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Abstract
Room acoustic simulations often require geometry
simplification to manage computational complexity,
potentially introducing modeling bias. In this study,
we demonstrate that a finite-difference framework can
accurately simulate a measured benchmark room with
complex diffusing structures while avoiding explicit
geometry simplification. A geometry-based surface
scattering approach is introduced, in which bound-
ary surfaces are perturbed using a three-dimensional
noise function to mitigate unrealistically specular re-
flections at high frequencies. The method is evaluated
quantitatively against a dense measurement dataset,
showing good agreement and supporting its suitabil-
ity for realistic room acoustic simulation of complex
environments.
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1. Introduction
Geometrical-acoustics and finite-element room simu-
lations typically require manual level-of-detail (LOD)
reduction of detailed CAD models to reduce compu-
tational complexity [1],[2]. This process requires non-
trivial decisions regarding geometric and material rep-
resentation and can introduce modeling bias [3],[4],[5].
Finite-difference (FD) methods differ in that room ge-
ometry is voxelized onto a regular grid, making LOD
reduction an automatic consequence of discretization
rather than a manual preprocessing step. The result-
ing errors take the form of staircased boundaries that
decrease with increasing grid resolution.
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This study demonstrates practical FD simulation of
a measured benchmark room [6] containing exten-
sive centimeter-scale geometric detail, without man-
ual LOD reduction. By avoiding manual geomet-
ric simplification, the simulation preserves scattering
from architectural features that would otherwise be
removed during LOD reduction. However, even unre-
duced CAD models generally omit small-scale surface
roughness and impedance variations, leaving a residual
underrepresentation of high-frequency scattering.
In contrast to previous wave-based methods that em-
ulate the effects of missing surface variations through
modified boundary conditions [7], [8], we investigate a
geometry-based approach in which boundary surfaces
are perturbed using a three-dimensional noise function.
The simulations employ a custom GPU-accelerated im-
plementation of the face-centered cubic (FCC) scheme
of [9], extended with frequency-dependent boundary
modeling and a physically motivated source model.
The proposed perturbation mitigates excessive specu-
lar reflection, substantially improving high-frequency
reverberation-time predictions.
The benchmark measurements are presented in Sec-
tion 2, and the FCC simulation framework is described
in Section 3. Boundary materials, loudspeaker model-
ing, and the proposed surface-scattering approach are
described in Sections 4–6, respectively. Model accu-
racy is evaluated against measurements in Section 7,
using recently proposed validation measures [10], and
the conclusions of this study are given in Section 8.

2. Room and Measurement
In this paper, the Multi-Purpose Room Impulse Re-
sponse Dataset [6] is used as a benchmark to validate
the presented simulation framework. This dataset
contains RIRs measured on a spatially dense 3-D grid
inside a complex-shaped room with a volume of ap-
proximately 139 m3.
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Figure 1: Photograph of the measurement room with
the measurement robot and the loudspeakers.

A view of the room is shown in Fig. 1. Near the left
wall, vertical wooden slats extend from the floor to the
ceiling. The slats have a cross-section of 13 cm × 6 cm
and 4 cm spacing, and are arranged to form multiple
recesses, which house furniture. Horizontal wooden
slats cover most of the ceiling, and the right wall is a
large window with a thin curtain hanging in front of it.
A robot-positioned vertical array of eight omnidirec-
tional microphones measured room impulse responses
on a 15 cm Cartesian grid for eight loudspeaker posi-
tions, yielding 68,736 RIRs. The simulations in this
paper were performed for speaker S4, which is a cubic-
shaped custom-built speaker with an 8-inch driver.
Reference microphones were positioned close to the
speaker for calibration, as pictured in Fig. 2.

Figure 2: Close microphone positions for speaker calibra-
tion: (left) difference pair, (right) on-device microphone.

3. Simulation Technique
The governing equation considered is the lossless ho-
mogeneous acoustic wave equation in air

∂ttp = c2
0∆p, (1)

where acoustic pressure p is a function of position
x ∈ Ω and time t ≥ 0, and c0 is the constant ambient
wavespeed in air, set here as c0 = 343 m/s. Boundary
conditions on the domain boundary ∂Ω are defined in

the frequency domain, as

−n · ∇p̂ = iωŶ

c0
p̂ + iωρ0Q̂, x ∈ ∂Ω, (2)

where n is the outward-pointing normal vector of the
boundary, ρ0 is the ambient air density, set to 1.21
kg/m3, and Ŷ is the complex frequency-dependent nor-
malized (dimensionless) admittance (scaled by ρ0c0).
A boundary-normal velocity source term Q̂ has been
added to model the speaker cones. The admittances
are specified as passive (positive-real) rational func-
tions

Ŷ = Y∞ +
M∑

m=1

A(m)

iω − η(m) . (3)

Here, Y∞ is the (real-valued) high-frequency asymp-
totic value, η are the poles, which must lie in the
closed complex left half-plane for stability, and A are
the associated residues. Via inverse Fourier transform,
the boundary relation (x ∈ ∂Ω) is then formulated
using an auxiliary differential equation approach

