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Introduction

Instrument directivity is of great importance due to the
distinct radiation patterns that each instrument has,
which contribute to a realistic rendering of the source
in auralization. One of the most detailed works on the
matter of directivity is [1], which shows the directivity
averages over the whole performing frequency range
of musical instruments. Other researchers recreated
approximate musical instrument directivities through
spherical loudspeakers [2], and also proposed the use of
loudspeaker orchestras to perform acoustic environment
evaluations [3, 4, 5] for the sake of measurement
consistency. Further extending on related work, other
researchers have made available a measurement database
of high-resolution instrument directivities [6, 7] which
could be used later on for research, and entire acoustic
orchestras auralizations [8]. The main characteristic of
instrument directivity is its variation with the frequency
that can be captured by playing either a musical fragment
or discrete tones. A lot of effort has gone into new ways
of research in order to add in auralizations time-varying
directivity filters for each particular instrument that are
applied while playing [9, 10].

Taking into account the available data and proposed
procedures by other researchers, two questions arose
and became the ‘motor’ of this research. The first
matter was to understand how well and precisely we
perceive the directivity of musical instruments in realistic
conditions, and the second, how the acoustic environment
influences the perception of directivity. In order to attain
an understanding of the perception of directivity, five
musical instruments with distinct directivity patterns
were recorded at different angles of orientation in three
non-identical performance spaces. Afterward, a listening
test with a group of expert listeners was conducted
to check the listener’s ability to predict the angle of
orientation of the instrument and thereby evaluate the
perception of directivity.

Methodology

Performance spaces

Three very distinct acoustic environments have been
chosen for this research in order to better understand
the influence that they have on the perceived directivity.
Brahms-Saal (R1/BR) with a volume of 775m3, is a
room intended for music performances such as solo,
chamber music, and small ensembles. The second
environment is Sommertheater (R2/SO) of 2925m? in
volume, and with a usage that ranges from stage plays,
music events, rehearsals, choir, and up to presentations
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and symposiums. The third room, Studio 1 (R3/ST)
with a volume of 110 m3, is used mainly as a recording
room. Besides their different purposes, and usage, the
dimensions are very different.

To acquire the acoustic properties of the performance
spaces, room impulse measurements have been
performed, and the room acoustic parameters such
as Clarity Index (Cgp), Early Decay Time (EDT) and
Reverberation Time (Tgp) have been calculated (see
Table1) following the ISO Standard [11]. From the
results of the Room Impulse Response (RIR) analysis it
has been oberved that one of the rooms is dry with a high
clarity index (ST) and the other two are reverberant with
low clarity indices (SO, BR) (see Table 1). Furthermore,
in each room, two distinct locations were chosen for the
recording of the musicians, one in the near field where
a more direct sound component is expected and one in
the far-field where more diffuse sound is present.

BR SO ST
Freq. band | 500Hz | 1kHz | 500Hz | 1kHz | 500Hz | 1kHz | Unit
C80 0,63 1,78 3,07 3,81 25,05 | 22,49 | dB
EDT 1,52 1,26 0,95 0,94 0,16 0,17 s
T30 1,37 1,09 1,06 0,97 0,2 0,2 s

Table 1: Room acoustic parameters

Musical instruments and recordings

As acoustic sources, five musical instruments have been
selected for this research and excited by musicians. The
violin, flute, trumpet, trombone, representative parts of
the classical western orchestra, and the saxophone, a very
popular instrument in jazz bands, were chosen.

