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Introduction

Directivity of a musical instrument shows the spatial
distribution of the radiated sound energy, and it is an
important characteristic relevant in efficient microphone
placement for musical recordings, auralization of the in-
struments, etc [1, 2]. Researchers invest huge efforts in
capturing and modelling the directivity of musical instru-
ments with a high spatial-resolution in order to analyse
or auralize a musical instrument accurately [3]. How-
ever, the perceptual relevance of auralization of musical
instruments with high-resolution directivity in realistic
room acoustic environment is still not very clear.

Room acousticians often use electro-acoustic sources for
the playback of musical instrument recordings to know
the ‘sounding of the room’. They exhibit simplified radi-
ation characteristics that researchers use for auralization
of musical instruments [4]. In a sophisticated manner,
loudspeaker orchestras in which the instruments were
represented as a combination of different loudspeakers
was used for the perceptual evaluation of concert halls
and acoustic measurements [5, 6]. The users of room
acoustic software often model musical instruments as
having omni-directional characteristics at all octave band
frequencies. But in all the mentioned cases, the natu-
ral/realistic impression and the perceptual similarity of
these electro-acoustic substitutions of real instruments
are not well-explored. A study conducted on the per-
ception of musical instruments modelled with realisti-
cally directional and omni-directional directivity charac-
teristics using virtual environments showed that subjects
could not significantly detect a difference between the
realistically-directional and omni-directional sources [7].
A possible reason for this result could be the limited di-
rectional octave band data used in the study.

This study investigates the similarity and naturalness
perceived in the sound samples recorded from the real in-
strument and electro-acoustic sources in different acous-
tic environments and thereby tries to evaluate the per-
ceptual relevance of the dynamic directivity of sound
sources. The sound field from the musical performance
of the five musical instruments and two electro-acoustic
counterparts with significantly different directivity pat-
terns were captured in different room acoustic environ-
ments and analysed using perceptual evaluations.

Materials and methods

Five instruments, the trumpet, trombone, saxophone,
flute, and violin that exhibit different musical and acous-
tical properties were chosen for this study. According
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to J.Meyer’s observations, these instruments show om-
nidirectional behaviour roughly up to 500Hz, and dis-
tinctive complex directional shapes above this frequency
range [1]. Whereas the instruments like trumpet and
trombone show less complex but highly directive radia-
tion patterns for high frequencies, instruments like the
flute and saxophone show complex directivity patterns
for high frequencies due to the multi-pole source radia-
tion behaviour. Same trend is seen in the violin which
exhibits highly complex radiation characteristics due to
its vibrating body.

In addition to these musical instruments, two electro-
acoustic sources, Neumann KH120A and Outline Globe
Source Radiator, with entirely distinct directivity charac-
teristics were chosen as the electro-acoustic counterparts
of these instruments. Neumann KH 120A (abbreviated as
‘KH120’ in this study), a commonly used studio monitor
speaker, consists of a 5.25” woofer and 1”7 tweeter with a
frequency response of 52 Hz..21kHz (+3dB), and it ex-
hibited a directional characteristic similar to a trumpet,
especially for mid and high frequencies [4]. The Out-
line Globe Source Radiator (abbreviated as ‘GSR’) con-
sists of 12 individually driven loudspeakers with a fre-
quency range of 90Hz..12.5kHz, and it is intended to
be used for room and building acoustic measurements.
The GSR exhibits omni directional characteristics until
approximately 2 kHz [8, 9]. GSR gives more complex
directivity shapes above this frequency range, but still,
it satisfies the ISO 3382 and ISO 140 standards required
for an omnidirectional source.

Table 1: Room acoustic parameters (averaged for 500-
1000 Hz octave bands)
Parameter Room
Studio | Sommertheater | Brahmssaal
EDT(s) 0.16 0.94 1.39
T30 (s) 0.2 1.02 1.23
C80 (dB) 23.77 3.44 1.20

To understand the contribution of room acoustic factors
in the perception of different directivity of sources, the
study was further broadened by introducing three differ-
ent room acoustic environments which are the studio-1 of
Erich Thienhaus Institute (110 m?®), Brahmssaal of HfM
Detmold (775 m?), and Sommer Theater Detmold (2930
m3). The room acoustic parameters are measured for
these rooms according to ISO 3382-1 standard [10] and
provided in Table 1.
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ings as well. In addition, in certain environments, the
binaural recording had background ventilation noise as
well. A smooth high pass filter centered around 250 Hz
was applied to all samples to reduce these noisy compo-
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Figure 1: Music scores composed for the instruments

The directivity patterns of musical instruments are a
function of frequency and it is observed to have dramatic
changes over the performing range of an instrument [1].
To have an overall view of the directivity of an instru-
ment, a dedicated composition for each instrument was
written in a way that it covers the whole pitch range of
the instrument and thereby excites most of the directiv-
ity patterns (Figure 1).

