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Abstract

Musicians in a symphonic orchestra are exposed to the noise of a large number of
different sound sources. The noise exposure can vary largely and has many aspects
of influence. One group of aspects is musical aspects, like the orchestra size and
composition, the musical piece and its interpretation by the conductor and
orchestra. The other group of aspects is architectural and room acoustic related
which may contribute to a variation in noise exposure, independent of the musical
aspects to some extent. On one hand, the size of the stage or orchestra pit may
determine the distance between the musicians, which typically influences the direct
and early reflected sound paths. Besides that, the room acoustics of the stage and
the hall can increase the noise exposure dramatically. In this research, the
contribution of stage size and acoustics to the total noise exposure and instrument
balance is investigated for 7 concert halls A to G as described by Luxemburg et al.
[2009].

In the direct sound, the highest contribution is made by the instruments close to
the receiver with a large spatial decay rate. The sound power of the instruments
seems less distinct, but also shows some influence. In the early reflected sound,
less high individual levels occur and the contribution is more spread over the
orchestra, clearly showing a stronger contribution of louder instruments. This is
even clearer in the late reflected sound, which is only dependent on the sound
power of the instruments and the late sound strength of the hall. This results in the
same graph for every different receiver. Finally, the total level shows that both
distance and sound power are important factors, so even distant instruments can
have a large contribution to the total noise level at a receiving position.
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INTRODUCTION

Musicians in a symphonic orchestra are exposed to the noise of a large number of
different sound sources. The noise exposure can vary largely and has many aspects
of influence. One group of aspects are musical aspects, like the orchestra size and
composition, the musical piece and its interpretation by the conductor and orchestra.
The other group of aspects are architectural and room acoustic related which may
contribute to a variation in noise exposure, independent of the musical aspects to
some extent. On one hand, the size of the stage or orchestra pit may determine the
distance between the musicians, which typically influences the direct and early
reflected sound paths. Besides that, the room acoustics of the stage and the hall can
increase the noise exposure dramatically. In this research, the contribution of stage
size and acoustics to the total noise exposure and instrument balance is investigated
for 7 concert halls A to G as described by Luxemburg et al. [2009].

METHOD

A model for the prediction of sound levels within a symphonic orchestra is used to
investigate the influence of the architectural and room acoustical aspects. This model
is based on measurements of the sound power L,, and directivity Q of the various
instruments, a generic orchestra setup and measured values of the room acoustical
parameters sound strength G and the early to late reflection ratio LQ7.4 in different
concert halls. The background of the model is described in [Wenmaekers et al. 2010
and 2011] and is briefly summarized in figure 1. For every source and receiver pair,
the direct sound level Lgiect, €arly reflected sound level Leany:rer, late reflected sound
level Liaeret @and total sound level Ly is estimated.
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Figure 1: Summary of the source — receiver model
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The directivity L(f,p,0) has been determined from anechoic recordings of separate
musicians by Péatynen et al. [2008, 2010] for 125 Hz to 8000 Hz octave bands
averaged over several tones within the instruments range. Besides that, separate
instrument recordings were made of different orchestral pieces of music. From the
front microphone recordings of the Mahler Symphony no. 1 sample (2:12 min) and
Bruckner Symphony no. 8 sample (1:27 min) and a calibrated reference signal, the
equivalent sound levels have been determined using Dirac 5. From the directivities
and frontal sound levels, the sound power L, is calculated. Figure 2 shows the A-
weighted sound power level per instrument per musical piece. Only large differences
occur between the two pieces at the violin sections and horn section. Because of
relatively small differences between the two pieces and because the Mahler piece
has a percussion part, only Mahler was used for further calculations.
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Figure 2: Average A-weighted sound power per instrument for different musical pieces

Based on the typical Mahler Symphony 1 orchestration and the typical American
orchestra layout [Meyer 2009], an orchestra setup is chosen for the model with all
musicians positioned on a rectangular grid, see figure 3. The receiving musicians
investigated further in this paper, are highlighted in red. Musicians 56 to 74 are
elevated by 0.3 m and musicians 59 to 79 are elevated by 0.6 m to simulate risers.
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Figure 3: Generic orchestra setup for Mahler Symphony 1 (receivers used in paper are marked red)

Strings: 1-14: 1st violin, 15-25: 2nd violin, 26-33: viola, 34-41: violoncello, 42-47: double bass
Woodwinds: 48-51: flute, 52-55: oboe, , 63-66: clarinet, 67-70: bassoon
Brass: 71-74: trumpet, 75-78: trombone, 79: tuba
Separate instruments; 56-62: french horn, 80: timpani, 81-82: percussion
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RESULTS

To study the impact of room acoustics on the noise exposure the contribution of each
instrument (82) is calculated for all receiver positions (83). The contribution is
subdivided in direct, early, late and total level and calculated for 7 octave bands and
for A-weighted spectrum. All calculations have been performed for hall A to hall G
[Luxemburg et al. 2009]. In total this yields over 1.5 million calculation results.

In the next paragraphs, only results are presented for hall C with a relatively high
amount of early sound and low amount of late sound; and hall F with a relatively low
amount of early sound and high amount of late sound. The same mutual distance
between musicians is used to simulate average stage size: 1.3 m (width) and 1.6 m
(depth), see table 1. All presented values are A-weighted.

