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Wave-based room acoustics simulations have been increasing their importance in various fields
of acoustical researches and design-stages. The problem remained, however, is how to model
the rooms ’absorptive boundary conditions. Conventional absorption indices of materials like
sound absorption coefficients or normal impedances are not always suit for such a fine method
like finite element method, boundary element and so on. To overcome the situation, in previous
studies, the authors had proposed the concept and measurement technique of ensemble averaged
surface normal impedance of material. Herein, the outline of the concept of ensemble averaged
impedance including the measurement technique was summarized, first. Second, several example
results of practical measurements were given to exhibit that their uncertainties stay within the
range for wave-based simulations to keep their resulting uncertainties less than just noticeable
difference. Finally, the results of sound field simulations of realistic rooms are shown to examine
the plausibility of the model.
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1. Introduction

Recently, wave-based room acoustics simulations like finite element method, boundary element
method, and so on, have been intensively used in broad range of the field on acoustics [1, 2, 3]. The
authors have been developing a system of large-scale finite element sound field analysis, or LsFE-
SFA, and also have presented papers both in time and frequency domains [4, 5, 6, 7, 8]. In the
computations of the kind, some reliable impedance data of boundaries are required to assure their
accuracy. Then, the authors have also proposed an experimental method to obtain a material’s surface
normal impedance using ensemble averaging technique, "EA method," with two-micropone [9], as
well as with PU-sensor [10]. To obtain normal impedance with more reliability, we also presented a
paper on PU-sensor calibration [11].
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In this paper, at first, the basis of finite element method to analyze the sound field in a room with
dissipative walls is summarized briefly. Next, the outline of EA method is introduced. Then, an
example application result of measured impedance by EA method supplied into sound field analysis
by LsFE-SFA is given to show the effectiveness of LsFE-SFA supported by EA method.

2. Basis of finite element sound field analysis [4, 6, 7, 8]

The equations to analyze the sound field of a room with dissipative walls are as follows:

[K]{p}+ iω[C]{p} − ω2[M ]{p} = iωρv0{W}. (1)

Where, [M ], [C] and [K] denote acoustic mass, dissipation and stiffness matrices respectively; and
{p}, ρ, ω, u and {W} are sound pressure vector, air density, angular frequency, displacement and
distribution vector respectively. Assuming that E and to be first and second order derivative with
respect to time respectively, the equation in the time domain can be:

[M ]{p̈}+ [C]{ṗ}+ [K]{p} = ρω2u{W}(= {f}). (2)

With an interpolation (shape) function, {N}, the acoustic element matrices that construct global ma-
trices in the Eq.(1) are given by
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Where c and zn are sound speed and normal surface impedance respectively, and e′ denotes the
surface area to be integrated.

In the time domain, we employed Newmark β method to solve the eq. (2) step by step. If {p}t, {ṗ}t
and {p̈}t at t, are known, then, {p}t+∆t and {ṗ}t+∆t can be given by

{p}t+∆t =
{
{p}t +∆t{ṗ}t + (∆t)2(

1

2
− β){p̈}t + (∆t)2β{p̈}t+∆t

}
, (6)
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{ṗ}t +∆t(1− γ){p̈}t +∆tγ{p̈}t+∆t

}
. (7)

Here, ∆t is time interval between t and t+∆t, and γ and β are parameters (in the following sections,
γ = 1/2 and β = 1/4 are assumed). Then, with the Eqs. (6) and (7), we can transform Eq. (2) into:
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]
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here,
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}
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. (9)

Thus, {p̈}t+∆t can be obtained by solving eq.(10) that is in the form of a linear equation:

[A]{x} = {b}. (10)
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Figure 1: Schematic diagram of the measurement setup with (a) PU-sensor, and (b) two micro-
phones.

3. EA method and synthesized boundary condition

3.1 EA method outline [9, 10, 12]

The measurement setup of EA method is depicted in Fig. 1: one with a two-microphone and
another with a PU-sensor. In this paper, the latter is used.

