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Department of Computer Science
Aalto University School of Science, Finland
henna.tahvanainen@aalto.fi

ABSTRACT

Timing in a music ensemble performance is asynchronous by
nature. Asynchrony is generated by the players themselves, and
further delays to listeners are introduced by the location and
orientation of the instruments on stage. While the musicians
aim to an accurate mutual synchronization, deviating from the
perfect synchrony may even produce desirable effects. For one,
the timbre can appear broader as with orchestra string sections.
The perceived asynchrony within an ensemble varies between
20 to 50 ms.

This paper studies the perceptual relevance of asynchrony
between three orchestral instrument groups in two concert halls.
Perfect synchrony was compared to 1) the bass-register instru-
ments (double basses and timpani) played first with delays of
20 ms for middle-register instruments (cellos, bassoon), and 40
ms for treble-register instruments (winds, brass, violas, violins),
and 2) the treble-register instruments played first with delays of
20 ms for middle-register, and 40 ms for bass-register instru-
ments.

Listener preference was investigated with a paired compari-
son online listening test using binaural renderings of the concert
halls over headphones. The results were analysed with a proba-
bilistic choice model with latent preference groups. The analy-
sis shows that listener preference generally depends on the asyn-
chrony: the bass-register instrument starting first is the most
preferred option in both halls while the treble-register starting
first is the least preferred. The results also imply that preference
on timing depends on the concert hall, and this requires future
listening tests with a spatial audio system in order to reproduce
the spatial characteristics of the concert halls more accurately.

1. INTRODUCTION

Perfect synchrony is practically never obtained across all play-
ers of a music ensemble. Musicians aim to synchronise their
playing by their internal clock, as well as acoustic and visual
cues, such as body movements of other players [1, 2]. In many
cases, these cues are obstructed. For example, the maximum
distance between two members of a symphony orchestra on
stage translates to a propagation delay of about 30 to 50 ms
which hampers the synchronisation by hearing [1]. In addition,
different string sections are typically on different sides of the
stage, which makes visual cues from other players difficult to
follow.

Consequently, asynchrony in ensemble performance is mostly
unintended. A typical value of asynchrony between players is
20 to 50 ms [3, 4, 5, 6, 7, 8, 9]. For example, the asynchrony
of the bowing onsets within a string ensemble members settles
somewhere between ±30 ms respective to nominal synchrony
[9]. Asynchrony of a few milliseconds can be heard, but de-
termining the temporal order of two sounds requires a time dif-

ference of about 15 to 20 ms [10]. Furthermore, asynchrony
is more difficult to detect when the lead sound is louder than
the lagging sound, and this is thought to be caused by forward
masking [11, 12].

Asynchrony can also be intentional, and it is often employed
in ensembles for expressiveness. For instance, in string, wind,
and piano duets, the melody line is typically played about 20 ms
earlier in order to emphasize the melody [4, 5, 7, 13]. In jazz
ensembles, the drummer often advances the melody instruments
at every other beat, and this makes the music swing [6]. Infor-
mal discussions with several conductors have revealed that they
occasionally utilize intentional asynchrony within the orchestra
in order to achieve a desired musical expressiveness, such as the
enhancement of bass.1

Playing in asynchrony may have benefial effects. For ex-
ample, asynchrony is applied in orchestra auralisation to create
instrument sections that sound natural, for example to obtain a
wider timbre for string sections [14, 15]. Furthermore, when the
orchestra plays in synchrony the frequencies of higher harmon-
ics of the bass-register instruments and the fundamentals of the
treble-register instruments coincide [16, 17, 18], and this may
lead to undesirable simultaneous masking effects [12]. In this
case, the perceived loudness of the bass-register instruments lies
solely on their low frequency components which may not radi-
ate sufficiently as the wavelengths at the low frequencies are
much greater than the dimensions of the instruments [16, 19].
Thus, playing in asynchrony may help in making bass-register
instruments more audible.

