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Abstract: The main goal of this research was to design and study the best structure, location, and
shape of acoustic diffusers to be fitted on the ceilings of multipurpose auditoriums. Their absorbing
properties can enhance the acoustics when installed on high ceilings, and behind suspended reflecting
panels, by mitigating or nullifying specular reflections that could overcome the panels and, thus,
avoiding time delay gaps exceeding 30—40 ms compared with the direct sound. For this purpose,
a typical medium-sized room, with inclined floors, a stage, and 20 rows of seats, was considered.
The allocation and height of the considered diffusers were based on the Schroeder quadratic residue
sequence, and they were modeled as rectangles, wedges, cylinders, and Y-shaped elements. A
standardized speech source spectrum was analyzed for up to five different receiver locations. In this
way, the attenuation parameter as a function of frequency was evaluated and compared between the
candidate diffusers in order to identify the best absorber. The simulations were undertaken with a
software tool previously validated by the authors called PARDOS, which incorporates an innovative
formulation based on the uniform theory of diffraction (UTD) to analyze multiple diffractions and
reflections of acoustic waves. The results show that the new Y-shaped diffusers proposed, tuned for
the hearing frequency band from 250 Hz up to 10,000 Hz, attained the best acoustic performance in
terms of absorption.

Keywords: acoustic diffusers; sound absorbers; auditorium acoustics; uniform theory of diffraction

1. Introduction

Research on the acoustics of interiors has been the subject of scientists’ interest for a
long time. Multiple acoustic phenomena and the impact of the room shape on the acoustics
have been the focus of many researchers for years up to the present day [1-4]. Acoustic
performance is usually analyzed from either a subjective perception of listeners when
immersed in auditoria (e.g., reverberance, clarity, loudness, intimacy, warmth, etc.) or from
a quantitative approach by measuring useful metrics linked to the impulse response such
as the reverberation time (T30), early decay time (EDT), and definition (D50) parameters.
Acoustic performance can also be studied by correlating both subjective assessments of
sound quality with objective measurements of acoustical attributes to establish a mathe-
matically predictable evaluation of a concert hall [5-7]. In all cases, the room geometry, the
position of the sound source and receivers, the sound level of the source, background noise,
absorption, etc., play key roles or contribute to the final values of these parameters.

Large auditoriums with fairly high ceilings may result in excessive delays between
reflected and direct sound in the listener position, so suspended reflectors are frequently
employed at a lower level to shorten such time delays and, quite the contrary, enhance
the acoustics. The sound source should be closely and abundantly surrounded with large
sound-reflective surfaces to supply additional reflected sound energy to every portion
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of the audience area, particularly to the remote seats. Such reflectors must be as low as
possible so that the initial time-delay gap between the direct and first reflected sound is
relatively short, possibly not exceeding 30 ms. From there, the transition zone between the
human being’s ability to integrate delays and the perception of delayed sound as a discrete
echo is gradual and linked to the echo level and the spectral properties of the signal itself,
although from 80 to 100 ms, there seems to be no doubt about the echo discretion [8,9].

Unfortunately, massive deployment of large reflective panels is not always possible to
avoid the adverse effect of these echoes, and it is necessary to supplement or replace them
somewhere in the auditorium with absorbing materials or structures. Moreover, diffusers
scatter the sound, breaking up the acoustic waves and redistributing them throughout
the room, making the sound perception by the listeners less echoey and more natural. In
contrast with diffusers, sound-absorbing panels are specifically designed with the main
goal of absorbing sound waves by means of a material that is able to capture and dissipate
sound energy and convert it into heat, but the drawback is that they are only intended to
cancel out the sound.

Nowadays, the interest in the application of acoustic diffusers is growing and growing
in architectural acoustics. Sound diffusion is a very important parameter in an overall
assessment of the quality of an auditorium. This explains the increasingly frequent use
of sound diffusers. Schroeder invented over 40 years ago the phase grating diffuser [10],
comprising structures with a series of wells of different depths separated by thin fins for
artificially creating a predictable sound diffuse reflection. Many studies and applications
have been developed since Schroeder’s publication [11-14].