If particle velocity and sound pressure are measured at a single point on a material’s surface,
ensemble averaged surface normal impedance ⟨Zn⟩ and corresponding absorption coefficient ⟨α⟩ can
be calculated by the following equations:

⟨Zn⟩ =
⟨Psurf⟩
⟨Un,surf⟩

, (11)

⟨α⟩ = 1−
∣∣∣∣∣⟨Zn⟩ − 1

⟨Zn⟩+ 1

∣∣∣∣∣
2

. (12)

Here, Un,surf and Psurf respectively denote particle velocity normal to the material surface and sound
pressure at the material surface in frequency domain. The symbol ⟨x⟩ expresses ensemble average
of a valuable x. In a practical measurement, ensemble averaged values in the right side of eq. (11)
are obtainable from standard outputs of a fast-Fourier-transform (FFT) instrument connected to a
PU-sensor, if the sensor is small enough to be placed at the material surface.

In reality, however, an acoustical sensor has a certain size; and the PU-sensor (Microflown, PU
Regular) employed in the following investigations has a diameter of half inch. Our former studies
revealed both experimentally and computationally that the distance d between PU-sensor and material
surface brings no significant difference in measured sound absorption coefficients in case d is less than
13 mm [12]. In the following sections, d is fixed to 10 mm as is genaraly used in our previous studies.

3.2 Synthesized boundary using ensemble averaged impedance

In our previous paper [14], we showed that EA method can provide sound absorption character-
istics with less uncertainties that satisfy Vorländer’s tentative requirement for room acoustics simu-
lations [13]. The measured value by EA method is ensemble averaged surface normal impedance
⟨Zn⟩ at random incidence. In practical situations, the incidence conditions frequently have certain
probability distributions. Even in such cases, ⟨Zn⟩ represents the specific property of the material’s
absorption as an averaged value over the probability distribution.

In case the material’s absorption has no incident-angle-dependency, e.g. locally reactive, then
⟨Zn⟩ equals to Zn. In case it has incident-angle-dependency, ⟨Zn⟩ is still rational to represent above
mentioned averaged value. It is known that natural noise frequently has the characteristics of white
noise and we also showed the availability of ambient noise as sound source in EA method measure-
ment with two-microphone [9].

When an absorptive boundary is model in FEM formulation, eq. (5) shows that Zn needs to
represent the absorption around the surface area, not the nodal point itself, to be integrated. Then,
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Figure 2: Sound absorption coefficients (left axis) and included uncertainties (right axis) of a
needle felt sheet measured by nine times repeated EA method measurements with a PU-sensor
on different three days.

Figure 3: Photo of needle felt measured by EA method.

⟨Zn⟩ is time and space averaged value and is suit for constructing a synthesized boundary condition
of LsFE-SFA.

3.3 Uncertainty of EA method measurement

The tentatively proposed criterion required for an absorption coefficient measurement is "uncer-
tainty (standard deviation) < 0.04." [13] The requirement, however, changes depending on the volume
and absorption of the room. So, we have been using the criterion mainly for reference sake.

An example investigation on the uncertainty included in the EA method measurement is shown
in Fig. 2. A needle felt with the dimensions of 500 mm × 500 mm × 10 mm (Fig. 3) is laid on the
floor of the reverberation room at Oita University. A PU-sensor (PU regular; Microflown Technology)
is located at 1 cm above the center of the sheet. Measurements were repeated three times a day on
different three days, i.e. number of repetition is nine. PU-sensor calibrations were carried out using a
standing-wave-tube just before or soon after the sound absorption measurements in the reverberation
room. In Fig. 2, considerably small uncertainties are observed throughout the frequency region from
100 Hz to 1250 Hz. We also confirmed similar uncertainties for glass wool, slice form, e.t.c., when
appropriate PU-sensor calibration is conducted. [11]

4. Example application for room acoustics simulation

4.1 Analyzed model and measurement settings

To examine the validity of the synthesized boundary condition, both measurements and time do-
main LsFE-SFA simulations were conducted as below. The sound field in a small room illustrated in
Fig. 4 is to be measured and simulated.