Figure 4 shows the mapping of the exposure level contribution of every individual
instrument towards the receivers 8, 41, 63 and 71 per room acoustical parameter for
hall C. In the direct sound, the highest contribution is made by the instruments close
to the receiver with a large spatial decay rate. The sound power of the instruments
seems less distinct, but also shows some influence. In the early reflected sound, less
high individual levels occur and the contribution is more spread over the orchestra,
clearly showing a stronger contribution of louder instruments. This is even clearer in
the late reflected sound, which is only dependant on the sound power of the
instruments and the late sound strength of the hall. This results in the same graph for
every different receiver. Finally, the total level shows that both distance and sound
power are important factors, so even distant instruments can have a large
contribution to the total noise level at a receiving position. Also, the highest individual
noise levels are produced close to the receiver but the early and late reflected sound
may have a large contribution to the noise exposure of the full orchestra.
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Figure 4: Contribution to noise exposure level at single musician from all other musicians (hall C
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Figures 5 to 8 show the balance of the contribution to the noise exposure level of
different instrument groups in hall C and hall F at receiver position 8, 41, 63 and 71
respectively. The total contribution of each instrument group on the exposure level is
shown for every room acoustical aspect. The presented values show energetically
summed levels over all instruments within the same group. Also, the exposure level
of the own instrument is presented using dashed bars. The results show that in most
cases, the exposure level of closer instrument groups is mainly determined by direct
sound transfer while the exposure level of distant instrument groups is mainly
determined by late reflected sound. Also, in most cases the noise exposure from the
own instrument group is the highest, except for the cello, and the noise exposure
from the loudest group is higher than from the own instrument in all cases. In both
halls, the late reflected sound is louder than the early reflected sound. However, in
hall C, for distant instrument groups, the early reflected sound can be louder than the
direct sound, while in hall F, the direct sound is always louder than the early sound.

Figure 9 shows the exposure level of the full orchestra for every instrument group per
room acoustical aspect in hall C and hall F. Also, the total exposure level of the own
instrument within its group is presented using dashed bars. The presented values
show arithmetically average levels over all instruments within the same group.
Results show that, for hall F, the noise exposure from early sound is > 5 dB(A) lower
than from late sound, while in hall C, the noise exposure from early sound is
< 5dB(A) lower than from late sound. Differences between instrument groups can
rise up to 5 dB(A). It also shows that the contribution of own, direct, early and late
sound can be in the same order of magnitude.
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Figure 5: noise exposure balance: violin pos. 8
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Figure 6: noise exposure balance: cello pos. 41
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Figure 7: noise exposure balance: clarinet pos. 63
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Figure 9: Total noise exposure per acoustical aspect and instrument group
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The influence of stage size is investigated for the stages of halls B to G. The
dimensions and room acoustical properties of the stages are summarized in table 1.
Figure 10a shows the average noise exposure level of all musicians for every concert
hall stage for every room acoustical aspect using an equal mutual distance of 1.3 m
(width) and 1.6 m (depth). Figure 10b shows the same graph but with the orchestra
setup (figure 3) stretched out over each stage, in accordance with the actual
maximum mutual distances, see table 1. The results show that only the direct
exposure level is clearly influenced by the stage size, with differences up to 3 dB(A)
between the different halls. However, the total exposure level is affected by the stage
size by less than 1 dB(A). Finally, the maximum difference in average total noise
exposure level between the different stages when taking into account the stage size
is 1.8 dB(A).

Table 1: Concert hall stage properties

hall | width w) | depth (d) dig:;‘éz'w dig::]%ae' g Grao™ | Gaow™ | LQrag™
A i i i i 0.6 5.7 43
B 16.4 112 11 14 28 8.6 45
C 18.0 115 12 14 4.2 6.1 0.4
D 20.4 13.7 14 17 11 6.4 42
E 17.4 11.7 12 15 0.7 5.3 36
F 216 15.0 14 19 .0 78 8.2
G 175 12.6 12 16 0.9 7.0 5.1
Average | 186 12.6 13 16 13 6.7 43

* Stage A is not a rectangular stage, so it cannot be defined by width and depth. Therefore it has not been used.
** The real depth of the stage in hall E is 17.5 m, however it assumed that a maximum of 15 m is used by the orchestra
*** Average of 500 Hz and 1000 Hz averaged over 36 source-receiver combinations per stage [Wenmaekers et al. 2010]
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Figure 10a: Musician average noise exposure per acoustical aspect per hall - average stage size
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Figure 10b: Musician average exposure per acoustical aspect per hall — actual stage size
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FURTHER RESEARCH

The presented work is a result of a feasibility study for developing a model to
estimate the sound levels within an orchestra. It is shown that the model has much
potential for studying the influence of architectural and acoustical aspects on the
noise exposure of musicians in a symphonic orchestra. In future, it would be
interesting to use the model to study the impact of screens between musicians and
different orchestra setups on the noise exposure. Also, more different types of stage
environments could be analysed, like orchestra pits and theatre stages. It is shown
that the model can give valuable insight in the sound level balance of different
instruments in a symphonic orchestra. The results could also be used to study the
effect of orchestra setup and room acoustics on ensemble playing [Gade 2010].

The impact of some assumptions and simplifications need further investigation. The
directivity of the instruments and attenuation by the orchestra is not taken into
account in the measured room acoustical parameters which may result in an
overestimation of the early reflected sound [Dammerud 2010]. Also, the time
transition point between early and late reflected sound of 40 ms needs further
investigation [Wenmaekers 2010]. Furthermore, an estimation is made of the own
instruments sound level by using a small source-receiver distance using the far field
sound power and directivity, while in reality the listener is in the instruments near
field.
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