This study explores the perceptual relevance of intentional
asynchrony within a symphony orchestra via binaural render-
ings in online listening test. An anechoic loudspeaker orches-
tra is auralised in two concert halls. The musical instruments
are divided into three groups according to their register, and
artificial asynchrony is introduced between the groups. The re-
sults indicate that listeners prefer asynchrony to synchrony and
the preferred asynchrony is such that the bass-register instru-
ments start to play before mid- and treble-register instruments.
It seems this preference is hall-dependent, but further testing
with a larger selection of concert halls is required using a spa-
tial sound system.

2. METHODS

2.1. Participants

Thirty nine subjects (5 female) performed the online listening
test (mean age=32, SD=9). 61 % reported to have taken part

1See for example the video ”‘Die Kunst des Dirigierens”’ with Her-
bert von Karajan and Vienna Philharmonic Orchestra between 1:00-
1:37 – www.youtube.com/watch?v=Shc-4AZVaNk
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Figure 1: Plans of the concert halls superimposed with the
loudspeaker orchestra position. The measurement position is
marked with R and it is located at 19 m from the stage edge.

Table 1: The properties of the measured unoccupied concert
halls. Reverberation time RT , and strength G are averaged
over 63-8000 Hz octave bands. Clarity C80 is averaged over
500-1000 Hz octave bands. SDE stands for the frequency of
maximum attenuation of the seat-dip effect. Note that the level
of the frequency response in AC has been reduced by 2 dB.

Abbr. Name N RT G SDE C80

[s] [dB] [Hz] [dB]

AC Amsterdam 2040 2.1 -1.4 125 -2.7
Concertgebouw

MG Munich 2400 2.0 -1.5 99 -0.1
Gasteig

in listening tests before, and 82 % reported they play a musi-
cal instrument. 28 % reported they prefer listening to classical
music 5 or more points on a scale of 0 to 10. Because of the
online listening test, the participants could not be screened with
audiometry and were thus assumed to have normal hearing. The
participants used their own headphones that ranged from cheap
in-ear models to professional open-ear models.

2.2. Stimuli

The stimuli for the experiment consisted of an anechoic sym-
phony orchestra auralised in two concert halls: Amsterdam Con-
certgebouw (shoebox), and Munich Gasteig (fan). Their hall
plans are shown in Fig. 1 and some objective parameters are
listed in Tab. 1.

These concert halls were chosen because they have very
similar spectral responses, when the level of the overall response
in AC is reduced by 2 dB. The left-hand side of Fig. 2 shows the
20-ms and the full frequency response in both halls. The middle
and the right-hand side show the time-frequency development
of the frequency response at 10-ms time-window increments in
AC and MG, respectively.

The symphony orchestra comprised a 24-channel loudspeaker
orchestra (LSO) on stage [20]. The LSO positions on stage are
shown in Fig. 3 with the corresponding channel numbers. The
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Figure 3: The position of the loudspeaker orchestra on stage
with the channel numbers. The bass-register instrument (double
bass and timpani) and the middle-register instruments (cellos,
bassoon) are shown for this study. All the other loudspeakers
contain the treble-register instruments (violas, violins, clarinets,
horns, oboe, flute). The content of each channel is shown in
Table 2.

Table 2: The instrument registers and their corresponding loud-
speaker orchestra channel numbers.

Register LSO Channel Instruments

Bass
13 double bass
14 double bass
24 timpani

Middle

10 cello
11 cello
12 cello
18 bassoon

Treble

1-6 violin
7-8 viola
9 viola, cello

15 violin, flute
16 viola
17 clarinet

19-20 trumpet
21-22 trombone

23 empty

content of the channels is listed in Tab. 2. The orchestra played
the opening chord of Beethoven’s 7th symphony (see Fig. 4 for
score).

