
 Eindhoven University of Technology

MASTER

Implementation of the diffusion equation model for irregularly shaped rooms using the finite
difference method

van der Wilt, M.C.

Award date:
2017

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/d4396a72-d74a-4176-a391-9c1c36b45438


 1  

 

  



   

  



   

 
 III  

  



   

 



   

 
 V  

Summary 

The diffusion equation model can be applied to predict the acoustic field of rooms. 
However, this model is limited to situations where the acoustic field is dominated by diffuse 
reflections and to frequencies where a substantial amount of modes is present. The 
numerical solution of the diffusion equation model is characterized by a low computational 
power and ease of implementation. Due to this low required computational power the 
diffusion equation model is a good alternative for geometrical acoustic models. The 
diffusion equation model is considered to be capable of handling arbitrary shaped rooms 
when using the mixed boundary condition. However, all studies found in literature are 
limited to regularly shaped rooms with a cubical, long, or flat configuration. In reality more 
complex geometries appear; in this work referred to as irregularly shaped rooms. An 
irregularly shaped room is defined as a room with one or more non-parallel opposing 
aligned walls, or a room where after voxelization at least one convex corner appears.  
 
In this research the diffusion equation model is implemented for irregularly shaped rooms 
using an in-house code as is especially designed for this research using Matlab. This in-
house code solves the diffusion equation model numerically by the use of the finite 
difference method (FDM). The FDM uses a Dufort-Frankel scheme for interior nodes and 
upwind scheme for boundary nodes. All FDM simulations are using an equidistant 
conformal voxelized mesh. The main challenges within this in-house code is solving convex 
corners. In this research convex corners are solved using 27 combinations between interior 
and boundary nodes. The quality of the in-house code is determined by the use of a 
verification and validation study.    
 
The verification of the in-house code concerns a numerical comparison between FDM, using 
the in-house code, and finite element method (FEM), using commercial software. The 
room, used for this verification study, has the shape of an octahedron as this is an extreme 
shape containing a large number of convex corners. Both numerical models, FDM and FEM, 
are using the same model (diffusion equation model), input parameters and shape of the 
volumetric domain. Small differences, within the range of  [1.4 % ≤ θnum ≤ 3.4 %], appear 
between both numerical models (FDM and FEM). Differences below [θnum < 5%] are 
considered to be non-significant. Besides, it is concluded that the differences between FDM 
and FEM decrease when the discretisation in space, as applied in the FDM, gets smaller. 
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In the first part of the validation study the shape of an octahedron is determined by 
elements as are characteristic for a non-equidistant conformal tetrahedral mesh. This is in 
strong contrast to a voxelized based geometry, where all spatial features of a room are 
limited to longitudinal, lateral and vertical steps in space. The tetrahedral based geometry 
has a closer resemblance to the smooth shape and is therefore considered to result in an 
approximation with a higher accuracy. Large differences [𝜃 > 10 %] appear between the 
result of both numerical methods. An adjustment coefficient for the surface area is applied 
to ensure that the absorbing area of all geometries is the same. The differences between 
FDM and FEM can be decreased by using an adjustment coefficient for the absorbing area. 
Despite this correction factor significant differences appear [θnum ≥ 5 %]. It is expected 
that this difference is caused by the difference in volume between the voxelized based 
geometry and tetrahedral based geometry.  
 
The second part of the validation study is related to a comparison between numerical 
results and measurements of an irregularly shaped room. This irregularly shaped room is 
approximated by the FDM using the in-house code. Based on these results it is concluded 
that the diffusion equation model gives an accurate representation of the considered room. 
The obtained differences between measurements and numerical results are considered to 
be non-significant [θmeas ≤ 5 %] if a geometrical specified absorption coefficient is applied. 
A geometrical specified absorption coefficient is an absorption coefficient that is 
determined based on the volume and surface area of the volumetric domain as used for the 
approximation.   
 
