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Acoustic numerical models facilitate sound field prediction in challenging real-world scenarios, such as 
environments with non-uniform sound absorption distribution. The accuracy of their results strongly depends on 
the reliability of boundary conditions required as input data. Research has largely covered analytical models of 
pressure-based boundary conditions for wave-based simulation techniques. However, accessible lists of frequency

dependent acoustic impedances remain limited compared to the energy-based datasets widely available in the 
literature. Consequently, random-incidence absorption coefficients are often converted into complex surface 
impedances through non-unique processes. This work explores the potential discrepancies between the input 
data of a wave-based finite-element model (hybridized with ray-tracing), and the energy-based coefficients 
employed in analytical predictions and geometrical acoustics simulations. The 3D model of an existing rectangular 
space with a highly sound-absorbing surface (the ceiling) is a suitable test environment for this investigation. 
Room criteria obtained with infield acoustic measurements, i.e., reverberation time and speech clarity, are 
the experimental reference data throughout the work. Focusing on the air-backed sound-absorbing tiles at the 
suspended ceiling, results reveal gaps in input data, suggesting a potential percentage of discrepancies between 
the analytical formula and numerical models’ input data up to 25% at low-mid frequencies (125 Hz - 250 Hz -
500 Hz).

1. Introduction

The reliability of boundary conditions is essential for achieving ac

curate results during the acoustic design process. Nowadays, engineers, 
architects, acousticians, and researchers benefit from extensive collec

tions and available datasets of random-incidence sound absorption coef

ficients [1,2]. ISO 354 and ASTM C423 standards are the internationally 
recognized procedures to characterize products’ acoustic performance 
in reverberation chambers [3,4], notwithstanding reproducibility and 
uncertainty issues [5--8]. Sabine and Eyring’s analytical formulas em

ploy sound absorption coefficients to predict the reverberation time on 
uniform absorption and diffuse sound field assumptions [9,10]. Further 
formulas predict reverberation in spaces with non-uniform distribution 
considering the absorption in the room’s three dimensions [11--13]. The 
geometrical acoustics (GA) modeling techniques help simulate acoustic 
fields in real-world scenarios with non-diffuse sound fields employing 
sound absorption and scattering coefficients [14,15]. As part of the 
GA-based approaches and originally developed in the ’60s for large per

formance spaces [16,17], ray-tracing methods are now widely applied 
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to everyday-life spaces, such as learning and working environments 
[18,19].

In recent decades, wave-based (WB) models have become a numer

ical tool increasingly adopted for room acoustic simulations [20--23]. 
Wave-based simulations were previously used for low-frequency anal

ysis and small rooms due to their inherent high computational costs. 
Optimized codes and parallel computation through Graphics Processing 
Units (GPUs) have mitigated such drawbacks, facilitating their use for 
higher frequencies and larger volumes [24,25]. Wave-based approaches, 
such as finite-element, boundary-element, and finite-difference meth

ods, necessitate the specification of the surface acoustic impedance to 
model the interaction of the sound field with the acoustic boundary 
[26--28]. Despite the growing applications of WB simulations in room 
acoustics, the availability of pressure-based quantities, such as complex 
acoustic impedances or reflection factors, still remains an active area 
of research [29--31]. Consequently, using WB models as acoustic design 
tools often involves converting the widely available energy-based quan

tities into acoustic impedances. Even though this conversion process 
inevitably yields non-unique solutions, scholars proposed and validated 
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robust methods to convert random incidence sound absorption coeffi

cients to complex surface impedances, using prior information about the 
absorber model as constraints [32]. The practical implications of such 
retrieving processes need further investigation, especially when con

sidering commercial products’ technical data or composite non-trivial 
materials. In those cases, the available information on the materials’ 
acoustic performance involves 𝛼 measured through ISO 354 or ASTM 
C423. Deriving the required adjustments of sound absorption coeffi

cients depending on the material model involved is crucial for accurate 
room criteria predictions.

Previous works by the authors explored this aspect in large com

plex geometries using finite-difference time-domain [33,34] or finite

element methods [35] hybridized with ray-based solvers. In some of 
these works, the focus was on material properties assigned to critical 
groups of surfaces, i.e., those constituting the theatre boxes and the 
upholstered seats’ rows in the stalls. The main findings highlighted a 
variation up to 45% at low frequencies from the energy parameters as

signed to the surfaces in GA simulations to those employed to retrieve 
the acoustic admittances used in WB simulation [36].

The present investigation attempts to quantify to what extent the 
available 𝛼 coefficients of sound-absorbing ceilings could need correc

tions to obtain the boundary conditions for hybrid wave/ray-based sim

ulations. This work focuses on the differences in input data between a 
hybrid wave/ray-based engine and two conventional prediction tools: 
the Sabine formula and a state-of-the-art geometrical acoustics model. 
A mid-sized room with acoustic treatments at the ceiling was chosen for 
the intended analysis. Its frequency-dependent reverberation time val

ues were analytically predicted through EN 12354-6 formula, simulated 
with GA and hybrid models, and measured through infield acoustic 
campaigns according to ISO 3382-2.

