were tuned based on
D65 value and in part based on experience by two view-
ing experts. Please refer to [10] for further details on the
experimental setup of the audiovisual reproduction system.

2 EXPERIMENT 1: INFLUENCE OF AUDIO
SPATIALIZATION ON PERCEIVED
ENVELOPMENT

Methodologies for the perceptual assessment of audio-
visual attributes are well-established (see [1, 3]). Direct
scaling methods that employ rating scales are common for
evaluating envelopment. Popular methods such as multi-
ple stimulus hidden reference and anchor (MUSHRA) and
Recommendation ITU-R BS.1116-3 employ a reference for
comparing the test stimulus against the original reference.
Problems arise when the definition of reference stimulus is
not established as in the case of frontier technologies and
experiences (e.g., spatial audio and virtual reality) [20].
Additionally, end-point effects! may be present when the
nature and range of the stimulus set is not well-known to
the participants, as in the case of new technologies. Further-
more, it should be noted that a number of methods, includ-
ing MUSHRA and Recommendation ITU-R BS.1116-3, are
not suitable for conducting tests with inexperienced partici-
pants. They are complex and designed for determining fine
differences among the stimuli under test.

In this study, the authors were not interested in small
differences. Instead, the goal was to uncover the differences
discernible to inexperienced participants. The experimental
setup described in SEC. 1.2 did not allow for simultaneous
comparisons between stimuli. Given the need for absolute
(i.e., non-concurrent) evaluations® and the lengthy nature

! The clustering of scores around the center or toward the end
of the scale is because the participants were reluctant to use the
end points of the scale. This can restrict the resolution of the scale
[1].

2 The experimental setup restricted simultaneous judgments
because the stimuli were presented live from the Blu-ray discs.
Additionally, to maintain consistency, envelopment was evalu-
ated without simultaneous comparisons because immersion was
assessed in an absolute manner.
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Table 1. Audiovisual excerpts used in the experiment.

Excerpt Content Genre UK year of release Timecode
Example Earth: One Amazing Day Nature documentary 2018 00:08:50-00:16:49
Abstract Kinsetsu: Textures From Planet 9* Fantasy/Sci-Fi 2018 Around first minute

A Dynasties, “Lion” Nature documentary 2018 00:16:11-00:20:00

B Spider-Man: Into the Spider-Verse Animation/Action 2019 00:18:52-00:29:39

C “The Pines” by Roses & Revolutions* Alternative/Indie 2018 Complete video (3:10 min)
D Jumanji: Welcome to the Jungle Action/Adventure 2018 01:15:52-01:21:00

Note. *From DTS demo disc 2018.

The copyright for the content used in this experiment is held by the respective parties. No files were copied or stored during any stage of

experimentation.

The genres have been obtained from IMDb (https://www.imdb.com) and selected to reflect the primary genre of the content.
The year of release represents the release on Blu-ray. The actual release year may differ.

The lengths of the excerpts range from approximately 4 to 12 min.

of stimuli, an alternative method for assessing envelopment
was needed.

Magnitude estimation, a specific type of ratio scaling ap-
proach, avoids the issues with traditional methods for eval-
uating perceptual attributes. It is a psychophysical scaling
technique where the participants are instructed to assign
numerical values according to the perceived strength of the
stimulus for a specified characteristic. They are tasked with
generating numbers that follow the ratio principle, i.e., if
stimulus B is perceived to be twice as strong as stimulus
A, stimulus B should be rated twice the rating of stimulus
A. For example, if stimulus B is thought to be thrice as
loud as stimulus A, it should be rated 210 if stimulus A was
rated 70. When all data is collected, it can be normalized or
equalized (depending on the experimental design choices)
[21] and compared among participants or aggregated across
participants.

This method is straightforward and relatively simple to
understand [20]. Magnitude estimation provides flexibility
to the experimenter for designing studies because choices
can be made regarding the first sample (fixed vs. random;
internal vs. external reference), numerical value assigned
to it (fixed vs. free), and order of presentation of stimuli
(fixed vs. random) [22]. Historically, magnitude estimation
tests have been conducted with inexperienced participants
with rarely any training on the method [21]. The method is
less susceptible to end-effect because the scale is usually
open-ended on the upper side. Please refer to APPENDIX
A.1 for information on the background, advantages, and
limitations of magnitude estimation.

2.1 Experiment Design

There are many avenues for designing magnitude estima-
tion experiments. The different choices affect the analysis
of collected data and can influence the conclusions that can
be drawn. Key considerations, reasoning, and implications
are discussed in this section.

Selection of the first stimulus is the first question to
address for designing magnitude estimation studies. The
first stimulus is often referred to as the standard, and there
are two choices for making a selection. The standard can
be fixed in the middle of the stimulus range, or it can be
randomly selected. Fixing the standard in the middle of

J. Audio Eng. Soc., Vol. 70, No. 10, 2022 October

the stimulus range is preferred when the variation in the
range of stimuli is so large that it would cause problems if
the participants randomly get a high or low standard. For
example, if a participant starts with a high standard and
rates it 10, rating stimuli that are several magnitudes lower
will be difficult because of smaller numbers. Randomly
selecting the first sample is the most accepted method [21]
and was chosen for this experiment.’

