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Introduction

The change in acoustic properties of a room due to the
presence of an audience plays a crucial role in the acoustic
design of performance spaces. Absorption by the audi-
ence has been studied for auditoria and concert halls [1,
2, 3] as well as churches [4, 5]. Typically the goal of the
studies is to model the absorption coefficient of the au-
dience and, by consequence, the effect on reverberation
times. Apart from the number of occupants and the area
covered, the absorptive effect of the audience has been
found to depend on properties of the seats themselves
as well as the direction of sound incidence. Aside from
reverberation time, speech intelligibility in churches has
been investigated as a higher-level parameter influenced
by the audience absorption [4].

In this case study, parameters identified as relevant to
immersive musical experience in loudspeaker reproduc-
tion [6] are used, aiming to quantify the effect that the
presence of the audience has on these high-level parame-
ters as a tentative indication of the listening experience
of an audience member. We present the results of room
acoustic measurements carried out at the Christuskirche
church within the scope of DAGA 2024 in Hannover. The
church in question features acoustic treatment to make it
suitable as a concert venue. The key aspect of this study
is thus the additional absorption introduced by the audi-
ence. We analyze impulse responses (IRs) measured us-

ing individual microphones as well as a dummy head and O O

(a) Audience seats with measurement equipment

a spherical microphone array. In addition to direct anal-
ysis of IRs, we evaluate sound field parameters for music =l
convolved with the binaural and Higher Order Ambison- /I
ics (HOA) IRs, applying the methodology of parametric
sound field analysis.

Measurement setup O O

A measurement setup comprising six Gefell and Beyer-
dynamic measurement microphones, a Neumann KU 100
dummy head and a mh acoustics em32 Eigenmike was
deployed in the church. The measurement microphones =
were positioned in pairs of two at different lateral posi-
tions at three distances to the stage. A dodecahedron

loudspeaker was used for excitation. The setup of the
measurement equipment is depicted in Figure 1. The
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measurement was carried out using Dante-enabled input @ soure
and output interfaces connected to a computer running (b) Diagram of the measurement setup
the ITA Toolbox [7] in Matlab. Impulse responses were Figure 1: Photo and diagram of the measurement setup and

measured using exponential sweeps with a duration of equipment locations.
5s with five repeated measurements.

A maximum level of 91 dB(A) was reached at the closest

measurement position and 88dB(A) at the furthest in
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(b) With audience

Figure 2: Reverberation time T30 of the church computed from IRs captured by the measurement microphones.

Directional power in dB re. max.

(a) Empty church

—10 -8 —6 —4 -2 0
Directional power in dB re. max.

(b) With audience

Figure 3: Spherical power maps computed from the HOA IRs.

the unoccupied church, with the values dropping to
90dB(A) and 86.5dB(A) with the same excitation but
with the audience present. Audience members were
offered earplugs at the entrance.

Analysis of impulse responses

The IRs measured using the individual microphones
were used to compute reverberation times. Due to the
given signal to noise ratio (SNR), the reverberation time
was estimated as T30 (T60 extrapolated from a 30dB
decay). Reverberation times in third-octave bands are
displayed in Figure 2 for the empty church and with the
audience present. The individual curves represent re-
verberation time computed from IRs captured by each
of the measurement microphones with results averaged
across the five measurement runs. The consistency in
the curves confirms that even the closest measurement
positions are beyond the critical distance from the stage.
Comparing the conditions without and with the audi-
ence, a decrease in reverberation time by approx. 50 ms
between 200 Hz and 1kHz is apparent. Below 200 Hz and
above 3 kHz, absorption by the audience has no sizeable
effect on the measured reverberation times.
In addition to the reverberation time, the directional

characteristics of the room response were evaluated us-
ing the spherical microphone array. After encoding of
the array IRs into HOA (fourth order), directional power
maps at a resolution of 1° were computed using plane
wave decomposition (PWD) [8]. Spherical power maps
without and with the audience averaged across the five
measurements are shown in Figure 3. Both power maps
feature a maximum slightly to the bottom right of the
array’s front direction, consistent with its placement in
the audience area. The power maps are normalized with
respect to their maximum value.

Comparing Figure 3a and Figure 3b, it is apparent that
absorption due to the audience leads primarily to atten-
uation of sound arriving at the microphone array from
the lower hemisphere (with the exception of the direct
sound peak). Although some attenuation is observed at
0° elevation — corresponding to the horizontal plane at a
listener’s ear height — most of the horizontal power distri-
bution is preserved. Overall, the upper hemisphere of the
power map with the audience present is very similar to
the condition without the audience. This suggests that
reverberation below the church ceiling develops largely
independently of reflections from the floor.
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(d) TACC, above 2.5kHz

Figure 4: Distribution of field parameter time series computed from HOA and binaural IRs convolved with four music stimuli.

