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ABSTRACT

This study has investigated to what extent and how trained singers adapt to the room acoustic conditions in physical
and in virtual acoustic environments. In a first phase, two musical pieces were recorded for four singers in eight
different performance venues by means of a near-field microphone. Binaural room impulse responses were recorded
by mean of a dummy head together with a directional loudspeaker placed together on a rotating plate, at the position
of the singer on stage. In a second phase, the first experiment was replicated in the anechoic chamber, using an
interactive auralization provided by dynamic binaural synthesis of the same performances venues, i.e., the singers
could hear their own voice in the virtual room while singing the same pieces using real-time convolution and head
tracking. The 128 recordings made in the physical and virtual rooms were analyzed in terms of audio features
related to tempo, loudness, and timbre of the musical performance. The impact of the room acoustical conditions,
as described by established room acoustical parameters, on these performances was analysed by linear regression.
The results show rather individual patterns of adaptation, depending on the musical piece and the musical performer.
The same interactions between room acoustics and musical performance, however, both in direction and in strength,
could be observed in the physical and virtual environment. This seems to indicate the suitability of virtual acoustic
environments to investigate musical tasks, not only for music listeners, but also for musical performers and the
interaction with their acoustic environment.

1 Introduction

A comparison of physical and virtual acoustic environ-
ments has mostly been carried out in terms of task per-
formance such as spatial navigation [1], sound source
localization [2], or estimation of egocentric distance [3].
When comparing different qualities of auralization,
it was obvious that participants experienced a higher
sense of presence and showed better performance for
navigation and memory tasks by using higher quality
binaural sound rendering [4].

Although virtual acoustic environments are becoming
an important tool for musical practice, e.g. for enabling
networked music performances [5], they have not yet
been considered as a "task" to study the impact of the
physical vs. virtual environment on musical perfor-
mance. Most of the previous research has just used
virtual acoustic environments, as generated, for exam-
ple, by multichannel loudspeaker systems, as a tech-
nique to investigate the influence of different acousti-
cal conditions on music performances under laboratory
conditions [6]. As a result, differences in various perfor-
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mance features such as tempo, vibrato, and sound level
were observed under the different acoustical conditions.
A comparison of these results with the response of the
musicians given in questionnaires after the recording
indicated that many but not all of the adaptations in the
way of playing were made consciously, such as a more
pronounced staccato and longer pauses between notes
with increasing reverberation time [7].

Another study [8] was carried out in seven different per-
formance venues in which one of the most renowned
contemporary violoncello soloists played the same mu-
sical program during a concert tour. Room acoustical
measurements were performed in the empty rooms,
and computer simulations were conducted to estimate
the acoustics in the occupied condition. The musical
recordings were analyzed in terms of tempo, dynam-
ics, loudness, and timbre characteristics. A statistical
analysis of the relationship between room acoustical
parameters according to ISO-3382-1 [9] and audio fea-
tures representing different qualities of the musical
performance revealed that more than 50% of the vari-
ance in performance features could be explained by the
acoustical properties of the environment. With a similar
test design, the same authors invited 12 musical per-
formers playing six musical instruments to perform the
same pieces of music in different acoustical conditions,
this time simulated by dynamic binaural synthesis, thus
avoiding the confusion with other influencing factors
such as the visual impression, audience reactions, or
the architectural design of the space [10]. The analysis
again revealed a significant influence of room acousti-
cal parameters on the way of playing. In the simulated
environment, however, only 8% of the variance in per-
formance features could be explained by the acoustical
properties of the room, if considering the behaviour of
the individual musicians. Moreover, quite individual
patterns of reaction could be observed, which varied
not only between different musical instruments but also
between different performers on the same instrument.

The interaction of singers with their room acoustical
environment was investigated mainly in the context
of choir performance. Marshall and Meyer placed an
ensemble of singers in a semi-anechoic room, where
they were exposed to synthetic sound fields including
discrete sound reflections, combined with an artificial
reverberation tail [11]. The experiment demonstrated
the strong influence of reverberation on the comfort
of singers. Early reflections were appreciated if their
time delay did not exceed 40 ms, beyond which they

became unpleasant. A more recent work [12] focused
on the effect of early reflections when singing in small
ensembles (two to four singers) in a church. Artificial
early reflections were added to the natural acoustics of
the venue using microphones and loudspeakers. The
different groups of singers performed musical pieces
with various tempi and as a result, it appeared that
singing in fast musical tempi benefits from strong early
reflections whereas they do not significantly impact
slow-tempo singing.