Having a different standard for each participant should
not affect the relative magnitudes for the stimuli set but
affects the actual numbers used by the panelists [21]. A
different starting sample among the participants also helps
with reducing the round-number tendency bias (tendency
where assessors prefer using round numbers). For instance,
if there is a fixed standard and all participants start with the
same number (e.g., 100), many of the ratings assigned will
be the same round numbers.

The number assigned to the first sample (the standard)
is called the modulus. The modulus can be fixed (fixed
modulus), or the participants can be permitted to assign
any number of their choice to the standard (free modulus).
In case of fixed modulus, the experimenter assigns a pre-
determined number to the first sample, and the participants
are instructed to assign numbers to following stimuli in re-
lation to the fixed number [21]. Fixing the modulus compels
participants to use the scale initiated by the experimenter
as opposed to the one they wish to use. Importantly, fixing
the modulus can exaggerate the round-number tendency.

In this experiment, the participants were permitted to use
the modulus of their choice. In an attempt to discourage
the participants from picking a very high or low modulus,
they were guided to pick a number between 30 and 100
according to the ASTM standard [23]. This increases the
workload for the experimenter because they must process
the data appropriately to account for the differences in the
range of numbers used by the participants. The differences
can be accounted by the assessor factor in the analysis of
variance (ANOVA) model or by rescaling the scores [22].
The idea and process of rescaling the data are explained in
APPENDIX A.2.

3 Ideally, all samples should occur as the standard an equal
number of times.
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Following the standard, the order of presentation of stim-
uli was randomized in this experiment. Randomization is
the most common method for presenting stimuli. It is ben-
eficial in reducing the “sequential dependencies” [21] that
arise when the order of presentation is fixed. The carryover
effect between stimuli can also be reduced by using bal-
anced designs such as Latin square [22].* Additionally, it
is ideal to balance the order of samples as well because the
variances between consecutive samples will be smaller than
those between non-consecutive samples, when participants
are instructed to assign numbers by comparing the current
stimulus to the preceding one.’

The nature of the concept under evaluation influenced
the instructions provided to the participants. Envelopment
was treated as a unipolar attribute, i.e., zero marked the
absence of envelopment and the scale stretched to positive
infinity (in theory). The usage, analysis, and instructions
for bipolar attributes is more complex. Please refer to [21,
24] for a discussion on the topic.

Finally, a warm-up task was included in the design to
familiarize the participants with the method of magnitude
estimation. A task where the participants had to estimate the
length of lines was used as the warm-up task. A practice
task is critical in screening participants for their under-
standing of the task. Screening is especially helpful when
inexperienced participants are recruited for the test.

2.2 Assessors

Eleven assessors participated in this experiment.’ They
were seven males and four females between the ages of
22 and 35 years (x = 26.5, 0 = 3.7). The participants were
inexperienced in audiovisual assessment, i.e., they had not
received training for perceptual audiovisual evaluations but
may have participated in audiovisual tests previously. Usu-
ally, evaluation of perceptual attributes, such as envelop-
ment, is performed by experienced assessors because they
possess a high degree of sensory sensitivity [1]. Notwith-
standing, inexperienced participants were recruited because
the results were used to determine the initial condition for
testing immersion (an affective concept) experienced by
non-expert participants. It was important to ensure that both

* Because of uncertainty in recruiting participants during the
coronavirus pandemic, a balanced design was not chosen. Instead,
the order was randomized, which is recommended when balanced
designs cannot be used [22].

5 Magnitude estimation studies can be run by requiring the
participants to memorize the intensity of the standard and rate
all stimuli relative to the standard. However, “people probably
‘chain’ their ratings to the most recent items in the series” [24].

% The ISO standard on sensory analysis using magnitude es-
timation [22] recommends at least 20 assessors when they are
newly trained. However, the number of participants depends the
closeness of the stimuli under test, required statistical power, im-
portance attached to the results, and so on. Considering that the
authors were interested in a perceptual attribute for which there
may not be substantial inter-individual differences, it has been
recommended that fewer respondents may be sufficient for an
accurate measurement of sensory magnitude [21].
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envelopment and immersion were gauged by participants
with a similar level of audiovisual evaluation experience.
All participants were unfamiliar with the method of mag-
nitude estimation. They participated in the familiarization
task that doubled as a screening stage. All participants
passed the screening. The assessors were permitted to par-
ticipate after self-reporting auditory and visual acuity.

2.3 Test Procedure and Instructions

The test was completed in one 80-min session with 2-
min breaks between stimuli presentations. The participants
were asked to judge the overall sound envelopment experi-
enced in the 12 excerpts (four stimuli at three spatialization
levels). The following description of sound envelopment
was synthesized from [4, 12] and provided to the assessors.

Sound envelopment is the perception of being surrounded
by sound(s). The sound scene is said to be enveloping if it
wraps around you. Sound envelopment does not need to be
restricted to the sound coming from around you; it can also
include sounds coming from below or above you.

The participants were asked to report envelopment by as-
signing numbers to the experiences. They were instructed
to assign any number of their choice to the first stimulus.
The authors suggested choosing a number between 30 and
100 according to the ASTM standard [23] because the first
stimulus was random (could be high, neutral, or low) and
the scale was limited by zero on the lower end. The partici-
pants were told to assign successive numbers in such a way
that it reflected the ratio of envelopment as per their sub-
jective impression. For example, if they found the second
presentation to be thrice as enveloping as the first one, they
would give it a rating triple that of the first excerpt. This
means that if they rated the first excerpt as 70, the second
excerpt would be rated 210 if it was thrice as enveloping or
14 if it was one-fifth as enveloping. They were instructed
to assign numbers by comparing the current stimulus to the
preceding stimulus (except for the standard in which they
were free to use any number).

