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Early reflections are known to be important to musicians performing on stage, but acoustic
measurements are usually made on empty stages. This work investigates how a chamber orchestra
setup on stage affects early reflections from the stage enclosure. A boundary element method (BEM)
model of a chamber orchestra is validated against full scale measurements with seated and standing
subjects in an anechoic chamber and against auditorium measurements, demonstrating that the
BEM simulation gives realistic results. Using the validated BEM model, an investigation of how a
chamber orchestra attenuates and scatters both the direct sound and the first-order reflections is
presented for two different sized shoe-box stage enclosures. The first-order reflections from the stage
are investigated individually: at and above the 250 Hz band, horizontal reflections from stage walls
are attenuated to varying degrees, while the ceiling reflection is relatively unaffected. Considering
the overall effect of the chamber orchestra on the direct sound and first-order reflections differences
of 2-5dB occur in the 1000 Hz octave band when the ceiling reflection is excluded (slightly reduced
when including the unobstructed ceiling reflection). A tilted side wall case showed the orchestra has

a reduced effect with a small elevation of the lateral reflections.

PACS numbers: PACS: 43.55.Br, 43.20.E1
I. INTRODUCTION

Acoustic parameters, derived from impulse response
measurements on stage, have been used with limited suc-
cess to characterize the subjective experience of musi-
cians playing on stage. For example, in spite of their
general acceptance for stage acoustics characterization,
Dammerud' did not find a correlation between subjective
musician ratings and the ST ¢,y parameter proposed by
Gade?. One reason for the lack of subjective relevance
of such stage acoustic measures may be that they are
often derived from measurements undertaken on unoccu-
pied stages, whereas in the real playing experience the
on-stage sound field may be impacted by the presence of
on-stage objects, including the performers. Several pre-
vious studies, focusing on a symphony orchestra setup on
stage have demonstrated that stage objects (musicians,
stands and instruments) do significantly affect on-stage
sound fields’3~®. However, measurements on stage with-
out stage objects present, or with only chairs and music
stands, are still common because of the practical diffi-
culties and lack of repeatability associated with doing
acoustic measurements with an orchestra present.

Acoustic parameters defined with ‘early’ time intervals
are commonly used to assess ensemble playing conditions.
The time period used to define ‘early’ varies: Gade® has
defined 20-100 ms as ‘early’ for the stage support param-
eter STcarly, Dammerud! has defined early as 0-80ms
for G, (early sound strength) and also examined G7_5o
with a time interval of 7-50ms. Others have also inves-
tigated very early time intervals, such as LQ7_4 defined
with a time interval of 7-40ms”. The support measures

have also been adapted to allow for across-stage measure-
ments with source-receiver distance greater than 1 m by
Wenmaekers et al.8, denoted as ST carly.d, With the early
time interval defined as ‘10—delay’ ms, where delay is the
source-receiver distance divided by speed of sound.

Dammerud and Barron® completed an experimental

study of on-stage attenuation using a scale model (1:25)
of a symphony orchestra, and found that for the 500 Hz
octave and above there was significant deviation from the
empty stage result. Dammerud and Barron’s scale model
did not include a stage shell, meaning only attenuation
of the direct sound and floor reflection was considered.
They found attenuation of —0.8 dB/m for source-receiver
distances in the range 3-16 m at 1kHz. They also ana-
lyzed full-scale measurements on a real stage with an or-
chestra, originally conducted by Ikeda et al.?, and found
attenuation of —0.7dB/m for source-receiver distances
in the range 2-6 m at 1kHz. In full-scale measurements
conducted by Skalevik?, the effect of a symphony orches-
tra on on-stage sound fields was also noted as significant
for the 500 Hz octave band and above for a single path
through a full symphony orchestra (path length 11.7m).

Wenmaekers et al.> have examined the effect of a sym-
phony orchestra on stage, using a dummy orchestra con-
sisting of mannequins (the sound absorption properties
of these mannequins validated with measurements in
a reverberation chamber). The dummy orchestra was
used on fives stages, and attenuation of direct sound
was examined to compare to results from Dammerud
and Barron®. Attenuation by the dummy orchestra
was 3-6dB greater than by Dammerud and Barron’s
scale model orchestra for the same source-receiver dis-



tances through the orchestra (distances between 3-16 m).
Wenmaekers et al. also considered the effect of the or-
chestra on early sound parameters (namely ST eay and
ST oarly,a); the difference between occupied and empty
condition was 2dB for ST a1y (slightly less for ST cary a
for a 1 m source-receiver distance).

Other work by Dammerud! has used ray-tracing to
model a symphony orchestra on stage, using the scale
model results (including a scale model stage enclosure)
for validation. However, Dammerud found poor agree-
ment with the scale model for source-receiver distances
between 5 and 9m. In the ray-tracing model the musi-
cians (and stands and instruments) were represented as
simplified benches, and high scattering coefficients were
applied so that the actual shape and angle of the benches
had minimal impact on results. This ray-tracing or-
chestra model appears to be an inadequate model to in-
vestigate within-orchestra attenuation for source-receiver
paths between 5 and 9m (such as within a chamber
orchestra), because wave interference effects, diffraction
and specific characteristics of scattering are not fully ac-
counted for by ray-tracing methods?'.

No studies appear in the literature focusing on how a
smaller chamber orchestra affects on-stage sound fields,
or the applicability of standard stage measurements for
such a group. Chamber orchestras, unlike symphony
orchestras, typically rehearse and perform without a
conductor, so arguably their acoustic needs are more
critical, or at the very least different. Additionally, a
chamber orchestra will often perform standing, whereas
symphony orchestras perform seated, meaning different
source-receiver heights are needed.

Other studies have focused on sound absorption by
standing audiences!®!! and have considered the change
in reverberant or late parameters with and without the
audience present. For an orchestra on stage it is im-
portant to consider how sound propagates through the
orchestra (to consider ease of musical communication),
as well the effect of the orchestra as a whole on audience
measures.

In this study, a boundary element method (BEM)
model of a chamber orchestra has been developed to in-
vestigate the on-stage acoustic conditions for a chamber
orchestra. This model has been validated against mea-
surements in a hemi-anechoic chamber. To further val-
idate the BEM model for this investigation, full scale
measurements with a real chamber orchestra were also
conducted in an auditorium. The full scale measurements
showed that the BEM produces realistic results, and the
BEM model was then used to investigate two different
stage enclosure sizes. Traditionally, stage parameters
have been omnidirectional, however recently studies have
begun to consider whether the directionality of on-stage
sound fields is subjectively important to musicians'® 4.
This study focuses on the effect of the orchestra on di-
rect sound and also first-order enclosure reflections, and
each first-order reflection is investigated individually to
demonstrate the effect of the orchestra depending on the

arrival direction.