Schroeder diffusers have been widely adopted in indoor and outdoor facilities, and
they have also shown substantial benefits in noise control or ultrasound imaging, among
others [15-17]. Within these phase grating designs, there have been several standard
models that are commonly used in the industry, with few variations since their invention.
Traditional diffuser designs have relied on a few known optimal number sequences, such as
QRD (quadratic residue) or PRD (primitive root sequence) diffusers. Nevertheless, the con-
ventional Schroeder diffuser has a remarkable thickness of the magnitude of a wavelength,
which seriously hampers its practical application for low-frequency sound. Researchers
have tried to overcome this drawback in recent years with different approaches to both
extend the frequency band and provide the required diffusion performance while keeping a
constrained ‘reasonable’ physical dimension. In this sense, Cox defined optimized stepped
and profiled diffusers (attaching thin fins onto the structures) [18], ternary and quadriphase
sequence diffusers [19], or including cylinders in front of the diffusers [20] to outperform
the uniformity diffusion of Schroeder structures within the desired frequency band. Other
researchers [21-26] have faced the mentioned constraint from other perspectives (e.g., shape
grammars and variations in surface acoustic impedance) to broaden the frequency band of
the diffusers with the expected performance. However, the major drawback of the standard
designs remains unsolved: the well depths become large for low design frequencies, and
this implies thick and heavy panels for lower frequencies [27].

From practically the development of Schroeder diffusers, a notorious capacity to gen-
erate absorption in acoustic waves was observed in addition to their diffusion capacity [28].
Schroeder diffusers contain quarter-wave resonant structures, and, consequently, some
absorption would be expected to occur at and around the resonant frequencies. The absorp-
tion reported by many researchers, however, greatly exceeds that which can be attributed
to just quarter-wave resonance. The high absorption coefficient of diffusers operating on
the principle of the phase change of reflected sound was first observed by Fujiwara [29,30].
Following the investigations of these authors, many others have deepened research into this
capacity of the diffusers, presenting interesting results and opening lines of investigation
for other structures [31-37].

The benefit obtained from the absorption and diffusion capacity of these structures
has been applied not only in indoor applications, such as auditoriums [38—40] but also in
other types of applications, such as their use attached on top of acoustic barriers [41] or
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the facades of avenues [42]. Therefore, it is well understood that any corrugated surface
involving geometrical and material modifications (e.g., sonic crystals) [43,44] can break up
reflected wavefronts and so generate scattering and absorption.

It has been reviewed that the usual designs for diffusers consider a series of wells,
steps, and curved or even fractal constructions [45,46], where well-known mathematical
equations can be applied. Acoustic metasurfaces or metamaterials, taking advantage of
Schroeder structures or other similar ones, by adjusting the geometrical acoustics size
and shape of structures, are currently at the forefront of research in this field due to the
advantages derived from their use: they are capable of providing high absorption at low
frequencies with really small dimensions [47-56] and suitable for sound attenuation control
purposes over a specific pre-designed and tunable frequency band.

In this research, a new class of thin and small absorbers is proposed based on the
concept of Schroeder diffusers and inspired by acoustic metasurfaces. The proposed specific
shape, geometry, size, orientation, and arrangement of the lightweight structures give them
their special properties for absorbing waves beyond a conventional material.

Diffusers such as Schroeder structures, with many diffraction points in their caps,
cause some of a signal to be scattered and ‘trapped’ in the cavities between their elements,
contributing to the absorption of the acoustic signal in certain directions.

A comparison of different geometric shapes placed according to the locations and
wells of an N = 7 QRD diffuser was undertaken. To the best of the authors” knowledge,
there are no exhaustive studies on the absorbing capability of diffusers as a function of
their shape and applying a spherical wave model. The proposed design offers a promising
structure for many real-world architectural applications with requirements in the acoustics
field. The structures could be easily prefabricated as panels that meet the desired shape
and be replicated and bonded on the desired surfaces.

While there has been large-scale deployment of diffusers in spaces like multipurpose
halls, the computational approach for the simulation of these large-scale deployments has
been more limited. There are studies estimating the directivity and temporal responses to
individual diffusers or small arrays of diffusers, but for larger room simulation models,
simpler diffusion and scattering coefficients are usually used. Examples of time-domain
analysis of sound diffusion can be found in [57,58]. It is also common to model diffusive
surfaces by geometrical acoustics (GA)-based software (ODEON, CATT-Acoustic) [59],
where the scattering coefficients are typically provided as input data. Regarding the above,
the carrying out of better computational approaches to quantify large surfaces of diffusion
is recommendable in order to obtain a rational assessment of the diffuser’s performance.

