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ABSTRACT
Sound diffusers are currently a widely used solutio in critical listening rooms, in
order to reduce specular reflections without introdicing excessive sound absorption.
There are several types of diffusers on the markeglthough the most common are
derived from the pioneering work of M. Schroeder inthis area almost four decades
ago. However, the optimization of diffusers’ desigrhas been a topic of intense
research in the last years. The authors, in previaiworks, proposed an alternative
technique to define new shapes for efficient soundiffusion, based on the use of
radial basis functions (RBF) and, using a genetic lgorithm, optimized those
curvilinear surfaces, maximizing the diffusion codicient and, at the same time,
obtaining organic and more visual appealing acousti devices. This parameter is
computed within the optimization procedure using tle Kirchoff integral equation
and the Boundary Element Method (BEM).
In this work, some solutions developed according tthe proposed methodology are
presented and the experimental evaluation of somergtotypes is carried out, in
accordance with ISO Standard 17497-2: 2012, in ord¢o evaluate the influence of
the constituent material of the different prototypes. The experimental results are
compared with the numerical results obtained in theoptimization process.
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1. INTRODUCTION

Sound diffusers are a common technical solutioul urs¢he last four decades for
conditioning performance rooms with greater aceustguirements, such as theatres,
concert halls or auditoria. They are applied tagnthe sound field in the performance
spaces without presenting too much sound absorptibite scattering the sound energy
uniformly around the room [1]. In order to achigweper sound diffusion, the surfaces
of the room can be shaped, surface ornamentatiotheaised and/or specific elements
can be adopted, on the walls and ceilings, likendadiffusers.

A significant number of the acoustic diffusers coenamlly available are based
on the phase grating diffusers or Schroeder-tyffesdirs. These are obtained by a series
of adjacent wells of the same width, separatedioywalls, whose depths can be defined
by a (simple) mathematical number sequeagea sequence of quadratic residues, being
known as quadratic residue diffusers (QRD), amadhgrdSchroeder diffusers. However,
in some particular cases, the visual appearant®edadcoustic conditioning of the room
with QRDs is considered by architects to be unaistbr visually unattractive in modern
spaces [1], and thus other geometrical forms oftitfiesive surfaces or elements need to
be customized and explored.

Although there are already some methodologieshierdievelopment, modelling
and optimization of diffusers, the authors presgnie previous works [2,3] a
methodology for the design of more organie.{ curvilinear) surfaces, which could be
aesthetically more appreciated and better accepted, are optimized to uniformly
disperse the sound incident in them. Thus, in thes&s, the authors have demonstrated
the possibility of developing innovative acoustidfuber solutions with maximized
acoustic performance, whose shape is generateebyse of Radial Basis Functions
(RBF) and which are based on modern numerical nindeechniques like the Boundary
Element Method (BEM) and optimization techniquesnely Genetic Algorithms.

In [4], an experimental validation of some solusaitained through the proposed
methodology was presented. Given the dimensionastcaints of the DEC / FCTUC
semi-anechoic chamber, among the various possilflsers determined by the method
presented in [3], the diffusers chosen were thdsaese optimization objectives could be
observed in this laboratory - hence they were apeoh to be used individually
(optimization of only 1 module) and only for normatidence (and not for 3 modules
and 5 angles of incidence as referred to in ISOhdatal 17497-2: 2012 [5]) but the
proposed methodology allows the optimization fdritfentical modules and for several
angles of incidence. Three prototypes were builplywood, one optimized for the
1000Hz octave band, another optimized for 9 thicthwe bands in the middle range
frequencies and another optimized for 9 octavel thands at high frequencies.

The main objective of this work is to experimentakrify if there is any influence
of the material that make up the diffusers andrtbeiface finish in the performance of
the diffusers. For this purpose, EPS diffusers weogluced, similar to those of plywood
evaluated in [4]. In some of them, a fiberglasshrwas applied to the surface. Thus, this
work presents the experimental evaluation of tlfitugion coefficient (according to the
ISO Standard 17497-2: 2012 [5]) of 3 optimized 8ohs obtained by the method
proposed by the authors (and presented in [2,)3ndjerialized in prototypes made of
plywood, EPS and EPS coated with fiberglass.