Creation of the sound samples

In each acoustic environment, the sound source (both
real and electro-acoustic) was located slightly off-centred
to avoid acoustic effects due to room symmetry. For each
instrument, the musicians were asked to play the musi-
cal piece with maximum consistency in terms of loudness,
tempo, etc, for three orientations; (1) 0°- towards the au-
dience, (2) 90°- pointing to the right side of the listener,
(3) 180°- against the listeners. The bell opening in the
trumpet, trombone, and saxophone, the embouchure hole
of the flute, and the f-hole of the violin were considered
to be the main radiating acoustic centres. These acoustic
centres were maintained at a specified source location for
the entire recording session.

A DPA 4099 clip-on microphone attached to the musical
instruments (on the bell opening of the brass instruments
saxophone, near to embouchure hole in flute, and close
to the f-hole on the violin) was used to record the instru-
ment signals with minimum room acoustic contribution.
Once the musical fragments were recorded, signals from
the DPA microphone were used for the playback through
the electro-acoustic sources. During the playback of the
signals, the KH120 was also kept at the specific orienta-
tion corresponding to the orientation of the instrument
in the particular samples whereas no rotation was per-
formed in the case of GSR. Neumann KU-100 binaural
head placed at the far-field of the room recorded the re-
sultant sound field of the real electro-acoustic sources.

Sound samples were extracted from the recordings and
post-processed in REAPER Digital Audio Workstation.
Although the DPA microphone recordings had exhibited
a minimal room acoustic contribution, noises from the
breathing of musicians, scratching of the bow, etc, were
present in it, consequently also in the playback record-
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nents. Since the goal of this study is regarding the over-
all perception of the ‘dynamic directivity’ of instruments
during the performance, but not the static directivity
pattern of instrument tones, the reverberation tail in the
samples is cropped, and smooth fade in and fade out fil-
ters were added to the samples. Finally, the loudness
level of each group containing one real and two electro-
acoustic samples (one particular instrument in a specific
room at a definite orientation, and its corresponding two
electro-acoustic counterparts) was manually equalized in
REAPER.

Description of the listening test

A dedicated application under the framework of MAT-
LAB App Designer was created for the performance of
the listening test; the Graphical User Interface of the ap-
plication is given in Figure 2. 13 participants (4 female,
9 male) consisting of Tonmeisters, sound engineers, and
professional musicians participated in the listening test.
All of the listeners had undergone musical and ear train-
ing, and are experienced in critical listening. Moreover,
they were either trained or familiar with the instruments
chosen in this study. Due to this reason, no special train-
ing/familiarization session was conducted prior to the lis-
tening test to evaluate the sounding of real instruments.

& Listenning Test App - o
Listenning Test | Instructions

Directivity perception test

sample A Reference sample B

Very naturalj — 10 Very natural | — 10 Very natural | — 10
9 - =

1 l‘
How natural is Sample B2~ sample
Number

-1 =1
Very un-natural | —o Very un-natural | — o

How natural is Sample A? How natural is the Reference?

Very dissimilar Very simiar Very dissimilar Very simiar

012345678910 012345678910
How similar is Sample A to the Reference? How similar is Sample B to Reference?

s | S A A A ‘ Load

Back Stop Save & Next

Figure 2: User Interface of the Listening test application

The application consisted of 45 trials (5 instruments x 3
rooms x 3 angles of orientations), and each trial included
a group of three audio files which are named ‘Sample A’,
‘Reference’; and ‘Sample B’ as shown in Figure 2. The
recording of the real instrument was always assigned at
the ‘Reference’ button, whereas the samples from KH120
and GSR corresponding to the given reference were ran-
domly assigned to Sample A and Sample B. In order to
reduce the direct comparison due to memory of listening,
the order of the 45 audio groups was randomized.

The listeners were not aware of the characteristics of
the samples i.e, they didn’t know that two of the three
samples were playback through loudspeakers. But they
were informed that there could be different orientations
of the instruments possible (instruments might not al-
ways pointing towards the listeners) between different
audio groups. For each trial, the listeners were asked
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two aspects; (1) to independently rate the naturalness
(realism) of the instrument for each of the three audio
samples on a scale of 0 to 10 (a high value corresponds
to a high natural impression), (2) to rate the similarity
of the sounding impression between Sample A & Refer-
ence, and Sample B & Reference on a scale of 0 to 10
(high value corresponds to high similarity in sounding).
The listeners had the choice to perform the test remotely,
listen to the samples many times, and also to pause and
resume the test at any moment they needed. Since the
audio files were binaural, headphones were used to per-
form the test, and approximately 30 to 45 minutes were
taken to complete the listening test.
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Figure 3: Naturalness of the sound sources in different
acoustic environments; (a) studio, (b) Sommertheater, (c)
Brahmssaal

