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Spatial impulse responses, meaning responses measured with a microphone grid, were measured in
six concert halls. The microphone array consisted of 12 omnidirectional microphones, enabling a
construction of 3 intensity pairs (in x, y, and z directions) with 1 cm spacing and 3 intensity pairs with 10
cm spacing. In each hall impulse responses were measured with at least 3 loudspeaker and 4 microphone
positions. Responses were analyzed with directional audio coding methodology, which enables analysis
of diffuseness and instantaneous intensity as a function of time and frequency. In other words, with this
analysis it is possible to analyze the directions of early reflections and to estimate diffuseness of sound
field in a measurement position. Preliminary results indicate that diffuseness is quite similar in different
positions in one hall, but it varies more between halls. The directions of early reflections are hard to
visualize, however some example illustrations are shown to get an idea about the possibilities of such an
analysis technique.

1 Introduction

Traditionally room impulse responses are measured with
omnidirectional microphones or with two channel micro-
phones, e.g., dummy heads. However, with current tech-
nology it is possible to use more advanced microphone
techniques to measure spatial impulse responses. Mul-
tichannel impulse responses enable to analysis of spatial
information, e.g., the spatial distribution of reflections.
In this paper an energy-based analysis method, which is
developed for spatial audio recording and reproduction
[1, 2], is applied to study the diffuseness and intensity in
concert halls. Diffuseness could tell interesting informa-
tion about the diffuse characteristics of the sound field.
On the other hand intensity tells the direction of energy
flow in the measurement positions.

Impulse responses were measured in six halls with an
omnidirectional dodecahedron loudspeaker as a sound
source. Spatial sound was captured with a custom mi-
crophone array consisting of 12 Sennheiser KE 4-211-2
omnidirectional electret microphone capsules arranged
as two pairs on each Cartesian coordinate axis [3], see
Fig. 1. The considered concert halls have different shapes
and sizes and they have quite different acoustics as seen
in Table 1.

1.1 Related work

The idea of analysing spatial impulse responses has been
proposed many times. For example, Essert proposed the
measurement and analysis methods for such responses
[4]. However, only a few papers are published about
analysis of spatial responses of concert halls. The in-
tensity analysis has been presented earlier by Merimaa
et al. [5] and by Omoto and Ushida [6]. However,
their visualizations are different than presented in this
paper. Another visualization attempt is presented by
Fukushima et al. [7]. They converted reflections to im-
age sources and plotted them on top of the photograph
of the real space. Okubo et al. [8] proposed novel direc-
tional room acoustic parameters with spatial responses
measured with several omni microphones.

Measurements of spatial impulse responses with a
spherical microphone array have been done by Gover
et al. [9], Park and Rafaely [10], and Rafaely et al.
[11]. They all managed to find early reflections from
responses measured in real rooms.

Figure 1: The custom 12 microphone grid [3].

2 Energy-based analysis

The diffuseness and the direction estimates of the energy
flow is performed with an energy-based analysis. Such
analysis has been successfully applied in multichannel
audio reproduction, namely in spatial impulse response
rendering [1, 2] as well as in directional audio coding
[13]. The details of the energy analysis as well as deeper
theory can be found in [5, 14]. Here, it is briefly ex-
plained how the analysis is performed for the spatial
impulse responses measured with the custom 12 micro-
phone grid.

The analysis is done in time-frequency blocks. The
impulse response is divided into time frames which are
again divided into frequency bands. Such analysis can
be done, e.g., with STFT. For analysis both sound pres-
sure and particle velocity of the signal is needed. The
sound pressure can be obtained by averaging the six in-
ner microphone signals (pi(t)):

p(t) ≈
1

6

6∑
i=1

pi(t) (1)

The particle velocity can be approximated at the
point halfway between a microphone pair [15, 14]

ux(t) ≈
1

ρ0d

∫
t

−∞

[p1(τ) − p2(τ)]dτ (2)

where d is distance between microphones and ρ0 is mean
density of air. Respectively, particle velocities in y and
z directions are computed.
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Hall Attr. 125 250 500 1k 2k 4k

