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ABSTRACT

Late Lateral Energy Level (GLL) and Lateral Energy Fraction
(LF) are two room acoustics measures that have both been shown
to correlate with certain aspects of the spatial impression of a lis-
tening space. In order to obtain these quantities, the lateral energy
must be measured, which is typically carried out using micro-
phones with a figure-of-eight (figure-8) polar pickup pattern.
However, most commercially available figure-8 microphones are
intended for use in audio recording applications, and are not labor-
atory-grade or designed for room acoustics impulse response (IR)
measurements. Such microphones may suffer from non-ideal fre-
quency response and/or directivity patterns. This study compares
measurements that were taken in a 2500 seat auditorium using an
omni-directional and studio-grade figure-8 microphone pair ver-
sus the omni-directional and dipole components extracted from a
32 element spherical microphone array. The results show that the
two measurement methods agree in the 500 Hz and higher octave
bands, but differ at low frequencies due to differences in the di-
rectivity patterns. The difference of the LF average from 125 Hz
to 1 kHz for the two methods was between 0.59 and 1.81 just no-
ticeable differences (JNDs) at the six receiver locations. The dif-
ference of the GLL average from 125 Hz to 1 kHz for the two
methods was between 0.02 and 0.48 JNDs (applying the JND for
strength of 1 dB). It was also found that repeatability error was
present at one of the six receiver locations for the LF measure-
ments, but was very small for the GLL measurements.

1. INTRODUCTION

To quantify certain spatial parameters in rooms, a measurement of
the lateral sound field is required, which is typically acquired using
microphones with a figure-8 polar pickup pattern. The focus of this
study was to compare the measurement of spatial measures by ob-
taining the figure-of-eight (figure-8) room impulse response (IR)
in two different ways: using a microphone with a figure-8 directiv-
ity pattern, and by using a spherical microphone array and obtain-
ing the figure-8 pattern by beamforming the dipole response.

It should be noted that while the spherical microphone array used
in this study is capable of a third order spherical harmonic expan-
sion, only the first order dipole is required for these measurements.
While the full capability of the microphone array isn’t needed for
this work, this study serves as a verification that spherical micro-
phone arrays, which are now being used for advanced analysis of
room IRs, can also be used to measure the metrics commonly used
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in the architectural acoustics community which are outlined in the
room acoustics measurement standard, 1SO 3382 [12].

1.1. Spatial Measures

There is ongoing research to find objective metrics that correlate
with the subjective perceptions of the quality of concert hall acous-
tics. Spatial impression is one characteristic that has been shown
to be related to overall quality [1]. This concept was explored in
terms of early lateral reflections by Barron [2], and low frequen-
cies were also found to be an important component of spatial im-
pression [3]-[5]. Further research proposed that spatial impression
should be formally divided into two distinct components [5], with
the particular details established by Bradley and Soulodre who de-
fined: the apparent source width (ASW) as being associated with
the early lateral reflections, and listener envelopment (LEV),
which is related to late lateral reflections [6].

A number of objective measures have been proposed to predict
both ASW and LEV, but only two were the focus of this study.
Lateral energy fraction (LF) is acommonly used parameter to pre-
dict the perception of ASW, which is the ratio of early lateral en-
ergy to total early energy [2]:

8oms_2
sms PrD)dt
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LF = Q)
where pi(t) is the room IR measured with a figure-8 microphone,
and po(t) is the room IR measured with an omnidirectional micro-
phone. Late lateral energy level (GLL) has been used to predict
LEV, which is the ratio of the late lateral energy to the normalized
source energy [6]:
p7(t)d
GLL = 10lo [f“ms L ] [dB
2(tdt

where p(t) is the room IR measured with a figure-8 micro-
phone, and pa(t) is the IR of the sound source normalized at a
distance of 10 meters away in a free field.