−n · ∇p = Y∞

c0
∂tp + 1

c0

M∑
m=1

A(m)∂tϕ
(m) + ρ0∂tQ, (4)

in combination with M first-order auxiliary equations
for the state variables ϕ:

dϕ(m)

dt
− η(m)ϕ(m) = p, m = 1...M. (5)

Equation (1) is discretized using a 13-point face-
centered cubic (FCC) finite-difference scheme, which
is equivalent to finite-volume discretization with a
rhombic dodecahedral cell shape [9]. The resulting
difference equation is

pn+1
i − 2pn

i + pn−1
i = λ2

4
∑
j∈R

(pn
i+j − pn

i ), i ∈ I, (6)

where n is the time index for t = nT with time step
T , i is a position index such that x = iX for grid step
X and λ is the Courant number λ := c0T/X. I is the
discrete set of indices corresponding to Ω, constrained
to even-sum grid points by the FCC lattice: I = {i ∈
Z3|iX ∈ Ω, i1 + i2 + i3 mod 2 = 0}. R contains the
twelve neighbor offsets of the FCC stencil.
To discretize (4), we apply the method proposed in [11,
Eq. (20)-(21)] and add the auxiliary state and source
terms to give

− (pn
i+j − pn

i ) = n · j

2λ

(
Y∞(pn+1

i − pn−1
i )

+
M∑

m=1
A(m)(ϕ(m),n+1

i − ϕ
(m),n−1
i )

+ ρ0c0(Qn+1
i − Qn−1

i )
)
, j ∈ R, (i + j)X /∈ Ω. (7)

Via trapezoidal (bilinear) discretization, the auxiliary
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state equations (5) become

(2 − η(m)T )ϕ(m),n+1
i − (2 + η(m)T )ϕ(m),n

i

= T (pn+1
i + pn

i ). (8)

The complete system is assembled by combining the
discretized wave equation (6) with the boundary rela-
tion (7), eliminating the unknown ghost-node pressures
pi+j , i + j /∈ I. This results in an explicit two-step
update equation which can be evaluated efficiently in
a finite-difference recursion loop.
The stable limit for the Courant number for the FCC
scheme can be found through von Neumann analysis
as λ ≤ 1. Another important consideration is the
numerical dispersion error, which should ideally be
kept small enough to be imperceptible. In the study
in [12], this perception limit is estimated at around 2%
for small, well-damped rooms. In the simulations of
this paper, a spatial resolution of X = 4 mm was used,
corresponding to a frequency range of 15.3 kHz for
the aforementioned numerical dispersion error limit
(see the analysis method in [9]).
The method described above was implemented as a
C++/CUDA library with a Python interface. The
CAD model of the room is shown in Fig. 3, and Fig. 4
pictures the early-time pressure field computed for a
point source, showing diffraction at some furniture
and vertical slats. Computing 2 s-long RIRs at 4 mm
resolution for all the receiver positions takes about 50
minutes on an RTX5090 GPU.

Figure 3: CAD model input to the room simulation with
speaker S4 highlighted.

Figure 4: Simulated pressure field generated from 3kHz
Ricker pulse at red dot location.

4. Materials
Because precise material information was not avail-
able, material admittance functions were defined man-
ually, using absorption tables from the literature as a
starting point. Rational positive-real admittance func-
tions were derived from the input absorption values
by a non-linear optimization procedure, the details of
which fall outside the scope of this study. The mate-
rial parameters of the largest surfaces were manually
adjusted to improve agreement with the measured
reverberation times while maintaining physically plau-
sible absorption values for the respective materials.
The final material absorption values, computed from
the admittances by the Paris formula, are shown in
Fig. 5 and Table 1.
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Figure 5: Final diffuse absorption coefficients derived
from the calibrated material admittances.

5. Speaker Modeling
Because a directional characterization of speaker S4
was not available, the loudspeaker was represented
directly within the FD model by discretizing its geom-
etry and modeling the driver through the boundary-
normal velocity source term Q in Eq. (7). To account
for cone breakup [13], two excitation modes were used
(Fig. 6): the main cone and dust cap at low frequen-
cies, and only the dust cap above a 2 kHz crossover.
The driving signal for the combined modes was cali-
brated against the pressure-difference measurements
of the microphone pair in Fig. 2, while the on-device
microphone was reserved to validate the simulated
off-axis response (see results in Fig. 7).

Figure 6: Voxelized speaker model showing driven bound-
ary areas for the pistonic (left) and dust-cap (right) speaker
modes.
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Table 1: Material diffuse absorption coefficients at octave frequencies.

