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Summary

Virtual acoustic environments (VAEs) are frequently intended for the reproduction of and the
interaction with acoustic scenes. While different technical approaches such as sound field syn-
thesis and binaural synthesis vary in their capability of accurately reproducing certain features
of the physical sound field, there is no agreement as to the perceptual criteria for the evaluation
of VAEs. Frequently suggested global attributes such as presence, authenticity, plausibility and
naturalness are reviewed. We propose a systematization of different properties, discuss the
suitability for different research objectives, and consider demands for their measurement. In
this context, methodological issues regarding operationalization, experimental references, and

criterion-free test procedures are discussed.

1. Introduction

Increasingly sophisticated simulation techniques
have been developed, aiming at the reproduction and
sometimes also the interaction with acoustic scenes:
dynamic binaural synthesis, and different types of
sound field synthesis such as wave field synthesis or
higher order ambisonics. Thereby, the approaches for
sound field reproduction have shifted from the exploi-
tation of psychoacoustic effects (as in classical two-
channel or multichannel stereophony) towards the gen-
eration of physically correct sound fields and ear sig-
nals. A couple of parameters have been suggested to
measure the physical error of the synthesized sound
fields such as a difference in sound pressure level or a
‘reproduced aliasing-to-signal ratio' (RASR) [1].

The question arises, however, which qualities are
suitable for the evaluation of virtual acoustic environ-
ments (VAEs) as a whole and how they are to be mea-
sured. In the following we review some qualities that
have been suggested for the evaluation of VAEs, pro-
pose a systematization of potential qualities, and dis-
cuss the suitability of different classes of qualities for
certain research objectives. Finally, methodological de-
mands for the direct and the indirect measurement of
these properties are discussed including operationaliza-
tion, internal and external references, and criterion-free
test procedures.

149

2. Evaluating virtual environments

VAEs are often intended for simulating the reality.
Thus it is not surprising that many criteria for the eval-
uation of VAEs implicitly or explicitly refer to a real
reference. Throughout the literature there are numerous
properties in this vein, e.g. immersion, presence, au-
thenticity, plausibility, naturalness, realness, fidelity.
These concepts are not always easy to distinguish. A
global concept that does not refer to reality is sound
quality. In order to more differentially evaluate VAEs,
also characteristics are applied that are related to the
description of auditory scenes or sound images in gen-
eral, such as timbre, loudness, localization, and envel-
opment. Furthermore, VAEs are expected not to pro-
duce artifacts and to have imperceptible latencies.
Based on the concepts of immersion, presence, authen-
ticity, plausibility and naturalness we discuss to what
extent these global criteria are appropriate for the
evaluation of VAEs and how they can be measured in
order to meet the classical criteria for test quality.

Prominent criteria for the evaluation of virtual envi-
ronments are immersion and the sense of presence.
While the first is often applied to denote system fea-
tures (technical description) which are conducive to the
latter (perceptual phenomenon) [2], there is no con-
sistent definition of presence except the consensus that
it is a multidimensional concept. Lombard and Ditton
define presence as the "perceptual illusion of nonmedi-
ation" and stress the illusion of physical presence



('being there') as well as of social presence (‘being
together and communicating') [3]. According to Slater
et al. [4] the sense of being there, the simulation being
the dominant reality, and experiencing the simulation
as a place contribute to presence. The Presence Ques-
tionnaire (PQ) developed by Witmer and Singer [5]
covers three aspects, revealed by cluster analysis: in-
volvement/control, naturalness, and interface quality.
As noted by Schuemie et al., the PQ measures presence
by measuring its causes [6] (p. 189). Schubert et al. [7]
developed the Igroup Presence Questionnaire (IPQ). Its
items form the factors spatial presence, involvement
and realness, which load on a 2™ order factor that is
regarded to represent the general presence. Even more
aspects are covered by the ITC Sense Of Presence
Inventory (ITC-SOPI) [8], the Cross-Media Presence
Questionnaire [9], and the Swedish viewer-user pres-
ence questionnaire (SVUP) [10]. The Continuous Pre-
sence Assessment [11] allows for the collection of time
responses of presence as a global measure, the Pres-
ence Counter [12] is to reveal the time points at which
participants transit from the real world to the virtual
world (and vice versa), whereas the presence scale
("completely unreal" — "just like in real life") is intend-
ed for a retrospective measurement [10] (p. 4). For a
detailed review of presence concepts cf. [6].