@

1.2. Measurement Uncertainty of Spatial Measures

Only a handful of studies have been published that evaluate meas-
urement uncertainty of spatial measures and the results from the
majority of the studies show a high degree of uncertainty [7] - [10].
One of the earliest studies showed that the standard deviation
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across the results from four measurement teams for LF measure-
ments was up to 0.20 at 1 kHz which each used a different figure-
8 microphone [7]. A second study compared the results of LF and
GLL measurements from a figure-8 and omni-directional micro-
phone pair and a custom intensity probe, and reported significant
differences in the results likely due to variations in the microphone
directivity patterns [8]. The first phase of the third room acoustics
simulation programs round robin study was to collect measure-
ment data on the space that was to be modeled. The results for the
typical parameters, e.g. reverberation time (T30), early decay time
(EDT), etc. were very similar across the four measurement teams
[9]. However, significant differences in LF were found, which
were on the order of 3 just noticeable differences (JNDs), where
the JND for LF is 0.05. Some follow-up measurements using three
figure-8 microphones of the same make and model (Neumann
KM86) revealed significant differences in measurements taken
with the microphones at different orientations. One possible
source of this measurement error was hypothesized to be due to
changes in the microphone sensitivity of each diaphragm due to

aging.

A more recent case study was conducted to further evaluate the
measurement uncertainty of spatial measures in terms of micro-
phone orientation, spacing between the microphone pair, and mi-
crophone type [10]. A total of five different makes and models of
figure-8 microphones were evaluated by taking measurements in
a small lecture hall with about 100 seats. The average differences
due to microphone spacing, which varied between 64 to 152 mm,
and microphone orientation, were found to be relatively small for
GLL, which were on the order of 0.2 dB, but were slightly higher
for LF, on the order of 3 JNDs. On the other hand, the effect of
microphone type was more significant for GLL, with variations on
the order of 1.5 dB, and similar variation of about 3 JNDs for LF.

1.3. Microphone Limitations

For this experiment, three different microphones were used to
measure room IRs: a Briel & Kjer (B&K) Type 4192 omni-direc-
tional microphone, a Sennheiser MKH 30 Figure-8 microphone,
and an mh Acoustics em32 Eigenmike® spherical microphone ar-
ray. The Sennheiser microphone and the Eigenmike both have
their own distinct disadvantages in measuring the lateral energy
component of the IR. The Sennheiser microphone is not a labora-
tory-grade instrument, and the frequency response is not flat
broad-band. In addition, the linearity of the microphone is not
known, and was not measured as a part of this study. The
Eigenmike has a high frequency limit of approximately 8 kHz due
to spatial aliasing. Below approximately 150 Hz, the Eigenmike
begins to veer away from an ideal dipole shape due to white noise
gain constraints. Below this frequency, the null shifts in angle, and
the main lobes are no longer symmetric [11].

2. MEASUREMENT PROCEDURE

2.1. Measurement Equipment

A B&K Type 4292-L OmniPower Sound Source dodecahedron
loudspeaker was used for the source, driven with a Crown K2 am-
plifier. An RME Babyface was used for the audio interface with
the computer for the B&K and Sennheiser pair. For the Eigenmike
configuration, the Eigenmike Interface Box (EMIB) was used as
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the audio interface, and the RME Babyface was used as a D/A
converter to send the output signals from the Eigenmike Interface
Box to the amplifier. EASERA room acoustics software running
on a MacBook Pro was used to measure the IRs. The EMIB con-
nects to the MacBook via FireWire interface to send the 32 chan-
nels of data from the Eigenmike to the computer.

A custom microphone stand was built that could be used for both
microphone configurations, the Eigenmike, and the omni and fig-
ure-8 pair (see Figure 1). The omni and figure-8 microphones were
placed 7.6 cm apart from each other. This spacing was used to al-
low for the microphones to be adequately far enough apart so as to
minimize the effects on the other microphone [10], but close
enough so that they were measuring approximately the same point
in space.