On the next section, based on [2, 3, 4], the preghosethod is briefly presented.
And, then, the constructed prototypes are presemedhe data obtained in the laboratory
are compared with the results calculated numeyicall



2. IMPLEMENTED METHODOLOGY

2.1 Definition of the geometry

In order to obtain "organic shapes®., smooth and curvilinear geometries with
natural shape, the use of a set of mathematicatibins called "Radial Base Functions"
(RBF) was proposed as the basis of interpolatitwwdxen a certain number NiC control
points, themselves lying on the surface of the stodliffuser. Although there is a very
broad set of functions of this type that could bed) the choice fell on MQ RBF (Multi-
Quadrics) functions. These functions, like the gality of RBFs, depend only on the
distance between a point of origin (RBF center) amdestination point;, and a free
parameterg, taking the following form:

¢j(x) = Vrz +¢2 1)

Considering a numbe&C of control points, withxj, yi), a possible interpolation
scheme can be assembled using a S4CARBFs, each one centered at one control point,
such that:

NC
Ajpi(x;) = y;, for eachi=1..NC (2)

j=1

Applying Equation (2) to each collocation poingystem oNC equations oiNC
unknowns is generated, and its solution allowsiolstg the amplitudes\, of each RBF.

A schematic representation of the obtained intepod curves for the 3
optimized diffusers used in this work is depictedrigure 1. It should be noted that the
definition of the diffuser shape is performed cdesing a pre-defined number of control
points (in this workNC=5 was considered), equally spaced through a fmdth (in this
work L=0.60 m), and which have onB} possibley coordinate values, betweghin=0
andymax=refv (refv being a user-specified value, for this woefv =0.121 m). Further
details on how those curves were obtained canlmedfan [2, 3, 4].
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Figure 1 - RBFs curves resulting from the optimaafor: a) £,i=1000 Hz; b) 400 Hz
< f1130it < 2500 Hz; ¢) 800 Hz <fz0it < 5000 Hz

2.2 Sound Diffusion Coefficient

Sound diffuser performance is usually quantifieart®ans of the Sound Diffusion
Coefficient,dy, which gives an idea of the capacity of a diffgsttevice to spread sound
energy in space. This parameter is evaluated frenpolar scattering diagram of a given
diffuser configuration, by means of the equation:



)

To normalize this coefficient, it is compared wiitfe diffusion coefficient of a flat
plate with the same dimension (in this case lengthhe diffuser under analysis. The
purpose of this normalization is to remove therdtfion effects at the edges of the
diffuser due to the limited size of the sample uralgalysis. The normalized diffusion
coefficient is given by [5]:

4o = dg —dg flat_plate (4)
n —
1- dH, flat _ plate

In the methodology proposed by the authors for riodeand optimizing the
diffusers [2, 3], the analysis of the sound diffigsis performed numerically, and so the
SPL, (i), at different receiver positions are calculateihg the Boundary Element
Method (BEM). For more detailed information on thmplemented BEM model, consult
[2, 3,6, 7].

2.3 Surface shape optimization algorithm

Given the above formulation and mathematical dgtailis now important to
define all the optimization procedure used to defihe optimized organic diffusive
surfaces. This optimization is based on the use@énetic Algorithm, and it is described
in a simplified manner in the flowchart illustrated Figure 2. At the end of this process,
a final organic (smooth curve) shape is obtainefindd in terms of RBF superposition,
with optimal performance for the selected frequelmagds and angle of incidence.

Genetic algorithms are distinguished from othenojziation methods by working
with the coding of input parameters (and not witie {parameters themselves), by
operating a set of individualpdpulatior) using a cost (or merit) function to classify them
and to rely on probabilistic iteration rules (geneiperators: Selectioti, "Mutation' and
"Crossovef) to make thgopulation(solutions) evolve.

An initial population ofnpopindividuals (diffusers) can be formed randomly (or
it can be fixed) and the characteristics of eadhividual are determined by their genes.
When designing diffusers, genes are simply a seuaibers that describe the surface:
control pointsof the RBF. In the present work, since it was ldghed that the control
points are uniformly distributed along the widthtloé diffuser (by definitioh. = 0.6 m),
the coding of each individual is only relative ke theight (§") of each of them. A 3-bit
binary encoding was used to allow 8 level$g&ps), ranging from "0" to a maximum
value defined by the user (in this woefv =0.121 m).

