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Abstract

Accurate modeling of acoustic scattering is essential for realistic sound-propagation simulations in architectural environments. Traditional random-incidence models fail to represent directional scattering from structured surfaces, motivating the need for detailed bidirectional datasets. A reproducibility analysis of random-incidence and bidirectional scattering coefficient (BSC) measurements was conducted across two laboratories (RWTH Aachen University and The University of Sydney) using different free-field setups and two control surfaces–a 1D-sinusoidal and a 2D-rectangular profile. Measurements were compared with diffuse-field measurements (ISO 17497-1) and numerical simulations replicating the physical setups. Both laboratories produced consistent random-incidence scattering coefficients and BSCs for the 1D-sinusoidal surface. The 2D-rectangular surface showed larger deviations, attributed to edge effects and setup differences. Additional surfaces–including singular objects, random and modular geometries, and small-scale building façade elements–were measured or simulated. The method reliably captures directional scattering across various surface types. Setup geometry, edge effects, and signal-to-noise ratio were identified as key accuracy factors. The resulting coefficients together with its surface and setup descriptions provide a standardized foundation for future acoustic simulations and architectural applications.
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1 Introduction
Accurate prediction and modeling of scattering in sound propagation simulations are essential for various acoustic applications. Scattering is typically modeled by dividing reflected sound into specular and diffuse components [1, 2]. The specular reflection mirrors the incidence angle across the surface normal, while diffuse reflections are modeled using Lambert’s cosine law. Additionally, the scattering coefficients are usually averaged over all incident angles. This random-incidence scattering coefficient is typically measured in a reverberation room according to ISO 17497-1 [3]. Databases of scattering coefficients are rare compared to absorption coefficients. Nevertheless, Cox and d’Antonio [1] and Vorländer [4, 5] measured or collected several random-incidence scattering coefficients.
However, random-incidence and Lambertian scattering models have limitations, particularly for non-stochastic surfaces such as periodic structures. These surfaces scatter sound in directionally distinct ways determined by their geometry [6], a behavior that conventional models fail to capture adequately, as they average over incoming directions and reduce complex scattering patterns to simplified Lambertian reflections.
This limitation is a source of errors since many acoustic environments, including rooms and urban spaces, feature inherently periodic surfaces. Building façades, in particular, can introduce significant scattering effects that dominate the acoustic environment [7–9]. The relevant scattering behavior should be considered within the audible wavelength range (15.6 mm ≤ λ ≤ 17 m) and mapped onto corresponding architectural scales [10]. In practice, progressively smaller architectural features–from large-scale vertical composition down to material texture–become acoustically significant as the wavelength decreases [10]. This wavelength-scale relationship provides a guideline for categorizing surface structures according to the architectural dimensions at which their scattering effects emerge.
To address the limitations of angular averaging, the bidirectional reflectance distribution function (BRDF) is often used in optics to describe the directional scattering of light from surfaces [11]. In acoustics, a similar concept can be used in geometrical sound propagation, combining absorption and scattering. For example, Siltanen et al. [12] derived BRDFs from random-incidence scattering and absorption coefficients assuming Lambertian scattering, due to the lack of measured acoustic BRDFs or directional scattering data. Binek et al. [13] calculated BRDFs from diffusers based on reflected sound pressure determined by the Fresnel diffraction method. Hargreaves [14] introduced a method to measure BRDFs using Near-Field Acoustical Holography (NAH) based on 2D-BEM simulation.
Brandao et al. [15] determined the far-field directivity of singular diffusors based on near-field measurements and plane-waves expansion. Recently, the bidirectional scattering coefficients (BSCs) were introduced to describe directional scattering independent of surface absorption [16]. The BSC describes the energy scattered into each direction depending on the incident direction. Heimes and Vorländer [16] have determined the BSC of a 1D-sinusoidal surface using a free-field measurement setup in Aachen. Additionally, the random-incidence scattering coefficients were derived from the BSCs and compared to previous diffuse-field measurements [2] according to ISO 17497-1 [3] and numerical simulations. The numerical simulation served as a digital twin of the measurement setup, and an optimal numerical setup to eliminate the geometrical effects for the setup.
At the University of Sydney, Cabrera et al. [17] developed a high-density hemispherical loudspeaker array for sound-field reproduction. This facility can be employed to obtain BSCs in a reciprocal operation mode.
In this paper, we present a dataset of measured bidirectional scattering coefficients (BSCs) as well as random-incidence scattering coefficients (RSC) for a range of surface geometries. Measurements were carried out in two laboratories–located in Sydney, Australia [17], and Aachen, Germany [16]. To evaluate reproducibility, two control surfaces–a one-dimensional sinusoidal profile and a two-dimensional rectangular profile–were measured in both laboratories. These measurements were further compared with diffuse-field data obtained in accordance with ISO 17497-1:2004 [3] and with numerical simulations replicating the respective physical setups. Additionally, we determined the BSC through physical measurements or numerical simulations for a variety of structures, such as singular objects, random and modular geometries, and small-scale building façade elements. The resulting BSCs and RSCs together with its surface properties are compiled into an openly accessible and extensible database and it is intended to support future research on acoustic scattering. Because the methodology is formulated in terms of relative frequency scaling, the techniques and results are applicable broadly and can be interpreted for a wide range of indoor and outdoor surfaces.
2 Free-field data acquisition
The reflected sound pressures were determined for several surfaces, including reference surfaces [16]. The free-field measurements were carried out in two laboratories: one located in Aachen, Germany, and the other in Sydney, Australia. The setup used in Aachen closely follows the configuration described in previous work [16], whereas the setup in Sydney is based on a high-density hemispherical loudspeaker array [17] in reciprocal operation mode.
2.1 Lab 1: measurement Aachen
The measurement setup in Aachen was arranged in a hemi-anechoic chamber (Fig. 1). The sample was placed 2 m above the ground on a turntable. A movable loudspeaker arc (radius 1.2 m) equipped with 36 Tang Band W1-2025SA (1′′) drivers in custom 0.05 l enclosures [18], and a stationary microphone arc (radius 1 m) comprising 32 Sennheiser KE4 electret microphones, were used, following the configuration described in [16]. The pressure impulse responses were measured using the Multiple Exponential Sweep Method [19] at a sampling rate of fs = 48 kHz with a frequency range from 1 kHz to 24 kHz.
	[image: Thumbnail: Figure 1. Refer to the following caption and surrounding text.]	Figure 1. Measurement setup in Aachen, Germany.