During the measurements, the base of the microphone stand was
positioned in front of the seat, and the adjustable arm was used to
place the microphone in the location of a listener’s head. The mi-
crophone stand is adjustable in each dimension separately to allow
for accurate and precise positioning of the microphone. For these
measurements, the center of each microphone array (either the
center of the Eigenmike array or the center of the two discrete mi-
crophones) was placed in the halfway across the width of the chair,
20 cm from the seat back, and 70 cm above the seat bottom.

Figure 1: The two microphone arrays in the custom micro-
phone stand.

2.2. Anechoic Chamber Measurements

In order to calculate GLL, the free field sound pressure level of the
sound source at 10 meters must be obtained to use in the denomi-
nator in equation (2), which is typically done using an anechoic
chamber. An IR measurement was taken every 12.5 degrees
around the dodecahedron loudspeaker at a distance of 3.55 meters
away according to ISO 3382 [10] using a B&K 4191 free field
microphone. The stimulus was a swept sine signal with a pink-
weighted spectrum, which was played at the same level that was
used for the IR measurements in the hall. The resulting 29 meas-
urements were energy-averaged to account for the directivity of
the source, and normalized to a distance of 10 meters away.
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Since standard calibrators are not available for either the
Eigenmike or the Sennheiser MKH 30, the microphones had to be
calibrated using a loudspeaker playing a calibration tone in an an-
echoic chamber. A 1 kHz tone was played over the dodecahedron
loudspeaker, and the sound level was measured using a calibrated
sound level analyzer, B&K type 2250. These levels were entered
into the measurement program, which used these quantities to cal-
culate the microphone sensitivities. The Eigenmike includes a PC
application which controls programmable gain amplifiers to cor-
rect for magnitude differences between the individual microphone
capsules.

To verify the directivity of the Sennheiser and Eigenmike, the fre-
quency response of each microphone was measured in an anechoic
chamber as a function of angle in the horizontal plane. The micro-
phone was placed on a turntable two meters away from a stationary
loudspeaker, and the frequency response function was measured
with each microphone rotated every three degrees.

2.3. Room Impulse Response Measurements

IR measurements were taken in the Eisenhower Auditorium lo-
cated on The Pennsylvania State University campus in University
Park, PA in the United States. The source was placed in the center
of the stage for all measurements. Six receiver locations were cho-
sen in the hall: two on the main floor (R1 and R2), two on the
grand tier level (R3 and R4), and two on the balcony level (R5 and
R6), as shown in Figure 2.

Figure 2: Receiver positions in Eisenhower Auditorium.

At each receiver position, the IR was measured using the measure-
ment software EASERA. The stimulus was a swept sine signal
with a pink-weighted spectrum. Each measurement was done us-
ing 10 sweep averages, and an additional pre-sweep. Measure-
ments were taken using both microphone arrays: the Eigenmike
and the omni and figure-8 pair. In terms of aligning the micro-
phones with the sound source, the front of the Eigenmike array
was pointed at the loudspeaker, while for the microphone pair, it
was aligned with the null plane of the Sennheiser microphone ori-
ented vertically toward the loudspeaker. The aligning of micro-
phones toward the source was done by eye, which became increas-
ingly more difficult for the receiver locations were towards the
back of the hall.
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To check for measurement repeatability, two additional sets of
measurements were taken. In between sets, the custom micro-
phone stand was removed and the various adjustment points were
loosened and randomly repositioned. The stand was then replaced
in the same spot to re-measure the IRs for each microphone. A
total of three IR measurements were taken for each microphone
array, at each of the six receiver locations for a total of 36 meas-
urements.

3. DATA PROCESSING

3.1. Frequency Response Correction Filter

The raw frequency response of the Sennheiser MKH 30 micro-
phone and Eigenmike array varied as much as + 6 dB at certain
frequencies, and this was deemed unacceptable for the measure-
ments of LF and GLL. Filters were generated to compensate for
the frequency response of both the Eigenmike array and the Senn-
heiser MKH 30 based on free field measurements.

