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Fig. 26. Corridor Layout. Three diffusers are aligned on the left wall of a
12 X 2.7 X 3.5 m room. A close-up of the reliefs is shown.

We run our FDTD simulations on an NVIDIA RTX 4090 (24 GB)
GPU, with a cell size of 4 mm and a sampling frequency of 150
kHz. We use a point source placed at the room’s center and a point
receiver placed 1.5 m directly to the right. To filter out high fre-
quencies with an excess numerical dispersion error, we applied a
fourth-order Butterworth low-pass filter with a 10 kHz cutoff fre-
quency. The final audio previews are obtained by convolving the
processed RIRs with an anechoic audio recording.

Figure 27 shows spectrograms of a simulated hand clap test. Due
to elongated room dimensions and parallel walls, prominent flut-
ter echoes form along the 12 m length of the corridor [Cox and
D’Antonio 2016]. Treating the left wall with diffusers removes these
echoes while maintaining the overall spaciousness of the room, and
we observe minimal perceptual difference between our optimized
Acoustic Reliefs and the commercial PRDs. See the supplemental
video for audio comparisons.

REIETS

Fig. 27. Simulated Clap Test Spectrograms. Flutter echoes are prominent
in the Untreated spectrogram but disappear after the room is treated with
either our Acoustic Reliefs or with commercial PRDs.

Listening Room. For our second scenario, we consider a more
subjective treatment of a small listening room. We start with an
untreated rectangular 3.5 X 2.7 X 5 m room with a desk, stereo
speakers, and chair placed near the front wall (see Figure 28). To
reduce coloration from early reflections, we place absorbers at the
first reflection points (side walls and ceiling), creating a reflection
free zone [Cox and D’Antonio 2016]. However, without treating the
rear wall, strong parallel reflections may still form between the rear
and the front, so we then place three of our Acoustic Reliefs on the
rear wall to break up echoes while maintaining spaciousness.

We simulate audio previews at each stage of treatment (untreated,
absorbers-only, fully treated) using identical settings as before. Sur-
faces are idealized as locally reacting, frequency-independent mate-
rials with varying absorption coefficients. We use two point sources
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Fig. 28. Listening Room Layout. Our fully treated 3.5 X 2.7 X 5 m listening
room features absorbers placed at the first reflection points (side walls and
ceiling) along with diffusers placed on the rear wall.

placed at the front of each loudspeaker, along with a point receiver
located directly above the chair.

Perceptually significant differences can be heard at each stage of
treatment, with the fully treated room having reduced coloration
and echo. See the supplemental video for audio comparisons. We
note that due to perfect rectangular room symmetries and idealized
materials, simulated echoes may be stronger than they would be in
analogous real-world settings.

5.5 Fabricated Prototypes

We fabricate full-scale versions of the WaveLeft (0.6 m) and Wa-
veRight (0.6 m) Acoustic Reliefs. We also fabricate scaled-down (0.2
m) versions of the Cat (0.6 m), Flowers (0.6 m), Mondrian (0.6 m),
Floral Pattern (0.9 m), Matterhorn (0.9 m) and Wave (0.9 m) Acoustic
Reliefs. We use a Bamboo Lab X1 Carbon 3D printer to print the
reliefs. Due to the limited print size, we split the full-scale reliefs into
9 pieces, and print them separately before gluing the pieces together.
We also fabricate EnvCat (0.6 m), an Acoustic Relief optimized under
the environment map used in Figure 23, and use it to physically
validate our simulations (Figure 29).

Acoustic Properties. To evaluate the acoustic properties, we mea-
sure a Gaussian impulse signal reflected from the EnvCat (0.6 m)
Acoustic Relief. The measurement setup consists of the acoustic dif-
fuser, a speaker, and a microphone (Figure 29 left). The speaker is
placed 2m away from the diffuser and the microphones are placed at
the same distance facing the diffuser from 0°, 45°, and 60°. We utilized
a laser positioning tool to ensure proper placement of all elements.
To avoid other sources of reflections the setup was build on tall
stands and we ensured that the ground and other walls were at least
2.5m away. We then played the impulse and captured the reflected
sound either from a reference flat wall or from our diffuser. To vali-
date the results, we isolate the first reflections, and compare them
against FDTD simulations of the same setup (Figure 29 right). Since
the simulation and real world have different sound magnitudes, we
rescale the measurements to match the simulated amplitudes.