The model room is made of acrylic resin with 15 mm thick and is put in the anechoic room of
Oita University. As a sound source, a loudspeaker (D1405 driver; Fostex Co.) is attached to a hole at
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Figure 4: Small room for impulse response measurement and simulation. (Unit: mm)

Figure 5: Real part (Black) and imaginary part (Red) of measured surface normal impedance
of Tile Carpet ⟨Zn,cpt⟩ by EA method with PU-sensor.

(150, 550, 0); and six receiving points are distributed in the model room. Two 1/4 inch microphones
(type 4939; B & K) are placed at the receiving points. To realize an absorptive boundary condition,
a sheet of tile carpet with 5 mm thick is laid on the floor of the model room. Then, using the swept
pulse, impulse responses at the receiving points were measured. Measurements were repeated two
times: on the empty condition and on the absorptive condition with the tile carpet.

4.2 Settings for FEM simulations

At first, reverberation times of the empty condition were calculated from above mentioned mea-
sured impulse responses using Schroeder integration method and Sabine’s equation to obtain the
absorption coefficient αacr of acrylic resin. With the value of αacr, acrylic resin’s normal impedance
value Zn,acr was calculated assuming that imaginary part of Zn,acr to be zero.

Then, surface normal impedance of the above mentioned tile carpet ⟨Zn,cpt⟩ was measured by
EA method with a PU-sensor in the reverberation room. With the same settings, measurements were
repeated three times and measured raw data were averaged over the repetition. Here, to eliminate
unnecessary fluctuations, simple moving averaging of 25 data (31.25 Hz) are performed; and the real
and imaginary parts of ⟨Zn,cpt⟩ are plotted in Fig. 5.

When a boundary condition is constructed using an impedance value in the frequency domain
for LsFE-SFA, frequency dependency of the absorption is modeled straightforwardly. While, when
it is constructed in the time domain, an averaged value over a frequency band is necessary to give
approximated results of the computation. Hereafter, an example result of LsFE-SFA in the time
domain is shown using averaged impedance value over target frequency band.

In the following simulation, we focus our investigation on the frequency range of 1/1 octave band
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Figure 6: Comparison of 1/1 octave band pass filtered impulse responses centered at 500 Hz
between the results of measurement (Black) and LsFE-SFA simulation in the time domain using
⟨Zn,cpt⟩ (Blue).

centered at 500 Hz. Then, time swept pulse filtered through the band is given as the external force
term in eq. (2). Impedance value is assigned as the mean value over the band.

4.3 Results and discussion

Fig. 6 gives a comparison between measured and computed impulse responses at the receiving
point (450, 600, 450) in the model room. In the figure, absolute values of sound pressure are plotted
for measurement, while absolute values times (-1) are plotted for simulation.

On the whole, outlines of the impulse responses obtained by measurement and by LsFE-SFA
agree well each other. Several peaks around 0.006 s, 0.01 s, 0.02 s, 0.03 s, 0.05 s, 0.06 s, 0.07 s, 0.09 s
and so on correspond each other properly between measurement and simulation. While, decay ration
of simulation is slower than that of measurement and sound energy stay longer in the simulated sound
field than that of measurement. The difference is attributable to under estimation of the averaged
absorption of both materials, acrylic resin and tile carpet.

5. Conclusions

With the power of recent PCs, work-stations as well as super-computers, limitations from the
computer-hardware side become smaller and FEM sound field analyses, e.g. the author’s LaFE-SFA,
of halls up to 20 kHz have come to be practical. Nonetheless, the problem exists in constructing
boundary conditions especially in absorption modelings. To overcome the problem, EA method can
be expected to play an important role because it results rather robust surface normal impedance values
with small uncertainties. Moreover, the impedance measured by EA method is time and spaced
averaged absorptive property of a wall and it is available to construct synthesized boundary condition
which suit especially for FEM sound field analyses. The example application shows that measured
and simulated impulse responses agree well each other, which reveals the potential of LsFE-SFA with
the help of EA method.
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