The directivity of the violin as a volumetric source is
still in research, and omnidirectional behavior was found
up until 500 Hz, while going upwards in the frequency
domain, an increasingly direct sound emission that is
mainly projected from the top of the instrument has
been measured [12]. About the transverse flute, even
though the predictability of its directivity is considered
low, a few statements can be made: up to 500 Hz, sound
radiation occurs in the area perpendicular to the axis of
the instrument; from 3000 Hz upwards, radiation shifts
direction more to the open end and head shading is
observed in the back and left of the player. Another
important aspect is the fact that radiation directivity
depends more on the frequency and order of the
overtones, and not the fundamental [1]. The saxophone
is a single-reed driven instrument that has tone holes in
its construction along its length and a wide bell that
helps to radiate strong fundamental components but



dampens the higher-order partials [13]. At frequencies
below approximately 400 Hz, we have omnidirectional
characteristics, and above, the saxophone exhibits
sudden changes in the shape of the directivity, having
low predictability and with complex patterns [14]. The
trumpet and trombone have similar radiation patterns
where the main lobes appear symmetrically on the main
axis of the bell and are frequency-dependent. In the
case of the trumpet, at frequencies below 500Hz, the
energy is spreading mostly uniformly with differences of
about -6 dB front to back. From this point onward, up to
10000 Hz, the side lobes decrease drastically in amplitude
compared to the main one and thus the instrument
becomes highly directive in this part of the spectrum.
The same behavior is met in the case of the trombone
but with a shift towards lower frequencies due to the
nature of the construction, and the most important
parameter, in this situation is the larger dimension flare.
The radiation is considered to be omnidirectional with
differences between the front and the back of almost -3 dB
up to 400 Hz and from this point, the instrument starts
to become more directive along its axis.[1].

To have an overall perceptual impression of the possible
directivity patterns, dedicated musical fragments have
been composed for each instrument that covers the entire
playable spectrum (see Figure 1).
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Figure 1: Individual musical fragments for each instrument

The musicians were placed at a fixed location and asked
to play the assigned musical fragment as consistently as
possible by maintaining the same tempo, articulation,
intonation, and dynamics as similar as possible for all
recordings. After each take, the musician was asked
to rotate by 30° by keeping the acoustic center of the
instrument at the specified location. For this study,
the f-hole of the violin, the embouchure hole of the
flute, and the bell opening of the trumpet, trombone,
and saxophone were considered to be the main radiating
acoustic centers.

The resultant signal was captured at two distinct fixed
locations (receivers), where a Neumann KU100 was
deployed in the far-field and a Head Acoustics HSU
II1.2 in the near field. A total of twelve samples for an
instrument per room, per receiver location, were collected
corresponding to the grid of angles of 30° spacing. The
resulting recordings were then processed in the Digital
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Audio Workstation (DAW) Reaper v6.36 where a fade-in,
fade-out filter, and a smooth high pass filter centered at
250 Hz was applied in order to avoid the reverberation
tail and reduce the background noises.

A perceptual test has been conducted in which 17
candidates with musical training and no known hearing
disorders have participated.  Before beginning the
listening test, the participants were asked to perform a
training session which consisted of videos that played sets
of 2-second samples from the ST recording session while
showing the corresponding source rotation per sample
for each instrument. The listening test consisted of
360 samples in total (5 instruments x 12 orientations
x 6 acoustic environments) and the candidates were
asked to select the perceived angle of source orientation.
In order to facilitate this task, a standalone listening
test application running on MATLAB Runtime with a
dedicated Graphical User Interface (GUI) (see Figure 2)
was developed. The application enabled to perform the
test remotely, play each sample any number of times, and
pause - resume the task at any given moment. Having
used binaural signals, the participants were instructed
to perform the listening test using headphones. An
approximate time of 2 hours was needed in order to listen
all 360 samples and complete the test.

4] Listennin g Test App B [m] X
Instructions Listenning Test
Source Angles
180°
210° 150°
2407 1200
Answer state e
2700 o0 Red: not answered
Green: answer saved
Yellow: answer overwritten
Sample 1 B ]
Number |
3007 60°
3307 30°
.
Back Stop Play Save & Next
Load
The Sample Number can be used to easily navigate through the sound samples.
ATTENTION! The "Save & Next' can be used to overwrite the previous answer.
Figure 2: Listening test app developed for this particular

task

Results and discussion

The listening test results have been processed in order
to obtain the ‘percentage of correctness’ that represents
the total number of correct answers per given criteria.
Looking at the variation between acoustic environments,
the percentage of correctness for each particular receiver
location has been obtained by averaging the total number
of correct answers for all instruments at all angles (see
Figure 3).