The concept of authenticity, proposed by Blauert
[13], refers to the sensory identity between a stimulus
and an external reference, i.e. a second presented sti-
mulus. According to Pellegrini [14] authenticity "de-
scribes the property of two entities to be indistinguish-
able to a human observer." (p. 18). Applied to VAEs,
authenticity implies the reality serving as the external
reference, yielding the most demanding perceptual
criterion conceivable. However, Blauert argues that in
many applications perceptual plausibility was more
important than authenticity [13].

The definitions of plausibility appear to be less con-
sistent. According to Pellegrini [14] a plausible VAE
provides "a suitable reproduction of all required quality
features for a given specific application" rather than a
copy of "an existing environment in all its physical
aspects" (p. 19). Kuhn-Rahloff defines plausibility as
"the result of a process, that determines to what extent
a perceptual object corresponds to an inner reference
resulting from individual experiences. The reference of
the plausibility judgment is the result of all imaginable
perceptual events within the respective system of rela-
tional and classifying inference" [15] (p. 99, translated
by the authors). Lindau and Weinzierl define a plausi-
ble simulation as "a simulation in agreement with the
listener’s expectation towards a corresponding real
event" [16] and provide an elaborated measurement
model applying signal detection theory [17] on plausi-
bility decisions [18]. More specifically, Reiter regards
a simulation to be plausible, "as long as there is no ob-
vious contradiction between the visual and the acoustic
representation of a virtual scene", allowing the human
senses to "merge auditory and visual impressions" [19]
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(p- 159). Apparently, there is an agreement in terms of
regarding the reference as an internal reference, no
matter if events are imaginable within a class of expe-
rienced realities, an expected corresponding reality, or
a visual percept. However, Pulkki and Merimaa meas-
ure plausibility by comparing the simulation in ques-
tion with another simulation rather than referring it to
reality [20].

The concept of naturalness is one of the most un-
clear. Already in 1964 Queen puts naturalness on a
level with the "listener's illusion of no reinforcement"
[21] (p. 1). According to Theile a "natural stereophonic
sound image [...] should satisfy aesthetically and it
should match the tonal and spatial properties of the
original sound at the same time" [22] (p.761). Le-
towski and Dreisbach just list naturalness as one
aspect of the overall sound quality [23]; however, they
state that a familiarity with a sound is a prerequisite for
judging its naturalness. Fredriksson and Zacharov re-
gard a sound reproduction "close to the real-life expe-
rience" as being natural [24] (p. 2). So definitions or
explanations refer to an original sound being not fur-
ther defined, to the absence of an electroacoustic trans-
mission system, and to the listening experience. Partic-
ularly the latter aspect overlaps the concept of plausi-
bility. Berg and Rumsey [25] even empirically found
naturalness to be connected with plausibility, with a
sense of being-in-the-room and with matching of the
listener's references.

The synopsis of the reviewed concepts indicates
that (a) their definitions often remain unclear or are
missing at all which suggests that one relies on a
colloquial denotation, (b) there is rarely an agreement
with respect to provided definitions, (c) definitions of
several concepts overlap each other, (d) for many
definitions provided neither theoretical nor empirical
reasons are given, (e) some definitions are operational,
i.e. they are no real definitions.

This appears to hold true also for the other criteria
mentioned at the beginning. E.g., the definition of
plausibility by Pellegrini [14] and the definition of
sound quality by Blauert (the adequacy of a sound in
the context of a specific technical goal and/or task)
[26] can hardly be disentangled. And Berg found that
there are different denominations and partly conflicting
definitions of envelopment [27]. Obviously, many
perceptual criteria are intuitively understood and collo-
quially denoted, however they lack a concurrent trans-
lation into a sufficiently differentiated professional ter-
minology — a problem known as the problem of corre-
spondence [28] (p. 2. et sqq.). As a consequence, there
is also no self-evident solution for transferring them
into numerical data (operationalization).