Two measurement series were conducted, during which temperature and relative humidity were recorded. The first series took place on 9 August 2024, with an average temperature of 23.38  ° C and a relative humidity of 60.25%. The maximum variations observed during this session were 0.11  ° C in temperature and 1.84% in relative humidity. The second series was conducted between 25 February and 28 February 2025. The mean temperature and relative humidity were 20.84  ° C and 39.14%, respectively. The maximum changes in temperature and relative humidity during this interval were 0.31  ° C and 1.22%, respectively. The sinusoidal surface 1 was measured in both series, while all other surfaces were measured once.
Azimuthal incidence angles were sampled in increments of 45°, 15°, and/or 10°, up to a maximum of 90° or 180°, depending on the symmetry of the surface under investigation. For each measurement, the total duration was 103 min, corresponding to angular increments of 10° up to 90°, for example.
2.1.1 Post-processing
The impulse response measurement in Aachen contained the direct sound, the reflection of the sample and reflections from ground and measurement setup. The reflected sound pressure of the sample was isolated by first measuring the free-field response–i.e., the direct sound–without any sample or supporting structure present. To eliminate floor reflections, the direct sound was windowed using a right-sided Hann window with a length of 10 ms. This windowed direct sound was then subtracted from the measured sound pressure using the optimized subtraction method described in [16].
Following subtraction, the reflected sound pressure was further processed applying a symmetric Hann window. The window limits were determined based on the positions of each of the sources and receivers, with the shortest and longest expected edge reflections defining the window boundaries. An additional margin of 10 samples was included at both the beginning and end of the window to ensure complete capture of the reflection tails.
The signal-to-noise ratio (SNR) was evaluated for each measurement series (Fig. 2). The SNR was calculated from the specular reflected sound pressure of the flat reference surfaces relative to the noise in the free-field measurements. The procedure followed the SNR calculation defined in ISO 17497-2:2012 [20] and described in [16]. As in [16], the 40 dB signal-to-noise ratio (SNR) recommended in [20] was not achieved. Instead, a minimum SNR of approximately 20 dB was obtained for incident angles below 60°. The higher SNR above 60° is due to the close arrival times of the direct sound and its reflection, which makes them difficult to separate.
	[image: Thumbnail: Figure 2. Refer to the following caption and surrounding text.]	Figure 2. SNR for the first (top) and second (bottom) measurement series in Aachen.



After the reflected components were isolated, the bidirectional scattering coefficients were computed, followed by the derivation of the random-incidence scattering coefficients as described in [16]. Additionally, the normalized directional diffusion coefficients were calculated based on the isolated reflected sound pressure [20].
2.2 Lab 2: measurement Sydney
The measurement in Sydney took place between 2 December 2024 and 6 December 2024. These measurements included all surfaces described below, while sinusoidal surface 1 was measured twice, with a 90° shift.
It was conducted using a high-density hemispherical loudspeaker array [17], which consisted of 196 electrodynamic loudspeakers arranged in an icosahedral pattern with a radius of approximately 2.15 m (Fig. 3). The loudspeakers used are 102 mm spherical Anthony Gallo ‘Nucleus Micro’. The sample was placed at the center of the array on a fixed stand. All loudspeakers except for one were used as receivers in a reciprocal configuration by disconnecting them from the amplifier and connecting them to the microphone preamplifier. This process was automated using a custom-built switching matrix controlled by software (Fig. 4). This resulted in a missing receiver position at the incidence angle, because this loudspeaker was sending instead of receiving.
	[image: Thumbnail: Figure 3. Refer to the following caption and surrounding text.]	Figure 3. Measurement setup in Sydney, Australia [17].



	[image: Thumbnail: Figure 4. Refer to the following caption and surrounding text.]	Figure 4. Hardware setup for a single channel of the reciprocal measurement system used in Sydney.



Impulse responses were measured using the exponential sweep method with a sampling rate of fs = 44.1 kHz and a frequency range of f ∈ [1 kHz, 20 kHz]. The temperature and relative humidity were recorded during the measurement, with an average temperature of 28.91  ° C and a relative humidity of 36.03%. The maximum changes in temperature and relative humidity during this interval were 4.90  ° C and 10.30%, respectively.
Due to technical issues, seven source channels (64, 128, 167, 179, 180, 195, 196) and one receiver channel (59) were not operational during the measurements.
The total measurement duration for all 196 incident positions was approximately 20 min.
2.2.1 Post-processing
The post-processing procedure closely followed the approach described for the Aachen measurements in Section 2.1.1, with the following key differences:
Prior to post-processing, the impulse responses were resampled to account for significant fluctuations in temperature and humidity, which led to variations in the speed of sound ranging from 347.2 m/s to 350.0 m/s. The correction was based on the speed of sound calculated from the ideal gas law [21].
Unlike in the Aachen setup, the direct sound was windowed using a right-sided Hann window ranging up to 30 ms. This upper limit was more extended than in the Aachen configuration due to the larger dimensions of the measurement environment.
To compensate for the malfunctioning input and output channels, the reciprocity principle was applied. For each non-functional input channel, the corresponding output channel data was used, and vice versa for each non-functional output channel.
The SNR was calculated based on the specular reflected sound pressure of the reference surfaces relative to the noise in the free-field measurement, as described in Section 2.1.1. The reflected sound pressure for the measurement series in Sydney (Fig. 5) showed a lower SNR compared to the Aachen measurements, primarily because of the limited sensitivity of the loudspeakers in receiving mode. These transducers did not have a flat transfer function in receiving mode, which negatively affected the measurement quality. For ϑs = 0°, no data was measured because the specular reflection from the top-pole loudspeaker returned directly to the same loudspeaker, which cannot transmit and receive simultaneously.
	[image: Thumbnail: Figure 5. Refer to the following caption and surrounding text.]	Figure 5. SNR for the measurement series in Sydney.



After isolating the reflected sound pressure, we calculated the bidirectional scattering coefficients and then derived the random-incidence scattering coefficients as described in [16]. Additionally, the normalized directional diffusion coefficients were calculated based on the isolated reflected sound pressure [20].
2.3 Numerical simulation of the measurement setup
To compare the measurements obtained from the two laboratories, numerical simulations were conducted as “digital twins” of the measurement setups. Numerical simulations were also performed for an optimal configuration derived from [16], representing idealized geometrical conditions that cannot be realized in practice:

	
Aachen geometry: Point source and receiver positions matched those of the measurement configuration used in Aachen (Fig. 6a).



	
Sydney geometry: Point source and receiver positions matched those of the measurement configuration used in Sydney (Fig. 6b).



	
Optimal geometry (reference): The incident sound field was modeled as a plane wave with incident directions represented by a Gaussian sampling of order 21 at a quarter hemisphere (Fig. 6c). As in [16], the receivers were arranged as an equal area sampling of 23 328 points at a radius of 50 m to ensure far-field condition.




	[image: Thumbnail: Figure 6. Refer to the following caption and surrounding text.]	Figure 6. All geometrical setups with the sample ([-,mplBlue,solid,line width = 0.9pt](0,0) – (3mm,0);). (a) The measurement setup in Aachen with loudspeaker positions ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);) and the microphone arc ([-,mplGreen,solid,line width = 0.9pt,opacity=0.8](0,0) – (3mm,0);) resulting in a total receiver array ([-,mplGreen,solid,line width = 0.9pt,opacity=0.4](0,0) – (3mm,0);) after the measurement procedure. (b) The measurement setup in Sydney with loudspeaker positions ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);). (c) The optimal far-field simulation setup with the incidence plane waves in ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);) and the receiver positions ([-,mplGreen,solid,line width = 0.9pt,opacity=0.8](0,0) – (3mm,0);).