Analysis of music stimuli

Besides analyzing the measured IRs themselves, a ba-
sic investigation of the implications of the acoustic effect
of the audience on musical stimuli was undertaken. For
this analysis, the paradigm of using sound field features
to assess perceptual effects of music was presumed [9].
Previous studies by the authors have dealt with modeling
of the psychological construct of immersion in multichan-
nel loudspeaker reproduction features derived from sound
field measurements [6]. The underlying features were se-
lected from a variety of sound field parameters originat-
ing in the domain of soundscape analysis [10, 11]. The
sound field parameters are computed from HOA and bin-
aural representations of the sound field, with inter-aural
and spatial features being especially relevant for model-
ing immersion [6]. In particular, sound field diffuseness
[12] in the frequency range from 500 Hz to 2.5kHz and
inter-aural cross-correlation (IACC) above 2.5 kHz were
identified as relevant features for immersion modeling.
In the current study, the use of these parameters in a
room acoustics context shall be explored. In addition
to diffuseness and TACC, sound field directivity shall be
evaluated as a parameter more directly related to the
results obtained from the IRs above. To compute the
sound field parameters for musical stimuli, HOA and bin-
aural IRs were convolved with excerpts from four musi-
cal pieces (Laudate — choir, Wunderschoen — art song,
Rokoko — chamber ensemble, Mellow — jazz band). The

parameters were evaluated in 0.1s time windows with
50 % overlap. Thus values for each parameter were ob-
tained as a time series. Figure 4 shows the distributions
of these time series as box plots for each parameter and
piece for the conditions without and with the audience.
In this exploratory study, the analysis of the distribu-
tions shall be limited to qualitative characterization.
Looking at the distributions of elevational directivity val-
ues in Figure 4a, all four pieces have directivity increased
by approx. 1dB with the audience present, and the mea-
sured values feature increased spread, particularly to-
wards greater values. In the azimuthal dimension, Fig-
ure 4b does not show such a clear relationship. These
observations are consistent with the observed effects in
the PWD maps being limited to the vertical direction
with little change in horizontal power distribution due to
the audience.

The distributions of diffuseness values shown in Figure 4c
show a systematic decrease of approx. 0.1 for three of
four pieces. For the piece Wunderschoen, there is even a
slight increase in diffuseness with the audience present.
Although the root cause of this behavior requires further
investigation, this is in line with the decreased azimuthal
directivity for the piece apparent in Figure 4b. Concern-
ing TACC, whose distributions are shown in Figure 4d,
there is a slight increase of approx. 0.05 for all pieces ex-
cept Rokoko. The small change in TACC relative to the
overall width of the distributions can be explained by
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this inter-aural parameter being primarily linked to hor-
izontal rather than vertical sound field properties, hence
being weakly affected by absorption due to the audience.

Summary and discussion

In this case study, the acoustic effect of the presence of
an audience in a church was analyzed. The presence of
the audience was shown to reduce the reverberation time
and analysis of measured HOA IRs revealed that absorp-
tion by the audience primarily impacts the vertical power
distribution below the horizontal plane whereas the hori-
zontal power distribution as well as the reverb under the
church ceiling remain largely unchanged. In a more de-
tailed analysis, the temporal evolution of the power maps
could yield further insights into how sound energy is re-
distributed in the room over the duration of the IR.
The results of sound field analysis applied to music stim-
uli show that the evaluated sound field parameters are
generally affected by the presence of the audience in the
expected ways. The special cases of increased diffuseness
for the piece Wunderschoen and no change in TACC for
Rokoko highlight the need to consider signal dependen-
cies, however. Further, although the observed effects are
measurable, it is not clear whether the reported changes
in sound field parameters constitute perceptually relevant
differences. It should also be noted that the realization
of the sound field analysis in this exploratory study is not
ideal. Because IRs of the dodecahedron loudspeaker were
convolved with the stimuli, the results effectively apply
to playback through this loudspeaker in the church, pos-
sibly explaining the very similar distributions of sound
field parameters for the very different stimuli. In partic-
ular, a choir — being a distributed sound source — can be
expected to inherently produce a more diffuse sound field
than individual instruments. Nonetheless, the investiga-
tion conducted here shows that parametric sound field
analysis can be of informative value in a room acoustics
context.
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