In brief, the stimuli were created in the following man-
ner: the room impulse responses (RIRs) from each loudspeaker
(24 channels) on the concert hall stage were measured using
the logarithmic sine sweep technique with a G.R.A.S. probe at
the measurement position R located 19 m from the stage edge.
The RIRs were then analysed with the Spatial Decomposition
Method that estimates the direction of arrival of the sound field
at discrete time samples [21]. The directional estimates were
then allocated to a 3D spatial sound system with 24 channels,
with directions matching the nearest loudspeaker in the set-up.
The binaural RIRs were obtained by filtering the loudspeaker
set-up with head-related transfer functions (HRTFs) of subject
no. 40 in the CIPIC database [22]. Then, the binaural RIRs
were convolved with anechoic musical instrument recordings.

Because the CIPIC HRTFs are obtained in anechoic con-
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Figure 2: The time-frequency development of the frequency response of the concert halls. The top curve shows the frequency
responses of the whole impulse response. The thin curves show the frequency responses at 10-ms increments with the lowest cure in
bold starting at 20 ms after the direct sound. The second highest curve in bold shows the frequency response at 200 ms after the direct
sound. Note that the level of the frequency response in AC has been reduced by 2 dB.
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Figure 4: Score for a) perfect synchrony SYNC, b) bass-register
first BMT, and c) treble-register first TMB.

ditions, the HRTFs were preprocessed with an equalisation re-
sponse to better resemble listening in a normal room. The equal-
isation response was obtained by 1/3-octave smoothing the av-
erage of eight HRTFs on the lateral plane at 45 degree intervals,
and raising the smoothed average to the power of α = 0.6 (for
more details, see [23]). Several listeners have informally evalu-
ated the equalisation to produce a plausible binaural reproduc-
tion using CIPIC responses.

Furthermore, due to the positioning of the loudspeakers on
the stage and the corresponding path length differences to the
measurement position, the initial delays of the RIRs vary be-
tween the LSO channels. While this corresponds to the situation
with an actual orchestra, it was undesired for the present study
where exact control over the timing between channels was re-
quired. Therefore, the LSO channel IR’s were synchronized by
the position of their initial peaks. Similarly, the relative timing
of the anechoic orchestra channels were adjusted to have syn-
chronous physical onsets of notes. A perfect synchrony between
the instruments was obtained by finding an energy threshold for
both the instrument and room impulse onsets.

The convolved audio was divided into three instrument groups
based on note heights/instrument registers: bass, middle, and
treble, see Table 2. Various delays were applied for the three
instrument groups by shifting the convolved tracks in time and
summing the result. Three timings were used with delays of 0
ms, 20 ms, and 40 ms across groups. The 20-ms time difference
between consecutive instrument groups was chosen based on
earlier research on existing asynchrony within ensembles [4, 5],
as well as on the threshold for the time difference of two events
whose temporal order can be judged [10].

The first timing represents perfect onset synchrony and it
is referred to as SYNC. The second timing is a case where the

bass-register (B) instruments start earlier and are followed by
middle-register (M) instruments after 20 ms and treble-register
(T) instruments after 40 ms, and it is referred to as BMT. The
third case represents the opposite case where treble-register in-
struments start earlier with the same relative delays (TMB). The
timings are also shown in Fig. 4.

2.3. Design

The experiment was a paired comparison (two-alternative choice)
test with ties allowed. The listeners were presented with 20
pairs of stimuli on a web page. They were asked to listen to
each pair and to choose which of the two samples they prefer.
It was also possible to choose a tie with ”‘Cannot say”’. The
samples could be listened to as many times as needed, and all
pairs were available simultaneously. Furthermore, the listeners
were asked to listen with headphones in a quiet place.

The test consisted of pair combinations of six stimuli (2
halls × 3 timings = 15 pairs) in a random order. In addition,
three pairs with identical samples were randomly added to the
sequence in order to monitor the use of ties, and whether the
listeners were listening accurately. Two additional pairs were
included in the beginning of the test as the training pairs and
they were excluded from the analysis.