II. BEM MODELLING: GENERAL
CONSIDERATIONS AND VALIDATION

In this section the validation undertaken for the BEM
model is summarized. The BEM analysis was conducted
using FastBEM@®). To ensure accurate results, a mesh
size of at least an eighth of a wavelength was always
used. FastBEM offers a full boundary element method
solver, which solves the full Helmholtz equations, and
accelerated methods. In this work the adaptive cross
approximation (ACA) solver, which uses a hierarchical
matrix partitioning structure, has been used.

A. Validation setup used

To validate their scale model, Dammerud and Barron®

tested a simplified configuration. They compared re-
sults to unpublished full scale measurements undertaken
by Krokstad!'®, and matched the absorption for the
scale model musicians to the absorption found in full
scales measurements by Harwood et al.'8. A more re-
cent study by Jang and Jeon'” also examined absorp-
tion of seated musicians in a reverberation chamber, and
found some variation depending on factors like clothing
type, instruments and seating density, nevertheless over-
all good agreement was observed with Harwood et al.'6.
Krokstad’s full scale measurements with seated musicians
involved a simplified case of two lines of seated people
(one line with six people and one line with five people) in
front of a source (three source heights were used). The
results are presented with the use of frequency averag-
ing and source-receiver height averaging. Dammerud and
Barron states that the scale model results were within +1
and —2dB at 1 kHz and 2 kHz compared to the measure-
ments by Krokstad!'®, but do not provide information on
the agreement at other frequencies. Due to lack of details
known about Krokstad’s experiments a similar experi-
mental setup has been recreated in the present study to
provide a stronger basis for model validation and avoid-
ing the use of averaging.

The authors replicated Krokstad’s measurements in a
hemi-anechoic chamber (using 6 seated subjects, rather
than the 11 used by Krokstad). Sound propagating
around standing people was also investigated because
chamber orchestras frequently perform with musicians
(violins and violas) standing. The 6 seated or stand-
ing subjects were arranged as shown in Figure 1. The
room’s anechoic lining is specified as such at and above
the 200Hz 1/3-octave band. The chamber internal di-
mensions (from the faces of the lining) are 6.5m x 3.6m
x 3.0m (vertical). A miniature (0.1 m diameter) dodec-
ahedral loudspeaker (type Dr Three) was used as the
source. This loudspeaker qualifies as omnidirectional ac-
cording to ISO3382-1'® criteria over the measurement
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FIG. 1. Setup of seated musicians in the hemi-anechoic cham-
ber. The coordinates (in m) specified for each musician refer
to the centre of the back of the musician’s chair. The source
was located at the origin of the coordinate system. Also shown
are the 5.5 m microphone and the reference microphone. The
same configuration was used for standing musicians, however
in that case the coordinates refer to the approximate cen-
tre point of each standing musician. The source and receiver
heights were respectively 0.8 m and 1.2 m for seated tests, and
1.0m and 1.5 m for standing tests.

frequency range, with deviations within £1dB up to the
2kHz 1/3-octave band. The receivers were omnidirec-
tional microphones (1/2 inch diameter Briiel&Kjeer type
4190). The difference in sound pressure level (SPL) be-
tween the 5.5m microphone and reference microphone
was investigated. Both the seated and standing musi-
cians were modeled in Autodesk Inventor® using com-
binations of simple geometries to allow for easy meshing.

B. Orchestra impedance values and agreement
between full scale measurements and BEM model

For the BEM model of the chamber orchestra sep-
arate impedance values were applied to musicians and
music stands. To specify impedance values for musicians
the equivalent absorption areas selected by Dammerud
and Barron?® for their scale model were first considered.
Dammerud and Barron measured these equivalent ab-
sorption areas for the model musicians in a scale reverber-
ation chamber, and matched them as closely as possible
to the full scale absorption areas for musicians measured
in a full sized reverberation chamber by Harwood et al.'6.
A quadratic curve was fitted to these data for absorption
area (A) versus frequency, so that the impedance val-
ues were gradually changed with frequency. Then the
equivalent absorption areas were related to an absorp-
tion coefficient by dividing by the object surface area.
The seated and standing model musicians have an ap-
proximate surface area of 2m? each. This relationship
is only strictly valid when the absorption coefficient of a
large flat sample of a material is being measured in a re-
verberation chamber. Although Dammerud and Barron

measured absorption area in a reverberation chamber,
model musicians were three-dimensional hence the use of
this data to obtain absorption coefficients is approximate,
however use of these values was validated in a sensitiv-
ity analysis described shortly, which found that results
were insensitive to the impedance values specified. The
absorption coefficients were then converted to impedance
values. Equivalent absorbing area (or the corresponding
absorption coefficients) only provide information regard-
ing the change in amplitude of the sound wave once re-
flected by the object, not the change in phase. The reflec-
tion coefficient was assumed to be positive and real (i.e.
R =+/1— «a). An imaginary component of the reflection
coefficient implies some change in phase — significant
phase change generally only occurs when the absorbing
layer is thick compared with the wavelength, or has an
air gap behind it (which may be the case for clothing in
some cases). However, in the absence of a rational basis
for defining an imaginary part of the complex impedance
it was set to zero. Table I summarizes the absorption
area per musician from Dammerud and Barron’s scale
model, the equivalent absorption coefficients, and the
corresponding reflection factor magnitude and complex
impedance.

As well as the seated musicians, impedance values
had to be applied to music stands. Absorption coeffi-
cients based on 1cm thick plywood taken from Cox and
D’Antonio!?, see Table II. Similar to the case of the
musicians, these absorption coefficients are approximate.
However, the shortly described sensitivity analysis finds
the geometry itself rather than the impedance applied
is more critical over the frequency range 125-1000 Hz
octaves meaning the impedance specified to the music
stands is not important. Again, the reflection coefficient
(R) was assumed to be real and positive, and this time
an exponential curve was a better fit to « to avoid jumps
in AL due to an abrupt change in impedance in each
octave band. The music stands were modeled as just
the music stand face, without a ‘pole’, because the slen-
der pole would require a fine mesh (and large number of
elements) to model but would not significantly impact
the sound fields under 2000 Hz. Music stands are not
included in the validation setup (Section IT A), however
they are included in the final chamber orchestra model
(Section IITA).