Previous investigations have thus been mainly focused
on the interaction between performance characteristics
and room acoustical conditions, using virtual environ-
ments as a tool for the experimental control of these
conditions. Only Schaerer Kalkandjiev and Weinzierl
have conducted such a study in physical and virtual en-
vironments, finding a much stronger adaptation in the
physical condition. In the two studies, however, differ-
ent musicians, different musical instruments, different
rooms, and different musical pieces were considered,
and since the reaction patterns turned out to be quite
individual, it was difficult to rule out that the effect was
due to other factors.

Hence, in the current study we have conducted a par-
allel investigation of the influence of room acoustical
conditions on musical performance, both in physical
environments and in the virtual re-synthesis of these
environments. For this purpose, we have invited four
solo singers to perform an identical repertoire in a wide
range of eight different room acoustical conditions. The
measurement of binaural room impulse responses at
the position of the singer in each room allowed for run-
ning dynamic binaural auralization of these rooms in
order to replicate the experiment with the same singers
and musical pieces under laboratory conditions in the
anechoic chamber.

The results should thus not only indicate the impact of
the performance space (as described by room acous-
tical parameters) on the performance of solo singers
(as described by audio features), but also the effect
of the physical vs. virtual environment on the "task"
of adapting the musical performance to the acoustical
conditions. The results could show to what extent the
performance of musicians in this respect is affected by
the virtual environments, and to what extent immersive,
interactive auditory environments can be used to study
the natural behaviour of musicians in space.
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2 Measurements

2.1 Physical rooms

The extent of adaptation of trained singers was esti-
mated after recording the same musical program in six
rooms covering a broad range of acoustical characteris-
tics, as presented in Tab. 1. A system of heavy banners
could be deployed in two of these rooms, leading to
a considerable change of most acoustical parameters
beyond their just noticeable difference (JND) [13, 14],
and resulting in eight different acoustical conditions
for the singers. The measurements were performed by
means of a dodecahedron speaker (Norsonic Nor276
and amplifier Nor280) generating logarithmic sine
sweeps (3 sec, 20 Hz-20 kHz) and placed on stage
at the usual position of a solo singer. A class-1 mea-
surement microphone (NTi Audio M2230) was placed
1 m away from the acoustical center of the source in
its horizontal plane. The early interaural cross corre-
lation (IACCearly) was measured on stage by means of
a dummy head (Neumann KU100) and a small broad-
band speaker (Fostex 6301B) with a directivity close to
the human voice, and positioned just before the mouth
of the head. In addition, the dummy head and the
speaker being placed on a rotating plate, binaural room
impulse responses were recorded for a range of head
orientations from -45◦ to +45◦ in steps of 5◦, with 0◦ be-
ing the orientation of the singer facing the middle of
the room. These measurement settings are illustrated
in Fig. 1

2.2 Virtual acoustic environments

The experiment conducted in the physical rooms was
replicated in an anechoic chamber by means of dy-
namic binaural synthesis. The experimental setting
made it possible for the singers to sing in the eight dif-
ferent environments within a couple of hours, whereas
is was not possible to access more than two physical
rooms in one day. The virtual acoustic environments
were rendered using the recorded binaural impulse re-
sponses. The SoundScape Renderer software [15] was
used in conjunction with a head tracker (Polhemus
Patriot) to generate real-time convolution of the inter-
polated impulse responses in the horizontal plan with
the anechoic signal from the singer’s microphone, re-
produced with open headphones (AKG K701), which
were equalized by the inverse filter of their transfer
function, to the singer’s ears.