This article is organized as follows. Section 2 gives a brief overview 
of the background theory on room boundaries. Section 3 describes the 
analytical formula employed to predict reverberation time, the infield 
acoustic measurements, and the numerical models used in the present 
work. Section 4 presents the main outcomes regarding input data dis

crepancies among the different methods. Finally, Section 5 outlines the 
main conclusions of this study, along with its inherent limitations. The 
current paper is intended to continue and expand the outcomes pre

sented in [36].

2. Room boundaries: theoretical background

In the general case of a boundary hit by a sound wave, 𝑅 is the ratio 
of the reflected pressure, 𝑝𝑟, to the incident pressure, 𝑝𝑖:

𝑅 =
𝑝𝑟

𝑝𝑖
= |𝑅|𝑒𝑖𝜒 (1)

where |𝑅| represents the magnitude and 𝜒 denotes the phase of the re

flected sound wave. The reflection factor 𝑅 completely characterizes 
a surface’s acoustic performance in terms of incidence angle and fre

quency. The complex specific acoustic impedance is the ratio of the 
sound pressure at the surface, 𝑝, to the normal component of the particle 
velocity, 𝑣𝑛, at the incidence point:

𝑍 = 𝑝 
𝑣𝑛

. (2)

The normalized specific acoustic impedance is written as 𝜁 = 𝑍∕𝜌0𝑐0, 
where 𝜌0𝑐0 is the characteristic acoustic impedance of the air (≃
415 kg∕m2s at 20 ◦C), and its inverse value is defined as the admittance 
𝛾 = 1∕𝜁 .

For plane waves incident on infinite surfaces, the relation between 
the absorbed energy and the incident energy is given by

𝛼 = 1 − |𝑅|2, (3)

where 𝛼 is the sound absorption coefficient (the fraction of intensity lost 
during reflection). In case of normal-incident wave (𝜃 = 0):

𝑅 =
𝑍𝑠 − 𝜌0𝑐0
𝑍𝑠 + 𝜌0𝑐0

= 𝜁 − 1
𝜁 + 1

, (4)

and consequently:

𝛼(𝜁) = 4Re(𝜁) 
|𝜁 |2 + 2Re(𝜁) + 1

. (5)

Handling wave-based numerical models may require the conversion 
from 𝛼 to 𝑅 (or 𝑍 , 𝜁 , 𝛾) due to the lack of extensive datasets of complex 
boundary conditions. Previous studies developed a general impedance 
model based on a damped oscillator to retrieve theoretical surface 
impedances using existing data [32,37]. Such an inverse method was 
created to convert absorption coefficients from reverberation chambers 
into surface impedances by solving a constrained optimization prob

lem. Further research presented a method for estimating the impedance 
of common materials at low frequencies, incorporating local reaction 
assumption and determining the amplitude and phase of the complex 
pressure reflection factor [38]. Despite the inherent non-uniqueness of 
the process, researchers agree on combining input absorption coeffi

cients with the prior information on the absorbing behavior of interest.

While converting absorption coefficients to surface impedances, the 
optimization problem can be generally expressed as:

𝐹 (𝜁) = |𝛼𝛾𝑒𝑞 − 𝛼𝑖𝑛𝑝𝑢𝑡|2, (6)

where 𝐹 (𝜁) is the optimization function, 𝛼𝛾𝑒𝑞 is the absorption coeffi

cient corresponding to 𝜁 , and 𝛼𝑖𝑛𝑝𝑢𝑡 is the absorption coefficient pro

vided as input data. The goal is to minimize the optimization function 
utilizing the restrictions provided by the absorber’s analytical model.

3. Method

3.1. The case study

The environment examined is a secondary school classroom hosting 
up to 25 students in a volume of 159 m3. The room has a parallelepiped 
shape and is furnished with closets, wooden chairs, and desks. The floor 
is entirely uncarpeted. The main characteristics of the room are outlined 
in Table 1. 

Table 1
Features of the room selected as a test environment 
for the study.

Room features 
Room’s volume 𝑉 = 159 m3

Ceiling surface 𝑆𝑐𝑒𝑖𝑙𝑖𝑛𝑔 = 53 m2

Room’s height 𝐻 = 3 m 
Maximum occupancy 𝑁 = 25
Seating area’s furniture Wooden chairs and desks 
Extra furniture Closets 
Carpet (yes/no) no 

As ceiling materials are crucial for controlling room acoustic param

eters and intelligibility, the focus is on ceiling absorption properties 
[39--41]. In the classroom under study, a heterogeneous configuration 
at the ceiling combines two materials, described hereafter.