2. Materials and Methods

The primary goal of this work was the design of a modular diffuser, providing a good
trade-off between high absorption and compact geometry, within an extended broadband.
The optimization criteria were based on the comparison of the acoustic attenuation level
from the source to the listener locations for all the diffuser ‘candidates’. The scattering
response was also checked by means of the attenuation maps at frequency octave steps
within the voice frequency band.

The method followed in the present work was articulated in four main basic points:
the identification of a typical signal source; the definition of a simplified medium-sized
auditorium model; the selection of the different diffusing structures that would be the object
of the analysis; and the choice of a suitable analysis tool and method for the identification
and categorization of the best diffusing structure among those analyzed. These aspects will
be reviewed in the following sections.

2.1. Source Spectrum

The speech spectrum considered for this work was derived from the spectrum recom-
mended in the standard ANSI 53.5 1997 (R2007) American National Standard Methods for
the Calculation of the Speech Intelligibility Index [60] and the previous one of 1997 [61],
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which were both derived from the compilation made by Pavlovic in 1987 [62]. The def-
inition of a specific speech spectrum has been proposed in ANSI standards since 1969
through the speech spectrum recommended in the ANSI S3.5 1969 (R1986) American
National Standard Methods for the Calculation of the Articulation Index [63], which, in
turn, was based on the previous works of Dunn [64] and French [65]. At present, many
researchers [66] have considered the mentioned speech spectrum for different purposes
(e.g., speech transmission index calculations).

The spectrum considered for this work was characterized by octave bands depending
on vocal effort (normal, raised, loud, and shouted voices) from 250 Hz up to 10,000 Hz. The
power spectrum was normalized from the 1-octave band to the 1/3rd band and adjusted
with the A-weighting curve. Figure 1 displays the four different 1/3rd octave frequency
band A-weighted sound power levels of voices in the present research.
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Figure 1. One-third A-weighted sound power level (Lw) speech spectrum for 4 vocal efforts: normal,
raised, loud, and shouted.

The following steps were then applied to the four sources displayed in Figure 1 in
order to obtain the pressure signal levels with a frequency step of 1 Hz (spectrum level)
starting from the A-weighted sound power levels to carry out the subsequent analysis.

The A-weighted power level Lw (dBA) was converted into the A-weighted sound
pressure level L, (dBA) at 1 m:

L,(dBA) = Ly (dBA) — ’10-logw(Q> , (1)

47r2

where r is the distance to the source, and Q is the directivity factor.

The distance r to the sound source for which the sound pressure levels were calculated
was 1 m. Spherical propagation was also applied, for which Q must be equal to 1. Under
these two statements, the sound pressure level (L,) of a point source was 11 dB less than its
sound power level (L,) at any frequency.

The pressure level was normalized from one-third octave band spectra to a 1 Hz
frequency resolution assuming a linear distribution. The sound pressure levels at the 1 Hz
band resolution were obtained by normalizing each L,(dB(A)) value for all the center
frequencies fj; by their correspondent 1/3rd octave frequency band (Afi), as shown
in (2)-(5):

Afi = foi = fri = V2fii = fi @
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where f1 ; and f, ; are the lower and upper cut-off frequencies of the 1/3rd octave band Af;,
respectively. Therefore, the sound pressure level is properly kept as it is just distributed
among each frequency band. Figure 2 shows the resulting transformation of the selected
sources from Figure 1.
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Figure 2. L,(dB(A)) sound pressure level (1 Hz resolution) speech spectrum for 4 vocal efforts:
normal, raised, loud, and shouted.

2.2. Auditorium Model

An auditorium model with an inclined floor of 30 degrees was considered, with a
source over the stage at a 2.0 m absolute height, a maximum height of the ceiling of 15 m,
and a spacing between the seat rows of 1.0 m. The received signal was monitored in five
different seat rows, the 1st, 5th, 10th, 15th, and 20th, horizontally located at a distance of
1.73,5.73,10.73,15.73, and 20.73 m from the source, respectively. The height of the receivers
was fixed at 1 m from the floor.

Theoretically, in the absence of any reflecting panel, and assuming ceiling specular
reflection, the differences in the delay time between the direct acoustic path and the first
reflected acoustic path for the scenario presented in Figure 3 would be greater than the
maximum recommended delay of 30 ms if listeners were to be closer than the 10th-11th
rows from the source (Figure 4).

- . A
Auditorium . 1 ]
Height =15m -

1st row Source
(

« - 300 "~ Height =2m

Figure 3. Auditorium model with an elevated seating stand with a 30° inclined floor. Direct
and reflected sound paths from the ceiling (red lines) are present in the absence of diffusers and
reflected panels.
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Figure 4. Time delay gap (ms) between direct (line of sight—LOS) and reflected paths as a function of
seat row.

