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There are several factors that affect the quality of auralization. Most important of them are the accuracy of
room acoustic modeling and the properties of the spatial sound reproduction. These topics have gained lots
of research, but still evaluation of the auralization quality is an unsolved problem. In this paper we make
a short review on the performed and published evaluations. Most remarkable issues affecting the quality
are discussed in more detail. As a conclusion we present that a round-robin comparison for auralization
systems should be performed, similarly as earlier done with room acoustic modeling programs.

1 Introduction

Auralization is a tool applicable in listening of both mea-
sured responses of real spaces and room acoustical sim-
ulation results of virtual spaces. The technique is based
on capturing or modeling a spatial impulse response and
convolving this response with anechoic music, speech, or
other suitable signal [1]. Auralization of measured re-
sponses is beyond scope of this paper and the term aural-
ization refers always to the process of making results of
room acoustic simulations audible.

Auralization provides excellent means for finding acous-
tical defects of a space, such as, too much reverberation,
flutter echoes, focus points, or delayed sound from cou-
pled volumes [2]. It should also help in judging the qual-
ity of acoustics of a space, e.g., a concert hall. Since au-
ralization is often used as a demonstration tool for clients
[3], it has to be authentic. Such professionals as conduc-
tors and musicians are very well trained to listen to small
variations in acoustics. They certainly find out even the
smallest defect which might be caused by any component
of the auralization process. For this reason, it is crucial
to keep up the high quality throughout the whole chain
starting from selection of the stimulus and ending in the
final listening experience.

The evaluation of the auralization quality is needed so
that we can be convinced of the authentic auralization re-
sults. However, the major problem is to prove authentic-
ity. An obvious method for this auralization verification
is to perform listening tests between recordings of a real
space and simulations of a virtual space. The recording
should be flawless meaning that spatial sound capturing
and reproduction should not modify the signals reaching
the listeners’ ears. As well known such perfect recording
and reproduction techniques do not exist and a flawless
reference for auralization verification is very difficult to
obtain. Despite of this, auralization results have to be
evaluated somehow. In this paper we discuss the issues
related to both subjective and objective evaluations. We
also review a few performed evaluation studies found in

the literature. Based on these findings and our own ex-
perience, we conclude the paper by highlighting the most
important factors affecting the quality of auralizations.

2 Evaluation of Auralization Qual-
ity

In general, the quality of auralization depends mainly
on the properties of the employed room acoustic mod-
eling and spatial sound reproduction techniques. In addi-
tion, the applied stimulus sound signal and listening test
scheme play important roles in an evaluation. To fully an-
alyze the quality of auralization both objective and sub-
jective evaluation should be performed.

For evaluating room acoustics objectively, standardized
parameters, such as rerberation time and clarity, have
been defined [4]. Similar objective parameters for aural-
ization quality do not exist yet. To define such parameters
a binaural auditory model [5] would be a great tool, but
a comprehensive model for human auditory perception
is almost impossible to construct. A binaural auditory
model could be applied in defining “the most pleasant
acoustics”, even though it depends on the purpose of use
of a space, e.g., a concert hall requires different acoustics
than a class room. A binaural auditory model would also
serve as a great tool in evaluating the acoustics of existing
concert halls.

2.1 Listening Test Methodology

Auralization quality can be evaluated to some extent sub-
jectively with listening tests by comparing a reference au-
ralization with an auralization under study. However, lis-
tening tests are far form a trivial task to complete. One
major problem is the lack of quality metrics for aural-
ization, i.e., what to ask from subjects. Typically, no in-
formation about the amount and type of differences be-
tween samples is obtained. In addition, there are several
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factors that should be taken into account to gain reliable
results. For example, short-term auditory memory of hu-
mans is only a few seconds that makes sequential compar-
ison problematic. In addition, subjects should be trained,
hopefully with feedback in groups [6, 7], so that they re-
ally can give reliable judgments.

Unfortunately, no recommended listening test methodol-
ogy for testing the auralization quality exist. In auraliza-
tion verification, auralization should be indistinguishable
from a reference auralization based on measurements that
is exactly the same situation than in audio codecs verifi-
cation. Such congruence lets us borrow the evaluation
methodology from audio codec quality testing. One good
recommendation is ITU-R BS.1116-1 [8] which presents
methods for the subjective assessment of small impair-
ments in audio systems including multichannel sound
systems. Other good listening test methods should be
found, and studies for comparing listening test methods,
such as presented by Parizet et al. [9], are needed also
for subjective evaluation of auralization. The discussion
on the most suitable listening test method for evaluation
of auralizations should continue in the research commu-
nity. However, this subject is not investigated deeper in
this paper.

3 Performed evaluations of aural-
ization quality

Even if the optimal auralization verification methodol-
ogy is not yet defined, some evaluation studies have been
completed. We present here studies to exemplify per-
formed evaluations.