A

B

1m

Stage

Omni
Rec

Omni
Src

Stage

Speaker
Src

Artificial
head

Rotating
plate

+/- 45°

Fig. 1: Room impulse response measurement setups:
A (top) omnidirectional sound source and re-
ceiver on stage, at the position of the singer.
B (bottom) Artificial head and loudspeaker to-
gether on a rotating plate.
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Room name Volume (m3) EDT (s) Glate (dB) BR IACCearly
Recording studio (w/o banners) 420 0.7 12.2 1.18 0.73
Recording studio (w/ banners) 420 0.5 8.2 1.55 0.74
Kammersaal 590 1.0 13.8 1.17 0.74
Cabaret theater Distel 1700 0.5 8.5 1.23 0.76
Joseph Joachim Saal (w/o banners) 3660 1.8 10.8 0.94 0.77
Joseph Joachim Saal (w/ banners) 3660 1.3 8.9 1.21 0.77
St Eduard Church 9360 4.3 14.0 0.97 0.54
Philharmonie Berlin 22000 1.2 3.8 0.88 0.74

Table 1: Six musical performance venues representing eight different room acoustical conditions. Four room
acoustical parameters, all measured on stage, were selected for the current analysis: Early decay time
(EDT), late strength (Glate), bass ratio (BR), and interaural cross correlation (IACCearly). All parameters
were averaged over the 500 Hz and the 1 kHz octave bands, except for IACCearly, which was averaged
over the 125 Hz to 4 kHz octave bands, according to ISO3382-1 [9].

2.3 Musical recordings

In each of the (physical and virtual) rooms, four solo
singers were invited to sing a musical program, in-
cluding excerpts of two musical pieces with different
tempi. The vocal register of the singers and musical
pieces are shown in Tab. 2. Recordings were done with
a miniature omnidirectional microphone (DPA 4060)
positioned 3 cm away from the singer’s mouth edge,
with an external audio interface (RME Fireface UFX)
allowing to capture the voice as a quasi-anechoic signal
in the physical rooms.

3 Analysis

3.1 Feature extraction

Based on the measured impulse responses from both
the omnidirectional microphone and the dummy head,
standard room acoustical parameters were calculated
according to ISO 3382-1 [9]. To analyze the interre-
lation of room acoustical conditions and performance
qualities, four parameters were selected which repre-
sent important perceptual properties [16] and which
were shown to be largely independent of each other
in earlier studies [8, 10]. These include the Early De-
cay Time (EDT) as a good predictor of the perceived
reverberance [17], the early Interaural Cross Correla-
tion (IACCearly) as a measure of the perceived source
width [18], the level of the late acoustic response (Glate)
as a measure of the perceived acoustic support of the
hall [19], and the Bass Ratio (BR) as a measure of the

tonal color of the room [20]. The indices early and late
denote the time intervals [0;80] ms and [80;+∞] ms
respectively. The parameters were calculated using the
ITA Toolbox [21] for EDT and custom made codes for
BR, IACCearly and Glate based on the ISO3382-1.

To describe the characteristics of a musical perfor-
mance, audio features were extracted from the record-
ings of each singer in each room. As a first step, the
onset of each note was detected by generating a MIDI
representation from the music score of the performers
and using a software which compares a MIDI score
with the corresponding audio recording by means of a
dynamic time warping algorithm [22]. The obtained
onsets were manually corrected whenever necessary on
audio-visual inspection with the SonicVisualiser [23]
software. As a second step, a collection of 20 audio
features were extracted between two consecutive onsets
which were shown to be good predictors for musical
performance properties, when used in the form of mul-
tiple regression models [24]. The present study uses
four of these models in order to predict the mean tempo,
mean loudness, mean timbral brightness, and timbral
bandwidth of each musical performance.

3.2 Statistical analysis

To analyze the interrelation of room acoustical parame-
ters and the properties of the musical performance, the
dependent variables were z-standardized, according to

Xz =
X −mean(x)

std(X)
, (1)
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Vocal register Age Musical pieces Pace
Verdi – Aria from Rigoletto Slow

Soprano 23 Puccini – Aria from Manon Lescaut Fast
Schubert – Nur wer die Sehnsucht kennt Slow

Mezzo soprano 27 Bach – Esurientes implevit bonis (Aria from Magnificat) Fast
Schubert – Ganymed Slow

Tenor 21 Händel – Aria from Tamerlano Fast
Fauré – Au cimetière Slow

Baritone 26 Händel – Honor and arms (Aria from Samson) Fast

Table 2: Singers and musical pieces

with mean and std denoting the arithmetic mean and
the standard deviation of the series X. The standardiza-
tion was applied to shift the tempi, the loudness and
the timbral characteristics of all musical pieces to the
same range, only retaining the effect on their relative
variation. All possible pairs of variables from both
domains were then tested by linear regression, yield-
ing values between 0 (no correlation) and ± 1 (perfect
positive or negative correlation), along with p-values
denoting the asymptotic significance of the regression
models. These results can be interpreted as quantitative
measure to which extent the musical interpretations
of the singers are influenced by the acoustics of the
room. Comparing the strength and the significance
of this interrelation obtained in physical and virtual
rooms then yields information about the influence of
the environments on this adaptation process.