In all cases, the sample diameter was set to 80 cm, matching the diameter used in the reverberation room measurements in accordance with [3]. Additional surface geometries were also simulated to expand the dataset.
The simulations were carried out using the Boundary Element Method (BEM) solver Mesh2scattering [22], which is designed for acoustic scattering problems. This solver is built upon Mesh2HRTF [23] and utilizes the numerical core NumCalc [24]. All simulations were performed following the methodology described in [16].
The simulations were conducted over the frequency range from 1 kHz to 20 kHz, with 9 frequency bins per octave. The speed of sound was set to be 343.2 m/s. Triangular surface meshes were generated for three maximum frequency limits (5 kHz, 10 kHz, and 20 kHz), using a maximum edge length of λ/6, where λ denotes the wavelength of sound in air at the corresponding frequency limit.
2.3.1 Post-processing
Because the direct sound was excluded in the numerical simulation, the reflected sound pressure was directly used to calculate the bidirectional scattering coefficients and their random-incidence scattering coefficients as described in [16]. Additionally, the normalized directional diffusion coefficients were calculated using the isolated reflected sound pressure [20].
3 Diffuse-field data acquisition
For comparison, also the random-incidence scattering coefficients were directly measured according to ISO 17497-1:2004 [3] independently in Aachen and Sydney. In both laboratories, small-scale reverberation chamber measurements were conducted. The valid frequency range for these small-scale measurements ranges from N ⋅ 100 Hz to N ⋅ 5000 Hz, where N is the physical scale factor of the reverberation chamber.
3.1 Lab 1: measurement Aachen
Figure 7 shows the first small-scale reverberation chamber, which is placed at the Institute for Hearing Technology and Acoustics, RWTH Aachen University in Germany. The reverberation room has the dimensions of 1.5 m × 1.2 m × 0.95 m with hemispherical boundary diffusers derived in [25]. This leads to a volume of Vroom = 1.67 m3 and a surface area of Sroom = 9.05 m2, including the effect of the diffusers. This leads to a physical scale factor of N = 5, resulting in a valid frequency range of 500 Hz–25 kHz. All samples had a diameter of 0.8 m, and were flush-mounted on a turntable, as shown in Figure 7. All surfaces were measured twice.
	[image: Thumbnail: Figure 7. Refer to the following caption and surrounding text.]	Figure 7. Small-scale reverberation room in Aachen, Germany.



Two source positions and two microphones (GRAS Typ 40BF 1/4′′ freefield) were used. The sources consist of a custom-built dodecahedron with a diameter of 90 mm and 12 Föön dome tweeters. The microphones were moved in rotation and height by a motor to three motor positions. This leads to two source and six receiver positions. Impulse responses were measured using the exponential sweep method with a sampling rate of f

s
 = 96 kHz and a frequency range from 2 kHz to 25 kHz. The higher lower frequency limit was selected as scattering starts at 2.5 kHz.
3.2 Lab 2: measurement Sydney
Figure 8 shows the second small-scale reverberation chamber, which is placed at the School of Architecture, Design and Planning, The University of Sydney in Australia. It is a rectangular room with unequal edge lengths of a Volume of Vroom = 0.972 m3 and a surface area of Sroom = 6.044 m2, leading to a physical scale factor of N = 6 and a valid frequency range of 600 Hz–30 kHz.
	[image: Thumbnail: Figure 8. Refer to the following caption and surrounding text.]	Figure 8. Small-scale reverberation chamber in Sydney, Australia.



Two source positions and six 1/4 inch microphones were used. The source is a Dr.Three 3D loudspeaker. All samples had a diameter of 0.78 m, and were mounted on a turntable, as shown in Figure 8. Each surface was measured once. Impulse responses were measured using the exponential sweep method with a sampling rate of fs = 192 kHz and a frequency range from 1.5 kHz to 30 kHz. The frequency range was changed compared to the theoretical validity to meet the SNR requirements.
3.3 Measurement and post-processing
Following ISO 17497-1:2004 [3], four measurement conditions were acquired in both laboratories:

	
Condition 1: static base plate without sample.



	
Condition 2: static base plate with sample.



	
Condition 3: rotating base plate without sample, measured at 72 angular positions over a full 360° rotation.



	
Condition 4: rotating base plate with sample, measured at 72 angular positions over a full 360° rotation.





For measurement conditions 3 and 4, the impulse responses corresponding to the individual angular positions were summed over the complete rotation. This results in a set of impulse responses for each source-receiver pair and measurement condition.
Initially, the recorded impulse responses were truncated to remove the effects of loudspeaker non-linearities. Subsequently, all impulse responses were filtered into one-third-octave bands over the measured frequency range using the Python package pyfar [26].
The reverberation time was then estimated for each source-receiver pair and measurement condition using the Python package pyrato [27]. To estimate the energy decay curve, the noise level was determined from the last 5% of each impulse response. The squared noise was then subtracted from the squared impulse responses following the method defined by Chu [28]. The impulse responses were then truncated at the intersection point of the decay curve and the noise floor, as described by Lundeby et al. [29].
The energy decay curve was calculated, including the correction term defined by Guski and Vorländer [30]. The reverberation time T
15 was derived using linear regression in accordance with ISO 17497-1:2004 [3] and ISO 3382 [31]. The resulting reverberation times were averaged over all source-receiver positions. The speed of sound was calculated using the ideal gas law [21] based on the averaged temperature and relative humidity for each condition. Similarly, air attenuation was calculated following ISO 9613-1:1993 [32]. Finally, the scattering and absorption coefficients were calculated based on ISO 17497-1:2004 [3].
4 Investigated surfaces
This section presents the surfaces investigated and analyzed in this work and the structure of the resulting open dataset. A total of 28 surfaces were measured and/or simulated, covering a broad range of geometries relevant to architectural and environmental acoustics (Fig. 9).
	[image: Thumbnail: Figure 9. Refer to the following caption and surrounding text.]	Figure 9. Sample identifiers and images of the selected surfaces, with singular objects highlighted with *. Large images are available in the dataset [33].



4.1 Surface organization and categorization
Each measured or simulated sample is assigned a unique sample identifier, which consists of a letter indicating the origin of the sample and a number indicating the surface identifier. The origin of the sample indicates whether it is measured in Aachen (A), in Sydney (S), or simulated numerically (V). The surface identifier is a unique identifier starting from 0 for the flat reference plate, followed by 1 for the first surface, and so on. The sample identifier and an image of each sample are presented in Figure 9.
The surfaces are categorized into two main types: regular standard (nominally infinitely extended) surfaces and individual objects. While the majority of samples represent standard surfaces suitable for general architectural applications, two special cases (Surface 14 and 15) represent individual objects. These were included to demonstrate the capability of our measurement methodology to accommodate isolated elements as well. However, it is important to note that such individual objects cannot be employed in the same standardized manner as extended architectural surfaces.
4.2 Control surfaces
Surfaces 1 and 2 were selected as control surfaces. They comprise a one-dimensional sinusoidal surface (Surface 1) and a two-dimensional rectangular surface (Surface 2). These surfaces were chosen to represent a wide range of surface characteristics [5], including one-dimensional rounded and two-dimensional angular geometries. In addition, the one-dimensional sinusoidal surface has been investigated in previous studies [2], and an analytical solution is available for this geometry [34].
Both control surfaces were characterized through experimental measurements conducted in both laboratories as well as by numerical simulations. In addition to simulations using the optimal setup, the control surfaces were also simulated using the specific geometrical configurations of the Aachen and Sydney laboratories (Figs. 6a and 6b), denoted as VA and VS for Aachen and Sydney, respectively.
4.3 Surface selection
In addition to the control surfaces, a diverse range of 26 surfaces was selected to cover various geometries commonly encountered in architectural and environmental acoustics. These surfaces were either measured in one of the two laboratories and/or simulated numerically. To illustrate the applicability of different surface types, a representative selection of examples is discussed.
These include surfaces with periodic corrugations of size Λ in one or two dimensions as well as angular and rounded surfaces.
For Surfaces 1 and 21 analytical solutions are known [34, 35]. Furthermore, Surface 21 was measured in a diffuse reflection example scene of a Benchmark for Room Acoustical Simulation (BRAS) [36].