3.1 Verifications at 1980s and 1990s

The earliest reported auralization verification is presented
by Kleiner [10] who studied speech intelligibility in real
and simulated sound fields already 25 years ago. He com-
pared the speech intelligibility values, obtained with lis-
tening tests in a real theater and with a simulation of the
same theater. He reported that simulations did not man-
age to produce same results than direct listening in the
theater, but this work is exemplary and presents method-
ology for auralization verification.

Kuttruff [11] wrote in 1991 that his subjective compar-
isons of the music samples showed almost flawless agree-
ment between the binaurally recorded samples and aural-
izations based on ray-tracing [12, 13]. Unfortunately, we
did not find any published details of this verification.

The first work which studied the perceptual authenticity
of auralization was reported by Pompetzki and Blauert
[14] in 1994. They measured and modeled with the

image-source method [15, 16] a lecture hall with an om-
nidirectional dodecahedron loudspeaker and a dummy
head. Subjective comparison was performed with speech
stimuli by 26 subjects. Pompetzki and Blauert reported
that a reasonable authentic perception was obtained with
their auralization system, even though the room acoustic
modeling was not flawless.

At the same time, Farina [17] made a pair-wise compari-
son between measured and simulated responses. He mea-
sured and modeled with pyramid tracing one church and
a sport arena. The sound source was an omnidirectional
loudspeaker and sound was captured with an approxima-
tion of a human listener (a sphere with two microphones).
The result of the listening test, completed by 14 sub-
jects, was that auralizations differ from the experimental
sounds, but auralizations reproduced correctly the most
important acoustical effects.

3.2 Recent verifications

Recently, Rindel [18] has presented another auraliza-
tion verification study in which comparison of binaural
dummy head recordings in a Byzantine cathedral and a
multipurpose hall with auralizations were performed. No
accurate results are given, but he points out that record-
ings and auralizations differed. Already in 1994 Rindel
et al. [19] reported objective validation of auralization by
comparing measured and simulated room acoustical pa-
rameters. Although, the presented evaluation results were
good, nothing about the aural differences were discussed
at that time.

One of the recent validations of an auralization software
has been published by us [20]. We measured and mod-
eled carefully a lecture room. The sound source was one
high quality loudspeaker and a real head recording tech-
nique was applied for sound capturing. Both objective
and subjective evaluation proofed that only with transient
sounds the subjects could distinguish the recordings from
the auralizations.

We have also studied concert hall acoustics based on
binaural measurements [21]. This study relates closely
to evaluation of auralization, since similar listening test
could be done to compare auralization results of different
auralization systems. However, our study on measured
concert halls showed that comparison of different con-
cert halls based on binaural listening is very hard. An-
other relevant issue concerning auralization verification
is the auralization in slow motion [22]. This novel way
of listening spatial impulse responses could be applied in
auralization verification, since with auralization in slow
motion a detailed information about the early reflection
can be heard.
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4 Critical issues in high quality au-
ralization

As presented above, few evaluations of auralization qual-
ity report that plausible, almost authentic auralizations
have been realized. Nonetheless, current auralization
softwares do not provide authentic results in all geome-
tries and in all possible situations. In this section some
important issues in auralization and its verification are
highlighted. The list is not at all comprehensive, but
it points out some relevant problems. The issues re-
late mostly to measurements and modeling of concert
halls since they are often used in auralization studies. In
addition, our viewpoint assumes that verification would
be performed objectively or subjectively by comparing
recorded and simulated (i.e. auralized) sounds.

4.1 Measurement of a reference

Traditionally, room acoustical measurements are usu-
ally performed with an omnidirectional sound source (a
dodecahedron loudspeaker) and an omnidirectional mi-
crophone, a figure-of-eight microphone, and a dummy
head. These equipment are adequate for capturing im-
pulse responses with which the room acoustical param-
eters can be determined [4]. To capture spatial impulse
responses for auralization more sophisticated equipment
are needed.

The measurements of impulse responses are performed
with an omnidirectional loudspeaker in a few position on
the stage. For auralization purposes, such a source and
a few point-like positions are not optimal. A real sound
source in a concert hall is an orchestra which occupies the
whole stage. In addition, each instrument of an orches-
tra has a different directivity characteristics. For natural
auralization, a sound source should be able to produce
directivity patterns similar to musical instruments or a
human singer. Current loudspeakers do not have such
directivity characteristics, but two research projects are
pursuing to build a loudspeaker with adjustable directiv-
ity [23, 24]. Such a transducer will finally enable room
acoustical measurements with a sound source imitating
the directivity of a musical instrument. Then, for exam-
ple, each single instrument position of an orchestra can
be measured with a correct directivity and an orchestra
can be represented with a group of individually radiating
point sources.