Impedance values up to 2000 Hz were defined for the
purposes of curve fitting, although computations were
only conducted up to the upper end of the 1000 Hz octave
since the next octave required a four-fold element num-
ber increase and was not feasible for the final orchestra
model.

To compare the results from the full scale measure-
ments and the BEM model a quantity ALs 5 - ref Was
defined as the difference in SPL between the 5.5m re-
ceiver and the reference receiver, see Eq. 1. The precise
receiver locations for the these receivers are shown in Fig-
ure 1.



TABLE 1. Absorption area, absorption coefficients, corre-
sponding reflection coefficients and impedance values applied
to surfaces of seated musicians based on Dammerud and Bar-
ron’s absorption areas.

Octave (Hz) ‘ 125 250 500 1000 2000
A (m?) 007 024 041 07 086
« 0.03 0.12 0.2 0.35 0.43
|R| 0.98 0.94 0.89 0.81 0.76
Z, (kg/m?s)| 46547 12981 7241 3870 2975

ALE}.E} m - ref — SPL5.5m - SPLref (1)

Before considering the agreement between full scale
and BEM results, the sensitivity analysis conducted for
the impedance values of the chamber orchestra model
used in this work will be described. Increasing or decreas-
ing the absorption coefficient by 0.1 from those used in
Table I (subject to the constraint that o > 0) resulted in
negligible change in ALg 5, - reof across the full frequency
range (125-1000Hz octave bands), which indicated in-
sensitivity to the exact choice of absorption applied to
the musicians, as shown in Figure 2 c. In cases where
absorption coefficient could not be reduced by 0.1 (for
example 125 Hz octave band) the perfectly reflective case
was examined. The insensitivity to absorption coefficient
suggests that the variation in ALz 5y - ref is predomi-
nantly due to wave diffraction around the orchestra. This
is unsurprising given that the wavelengths investigated
(240 mm to 1.9 m) range from typical small scale feature
dimension of the geometry to typical spacings between
musicians.

Now the agreement between full scale measurement
and BEM results is discussed. When considering oc-
tave band average values of ALs 5 - ref good agreement
was found between the BEM model and the full scale
measurements for both the seated and standing musi-
cian configurations. The results from the BEM model
between 125-1000 Hz octave bands are within generally
42 dB of the full scale measurement results. Examining
the un-averaged curves of ALs 5., - ref Versus frequency
demonstrates that the BEM model also captures most
of the smaller changes with frequency observed in the
curves from the full scale measurements, see Figure 2.
The results in Figure 2 are for a source height of 0.8 m
for the seated musician case, and a source height of 1.2m
for the standing musician case. In a few places sharp dips
in AL55m - ref are observed in the BEM model results,
which are not seen as strongly in the full scale measure-
ment results. This indicates some destructive interfer-
ence occurring in the BEM model, which did not occur
in full scale measurements. This is likely because in the
case of the full scale measurements no two musicians ge-
ometries were truly identical, whereas in the BEM model
the geometry of each musician is identical and they are

TABLE II. Absorption coefficients and corresponding

impedance values applied to music stands.

Octave (Hz) 125 250 500 1000 2000
« 0.28 0.22 0.17 0.09 0.10
|R)] 0.85 0.88 0.91 0.95 0.95

Zs (kg/mQS) 5026 6639 8848 17471 15640

spaced exactly evenly between the source and receiver.
The physical measurements therefore tend to have wider
but shallower dips and after averaging the difference is
small. A source height of 1.0m for the seated musician
case, and source height of 1.5 m for the standing musician
case were also examined with similar agreement observed.

This validation study found that good agreement was
achieved between the BEM model and full scale results
with both sitting and standing subjects. Based on this
agreement it can be concluded that at and below the
1kHz octave band the simplified musician geometries are
satisfactory; clearly the presence of large geometries im-
pacts the sound field over this frequency range, while
the finer details do not. Throughout the validation pro-
cess it was found that diffraction is dominant and results
are generally insensitive to a. Based on these findings
instrument geometries will be included in the final or-
chestra model, but applied with same impedance as the
musicians.

IIT. BEM MODEL OF A CHAMBER
ORCHESTRA

A. Introduction

The final chamber orchestra model with instrument ge-
ometries included is shown in Figure 7?. The inner-most
circle of musicians has a radius of 2m and the outer cir-
cle of musicians has a radius of 3.2m. Music stands are
located 0.8 m forward of musicians’ heads at a height of
approximately 1.2m (to the base of the stand) for stand-
ing musicians and approximately 0.75m (to the base of
the stand) for seated musicians, with each stand shared
between two players in accordance with usual practice.
In the BEM model omnidirectional source and omnidirec-
tional receivers were simulated. Additionally, a perfectly
reflective stage floor was represented with a symmetry
plane.

T

For on-stage measurements, Gade® has suggested re-
moving all stage furniture within a 2m radius of the
source and receiver to avoid significant influence from the
nearby objects on acoustic measurements. For a chamber
orchestra on stage a 2m radius around both the source
and receiver would equate to removing almost all the on-
stage objects. For smaller stages (such as those which
may be unsuitable for a symphony orchestra but used by
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FIG. 2. Comparison of un-averaged ALz 5m - rer for full scale measurements and BEM model using configuration shown in Figure
1, for (a) standing musicians and (b) seated musicians. Additionally in (c) effect on ALs5.5m - ret from increasing and decreasing
absorption coefficient by 0.1 for BEM model of seated musicians arranged in configuration shown in Figure 1. Minimum refers
to the lowest absorption coefficient tried, maximum refers to the highest absorption coefficient tried and standard refers to the
absorption coefficients provided in Table I, and used in all later investigations.

a chamber orchestra), Gade suggests empty stage mea-
surements.

The aim of this paper is to consider how representative
unoccupied stage measurements are for a chamber sized
orchestra. The approach in this paper was therefore to
clear any objects that have any part within a radius of
0.5m so that most of the orchestra would remain. The
cleared radius of 0.5 m generally equated to the musician
at the source or receiver location and in some cases the
nearest music stand. This left a reasonably realistic on-
stage setup, and this is in line with the method used by
others when investigating the impact of an orchestra on
on-stage sound fields®®.