Modular surfaces, such as Surfaces 6–8, consist of triangular prisms in different arrangements. Each element is formed by bisecting a cube (45 mm edge length) along the diagonal of one of its square faces. Surface 6 is identical to Surface 7, but includes additional elements mounted on the surface.
The dataset also includes samples derived from real building façades, such as:

	
the Refugee Quarters in Geneva, Switzerland (Surface 16) [10, 37],



	
the Preston Bus Station in the United Kingdom (Surfaces 17 and 18) [10, 37],



	
the Institute for Hearing Technology and Acoustics in Aachen, Germany (Surface 22) [38],



	
the BLB building in Aachen, Germany (Surface 23) [38], and



	
the Ainsworth Building in Sydney, Australia (Surface 24) [7].





These surfaces represent different architectural scales [10]. First, the bay division scale (Surfaces 18 and 22–24) represents the macro structure of the surface, while the cladding scale (Surfaces 16–17) covers the micro scale.
Commonly used diffuser surfaces are also included in the dataset, such as the Quadratic Residue Diffusor (QRD) [1] represented by Surface 25, and the Maximum Length Sequence (MLS) diffusor represented by Surface 3.
Additionally, randomly structured surfaces are included in the dataset, such as Surface 26, which consists of randomly distributed hemispheres with 50% surface coverage, as previously measured by de Avelar Gomes et al. [39].
Different non-rigid surfaces are also included (Surfaces 9–12) to evaluate the applicability of the measurement method to absorbing surfaces. These samples are made primarily of polystyrene foam, which increases absorption and consequently reduces the SNR in the measurements. To mitigate this effect, Surface 10 is coated with an additional layer of clay to reduce absorption. Surface 12 combines polystyrene with sound-reflecting wood, resulting in lower overall absorption compared to the fully foam-based configurations.
5 Laboratory comparison
We now discuss the results of the comparisons of the control surfaces in Aachen and Sydney as well as their digital twins as discussed in Sections 2 and 3. These results are also compared with the simulation results under optimal conditions and for the 1D-sinusoidal surface with previous measurements and the analytical results.
5.1 Random-incidence scattering coefficients
Figures 10 and 11 show the random-incidence scattering coefficients for the 1D-sinusoidal surface and the 2D-rectangular surface, respectively, determined by free-field measurements and their numerical simulations and compared with diffuse-field measurements in Aachen and Sydney. In [16], the random-incidence scattering coefficients were calculated by the adapted Paris formula from Embrechts et al. [34], equation (11). In this paper, the random-incidence scattering coefficients are calculated with the Paris formula based on all measured and simulated incident directions.
	[image: Thumbnail: Figure 10. Refer to the following caption and surrounding text.]	Figure 10. Random-incidence scattering coefficients for the 1D-sinusoidal surface, comparing different acquisition methods. The continuous lines represent the one-third octave averages of the corresponding dotted results.



	[image: Thumbnail: Figure 11. Refer to the following caption and surrounding text.]	Figure 11. Random-incidence scattering coefficients for the 2D-rectangular surface, comparing different acquisition methods. The continuous lines represent the one-third octave averages of the corresponding dotted results.



For the 1D-sinusoidal surface (Fig. 10), previous diffuse-field measurements of the same sample in a small-scale reverberation chamber (N = 5) [2] and analytical solutions were known from literature [34], which serves as a reference. Comparisons between free-field measurements and their simulations at both sites revealed an overestimation at lower frequencies, while difference converged towards eachother at higher frequencies. Comparing the numerical simulations between the Aachen and Sydney setups, a slight overestimation was observed for normalized frequencies Λ/λ ≤ 1; otherwise, the results were in good agreement. These deviations are attributed to differences in source and receiver geometries between the two setups, as the optimal simulation setup yield closer agreement to the analytical solution compared to the setup simulations. The diffuse-field measurements from literature are in the same range as the diffuse-field measurements in Aachen, where the diffuse-field measurements in Sydney are not. This can be attributed to the sample mounting, as it was not flush-mounted compared to the Aachen diffuse setup. In particular, the sinusoidal sample was not flush-mounted on the turntable, leaving an air gap. Finally, the comparison between diffuse-field measurements in Aachen and the free-field measurements showed that all results fall within the expected measurement uncertainty, as both methods exhibit similar deviations from the analytical solution.
For the 2D-rectangular surface (Fig. 11), previous measurements or analytical solutions were not available. All free-field results exhibit the typical “peaky” behavior associated with rectangular surface geometries before one-third octave averaging, known from [5]. At low normalized frequencies (Λ/λ <  1), the scattering coefficient appears to be significantly overestimated. This overestimation is likely due to pronounced edge effects, caused by multiple reflections at the surface edges [34]. These effects are more prominent for the 2D-rectangular structure due to its larger structural depth (5 cm), in contrast to the 1D-sinusoidal surface (2.04 cm). In the diffuse-field measurements, this edge effect is also present on both measurement sides. At higher frequencies (Λ/λ ≥ 1), both diffuse-field measurements show good agreement with the free-field results. Except for one diffuse-field measurement in Aachen and the measurement in Sydney, where the scattering coefficient exceeds 1 at higher frequencies. This behavior can likely be attributed to temperature fluctuations during the measurements. The temperature variation was approximately 2.2  ° C in Sydney and 0.7  ° C in Aachen, whereas for the measurements that did not exceed unity, the temperature fluctuation remained below 0.22  ° C. This observation is consistent with the findings of Vorländer et al. [2], who showed that time-varying environmental conditions, particularly temperature and humidity fluctuations, can introduce significant errors in reverberation-based measurements and lead to overestimated scattering coefficients. Repeated free-field measurements for both control surfaces showed good agreement in Aachen and Sydney, indicating reliable reproducibility.
5.2 Bidirectional scattering coefficients
The octave-band averaged bidirectional scattering coefficients (BSCs) for the 1D-sinusoidal and the 2D-rectangular surface are shown in Figures 12 and 13, respectively. The incident angle of 39° (relative to the surface’s normal) was selected as an example. Note that the measurement setups and the optimal simulation setup varies in incoming direction samplings, therefore the closest incoming direction was selected, which lead to a maximum difference of Δϑ = 1° between all setups.
	[image: Thumbnail: Figure 12. Refer to the following caption and surrounding text.]	Figure 12. Bidirectional scattering coefficients (BSCs) for the 1D-sinusoidal surface for an incident angle of 39° ([mplRed] (0,0) circle (0.3mm);) for different octave frequency bands.