Each individual (or the shape of the diffuser) haglue of fitness that indicates
how well it performs in scattering the sound: #waind diffusion coefficientvhich is
evaluated, as referred to in the previous sectisimg BEM.

Through genetic operatorselection crossoverand mutation the suitability of
successive populations improved in the optimizaitierative process.

This iterative process continues until a pre-defilnait of generations is reached
(maximum number of iterations) or the populatiocdraes sufficiently adapted, whose



diffuser produced with the best shape does notgdhamer several generations and thus
can be classified as optimal.

In the end, the proposed optimization process ldada smooth geometry,
optimized for a given frequency band (or frequebagds), for one or more positions of
the sound source and will allow maximum performance

Definition of the Convergence analysis:

: Analysis using
InpUt parameters: geometry: BEM for each individual

- Is the response stable
- Frequency - Control points when compared to

- Initial geometry establish the base for ) previous iterations
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- Organic geometry for . :I‘Eaigjlr;i?on of - Has the maximum
each individual with number of iterations

RBF interp. R AR been reached?
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1L

Mutation

OPTIMIZED SHAPE
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Figure 2 - Flowchart of the calculation/optimizatiprocess.
3. TESTED PROTOTYPES

3.1 Selected optimized shapes

The optimized curves chosen to produce prototypeshe& same ones that were
used in [4]. The performance of these prototypeseveealuated in the semi-anechoic
chamber of the DEC / FCTUC, according to ISO 1729722012 [5]. Due to the
dimensional restrictions of this chamber, diffusénat were optimized to be used
individually (1 module optimization) were choserdaonly for normal incidence (the
proposed methodology allows to optimize fot ilentical modules and for several sound
source positions).

On the other hand, since these prototypes aredateto evaluate the ability to
manufacture future commercial products, it was alstito choose optimized diffusers
whose end points have the same height and thatdpe of the curves at these points is
equal, in order to allow using several equal (aelpcmodules without discontinuities in
the joint curvature thus defined.

The width of the diffusers wds=0.6 m since the standard size of the diffusers on
the market is 0.6 m x 0.6 m. Only 5 control powtye used because, as seen in [3], this
is sufficient to obtain high diffusion coefficient®n the other hand, since the prototypes
are also made of plywood [4], the use of more @drbints could give rise to too
"wrinkled" surfaces that could hardly be manufaetuim this material. The maximum
possible height for the control points wiatv=0.121 m, since not very deep diffusers
were aimed. As previously stated, the height ofcretrol points was coded into 3 bits,
allowing them to take 8 possible heights duringdpgmization process. From an initial
population of 22 individuals whose ordinates of @htrol points wereg/=0 m (flat
surfaces), the optimized diffusers correspond te tfttest” individual after 150
iterations.



The first diffuser to be choseRigure 1a) was one that was optimized only for
an octave band (and for normal incidence) and whosdmum thickness was not very
high. Thus, an optimized diffuser for the octavadaentered at 1000 Hz was chosen. It
is recalled that, in the optimization process fobatave band, only 5 discrete frequencies
are taken into account for the calculation of thersl diffusion coefficient spaced within
the frequency band [2,3]. The value obtained fas thptimization parameter was
do=0.991. This diffuser will be calledl000 HZ".

The second diffuser chosehri@ure 1b) was one that, for normal incidence, was
optimized for 9 bands of one-third octave in thedam frequencies, from the 400 Hz
band to the 2500 Hz band. This optimization comesis to maximizing the arithmetic
mean of the value of the sound diffusion coeffitien each of the bands (which is
obtained using 5 discrete frequencies equally spagthin the respective 1/3 octave
band), to which the standard deviation is subtchrterder to value diffusers with a high
average (of the sound diffusion coefficient), buthwmore constant values (lower
standard deviation). The value obtained for thigsnogation parameter waskverage corrig
= 0.797. This diffuser will be calle®fALL".

The last diffuser chosef(gure 1c) results from the optimization of a diffuser for
high frequencies. It was obtained by maximizing Wheighted average of the sound
diffusion coefficients in 9 one-third octave bandsntered from 800 Hz to 5000 Hz,
whose weights in the 3150 Hz, 4000 Hz and 5000 &ixb were respectively "6", "7"
and " 8", and " 1 "on the remaining 6 bands. Tis Weighted average, it was subtracted
the value of the weighted standard deviation with objective of not only obtaining
diffusers with high values of the sound diffusimefficient at high frequencies, but these
being more constant (lower weighted standard diewipt The value obtained for this
optimization parameter Walverage corrig = 0.781. This diffuser will be calle®fvHIGH".