A target for the filter magnitude as a function of frequency was
generated by taking the difference between the on-axis magnitude
of the Sennheiser MKH 30 frequency response and the on-axis
magnitude of a B&K 4191 free field measurement microphone in
dB. The difference was taken with one-third octave band logarith-
mic-energy-smoothing applied to both the figure-8 response and
the measurement microphone response. The target was then fit to
a minimum-phase FIR filter. A minimum-phase filter was used to
keep the filter’s IR compact in time and to avoid pre-ringing of
the IR, which would occur in linear-phase or zero-phase filtering
techniques. The same procedure was applied to the dipole pattern
generated from the Eigenmike, although since the magnitude of
each lobe on the figure-8 differs at low and high frequencies, an
energy average of the magnitude of both lobes were used to create
the target.

A similar method was used to create a filter for the omni-direc-
tional response of the Eigenmike. Instead of free-field measure-
ments, the filter target was created by using the energy averaged
(over receiver position) difference in dB between the B&K 4192
and the Eigenmike frequency responses in the hall.

3.2. Beamforming

To calculate LF and GLL from the Eigenmike measurements, the
omni-directional response and dipole response must be extracted.
These responses were generated using EigenStudio, a computer
application by mh Acoustics for the Eigenmike, which performs
the beamforming operation on the 32 channels of data. The 32-
channel IRs recorded in EASERA were loaded into EigenStudio,
which outputs both the omni-directional and dipole IRs, with the
null plane oriented vertically toward the source. EigenStudio uses
a two stage beamforming process [13]. In the first stage, the 32
channels are transformed into orthonormal beam patterns referred
to as eigenbeams via a transformation to spherical harmonics. The
second stage is a modal beamformer where each beam is weighted
by a factor and the beams are summed to achieve the desired di-
rectivity.
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3.3. Spatial Parameter Calculation

EASERA was used to calculate the spatial parameters LF and
GLL. Using equation (1), LF was calculated for each octave band
for the Eigenmike using the beamformed omni-directional IR and
beamformed dipole IR for each of the three repetitions at each re-
ceiver location. In addition, LF was calculated for the omni and
figure-8 pair using the IRs from the B&K 4192 and the Sennheiser
MKH 30. The LF in the octave bands from 125 Hz to 1 kHz were
arithmetically averaged together to obtain a single number for LF
according to I1SO 3382 [12]. Differences for LF are given in JNDs,
where one JND is 0.05.

EASERA does not have a built in function to calculate GLL, so as
an alternative, the Strength (G) function was adapted. In order to
use this function, the figure-8 IR was used for the numerator of the
strength calculation, with the first 80 milliseconds of the IR mul-
tiplied by zero. This modification was done using both the
Eigenmike beamformed dipole IR and the Sennheiser MKH 30 IR.
In both cases, the denominator for the GLL calculation was the
anechoic response of the omni-directional source discussed in sec-
tion 2.2. The GLL in the octave bands from 125 Hz to 1 kHz were
energy-averaged together to obtain a single number for GLL ac-
cording to ISO 3382 [12]. Differences for GLL are given in JNDs.
The JND for GLL is not known, but for the purposes of this study
the JND is assumed to be 1 dB, which is the JND for Strength (G).

4. RESULTS

4.1. Directivity

The frequency response function was measured every three de-
grees in the horizontal plane for each microphone. The magnitude
was one-third octave band energy smoothed at each angle. For
each microphone, polar plots of the magnitude were generated at
each octave band. The Sennheiser MKH 30 directivity is very

1050 9% g 75°

+180
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Figure 3: Measured directivity pattern of the Sennheiser MKH 30.
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good broadband. As shown in Figure 3, the response is a consistent
dipole over the entire frequency range of interest (125-4k Hz). The
beamformed dipole response measured with the Eigenmike was
very good for the 500 Hz to 4 kHz octave bands as shown in Figure
4. At 125 Hz, the response was not an ideal dipole. The magnitude
of one of the lobes was smaller than the other lobe, and the nulls
shifted in angle. This change occurs because at low frequencies
EigenStudio sums in a portion of the zeroth order spherical har-
monic, and the response approaches a cardioid pattern. While this
technique is helpful in mitigating issues relating to white noise
gain in certain applications, it is not ideal for measurements of LF
and GLL.