The online listening test was implemented with HTML5
and JavaScript. Because 16-bit wav-files (sampling rate 48 kHz)
and HTML5<audio>-tags were used for playback, some browsers
(e.g., Internet Explorer, Safari) could not be used in the listening
test.

The listener was also asked at the end of the listening to
comment freely on the basis for their preference. At the end
of the web page, the listener was also asked to provide some
background information including headphone type, experience
in classical music, listening tests, and playing musical instru-
ments.

2.4. Analysis methods

The results of the paired comparison experiment were analysed
with a probabilistic choice model developed by Bradley, Terry
[24] and Luce [25], that is based on a logistic distribution of
response differences. The BTL-model describes the probabil-
ity of an item to be preferred over the others with a specified
attribute. The previous auditory perception studies include var-
ious attributes, such as unpleasantness [26, 27]; eventfulness
[27]; spaciousness, brightness, naturalness, distance [28]; and
level of bass and articulation [29]. In this case, the dimension is
preference.
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Figure 5: The preference matrix. The number indicates the ab-
solute frequency with which the sample in the row was pre-
ferred over the sample in the column. A darker colour indicates
a higher frequency. Since each participant was presented the
pair once, the maximum frequency is 39.

Allowing ties in the paired comparison experiment makes
the analysis of the results more complicated [30, 31, 32]. While
a number of packages (for an example for R and Matlab see
[33]) are available for the analysis of paired comparison experi-
ments, most of them consider the two-alternative forced choice
procedure only, and prohibit ties in the data. In the simplest
treatment, the ties can be neglected, split, or apportioned either
randomly, or according to some criterion [34]. Rao and Kupper
[30] proposed that when the difference between two responses
is below a certain threshold, a tie is declared. Davidson [31]
proposed that the probability of a tie is proportional to the ge-
ometric mean of the preference probabilities. For the data in
this study the probabilities do not differ significantly between
the Davidson model for ties (implemented in the psychotools-
package in R) and discarding the ties. Thus, the ties have been
discarded in the following BTL-models.

Moreover, untrained listening test subjects may not neces-
sary form a homogeneous group, and thus the data may include
latent preference groups [35, 34]. Consequently, the data was
segmented using a latent class model developed by Courcoux et
al [35]. This approach includes a Monte Carlo significance test
procedure in order to determine the adequate number of classes
or groups. Here, 100 Monte Carlo random samples with size
of the number of subjects (39) were drawn for models with an
increasing number of latent groups. The segmentation that best
fits the data can be found with a likelihood ratio statistic be-
tween the groups. The BTL-model can then be applied to each
latent group separately.

3. RESULTS

Combining the individual data of all the participants yields a
preference matrix in Fig. 5 without the ties. It shows the ab-
solute frequencies of the preferred samples. The bottom-left
quadrant has the highest frequencies, showing that MG is gen-
erally preferred over AC.

The portion of ties was about 10% of all the answers and
they are plotted in Fig. 6. The most ties occur in MG between
SYNC and BMT (about 33 %), while between other pairs the
percentage of ties is about 18% or less.

The top plot of Figure 7 shows the results of the BTL-model
of all the answers. The BTL-model shows that MG appears to
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Figure 6: Number of ties for each comparison pair. A darker
colour indicates a higher frequency. Note that matrix is triangu-
lar, because the presentation order of the pairs has been ignored.

be preferred with all timings. By implementating the segmen-
tation, a model with three latent groups was found to best fit
the data. The bottom plot of Figure 7 shows the BTL-model
for each of the three latent groups. The first two groups with
6 and 19 subjects, respectively, prefer MG over AC in general.
The third group consists of 14 subjects that somewhat prefer AC
to MG. As for the preference of timing, the first group prefers
BMT timing in MG. In the second group the only significant
result is the SYNC and BMT are clearly most preferred in MG.
In the third group, none of the timing adjustments is clearly pre-
ferred.