Overall, we note an excellent match of our measurements with
the simulation. The direct reflection at 0° shows a reduced impulse
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Fig. 29. Measurements. We measure EnvCat (0.6 m) using the experimental
setup detailed above (Left). We play a Gaussian pulse centered around 1000
Hz and record the resultant waveforms using microphones placed at 0°
(Top-right), 45° (Middle-right), and 60° (Bottom-right). We isolate the first
reflections. To match the amplitudes between simulation and measurements
we apply a uniform scaling factor that matches the peak-to-peak response
of the simulated and measured flat plane reflections at 60°.

amplitude that follows our prediction. In contrast, at 45° we observe
that the diffuser has a stronger reflection than a flat plane. Lastly,
at 60° the angle is too steep and both the diffuser and flat plane
provide similar reflections. We conclude that the diffuser design
was effective in redistributing the acoustic pressure away from the
specular direction. We also highlight the excellent match between
simulated and measured results that further confirms the accuracy
of our numerical modeling.

Reduced Diffusion Coefficient. We additionally conduct another
experiment to further validate the effectiveness of our Acoustic Re-
liefs, comparing it with other diffuser geometries. Specifically, we
compare WaveLeft (0.6 m) with a 3D printed PRD, as well as a flat
surface obtained by flipping the diffuser. We measure a reduced ver-
sion of the diffusion coefficient presented in the ISO standard [ISO
2012], as measuring the full hemispherical diffusion coefficient is
infeasible without a full industrial setup. The measurement setup
(Figure 30 left) consists of the three diffusers, a speaker, and a mi-
crophone. The speaker is fixed at a position of 3 m away from and
directly facing the measured diffuser. The microphones are moved
at angular intervals of 11.25° with a radius of 1.7 m, ranging from
—90° to 90°.

The impulse responses are computed using a logarithmic sine
sweep [Farina 2000] from 100 to 4000 Hz with Room EQ Wizard*.
The resultant sound pressure levels (SPLs) are then averaged into
one-third octave bands [Cox and D’Antonio 2016; ISO 2012], and
the diffusion coefficient formula [ISO 2012, Eq. 5] is used to compute
the coefficient values. The resultant curves are shown on the right
in Figure 30.

In accordance to our expectations, we observe a significant im-
provement in diffusion with both the PRD and our Acoustic Relief
as compared to a flat, rectangular surface. Additionally, we note that
the measurements also show that our Acoustic Reliefs outperforms

“https://www.roomeqwizard.com/
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Fig. 30. Reduced Diffusion Coefficient. We measure WavelLeft (0.6 m), a
PRD, and a flat, rectangular surface using the experimental setup detailed
above (Left). We play a logarithmic sine sweep from 100 to 4000 Hz and
record the resultant waveforms using microphones placed 11.25° apart from
—90° to 90° (Right). We isolate the first reflections, compute the SPLs, and
plot the obtained diffusion curves.

the acoustic performance of the PRD is most frequency bands, which
is in-line with the simulation results presented in Figure 13.

Visual Properties. We evaluate the full-sized diffusers, WaveLeft
(0.6 m) and WaveRight (0.6 m), by mounting them on an office wall
(Figure 31). The smaller Acoustic Reliefs are captured under a light-
box to mimic the controlled point light source used during the
optimization. The resultant images are shown in Figure 32. We ob-
serve that the reliefs closely follow the input images and are readily
recognizable.

Fig. 31. Office Diffusers. We fabricate two of our 0.6 m Acoustic Reliefs:
Waveleft (0.6 m) and WaveRight (0.6 m), and mount them on an office wall.
For scale, the length of the office wall is 2.1m.
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Floral pattern (0.6 m) Matterhorn (0.9 m) Wave (0.9 m)

Fig. 32. Fabricated Prototypes. In order to ease fabrication, we scale our Acoustic Reliefs down to 0.2 m, and compare the 3D printed versions (Bottom) to

their guiding images (Top).

6 LIMITATIONS AND FUTURE WORK

In this section we discuss the limitations of our system and propose
several promissing directions of future work.

Kirchoff Approximation. Though sufficiently accurate, the full
BEM pipeline is fairly slow, especially for larger meshes, requiring
the computation of a large, non-sparse matrix, as well as a ma-
trix solve (or two, in the backward pass). However, if accuracy is
not required, the Kirchoff approximation [Kirchhoff 1883; Ogilvy
1986; Pignier et al. 2015; Tsingos et al. 2007] could be used instead
to estimate first-order sound reflections. This would only require
a single matrix multiplication (Equation 6), and would be much
faster to compute compared to the full BEM. We propose using this
approximation as an initialization step, computing a result which
can be used as the initial guess for the main optimization pipeline,
thus improving the main pipeline’s convergence and reducing the
number of iterations needed to obtain a satisfactory diffuser.