+180

-105°

-90°
Figure 4: Measured directivity of the Eigenmike dipole beam-
formed in Eigenstudio.

4.2. Repeatability

The repeatability of the LF and GLL measurements for both the
Eigenmike and omni-directional and figure-8 pair was assessed
using the standard deviation of the three separate measurements
taken at each of the six receiver locations. Since the number of
measurements at each location was small, statistical tests were not
performed. In terms of LF, repeatability was found to be good for
R1 through R5 measured with the Eigenmike, which had standard
deviations of 0.20 or less JNDs (see Table 1 for the average and
Table 2 for the standard deviation). However, there was signifi-
cantly more variation at R6, which had a standard deviation of 0.86
JNDs. This receiver position was in the back of the auditorium on
the balcony, which was approximately 35 meters away from the
stage, and was the most difficult to align the rotation of the micro-
phone array. The repeatability was similar for the Sennheiser and
B&K pair with lower variation at R2, R5, and R6, and slightly
higher variation at R1, R3, and R4 (see Table 3 for the average and
Table 4 for the standard deviation).
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Table 1: Average LF measured with Eigenmike.

Avg.
125Hz | 250 Hz | 500 Hz | 1 kHz 125-glk

R1| 0.26 0.21 0.10 0.10 0.17
R2 | 0.12 0.15 0.08 0.09 0.11
R3 | 0.34 0.38 0.16 0.11 0.25
R4 | 0.19 0.16 0.11 0.15 0.15
R5| 0.45 0.29 0.18 0.17 0.27
R6 | 0.16 0.16 0.28 0.28 0.22

Table 2: Standard deviation of Eigenmike LF measurements
in # of INDs, where one JND is 0.05.

125 Hz | 250 Hz | 500 Hz | 1 kHz 1'2“5‘)’_%'k
RL| 004 | 007 | 003 | 005 | 005
R2| 010 | 052 | 006 | 007 | 019
R3| 015 | 007 | 010 | 001 | 008
R4| 006 | 002 | 004 | 002 | 003
R5| 018 | 023 | 020 | 016 | 020
R6| 034 | 113 | 107 | 091 | 086

Table 3: Average LF measured with Sennheiser and B&K pair.

125 Hz | 250 Hz | 500 Hz | 1 kHz 1’;‘)’_%"(
RL| 013 | 015 | 009 | 008 | 011
R2| 005 | 010 | 007 | 009 | 0.08
R3| 013 | 026 | 015 | 008 | 0.6
R4| 012 | 013 | 010 | 014 | 012
R5| 026 | 020 | 014 | 014 | 0.18
R6| 012 | 024 | 019 | 019 | 018

Table 4: Standard Deviation of Sennheiser and B&K pair LF
measurements in # of INDs, where one JND is 0.05.

125 Hz | 250 Hz | 500 Hz | 1 kHz 1’;;’_%'k
RL| 009 | 004 | 004 | 009 | 007
R2| 013 | 007 | 005 | 007 | 008
R3| 013 | 008 | 017 | 005 | 011
R4| 008 | 007 | 002 | 007 | 006
R5| 013 | 021 | 009 | 002 | 011
R6| 020 | 152 | 015 | 011 | 050

The repeatability was found to be better for GLL than for LF in all
receiver locations for the Eigenmike (see Table 5 for average GLL
and Table 6 for standard deviation). This finding was true even in
cases where the LF repeatability was relatively poor. These results
indicate that GLL measurements are less sensitive to small spatial
misalignments than LF measurements. The repeatability of the
GLL measurements made using the Sennheiser and B&K pair
were also similar to repeatability of the Eigenmike measurements
(see Table 7 for average GLL and Table 8 for standard deviation).
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Table 5: Average GLL measured with Eigenmike [dB].