Based on the top plot of Fig. 7, it appears that the differ-
ences between hall acoustics were a more dominating feature
than synchrony for the preference. Hence, the preference of
timing adjustment in each hall is not clearly observed in the
BTL-model. Therefore, the between-concert-hall pairs were ex-
cluded and the effect of timing was analysed in each hall sepa-
rately. In a similar manner to all the data, this subset of data can
be segmented. In AC, the 39 subjects are best-fitted to a two-
group model, and in MG to a single-group model. The BTL-
model for these groups is shown in Fig. 8. In AC, eight listeners
prefer the TMB timing, while the other 31 listeners prefer the
BMT. In MG, the BMT timing is most likely preferred, but is
not significantly different from the preference of SYNC.

Neither age, sex, preference of classical music, nor expe-
rience in listening tests or playing a musical instrument were
significantly different between the obtained groups.

4. DISCUSSION

The results indicate that synchrony between symphony orches-
tra instrument groups is relevant for preference. In general, the
case when the treble-register instruments started to play (TMB)
first, was the least preferred. One of the explanations could be
that the percussive timpani is played later than most instruments
which gives a sensation of being ”off-beat”. However, there was
a group of eight people in AC that actually preferred the treble-
register instruments starting first. It is possible that these listen-
ers prefer a soft attack of the timpani, as some of them reported.
The soft attack is likely caused by forward-masking of the other
instruments.

The results further indicate the preferred timing, or asyn-
chrony, may differ across concert halls. In the two halls stud-
ied, the bass-register instruments playing first (BMT) was gen-
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Figure 7: The BTL-model for the probability of preference over
all stimuli before and after grouping. The results are displayed
on a ratio scale, where the sum of ratios is normalised to unity.
The black dashed line indicates the probability of chance (1/6).
The 95% confidence intervals are not shown in order to retain
clarity. The non-significant differences between the values are
indicated with vertical lines on top plot. For the bottom plot,
the thin lines indicate the doubling of the probability (on a log-
arithmic scale). If two values fall within the same area formed
by two lines, generally no significant difference exists between
the values.

erally preferred but in MG the difference to perfect synchrony
(SYNC) is insignificant. The high amount of ties in MG be-
tween BMT and SYNC shows that adjusting the timing may
not be as important in MG as in AC, as long as it is natural (not
”off-beat”).

The preference differences between the concert halls may
be at least partially explained by the seat-dip effect. Namely, the
time-frequency responses of the two halls differ in the temporal
increase of the level at both low and mid-high frequencies from
about 100 Hz until 1 kHz (see Fig. 2), and this frequency range
is mostly affected by the seat-dip effect [36]. The seat-dip effect
refers to the attenuation that the direct sound arriving at grazing
angles to the seats undergoes at low frequencies. This leads to
a more audible lack of bass in some concert halls than in others
[37, 38, 29]. The effect is observed as a dip in the frequency
response by 20 ms after the direct sound, and it is caused by
a destructive interference between the direct sound and reflec-
tions from the tops of the seat backs. Depending on the further
reflections in the concert hall that do not arrive at the listener at
grazing angles, the dip can diminish. Previous research shows
that the perception of bass can be enhanced if direct sound lack
the low frequencies, but early frequencies retain it [39].

In MG, the seat-dip effect at 20 ms is a narrow band dip cen-
tred around 100 Hz. While the magnitude of frequency response
increases steadily with time, the response retains its shape, in-
cluding the dip. On the contrary, in AC the dip is at a slightly
higher frequency and it covers a wide frequency range. What is
more, the frequency response in AC becomes flatter with time
and the dip becomes smaller. Consequently, in AC the main
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Figure 8: The BTL-model for the probability of preference over
timing for each hall separately. The significances of the value
differences are indicated with vertical lines.

boost of the low and mid-high frequencies is delayed. This
means that when the orchestra plays simultaneously, the low
frequencies are initially hampered by the seat-dip effect. If the
bass-register instruments anticipate a little, their low and mid-
high frequencies will arrive at the listener closer in time with
the treble instruments.