Based on the results of the validation study, it is concluded that the diffusion equation 
model is capable of predicting the reverberation time of an irregularly shaped rooms within 
the set limit of the JND. Note that, based on the results as presented in this research, there 
is not enough evidence to conclude that the diffusion equation model is capable of 
approximating all irregularly shaped rooms. Further research is required to draw this 
conclusion. However, such further research is out of the scope of this research.  
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1 Introduction 

As humans we evaluate our environment on different aspects. One of these aspects is its 
acoustic quality [1,2]. A good acoustic quality provides an acoustic environment that is 
suitable for the intended activity [3,4]. An insufficient acoustic quality can influence the 
health and wellbeing of humans in a negative manner [5–7]. The acoustic quality of an 
environment can be improved by altering the acoustic properties of an environment. For 
effective adjustment of the acoustic properties knowledge of the acoustic field is required. 
This applies both to existing buildings and to buildings that are still in the design phase. 
Knowledge of the acoustic quality of the environment can be obtained by acoustic 
modelling [8]. Which is used to duplicate or predict the acoustic properties of an 
environment [9]. There are three different categories of acoustic models, namely: statistical 
models, scale models, and computational models [8]. Statistical models can predict a 
number of characteristics with just a limited amount of information [10]. Statistical models 
are in general based on the principle of a theoretical perfect diffuse field [11,12]. In a 
perfect theoretical diffuse field an infinite number of plane waves with random phases in all 
directions are added [13]. Based on the assumption of the theoretical perfect diffuse field 
the same energy density appears at every location of the environment [11]. In reality a 
perfect theoretical diffuse field does not appear. The diffusivity of an acoustic field is 
affected by the distance to the wall, distribution of sound absorption, shape of the room, 
and distance to the source [13]. Based on the assumption of a perfect theoretical diffuse 
field, statistical methods are limited to rough estimations [14]. Scale models can be used to 
predict the sound field of an environment. The disadvantage of scale models is that the 
material properties, such as the absorption coefficient and scattering coefficient, are not 
similar to reality. Besides, the influence of air absorption in scale models is high in contrast 
to reality. Both, the material properties and attention of sound in air can be partly 
compensated [8,15,16].   
 
Computational models are a faster and cheaper alternative for scale models and a more 
accurate alternative for statistical models [15]. Multiple computational models are 
developed to approximate the acoustic properties of an environment. Each of these models 
has its strengths and weaknesses [17]. Whether a specific model can be used, depends on 
the properties of the room and the frequency domain that is analysed. In literature three 
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categories of computational models are distinguished, namely: wave-based methods, 
geometrical acoustics methods, and diffusion equation modelling [18]. In wave-based 
methods the wave equation is used to determine the acoustic field in the domain [19]. 
Because the wave equation is used all sound propagation phenomena, such as diffraction or 
interference, are included [14]. Besides that, in general a minimum of six elements is 
required per wavelength [20,21]. Therefore a denser grid is required for higher frequencies 
resulting in a larger computational power. Simulations as conducted by wave-based 
methods are therefore limited to frequencies with a large wavelengths and rooms with 
small dimensions [10,14]. The results as obtained by wave-based methods are highly 
detailed. This level of detail requires a relatively large computational power. Energy-based 
models, such as geometrical methods and the diffuse field methods, are both neglecting 
the wave nature of sound, these models are limited to the energy present in rays or 
particles [14]. As a result of this assumption the required computational power is limited, 
leading to a faster solution [14]. The wave nature of sound can only be neglected in 
situations with a sufficient density of modes. The number of modes is considered to be 
sufficient when there are at least three nodes in a given half-power bandwidth. A three-fold 
modal overlap is considered to be present for frequencies above the Schroeder frequency 
[12,22]. A sufficient density of modes is present as the dimensions of a room are large 
compared to the wavelength and if broadband frequency domain is considered [19].  
 
To predict the acoustics of a full frequency domain, wave-based methods are required for 
frequencies where the density of modes is low, and for situations where the influence of 
diffraction or interference is sufficient. These situations do mainly appear in small rooms 
and at low frequencies. For situations where the wave nature of sound has limited 
influence, energy-based models are more suitable in terms of the required computational 
force. These situations do mainly appear in large rooms and at high frequencies [18,19].   
 