General Acoustics. Our system is inherently tuned for the op-
timization of acoustic diffusers, and as such several assumptions
made in the simulation domain reflect this focus. Firstly, we use the
vanilla formulation of the BEM. However, when used to solve the
Helmholtz equation in exterior domains, this formulation is suscep-
tible to so-called fictitious frequencies [Chen et al. 2009]. While Cox
and D’Antonio [2016] mentions that these fictitious frequencies are
usually a nonissue for diffusers due to their geometry, it may be
interesting to explore other formulations of the BEM that are able to
deal with the fictitious frequency problem. Alternative formulations
include the CHIEF method [Schenck 1968], or the Burton-Miller
formulation [Burton and Miller 1971], although the key problem
would be to ensure differentiability.

Secondly, we only consider acoustically hard surfaces (i.e., % =0)
since it does not significantly affect the diffusion coefficient, but it
might be interesting to expand the allowed boundary conditions to
locally reacting or even absorbent surfaces. If properly coupled with

the gradient computation, this could open avenues for gradient-
based material optimization of acoustic diffusers and absorbers.

Our FDTD audio previews were simulated without frequency-
dependent air absorption. While important for accurate attenuation
of high-frequencies, modeling air absorption in FDTD incurs signif-
icant memory and computational costs, although such effects could
be approximated as a post-process [Hamilton 2021]. Furthermore,
our simulations assume locally reacting frequency-independent ma-
terials, but general impedance models [Bilbao et al. 2016] should be
used when simulating more complex settings.

Last but not least, it is also possible to generalize the heightfield
parameterization to any arbitrary mesh representation. Coupled
with the re-parameterization technique introduced by Nicolet et al.
[2021], one could perform acoustics-based mesh optimization while
avoiding self-intersections and maintaining a high-quality mesh.

Visual Appearance. Generally, we want to use images with dis-
tinct features. This allows the acoustics optimization to have more
flexibility in introducing the peaks and troughs that result in better
diffusion. For instance, in Figure 12, Mondrian (0.6m) underperforms
relative to Cat (0.6m) due to its large flat color regions.

Currently, we are focusing on reliefs with self-shadowing effects.
Extending this to multicolor or stylistically guided reliefs is a promis-
ing direction for future work.

7 CONCLUSION

In this paper, we have introduced a system for optimizing and gen-
erating Acoustic Reliefs: sound diffusers that not only perform well
acoustically but whose appearances can also be guided by user-
provided images. We developed a differentiable boundary element
simulator that solves the Helmholtz equation, allowing gradient-
based optimization of acoustic diffusers. We also coupled the solver
to a differentiable renderer and jointly optimized the appearance of
the diffusers at the same time. We validated our differentiable simu-
lator, generated various image-guided reliefs, and also physically
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fabricated several examples of our acoustic reliefs. To our knowl-
edge, our system is the first to perform gradient-based optimization
for acoustic diffusers.
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A  BACKGROUND ON BOUNDARY ELEMENT ANALYSIS

We first consider the Helmholtz equation, which represents a time-
independent form of the acoustic wave equation:

Viux) + Kux) =0 (27)

where u(x) € C is the complex acoustic pressure at some point

x in space, k is the wavenumber given by k = z%f’ f represents
the frequency (Hz) of the wave, and v represents the wave’s phase
velocity (m/s).

The Helmholtz equation has an infinite number of solutions. Thus,
an additional boundary condition known as the Sommerfeld radi-
ation condition [Sommerfeld 1912] is often imposed, limiting so-
lutions to waves that radiate outwards from sources, rather than
allowing arbitrary inbound waves from the infinite domain. For the
three-dimensional case, it can be written as

lim [x|(—= - ik)u(x) =0, (28)
[x|—>c0 a|x|
where i is the imaginary unit and | - | is the Euclidean norm.

To solve Equation 27 we employ the Boundary Element Method
(BEM). BEMs reduce the dimension of the problem by one, and
their solutions innately satisfy the Sommerfeld radiation condition.
More specifically, we use Green’s second identity to transform the
Helmholtz equation (Equation 27) into the Kirchoff-Helmholtz in-
tegral (Equation 29, below), which formulates the pressure at any
point in terms of the values of the pressure and its derivative at all
points on a given closed surface:

ou(y)

o) =it + [ in R -0y G dy @9
Y

Yy

where § is the boundary of the domain, «! is the incident pressure,
ny is the outward-pointing normal at y, and G(x,y) is the associ-
ated Green’s function for the Helmholtz equation, which, in three
dimensions, is given by

e—ikr
Gixy) = (30)
with r = |[x — y|. C(x) is also given by
0 xeD
Cx)=41 xes (31)
1 x€E

where D is the interior domain, S is the boundary, and E is the
exterior (infinite) domain.