Figure 3 shows the diffusion coefficient obtainesinerically for the 3 optimized
shapes.

1 Méd.: angle=0°, 5CtrlPts, refv=0.121m 1 Méd.: angle=0°, 5CtriPts, refv=0.121m
1,0 1,0
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Figure 3 — Sound diffusion coefficient obtained etioally for normal incidence: a)
octave bands; b) 1/3 octave bands.

Analysing the numerical results obtained by octaaeds Figure 3a), it is clear
that the assumptions of the respective optimizatibave been reached. In fact, the
diffuser "1000HZ", optimized only for the octave band centered @dQLHz, is quite
effective in this frequency, better than the othére '9f ALL" diffuser, which has been
optimized to have high values in the 1/3 octavedsain the mid frequencies (which
correspond to the constituent bands of the octanedfrom 500 Hz to 2000 Hz), taking
into account not only their high value but also tbeer dispersion of its values, has
almost constant high values; TH#vHIGH" diffuser, which has been optimized to have



high and constant values in the 1/3 octave bandsght frequencies, also fulfils its
objectives, being the most efficient diffuser ire tbctave band centered at 5000 Hz,
however, it is high from the 1000 Hz band (fulfilyj its objectives, since 800 Hz is the
first 1/3 octave band that constitutes the 100@é&tave band).

The conclusions that can be drawn from the observat Figure 3b) are not very
different from the analysis of the results in oetédands. However, the following results
are outlined: the I000HZz" diffuser is clearly more efficient in the 1/3 age bands
constituting the 1000 Hz octave band than in theeobands; the9fALL" diffuser,
optimized for the medium frequencies, has highcidficy, it has some oscillations,
however, the minimum values are not lower than(@nd the standard deviation relative
to the average between 400 Hz and 2500 Hz is 89)9fvHI GH" diffuser, optimized
for high frequencies, not only has high values isutairly constant from 800 Hz to
5000 Hz (the standard deviation relative to theaye is only 3.6%), being particularly
efficient in bands of 4000 Hz and 5000 Hz, for whibe optimization weighted higher
than the other optimization bands.

3.2 Prototypes

For this work, we have used the prototypes of plysiv{-igures 4a) constructed
to validate the optimization methodology proposgdhe authors in [2, 3] and presented
in [4]. To investigate the influence of the densitfythe constituent material of the
diffusers, three prototypes were constructed in EPS (Exparm@gstyrene) with
my = 25 kg/nt (Figures 4b).
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Figure 4 — Prototypes constructed. a#) Plywood; BRS. Diffuser: #1)1000 HZ"; #2)
“OfALL"; #3) “ 9fvHIGH".

To study the influence of surface finish, the scefaf the EPS diffusers was covered
with fiberglass — see Figure 5.

While remaining as faithful as possible to the RBBIFves (despite possible minor
construction errors), the surfaces were shiftethat, with respect to the diffuser base
(y = 0.0 m), the highest point of each of the piyjges had a height of y = 0.15 m (total
thickness of each prototype is thus 0.15 m).



Figure 5— a) EPS prototypes constructed: above wRSut surface finish, below EPS
with fiberglass finish. b) Detail of the fiberglafisish of the diffuser9fALL".

4. EXPERIMENTAL PROCEDURE

The laboratory tests were performed to obtain tumnd diffusion coefficient, for
normal incidence, in accordance with 1ISO 17497@22[5] and whose procedure has
already been discussed in [6, 7]. The test cordityom is briefly described (see Figure
6): the sound source is aligned with the cententpaii the diffuser (normal incidence),
located 3.0 m away. The microphones are placedsenacircle centered on the center
point of the diffuser with a radius o= 1.9 m. Measurements were made with an angular
discretization of 10°, corresponding to 19 recesv@s stated in [6, 7], this configuration,
for diffusers with a width of. = 0.6 m, allows to have more than 80% of the rexsi
outside the specular region, as it is requirethédforementioned standard.
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Figure 6 - Experimental procedure: a) Lay-out of gemi-anechoic chamber;

b) Position of the prototype; ¢) Relative positmfrthe sound source; d) Top view of the

prototype under test.