It was emphasized that there was no limit to the range
of numbers that the assessors could use. However, they
were not permitted to use zero or negative numbers. The
use of decimals was stressed because there is a tendency to
use round numbers [21]. Participants were encouraged to
try their best to match each number to their perception of
envelopment because there were no correct answers.

A short abstract excerpt (approximately 1 min) that had
exaggerated sound envelopment was used to illustrate the
different degrees of sound envelopment before beginning
the test. The participants were told that the demonstration
was purely to illustrate the idea of sound envelopment and
that the envelopment they experienced during the experi-
ment may not be limited to the illustrations. Because the
experiment was conducted as an absolute-assessment test
without repetitions, the participants were informed that they
did not have the ability to directly compare, rewind, or re-
watch the excerpts.

J. Audio Eng. Soc., Vol. 70, No. 10, 2022 October
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This stimulus = 50

How long is this stimulus? E

Fig. 2. Example of the length of lines task used for familiarizing
and screening the test participants. Here, the top stimulus is a fixed
reference, and the assessors are asked to judge the length of the
bottom line.

To further understand the task of assigning numbers
to perceptions, a short familiarization and screening ex-
ercise was performed using the length of lines task on the
computer.” Eight levels of line lengths with three repeti-
tions were used. There was a fixed reference with a length
of 50 units. The task for the participants was assign num-
bers appropriately to another line in the presence of the
fixed reference. A visual example of the tool is shown in
Fig. 2. All participants passed the screening exercise.

The instructions were given provided in writing and dis-
cussed verbally by the first author. The entire test was con-
ducted as a pen-and-paper test.® Although paradigms in
which participants can view their previous ratings do exist
[24], the participants did not have access to past ratings in
this test, in an effort to limit bias. All recruited participants
finished the test.

2.4 Envelopment Data Analysis and Results

The appropriate procedure for analyzing the data ob-
tained from magnitude estimation depends on the experi-
mental choices (complete or incomplete design, presence
of replicates, unbalanced number of observations, etc.) and
conclusions to be drawn (relative intensities, response re-
lationships, and recalibration of scales.). The ISO standard
on the use of magnitude estimation for sensory analysis
[22] illustrates the analysis for the different scenarios in de-
tail. Data from this experiment were analyzed using mixed-
effect ANOVA after performing total rescaling. The exact
method for rescaling and reasoning for logarithmic trans-
formation is explained in APPENDIX A.2.

7 An online tool at https://isle.hanover.edu/ was used for the
task.

8 Unlike popular rating tests used in audiovisual assessment,
the visual appearance of the ballot is not critical [24]. Instead, the
instructions provided to the participants and their comprehension
of generating numbers following the ratio principle is important.

J. Audio Eng. Soc., Vol. 70, No. 10, 2022 October
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2.44

2.1

1.84

Estimated Marginal Mean

1.5

2.1 5.1 7.1.4
Spatialization Level

Fig. 3. Estimated marginal means of sound envelopment scores
for all stimuli at all spatialization levels. The error bar represents
95% confidence interval. Note that the marginal means are of
log-transformed scores. The lines are offset horizontally for better
intelligibility.

A mixed-effects ANOVA model described in Eq. (1) was
used to analyze the data post—log transformation.

y = W+ spatialization + stimuli + interaction
between stimuli and spatialization 4+ random

interaction between assessor and stimuli + error.
(D

The envelopment score (log-transformed) is modeled in
the above equation. Spatialization and stimuli were fixed
factors, whereas the interaction between participant and
stimuli was a random factor.” The interaction between spa-
tialization and stimuli is also taken into consideration in
order to ensure that the two could be interpreted indepen-
dently.

The two interactions were found to be statistically in-
significant. Spatialization and stimuli were found to be
highly statistically significant. The assumptions of homo-
geneity of variances and normally distributed residuals were
satisfied. Thus, the model was reduced to spatialization and
stimuli as fixed factors, and ANOVA was performed again.

There was a significant main effect of audio spatialization
on sound envelopment, F(2, 126) = 27.85, p < 0.001. The
post hoc tests (Bonferroni correction) showed that 2.1 audio
spatialization was significantly different from 5.1 and 7.1.4
levels (p < 0.001). No significant difference was found
between 5.1 and 7.1.4 audio spatialization.

The stimulus had a significant effect on sound envel-
opment as well, F(3, 126) = 9.70, p < 0.001. Stimuli A
and C were statistically different from stimuli B and D as
per post hoc comparisons (Bonferroni correction). The es-
timated marginal means for all four stimuli at every level
of audio spatialization is shown in Fig. 3. The figure shows
that different stimuli have different perceived envelopment

% Assessor was not included as a factor in the model because
the scores were rescaled to equalize the geometric means among
the participants.
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for the starting spatialization level of 2.1. All stimuli expe-
rience gain envelopment when rendered as 5.1 as opposed
to 2.1. Envelopment appears to plateau moving from 5.1 to
7.1.4 level.