In view of the above, the use of absorbers to cancel reflections beyond the 15th
row would not be necessary and not even recommended. In any case, and to test their
effectiveness with different angles of incidence, this study was extended up to the 20th
row. It should also be clarified that listeners closer to the source usually perceive the
direct acoustic ray with far clearer intensity than the one reflected from the ceiling (in the
absence of panels or absorbers). Such echoes arrive feebly due to their pronounced angles
of reflection. It was, therefore, estimated that the critical area to be especially protected
from excessively delayed echoes would be between the 5th and 15th rows.

For the analysis of the diffusers, the contribution of any other combined reflection
and diffraction from the walls, seats, and floor apart from the direct path and reflected
contribution from the ceiling was neglected (e.g., the panels, walls, and ground were
perfectly absorbing). The simulations focused on the reflection and diffraction between
the diffusers and the ceiling. The ceiling was assumed to be acoustically ‘rigid’, with a
reflection factor close to 1 for the whole frequency band under analysis. Materials such as
concrete or fiberglass typically exceed an acoustic impedance of 2 Mrayls for the studied
frequency band [67]. Therefore, values of this magnitude were considered in the undertaken
simulations. Both unoccupied closed seats and a populated auditorium were irrelevant for
the purpose of this research, as they do not imply any consequence or loss of accuracy for
these assumptions either.

2.3. Diffusers

Based on the QRD Schroeder phase grating designs, new variations of these diffusers
were proposed using a one-dimensional set of seven (N = 7-ary sequence) equal elements
built with the following geometries: Y-shapes, wedges, cylinders, or rectangles. By combin-
ing the width, depth, and location parameters of the diffusers, a wider frequency range
could be covered.

Figures 5-8 show the arrangement obtained keeping those parameters for all said
structures.

dy, is the separation between adjacent diffusers, /1, is the height (or depth) for each one,
and w is the maximum width or thickness of each diffuser.

The structure with Y elements (Figure 5) has a weaker structural appearance than
in other cases (with a thickness of w/2); however, there is no problem in increasing the
thickness of the walls of the Y elements below their V" head (diffracting cap) because their
acoustic performance will be the same. The wall thickness can only affect the absorption of
waves passing through the wall as well as the phase of waves trapped between the gaps of
adjacent walls. These sound waves follow paths that either do not reach the receiver or
arrive very weakly, so their contribution is negligible compared with the diffracted signals
at the diffuser heads.
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Figure 5. Diffuser arranged with 7 Y-shaped elements. The whole aperture between flanges of each
“Y” is 90°.
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Figure 6. Diffuser arranged with 7 cylinder-shaped elements. Radii equal to w/2.
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Figure 7. Diffuser arranged with 7 rectangle-shaped elements (equivalent to N = 7 QRD).
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Figure 8. Diffuser arranged with 7 wedge-shaped elements with a 100° aperture (x).

For the selection of the width of the structures, the maximum frequency was consid-
ered, in such a way that

c
Apin = 6
min fmux ( )
Amin
= 7
w="2 )
Having selected the maximum frequency of design as 5000 Hz, the width was:

w ¢ 340 = 0.034m =~ 0.03m (8)

2 f 2-5000

For both the selection of each height and separation between structures, the Schroeder
sequence was followed. Then,

o Sn-Ag
o = 2 ©)
c
A = — 10
0=z (10)
sp = n>modN 11

Therefore, s, ={0,1,4,2,2,4,1} for N =7, and f; is the minimum frequency of design,
defined as 500 Hz. Therefore, A, = 341/500 = 0.682 m, and ,, = {0, 0.05,0.2, 0.1, 0.1, 0.2, 0.05 m}.

In the same manner, the separations between the structures were not fixed, but they
were obtained considering (12):

S ‘w
dy = 25— (12)

Therefore, d, = {0.015, 0.06, 0.03, 0.03, 0.06, 0.015} m.

2.4. Theoretical Method

The software tool selected for the simulation was developed for the authors and is
called PARDOS [68], which is based on an innovative two-dimensional (2.5 D if we consider
the reflection from the floor or ceiling) formulation based on the UTD (uniform theory of
diffraction) [69] to analyze multiple diffractions/reflections of acoustic waves. Appendix A
describes the basics of the physical model developed in this software tool.