B. Effect of stage objects on direct sound and floor
reflection: results and discussion

In this section the attenuation of the direct sound and
floor reflection and the contribution of early reflections
from nearby stage objects are investigated using the val-
idated BEM model. Several cases are presented with
various source and receiver locations within the chamber
orchestra. The source and receiver locations have been
selected as player locations, both at 1.5 m above the stage
floor. For this analysis a quantity AL is defined as the
SPL at the receiver relative to the SPL of the direct sound
only (in the absence of any orchestra or floor) at the same
receiver location. As such,

AL = SPLreceiver - SPLdirect (2)
where SPL,eceiver 18 the SPL at a receiver on stage and
SPLgirect 18 the ‘free field’ direct SPL at the same receiver
location (as used by Dammerud and Barron® to investi-
gate on-stage sound fields for symphony orchestras).

The results denoted as ‘Analytic’ in the following sec-
tions have been computed from direct sound and floor
reflection (i.e. the empty stage solution), which will have
a limiting value of +6dB when these two are in phase
and of equal amplitude.

Three different source-receiver cases have been consid-

ered, as shown in Figure 3. For Case 1 the attenuation
between two players across roughly the geometric center
of the orchestra is investigated, for Case 2 the attenua-
tion between the left-most player in the orchestra and the
right-most player in the orchestra is investigated and for
Case 3 the attenuation between the concertmaster (i.e.
principal first violin) and a back row player in the or-
chestra is investigated. The empty stage (Analytic) and
occupied stage (BEM) solutions are shown for Case 2 in
Figure 4 over the full frequency range; the same results
are not presented for Cases 1 and 3 but were similar, al-
though Case 3 generally showed less attenuation across
the full frequency range than the other two cases.

From the un-averaged curve of AL versus frequency
(Figure 4) it is evident that there is general agreement
between the empty stage (Analytic) and BEM solution in
terms of gross features. However, dips due to destructive
interference may be frequency shifted and have different
magnitudes — this is due to the modified path lengths
because of the presence of the chamber orchestra and to
a small extent the surface absorption of the musicians.
Additional dips and peaks also arise from a proliferation
of multiple sound paths.

The differences after octave band averaging between
the Analytic case (empty stage) and the BEM case (oc-
cupied stage) are presented in Table III. Case 1 shows
low attenuation at the 125 Hz and 250 Hz octave bands,
but significant attenuation of the direct sound and floor
reflection for 500 Hz and 1000 Hz octave bands. Case 2
shows significant effect of stage objects at all frequencies
above the 125 Hz octave band. Notably the value of AL is
positive at 250 Hz indicating that the SPL on the empty
stage at the receiver location is actually lower than on
the occupied stage. From Figure 4 we can see that this
is because for the occupied stage solution the destructive
interference between the direct sound and floor reflection
is significantly reduced and the constructive interference
at higher frequencies is shifted into the 250 Hz octave
band. Case 3 shows minimal effect from stage objects
across the whole frequency range of interest, with the
exception of the 250 Hz octave band.
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FIG. 3. The source-receiver locations for the three cases in-
vestigated, (a) Case 1 with source-receiver distance of 6.3m,
(b) Case 2 with source-receiver distance of 6.4 m and (c) Case
3 with source-receiver distance of 4.5 m.
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FIG. 4. Case 2 orchestra configuration and sound field results
for direct sound and floor reflection only. AL versus frequency
(direct sound and floor reflection only) (Analytic = empty
stage, BEM = occupied stage)

C. Effect of stage objects on first-order reflections:
results and discussion

In this section the effect of the chamber orchestra on
first-order reflections from the stage enclosure is investi-
gated. The mesh required to implement a stage enclo-
sure in the BEM model would be too large for the model
to be feasible to solve. Instead walls and ceiling have
been modeled one at a time using symmetry, by creat-
ing an image of the orchestra and adjusting the omni-
directional source location in the BEM model appropri-
ately. An example of the setup for investigating the left
stage wall first-order reflection for the typical enclosure

TABLE III. Difference between octave band average values of
BEM AL and Analytic AL (dB) for direct sound and floor
reflection only for the three orchestra configurations investi-
gated (Cases 1, 2 and 3).

Octave (Hz) Case 1 Case 2 Case 3
125 0.1 0.5 —0.1
250 —0.8 3.9 —2.8
500 —6.0 —2.6 —-1.8
1000 —6.0 —4.0 —0.5
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g o | ] N

FIG. 5. The setup used to investigate the left wall reflection
for Case 1. The left wall reflection has been investigated by
creating a mirror image of the orchestra, and the source has
been moved as shown (receiver location is unchanged from
direct sound investigation). The dashed line is the left wall.

is shown in Figure 5 in which the orchestra is mirrored
about the left enclosure wall. The receiver location re-
mains unchanged from that used in the investigation of
the direct sound, but the source is moved to the image
to give the correct source-receiver geometry for the left
wall first-order stage reflection. The source used to in-
vestigate the direct sound is removed in this analysis, so
the stage enclosure reflection attenuation can be consid-
ered separately. ‘Left’, ‘right’ and ‘back’ in this paper
are defined from the perspective of a musician on stage
facing the audience. This method has the advantage of
allowing the first-order stage enclosure reflections to be
studied individually, which is of interest because physical
measurements are generally studied as impulse responses,
and further because complementary work involving stage
measurements in auditoria assessed by chamber orches-
tras has included analysis of both the spatial and tempo-
ral response!4

The specific effect of stage objects on higher order re-
flections (and subsequently on-stage acoustic measures)
will depend on the stage enclosure size and shape. Two
stage enclosures sizes have been investigated. The dimen-
sions of the first stage enclosure are 15.5m wide and 8 m
deep and 12 m high (height of ceiling above stage), which
are typical of purpose-built concert hall stages that are
included in the subjective and objective survey of stage
acoustics for chamber orchestras!?, and this stage enclo-
sure will be referred to as the ‘typical’ enclosure size.
Also, a ‘small’ stage enclosure has been investigated, the
dimensions of which are 11.4m wide, 6 m deep and 9m
high. The dimensions of the ‘small’ enclosure were cho-
sen to agree with the stage enclosure size used in the
full scale measurements with a chamber orchestra in an
auditorium presented in Section IV.