Elements 63Hz 125Hz 250Hz 500Hz 1kHz 2kHz 4kHz 8kHz
window, blinds 0.178 0.125 0.071 0.050 0.042 0.026 0.020 0.018
carpet, armchairs 0.073 0.075 0.163 0.437 0.593 0.704 0.734 0.730
floor, pillar 0.020 0.025 0.030 0.030 0.030 0.030 0.025 0.020
wood: slats, tables, bench,
sideboards, speakers

0.012 0.015 0.020 0.030 0.030 0.030 0.030 0.030

ceiling 0.103 0.154 0.292 0.510 0.739 0.865 0.919 0.941
walls 0.119 0.110 0.092 0.068 0.052 0.048 0.042 0.039
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Figure 7: Speaker calibration response (1/8-octave
smoothing).

6. Geometry-based Scattering
Initial simulations showed an unrealistic increase in
reverberation time at high frequencies, which was
not seen in the measurements. This problem was
explained by perfectly specular reflections between
two opposite parallel walls, causing flutter echoes.
To address this issue, a small amount of roughness
was added to the wall surfaces by displacement along
their surface normal according to a 3-D noise function.
A stochastic perturbation was used because the unre-
solved roughness and impedance variations responsible
for the observed scattering are not known explicitly.
The parameters were varied empirically, with good
agreement obtained for a displacement standard devia-
tion of 9 mm and a characteristic length scale of 23 cm.
Fig. 8 shows an example of the resultant scattering
for a simple 4 × 4 × 4 m cube.
Fig. 9 shows RT30 values averaged over 50 randomly
selected receiver positions. The smooth-wall model ex-
hibits the unrealistic high-frequency increase described
above, whereas rough walls yield good agreement with
the measurements. Both simulations used identical
boundary admittances, and the added roughness in-
creased wall surface area by less than 1%.
7. Results and Analysis
Results of the simulation are analyzed in three posi-
tions on the receiver grid labeled P1 (3.41m, 5.87m,
1.0m), P2 (0.41m, 0.32m, 1.0m) and P3 (2.81m, 3.77m,
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Figure 8: Comparison of waves reflected from a smooth
(left) boundary and a boundary with the random dis-
placements (right) added. A point-source 2kHz Ricker
excitation is used, located at the red dot.

1.45m). The computed RIRs at positions P2 and P3
are plotted in Fig. 10. The agreement between the
envelopes of the measured and simulated RIRs sug-
gests that the low-order reflections of the sound field
are accurately captured. The simulated FRFs for the
same receivers are shown in Fig. 11, where 1/32-octave
smoothing has been applied to allow visual compar-
ison at the higher frequencies where modal density
is high. A good match is observed for the detailed
modal behavior at low frequencies up to a few hundred
Hertz as well as for the smoothed envelopes at higher
frequencies.
To quantify the agreement between the simulated
and measured results, error metrics were computed
following the methodology proposed in [10], with the
results summarized in Table 2. Metric Es quantifies
the similarity of the FRFs between 30 Hz and 300
Hz, showing an average discrepancy of 19.5%. The
mean frequency difference for resonance peaks, Ep, is
about 1%, indicating accurate representation of the
physical room geometry, at least at long wavelengths.
Lastly, the metric Ed relates to discrepancies in the
absorption at the room’s surfaces. The mean error of
4.3% indicates a close match of the temporal decay,
which is corroborated by the match of the position-
averaged reverberation time curves shown earlier in
Fig. 9.
The dense measurement grid allows for detailed vi-
sualization of the spatial sound field, as shown for
four frequencies in Fig. 12. The strong agreement at
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Figure 9: Comparison of simulated and measured rever-
beration times, averaged over a random selection of 50
receiver-grid locations.

Table 2: Measures of error (in %) between the mea-
sured and simulated FRFs at three receiver positions. The
frequency range considered is 30 ≤ f ≤ 300 Hz.

metric \ position P1 P2 P3 mean

Es 22.2 20.7 15.6 19.5
Ep 0.97 1.12 0.99 1.03
Ed 4.38 3.70 4.75 4.28

the two lowest frequencies supports the accuracy of
the simulations. At higher frequencies, discrepancies
are observed, likely due to imperfections in geometry
or materials, though the overall characteristics of the
measured fields remain well represented.

8. Conclusion
This study demonstrated practical FD simulation of
a measured room containing centimeter-scale geomet-
ric detail without manual level-of-detail reduction.
Agreement with measurements across multiple met-
rics supports the use of regular-grid FD methods for
realistic room-acoustic simulation. To address high-
frequency discrepancies arising from unresolved sur-
face roughness, a geometry-based scattering approach
was introduced and shown to mitigate the unrealistic
high-frequency reverberation-time increase observed
for smooth surfaces.
Some remaining discrepancies, primarily at high fre-
quencies, may be attributed to uncertainties in ma-
terial parameter estimation or imperfections in the
geometric model. Future work will investigate how
the proposed scattering model relates to the scatter-
ing parameters used in current geometrical-acoustics
methods. An extension of the source model to the full
audio bandwidth will also be considered.
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Figure 10: Early-time impulse response comparison between simulation and measurement.
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Figure 11: Frequency response comparison between simulation and measurement.
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Figure 12: Pressure field distribution comparison of measurement and simulation.
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