3. Results and Discussion

A comparison was made of the estimated attenuation level of the sound pressure
spectrum of the different diffusers along the whole frequency band (from 10 Hz to 10 kHz).
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Acoustic attenuation is defined as the calculation of the energy loss of sound prop-
agation through an acoustic transmission medium from the source to the listener. In the
absence of any reflection or diffraction between the source and the receiver, only free-space
propagation attenuation would occur, which would depend primarily on the distance and,
to a lesser extent, on the absorption phenomena in the medium.

The analysis was undertaken for up to five different seat rows (the 1st, 5th, 10th,
15th, and 20th) and five structures: rectangles, cylinders, edges, wedges, and Y-shapes
(Figures 9-15). Simulations were carried out in the absence of any reflecting panel, which
allowed us to shorten the time delay gaps, and without any other signal contributions
besides those from the ceiling and absorber structures. Just the reflection and diffraction
between the single diffuser elements and ceiling were considered besides the direct path.
The overall parameters selected for all the simulations are summarized in Table 1:

Free Space

10 ‘ ——Rectangles —— Cylinders Edges —-—— Wedges — Y-shapes

%WWMWN

0 1000 1500 2000 2500 3000 3500 4000 4500 5000

Frequency (Hz)

Figure 9. Acoustic attenuation in seats of row 1. Frequency band span from 0 to 5 kHz.

5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10,000
Frequency (Hz)

Figure 10. Acoustic attenuation in seats of row 1. Frequency band span from 5 kHz to 10 kHz.
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Figure 11. Acoustic attenuation in seats of row 5. Frequency band span from 0 to 5 kHz.
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Figure 12. Acoustic attenuation in seats of row 5. Frequency band span from 5 kHz to 10 kHz.
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Figure 13. Acoustic attenuation in seats of row 10. Frequency band span from 0 kHz to 10 kHz.
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Figure 14. Acoustic attenuation in seats of row 15. Frequency band span from 0 kHz to 10 kHz.
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Figure 15. Acoustic attenuation in seats of row 20. Frequency band span from 0 kHz to 10 kHz.

Table 1. Parameters for the diffuser’s simulation.

Parameter Value
Air temperature (°C) 20
Air pressure (Pa) 101,325
Air characteristic impedance (Rayl) 413
Air humidity (%) 50
Speed of sound (m/s) 344
Maximum frequency (Hz) 10,000
Minimum frequency (Hz) 10
Number of frequency bins 1500
Maximum number of hops (between source and receiver) 10
Ceiling specific resistance (Rayl) 1 x 10°
Ceiling specific reactance (Rayl) 0
Ceiling density (kg/m3) 2000

The specific resistance, reactance, and density of any element integrated into the
structures of the absorbers were the same for all of them and were that of rigid materi-
als considered perfectly reflective. In other words, the absorption mechanism was not
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attributed to the nature of the material itself but to the reflection and diffraction processes
that exist due to its geometry.

In the following figures, the sound attenuation level for the different structures and
five rows of seats are presented in the whole frequency band. The plots for the seats of
rows 1 and 5 are split into two sub-bands, and only the envelope of the evolution of the
losses for all figures is shown. All this pursues the aim of endowing the plots with the
maximum definition.

Together with the attenuation of each diffuser, the free-space attenuation of sound
from the source to the listener, in the absence of obstacles, is overlaid. Perfect absorption by
the diffusers would perfectly match the free-space propagation curve.

It is verified how the fluctuations in the propagation losses in the case of row 1 of seats
were quite significant and similar in all the proposed structures.

The figures show that none of the diffusers proposed for the first row of seats achieved
the intended purpose. They generated high scattering which, instead of producing acoustic
absorption, caused the signal level to fluctuate rapidly and periodically as a function of
the frequency above or below the received level of the free-space propagation (black trace
line). These variations were caused by constructive or destructive signal interference in the
receiver due to the phase-coherent summation of all acoustic contributions.

Because of the above, the use of said structures in the closest proximity to the stage
seemed to be less effective, although better performance was still achieved by using the
Y-shaped structures.

The substantial variation in the attenuation losses of certain structures (cylinders,
edges, and wedges) for seat row 5 was also noticeable. Only rectangles and Y-shapes kept
quite close to an ideal situation of perfect absorption; however, the Y-shaped structures
kept showing the best performance in terms of acoustic attenuation.