Avg.
125Hz | 250 Hz | 500 Hz | 1 kHz 125-glk

R1| -2.07 -0.93 -2.70 -4.03 -2.29
R2| -1.60 -3.03 -5.63 -5.27 -3.57
R3| -3.17 -2.67 -5.63 -4.40 -3.82
R4 | -4.00 -3.93 -5.00 -4.53 -4.35
R5| -0.50 -1.53 -3.53 -3.67 -2.10
R6 | -2.50 -1.93 -3.43 -3.87 -2.87

Table 6: Standard deviation of Eigenmike GLL measurements
in # of JNDs, where one JND is 1 dB.

125 Hz | 250 Hz | 500 Hz | 1 kHz 195‘)’_%k
RL| 012 | 009 | 000 | 009 | 0.08
R2| 022 | 012 | 012 | 012 | 015
R3| 019 | 005 | 005 | 000 | 007
R4| 008 | 005 | 000 | 005 | 0.04
R5| 000 | 012 | 012 | 009 | 0.09
R6| 016 | 005 | 009 | 005 | 0.09

Table 7: Average GLL measured with Sennheiser and B&K
pair [dB].

125 Hz | 250 Hz | 500 Hz | 1 kHz 195‘)’_%k
RL| 200 | 090 | 270 | -420 | -2.29
R2| -323 | 323 | 540 | 533 | -4.17
R3| -350 | 220 | 517 | -433 | -3.66
R4| 550 | -363 | -470 | -453 | -4.54
R5| -067 | -147 | -327 | -350 | -2.06
R6| -327 | 200 | -323 | -3.93 | -3.05

Table 8: Standard Deviation of Sennheiser and B&K pair GLL
measurements in # of INDs, where one JND is 1 dB.

125 Hz | 250 Hz | 500 Hz | 1 kHz 1%—%
RL| 000 | 000 | 000 | 000 | 0.0
R2| 005 | 012 | 008 | 005 | 008
R3| 008 | 008 | 005 | 005 | 0.06
R4| 008 | 005 | 000 | 005 | 0.04
R5| 005 | 005 | 009 | 000 | 0.05
R6| 012 | 000 | 005 | 005 | 005

In IR measurements where repeatability was found to be poor for
LF, the GLL measurements were largely unaffected. LF is calcu-
lated by integrating the lateral energy from 5 ms to 80 ms, which
can be seen in equation (1). In this region, the microphone picks
up energy from the direct arrival and early reflections. Ideally, the
figure-8 microphone should reject both the direct sound and early
reflections which are coming from directly in front of the micro-
phone. Small angular misalignments will allow some of the direct
sound in the measurement, and since the direct sound is high in
level compared to later reflections, these misalignments could
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have a significant impact on the measurement. This effect can be
seen in the figure-8 IRs measured at R6. Figure 5 shows the three
repetitions of the 250 Hz octave band measured with the Senn-
heiser microphone, which was the worst case for measurement re-
peatability. One of the measurements has more energy in the first
20 ms of the IR than the other two measurements, after which the
IRs seem to agree more closely. Conversely, the GLL calculation
involves integration of the lateral energy from 80 ms to infinity as
seen in equation (2), and is less susceptible to small misalignments
because there are no longer strong components which are directly
on-axis in the late sound field.
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Figure 5: Three repetitions of the Sennheiser IR measurement at
R6 filtered at 250 Hz octave band.