It is considered that the influence caused by the wave-nature of sound is negligible when an 
sufficient amount of modes is present. Currently it is unknown to what extent the wave-
nature of sound will influence the results obtained by auralization. Auralization is the 
process in which the primary sound signal is processed in an audible result [23]. The 
influence of diffraction on auralization is studied by the use of geometrical models [24,25]. 
In these studies geometrical models are combined with extensions including diffraction 
[26–30]. It should be noted that these extensions are only capable of handling diffraction to 
a certain degree [31]. Substantial research is required to define if the influence of the wave-
phenomena is audible and should be included in auralization. The auralization of rooms is 
out of the scope of this research. 
 
In literature is described that the diffusion equation model can be considered as a 
geometrical acoustic model [14,32]. Geometrical acoustic models are based on the principle 
of rays [31]. Each ray represents a small fraction of the spherical wave propagating through 
an enclosure with a well-defined direction [33]. Examples of geometrical models are Beam 
Tracing, Ray-Tracing, Radiosity, and Acoustic Radiance Technique [31,34]. The diffusion 
equation model is based on the propagation of acoustic energy in a volumetric grid [31]. 
The usage of a volumetric grid for the propagation of acoustical energy deviates strongly 
from the ray-like approach which is common in geometrical acoustic models [31]. Therefore 
a new category of computational methods is formulated, named diffuse field method [18]. 
It should be noted that the name ‘diffuse field methods’ can be confusing. Especially when 
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considering that this group of models does not results in a theoretical perfect diffuse field, 
the term “diffusion” refers to the theory that defines the propagation of acoustic energy in 
an enclosure [35]. In this research the name diffusion equation model is used to avoid 
confusion.  
 
The theoretical foundation of each model influences the required ‘memory usage’ and 
‘computation time’. The diffusion equation model is limited to diffuse reflection at the 
boundaries, the specular reflections of boundaries cannot be handled [32]. Several 
geometrical acoustics methods (Ray Tracing (surface based), Radiosity, and Acoustic 
Radiance Technique) are capable of handling similar diffuse reflections of scattering objects. 
The required ‘memory usage’ and ‘computation time’ of these geometrical acoustics 
methods is quantified as medium or high [31]. The required ‘memory usage’ and 
‘computation time’ of the diffusion equation model are considered to be low [32].     
    
In literature the acoustic field of various room types is predicted by the diffusion equation 
model. This includes simple geometries, coupled rooms, fitted rooms, and even a small 
factory [32,36–44]. When using the mixed boundary condition the diffusion equation model 
is, according to literature, applicable regardless the shape of the room and distribution of 
the acoustic absorption [36,37,45,46]. However, studies found in literature are limited to 
simulations of regularly shaped rooms with a cubical, long, or flat configuration. In this 
research a regularly shaped room is characterised as a room where the opposing 
boundaries are aligned parallel, all connections between adjoining boundaries are 
perpendicular and no convex corners appear [47]. In reality rooms with more complex 
configuration appear [48]. A variety of definitions to characterise an irregularly shaped are 
used in literature [47,49]. In this work an irregularly shaped room is defined as a room with 
one or more non-parallel opposing aligned walls, or a room where after voxelization at least 
one convex corner appears. Non-parallel walls are used to avoid fluttering echo’s and are 
therefore considered to enrich the diffusiveness of the acoustic field [47,50]. Flutter echoes 
are specular reflections between parallel surfaces that will iterate multiple times [51]. It 
should be noted that, despite the recommendations of using nonparallel walls for 
reverberation rooms no ideal shape is found [33]. Boundaries with a curved or round shape 
are out of the scope of this research. The same applies for situations where a coupled room 
system is considered to be present. A coupled room system should be considered if the 
area of the aperture that couples to rooms is significant smaller than the equivalent 
absorbing area of the partial rooms involved [34]. In literature is denoted that the diffusion 
equation model results in a non-homogenous distribution of acoustical energy and 
therefore overcomes the classical principle of diffuseness [32,38,44,52]. The presence of a 
diffuse acoustical field is therefore not required when using the diffusion equation model. 
      