The reason for this behavior could be explained by the large differences in the time
delay between the direct ray and the replicas from the location of the diffusers for seat
rows 1 and 5 (as shown in Figure 4). The existing delays between the direct ray and
echoes that are not properly eliminated create signal fluctuations where listening becomes
unpleasant and even unintelligible. In the case of the “Y’-shaped and rectangular structures,
the absorption was most effective in row 5, where the fluctuation was significantly reduced
by virtually eliminating the echoes from the ceiling.

In Figures 13-15, the attenuation fluctuations for all structures are clearly less than
those in closer rows of seats (first and fifth), especially for higher frequencies, where the
attenuation curves converge progressively toward the losses in free space. The diffusers
increased their performance as absorbents, and the Y-shaped structures remained the
best compared with the rest. Given the graphs presented, we can conclude that the best
results for all rows of seats correspond to the Y-shaped diffusers since they provided the
most similar behavior to an ideal free-space environment that does not show attenuation
fluctuation. It is also visible that at the lower frequencies, the discrepancy in the losses in
free space was more evident for all the designed diffuser models, although the Y-shaped
diffuser maintained excellent performance at low frequencies, except for row 1 (although
it was also the best of all diffusers). The standard deviation between the attenuation in
free space and each diffuser for each seat row in Table 2 endorses the findings seen in
previous graphs.

Table 2. Standard deviations of the differences between free-space attenuation obtained by diffusers.

Row Rectangles Cylinders Edges Wedges Y-Shaped
1 1.89 2.14 2.13 2.02 1.79
5 0.89 6.05 6.07 5.56 0.13
10 2.57 2.83 3.15 2.81 0.39
15 1.02 0.79 0.86 1.13 0.48

20 1.48 1.03 1.22 1.62 0.70
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According to Table 2, the lowest difference between the attenuation in free-space
propagation (in the absence of any reflection or diffraction) and the sound attenuation
caused by the auditorium with the ceiling and diffusers was caused by the Y-shaped one,
with a standard deviation lower than any other and in all rows of seats. The QRD structures
with rectangles also showed good behavior despite not being as good as the Y-shaped
structures, providing the second-best performance. The worst case in terms of absorption
capability was assigned to the edge-shaped diffusers. The absorbent performance of wedges
(prisms or pyramids) was more moderate. This could be coherent with some research
showing that the reflections from this surface can be specularly concentrated in a few
major lobe directions or dispersed [70] but less effective for absorbent purposes. Once the
Y-shaped diffuser was identified as the best absorber among those analyzed, an assessment
of the SPL in the five rows of seats was undertaken. Only the shouted voice spectrum is
shown in Figure 16, as the rest of the spectra (loud, raised, and normal) were symmetrically
distributed below this one by a constant margin throughout the entire spectrum. As the
Y-shaped diffusers were found to be the best performers, the analysis of the shouted voice
spectrum for other structures was omitted.

T
<
om
T 30
2 20
(0}
= 10
o Free Space Propagation - Row 1
>S5 0 — — — Ceiling with Y-shaped diffuser - Row 1
g Free Space Propagation - Row 5
] — — — Ceiling with Y-shaped diffuser - Row 5
—
o -10 Free Space Propagation - Row 10
o — — — Ceiling with Y-shaped diffuser - Row 10
g -20 Free Space Propagation- Row 15
o Ceiling with Y-shaped diffuser - Row 15
o -30 Free Space Propagation - Row 20 n
| — — — Ceiling with Y-shaped diffuser- Row 20

102 10° 10*
Frequency (Hz)

Figure 16. SPL for shouted voice in free space and Y-shaped diffusers in 1st, 5th, 10th, 15th, and
20th rows.

The spectrum of “shouted” voices in the five selected rows of seats, with Y-shaped
diffusers, is quite similar to that which would be obtained with a clear propagation in free
space (i.e., perfect absorption). We must emphasize that Figure 16 shows an acoustically
pessimistic situation for the listener, which was just intended to evaluate the absorbent
capacity of the diffusers. Multiple diffracting and reflecting echoes received from panels,
floor, walls, and other structural elements were not considered. All these acoustic contri-
butions would make the SPL significantly higher and the difference between seat rows
also clearly lower, which is an essential advantage of indoor scenarios compared with
outdoor ones.

Table 3 shows the global SPL with just one structure of Y-shaped diffusers (Figure 5)
located at the ceiling reflection point of the corresponding row compared with ideal free-
space propagation (without a ceiling), where it is found that the levels at the listener
positions are practically the same.

Table 3. Global SPL (dBA) for ‘shouted” voice.