The reduced ANOVA model did not violate the assump-
tions of homogeneity of variances as tested by Levene’s
test. The residuals were not statistically different from the
normal distribution as per the Shapiro-Wilk test, W = 0.98,
p > 0.1, with skewness of 0.11 and excess kurtosis of 0.54.

2.5 Discussion of Envelopment Results

The method of magnitude estimation was used in this
study to evaluate the differences in envelopment in spatial
sound reproduction for four stimuli. Scores were rescaled
and analyzed using ANOVA. The observations about dif-
ference in spatialization from a visual inspection of Fig. 5
(see APPENDIX A.2) can be confirmed by ANOVA. Audio
spatialization was found to be statistically significant, with
the 2.1 rendering being different from 5.1 and 7.1.4 render-
ing. This result was expected because placing loudspeakers
around the listener is bound to increase envelopment based
on the definition of envelopment in sound reproduction.
However, it is interesting to note that an increase in spa-
tialization from 5.1 to 7.1.4 does not substantially increase
envelopment.

A possible explanation for this observation can be found
in the way commercial content is produced. The 2.1 and 5.1
audio productions have been the norm for a few decades,
whereas object-based audio with the ability to add height
content for domestic applications is new. It can be argued
that there is limited experience for content production using
height content, and thus, the capabilities of the reproduction
have not been exploited fully [9]. Hence, the authors refrain
from interpreting the results to suggest that there is no added
benefit of rendering audio to 7.1.4 reproduction systems.
Additionally, because a limited set of four stimuli was used
in this experiment, the results should be generalized with
care.

Audio from the excerpts was decoded to 7.1.4 and
recorded to evaluate the content carried by the height chan-
nels. It was found that elevation was primarily used for mo-
mentary spatialized sound effects and reverberation. More-
over, the content rendered to the elevation channels was
found to be substantially lower in level in comparison with
the front channels. This can explain the lack of improve-
ment in envelopment between 5.1 and 7.1.4 reproduction.
The audio level plots are presented in APPENDIX A.3.

The stimuli factor was found to be significant with two
groups of stimuli: A and C were both different from B and
D. This demonstrates that not all stimuli provide the same
perception of envelopment over the three spatialization lev-
els used in this study. Furthermore, it can be seen in Fig.
3 that different stimuli have varying degrees of perceived
envelopment even for 2.1 rendering. These differences are
preserved at every spatialization level. All stimuli bene-
fited from an improvement in spatialization from 2.1 to
5.1. The improvement in reported envelopment is marginal
from 5.1 to 7.1. There was no interaction between stimuli
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and spatialization levels as expected, since it is unlikely that
envelopment would deteriorate with an increase in spatial-
ization from 2.1 to 5.1 and then increase from 5.1 to 7.1.4
for any of the stimuli under test.

3 EXPERIMENT 2: INFLUENCE OF AUDIO
SPATIALIZATION ON IMMERSION

The assessment of immersion is a relatively new and
under-explored area. Existing methods can be broadly clas-
sified into subjective and objective measures. Objective
measures include physiological and behavioral measure-
ments. Because the relationship between objective mea-
sures and immersion remains undetermined, this study is
restricted to subjective measures that include rating tasks,
questionnaires, open-ended interviews, etc. [14, 10]. A
complete overview of the methods is presented in [16, 14].

Agrawal et al. [14] pointed out several implications for
conducting experiments based on the definition stated in
SEC. 0.3. The key implications for developing experimental
paradigms are listed below:

e Subjective assessment of immersion must be per-
formed post-experience to avoid disturbing the par-
ticipant, who may be experiencing immersion.

¢ Absolute-assessment methods should be picked over
comparative methods.

¢ There should be a sufficient time gap between pre-
sentation of consecutive stimuli to allow the asses-
sors to disengage from the previous experience.

o Fatigue should be monitored and all responses
should ideally be recorded in the same session.

In this experiment, audio spatialization (three levels)
was the independent variable. Typically, it would be pos-
sible to use the same group of assessors for evaluating
all levels of the independent variable, as is the case in
repeated-measures design. However, it has been suggested
that repetitions of stimuli can lead to bias, and thus, asses-
sors should evaluate a stimulus only once when assessing
immersion [14]. Therefore, an independent-measures de-
sign, also known as between-groups or between-subjects
design, was used in this experiment.

The participants were divided into three groups, each
representing a level of audio spatialization (2.1, 5.1, and
7.1.4). The number of participants in each group was iden-
tical. The assignment of participants to the groups was per-
formed randomly. All participants were subjected to the
same four audiovisual excerpts, except the audio was ren-
dered according to their group. The order of presentation
of stimuli was randomized for all participants.

This experimental design was appropriate for multiple
reasons. Foremost, the design accounted for the implica-
tions on experimental paradigm outlined in [14]. There
was limited transfer of learning for the participants be-
cause they evaluated each stimulus once. Limiting the par-
ticipants from participating in multiple audio spatialization
conditions enabled the data collection to be performed in a
single session. Furthermore, it controlled the effect of fa-
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tigue and considerably reduced the time commitment for
the participants.

3.1 Experiment Design

The experimental design choices tested in [10] were used
for this investigation. Thus, only the key aspects of the
experimental design are discussed here.