• Material 1: perforated gypsum board

Perforation percentage: 18%

Thickness: 8 mm

Weight: 7.5 kg/m2

Placement: at the center of the ceiling (∼ 45% of the total available 
surface)

Acoustic performance: significant absorbing properties at 250 Hz, 
500 Hz, and 1000 Hz (𝛼 > 0.8)

• Material 2: high-density rock wool

Density: 70 kg/m3

Thickness: 22 mm



Applied Acoustics 240 (2025) 110933

3

G. Fratoni and D. D’Orazio 

Fig. 1. Ceiling layout: Material 1 at the center (∼ 45% of the total available 
surface) and Material 2 at the perimeter band (∼ 55% of the total available 
surface).

Placement: at the perimeter band of the ceiling (∼ 55% of the total 
available surface)

Acoustic performance: significant absorbing properties from 250 Hz 
to 4000 Hz (𝛼 > 0.8)

Fig. 1 shows the layout of the acoustic treatments installed on the ceil

ing, inspired by standards and existing research [42--45]. The sound 
absorption coefficients of the ceiling tiles were measured in the reverber

ation chamber (280 m3) of the Applied Acoustics Group at the University 
of Bologna following the procedures outlined in ISO 354. During the first 
step of ISO 354 measurements (without the specimen), an empty frame 
with a steel grid arranged for 36 tiles (0.60 m x 0.60 m each) and a 10 cm 
air gap behind was placed on the reverberation room’s floor. Even with 
such a frame, the laboratory’s equivalent absorption area of the empty 
room (𝐴1) was in the required ranges in each third-octave band from 
100 Hz to 5000 Hz (see Table 1 in Ref. [3]). Then, each specimen was in

stalled on the frame for an overall area equal to 10.8 m2. The specimen 
was placed at the center of the reverberant room’s floor, avoiding any 
edges parallel to the walls. The thermo-hygrometric conditions during 
the measurements were: temperature of 21.6 ◦C, and relative humid

ity 48.1%. More details about these measurements are presented in the 
Ref. [46].

3.2. Analytical predictions

In line with common practice for the ordinary rooms’ acoustic de

sign, the Sabine prediction formula has been adopted to calculate the 
reverberation time 𝑇 [47]:

𝑇 = 55.3
𝑐0

𝑉

𝐴 
(s), (7)

where 𝑐0 is the speed of sound in air (m/s), 𝑉 is the room’s volume 
(m3), and 𝐴 is the total equivalent sound absorption area (m2). This 
latter quantity is expressed as:

𝐴 =
𝑛 ∑

𝑖=1 
𝛼𝑖𝑆𝑖 +

𝑜 ∑
𝑖=𝑗 

𝐴𝑜𝑏𝑗,𝑗 (m2), (8)

where 𝑛 is the number of surfaces, 𝛼𝑖 is the absorption coefficient of 
the 𝑖-th surface, 𝑆𝑖 is the area of the 𝑖-th surface (m2), 𝑜 is the number 
of objects, and 𝐴𝑜𝑏𝑗,𝑗 is the equivalent absorption area (m2) of the 𝑗-th 
object. These input data are generally taken from datasets provided by 
national and international standards, scientific literature, and product 
datasets. 

Table 2 provides 𝛼 and 𝐴𝑜𝑏𝑗 values used in the analytical formula for 
the case under study: the former used for surfaces, such as floor, walls, 
windows, closets, and ceiling tiles, while the latter for chairs/desks and 
the occupancy. The predicted 𝑇 values in octave bands in unoccupied 
conditions allow for calculating the speech clarity, 𝐶50 . The analytical 

Fig. 2. View of the room selected as a test environment for the study. Dimen

sional features are provided in Table 1.

𝐶50 values were obtained using the Revised theory by Barron and Lee 
[48,49]:

𝐶50 = 10 log

100
𝑟2

+ 31200 𝑇
𝑉
𝑒−0.04𝑟∕𝑇 (1 − 𝑒−0.691∕𝑇 )

31200 𝑇
𝑉
𝑒−0.04𝑟∕𝑇 𝑒−0.691∕𝑇

(dB), (9)

where 𝑟 is the source-receiver distance (m), 𝑇 is the reverberation time 
(s), and 𝑉 is the volume of the room (m3).

3.3. Infield acoustic measurements

The authors conducted acoustic measurements in furnished and un

occupied conditions, in compliance with ISO 3382 [50]. The measure

ment setup included a custom dodecahedron, a monaural half-inch free

field microphone, and a laptop to manage exponential sine sweep signals 
(512 k samples at 48 kHz) using the software Dirac (B&K, Version 6). 
Dirac was also used to export room criteria of interest: the reverberation 
time 𝑇20 and the early-to-late ratio 𝐶50. The sound source was posi

tioned at the teacher’s usual location, while nine receivers were evenly 
distributed throughout the seating area. The receivers were all placed at 
the same height, i.e., 1.2 meters above the floor level, as recommended 
by ISO 3382. The maximum and minimum distance to the sound source 
(teacher’s central position) are 5.6 meters and 1.4 meters, respectively. 
All the receivers were kept at a minimum distance to walls of 1.2 meters. 
Fig. 2 shows a view of the classroom during the acoustic measurements.