Tampere

2000

seats

EDT 1.5 1.5 1.6 1.6 1.6 1.4

T30 2.0 1.9 1.9 1.8 1.7 1.6

G 8.5 1.2 1.3 2.3 0.7 2.4

LF 12.6 16.8 18.2 19.2 21.2 21.9

Helsinki

1700

seats

EDT 1.3 1.5 1.7 1.8 2.0 1.8

T30 1.8 1.8 1.9 1.9 2.0 1.8

G 7.3 0.6 3.6 4.2 3.5 5.8

LF 6.4 11.6 14.1 14.2 17.8 22.2

Lahti

1500

seats

EDT 2.2 2.2 2.2 2.3 2.1 1.9

T30 2.4 2.4 2.5 2.5 2.3 2.1

G 10.6 2.8 3.8 5.4 3.6 3.9

LF 18.1 22.6 23.0 26.7 29.9 36.5

Kuopio

1060

seats

EDT 1.5 1.6 1.6 1.7 1.4 1.2

T30 1.5 1.7 1.7 1.8 1.6 1.4

G 9.5 3.8 4.5 5.8 4.9 5.1

LF 15.9 18.9 20.7 23.1 26.7 31.2

Pori

700 seats

EDT 2.5 2.2 2.2 2.2 1.9 1.5

T30 2.5 2.3 2.2 2.2 1.9 1.6

G 12.3 5.7 6.7 7.6 5.9 6.6

LF 21.4 21.8 24.0 26.6 28.6 30.6

Järvenpää

570 seats

EDT 1.5 1.5 2.0 2.0 1.9 1.6

T30 1.6 1.5 1.9 2.0 1.9 1.7

G 8.6 4.4 6.2 8.4 6.5 7.3

LF 12.9 14.9 19.3 20.6 25.5 26.0

Table 1: Averaged acoustical attributes [12] of six halls.

With sound pressure and particle velocity, the single-
sided frequency distribution of the active intensity in an
analysis window can be written as

Ia(ω) = 2Re{P ∗(ω)U(ω)} (3)

where P (ω) and U(ω) are the Fourier transforms of the
sound pressure and the particle velocity in a time win-
dow, and ∗ denotes complex conjugate. Since the grid
has microphone pairs at three orthogonal axis (x, y, and
z), it is possible to compute the direction of the active
intensity in the 3-D space. The 1 cm and 10 cm pairs
are used to cover a frequency range from 100 Hz to 7
kHz [3] (the cross-over between 1 cm and 10 cm pairs is
800-1000 Hz).

The diffusity of the sound field can be defined as
a ratio between intensity and energy density, thus, the
diffuseness estimate can be written as

ψ(ω) = 1−
||Ia(ω)||

E(ω)c
= 1−

2Z0 ||Re{P ∗(ω)U(ω)}||

|P (ω)|2 + Z2

0
|U(ω)|2

(4)

where ||.|| denotes the norm of a vector, E(ω) is energy
density, Z0 is the acoustics impedance of air, defined as
Z0 = ρ0c, and c is speed of sound.

3 Results

Spatial room impulse responses are inherently multidi-
mensional, having components in three coordinate di-
rections in time and frequency. In addition, based on
the proposed energy-based analysis the time-frequency
blocks can be further devided into directional and dif-
fuse components. Therefore, it is hard to visualize such
multidimensional data. In this paper, first the diffuse-
ness estimates are visualized as a time-frequency presen-
tation and intensity data is visualized from the human
perception point of view.

The analysis is performed for 12 responses measured
in all six concert halls. The three source and four re-
ceiver positions were similarly chosen in each hall, see
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Figure 3: Source (S) and receiver (R) positions.

Fig. 3, although they were not exactly the same posi-
tions since the dimensions of the halls vary.

3.1 Diffuseness in measured halls

As mentioned earlier the proposed analysis is performed
in the time-frequency blocks. The measured responses
were first divided into time frames with 1024 samples
long hanning window with 75% overlap in consecutive
windows (fs = 48 kHz, 1024 samples = 21.3 ms). Then
an FFT was taken from each time block to divide data
into time-frequency tiles. Then, the diffuseness esti-
mates were computed for each single block with Eq. (4).