According to [6, 7], in order to obtain the expeeimtal sound diffusion coefficient
it is necessary to perform &FT on the difference between the impulsive responses
"with" and "without" the diffuser (after using ant@oral window that allows removing
residual reflections that do not come from the udifir being analysed). With the
parameters used in the tests to obtain the imputgisponses it was possible to obtain a
"fine" frequency discretization (impulsive responsesewebtained through th®ILS
technique, with the maximum number of sequencemettfby 241 = 16383, with a
duration of 1.2794 s, which corresponds to a sargpliequency of 12806 Hz and a
frequency discretization of less than 1 HE= 1.2794' Hz) [7, 8].

In order to compare the results obtained in theritory ('L" in the legends of the
following figures) with the numerical results\(" in the legends of the following figures),
the numerical diffusion coefficient had to be recédted also taking into account a fine



discretization in frequency:={ Hz) instead of using only five discrete frequescias it
was done previously in the context of optimizatibmthe recalculation of the numerical
results it was also noted that the laboratory tesuére obtained from 19 microphone
positions and not 180 receivers, as used in then@ation process.

5. RESULTS AND DISCUSSION

The following figures present the comparison ofrtbhenerical results of the sound
diffusion coefficient with the experimental resuyits octave bandg-{gure 7) and in 1/3
octave bandsHigure 8).
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Figure 7- Comparison between numerical and labanataesults of the sound
diffusion coefficient for normal incidence, in ootgbands (1-module evaluation):
Optimized diffuser: a)1000 HZ"; (b) "9fALL"; c) "9fvHIGH".
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Figure 8 - Comparison between numerical and labariat results of the sound
diffusion coefficient for normal incidence, in D&ave bands (1-module evaluation):
Optimized diffuser: a)1000 HZ"; (b) "9fALL"; c) "9fvHIGH".

Observing Figures 7 and 8, it can be concludedttiexe is a good agreement
between the numerical results and the experimeiatia. In general, the experimental
results are slightly lower, however, closely foliog the "trend" of the numerical results.
Thus, it can be said that, although there is nolabs agreement in quantitative terms,
there is a good agreement in qualitative termsréfbee, it can be considered that these
tests validate the optimization process proposeatisgnwork and the conclusions drawn
from it, namely those made in [2, 3, 4].

For a better analysis of the results, Figure 9 shemperimental results (in 1/3
octave bands) obtained for diffusers made of plydvaod with diffusers made of EPS.
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Figure 9 - Sound diffusion coefficient for normatidence, in 1/3 octave bands (1-
module evaluation). Comparison of diffusers okedéht materials, plywood versus
EPS. Optimized diffuser: al000 HZ"; (b) "9fALL"; c) "9fvHIGH".

As it is easily observable, and contrary to whas wmpected, the results obtained
indicate that there are no significant differenisesveen the two diffuser material types.

In order to more easily observe the influence ef shrface finishes of the EPS
diffusers, Figure 10 presents the results obtdimeithese diffusers. Observing this figure,
it is found that there is almost no influence ondeaing the surface of an EPS diffuser
with the fiberglass application.
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Figure 10 - Sound diffusion coefficient for nornradidence, in 1/3 octave bands (1-
module evaluation). Comparison of EPS diffuserk ditferent finishing, EPS painted
vs. fiberglass painted. Optimized diffuser: 4000 HZ"; (b) "9fALL"; c) "9fvHIGH".

6. CONCLUSIONS

In work [3] the authors showed that the proposedthouwnlogy for the
optimization of curved surfaces to provide highfudifon was efficient and in work [4]
they confirmed experimentally their numerical résukesting 3 prototypes built in
plywood. In this work, the objective was to studhe tinfluence of the density of the
material constituting the diffusers and the coroesfent surface finishing.

The results obtained indicate that the diffusersdgns not significant in the
acoustic performance and that EPS surface hardémagased stiffness by fiberglass
application) also has no significant influence.



These results allow to sustain that the use of @f$ers can be a good solution,
from the point of view of the scattering of theleeted sound energy. However, their
behaviour regarding sound absorption should alssilm#ed.
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