	[image: Thumbnail: Figure 13. Refer to the following caption and surrounding text.]	Figure 13. Bidirectional scattering coefficients (BSCs) for the 2D-rectangular surface for an incident angle of 39° ([mplRed] (0,0) circle (0.3mm);) for different octave frequency bands.



The results are presented as a 2D polar cross-section. Since the incident wave is oriented perpendicular to the 1D surface corrugation, energy is confined to a single scattering plane [34] (compare with Fig. 15b).
The comparison of the 1D-sinusoidal surface (Fig. 12a) shows good agreement among all results for the specular reflection at 2 kHz. It should be noted that the optimal simulation result exhibits a slight shift, which can be attributed to the slightly different incident angle of 38°.
The comparison between the Sydney measurement and the corresponding simulation shows generally good agreement across all frequency bands. Figure 12c shows a reflection cone at 70° for the simulation but not for the measurement setup in Sydney, this can be explained by the very low SNR for large incident angles. Beside that the low SNR in the Sydney measurement does not significantly affect the results. When compared to the optimal setup, however, discrepancies become apparent at certain angles–most notably around 60° (Fig. 12b). This deviation is likely due to the limited angular resolution of the loudspeaker and receiver array, which may not accurately capture finer directional scattering features in that range, as this was captured by the simulation of the setup in Aachen. The retro-reflection at 4 kHz is present, even though it is underestimated by approximately 0.02 instead of 0.1, which might be attributed to the missing microphone position at the retro-reflective position.
The measurement in Aachen matches its simulation counterpart quite well for the specular reflection, except in the 4 kHz frequency band. The other reflection directions are well-aligned, with a slight underestimation for large incident angles and higher frequencies. This could be due to the lower SNR at these angles. The measurement setup simulation matches the optimal simulation quite well, with only slight underestimations for higher frequencies.
Compared to the 1D-sinusoidal surface, the 2D-rectangular surface results (Fig. 13) are more closely related. The results of the measurements and its numerical twins show good agreement for both measurement setups, except for slight underestimations at higher frequencies. These deviations are still within the expected measurement uncertainty of about ±0.1, which is similar to the difference between analytical solution and standard diffuse-field measurements as shown in Figure 12. Both measurement setups are also in good agreement with the optimal simulating setup, indicating reliable results.
6 Scattering behavior of different surface types
In the following, we present a selection of results for the overall database. All presented random-incidence coefficients are one-third octave band averaged frequency bands, while the bidirectional scattering coefficients are octave band averaged. This choice was made because the different band resolutions provide better visualization for each coefficient: one-third octave bands improve the spectral detail of random-incidence coefficients, while octave bands yield broader frequency band representation for bidirectional scattering coefficients. The frequency bands correspond to the measured frequency scale, unless stated otherwise.
6.1 Random surfaces
Figures 14 and 15 show the random-incidence and bidirectional scattering coefficients for randomly distributed hemispheres (coverage 50%), which was also measured in [39].
	[image: Thumbnail: Figure 14. Refer to the following caption and surrounding text.]	Figure 14. Random-incidence scattering coefficients for a randomly distributed hemispheres of radius 2 cm (coverage 50%) between optimal free-field simulation and diffuse-field measurement from [39].



Figure 14 demonstrates good agreement between the free-field simulation and the diffuse-field measurement data from [39], indicating that the proposed method is also applicable to randomly structured surfaces.
Furthermore, Figure 15 presents the BSCs for an incident angle of 39° at 8 kHz, as the scattering coefficients are almost similar for this frequency band. Surface 26 shows diffuse scattering characteristics, in contrast to the more directional scattering observed for the 1D periodic Surface 1. The simulation method successfully captures the extremely large differences in the sound reflection distribution, although the random-incidence scattering coefficients are rather similar. However, the measurement approach would require a higher SNR to resolve such low-level diffuse scattering contributions accurately.
	[image: Thumbnail: Figure 15. Refer to the following caption and surrounding text.]	Figure 15. Bidirectional scattering coefficients for a random surface (a) and a periodic surface (b) obtained from free-field measurements at 8 kHz octave band. Incident direction is marked with red dot, while the cross marks the specular reflection.



Figure 16 shows the directional scattering coefficient for each incident angle (ϑi), averaged over all azimuth angles (φi), derived from the optimal free-field simulation. Large variations between incident directions are observed, with values ranging approximately from 0.2 to 0.9, for example at 4 kHz. This indicates that the scattering behavior of the random surface strongly depends on the incident angle, because larger incident angles lead to greater effective roughness and therefore higher scattering. Consequently, the reflection behavior of random surfaces cannot be adequately described by the random-incidence scattering coefficients alone.
	[image: Thumbnail: Figure 16. Refer to the following caption and surrounding text.]	Figure 16. Directional scattering coefficients averaged over all azimuth angles (φ

i
) for a random surface obtained from optimal free-field simulations.



6.2 Modular surfaces
Figure 17 shows the random-incidence scattering coefficients and the three modular surfaces (6–8). It shows a good agreement between the free-field and diffuse-field measurements. Comparing Surface 6 and 7, which represent the same sample under different configurations, the additional elements lead to a significant increase in the scattering coefficient, particularly at lower frequencies. Similar to the rectangular diffuse field measurement in Figure 11 in Section 5.1, the diffuse field results exceed 1 for frequencies above 10 kHz. This is likely due to the temperature fluctuations between the measurement conditions of more than 1.45  ° C for both diffuse-field measurements.

	[image: Thumbnail: Figure 17. Refer to the following caption and surrounding text.]	Figure 17. RSC for modular surfaces (S6 & S8) obtained from free-field and diffuse-field measurements in Sydney.



6.3 Non-rigid surfaces
Figure 18 shows the random-incidence scattering coefficients and the absorption coefficients for the non-rigid Surfaces 9–12. ISO 17497-1:2004 [3] suggests an absorption coefficient below 0.5. Only Surface 10 satisfies this criterion, due to its polystyrene with an additional clay layer. Surface 12 satisfies this condition only at lower frequencies, likely because the surface is not entirely covered by polystyrene but also includes the wood of the baseplate. The remaining samples exhibit higher absorption because they consist entirely of polystyrene foam. The absorption coefficient may be overestimated due to the exposed sides of the sample in the reverberation-room measurements.
	[image: Thumbnail: Figure 18. Refer to the following caption and surrounding text.]	Figure 18. Random-incidence scattering coefficients and absorption coefficients for non-rigid surfaces.



Surfaces 9 and 11 exhibit scattering coefficients greater than 1 above 1 kHz, whereas Surfaces 10 and 12 exceed 1 only at higher frequencies (8–10 kHz). This is likely caused by the high absorption of the samples, which reduces accuracy and also leads to a lower SNR in the measurements and therefore to increased uncertainty. In addition, the high temperature fluctuations within the measurement conditions for the 4 measurements are larger than 0.85  ° C, which might also contribute to the overestimation of the scattering coefficient.
For the free-field measurements, the lower SNR is more critical compared to the diffuse-field measurements. Surface 9, 11 and 12 show a good agreement between the free-field and diffuse-field measurements, until the diffuse-field measurement exceeds 1.
Due to a lack of numerical simulations or analytical solutions, the true scattering behavior of these surfaces remains unknown and the free-field measurements could not be validated.
6.4 Rectangular surface
Figure 19 shows the random-incidence scattering coefficients, comparing the free-field simulation with the analytical solution based on Embrechts and Billon [35].
	[image: Thumbnail: Figure 19. Refer to the following caption and surrounding text.]	Figure 19. Random-incidence scattering coefficients for the 1D-rectangular surface (Surface 21) based on the optimal free-field simulation ([-,viridis2,solid,line width = 1.2pt](0,0) – (3mm,0);) and the analytical solution [35] ([-,viridis8,solid,line width = 1.2pt](0,0) – (3mm,0);).