The diffusion equation model is a partial differential equation (PDE). Solving PDEs 
analytically is limited due to its complexity. With numerical techniques mathematical 
problems are approximated by the linearization of a problem. This decreases the 
complexity of the problem in such a way that a large number of calculations can be 
conducted in a short period of time [53]. In literature, two numerical methods are used to 
approximate the diffusion equation model; the finite difference method (FDM) and the 
finite element method (FEM). The main advantages of the FDM over the FEM are the low 
computational force and the ease of implementation [37]. The main disadvantage of the 
FDM is solving complex geometries, as this numerical technique uses a spatial grid. When 
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solving geometries by a spatial grid all spatial features of a room are limited to longitudinal, 
lateral and vertical steps in space [54]. By using an equidistant spatial grid all steps in space 
are the same. Note that a non-equidistant spatial grid is more flexible and therefore better 
in handling irregularly shaped rooms. However, a non-equidistant spatial grid requires 
additional weighting coefficients, scheme and implementation that can handle such a non-
equidistant spatial grid and is therefore harder to implement. An equidistant spatial grid is 
applied in this research to keep the applied system as simple as possible. The shape of the 
volumetric domain is determined by the voxelization process in which a continuous 
geometry undergoes a transformation to a discrete voxel-based geometry [55]. This 
geometry can deviate from the continuous geometry when this geometry is irregularly 
shaped. The largest differences appear at the boundaries of the geometry that are 
characterized by a staircase shaped configuration. The error that will occur due to the 
approximation at the boundary is called the staircase error [56].  
 
In literature, the FDM is solved by a Forward-Time Central-Space (FTCS) or Dufort-Frankel 
(DF) scheme. The FTCS scheme is conditionally stable and needs additional criteria to obtain 
stable results. The DF scheme is unconditionally stable and gives a result for each 
discretisation in space and time. The DF-scheme is an unconditional explicit scheme [57]. 
Implicit schemes are using more points in space and are therefore characterised by a higher 
order of stability. However, implementing an implicit scheme for a three-dimensional case 
is not easy and requires a larger computational force [37]. Based on the unconditionally 
stable quality and ease of implementation the DF scheme is preferred above conditional 
stable schemes, as the FTCS scheme, and implicit schemes, that are more complex in their 
implementation.   
 
In reality multiple room types and shapes appear. It is important that every room type and 
shape can be approximated by the diffusion equation model. This research is related to the 
implementation of the diffusion equation model for irregularly shaped rooms. The following 
research question is formulated: 
- To what extent is it possible to simulate the acoustic field of an irregularly shaped room by 
the use of the diffusion equation models when approximated by the finite difference 
method with an equidistant spatial grid? 
 
In order to answer the above mentioned research question several sub-questions are 
formulated: 
- What is the difference between the results of the diffusion equation model approximated 
by the FDM and FEM, when both numerical techniques are using the same model, 
geometry and input parameters?   
- What is the difference between the result of the diffusion equation model approximated 
by the FDM using a  equidistant conformal voxelized mesh and the FEM using a non-
equidistant conformal tetrahedral mesh?  
- What is the difference between the diffusion equation model approximated with the FDM 
with a equidistant conformal voxelized mesh and acoustic measurements conducted in an 
irregularly shaped room? 
 
The implementation of the diffusion equation model, numerically approximated by the 
FDM, is conducted by an in-house code that is especially designed for this research using 
Matlab. This in-house code uses a Dufort-Frankel (DF) scheme for the nodes that are 
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located in the volume of the domain (interior nodes) and an upwind scheme for the nodes 
that are located at the boundary of the domain (boundary nodes). These scheme are 
successfully applied to simulations of regularly shaped rooms. The upwind scheme uses two 
interior nodes normal to the boundary. In the situation of a convex corner, interior nodes 
are present in multiple directions normal to the boundary. Convex corners will appear when 
simulating irregularly shaped rooms. Therefore a specific approach is required  to simulate 
irregularly shaped rooms. The implementation of irregularly shaped rooms is based on the 
combination of interior and boundary nodes. In total 27 combinations are made covering 
each possible combination. This approach is implemented in the in-house code. A more 
specific description of this approach is displayed in chapter ‘3.1.3 Implementation of 
irregularly shaped rooms’.    
 