3.4. 3D models parallel calibration

Two 3D models of the classroom were created using Sketchup soft

ware: the first for GA simulations and the second for hybrid wave/ray

based simulations. As depicted in Fig. 3, a general reduction of model 
complexity has been carried out in both models according to the best 
practice guidelines [51,52]. Details smaller than 0.2 m were excluded 
from both models. The layers subdivision within both 3D models in

cludes floor, walls, windows, seats, closets, and acoustic treatments at 
the ceiling (Material 1 and Material 2).

The main difference between the models is the 3D modeling of each 
desk-chair pair:

• single boxes (0.4 m x 0.4 m x 0.8 m each) for GA simulations, ac

cording to the software manual [53];

• double 2D face for each piece of furnishings for hybrid wave/ray

based simulations, according to the software manual [54].

Moreover, the second model can feature higher levels of detail de

pending on the chosen transition frequency between the DGFEM and 
ray-radiosity engines. Therefore, closets were modeled as a single box

shaped object in the first model and as three single boxes (corresponding 
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Table 2
Sound absorption coefficients, 𝛼, and equivalent absorption areas, 𝐴𝑜𝑏𝑗 , used to predict the reverber

ation time with the analytical formula (see Eq. (8)). Data are provided by literature and standards 
[1,2,43].

Surface (m2) 𝛼

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 
Floor (tiles) 53 0.01 0.01 0.02 0.02 0.02 0.02 
Walls (gypsumboard) 60 0.10 0.04 0.04 0.04 0.04 0.04 
Windows (glass) 11 0.08 0.04 0.03 0.03 0.03 0.03 
Closets (wood) 9 0.02 0.02 0.03 0.04 0.04 0.05 
Material 1 20a 0.31 0.72 0.85 0.72 0.59 0.54 
Material 2 25a 0.37 0.82 0.84 0.82 0.79 0.71 

n. 𝐴𝑜𝑏𝑗 (m2) 
125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 

Chairs (wood) 25 0.02 0.02 0.02 0.04 0.04 0.03 
Occupancy 20b 0.10 0.15 0.35 0.50 0.50 0.55 
a Considering 85% of the available ceiling surface.
b Considering 80% of the maximum occupancy for active conditions [42,43].

Fig. 3. View of the 3D models employed for GA simulations (left) and hybrid DGFEM/GA simulations (right). Layers subdivision, sound source and receiver locations 
are also shown (Sketchup software).

to the three actual closets) in the second model. Then, windows and 
doors were modeled as indentations into the surfaces only within the 
second model (see Fig. 3). In both 3D models, the virtual sound source 
and receivers were placed at the same positions as during the measure

ment campaign.

The first 3D Sketchup model of the room was imported into the GA 
software Odeon Room Acoustics with the corresponding plug-in [55]. 
Odeon’s algorithm employs the image source method (ISM) up to a cer

tain reflection order and a statistic ray tracing for a higher order of 
reflections. Given the limited number of surfaces, the transition order 
(TO) value was set equal to 2 according to the manual’s guidelines. For 
the statistical ray-tracing approach, the authors set 20,000 late rays, 
while for the whole impulse response, it was a length of 1600 ms. The 
material properties, i.e., sound absorption (𝛼) and scattering (𝑠) coeffi

cients, were assigned to all the surfaces grouped by material.

The second 3D Sketchup model of the room was imported into a 
hybrid wave/ray-based simulator with the specific plug-in. This model 
uses the time-domain discontinuous Galerkin finite-element method 
(DGFEM) combined with a ray-tracing algorithm for high frequencies 
analysis [56]. The WB engine of this hybrid room acoustic simulator 
directly solves the wave equation using the finite element method and 
iteratively computes the solution by time and space discretizations [24]. 
The discontinuous Galerkin method is handled with parallel comput

ing clusters and GPUs. At high frequencies, the GA engine combines a 
pressure-based Image Source Method (ISM) for the initial reflections and 
a Ray-Radiosity (RR) method for the successive reflections and the scat

tered energy from the first reflections. The energy histograms generated 
by the RR method are then processed into an impulse response com

bined with the ISM output to produce the ray-based impulse response. 
Then, the DGFEM/GA hybridization process occurs in the frequency do

main according to a cross-over frequency chosen by the user. In this 
case, the transition frequency (TF) was set to 500 Hz to handle the fre

quency range up to four times the room’s Schroeder frequency (around 
125 Hz) with the wave-based model. The energy decay threshold was set 
at 35 dB, allowing for an impulse response length of up to 1.6 seconds. 
In the ray-based model at higher frequencies, the number of radiosity 
rays was set to 20,000, and the image source order was set to 2. Besides 
the dependence on the volume 𝑉 , the simulation’s computational cost 
depends on the transition frequency elevated to the power of four. With 
a volume 𝑉 = 159 m3 and a transition frequency TF=500 Hz, the time 
spent on each simulation was around 5 minutes.