The task for the participants in the test was to rate their
experience of immersion. The primary benefit of the rating
task is that it captures unexpected aspects of the immersive
experience that are omitted in questionnaires due to the
pre-determined set of questions. A 15-cm long graphic line
scale was chosen as the response format. Although it is
more difficult to use than other scales, it provides infinite
steps (in theory) to report the experience of immersion, and
a lack of semantic information reduces bias and clustering
of scores [10].

The test was constructed such that the participants could
experience each stimulus only once. Switching between
excerpts and other user controls, such as rewinding, were
prohibited. The participants were provided with a short nar-
rative synopsis before each excerpt to inform them about
the narrative background of the excerpt. Interactive distrac-
tor tasks were incorporated between presentations with the
goal of introducing a pause and helping the participants to
shift their attention away from the preceding experience.
The three tasks used in this test were a memory game,
matchstick puzzle, and Tetris brick puzzle. An iPad was
used for all tasks.

3.2 Participants

Twenty-four participants!® participated in this experi-
ment. Assessors from the previous investigation on envel-
opment were prohibited from participating in this experi-
ment. The participants were each randomly assigned to one
of the three groups: 2.1, 5.1, and 7.1.4 spatialization levels.
Thus, each group was comprised of eight participants. The
recruited assessors were employees at Bang & Olufsen who
were not associated with research and development activi-
ties or had expertise in audiovisual assessment. Neverthe-
less, they may have participated in audiovisual evaluations
previously. The mean average age of the participants was
37.5 years (o = 13.3). In total, 9 females and 15 males par-
ticipated in this experiment. All participants self-reported
auditory and visual acuity.

10 The authors were interested in large differences among re-
ported immersion scores as a result of the spatialization levels. The
idea was to detect differences that would be of practical signifi-
cance and justify the resource costs that increase with an increase
in audio spatialization. Using the data obtained from previous ex-
periment [10] and pilot tests, the authors determined that eight
participants in each group could help detect a difference of £1.5
points for an alpha level of 5% and beta level of 20%, provided
the variation remained constant between the experiments.
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3.3 Experiment Procedure

The experimental procedure for this test was identical
to that detailed in [10]. Therefore, only the key points are
stated here.

The experiment was conducted within a single session
of approximately 50 min. The participants were instructed
to rate overall immersion in the audiovisual experiences
using a graphic line scale as described in [10]. They were
provided the following description of immersion:

Immersion, also known as deep mental involvement, can
be described as being mentally lost (absorbed) in the expe-
rience. Immersion is encountered when the experience is
involving and absorbs you mentally by capturing your at-
tention. For example, immersion may be experienced when
reading a book, playing video games, watching a movie,
etc.

In addition to rating immersion, assessors were asked
to describe their experience and how it influenced their
rating in as much detail as possible. They were instructed
to use complete sentences and freely describe all aspects of
the experience that were relevant to them. The qualitative
data was purely to explore the factors considered by the
participants for assessing immersion. The discussion of the
qualitative analysis results is beyond the scope of this paper
and will not be presented here.

An excerpt that may illicit immersion was shown before
the experiment. It was explicitly mentioned that the excerpt
was only for demonstration, may not illicit immersion, and
should not be considered to be a reference. The partici-
pants were informed that they will not have a chance to
re-watch or rewind the excerpts because it was an absolute-
assessment test. They performed a distractor task between
the presentations as discussed in [10]. The assessors were
assured that there were no correct answers.

3.4 Immersion Data Analysis and Results

Immersion ratings were converted to scores by measuring
the distance from the left-most point on the scale. The range
of scores was between 0 and 15 because the scale was 15-cm
wide (see [10]). A mixed-effects ANOVA model described
in Eq. (2) was constructed to analyze the scores.

y = W+ spatialization + stimuli + interaction
between stimuli and spatialization 4+ random

effect for assessors + error.
(2)

The immersion score is modeled in the above equation.
Spatialization (block effect), stimuli, and their interaction
were fixed factors. A random effect for each assessor was
included in the model because the participant pool was an
extremely small subset of the population.

The between-subjects factor, i.e., spatialization level, was
found to be statistically insignificant, along with the inter-
action between stimuli and spatialization. The main effect
of stimuli on immersion, F(3, 63) = 11.92, p < 0.001, was
found to be highly statistically significant, showing that
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Estimated Marginal Mean

2.1 5.1 714
Spatialization Level

Fig. 4. Estimated marginal means of immersion scores for all
stimuli at all spatialization levels. The error bar represents 95%
confidence interval. The lines are offset horizontally for better
intelligibility.

at least one of the stimuli was different from other. The
post hoc test (Bonferroni correction) showed that Stimulus
C was significantly different from all other stimuli (p <
0.001).

The assessor random effect could explain only about 18%
of the total variation in immersion scores. The ANOVA
model did not violate the assumptions of homogeneity of
variances as tested by Levene’s test. The residuals were not
statistically different from the normal distribution as per
the Shapiro-Wilk test, W = 0.99, p > 0.1, with skewness of
—0.10 and excess kurtosis of —0.29.

The estimated marginal means for all four stimuli at every
level of audio spatialization is shown in Fig. 4. There are no
obvious patterns that can be deduced from the figure. The
confidence intervals are quite large (approximately four
units) and overlapping.