The in-house code as described above is verified and validated to define its quality. The 
verification study is based on the numerical comparison of an octahedron shaped room. 
The results of the irregularly shaped room, solved by the FDM using the in-house code, are 
compared with numerical results of the FEM using commercial software. The same model 
(diffusion equation model), input parameters and volumetric domain are applied to both 
numerical models. The shape of the volumetric domain is influenced by the voxelization 
process and is therefore dependent on the used discretisation in space as applied by the 
FDM. The influence of the discretisation in space is studied by a series of simulations using 
the same shape of the volumetric domain.  
 
The validation study of the in-house code is divided into two different parts. The first part is 
related to a numerical comparison between the FDM with a equidistant conformal 
voxelized mesh and the FEM with a non-equidistant conformal tetrahedral mesh. 
Conforming refers to the quality of a mesh to share a whole edge or face, this means that 
no disordered elements will appear [87]. Based on these results the staircase error can be 
determined. The second part of the validation study is related to the comparison between 
results of the in-house code and measurements of an irregularly shaped room. This 
irregularly shaped room has a low absorption coefficient [α < 0.1] and is only considered in 
the frequency domain [𝑓 ≥ 500 Hz] where the field is considered to be diffuse [58]. An 
uniform distributed absorption coefficient based on measurements is used. The same room 
is simulated by the FEM in order to define the staircasing error. Note that all results are 
limited to the reverberation time because this is the only parameter limited to the late 
response of the sound energy decay only. In literature there is a difference in opinion 
related to what part of the decay that can be analysed. In chapter ‘2.6 Parameters’ is 
described why this research is limited to the late response of the decay.  
 
General information related to the diffusion equation model can be found in Chapter ‘2 
Background’. Information of the used numerical technique, and specifications of the 
verification and validation study can be found in Chapter ‘3 Method’. The results of the 
verification study and validation study can be found in ‘4 Results’. The conclusions and 
recommendations for further research are denoted in chapter ‘5 Conclusions’.     
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2 Background 

This research is related to the implementation of the diffusion equation for irregular shaped 
rooms. The diffusion equation model is a computational acoustic model based on the 
principle that an acoustic field can be represented by sound particles. These sound particles 
migrate with a constant energy, propagating over straight lines, striking walls and scattering 
objects [35]. Based on this assumption an analogy is made between the propagation of 
sound particles and the migration of particles moving in a gas and hitting scattering objects. 
This analogy enables to define the change in sound energy density [w (J/m³)] as a function 
of time [t (s)] and space [r (m)] in a similar fashion as Fick’s second law, see Equation 2.1. 
This system is a function of the diffusion coefficient [D (m²/s)], the second derivative in 
space [∇2], and the first derivative in time [∂ ∂t⁄ ] [32,59]. 

𝜕𝑤

𝜕𝑡
(𝑟, 𝑡) = −𝐷 ∙ 𝛻2𝑤(𝑟, 𝑡)  2.1 

Equation 2.1 describes the migration of sound particles as a function of time. This system is 
extended to the diffusion equation model by adding the absorption of scattering objects 
and the influence of the source. This system describes the distribution of acoustic energy in 
a volumetric domain of an enclosure [Ω], and is defined as displayed in Equation 2.2 [39]. 
This model is a function of the volume sound source [q0 (W/m³)], and the probability rate 
of sound particles to be absorbed per unit of time due to the collision with scattering 
objects [σwall (s

−1)] [14,35]. The model as described in Equation 2.2 is a partial differential 
equation (PDE) that uses the first order derivative in time [∂/ ∂t] and the second order 
derivative in space [∇2].  

𝜕𝑤(𝑟,𝑡)

𝜕𝑡
= 𝐷 ∙ 𝛻2𝑤(𝑟, 𝑡) − 𝜎𝑤𝑎𝑙𝑙𝑤(𝑟, 𝑡) + 𝑞0(𝑟, 𝑡)     [𝑖𝑛 𝛺]  2.2 

In the system as described in Equation 2.2 it is considered that the absorption at the 
boundaries takes place within the volumetric domain of the enclosure. As a result no 
energy will escape at the boundaries [46]. The model at the boundaries [S´], as displayed in 
Equation 2.3, is equal to zero. This model is a PDE with a first order derivative of the unity 
vector normal to the boundary [∂/ ∂n]. 
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−𝐷 ∙
𝜕𝑤(𝑟,𝑡)

𝜕𝑛
= 0     [𝑜𝑛 𝑆′]  2.3 

In the next paragraphs the boundary condition, diffusion coefficient, source, and 
attenuation of sound in air, as used in Equation 2.2 and 2.3, are explained. This description 
includes the main parameters and variables. Some of these variables have been developed 
over time causing alterations in the models as displayed in Equation 2.2 and 2.3.    