For Λ/λ ≥ 1, the results are in good agreement, while for lower values, differences of up to Δs = 0.2 are observed. This can be attributed to the finite size of the sample in the free-field simulation, compared to the infinite surface extent assumed in the analytical solution [35]. Therefore, the method was further validated through comparison with the analytical solution for an angular surface.
6.5 Facade surfaces
Figure 20 shows the random-incidence scattering coefficients for the facade in real frequency scale derived by Tokac et al. [10, 37]. Surface 16 and 18 were selected to represent the cladding and the division scale defined by [10], respectively. The differences between the free-field measurements and simulations are within the expected uncertainty range. The free-field measurements overestimate the scattering coefficient slightly.
	[image: Thumbnail: Figure 20. Refer to the following caption and surrounding text.]	Figure 20. RSCs for facade surfaces in real scale from reduced scale free-field simulations (optimal) and measurements in Aachen.



Figure 21 shows the random-incidence scattering coefficients for the other facades in real scale from free-field simulations (Surfaces 22–24). They are all within the same frequency range, since they all operate in the bay division scale.
	[image: Thumbnail: Figure 21. Refer to the following caption and surrounding text.]	Figure 21. RSCs for additional facade surfaces in real scale obtained from free-field simulations.



Figure 22 shows that, although the random-incidence scattering coefficients are relatively similar, the BSCs at an incident angle of 30° differs significantly. First, the scattering coefficients in the higher octave bands vary due to differences in the amount of energy directed into the specular reflection. Second, the redistribution of energy into non-specular directions differs markedly between the surfaces.
	[image: Thumbnail: Figure 22. Refer to the following caption and surrounding text.]	Figure 22. One-third-octave band-averaged bidirectional scattering coefficients for two facade surfaces (Surfaces 22 and 24) obtained from free-field simulations and shown in octave bands for an incident angle of 30° ([mplRed] (0,0) circle (0.3mm);).



6.6 Retroreflective surfaces
Similar to the scattering coefficient discussing the energy ratio into specular direction, other directions can be evaluated as well. In this case, the retroreflected energy derived from the BSC at an incident angle of 45° is shown in Figure 23 for a selection of surfaces.
	[image: Thumbnail: Figure 23. Refer to the following caption and surrounding text.]	Figure 23. Retroreflected energy as a function of normalized frequency Λ/λ at an incident angle of approximately ϑ

i
 ≈ 45° for a selection of surfaces obtained from free-field simulations.



The retroreflective façade (Surface 24) exhibits the highest degree of retroreflection, followed by the sinusoidal surface (Surface 1). These results are consistent with the findings of Cabrera et al. [7], who also identified this type of geometry as retroreflective.
These results demonstrate that specific acoustic metrics, such as retroreflected energy, can be derived from the BSC to quantify particular scattering characteristics. This enables a more detailed analysis of directional reflection behavior than is possible using the RSC alone.
6.7 Singular objects
In acoustical terms, singular objects do not constitute a subset of a larger surface, as is the case with regular structures. Instead, their scattering behavior is unique to the specific object and its dimensions, rather than representing an extended surface. Although a scaling factor can still be applied, it must account not only for frequency and geometry but also for the object’s overall size.
Surfaces 14 and 15 are a spherical cap and a spiral-based vortex diffuser [40], respectively. The spherical cap is designed to focus sound, while the spiral is intended to scatter sound in multiple directions apart from the incident direction.
Figure 24 shows the BSCs for the singular objects at 16 kHz for 0.4778 m2. The spiral (Surface 15) scatters sound in multiple directions, with a notable reflection from reflection angles from 30° to 60°. These results confirm the intended acoustic functionalities of acoustic spiral.
	[image: Thumbnail: Figure 24. Refer to the following caption and surrounding text.]	Figure 24. Bidirectional scattering coefficients for singular objects obtained from free-field measurements in the 16 kHz octave band for an effective area of 0.4778 m2. The incident direction is marked by a red dot, and the cross marks the specular reflection.



The spherical cap (Surface 14) was designed to focus sound toward the dome’s transducers in the Sydney measurement setup. As a result, the transducers are not located in the far field. However, this method can still capture near-field scattering behavior, similar to the way diffusion coefficients do [20]. The current results seem plausible; nonetheless, validation with respect to analytical solution formulations (e.g., [41]) lies outside the present scope.
6.8 Compilation of the results into a database
To enable practical use of directional scattering information, the measured bidirectional scattering coefficients were compiled into a structured database [33]. Providing access to the directional data allows measured surface properties to be incorporated directly into sound propagation models and avoids the need to approximate complex surfaces by simplified scattering parameters.
The database stores the bidirectional scattering coefficient together with the corresponding measurement and surface metadata. This includes information on geometry, measurement conditions, and frequency resolution, enabling reproducibility and facilitating further numerical or experimental studies. In addition, the database contains the RSC derived from the BSC as well as the diffuse-field measured RSC. All data are provided in the SOFA format [42], allowing standardized exchange and direct implementation in existing acoustical simulation frameworks. Table 1 provides an overview of the surfaces included in the database, which comprises 29 different geometries.
Table 1. 
Properties of all surfaces in the database including the control surfaces (0–2) and the extension (3–28).