4 Results

4.1 Physical and virtual rooms

Bivariate Pearson’s correlation coefficients are calcu-
lated for each possible pair of room acoustical param-
eters and performance features, for each singer and
each musical piece, over all rooms. Significant cor-
relations (p < 0.05) are shown in Fig. 2. The results
demonstrate that the strength of the interrelation be-
tween room acoustic conditions and musical perfor-
mance depends on the person, with singer 3 showing a
more pronounced adaptation to the room than the other
singers. There is, however, no systematic difference be-
tween the values for physical and virtual environments.
Both the number and the strength of significant inter-
actions is almost equal for both conditions. Thus, the
impact of the acoustical conditions seems to be equally
effective in both environments.

Singer #
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Fig. 2: Absolute value of the Pearson’s correlation co-
efficients calculated between the room acousti-
cal parameters and the audio variables over all
rooms with a p-value such as p < 0.05.
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4.2 Room acoustics and musical performance

Figure 3, showing the interrelation between the four
selected room acoustical parameters and the four mu-
sical performance features, cumulated over all singers
and musical pieces, seems to indicate the absence of
any room acoustical effect: none of the linear regres-
sions are significant, neither for the physical nor for the
virtual mode of presentation.

Looking at the significant (p < 0.05) interrelations for
individual singers and musical pieces (Fig. 4), how-
ever, demonstrates that this is a premature conclusion.
It can be seen that 13 different pairs of room acousti-
cal and musical performance features yield significant
correlations, out of a total of 19 possible pairs. This re-
veals that all of the considered room acoustical features
seem to be effective; the manifestation of this effect,
i.e. which performance feature is affected by which
room acoustical features, however, seems to be quite
individual for the musical performer and the musical
piece considered.

Some of them even show contradictory trends of adap-
tation, such as the effect of the Late sound strength
(Glate), indicating the ratio between the late energy
and the direct sound within the room impulse response
as a measure for the sound support of the room, on
the timbral brightness of the vocal performance, which
was positive for one singer and one musical piece and
negative for another.

5 Conclusion

The present study investigates how solo singers adapt
their vocal performance to different room acoustical
conditions, which was observed both in physical and
virtual acoustic environments. Two musical pieces
were sung by four singers in eight acoustically different
conditions. The results show rather individual patterns
of adaptation, depending on the musical piece and the
musical performer. Although these individual interrela-
tions can be quite strong, with correlation coefficients
(Pearson’s r) between 0.7 and 0.95, it is thus difficult
to generalize, how “average” performers singing “aver-
age” musical pieces react to the acoustical environment.
This observation corresponds to the results of earlier
research on instrumental performers [10].

It is interesting, however, that the same interactions be-
tween room acoustics and musical performance could
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Fig. 3: Interrelation between room acoustical param-
eters and musical performance features (z-
standardized), with linear regressions, observed
in the physical rooms (left) and virtual rooms
(right). Each point represents one vocal perfor-
mance.
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Fig. 4: Significant interrelations (p < 0.05) between
room acoustical parameters and musical per-
formance features (z-standardized) for individ-
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gressions, observed in the physical and virtual
rooms. Each point represents one vocal perfor-
mance. The solid and dashed lines represent
the musical pieces 1 and 2, respectively.

be observed in the physical and virtual environment.
This is true both for the strength and the direction of
the correlations, and seems to indicate the suitability
of virtual acoustic environments to investigate musical
tasks. Dynamic binaural synthesis can not only gener-
ate authentic acoustic experiences for music listeners
[25], but also seems capable of reproducing the interac-
tion of musicians with their acoustic environment in a
way that does not affect the influence of environmental
conditions on the musical performance itself.
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