Row 1 Row 5 Row 10 Row 15 Row 20

Free space 75.20 64.14 58.43 55.00 52.55
Y-shaped 7543 64.14 58.48 55.11 52.67
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Acoustic attenuation maps were then simulated by positioning five equal structures
of the identified best diffuser built with seven Y-shaped elements. The structures were
optimally allocated on the ceiling to remove specular reflections from the transmitter up to
the referred five-seat rows. The simulations are plotted at frequencies of 500 Hz, 1 kHz,

2 kHz, 4 kHz, 8 kHz, and 10 kHz in Figures 17-22.

Receiver Sound Attenuation (dB)

Distance (m)
0 2 4 6 8 10 12 14 16 18 20

15

10

Height (m)

0
Figure 17. Sound attenuation map at 500 Hz. The position of the acoustic source is indicated by a
red dot.

Receiver Sound Attenuation (dB)

Distance (m)
0 2 4 6 8 10 12 14 16 18 20

Figure 18. Sound attenuation map at 1000 Hz. The edges of the narrow acoustic beams with uniform
signal levels are highlighted with dashed blue lines. The position of the acoustic source is indicated

by a red dot.
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Figure 19. Sound attenuation map at 2000 Hz. The position of the acoustic source is indicated by a

red dot.
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Figure 20. Sound attenuation map at 4000 Hz. The position of the acoustic source is represented by a
red dot.
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Figure 21. Sound attenuation map at 8000 Hz. The position of the acoustic source is indicated by a
red dot.
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Figure 22. Sound attenuation map at 10,000 Hz. The position of the acoustic source is indicated by a
red dot.

The attenuation maps of the auditoriums in the presence of only five diffusers built
with seven Y-shaped elements allow us to visually verify that the propagation did not
present significant variations in level, especially in the area destined for the seating stands.
The attenuation maps clearly show the existence of narrow beams with homogeneous signal
levels pointing toward the analyzed rows of seats (e.g., Figure 18). In these beams, the
wavefronts generated by the reflection from the ceiling at any frequency were disrupted.

Only as a sample of what is indicated, the attenuation of acoustic pressure at 4 kHz
considering specular reflection on the ceiling in the absence of diffusers is presented in
Figure 23. The selection of 4 kHz was based on the fact that it is the octave frequency closest
to the center of the analysis band.
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Figure 23. Sound attenuation map at 4000 Hz without diffusers. The position of the acoustic source is
indicated by a red dot.

The cumulative distribution functions (CDFs) of the absolute difference between sound
attenuation with free-space propagation and that obtained with and without diffusers (only
ceiling specular reflection) at several frequencies and for the whole ‘sounded’ points of the
auditorium were also undertaken.

The CDF figures report similar results for all frequencies, showing better agreement
(lower differences) with the five structures of the seven Y-shaped elements coupled on
the ceiling than in the absence of them. Only the CDF at 4 kHz is depicted in Figure 24.
A denser paneling of the ceiling with these structures would further increase the degree
of absorption down to the rest of the seats in the stands, and the differences in the CDF
representation would be even more conspicuous.

Empirical Cummulative Distribution Function (CDF)
1—' T T T T T T T T T T

——Without diffusers
——With 5 Y-shaped structures

06

02r

107! 10°
Sound Pressure Attenuation Absolute Difference (dB)

10"

Figure 24. CDF of sound pressure attenuation absolute difference between free-space propagation
and attenuation in the presence (red) and absence (blue) of diffusers at 4000 Hz.

4. Conclusions

This work highlighted the importance of the use and correct location of absorbent
structures in auditoriums, or multipurpose rooms mainly intended for speech events,
to mitigate echoes or spectrum equalization perceived as a nuisance. These absorbing
structures attached to the ceiling can be key to avoiding high-delay reflections in the
listener location by acoustic rays slipping away from the reflective panels.

The goal of these absorbent elements is, therefore, not to ‘kill’ the sound but to improve
the sensation for the listener by eliminating late reflections out of the echo delay region of
0-30 ms, where reflected components arriving from any direction are gathered by the ear,
and the resulting sound seems louder.
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New designs of diffuser structures based on Schroeder sequences were created and
studied to evaluate the best one among them in terms of absorption. It was verified by
means of the selection of standardized speech spectra, a simplified room model, and the
PARDOS simulation tool that the new structures proposed with seven Y-shaped elements
were the best ones. This statement was based on the comparison of the spectral attenuation
of all the structures and the ideal expected attenuation in free space in five different rows
of seats. This was also corroborated by the comparison of the statistical deviations between
the attenuation in free space and that achieved with the diffuser structures, or by checking
the good fit existing in the SPL “shouted” speech spectrum with the free propagation curves
in the selected seats at the reception, or by reviewing the attenuation maps at different
frequencies and their CDFs.