3. Systematization of properties

In order to allow for a more general discussion of
the measurement of evaluation properties, a systemati-



zation might be helpful. Firstly, a difference can be
made between physical and psychological properties or
between technical and perceptual measurements, re-
spectively. These types of properties often are referred
to as 'objective’ and 'subjective' properties. However,
we consider that the indication of technical measures
as 'objective' is misleading and is due to a confusion of
the scientist's perspective with the perspective of a test
person being either part of a measuring instrument or
an object of the investigation himself [29]. Provided
that the intention of acoustic communication is always
the perception by human beings, perception is usually
the ultimate test criterion for audio transmission sys-
tems and audio content, whereas physical properties
are often only predictors for psychological properties.
In these cases, technical measurements are less valid
than perceptual measurements. Thus, we will not dis-
cuss the measurement of purely physical properties
(e.g. immersion in terms of technical system features)
in the following.

Looking at the psychological properties, it makes
sense to distinguish unimodal (e.g. auditory and visual)
from multimodal (e.g. audio-visual) properties (cf.
[30]). The latter may be further differentiated into in-
termodal and supramodal properties. Intermodal prop-
erties are the result of a directed comparison of several
modalities, e.g. the perception of synchrony [31];
though supramodal properties also derive from uni-
modal properties, they are the result of a higher stage
of processing and therefore more general and abstract.
Presence, emotional responses and structural represen-
tations (e.g. the imagined shape and size of a room
[32]) may be regarded as supramodal properties. Thus,
an intermodal property such as the audio-visual match-
ing proposed by Reiter [19] would be too specific for
the general evaluation of virtual environments. In order
to evaluate virtual acoustic environments in particular,
purely auditory and audio-visual (supramodal) proper-
ties come into consideration.

Different stages of perceptual processing such as
feature analysis and feature integration generate dif-
ferent levels of perceptual properties often referred to
as lower and higher attributes. This distinction is con-
stitutive not only with respect to concepts and theories
of sound quality: In this context Letowski uses the
terms "global" and "parametric" assessment of sound
[33] (p- 91). Pellegrini links the different levels to two
ways of listening (analytically and globally) and calls
the results of analytical listening "elementary attrib-
utes" [34] (p. 4). In the following, we refer to proper-
ties on a high perceptual level as holistic properties,
and to features on lower levels as specific properties.
Holistic properties describe the perceptual quality of a
simulation rather comprehensively. There are obvious-
ly further perceptual levels in between holistic proper-
ties and basal sensations, i.e. multiple specific proper-
ties may be integrated by more unspecific meta-prop-
erties (e.g. different aspects of presence). Basal specif-
ic properties (e.g. loudness) are generally unidimen-
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sional, whereas higher specific properties are frequent-
ly, however not necessarily, multidimensional (e.g.
timbre). The different perceptual levels and their in-
terrelations entail different empirical accessibilities: A
couple of specific and holistic properties (e.g. local-
ization) are accessible by direct measurement (manifest
variables), other properties (e.g. presence) have to be
indirectly observed by measuring lower-level proper-
ties (i.e. the aspects of presence) that indicate the
higher.

Furthermore, Berg and Rumsey distinguish be-
tween properties related to the transmission system or
to the recipient (descriptive versus attitudinal features)
[30]. More generally speaking, properties of evaluation
differ with respect to the object they are referred to:
audio content, acoustic transmission systems, electroa-
coustic transmission systems, the listener, and relations
between these entities.

4. Research objectives and suitability of properties

Which types of properties are appropriate for the
evaluation of VAEs depends on the objective of the
simulation. The measurement of holistic properties
such as authenticity and plausibility makes sense when
a VAE is evaluated in comparison to another system or
to reality. The knowledge of the values of these proper-
ties is required either in order to apply the VAE as a
research tool in the field of psychology of perception,
e.g. in order to present experimental stimuli making up
for acoustic scenes that would not be feasible or var-
iable in reality, or in order to apply the VAE as an en-
tertainment medium for untrained listeners. These ob-
jectives require only few degrees of freedom of param-
eters. On the other hand, if the VAE is used as an ex-
ploratory research tool in order to provide experts with
experiences of combinations of conditions that have
been inaccessible so far, e.g. in case of auralization for
room acoustical design or for simulating cultural envi-
ronments, many degrees of freedom of parameters are
required.