The database includes the raw measurement data, raw simulation results, and the complete processing workflow [43] required to reproduce the reported scattering coefficients. Providing these components enables independent verification and ensures transparency of the data processing.
7 Discussion and conclusion
A broad range of different surfaces was measured and simulated, covering periodic, random and non-rigid surfaces, as well as singular objects. A couple of real facades were also included in the analysis, covering a range of architectural scales, such as bay division and cladding elements [10]. The 1D sinusoidal and the 2D rectangular surface served as control surfaces and were measured in Aachen and in Sydney and were simulated numerically. For the 1D sinusoidal previous diffuse-field measurements and analytical solutions served as a reference.
The free-field method demonstrates reliability for a variety of introduced surface types. Randomly structured surfaces, such as randomly distributed hemispheres, also yield reliable results. The method was able to capture the diffuse reflection characteristics of these surfaces, as demonstrated by the BSCs. It was shown that the directional scattering coefficient varies for different incidence angles, therefore, the reflection behavior of random surfaces cannot be adequately described by the random-incidence scattering coefficients alone.
Surfaces made of different variations of polystyrene and clay demonstrated the limitations of the measurement method. The diffuse-field method resulted in scattering coefficients larger than 1, so a comparison could not be made. Due to a lack of known coefficients the free-field method could also not be validated for this surfaces. The low SNR might lead to unreliable results. Further simulations on sound-reflecting and absorptive materials of known surfaces – e.g. sinusoidal or rectangular – with artificial noise could help determine the minimum required SNR for a given error threshold.
The analysis also includes 1D retro-reflective surfaces, such as a standard 1D-triangular profile (Surface 20) and the façade of the Ainsworth Building (Surface 24) in Sydney [7], which also features a 1D-triangular geometry coupled with perpendicular bars. It has been demonstrated that specific acoustic metrics, such as retro-reflected energy, can be derived from the bidirectional scattering coefficients (BSCs).
The analysis also includes singular objects, for which the BSC is valid only for the specific object and its exact dimensions. The results demonstrated plausible scattering behavior, confirming the intended acoustic functionality of these objects. This indicates that the free-field method is suitable for characterizing singular objects as well.
The inter-laboratory comparison of 1D-sinusoidal control surfaces between Aachen and Sydney shows a high degree of consistency in both random-incidence scattering coefficients and BSCs, where the 2D-rectangular control surface shows less consistency in the results.
One factor is the edge effect, which is more dominant for the 2D-rectangular surfaces than for the 1D-sinusoidal surface. The reason is that for the correlation method, the edge effect is compensated best if the edges of the flat reference surface and the rectangular surface are at the same physical position. Therefore the positioning of the sample is very critical, depending on the surface properties. For the 1D-sinusoidal surface, the effect is reduced, due to the changing height along the edge. For the 2D-rectangular surface, the edge effect is more pronounced, as the edges are either at the surface minimum or maximum depth. It was also previously shown that 1D-rectangular surfaces lead to larger derivations to analytical reference than sinusoidal surfaces with accurate positioning and equal height-to-structural wavelength ratios [44]. The comparison to the analytic reference of rectangular surfaces is also less consistent compared to sinusoidal surfaces.
The edge effect influence needs to be studied in more detail, especially for the angular surfaces. Additionally, the larger height-to-structural wavelength ratio of the 2D-rectangular surface (h/Λ = 0.67) compared to the 1D-sinusoidal surface (h/Λ = 0.29) leads to a more pronounced edge effect.
The inter-laboratory comparison showed that retro-reflections were significantly underestimated in the BSC based on the Sydney measurement and its simulation for both control surfaces, as the loudspeaker was active at this time, leading to a gap in the receiver array at the retro-reflection angle.
The Sydney measurement geometry showed also some limitations, due to the limited resolution of the loudspeaker array. Additionally, lots of loudspeakers are on the ground plane. This results in higher errors due to the more difficult windowing. Therefore, the Sydney measurement setup could be optimized by relocating the 30 loudspeakers from the lower plane (φ

s
 = 90°) and increasing the array density below φ

s
 = 70°.
A key observation is that signal-to-noise ratios (SNRs) were generally lower than the 40 dB recommended in [20], with both laboratories operating below this threshold. Despite the SNRs being below the recommended threshold, the consistency in the control surfaces suggests that the measurement procedure is robust. Nevertheless, it is very interesting that the reciprocal approach applied to the loudspeaker array worked out quite well. With this it could be demonstrated that hemispherical receiver grids are useful as such, however, with careful consideration of the geometrical distribution of the receivers.
Furthermore, the results were compiled into an open dataset, which offers a standardized and comprehensive collection of acoustic scattering data, stored in the SOFA format [42], and enriched with detailed metadata describing the surfaces, measurement or simulation setups, and results. The dataset is openly available under a CC-BY 4.0 license via Zenodo [33], ensuring accessibility and transparency. Its modular design also allows for straightforward future extensions by the research community.
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	[image: Thumbnail: Figure 2. Refer to the following caption and surrounding text.]	Figure 2. SNR for the first (top) and second (bottom) measurement series in Aachen.
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	[image: Thumbnail: Figure 3. Refer to the following caption and surrounding text.]	Figure 3. Measurement setup in Sydney, Australia [17].
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	[image: Thumbnail: Figure 4. Refer to the following caption and surrounding text.]	Figure 4. Hardware setup for a single channel of the reciprocal measurement system used in Sydney.
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	[image: Thumbnail: Figure 5. Refer to the following caption and surrounding text.]	Figure 5. SNR for the measurement series in Sydney.
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	[image: Thumbnail: Figure 6. Refer to the following caption and surrounding text.]	Figure 6. All geometrical setups with the sample ([-,mplBlue,solid,line width = 0.9pt](0,0) – (3mm,0);). (a) The measurement setup in Aachen with loudspeaker positions ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);) and the microphone arc ([-,mplGreen,solid,line width = 0.9pt,opacity=0.8](0,0) – (3mm,0);) resulting in a total receiver array ([-,mplGreen,solid,line width = 0.9pt,opacity=0.4](0,0) – (3mm,0);) after the measurement procedure. (b) The measurement setup in Sydney with loudspeaker positions ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);). (c) The optimal far-field simulation setup with the incidence plane waves in ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);) and the receiver positions ([-,mplGreen,solid,line width = 0.9pt,opacity=0.8](0,0) – (3mm,0);).
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	[image: Thumbnail: Figure 7. Refer to the following caption and surrounding text.]	Figure 7. Small-scale reverberation room in Aachen, Germany.
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	[image: Thumbnail: Figure 8. Refer to the following caption and surrounding text.]	Figure 8. Small-scale reverberation chamber in Sydney, Australia.
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	[image: Thumbnail: Figure 9. Refer to the following caption and surrounding text.]	Figure 9. Sample identifiers and images of the selected surfaces, with singular objects highlighted with *. Large images are available in the dataset [33].
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	[image: Thumbnail: Figure 10. Refer to the following caption and surrounding text.]	Figure 10. Random-incidence scattering coefficients for the 1D-sinusoidal surface, comparing different acquisition methods. The continuous lines represent the one-third octave averages of the corresponding dotted results.
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	[image: Thumbnail: Figure 11. Refer to the following caption and surrounding text.]	Figure 11. Random-incidence scattering coefficients for the 2D-rectangular surface, comparing different acquisition methods. The continuous lines represent the one-third octave averages of the corresponding dotted results.
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	[image: Thumbnail: Figure 12. Refer to the following caption and surrounding text.]	Figure 12. Bidirectional scattering coefficients (BSCs) for the 1D-sinusoidal surface for an incident angle of 39° ([mplRed] (0,0) circle (0.3mm);) for different octave frequency bands.
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        Measurement setup in Aachen, Germany.
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        SNR for the first (top) and second (bottom) measurement series in Aachen.
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        Measurement setup in Sydney, Australia [17].
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        Hardware setup for a single channel of the reciprocal measurement system used in Sydney.
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        SNR for the measurement series in Sydney.
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        All geometrical setups with the sample ([-,mplBlue,solid,line width = 0.9pt](0,0) – (3mm,0);). (a) The measurement setup in Aachen with loudspeaker positions ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);) and the microphone arc ([-,mplGreen,solid,line width = 0.9pt,opacity=0.8](0,0) – (3mm,0);) resulting in a total receiver array ([-,mplGreen,solid,line width = 0.9pt,opacity=0.4](0,0) – (3mm,0);) after the measurement procedure. (b) The measurement setup in Sydney with loudspeaker positions ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);). (c) The optimal far-field simulation setup with the incidence plane waves in ([-,mplRed,solid,line width = 0.9pt](0,0) – (3mm,0);) and the receiver positions ([-,mplGreen,solid,line width = 0.9pt,opacity=0.8](0,0) – (3mm,0);).
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        Small-scale reverberation room in Aachen, Germany.
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        Small-scale reverberation chamber in Sydney, Australia.