In this section the attenuation of first-order reflections
for the typical and small enclosures is investigated. The
arrival times for first-order reflections (relative to the di-
rect sound) for source-receiver locations in Cases 1, 2 and
3 are shown in Figure 6 for the typical and small enclo-
sures. First-order reflections, and the corresponding floor
reflection, are included in the BEM analysis, but no other
second order reflections are considered.

The results for difference between BEM and Analytic
for the first-order reflections for Cases 1, 2 and 3 are
summarized in Table IV for the typical and small enclo-
sures. To illustrate typical detail AL is plotted against
frequency for each first-order reflection for Case 1 with
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FIG. 6. Arrival of first-order reflections (relative to arrival
of direct sound) for typical and small stage enclosure, with
source and receiver locations as used in Cases 1, 2 and 3. The
first-order reflections are shown with a solid line, and initial
second-order reflections (not accounted for in BEM model) are
shown with a dashed line. Each first-order reflection is also
closely followed by a floor reflection (not shown), with the
exception of reflection via ceiling and floor which is shown
as this is more widely spaced and is the final reflection ac-
counted for in the BEM model. Each figure is labeled with
the enclosure size and case number.

the typical enclosure in Figure 7. AL is defined in the
same manner as in Section ITI B as the difference between
the SPL at the receiver and the SPL at the same source-
receiver distance in a free field.

In all cases the ceiling reflection is not significantly af-
fected by the presence of the orchestra at any frequency.
This result is expected because the ceiling reflection path
does not pass through the orchestra when traveling from
source to receiver, and thus would only be minimally im-
pacted by some reflections from nearby stage objects.

For Case 1 typical enclosure, there is minimal differ-
ence in first-order reflection with and without the or-
chestra in the 125 Hz octave. However, there is notable

attenuation for the 1000 Hz octave band for all the first-
order reflections (as high as 6 dB), with the exception of
the ceiling reflection. For the intermediate octave bands
(250Hz and 500 Hz) the effect is varied. The similarity
for 250 Hz and 500 Hz between the empty and occupied
stage solutions is dependent on how the destructive in-
terference between the direct sound and floor reflection is
altered by the presence of the stage objects. For Cases 2
and 3, the findings are very similar to Case 1, with high
attenuation at the 1000 Hz octave band, varied levels of
attenuation at 250 Hz and 500 Hz, and minimal attenua-
tion for the 125 Hz octave.

Regarding the small enclosure size, again none of the
first-order reflections are attenuated by more than 1dB at
the 125 Hz octave band, and there is minimal difference in
occupied and empty stage solutions for the unobstructed
ceiling reflection. Again for this enclosure size there is
generally high attenuation in the 1000 Hz octave band
and varied levels of attenuation at 250 Hz and 500 Hz.

The first-order reflections are combined to give a ‘Stage
Walls Combined’ (SWC) quantity. In Table IV the differ-
ence between occupied and empty SWC is given and this
quantity is labeled SWCoqc. - empty (Where occ. stands for
occupied). The definition of this quantity is

(> p})BEM
(Z p%)Analytic) (3)

where p; = Pairects Pbacks Pleft Dright and Dceiling and are
the pressures from direct sound, back wall, left wall, right
wall and the ceiling respectively. Note, the direct sound
and each first-order reflection includes the correspond-
ing floor reflection, since a symmetry plane was in place
to represent the floor. It should also be noted that the
square of the pressure magnitude was summed (rather
than complex pressures being added before squaring their
resultant magnitude) because in the auditorium used for
validation (see Section IV) the ornate surfaces would pro-
duce some spatial and temporal diffusion, thus the reflec-
tions would behave as incoherent sources, not perfectly
coherent sources. However, the floor reflection will be
coherent since the floor is perfectly flat and rigid, and
this is accounted for by including the floor reflection in
the BEM model (with use of a symmetry plane). This
method gives good agreement with the auditorium mea-
surements presented in Section IV. The pressure squared
sum method is therefore also used for the ‘typical” enclo-
sure BEM results since most auditoria would have sim-
ilarly diffusing walls and a flat floor. Also included in
Table IV is SWCqcc. - empty With the direct sound ex-
cluded. Direct sound is excluded in some common stage
parameters, such as ST a1y Where the early is defined as
20-100ms®, LQ7_40 where early is defined as 7-40 ms”
and a variation on early support STcarly,a Where 10ms
is used instead of 20 ms to start the early time interval®.
Direct sound is also included in some stage parameters,
such as Go_go where early is defined as 0-80 ms!.

SWCocc. - empty = 10logyg (

Figure 6 suggests that for the typical stage enclosure,



AL (dB)
.
AL (dB)

L L L L L L
125 250 500 1000 125 250 500 1000
Frequency (Hz) Frequency (Hz)

TPTYAL /ﬁ NCA AR j

(IR EEEE R A

o[ —— BEM ] b

AL (dB)

AL (dB)

-30 L L L -30 L L L
125 250 500 1000 125 250 500 1000

Frequency (Hz) Frequency (Hz)

FIG. 7. AL versus frequency for Analytic and BEM solution
for Case 1 first-order reflections for the typical stage enclosure
(Analytic = empty stage, BEM = occupied stage); (a) back
wall reflection, (b) left wall reflection, (c) right wall reflection
and (d) ceiling reflection.

SWCoce. - empty, excl. ceiling 1S €quivalent to truncating the
signal at around 40ms, while SWCqcc. - empty, incl. ceiling
is equivalent to truncating the signal at around 60 ms;
however, it should be noted there would generally be sec-
ond order stage enclosure reflections occurring before the
ceiling, which were not considered in the BEM model.

D. Effect of stage objects for varying reflection
arrival elevation angle

This section considers the effect of the chamber orches-
tra on lateral reflections arriving at angles between the
horizontal and vertical plane, such as those caused by
an angled reflector or angled side wall. The source and
receiver locations were those of Case 1, and angled left
wall reflections were considered (where 6 is the angle the
left side wall is tilted from vertical), as shown in Figure 8.
The angle 6 was varied from 0° (left wall reflection case
for standard enclosure size as presented in Section ITI C)
to 40°, and the equivalent source-receiver distance was
kept constant (at 15.2m), thus reflection surfaces were
tangent to a common ellipse. The results are graphed
in Figure 9, where difference between BEM and Analytic
(i.e. occupied and empty) is plotted against 6.