4.3. Two microphone comparison

The LF and GLL measurements made with the Eigenmike and
Sennheiser MKH 30 were compared by subtracting one value
from the other and then converted into the number of JINDS. The
largest differences in LF between the two microphone configura-
tions were found in the 125 Hz octave band, and to a lesser extent
the 250 Hz octave band (see Table 9), where the LF measured
with the Eigenmike is substantially higher than the LF measured
with the Sennheiser MKH 30 in all receiver locations. This dis-
crepancy is likely due to the fact that the null in the Eigenmike’s
dipole response beamformed in Eigenstudio has shifted in angle
from the ideal dipole pattern. For these measurements, the null is
pointed at the sound source on the stage. Since the null is shifted,
the microphone is picking up portions of the direct sound and
early reflections which are rejected in the Sennheiser measure-
ment. An example of this effect can be seen in Figure 6, which
shows the first 80 ms of the 125 Hz IRs for both the Eigenmike
and Sennheiser microphones. Agreement between the Eigenmike
and the Sennheiser is much better from 500 Hz to 4 kHz where
the Eigenmike’s directivity pattern is closer to an ideal dipole,
with the exception of R6 where agreement was poor from 500 Hz
to 4 kHz, which is also where there was relatively poor repeata-
bility.
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Table 9: Difference in LF between Sennheiser and B&K pair
and Eigenmike in # of JNDs, where one JND is 0.05.

Avg.
125Hz | 250 Hz | 500 Hz | 1 kHz 125-1k
R1| 261 1.16 0.26 0.48 1.13
R2| 149 1.09 0.19 0.07 0.71
R3| 4.08 2.43 0.30 0.44 1.81
R4 | 152 0.57 0.24 0.02 0.59
R5| 3.78 1.72 0.77 0.71 1.75
R6 | 0.85 1.57 1.93 1.82 0.76
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Figure 6: Sennheiser and Eigenmike beamformed dipole IR meas-
urements at R3 filtered at 125 Hz octave band.

The measurement of GLL between the two microphones had better
agreement than the measurement of LF. The largest variation is
again seen in the 125 Hz octave band due to the non-ideal directiv-
ity of the beamformed dipole (see Table 10).

Table 10: Difference in GLL between Sennheiser and B&K
pair and Eigenmike in # of JNDs, where one JND is 1 dB.

125 Hz | 250 Hz | 500 Hz | 1 kHz 1’3;_%
R1| 007 | 003 | 000 | 017 | 002
R2| 163 | 020 | 023 | 007 | 048
R3| 033 | 047 | 047 | 007 | 015
R4| 150 | 030 | 030 | 000 | 0.29
R5| 017 | 007 | 027 | 017 | 008
R6| 077 | 007 | 020 | 007 | 019
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5. CONCLUSIONS

The lateral energy component that is used to calculate the spatial
parameters LF and GLL was measured using two different micro-
phone configurations: a conventional figure-8 microphone (Senn-
heiser MKH 30), and a spherical microphone array (mh Acoustics
em32 Eigenmike). Using the two methods, room impulse re-
sponses were measured in a 2500 seat auditorium and three repeat-
ability measurements were taken in all six of the receiver loca-
tions.

The repeatability was evaluated for the spatial measures of LF and
GLL. The LF measurement repeatability was found to be poor at
R6, which was the location farthest from the stage. The low fre-
quency standard deviation was more than one JND in some octave
bands at R6. A likely cause for the repeatability error was misa-
lignment in the rotation of the microphone, which would allow the
figure-8 microphone to pick up a portion of the direct sound and
early on-axis reflections, skewing the measurement of LF The
measurements of GLL were much more consistent than the meas-
urements of LF.

The averages of the three measurements at each receiver location
were compared for each method. The difference of the LF average
from the 125 Hz to 1 kHz octave bands for the two microphone
configurations was between 0.59 and 1.81 JNDs at the six receiver
locations. The largest differences were found in the 125 Hz and
250 Hz octave bands where the Eigenmike’s dipole directivity is
not ideal, while the differences were relatively small from 500 Hz
to 4 kHz. The difference of the GLL average from 125 Hz to 1 kHz
for the two methods was between 0.02 and 0.48 JNDs, with the
largest variation in the 125 Hz octave band, which is most likely
caused by the Eigenmike’s low frequency non-ideal directivity
pattern.