3.5 Discussion of Immersion Results

A between-subjects design was used in this experiment to
evaluate immersion in four experiences at three audio spa-
tialization levels. A major drawback of between-subjects
design is the requirement of a large sample to obtain re-
liable data. Adding additional conditions considerably in-
creases the experimental effort. For example, if two addi-
tional spatialization levels were to be added, 40 participants
would need to be recruited.!! The requirement for resources
grows with the addition of variables and their levels, making
larger-scale experiments impractical.

In this experiment, the participants were assigned ran-
domly to the groups and evaluated only one condition. The
individual variability can obscure the differences between
the groups and lead to unreliable results. This can be par-
ticularly problematic when the sample size is limited, as in
the current study. Participants can be assigned to the groups
based on factors such as age, gender, etc. However, this will
hamper the generalizability of the results.

! This is assuming the same resolution as in the current exper-
iment with three groups.

818

PAPERS

Audio spatialization, the between-subjects factor, was
found to be statistically insignificant, demonstrating that
the immersion scores did not improve considerably with
an improvement in audio spatialization. Unlike the previ-
ous experiment, no difference was observed in immersion
between 2.1 and 5.1 reproduction. This is an important find-
ing that suggests that merely improving the spatial audio
capabilities of the system is not sufficient for experiencing
more intense immersion. It can be argued that insignifi-
cant results were obtained because the participants were
not subjected to multiple spatialization levels. However,
the current experimental design is more ecologically valid
than repeated-measures design because the spatialization is
seldom changed in domestic applications.

The main effect of stimuli was highly statistically signif-
icant, where stimulus C was found to be different from the
other three. Interestingly, stimulus C was the only music
excerpt in this test. Several participants noted in their com-
ments and told the first author that they did not feel that
the music video was helpful for the experience. Instead,
they stated that the video was disturbing and in-coherency
between the visual and auditory perspectives (e.g., panning
of the drums with respect to the visuals) was distracting.

The groups of participants did not rate immersion in
the four experiences differently because the interaction be-
tween spatialization and stimuli was found to be insignif-
icant. This can be confirmed by visually inspecting Fig.
4.

4 GENERAL DISCUSSION & CONCLUSION

The primary goal of this study was to investigate the in-
fluence of changes in audio spatialization on the experience
of immersion in audiovisual applications. The authors were
interested in changes in immersion ratings that were caused
by perceptual differences between the spatialization levels.
Thus, the initial condition was that a perceptual difference
must exist between the audio spatialization levels.

Envelopment was chosen as the perceptual attribute of
interest based on literature and experience. Although the
difference in envelopment between 2.1 and 5.1 reproduc-
tion is well-documented in the literature, little information
is available on the perception of envelopment in 7.1.4 re-
production. Therefore, the experiment was divided into two
parts: the first was focused on establishing the difference
in envelopment among the three spatialization levels, and
the second was targeted at assessing immersion. The pro-
gram material and experimental setup were identical for
both experiments.

The results from the experiment on envelopment showed
that there was no statistically significant difference between
5.1 and 7.1.4 reproduction. The initial condition was true
only for 2.1-5.1 and 2.1-7.1.4 reproduction pairs. There-
fore, the conclusions drawn here are limited to the said pairs.
A statistically significant difference between the immersion
scores could not be established in the second experiment,
despite a large difference in the feeling of envelopment.
Hence, the hypothesis that more enveloping experiences are
also more immersive could not be supported in this study.
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The results suggest that improvement in audio spatialization
and a subsequent change in envelopment does not guarantee
a psychologically immersive experience. This is an impor-
tant finding that suggests that spatial audio reproduction
may not be the dominant factor for determining immer-
sion in audiovisual experiences. The findings confirm the
initial thoughts on the influence of system parameters on
immersion expressed in [14].

The results from this study should be interpreted with
caution because a limited number of stimuli were repro-
duced over three audio spatialization levels. The results
from the experiment are limited to channel-based and
object-based reproduction and do not apply to formats
such as wave-field synthesis audio reproduction. The audio
production landscape for object-based audio is changing
rapidly. The results presented here may no longer be valid
as production techniques and usage of spatial audio tech-
nologies change.

The visual content was an important factor in this study,
and its influence should not be ignored. Presence of visuals
can potentially change the perception of envelopment due
to multi-modal interactions. Finally, three out of the four
stimuli were excerpts from movies. The auditory character-
istics of movie clips are considerably different from music.
Thus, the results cannot be generalized to music content.

4.1 Directions for Future Research

Magnitude estimation allows for referencing free, quick,
and easy-to-comprehend audiovisual assessments. Hence,
in applications such as evaluation of spatial audio technolo-
gies in which there are no established references, magnitude
estimation can be valuable for assessments. Benchmark-
ing of technologies and products can be performed with
ease because participants do not need to learn a new scale
and because the freedom to choose the appropriate exper-
imental design parameters offers crucial flexibility to the
experimenter. Multiple stimulus methods for relative judg-
ments are quite popular for audiovisual assessment. New
paradigms can be explored in which the participants have
the ability to switch among different stimuli and provide
ratings following the ratio principle.