The 3D model calibration process generally involves a first assign

ment of suitable coefficients to the surfaces (grouped by materials) and 
the iterative plausible adjustment until the match with the measured 
room criteria, considering a certain tolerance [57]. The tolerance ranges 
generally refer to the Just Noticeable Differences (JNDs), or their mul

tiples, of each room criterion [58,59]. 
Table 3 presents the 𝛼 and 𝑠 data used in this study at the initial 

stage of the calibration processes. The parallel calibration of the 3D 
models was conducted by changing only the ceiling material properties 
and maintaining the same input data for the rest of the surfaces, such 
as floors, gypsum board walls, and windows, whose sound absorption 
coefficients span in a more consolidated range of values in the avail

able datasets [1,2]. This approach enables the evaluation of variations 
in the boundary conditions applied to the sound-absorbing ceiling tiles. 
Indeed, while both GA models directly employ 𝛼 and 𝑠 data, the energy

based coefficients have been converted into complex reflection factors 
through the embedded process described in Section 2 for the wave-based 
part of the hybrid model. In this process, the absorber models assigned to 
Material 1 and 2 were the ``perforated panels'' and ``porous'' embedded 
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Table 3
Sound absorption coefficients, 𝛼, and scattering coefficients, 𝑠, used as input data for the GA 
software (Odeon) and the GA engine of the hybrid DGFEM/GA room acoustics simulator (Treble). 
The DGFEM solver uses the estimated materials’ frequency-dependent complex reflection factors 
derived from the presented sound absorption coefficients (see Section 2).

GA simulations input data 
𝛼 𝑠

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 
Floor (tiles) 0.01 0.01 0.02 0.02 0.02 0.02 0.02 
Walls (gypsumboard) 0.10 0.04 0.04 0.04 0.04 0.04 0.05 
Windows (glass) 0.08 0.04 0.03 0.03 0.03 0.03 0.02 
Closets (wood) 0.02 0.02 0.03 0.04 0.04 0.05 0.10 
Chairs/desks (wood) 0.04 0.08 0.20 0.22 0.16 0.12 0.30

Material 1 - Initial 0.26 0.61 0.72 0.61 0.50 0.46 0.05 
Material 2 - Initial 0.32 0.70 0.72 0.70 0.67 0.60 0.02 

Hybrid DGFEM/GA simulations input dataa

𝛼 𝑠

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 
Floor (tiles) 0.01 0.01 0.02 0.02 0.02 0.02 0.10b

Walls (gypsumboard) 0.10 0.04 0.04 0.04 0.04 0.04 0.20b

Windows (glass) 0.08 0.04 0.03 0.03 0.03 0.03 0.10b

Closets (wood) 0.02 0.02 0.03 0.04 0.04 0.05 0.40b

Chairs/desks (wood) 0.04 0.08 0.20 0.22 0.16 0.12 0.70b

Material 1 - Initial 0.29 0.61 0.71 0.66 0.55 0.46 0.30b

Material 2 - Initial 0.36 0.68 0.72 0.71 0.69 0.60 0.30b

a Frequency-dependent complex reflection factors are derived for the DGFEM engine.
b Scattering coefficients in the GA engine (500 - 1000 - 2000 Hz).

models, respectively. Then, the function of Eq. (6) was minimized ac

cordingly. Indeed, the scattering coefficients are assigned to surfaces of 
GA simulations and the ray-radiosity solver of the hybrid simulator. Both 
the GA engines accept a single-value 𝑠, so that the scattering value is 
automatically extrapolated to generate a scattering coefficient for each 
octave band by the algorithms [53,54]. However, Odeon’s algorithm 
combines the user-chosen coefficients and calculations with extra scat

tering from the size of the surface and distance to the source to obtain 
the total scattered energy from surfaces. Therefore, the guidelines of the 
distinct software suggest different 𝑠 coefficients for various materials. 
For instance, Treble’s guidelines recommend avoiding 𝑠 < 0.10, while 
Odeon’s manual suggests 𝑠 = 0.02 − 0.05 for smooth surfaces. Simula

tions were run twice for each iteration, according to the state-of-the-art 
procedure [60,61,57].

The measured frequency-dependent 𝑇20 values served as the target 
reference for calibration. The calibration criterion for the 3D model was 
established by maintaining the discrepancies between measured and 
simulated 𝑇20 values within 10% of the measured values [59].