Results and discussion

The variation of the naturalness rating of the real instru-
ment (player) and two electro-acoustic sources in differ-
ent room acoustic environments is shown in Figure 3. To
have a generalized view of the room acoustics’ influence
on the sounding impression of sources with distinct direc-
tivity, responses from three different source orientations
which excite the room in independent ways are consid-
ered here. 0°, 90°, and 180° orientations are expected
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to give dissimilar sounding impressions due to the dom-
inance of direct sound, strong early reflections, and late
reverberation respectively. By considering the three dif-
ferent orientations of instruments in one specific room,
each sound source in one particular room consists of 39
independent observations (13 listeners x 3 trials).

The difference in naturalness between the real instrument
and electro-acoustic sources is observed to be influenced
by the choice of the instrument, and the acoustic envi-
ronment. Although the real source is observed to have
a higher naturalness than the electro-acoustic counter-
parts, in specific cases the electro-acoustic sources ex-
hibit a similar distribution of naturalness rating to that
of a real instrument. The trumpet in Studio and Som-
mertheater are examples of this behaviour (highlighted in
Figure 3). In these cases, although the KH120 and GSR
highly differ in terms of directivity characteristics they
didn’t show a significant difference in the ratings among
themselves (they had the same median value with a com-
parable Inter Quartile range). Looking at the variation
of naturalness ratings between rooms, a mild degradation
of naturalness of electro-acoustic sources was observed in
Brahmsaal for the instruments like flute and violin, but
it is not significant in other instruments. The change in
colouration (change in timbre) due to the DPA micro-
phone position might have an influence on the natural-
ness ratings which needs to be explored further.

Figure 4 shows the variation in the similarity ratings be-
tween electro-acoustic sources and real instruments in
different room acoustic environments (39 observations for
each instrument in a room). Since the input signal, the
room acoustic environment, and the loudness were kept
to be the same, a major difference in the sounding impres-
sion was expected between the electro-acoustic sources
due to distinct radiation characteristics. In contrast to
this hypothesis, in many cases, the two sources shown to
have analogous distribution of similarity ratings without
significant differences. As mentioned earlier, instruments
like trumpet exhibit similar radiation characteristics to
that of KH120 that is far different from GSR [4]. But
still, no major difference was observed in the distribu-
tion of the similarity rating of the KH120 and GSR when
compared to the real trumpet recording in the Studio and
Sommertheater. A similar trend was observed for the
flute and saxophone in Brahmssaal in which the GSR
shows slightly better ratings. Looking at the variation
between the room acoustic environments, a trend of mild
reduction in similarity rating of instruments was noticed
in the Brahmssaal.

In order to have a closer look at the trumpet, the highly
directional instrument in the group, the variation of sim-
ilarity ratings with different angle of orientations have
been investigated. The GSR was observed to have an
improved similarity rating compared to the KH120 for
the case of 180° orientation. Since the GSR is expected
to have a more direct sound component, this trend was
not expected. To understand this phenomenon in de-
tail, further evaluation of the Room Impulse Response
(RIRs) obtained from the electro-acoustic sources would
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Figure 4: Similarity of the electro-acoustic sound sources
with the real instrument at (a) studio, (b) Sommertheater,
(c) Brahmssaal

be carried out as the next step.

Conclusion

The perceptual differences in the sounding impression
due to the dynamic directivity of real instruments
and their electro-acoustic counterparts were analyzed in
terms of naturalness and similarity ratings. Although
the real musical instrument was rated to be more natural
in most cases, the electro-acoustic sources also exhibited
similar naturalness ratings to that of a real instrument
in specific acoustic environments. Even if considering the
colouration difference that can occur in close-miking, the
electro-acoustic sources with distinct directivity patterns
showed a similar distribution of the naturalness rating
for a highly directive instrument like a trumpet.

When it comes to similarity ratings, the electro-acoustic
sources tend to show the sounding impressions of ‘cer-
tain musical instruments’ only in ‘certain acoustic envi-
ronments’. An interesting thing observed in this study
is that, while keeping the input signal, room acoustic
environment and loudness to be the same, no major per-
ceptual differences were observed between the recordings
of the two electro-acoustic sources in specific acoustic en-
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vironments, despite their significantly different radiation
characteristics. Even for a highly directional instrument
like a trumpet, this trend remains valid. This indicates
that the large differences in directivity between the real
and electro-acoustic sources is somehow masked in cer-
tain acoustic environments. To validate this observation,
advanced listening tests with more detailed assessment
of the spectral and spatial cues, and evaluation of room
impulse responses would be carried out as the next steps.
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