When running tests with inexperienced participants, it
is beneficial to have semantic information for conduct-
ing useful comparisons between scores. Coupling of ratio
data with verbal descriptors has been performed to yield
category-ratio scales [24]. Labeled magnitude scale and la-
beled affective magnitude scale are examples of category-
ratio scales. These scales have spaced labels (usually un-
equal spacing), and the task for the participants is to indi-
cate their rating by determining the category of sensation
and then fine-tuning their ratings. These scales should be
explored further to ease the task for the participants.

A between-subjects design is not the most efficient de-
sign for conducting experiments with a higher number of
independent variable levels. It is critical for the commu-
nity to evaluate the impact of familiarity and repetitions on
immersion to potentially reduce the complexity and need
for resources to conduct experiments on immersion. Estab-

J. Audio Eng. Soc., Vol. 70, No. 10, 2022 October

AUDIO SPATIALIZATION AND IMMERSION

lishing new experimental paradigms and validating existing
ones will be useful in setting the foundation for conducting
research on immersion.

The work presented here is a first step toward under-
standing the role of system parameters on the experience
of immersion. Future work should aim at determining the
different factors that influence the experience of immer-
sion and quantify their impact. Such knowledge will be
critical for enabling and enhancing immersive experiences.
Although the experiments here were based on a traditional
domestic application, the central idea and methods can be
applied to technology-mediated experiences in general.
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A.1 Magnitude Estimation

The background for magnitude estimation, its advan-
tages, and drawbacks of the method are presented in this
appendix.

1 BACKGROUND

The technique of magnitude estimation was derived from
the idea of cross-modality matching, a general approach to
ratio scaling. The task in cross-modality—matching studies
is to match the perceived intensity of a stimulus in one
domain (e.g., the loudness of an audio clip) to the perceived
intensity of another stimulus in another domain (e.g., the
brightness of light) by changing physical parameters. One
of these is set by the experimenter, and the participants are
asked to adjust the physical parameters of the other such
that the perception of the two is equivalent. Cross-modality
matching allows for representation of the “intensity of a
sensation in physical units” [24]. For example, the perceived
bitterness of a beverage can be represented in nits (unit for
brightness).

The idea of asking participants to assign numbers fol-
lowing the ratio principle appeared long after cross-modal
matching [24]. A series of studies conducted on ratio scal-
ing approaches lead to the so-called power law of the form:

R=k(I)"; or logR =n(logl)+logk, 3)

where R is the magnitude estimate, / is measured physical
intensity, n is an exponent, and k is the constant of propor-
tionality. Here, n determines the perceived intensity as a
function of physical intensity. For example, if the value of
n is less than one, the magnitude estimates increase slower
than the physical intensity [21]. Initially, this equation was
used to determine dose-response relationships. Neverthe-
less, the concept of magnitude estimation can also be ap-
plied for determining relative intensities (if A is rated 100
and B is rated 25, A is perceived four times as strong as B)
and calibration of scales with verbal descriptors [24].

2 ADVANTAGES

Magnitude estimation provides several important advan-
tages over traditional methods for attribute assessment.
Foremost, it allows for drawing inferences among percep-
tions in ratio terms [25]. Comparisons between perceptions
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can be made while considering physical parameters, e.g., in-
creasing the number of audio channels and loudspeakers for
audio reproduction improves the quality of experience by
50%. Magnitude estimation can be used for unidimensional
and bidimensional scaling. Unidimensional attributes, such
as boomy (timbral attribute), for which zero represents the
absence of the attribute, and bidimensional concepts, such
as liking/disliking, can both be evaluated.

The simplicity of the method makes it effective for the
evaluation of perceptual attributes (e.g., envelopment) and
for hedonic/affective concepts, such as pleasantness and
liking [25]. It is useful for evaluating attributes in which
limiting the upper end of the scale restricts the ability to
differentiate among extremely strong sensations [24]. For
instance, annoyance caused by audio distortions is likely
to be rated toward the higher end of the scale. Magnitude
estimation is open-ended on the higher side and would allow
for better differentiation between annoyance due to stimuli
with severe distortions. Magnitude estimation has proved
effective in revealing the differences between stimuli just as
well as (and sometimes better than) category scaling [25].

3 DRAWBACKS AND LIMITATIONS

The method of magnitude estimation is promising for
perceptual and holistic audiovisual evaluations. Nonethe-
less, the method has several drawbacks that must be con-
sidered for designing experiments and interpreting the re-
sults. Magnitude estimation lacks efficiency for determin-
ing small differences and evaluations around detection
thresholds [22]. Contextual factors influence the ratings
obtained from magnitude estimation and cannot be avoided
by modulus normalization or modulus equalization [21].
For instance, if a set of highly enveloping multi-channel
stimuli (e.g., 22.2) are used in a stimulus set with mono-
channel stimuli that are not enveloping, a contrast effect
may be observed in which the multi-channel stimuli are
relatively up-rated [21]. Hence, it is advisable to use stim-
uli of different intensities so that the range can be varied.

In the case of free standard and modulus (as in this ex-
periment), direct comparisons between scores cannot be
made without appropriate rescaling [25]. This complicates
data analysis in comparison to other popular audiovisual
evaluation methods. Readers will notice that the magnitude
estimate between spatialization levels or stimuli are not
discussed in this paper. This is because of the contextual
factors and the question whether “magnitude estimation
[is] a ratio scale or simply a scale with ratio instructions?”
[24]. Initially, the numbers were taken at face value to con-
clude that because x is rated twice as y, x is perceived to be
twice as strong as y (on the attribute under consideration).
However, it is known that assigning numbers is a two-step
process comprised of “the psychophysical transformation
of energy into conscious sensation and the application of
numbers to those sensations” [24]. The step of generating
numbers is prone to biases and cannot be used to conclude
on ratios and proportions at this point [24].