4. Results and discussions

This section outlines the outcomes of the 3D models’ calibration, fo

cusing on the average reverberation time across various frequencies. 
Then, the focus is on the necessary changes in the sound-absorbing 
characteristics of Material 1 and Material 2 throughout the procedures, 
specifically from the initial setup (pre-calibration) to the ultimate setup 
(post-calibration). The calibration has been achieved considering the av

erage 𝑇20,𝑜𝑐𝑐 over the 9 receivers evenly distributed across the seating 
area (see Fig. 3). The authors considered the occupied state to account 
for the acoustic conditions in active real-use scenarios. For the same 
reason, some National Standards define the 𝑇 requirements in occupied 
conditions [42,43]. The acoustic contribution of occupancy has been 
analytically integrated into all datasets, beginning with unoccupied con

ditions (𝑇𝑖𝑛𝑜𝑐𝑐 ), based on the following expression:

𝑇𝑜𝑐𝑐 =
𝑇𝑖𝑛𝑜𝑐𝑐

1 +
Δ𝐴𝑝𝑒𝑟𝑠𝑇𝑖𝑛𝑜𝑐𝑐

0.16𝑉 

(s), (10)

where the student’s contribution to the equivalent absorption area, 
Δ𝐴𝑝𝑒𝑟𝑠, is provided in Table 2 for each octave band [43]. In the present 
case study 20 students have been considered, corresponding to 80% of 
the maximum occupancy, as required by DIN 18041 and UNI 11532-2. 
Table 4 provides:

• the measured average reverberation time in unoccupied conditions, 
𝑇20,𝑢𝑛𝑜𝑐𝑐 , obtained through the acoustic measurements campaign 
described in Section 3.3,

• the average reverberation time in occupied conditions, 𝑇20,𝑜𝑐𝑐 de

rived from measurements, analytical formula (see Eq. (7)), and both 
numerical models (initial and final values) through Eq. (10).

Data provided in Table 4 (occupied state) can be visualized in the 
first two panels of Fig. 4. The first panel of Fig. 4 depicts the reverber

ation time across the frequencies before the calibration: the black line 
represents the measured values, the gray line corresponds to the ana

lytical values, the orange line denotes the calibrated GA model, and the 
blue line indicates the calibrated hybrid DGFEM/GA model. The initial 
prediction through the analytical formula returns lower values than the 
measured one in all the octave bands, as expected. Instead, the main 
discrepancies between experimental and numerical values are at 125 
Hz and 250 Hz. The second panel in Fig. 4 shows the final setup of all 
the prediction models against the same measured 𝑇20,𝑜𝑐𝑐 . Most of the 
discrepancies between measured and simulated 𝑇20 values (70%) are 
below 5% of the measured values, while all the differences are below 
10% of the measured values for each octave band [59].

The calibration was validated considering the spatial distribution of 
speech clarity at 250 Hz (𝐶50,250 Hz). As the early-to-late ratio varies 
throughout the space, the trend of the speech clarity moving away from 
the speaker was assessed. The third and the fourth panels of Fig. 4

show the initial and the final set of measured, analytical, and simu

lated 𝐶50,250 Hz in unoccupied conditions. Values are provided against 
the source-receiver distance. Considering the mean measured value 
𝐶50,250 Hz = 1.9 dB, GA and hybrid DGFEM/GA simulations achieved 
the mean values 𝐶50,250 Hz = 1.8 dB and 𝐶50,250 Hz = 2.7 dB, respectively. 
The average has been calculated over the receiver points. Therefore, the 
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Table 4
Calibration outcomes in terms of 𝑇20,𝑢𝑛𝑜𝑐𝑐 and 𝑇20,𝑜𝑐𝑐 . The sound source is placed at the teacher’s typical 
position (see Fig. 2), and the 9 receivers distributed across the seating area.

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 
𝑇20,𝑢𝑛𝑜𝑐𝑐 Measured 1.17 0.81 0.62 0.60 0.68 0.72

𝑇20,𝑜𝑐𝑐

Measured 1.06 0.74 0.53 0.49 0.54 0.55 
Analytical 1.00 0.61 0.51 0.51 0.55 0.58 
GA (initial) 0.88 0.64 0.54 0.52 0.54 0.54 
GA (final) 1.00 0.66 0.54 0.51 0.54 0.53 
Hybrid DGFEM/GA (initial) 0.86 0.84 0.58 0.54 0.52 0.52 
Hybrid DGFEM/GA (final) 0.98 0.74 0.56 0.54 0.54 0.52 

Fig. 4. Measured (black line), analytical (gray lines), GA results (orange line), and hybrid DGFEM/GA results (blue line) at the initial and final step of the calibrations. 
Reverberation time in occupied conditions 𝑇20,𝑜𝑐𝑐 against the frequency in octave bands (top) and 𝐶50,250,Hz in unoccupied state versus the source-receiver distance 
(bottom). The transition frequency (TF) at 500 Hz is also highlighted.

difference between measured and simulated values is within the sound 
clarity’s JND (1 dB).

Fig. 5 and Table 5 present the 𝛼 values across octave bands result

ing for Material 1 and Material 2 in the final configuration: measured 
values (black lines), along with the input data of the analytical formula 
(gray lines), GA simulations (orange lines), and hybrid DGFEM/GA sim

ulations (blue lines). Additionally, the transition frequency between the 
DGFEM and ray radiosity approaches is indicated (TF = 500 Hz).