In other words, it is more difficult to play in AC than in MG,
since timing of the instruments is crucial. The bass-register in-
struments should play first in AC because of the strong time-
frequency development of the frequency response. And when
asynchrony is applied to playing chords in AC, the effect is
much more salient than in MG where the time-frequency devel-
opment of the frequency response mostly consists of increasing
level.

An alternative explanation is that AC might benefit from the
bass-register instruments starting first due to some masking ef-
fects. Because the mid-high frequency response is delayed, the
higher partials of the bass-register instruments are less masked
by the treble-register instruments, when the bass-register instru-
ments start to play earlier.

The overall preference of MG over AC is not in line with the
other published results on concert hall preference [40]. One of
the reasons could be the chosen stimuli. The stimuli consisted
of onlyone chord which makes it susceptible to small variations.
For example, in MG the timpani can be heard sharper than in
AC, which is likely to increase overall preference towards MG.

Another reason for the inconsistent preference results could
be the reproduction method. The correct spatiotemporal devel-
opment in the concert hall auralisations is essential and its qual-
ity may deteriorate from the lack of both individualised HRTFs
and head tracking, as well as the lack of headphone equalisa-
tion. Finally, the listeners participated in the test in an uncon-
trolled environment. Thus, there may have been many kinds of
distractions. Consequently, a listening test in a controlled en-
vironment with a more elaborate spatial sound reproduction is
required to confirm the results of the internet experiment. Fur-
ther listening tests could also focus on the possible enhancement
of bass with asynchronous playing.
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5. CONCLUSIONS

Intentional asynchrony within three groups of symphony or-
chestra instruments were studied via binaural renderings of con-
cert halls. The results show that in a shoebox-shaped hall AC,
it is preferable to play chords asynchronously so that the dou-
ble basses and timpani start first, and are then followed by the
cello and bassoon, and finally by violins, violas, woodwinds
and brass. In a fan-shaped hall MG, there is no clear prefer-
ence towards sychrony or asynchrony as long as the low fre-
quencies are not too late. However, in neither of the halls the
treble-register instruments should start first. The preference dif-
ferences can at least partially be account for by the seat-dip ef-
fect and the subsequent time-frequency development of the fre-
quency response.
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[29] H. Tahvanainen, J. Pätynen, and T. Lokki, “Studies on the
perception of bass in four concert halls,” Psychomusicol-
ogy: Music, Mind and Brain, 2015.

[30] P. V. Rao and L .L. Kupper, “Ties in paired-comparison
experiments: A generalization of the Bradley-Terry
model,” Journal of the American Statistical Association,
vol. 62, no. 317, pp. 194–204, 1967.

[31] R. R. Davidson, “On extending the Bradley-Terry model
to accommodate ties in paired comparison experiments,”
Journal of the American Statistical Association, vol. 65,
no. 329, pp. 317–328, 1970.

[32] D. E. Critchlow and M. A. Fligner, “Paired comparison,
triple comparison, and ranking experiments as generalized
linear models, and their implementation on GLIM,” Psy-
chometrika, vol. 56, no. 3, pp. 517–533, 1991.

[33] F. Wickelmaier and C. Schmid, “A Matlab function to es-
timate choice model parameters from paired-comparison
data,” Behaviour Research Methods, Instruments, and
Computers, vol. 36, no. 1, pp. 29–40, 2004.

[34] H. T. Lawless and H. Heymann, Sensory Evaluation of
Food: Principles and Practices, Springer Science & Busi-
ness Media, 2010.

[35] Ph. Courcoux and M. Semenou, “Preference data analy-
sis using a paired comparison model,” Food Quality and
Preference, vol. 8, no. 5, pp. 353–358, 1997.
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