The effect of the orchestra reduces rapidly with in-
creasing angle 6 for 500 and 1000 Hz octave bands, as
the primary source-receiver path progressively clears the
orchestra. AL approaches 0dB, which is not surprising
as this is the result for the ceiling reflection (effectively
6 =90°, albeit with a different source-receiver distance).

The effect on the other hand is relatively independent
of angle for 125 and 250 Hz bands. These frequencies
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FIG. 8. Angled chamber orchestra model as modeled in Au-
todesk Inventor, for angle § =10°.
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FIG. 9. (Color online) ALggM-ALanalytic as a function of

angle 6 (as defined in Figure 8) for 125-1000 Hz octave bands.

have already been shown to be relatively unaffected by
the orchestra. Interestingly the 250 Hz octave is consis-
tently lower than the 125Hz octave, a result also seen
in TableIV. This may be due to additional interference
from the proliferation of paths in the vicinity of the first
destructive interference.

IV. FULL SCALE MEASUREMENTS IN AN
AUDITORIUM WITH A CHAMBER
ORCHESTRA

A. Introduction

To further validate the use of BEM to model a cham-
ber orchestra, and the use of symmetry in the BEM
model to replicate first-order stage enclosure reflections,
full scale measurements were undertaken in an audito-
rium with a chamber orchestra (including music stands,
seats, instruments and the musicians themselves). For
the auditorium measurements a Briiel&Kjeer omnidirec-
tional loudspeaker type 4295 was used, along with an
amplifier (Briiel&Kjeer power amplifier type 2734) and
computer software with an audio interface (AARAE re-
lease 7 with Fireface UCX interface). An exponential
sweep with duration 30s, start frequency 50 Hz and end
frequency 20 kHz was used in impulse response measure-
ments, and the receiver used was a Briiel&Kjser omnidi-
rectional microphone type 4910.

The auditorium used for these measurements was the
Hobart Town Hall (Tasmania, Australia). Due to the



TABLE IV. Difference between octave band average values of BEM AL(dB) and Analytic AL(dB) for Cases 1, 2 and 3, for

the typical stage enclosure and the small stage enclosure, for first-order reflections. SWC,cc.

and is defined in Eq. 3.

- empty 18 discussed in Section III C

Case Typical Small
Octave (Hz) 125 250 500 1000 125 250 500 1000
Direct (and floor) 0.2 —0.8 —6.0 —6.0 0.2 —0.8 —6.0 —6.0
Back Wall -04 0.4 —-1.2 -1.9 —-0.8 0.5 —0.2 —4.7
Right Wall 0.1 —-1.3 —2.5 —5.2 —0.1 —2.2 —-2.3 —5.2
1 Left Wall 0.4 —2.2 —5.2 —6.2 0.1 —2.7 —4.8 -5.9
Ceiling 0.1 —0.8 0.3 —-0.2 0.1 —0.8 —0.2 —-0.2
SWCocc. - cmpty, excl. ceiling 0.0 09  —47  —46| -01  -12  —41  -55
(exclude direct) (-0.1) (-09) (-1.6) (-3.6)] (-03) (-1.3) (-14) (-5.2)
SWCocc. - empty, incl. ceiling 0.0 0.9  —43  -43| —01  —11  -37  —48
(exclude direct) (0.0) (-0.9) (-1.2) (-3.2)] (-0.2) (-1.2) (-1.1) (4.2)
Direct (and floor) 0.5 3.9 —2.6 —4.0 0.5 3.9 —2.6 —4.0
Back Wall —-0.5 —-1.5 -3.3 —3.8 —0.8 —3.8 -2.0 -3.7
Right Wall 0.2 -2.3 0.3 -3.3 0.1 —1.6 —-0.7 -2.3
Left Wall 0.5 —-1.2 -1.9 —4.6 0.3 —-14 —-2.8 -5.3
2 Ceiling 0.1 -0.7 -0.5 —0.1 0.1 -0.3 —-04 -0.2
SWCoce. - empty, excl. ceiling 0.3 0.4 —25 -39 0.1 0.0 24 -38
(exclude direct) (0.1) (-1.7)  (-14) (=3.9)| (-01) (=2.1) (-1.7) (-3.6)
SWCocc. - empty, incl. ceiling 0.3 0.3 —23 36 0.1 0.0 —22  -34
(exclude direct) (0.1) (-1.5) (-1.0) (-3.3)] (-0.1) (-1.8) (-1.3) (-3.0)
Direct (and floor) —-0.1 -2.8 -1.8 -0.5 —0.1 —-2.8 -1.8 -0.5
Back Wall —0.6 -0.3 1.0 —-3.7 —-0.9 —0.6 —2.2 —-2.0
Right Wall —0.6 —0.2 —-3.5 —-3.8 0.0 —1.0 —3.6 —1.5
Left Wall 0.00 —1.4 -3.6 -3.9 -0.9 —-0.8 —2.5 —-3.2
3 Ceiling —-0.4 0.1 0.0 —-0.4 —-0.6 0.00 -0.9 —-0.1
SWCoce. - empty, excl. ceiling ~ —0.3  —2.0  —1.6  —13| —04  -21  -24  —12
(exclude direct) (-0.5) (=0.7) (-0.2) (-3.8)| (-05) (-0.8) (-3.0) (-2.0)
SWCocc. - empty, incl. cefling  —03  —1.9  —1.6  —12| —04  -19  -24  -11
(exclude direct) (—=0.4) (-0.5) (-0.2) (-3.3)| (=0.5) (-0.6) (—2.8) (—1.8)

small stage size, the orchestra was set up at the back of
the auditorium, which provided an approximate ‘shoe-
box’ stage enclosure with ceiling height of 9.0m, stage
width of 11.4m, stage depth of 6.0m (from the front of
the ensemble). The source and receiver were both at a
height of 1.5m. Figure 10 shows the chamber orchestra
in situ in the auditorium. It should be noted that the
interior plaster surfaces of the auditorium were quite or-
nate, and included various sized and shaped alcoves, and
these details were not included in the BEM model, and
would result in significantly more scattering, rather than
discrete reflections.

The same source-receiver configurations used in the
BEM model (Cases 1, 2 and 3) were also investigated
in the auditorium measurements. Three identical mea-
surements were conducted for each case, between which
the orchestra was asked to relax and move around to de-
liberately introduce small random perturbations to the
orchestra configuration. Measurements were also taken
on stage with no orchestra present (empty stage), for
Cases 1, 2 and 3, for comparison to the occupied stage
measurements.