B DERIVATION OF ADJOINT GRADIENT

Starting from Equation 12, the chain rule gives the expression for
the gradient as

dc dg 8Q _1|ddt oM
— = M 32
v " due v Te [dv E ]) (52
T
We introduce v = ddfe and can rewrite Equation 32 as
dC T 3Q T -1 d 8M
av =V vtV e (d " (33)
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The problematic term is M _1(‘;—"1, %‘fu). It either involves a
matrix inversion, or |V| additional matrix solves.

However, if we introduce the adjoint variable AT = vIQM™1, we
have

AT=vToM™ = A=M"TQTv

(34)

— M= QTV
and hence we can compute A using only one additional matrix solve.
By substituting AT back into Equation 33, we obtain the following

expression for the gradient:

dc T 3Q T du T aM
— - 35
vVttt w A (35)

C ADDITIONAL DIFFUSER COMPARISONS

Our main frame of reference is the primitive root diffuser (PRD)
shown in Figure 3. This represents one of the most common industry-
standard diffusers on the market, with easy access to online genera-
tors>. We also test other diffuser geometries in Figure 33, including
the quadratic residue diffuser (QRD) [Schroeder 1975], a noisy sur-
face [Tsingos et al. 2007] generated using Perlin noise [Perlin 2002],
and tiled cylinders and hemispheres [Cox and D’Antonio 2016]. The
results clearly indicate the strong performance of the PRD, which
we use as a baseline for our Acoustic Reliefs.

PRD QRD Noise Cylinders Hemispheres
T (ave: 0.558) (avg:0.450) |~ (avg:0.466) |~ (avg:0.445) | (avg: 0.401)
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Fig. 33. Other Diffusers. We evaluate and plot the diffusion curves for
various diffuser geometries suggested by literature [Cox and D’Antonio
2016; Schroeder 1975; Tsingos et al. 2007].

D FDTD SIMULATOR DETAILS

Our CUDA-based FDTD room acoustics solver closely follows Webb
and Bilbao [2011]. In short, it uses the standard six-neighbor stencil,
with support for frequency-independent boundary losses (but no
air viscosity). To rasterize solid boundaries onto our FDTD grid, we
use a conservative rasterizer based on the triangle-box overlap test
from Akenine-Moller [2005]. For FDTD simulations in open spaces,

Shttps://actools.tunetown.de/prd/
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we also implemented the split-field PML from Liu and Tao [1997]
to absorb outgoing waves at the domain boundary, allowing us to
truncate our simulation domains; in all of our experiments, we use
a PML width of eight cells.

We validated our FDTD solver against BEM by comparing the
diffusion coefficients (11) computed by both methods in Figure 34.
Following the procedure outlined in Section 3, we place the source
1 m above the diffuser and evaluate the scattered pressure on a 1
m radius hemisphere centered on the diffuser. Note that unlike the
setup used for optimizing our diffusers, the distances used here are
considerably shorter to accommodate for small FDTD cell sizes.

To isolate the external pressure scattered by the diffuser from the
total pressure field, we first run an FDTD simulation without any ge-
ometry. This procedure yields the direct path pressure, pgirect (X, t)
(and is performed once for each FDTD resolution). We then incor-
porate the diffuser into the simulation to obtain pita1 (X, t). Finally,
the pressure scattered by the diffuser is computed as:

Pdiffuse (% ) = Protal (X 1) = Pdirect (X%, 1) (36)

To compute the diffusion coefficient across multiple frequency
bands, we use a delta function as our source and take an FFT to
extract the scattered pressure per frequency band, interpolating
between frequencies as needed.
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Fig. 34. FDTD vs. BEM comparison of diffusion coefficients shows strong agreement across (left-to-right) six different diffuser geometries and (top-to-
bottom) two different FDTD resolutions. Here, Ax denotes the FDTD cell size, with Ax = 2.5 mm corresponding to a 240 kHz sampling rate and Ax = 5 mm
corresponding to 120 kHz. Simulation times (for a hemispherical array of 0.025 s impulse responses) are 1.6 min. for each mesh at Ax = 2.5 and 19 s for each
mesh at Ax = 5.0.
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