The results show that, even with very distinct acoustic
characteristics, the differences in precise identification
(meaning, no error in judgement allowed) between the
receiver locations were negligible. Overall, the results
showed a very low percentage, and as such, a second
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Figure 3: Variation of percentage of correctness between
instruments: (===) + /- 30° evaluation range, (™==) precise
identification

case was considered where the answers of the participants
that have a deviation of +/-30° from the precise value
were considered correct. Having this evaluation range
in the answers, the results showed an improvement
with percentages of correctness almost twice as large.
A general mild trend is observed between the receiver
locations in all acoustic spaces that the near field has
a slightly higher value than the far-field. One exception
can be found in the SO, where the difference between the
receiver locations is approximately 2%.

Focusing on the variation between the instruments,
the percentage of correctness has been obtained
by considering the total correct responses for each
instrument for all angles in all acoustic environments (see
Figure 4). For precise identification, the percentages are
rather low and very similar between all instruments even
though they exhibit distinct directivity characteristics.
Considering the +/-30° evaluation range, a mild
tendency is observed that the directive instruments
obtained higher percentages of correctness than the rest.
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Figure 4: Variation of percentage of correctness between
instruments: (===) +/- 30° evaluation range, (™==) precise
identification

Going further into detail, the percentage of correctness
for each instrument has been calculated as an average
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of all acoustic environments, separately for each angle
of source orientation (see Figure 5).  For precise
identification, a trend can be observed where all
instruments obtained very similar results, with very
little variation in-between them for the front semicircle,
and increased variation for the back semicircle. The
percentages of correctness are in the range of 0 - 20%.
It can be observed that when considering the +/-30°
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Figure 5: Increase in percentage of correctness with
evaluation range: (®===r) Flute, (===s) Saxophone, (===r)
Trumpet, (*##*) Trombone, (*==*) Violin

evaluation range, the values are within 19 and 45%, and
a similar judgment between all instruments with values



around 30% is observed for the front semicircle area.
Increasing the evaluation range to +/-60° (1/3 of the
whole rotation), the percentages of correctness rise and
are to be found within 22 - 75%. In the back semicircle,
the deviation of percentages between instruments is
higher than in the front semicircle. When extending
the evaluation range even more, going for +/-90°, which
covers half of the circle grid, the percentage of correctness
is still limited to a range of 50 - 85%. The highly directive
instruments like the trumpet and trombone obtained
values of approximately 50% for 0° orientation even with
this increased evaluation range.

Evaluating the instruments individually, an overall mild
tendency in the responses for the trumpet can be seen
where it appears to be better in the rear than in the front
area. The trombone follows the same behaviour, but with
smaller differences between the front and back regions.
For the flute, and saxophone a general trend can not
be observed, as the percentages between source rotation
vary without any relation. The violin has received a
consistent lower percentage of correctness for the back
semicircle of source orientation for all evaluation ranges.

Conclusions

After the analysis of the results obtained from the
perceptual test, a few mild trends have been observed
upon which some hypotheses can be put forward. The
test participants were not able to precisely identify the
correct angle of source orientation, with percentages of
correctness being lower than 20%. Looking at the room
acoustics’ contributions, the results indicate that they
are almost insignificant in the perception of orientation.
The room reverberation and clarity is observed to have
almost no influence on the capabilities of the listeners
to correctly identify the angle of rotation. Hence, it
could be hypothesized that the variation in realistic room
acoustic environments doesn’t significantly contribute to
the perception of directivity.

Even for instruments with very distinctive directivity
patterns, there was no obvious difference observed in
the correct identification of source orientation between
them. Highly directive instruments like the trumpet
and trombone obtained slightly better percentages of
correctness only when adding the +/-30° evaluation
range. To better understand the perceived directivity,
the percentage of correctness for each angle was
computed. With an increase in evaluation range the
results showed an improvement, but even for a +/-90°
range that covers an entire semicircle of the circular grid,
the percentage of correctness values were limited within
a range of 50 to 85%.
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