The round number tendency (explained in SEC. 2) is a
common bias observed in magnitude estimation studies.
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Another bias that is difficult to fix is one in which the par-
ticipants limit themselves to a certain range of numbers,
even when permitted to use an infinite range of numbers
[21]. They refrain from using their highest and lowest num-
ber in the range. The true boundaries cannot be determined,
and there is no known remedy for this issue. A similar issue
can be observed when a “categorizing scaler” is encoun-
tered [21]. Some participants use a fixed range of numbers
and specific numbers within that range. For example, an
individual using a 100-500 range might limit their usage to
increments of 100. There is not much that can be done be-
cause the participant has limited themselves to a convenient
set of intervals and treats the chosen numbers as category
markers [21].

Inexperienced assessors do not have any known issues
with magnitude estimation, but occasionally, they may as-
sign numbers that are completely out of bounds (in compar-
ison to their other ratings) when presented with very high or
low intensity stimuli [21]. Such numbers convey extremes,
and the numerical values must be interpreted with caution
[21].

A.2 Analysis of Magnitude Estimation Data

The data had to be pre-processed for performing
ANOVA. The steps for preparing the collected data for
analysis are discussed below.

1) Rescaling method: It was important to rescale the
data to a common range before performing statistical anal-
ysis because the participants were permitted to choose their
own number range [24]. Total rescaling was used to rescale
the data from this experiment. The reasoning behind total
rescaling is that because all participants grade the same
stimulus set only once, the total magnitude for the stimuli
should be the same [22].

2) Total rescaling: Geometric mean for each participant
was calculated (across all four stimuli at the three audio
spatialization levels) as the first step of total rescaling. To
have a common scale range, it was decided to make the ge-
ometric mean of all participants equal to 100.'> A rescaling
factor was calculated for each participant by constructing a
ratio of 100 and the geometric mean of that particular par-
ticipant. The scores for each participant were multiplied by
their rescaling factor to force the geometric means for all
participants to be equal to 100. The result of total rescaling
followed by log transformation is shown in Fig. 5.

It can be seen that most participants found 2.1 audio
spatialization to be less enveloping than the others. It is
difficult to assess the difference between 5.1 and 7.1.4 audio
spatialization levels from the figure. A few participants (E
and H in particular) used a much smaller range of numbers
to report envelopment. The authors suspect that a flawed
understanding of the number generation task or a lack of
substantial difference between the perceived magnitudes of

12 Usually, the grand geometric mean is chosen for rescaling.
However, any positive number can be picked because it is used to
construct the rescaling factor for each participant [24]. Here, 100
was chosen because log transforming (base 10) the data would
yield numbers that are not too small for reading convenience.
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Fig. 5. Rescaled scores for all participants post—logarithmic transformation.

sound envelopment may have caused this. Given a lack of
strong reasoning for excluding participants or data points
(e.g., highest score by participant K), all collected data was
included in further analysis.

3) Logarithmic transformation: The participants were not
permitted to use zero or negative numbers in this test. Thus,
the scale was bounded by zero and open-ended at the top
(goes to infinity in theory). This often causes the data to
be positively skewed with an approximate log-normal dis-
tribution. The geometric mean is a more appropriate mea-
sure of the central tendency as opposed to the arithmetic
mean for log normally distributed data [26]. A multiplica-
tive model corresponds to an additive model on the log
scale. Therefore, the data can be log-transformed for con-
ducting ANOVA because the geometric mean is the antilog
of the arithmetic means of the logs.

Stevens [26] noted that the variability in magnitude esti-
mates increases with the level of the stimulus. Log transfor-
mation helps to make the variances homogeneous and sat-
isfy the assumptions for conducting statistical tests (when
applicable). There are other reasons for log transforming
magnitude estimation data: a) rescaling the data is easier
after the transformation as shown in ISO Standard 11056
[22]; b) power functions are linear in log—log coordinates
and easier to interpret for response relationships. Please
refer to [27] for a discussion on log transformation of mag-
nitude estimation data.

A.3 Audio Level Plots

Stimuli were recorded, and the level was plotted to as-
sess the level differences between front channels (left and
right in this case because of the center being phantom) and
the content to be reproduced by the elevation speakers. The
excerpt from Spider-Man: Into the Spider-Verse (excerpt
B) is shown to illustrate the level difference of 20-25 dB
in Fig. 6. It was chosen because it was the highest-rated
for envelopment and also the most spatialized stimulus, For
comparison, the example excerpt that had exaggerated en-
velopment for demonstrating envelopment is also shown.
The example excerpt has sections in which the level differ-
ence between the height channels and front channels is only
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a few decibels. Please note that the plots are unweighted
and have been smoothed for intelligibility.
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Fig. 6. Audio level plots (unweighted) for the (a) Spider-Man:
Into the Spider-Verse excerpt (excerpt B) and (b) Kinsetsu: Tex-
tures from Planet 9 excerpt (used for demonstrating degrees of
envelopment). Please note that the lines have been smoothed for
intelligibility.
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