These full scale measurements also had several advan-

FIG. 10. (Color online) The chamber orchestra setup in the
auditorium.

tages over the BEM model: higher frequencies could be
investigated which are not possible with the BEM model,
and higher order reflections could also be considered,
where the BEM model investigation was limited to only
the first-order stage enclosure reflections.



B. Auditorium measurements with a chamber
orchestra: results and discussion

To investigate the equivalent quantity considered with
the BEM model (Eq. 3), the occupied and empty stage
measurements were compared using SWCocc. - empty de-
fined as

SWCOCC. - empty — 10 10g1o (poccupied)2_1010g10(pempty()2)a

4
where Poccupied 15 the pressure at the receiver with the
chamber orchestra present on stage and pempty is the
pressure at the receiver with no orchestra present (empty
stage), both integrated over suitable time windows to iso-
late the desired reflections. An analytic investigation of
the arrival times of the direct sound, floor reflection, left
wall, right wall, back wall and ceiling reflections (based
on source and receiver locations used in Cases 1, 2 and 3)
was provided in Figure 6 d, e and f for the ‘small’ enclo-
sure (which was based on the dimensions of the Hobart
Town Hall).

Before investigating SWCoce. - empty (Eq. 4) the im-
pulse responses were truncated. Due to limitations in sig-
nal processing, it is impossible to isolate individual reflec-
tions without smearing from adjacent reflections, unless
there is an appropriate gap where no sound energy in the-
ory arrives, as discussed by Wenmaekers et al.®. Due to
the size of the Hobart Town Hall, and the ornate features
potentially causing scattering and diffusion, complete iso-
lation of individual reflections is not possible; however,
for comparison to the quantity SWCocc. - empty, excl. ceiling
from the BEM model, a cutoff time of 23ms was se-
lected to isolate reasonably well the direct sound, the
back wall, left wall and right wall reflections (prior to
the occurrence of the ceiling reflection). To investigate
the sensitivity to the cutoff time selected, the quantity
SWCoce. - empty Was plotted in Figure 11 as a function of
cutoff time for each case. In particular, for values in a
+3 ms range around the 23 ms (i.e. 20-26 ms) the change
in SWCoce. - empty Was minimal (the largest variations
seen over the £3ms window were +0.5dB for Case 1,
+1.1dB for Case 2 and £0.2dB for Case3 across 125-
1000 Hz octave bands). The £1.1 dB variation for Case 2
was in the 1000 Hz octave band, and can be observed
in Figure 11b where SWCocc. - empty is changing between
20-26ms. The results for measurements compared to
BEM are presented in Table V and for the 23 ms trun-
cation the agreement is generally within 1 dB. The worst
result is for Case 1, 1000 Hz and may be explained by
the second-order reflections arriving close to 23ms (see
Figure 6d).

To compare to the quantity SWCOCC. - empty, incl. ceiling»
the signal was truncated at 40ms for Cases 1 and 2,
and at 43ms for Case 3, based on the arrival time of
the ceiling (and ceiling/floor) reflection in each case, see
Figure6. The truncation times were selected to include
the second-order ceiling/floor reflection because the floor
reflection occurring after each first-order enclosure re-
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flection was inherent in the BEM model due to sym-
metry. This unavoidably included other second-order
reflections which are not included in the BEM model.
Again, SWCqcc. - empty values in a £3 ms range around
the 40ms (37-43ms) were investigated for Cases 1 and
2, and around the 43ms (40-46ms) for Case 3. The
changes in SWCocc. - empty Over the 3 ms windows were
minimal (largest variations seen over the £3 ms window
were +0.6 dB for Case 1, 0.3 dB for Case 2 and +0.2 dB
for Case 3 across 125-1000 Hz octave bands). The results
for measurements compared to BEM are presented in Ta-
ble V, and for the 40 ms and 43 ms truncations the agree-
ment is also generally within 1dB, with the exception of
Case 2 1000 Hz which again may be explained by the
second-order reflections not accounted for by the BEM
model.

As mentioned, for the auditorium measurements three
trials were conducted and the musicians were asked to
relax and move in between trials (to represent some ran-
dom perturbations in orchestra configuration). The re-
sults presented in Table V are an average of the three
trials, however, the random perturbations introduced
minimal change to results, with the largest change in
SWCoce. - empty (0-23 or 0-40/43 ms truncation) between
trials being 0.5 dB (across 125-1000 Hz bands and Cases
1-3).

Figure 11 shows that the difference between ‘occupied’
and ‘empty’ is greatest when the signal is truncated to
include only the direct sound and floor reflection. When
the signal is truncated later to include the early reflec-
tions, and in particular when it is truncated to include
the unobstructed ceiling reflection (after around 30 ms),
the difference between ‘occupied’ and ‘empty’ becomes
progressively less. However, these results show that over
the first 50 ms of the impulse response there are quite
significant differences between ‘occupied’ and ‘empty’,
even when the unobstructed ceiling reflection is included.
Between 50-100ms SWCocc. - empty Temains nearly con-
stant, indicating the main differences between ‘occupied’
and ‘empty’ on stage are occurring in the 0-50ms time
interval.

V. DISCUSSION

This paper shows how BEM may be used to model an
orchestra on stage, including first order reflections mod-
elled via symmetry planes. The strength of the BEM
is its ability to model wave interference and diffraction
rationally. This is in contrast to energy or ray-tracing
methods, which can only treat wave effects empirically.
Such effects are most prominent at wavelengths compara-
ble in scale to the principal geometric features of the scat-
tering bodies, that is from low frequencies up to roughly
the upper end of the 1 kHz octave band (A = 240 mm).
The BEM models this range of frequencies particularly
well. However every doubling of frequency requires four
times as many elements to maintain the wavelength to el-
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FIG. 11. (Color online) SWCoqcc. - empty (dB), as defined in Eq. 4, changing with cutoff time (s) for each case for measurements
in the Hobart Town Hall with full scale chamber orchestra; (a) Case 1, (b) Case 2 and (c) Case 3.

TABLE V. Comparison of SWCocc. - empty for measurements truncated with different time intervals and for the equivalent
BEM SWCoecc. - empty quantity for Cases 1, 2 and 3. Note, BEM equivalent values are as listed in TableIV. For 2000 Hz octave

measurements results only are given.