Each time-frequency tile has a diffuseness value be-
tween 0 and 1, even if the tile contains only noise. To
be able to interpret the data, the diffuseness estimates
are set to 0 or 1. The 0 value is obtained if the tile has
less than -30 dB energy compared to direct sound and
the diffuseness estimate ψ(ω, t) is less than 0.4. Corre-
spondingly, a tile is given value 1 if the tile has enough
energy and ψ(ω, t) ≥ 0.4. Time-frequency visualizations
of first 300 ms are illustrated in Fig. 2 where “0 tiles”
are black and “1 tiles” are white.

Visualizations of diffuseness estimates in Fig. 2 show
how fast diffuseness is developed after the direct sound.
In Tampere it takes longer time as in Kuopio or Pori
which is quite natural since Tampere hall is much big-
ger than other halls. Interestingly it also seems that the
diffuseness plots are quite similar in all responses mea-
sured in one hall, but the overall shape and density of
white tiles vary more between halls. This suggest that
the amount of diffuse energy in one hall is not very po-
sition dependent.

To have more insight to the density of diffuse (=white)
tiles at each time moment, the number of tiles were cal-
culated. In other words “diffuseness curves in a function
of time” were computed, see Fig. 4. All 12 responses in
one hall are plotted with different colors and the black
thick line is the average of all 12 curves. There are dif-
ferences between halls, e.g., in the raise times of these
“diffuseness curves” as well as in overall levels of diffuse-
ness.

3.2 Intensity in measured halls

The intensity of sound in each time-frequency tile was
analysed with Eq. (3). Intensity information has at least
5 dimensions (x, y, z, time, and frequency), thus, it is
also very hard to visualize with static 2-D plots. Since
early reflections are the most interesting from spatial
sound point of view, we visualize the first 100 ms of
analyzed data from 2 responses from each hall in Figs. 5
and 6. The intensity value is shown with the darkness
of the marks in dB scale on one narrow frequency band.
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Figure 2: Diffusiness estimates of all six halls. Each hall has 12 responses; 3 sources (columns) and 4 receivers
(rows). If the time-frequency tile is white it is considered to have significant diffuse energy; SPL ≥ -30 dB (direct

sound normalized to 0 dB) and ψ(ω, t) ≥ 0.4. In each plot x-axis is time [s] and y-axis is frequency [Hz].

The direction of intensity vector is mapped on the unit
circle and looked from right and left. In other words,
the plots show the incoming angle of sound, mapped to
the cone-of-confusion circles (at intervals of 10◦) of both
ears. The 100 ms is divided into 128-samples frames
(=2.67 ms), and the FFT size for each frame was 1024.

Figure 5 shows the direct sound (normalized to 0
dB) coming to the right ear. Regarding early reflections,
there is big differences between halls. For example, in
Helsinki hall only a few early reflections are coming from
side. This supports the low LF value at 250 Hz, see
Table 1. In Fig. 6 it is seen that Pori and Lahti have
reflections coming from side at 1 kHz, as proposed by

high LF values.

4 Conclusion

An energy-based analysis of spatial impulse responses,
measured in six concert halls is presented. The proposed
method enables to extract intensities and diffuseness in
time-frequency blocks. The analysis results in multidi-
mensional data which is hard to visualize. Here, only a
few visualizations are illustrated, but many other tech-
niques should be studied in the future. Analysis of spa-
tial impulse responses could also be done with different
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Figure 4: “Wide band diffuseness” of all six halls as a
function of time.

time and frequency resolutions. The proposed method
enables also investigations of continuos signals, not only
impulse responses. This work remains as a future work.
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Figure 5: Intensity (O = 250 Hz) from source S2 to
receiver R1 in each six halls (order of halls as in Fig. 4).

Figure 6: Intensity (2 = 1 kHz) from source S2 to
receiver R3 in each six halls (order of halls as in Fig. 4).
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