In the evaluation of the experimental ISO 354, results from the mea

surement uncertainties and the usual overestimation of 𝛼 values were 
considered [5,7]. The experimental data were adjusted by applying 
an average 𝛾 correction (Fig. 9b in Ref. [6]), considering the range 
0.8 < 𝛾 < 0.9 with a cautious approach. It is worth noting that these 
corrections allowed the analytical results shown in Fig. 4 to match ex

perimental 𝑇20 values. In the absence of any corrections, the predicted 
𝑇20 would have been lower than what was actually obtained (see the 
gray dashed line in the first panel of Fig. 4).

The resulting gaps between the analytical formula’s input data and 
the coefficients assigned to the numerical model’s surfaces, firstly, re

fer to the effective surface area considered in the distinct approaches. 
In real-case classrooms, ventilation and lighting fixtures always cover a 
certain percentage of ceilings, reducing the net available area for acous

tic treatments. Depending on the room’s dimensions, this percentage 
is around 15% of the entire ceiling area [46]. When calculating the 
overall 𝐴, the analytical formula directly includes 85% of the 𝑆𝑓𝑙𝑜𝑜𝑟

surface as the net available area for acoustic treatments, according to 
the acoustic design best practice. Therefore, net surfaces on the ceiling 
treated with Material 1 and Material 2 refer to 85% of the correspond

ing areas, i.e., 45% and 55%, respectively (see Table 2). On the other 
hand, the 3D digital simplified models typically avoid ventilation and 
lighting tiles’ modeling, as depicted by Fig. 3. Therefore, simulations re

quire a 𝛼 variation of 15% when assigning material properties to the 
overall surface to obtain the same total 𝐴 considered in the analytical 
formula. The second reason refers to the extra info necessary in numer

ical models in addition to the 𝛼 values. While the analytical formula’s 
assumptions include the diffuse sound field conditions (𝑠 = 1), in ray

based simulations, sound-absorbing properties are combined with the 
actual scattering coefficients. Previous research outlined higher discrep
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Fig. 5. Sound absorption coefficients in the final configuration. Black lines refer to ISO 354 measurement outcomes; gray lines refer to the input data for the analytical 
formula; orange lines refer to GA input data, and blue lines refer to the (indirect) input data of the hybrid DGFEM/GA method. The transition frequency (TF) between 
DGFEM and the ray radiosity approach is at 500 Hz..

Table 5
Measured 𝛼 (ISO 354), corrected values for analytical formulas (EN 12354-6), GA input data (Odeon), and 
hybrid DGFEM/GA input data (Treble). In the latter case, the wave-based portion of the engine employs 
the estimated materials’ frequency-dependent complex surface impedance.

𝛼

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 

Material 1
Measured (ISO 354) 0.36 0.85 1.00 0.85 0.69 0.63 
Analytical formula 0.31 0.72 0.85 0.72 0.59 0.54 
GA (final) 0.20 0.55 0.72 0.61 0.50 0.46 
Hybrid DGFEM/GA (final) 0.16 0.65 0.74 0.69 0.59 0.46

Material 2
Measured (ISO 354) 0.44 0.97 0.99 0.97 0.93 0.83 
Analytical formula 0.37 0.82 0.84 0.82 0.79 0.71 
GA (final) 0.24 0.63 0.72 0.70 0.67 0.60 
Hybrid DGFEM/GA (final) 0.36 0.68 0.72 0.71 0.69 0.61 

ancies between analytical formulas and GA simulations in classrooms 
with low scattering values, as the case under study [18].

In the octave bands centered at 125 Hz, 250 Hz, and 500 Hz, the 
input data of numerical methods (GA and hybrid DGFEM/GA) deviate 
on average by 25% from those of the analytical formula. For the octave 
bands centered at 1000 Hz, 2000 Hz, and 4000 Hz, the average devi

ation remains below 15%. As detailed in Table 5, the percentage error 
is computed as the ratio between the difference, either ``GA (final)'' or 
“Hybrid DGFEM/GA (final)'' minus the analytical formula input data, 
and the analytical formula input data, evaluated for each octave band. 
Accordingly, the mean error for the low-frequency bands (125 Hz to 
500 Hz) ranges between 18% and 25%, based on the average results for 
Material 1 and Material 2. For the higher-frequency bands (1000 Hz to 
4000 Hz), the corresponding error falls within the range of 10% to 15%. 
Moreover, a comparison of the 𝛼 values obtained from the GA and hy

brid DGFEM/GA methods, as presented in Table 5, reveals percentage 
differences of up to 18%, with an average discrepancy of 6%. Discrep

ancies at mid-high frequencies can be attributed to the different ways in 
which the scattering coefficients in the two GA approaches are handled. 
The partially random (scattered) direction can lead to slight variations 
in the resulting room criteria. For this reason, simulations are typically 
conducted two or three times for each setup.