It was found that none of the proposed diffuser structures appeared to be very effective
in reducing late reflections in rows of seats close to the source (row 1). In these cases, the
use of traditional absorbing panels would be more appropriate.

This shape of the diffuser with “Y” elements is suitable not only for ceilings but also
for walls that can be touched by human hands or other objects.

The authors intend to focus their future research on expanding and validating the
present work by considering similar structures formed by Y-shaped elements, chang-
ing the angle of their flanks, increasing the sequence of Schroeder elements, or using
fractal arrangements.

The authors will devote another line of research to developing methods to increase
the acoustic absorption capacity of design structures by filling them with acoustic foam,
mineral wool, or fabrics.

Given the size, shape, and symmetry of the proposed shapes, we believe that their
practical implementation is workable and scalable.
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Appendix A. Physical Model of PARDOS Software Tool

The total diffracted and reflected complex pressure field transmitted from a source S
at any frequency to the receiver R is the summation of the overall rays impinging on R and
coming from all the possible paths:

Prrx = Yy Ppan i(S,R), (A1)

where @ (S, R) is the complex received field from S to R following the path i.

Each path followed by the sound waves is composed of sections linked by nodes
(understood as any relevant reflection or diffraction point between the source and the
receiver), which the PARDOS tool can extract and filter from the architectural elements of
the environment. This method is built on the foundations of graph theory, Fresnel ellipsoids,
and funicular polygons so that consideration is only given to those obstacles (nodes) and
paths in any environment that really contribute to the global signal at the receiver.

The phase is considered for every signal in every path relying on the UTD theory
and combining the diffraction phenomenon with ray representation. A loop runs each
frequency of the whole band to derive the total sound pressure field for the full set of paths
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at a specific frequency. The complex field at the receiver for all frequencies and all paths is
calculated using the following expression:

(P (PO e*ijT I\ﬁz <Dn> ST v o~ OST (AZ)
hi= . =
path 1 ST ol Rn H]'Zill (S])

where

¢ represents the SPL from the source;
ST = Z]‘Ii 15j, with s; representing the slant distances for the links of paths chosen between
each node’s geometrical centers;
N represents the number of nodes for every path;
k represents the wavenumber;
D,, represents the diffraction coefficient and R,, the reflection coefficient, where the applica-
tion is dependent on the form of incidence on either the obstacle or ground;
7 represents the obstacle coefficient factor;
« is the air-absorbent coefficient in Np/m. In turn, this parameter depends on the following
input variables, which are related to the source’s frequency emission (f) and the physical
properties of the air: static pressure (Ps), Celsius temperature (T), and percentage relative
humidity (H).

According to the UTD, the pressure diffraction coefficient for knife edges and wedges
can be defined as:

D(v,k L,s1,52,6,,6;) = %

tan~! (W) -F(kLa™ (6, — 61,0))
ftan! (#) F(kLa=(6,— 61,0)) |, (A3)
4 Ry-tan~! (%’fj"l)) F(kLa* (62 + 61,0))
+Rp-tan ™! (%) -F(kLa= (62 + 61,0))

with Ry and R, representing the reflecting coefficients for adjacent/opposite obstacle faces
seen by the incident wave, and F[x] represents the “transition function”, which can be
defined as a Fresnel integral [69].

The authors have further explained, demonstrated, compared, and validated such a
method and formulation in [41,68,71].

This makes it possible to predict sound attenuation quickly, accurately, and efficiently,
something that is difficult to achieve using alternative techniques that require more time,
e.g., the boundary element method (BEM). This method allows managing a substantial
number of obstacles (including adjacent ones of the same height) in a sufficiently short time
and high-frequency resolution. Obstacles such as cylinders, rectangles, wedges, or knife
edges, as well as many other polygonal deflecting obstacles, e.g., T- or Y-shaped barriers or
trapezoids, can be easily modeled. PARDOS assumes spherical propagation, provides for
surface impedances on both obstacles and the floor, and allows adjusting the environment
parameters and ensuing air absorption.

The flowchart in Figure A1 indicates the step-by-step process to obtain the available
results with PARDOS.
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Figure A1. PARDOS flow diagram.
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