      

    

  
    
      Figure 9. 

      
        [image: Figure 9. Refer to the following caption and surrounding text.]
      

      
        Sample identifiers and images of the selected surfaces, with singular objects highlighted with *. Large images are available in the dataset [33].
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        Random-incidence scattering coefficients for the 1D-sinusoidal surface, comparing different acquisition methods. The continuous lines represent the one-third octave averages of the corresponding dotted results.

      

    

  
    
      Figure 11. 

      
        [image: Figure 11. Refer to the following caption and surrounding text.]
      

      
        Random-incidence scattering coefficients for the 2D-rectangular surface, comparing different acquisition methods. The continuous lines represent the one-third octave averages of the corresponding dotted results.
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        Bidirectional scattering coefficients (BSCs) for the 1D-sinusoidal surface for an incident angle of 39° ([mplRed] (0,0) circle (0.3mm);) for different octave frequency bands.
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        Bidirectional scattering coefficients (BSCs) for the 2D-rectangular surface for an incident angle of 39° ([mplRed] (0,0) circle (0.3mm);) for different octave frequency bands.
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        Random-incidence scattering coefficients for a randomly distributed hemispheres of radius 2 cm (coverage 50%) between optimal free-field simulation and diffuse-field measurement from [39].
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        Bidirectional scattering coefficients for a random surface (a) and a periodic surface (b) obtained from free-field measurements at 8 kHz octave band. Incident direction is marked with red dot, while the cross marks the specular reflection.
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        Directional scattering coefficients averaged over all azimuth angles (φ

i
) for a random surface obtained from optimal free-field simulations.
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        RSC for modular surfaces (S6 & S8) obtained from free-field and diffuse-field measurements in Sydney.
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        Random-incidence scattering coefficients and absorption coefficients for non-rigid surfaces.

      

    

  
    
      Figure 19. 
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        Random-incidence scattering coefficients for the 1D-rectangular surface (Surface 21) based on the optimal free-field simulation ([-,viridis2,solid,line width = 1.2pt](0,0) – (3mm,0);) and the analytical solution [35] ([-,viridis8,solid,line width = 1.2pt](0,0) – (3mm,0);).

      

    

  
    
      Figure 20. 
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        RSCs for facade surfaces in real scale from reduced scale free-field simulations (optimal) and measurements in Aachen.
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        [image: Figure 21. Refer to the following caption and surrounding text.]
      

      
        RSCs for additional facade surfaces in real scale obtained from free-field simulations.
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        One-third-octave band-averaged bidirectional scattering coefficients for two facade surfaces (Surfaces 22 and 24) obtained from free-field simulations and shown in octave bands for an incident angle of 30° ([mplRed] (0,0) circle (0.3mm);).
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        Retroreflected energy as a function of normalized frequency Λ/λ at an incident angle of approximately ϑ

i
 ≈ 45° for a selection of surfaces obtained from free-field simulations.
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        Bidirectional scattering coefficients for singular objects obtained from free-field measurements in the 16 kHz octave band for an effective area of 0.4778 m2. The incident direction is marked by a red dot, and the cross marks the specular reflection.

      

    

  
    
      Table 1. 

      Properties of all surfaces in the database including the control surfaces (0–2) and the extension (3–28).

      
        


	ID
	Scale
	Λ
x
 [mm]
	Λ
y
 [mm]
	
h
struct [mm]
	Symmetry
	Location
	Name – Description





	Regular surfaces



	0
	1
	Flat
	0
	rot
	A, S, V
	Reference – Flat reference




	1
	1
	70.8
	0
	20.4
	
x, y

	A, S, V
	Sine – 1D-sinusoidal control surface




	2
	1
	84.3
	84.3
	48
	
x, y

	A, S, V
	Square – 2D-rectangular control surface




	3
	1
	Random
	48
	
y

	S
	mls – 1D MLS diffusor




	4
	1
	59.8
	52.8
	48
	
y

	S
	pins2d – Periodically distributed parallelepipeds in 2 dimensions




	5
	1
	59.8
	0
	48
	
y

	S
	pins1d – Periodically distributed parallelepipeds in 1 dimension




	6
	1
	135
	135
	45
	
x, y

	S
	modularWithout – Modular surface consisting of triangular prisms in periodic arrangement




	7
	1
	135
	135
	45
	
x, y

	S
	modularWith – Modular surface consisting of triangular prisms in periodic arrangement




	8
	1
	Random
	45
	–
	S
	modularCircle – Modular surface consisting of circular prisms in random arrangement




	9
	1
	Random
	40
	–
	S
	polystyreneCircle – Made of polystyrene




	10
	1
	Random
	50
	–
	S
	polystyreneClayed – Made of polystyrene with clay layer




	11
	1
	Random
	42
	–
	S
	polystyreneTriangle – Made of polystyrene




	12
	1
	Random
	50
	–
	S
	polystyreneClayedWood – Made of polystyrene with clay layer




	13
	1
	Random
	48
	–
	S, V
	
L – Random arrangement of L-shaped blocks




	16
	4
	65
	0
	12.5
	
y

	A, V
	Saw – Cladding of facade 1 [10, 37]




	17
	1
	1.3
	73
	5
	
x, y

	A, V
	Small – Cladding of facade 2 [10, 37]




	18
	40
	75
	0
	50
	
y

	A, V
	vorsprung – Bay division of facade 2 [10, 37]




	19
	10
	114
	72
	49.8
	
x, y

	V
	Tables – Typical table arrangement in a class/seminar room




	20
	1
	80
	0
	400
	
x, y

	V
	Triangle – Retroreflective triangular surface




	21
	3
	80
	0
	40
	
x, y

	V
	Bras – 1D-rectangular surface as used in BRAS [36]




	22
	18
	75.2
	170
	16.4
	
x, y

	V
	ihtaFacade – IHTA facade in IHTApark [38]




	23
	20
	236
	152
	14
	
y

	V
	blbFacade – BLB facade in IHTApark [38]




	24
	17.7
	80
	169.7
	40
	
x, y

	V
	Ainsworth – Ainsworth facade in Sydney [7]




	25
	1
	80
	0
	23.1
	
x, y

	V
	qrd – 1D QRD diffusor N = 7



	26
	1
	Random
	20
	
x, y

	V
	rand – Random hemispheres r = 2 cm on a flat baseplate (50% coverage) [39]




	27
	10
	80
	0
	24
	
x, y

	V
	scaleMeasurementRect – Facade one, used in small scale measurements




	28
	4.5
	80
	0
	24.0
	
x, y

	V
	scaleMeasurementTriangle – Facade two, used in small scale measurements




	Singular objects



	14
	1
	Singular
	32.5
	rot
	S
	sphericalCap – Spherical cap, with a radius of 2.15 m



	15
	1
	Singular
	0
	–
	S
	Spiral – Spiral-based vortex diffuser [40]
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