While comparing ray-based and hybrid wave/ray-based simulations, 
the first critical issue concerns the approach to the 3D modeling phase. 
As described in Section 3.4, the pieces of furnishings have been differ

ently modeled according to the best practice guidelines of each numer

ical approach. The detail required in a hybrid wave/ray-based solver 
increases with the transition frequency. As a general guideline, the 
model can handle details down to a quarter of the transition frequency’s 
wavelength. Therefore, the two approaches potentially have different 
levels of detail, especially for the pieces of furnishings. However, the 

Fig. 6. Normal incidence reflection coefficients’ real and imaginary parts as

signed to Material 1 and 2 at the room’s ceiling in the wave-based engine of the 
hybrid model [56].

work explores the variation of boundary conditions resulting from two 
state-of-the-art simulation methods carried out according to the corre

sponding guidelines.

Moreover, there is an intrinsic uncertainty when comparing coeffi

cients directly assigned in GA simulations with the energy-based coef

ficients derived from the complex acoustic impedances assigned in WB 
simulations [32]. The DGFEM simulator adopted in the present study 
equations (ADE) at the domain’s boundaries determines a vector of re

flection coefficients that best represent the input absorption coefficients, 
considering the random incidence angles of the absorption [56]. The 
algorithm builds a continuous function to represent the reflection coeffi
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cients, as the wave-based solver requires. For instance, Fig. 6 reports the 
normal incidence reflection coefficients’ continuous functions for Mate

rial 1 and 2 installed at the room ceiling (real and imaginary parts). The 
absorption coefficients re-calculated from these continuous functions 
can slightly deviate from the 𝛼 original input values. Such deviations 
are more relevant when there is a high variance between the absorption 
coefficients in the octave bands.

Finally, the scattering coefficient as input information in GA cal

culation increases the difficulties and uncertainties while comparing 
boundary conditions of different simulation approaches. While 𝛼 values 
referred to WB models are re-calculated from pressure-based quantities, 
in GA models they are combined with the effects of scattering coeffi

cients for the room criteria calculations. As a confirmation, when the 
same absorption and scattering coefficients are used in the ray-based 
sections of both simulators, the identical input data yield negligible 
differences in reverberation time values, as observed at 2000 Hz and 
4000 Hz.

5. Conclusions

The present paper aims to support scholars and acousticians during 
the acoustic design of ordinary rooms whose sound absorption distri

bution is far from being uniform. The uncertainty behind the material 
properties is a well-known issue in room criteria predictions, and it rep

resents one of the most crucial aspects of room acoustic simulations. 
Classical analytical formula to predict room criteria relies on sound dif

fuse field and uniform absorption conditions, that are rare in real-world 
scenarios. Along with ray-based algorithms, wave-based numerical mod

els offer useful opportunities to predict under more realistic conditions. 
While GA input data have been largely assessed in literature, the practi

cal implications of converting energy-based to complex boundary con

ditions need further investigation.

Given the limited availability of pressure-based quantities datasets, 
this paper outlines potential scenarios on the boundary conditions re

quired by wave-based room acoustics simulators. The current oppor

tunity by hybrid WB/GA commercial room acoustic simulators was 
exploited to model an existing rectangular room with a common non

uniform sound-absorbing distribution (focused on the ceiling) and a 
Schroeder frequency of around 125 Hz. The emphasis is given to the 
boundary conditions assigned to the ceiling surfaces of the 3D model 
of the room, in comparison with ISO 354 measurements and input data 
of analytical and GA approaches. The DGFEM model adopted for this 
work pushed the transition frequency up to 500 Hz before switching to 
the ray-tracing part of the algorithm. The calibration of the 3D virtual 
models was achieved based on measured 𝑇20 for each octave band and 
checked through the 𝐶50,250 Hz spatial distribution. The geometries dif

fer in chair modeling in order to provide realistic 3D models adequate 
for the corresponding simulator. The final input data comparability is 
granted by using the same virtual geometry as a common starting point 
and the same room boundaries assigned to all the surfaces (floor, walls, 
windows, and furnishings) except the ceiling.

The results highlight a potential range of uncertainties for 𝛼 values 
while comparing the input data directly used in GA simulations and 
the 𝛼 corresponding to the complex acoustic impedances employed in 
DGFEM part of hybrid simulations. The outcomes suggest considering a 
potential discrepancy up to 25% at low-mid frequencies and up to 15% 
at mid-high frequencies.

Although challenging to simulate, the present scenario could also 
serve as a starting point for comparing room acoustic simulation tech

nologies. The apparent simplicity of the test environment highlights the 
need for accurate input data to describe surface properties. The same 
analysis should be addressed in further test environments to expand 
the outcomes and find more accurate recommendations while handling 
room boundaries in wave-based simulations. Acousticians and schol

ars would benefit from the systematic comparison between wave-based 
models’ boundary conditions and random incidence sound absorption 

coefficients typically employed in analytical formulas and state-of-the

art ray-based simulations.
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