Future work will include manually calculating the spherical har-
monic expansion of the Eigenmike’s impulse responses to com-
pare to the results from the included software, Eigenstudio. Since
the LF and GLL agreement between the two methods was better
at frequencies where the Eigenmike had an optimal directivity pat-
tern, it is very likely that a manual calculation of the dipole com-
ponent will yield better agreement with the Sennheiser micro-
phone. Future work could also include simulations of changes in
LF and GLL with variations in receiver directivity pattern and
small spatial misalignments.

6. ACKNOWLEDGMENTS

The authors wish to express their thanks to Mr. Tom Hesketh, for
allowing the authors access to the auditorium for taking the meas-
urements. The authors also wish to acknowledge Matthew Neal,
Matt Kamrath, Martin Lawless, and Acadia Kocher for their assis-
tance with the measurements. The authors would also like to thank
Bose Corporation in Framingham, MA for use of their anechoic
chamber.

This work was sponsored by NSF award #1302741.

26

7. REFERENCES
[1] T. Lokki, J. Patynen, A. Kuusinen, and S. Tervo, “Disentan-
gling preference ratings of concert hall acoustics using sub-
jective sensory profiles,” J. Acoust. Soc. Am., vol. 132, no. 5,
pp. 3148-3158, November 2012
M. Barron, M., "Subjective effects of first reflections in con-
cert halls- the need for lateral reflections,” J. Sound & Vib.,
vol. 15, no. 4, pp. 475-494, April 1971.
M. Barron, and A. H. Marshall, “Spatial impression due to
early lateral reflections in concert halls: The derivation of a
physical measure, ” J. Sound & Vib., vol. 77, no. 2, pp. 211-
232, July 1981
M. Morimoto, and Z. Maekawa, “Effects of low frequency
components on auditory spaciousness,” Acustica, vol. 66, no.
4, pp. 190-196, September 1988
J. S. Bradley, and G. A. Soulodre, “The influence of late ar-
riving energy on spatial impression,” J. Acoust. Soc. Am., vol.
97, no. 4, pp. 2263-2271, April 1995
J. S. Bradley, and G. A. Soulodre, “Objective measures of
listener envelopment,” J. Acoust. Soc. Am., vol. 98, no. 5, pp.
2590-2597, November 1995
Lundeby, A., Vigran, T.E., Bietz, H., and Vorlander, M.,
“Uncertainties of measurements in room acoustics,” Acous-
tica, vol. 81, no. 4, pp. 344-355., July/August 1995
I. Witew, G. K. Behler, and M. VVorlander, “Spatial variation
of lateral measures in different concert halls,” Proc. Int.
Cong. on Acoust., Kyoto, Japan, pp. 2949-2952, 2004
1. Bork, “Report on the 3rd round robin on room acoustical
computer simulation — Part I: Measurements,” Acta Acustica
with Acustica, vol. 91, no. 4, pp. 740-752., July/August 2005
[10] M. C. Vigeant, C. B. Giacomoni, and A. C. Scherma, “Re-
peatability of spatial measures using figure-of-eight micro-
phones,” Applied Acoustics, vol. 74, , no. 9, pp. 1076-1084,
September 2013
[11] mh acoustics, “em32 Eigenmike microphone array release
notes (v17.0)”, [online] 2013, http://www.mhacoustics.com/
sites/default/files/ReleaseNotes.pdf (Accessed: 22 November
2013).
[12] Acoustics — Measurement of room acoustic parameters —
Part 1: Performance spaces, ISO Standard 3382-1:2009(E)
[13] G. W. Elko, J. Meyer, "Microphone Arrays,” in Springer
Handbook of Speech Processing, Benesty, Sondhi, Huang,
Springer Berlin Heidelberg, 2008, ch. 50, sec. 50.5, pp. 1034-
1037

(2]

(3]

(4]

(5]

6]

(71

(8]

B