Capturing a spatial impulse response is not a major prob-
lem anymore. Binaural responses can be measured with
real or dummy heads. Other microphone systems for
multichannel reproduction have gained a lot of attention
lately, thanks to fast growing business of multichannel
audio and home theaters. Farina and Ayalon [25] have
presented a survey of different possibilities to capture

spatial impulse responses. A recent promising technique,
which enables the use of spatial impulse response in con-
volution process with arbitrary loudspeaker configuration
has been presented by Pulkki and Merimaa [26, 27].

High quality auralization needs much better signal-to-
noise ratio (SNR) than traditional room acoustical mea-
surement methods provide. The SNR can be maximized
with a sweep excitation signal and appropriate signal pro-
cessing [28]. Good tutorials to measurement process and
related signal processing are presented, e.g., by Müller
and Massarani [29] and by Merimaa et al. [30].

4.1.1 Recording of anechoic stimulus

The anechoic recording of a single instrument or a hu-
man talker is trivial in an anechoic chamber. However, if
a concert hall model is auralized, a relevant sound source
is the whole symphony orchestra. Recording of a sym-
phony orchestra without acoustics of a recording space is
a problem. One possibility is to record each instrument
individually in an anechoic chamber, but then ensemble
playing (tempo and dynamics) is very hard to control.
Another possibility is to record each instrument with a
pick-up microphone when the orchestra is playing in an
acoustically dry environment. Neither of these two pos-
sibilities is a perfect one and currently no high quality,
noise-free anechoic orchestra music is available.

4.2 Room acoustic modeling

Computational room acoustic modeling has been studied
for 40 years and several different methods exist [31, 32].
In principle, the most accurate results are obtained with
wave-based techniques such as the finite element method,
the boundary element method [33], and finite-difference
time-domain methods [34, 35, 36]. They all aim to nu-
merically solve the wave equation in a modeled space,
but the current wave-based techniques are far from prac-
tical applications. The more pragmatic techniques are ray
based, such as ray-tracing [12, 13], beam-tracing [37],
and the image-source method [15, 16]. None of the room
acoustic modeling techniques is optimal in all geometries
and over the whole audible frequency range.

There exist no reflection model (for any of the model-
ing techniques) which handles specular and diffuse re-
flections as well as diffraction at the same time [32]. Such
a complete model is essentially needed for accurate room
acoustic prediction. The image-source method usually
operates with pressure signals. It can solve specular re-
flections and it has been extended to solve also diffrac-
tion [38]. Both magnitude and phase can be accurately
predicted, but good modeling method for diffuse reflec-
tion is not found. In contrast, diffuse reflection modeling
is quite simple to implement with ray-tracing, but then
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predictions are computed with energy signals, not pres-
sure signals which are needed for auralization. Although,
e.g., Farina [17] proposed simple method to convert en-
ergy responses into pressure responses, the correct phase
information is lost when energies are applied in computa-
tion. The phase information is essential since in a room,
reflections may reach the listener at the same time, thus
interfering with each other. The comprehensive reflection
model includes also angle dependent material absorption.
Its modeling has not yet been solved, although, simplified
models have been proposed [39, 40].

4.3 Spatial sound reproduction

Spatial sound reproduction is another issue that makes
auralization hard. High quality auralization requires good
spatial accuracy without any coloration problems.

Binaural reproduction is often mentioned to be good
in auralization, but at high frequencies binaural repro-
duction either with headphones or loudspeakers is al-
most impossible to realize accurately. Even if individ-
ual HRTFs were applied the unidealities of headphones
colorate sound and may ruin otherwise high quality au-
ralization. Multichannel reproduction with loudspeak-
ers doesn’t have such coloration problems, but other er-
ror sources exist. Such problems include, e.g., finding
of optimal loudspeaker configuration and best panning
method, as well as the elimination of acoustics of the lis-
tening room.

For auralization the best sound reproduction system, in
our opinion, is a multichannel reproduction in an ane-
choic chamber. One example of such a system is re-
ported by Pulkki and Hirvonen [26]. In their system 16
loudspeakers are mounted in a 3D layout in an anechoic
chamber and vector base amplitude panning (VBAP) [41]
is applied to reproduce each simulated reflection from a
correct direction.

5 Conclusions

Subjective auralization verification is based on compar-
ing sounds measured in a real space with auralized sounds
provided by room acoustic modeling. For a valid compar-
ison a comprehensive spatial sound reference is required,
but with current equipment such a measurement is dif-
ficult. However, with careful design a suitable reference
can be measured for case studies enabling meaningful lis-
tening tests.

The research community should organize a round robin
test for auralizations, in the similar way than room acous-
tic prediction softwares have been evaluated [42, 43, 44].
Such a common effort of the research community would
be necessary in finding the methods and models to imple-

ment an auralization system that provides authentic re-
sults in any geometry.
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