The measurement of specific properties is indicated
when the VAE is the object of investigation itself, typi-
cally in the development process when shortcomings of
the system are to be identified by expert listeners. In
this case, expert knowledge can help to derive techni-
cal characteristics from the specific perceptual proper-
ties.

Holistic and specific properties have to be meas-
ured within the same investigation in order to reveal
correlations between these perceptual levels. This con-
duces to fundamental research in the field of psychol-
ogy of perception in terms of revealing perceptual and
cognitive mechanisms as well as constructing valid
questionnaires.

Since different perceptual levels turn out to be ade-
quate depending on the objective of a simulation, the
question remains how these properties can be mea-



sured. Since VAEs have been evaluated applying pre-
dominantly specific properties (particularly localiza-
tion accuracy, cf. e.g. [35] [36]) rather than holistic
properties so far, we focus on the latter.

5. Measurement models

We use the term measurement model in a broader
sense: to denominate both direct measurements, i.e. ap-
plying special paradigms and methods for observing a
property, and indirect measurements, i.e. observing in-
dicators that represent a construct. For the properties in
question, both approaches are practicable. E.g., one
might attempt to measure plausibility as a holistic
property and at the same time ask by which specific
properties plausibility is represented.

When regarding holistic properties as constructs
that are operationalized by indicator variables (typical-
ly lower-level properties) the question arises, how val-
id indicators are to be determined and to be measured.
Indicators may be determined by a theoretical defini-
tion, which is typically based on a respective discourse
within the scientific community, as in case of presence.
Alternatively, indicators may be determined empirical-
ly. To this end, qualitative preliminary studies, mostly
using experts as test subjects, are carried out yielding
the relevant properties. The elicitation of properties can
rely on stimulus-based procedures such as the Reperto-
ry Grid Technique (RGT) [37] and the Verbal Protocol
Analysis [38] [30]. The properties may also be elicited
without presenting acoustic stimuli, as it is usually
done in focus groups. From non-auditory sensory
research, procedures generating individual vocabular-
ies such as the Free Choice Profiling (FCP) [39] are
known as well as procedures generating consensual vo-
cabularies such as Flavor Profile, Quantitative Descrip-
tive Analysis (QDA), Spectrum Descriptive Analysis,
and Texture Profile [40]. Based on the properties found
empirically a preliminary questionnaire is constructed,
followed by an item analysis revealing redundancies of
the items, indicating their reliability and their contribu-
tion to the construct to be indirectly measured, and
showing the dimensionality of the scale as a whole. We
consider that a theoretical or empirical definition of
constructs and their revision by item analysis is indis-
pensable in order to ensure validity, reliability, and in-
tersubjectivity (quasi-objectivity). In case a construct is
not a directly measurable concept at the same time but
rather a latent variable, the relation between the indica-
tors and the latent variable as well as the mutual rela-
tions between different latent variables may be exam-
ined by means of structural equation modeling [41].

Regarding the holistic properties authenticity, plau-
sibility and naturalness as constructs, adequate indica-
tors for them obviously remain to be determined. Con-
sidering presence, several elaborated questionnaires al-
ready exist as described above. They typically apply
metric rating scales (of sub-aspects, where appropriate)
or statement batteries for the collection of subjects’ self
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reports. However, no consistent definition has become
accepted to date. Hence, methods for a direct measure-
ment of presence in the aggregate that have been
proposed [10] [11] [12] lack validity as well. Whether
the presence concept does cover all relevant aspects of
VAEs, particularly of simulations referring to reality, is
questionable. "Presence, when defined as a subjective
sensation, can be a goal in itself for certain applications
such as games and movies." However, "[...][b]ased on
the current status of presence research, much uncer-
tainty remains as to the usefulness of presence." [6]

(p. 188).