0-23 ms 0-40/43 ms
Case Octave Measurement BEM equivalent Difference Measurement BEM equivalent Difference

(Hz)

1 125 0.0 —0.1 0.2 0.2 —0.1 0.3
250 -0.3 —-1.1 0.9 1.2 —-1.1 2.4
500 -3.8 —4.1 0.3 —-1.6 -3.7 2.1
1000 —-34 -5.5 2.1 —2.0 —4.8 2.9
2000 -3.8 - - —2.0 - -

2 125 0.8 0.1 0.7 0.3 0.1 0.2
250 1.6 0.0 1.6 1.1 0.0 1.1
500 -1.9 —24 0.5 —1.7 —2.2 0.5
1000 -3.0 -3.8 0.8 —1.0 —-3.4 2.4
2000 —-3.8 - - —-2.0 - -

3 125 —-04 —-0.4 0.0 0.1 —-0.4 0.5
250 —-0.4 —-2.1 1.7 -0.5 —-1.9 14
500 -2.9 —24 -0.5 -1.9 —2.4 0.5
1000 —-0.8 —-1.2 0.3 —-0.6 -1.1 0.5
2000 -5.1 - - —-3.2 - -

ement size ratio, requiring around 16 times more memory
and comparable increases in computational time. Thus it
is not yet practical to model an orchestra at high frequen-
cies using BEM. Similarly very large orchestras, full com-
plex stage enclosures or multiple symmetry planes are be-
yond the practical limits of BEM with current every-day
computing resources. The high frequency problems may
at least be dealt with by ray-tracing methods, since re-
flections become more specular in nature as wavelengths
become small relative to the scattering bodies. However,
judicious use of ray-tracing methods is recommended, as
discussed in the introduction.

In Sections III B, ITI C and IV B results have been pre-
sented showing how a chamber orchestra on stage attenu-
ates, or modifies via scattering, the direct sound and first-
order stage enclosure reflections. These findings have im-
plications for the relevance of common on-stage acoustic
parameters measured on an occupied, versus an unoc-
cupied stage. This work demonstrates the effect that a
chamber orchestra on stage would have on a parameter

defined with a early time interval (0-50ms); generally
a 2-5dB difference was found at 1kHz without the un-
obstructed ceiling reflection, a difference which was re-
duced slightly with the inclusion of the ceiling reflection.
Excluding the direct sound (as is often done for com-
mon stage parameters) reduced the difference between
occupied and empty in some cases, but even with direct
sound excluded significant differences between occupied
and empty were observed for 500 Hz and 1000 Hz (be-
tween 1-5dB). The effect of the orchestra above 250 Hz
appeared to be dependent on source-receiver path and
stage enclosure size, and this highlights the difficulty with
applying a correction to empty stage measurements to
account for the orchestra, as found by others®®.

The auditorium measurements agree well with the
BEM model results, and confirm that these differences
could be found over a 0-50 ms window in an actual hall.
The auditorium measurements also show that the higher
frequencies (2-4 kHz) are attenuated as much (or slightly
more) than the 1kHz octave band (see Figure 11). The



BEM model only considered the equivalent of 0-50 ms
as only first-order enclosure reflections were considered.
Some commonly used stage parameters consider early
sound up to 100ms, however the auditorium measure-
ments indicate that the difference between occupied and
empty mostly occurs over 0-50 ms: SWCocc. - empty after
50 ms is almost constant, indicating no further change be-
tween the occupied condition and empty condition (see
Figure 11).

First-order stage reflections from the enclosure were
investigated individually, showing that the angle of the
sound path relative to the orchestra affected the results.
Significant attenuation occurs for the direct sound, floor
reflection, and side wall reflections; the ceiling reflection
is not significantly attenuated by the orchestra.

The lack of ceiling attenuation (from the ensemble)
produces strong comb filtering (if the ceiling reflection is
specular). This highlights the possible positive role for
scattering in reflective surfaces above stages. It also ap-
pears that the presence of the orchestra can reduce or re-
move significant comb filtering for the lateral first-order
reflections. Work by others with symphony orchestras
on stage has highlighted that discrete early reflections
can cause coloration, and also that empty stage mea-
surements are not necessarily a realistic representation of
actual on-stage sound fields with the orchestra present,
in terms of both timbre and ensemble.?’ This work has
yielded similar findings for a smaller chamber orchestra.

Previous studies have demonstrated the importance of
lateral reflections on stage for ensemble playing and noted
that overhead reflectors cannot compensate for a lack of
early lateral energy from side walls'>14. A suggestion
has been to tilt the top section of side walls to provide
unattenuated lateral reflections'?. In this study, the ef-
fect of the orchestra with incrementally varying elevation
angle of an arriving reflection from the left was investi-
gated for Case 1. This analysis found that for 500 and
1000 Hz octave bands attenuation by the orchestra is re-
duced as the angle of arrival moves away from horizontal,
whereas for 250 Hz and below the results did not depend
on angle. For this case tilting the sidewall by 30° from
vertical largely removed the effect of the orchestra.

This study focused on a standing chamber orchestra,
a playing group which has not been studied in this way
previously. The BEM model showed realistic and mean-
ingful results, however the standing orchestra required
1.5 m source-receiver height, which due to the very dif-
ferent interference frequencies makes these results unable
to be to compared directly to work by others who used 1
or 1.2m heights®®. An interesting extension to this work
would be to model a symphony orchestra with BEM.
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VI. CONCLUSION

This paper has focused on analyzing the effect of a
chamber orchestra on on-stage sound fields, and has
shown that even for a relatively small chamber orchestra
on stage there is significant attenuation at some frequen-
cies. This paper examined both attenuation of direct
sound and attenuation of the first-order reflections from
a stage enclosure. The ceiling reflections were not sig-
nificantly affected by the orchestra. For the other first-
order reflections attenuation was found to be minimal
at 125 Hz. However, at 250 Hz and 500 Hz the attenua-
tion was greater, but also more dependent on the source-
receiver distance (due to the destructive inference be-
tween direct sound and floor reflection). The first-order
reflections from the stage enclosure at 1000 Hz were of-
ten attenuated by 2-5dB without including the unob-
structed ceiling reflection, and slightly less when the un-
obstructed ceiling reflection was included. Additionally a
tilted side wall case was studied, which showed at the 500
and 1000 Hz octaves lateral attenuation was significantly
reduced as arrival angle rose above horizontal.
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