Regarding authenticity, we agree to the consistent
definition of Blauert and Pellegrini [13] [14], thereby
proposing to gear it to the auditory indistinguishability
(rather than the physical) of two acoustic stimuli, be-
cause authenticity is to be regarded as a psychological
property. Thus, the only measurement strategy that
comes into consideration, is a simple test for detection.
However, when applying a yes/no paradigm, the sub-
ject’s answer will contain both the detection perfor-
mance (sensory component) and a response bias (psy-
chological component), i.e. the subject's internal crite-
rion leading to a 'yes' decision. Generally, the response
bias is persistent in terms of a personality trait. The fact
that the two components are confounded is known as
the criterion problem. Normally, only the sensory com-
ponent is of interest. The separation of the sensory and
the psychological component is practicable by apply-
ing criterion-free answering paradigms: Forced-choice
paradigms preclude the psychological component to af-
fect the answer by consecutive presentations of the test
stimulus and the reference stimulus in random order
(hidden reference). The test subject is asked not to de-
cide whether she/he has detected a signal but at what
position (‘interval') he/she has detected a signal. In case
of uncertainty she/he has to guess — inevitably indepen-
dently of the decision criterion. Thus, the psychologi-
cal component that cannot be quantified is replaced by
the guessing rate. Naturally, the guessing rate has to be
accounted for in the analysis. However, there is a dif-
ference between forced-choice paradigms based on two
intervals/alternatives (2AFC) and paradigms based on
more intervals/alternatives (nAFC, n>2): 2AFC para-
digms demand the definition of a property (e.g. louder)
in order to allow the test subject to specify the correct
interval/alternative. In contrast, nAFC paradigms (n>2)
allow for the test on the unspecific property different.
Thus, one does not have to rely on the correct under-
standing and applying of a property by the subject, and
criterion-free judgments on the identity of two stimuli
can be collected. That is why nAFC paradigms (n>2)
are optimal in order to test the subject's ability to dis-
criminate between a test stimulus and an external refer-
ence, i.e. to test on authenticity. The ABX test also ap-
plies a criterion-free paradigm quite similar to the
3AFC paradigm; moreover, it is a well-elaborated pro-
cedure with respect to statistical values [42].

A method allowing for an ex post elimination of the
response bias is the signal detection theory (SDT) [17]



[43]. Therefore it has been recently applied to the mea-
surement of plausibility according to the definition of
Kuhn-Rahloff [15] whereupon plausibility may be con-
sidered as the perceptual compatibility of an acoustic
stimulus with an internal reference based on experience
(see above). By applying the yes/no paradigm, Lindau
and Weinzierl ask their test subjects whether the test
stimulus is in conflict with her/his mental representa-
tion of a corresponding real event, i.e. an internal refer-
ence [16]. This is a recognition task. The answers of a
test subject pass a verification filter in order to check
their correctness regarding the physical reality, i.e. the
factual stimulus condition. This verification filter re-
sulting hits, misses, correct rejections, and false alarms
is a prerequisite for both forced-choice paradigms and
the analysis in accordance to the SDT allowing for
separating the discriminability from the response bias
ex post. Insofar, this plausibility measure compares the
relation between the test subject and the simulation
with the relation between the test subject and the re-
ality. Though the suggested measurement model for
plausibility appears to be optimal with respect to test
quality criteria and practicability so far, one should be
aware of its limitations. At first, the investigator does
not have access to the subject's recognition criterion. In
case a subject applies a different criterion, e.g. 'like vs.
dislike', his/her sensitivity decreases because the inves-
tigator still applies the verification filter 'real vs. sim-
ulated'. In order to match the subject's recognition cri-
terion and the investigator's verification filter a clear
definition and understanding of the recognition criteri-
on and a sufficient expertise of the test subjects in this
regard is essential. The second problem affects the em-
pirical approach to all properties referring to reality: It
is not feasible to repeatedly realize a physically iden-
tical real (in terms of naturally originated) acoustic
event, e.g. a melody played on the violin. Thus, in
compliance with the criteria of test quality it is only
possible to test second order simulations for its relation
to the reality as long as this reality is defined as a first
order simulation (generally realized using sound con-
verters).

Agreeing to the most evident definition of natural-
ness by Fredriksson and Zacharov ("close to the real-
life experience") [24] (p. 2) that also refers to reality,
this holistic property had to be measured in exactly the
same way as described here for plausibility. Since the
two properties were identical in terms of an operational
definition, we suggest to abandon naturalness as a cri-
terion for the perceptual evaluation of VAEs or to
alternatively define naturalness as a construct.

Evaluation properties that are not based on predom-
inantly operational definitions such as authenticity and
plausibility require real definitions which often need to
be more precise than colloquial denotations and mean-
ings as well as elaborated measurement models in or-
der to expand the contribution of listening tests to the-
ory formation and hypothesis testing.
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