2.1 Homogenous Neumann Boundary Condition 

As mentioned above the absorption of scattering objects is included in the system for 
interior nodes as displayed in Equation 2.2. Base on this assumption no energy will escape 
at the boundaries, see Equation 2.3. This model is referred to as the homogenous Neumann 
boundary condition [46]. This system is applied for steady state and time dependent 
simulations of long rooms, and street canyons [38,60]. By using the homogenous Neumann 
boundary condition no absolute sound levels can be obtained. Besides, the system at the 
boundaries is just limited to the average absorption coefficient.  
 
The probability rate of a sound particle to be absorbed due to collisions with scattering 
objects [σneu (s

−1)] describes the acoustic energy losses due to acoustic absorption at the 
boundaries [32,35]. This variable describes the amount of energy absorbed during one 
second and is defined as displayed in Equation 2.4 [35]. This variable is a function of the 
average absorption coefficient [α̅(−)], the speed of sound [c(m/s)], and the mean-free 
path [λ(m)]. The average absorption coefficient, as defined in Equation 2.5, is dependent 
on the total surface area [S(m²)], the surface area of a specific area [Si(m

2)], and 
absorption coefficient of a specific area [αi(−)] [11].  

σneu =
α̅∙c

λ
   2.4 

α̅ =
1

S
 ∑ (αi ∙ Si)Si

  2.5 

In reality the absorption of scattering objects will not take place in the volume of the room 
but at the surface areas of the boundaries. The homogenous Neumann boundary condition 
is therefore considered to be a non-physical approach [43]. A more realistic approach is the 
mixed boundary condition. 

2.2 Mixed Boundary Condition  

Valeau, Picaut, and Hodgson have developed a new boundary condition called the mixed 
boundary condition [46]. The mixed boundary condition includes the local absorption of 
scattering object at the surface of a scattering object. This is in contrast to the homogenous 
Neumann boundary condition where absorption of acoustic energy takes place in the 
volume of the enclosure. This ad hoc approach of the mixed boundary condition enables to 
specify the absorption coefficient of each individual surface separately. The mathematical 
definition of the mixed boundary condition is displayed in Equation 2.6.  



 

  9  
 

−D ∙
∂

∂n
w(r, t) = hwall ∙ w(r, t)     [on S′]   2.6 

This model is a function of the exchange coefficient [hwall(m/s)], the diffusion coefficient 
[D (m²/s)], and the sound energy density [w (J/m³)]. The mixed boundary condition is a 
PDE of the first order derivative of the unity vector normal to the boundary [∂/ ∂n]. The 
exchange coefficient of absorbed acoustic energy at the boundaries of an enclosure is 
displayed in Equation 2.7 [46].  

hwall = A ∙ c 2.7 

The system as displayed in Equation 2.7 is dependent on the absorption factor [A(−)] and 
the speed of sound [c(m/s)]. Multiple definitions of the absorption factor are formulated, 
each can be applied to a different range of absorption coefficients [32]. The Sabine 
absorption factor is considered to be applicable for scattering surfaces with a low 
absorption, i.e. for an average absorption coefficient below [α̅ ≤ 0.2]  [32,61]. The 
mathematical derivation of the Sabine absorption factor [ASab (−)] is displayed in Equation 
2.8. This system is a function of the absorption coefficient of a specific areas [αi(−)].  

Asab =
αi

4
  2.8 

The Eyring absorption factor is considered to be accurate for scattering surfaces with an 
average absorption coefficient up to [α̅ ≤ 0.5] [37]. The Eyring absorption factor cannot be 
used in situations with totally absorbing boundaries [44]. The Eyring absorption factor 

[AEyr(−)] is defined as displayed in Equation 2.9 [61].  

Aeyr =
−ln(1−αi)

4
  2.9 

The Sabine and Eyring absorption factor are derived from statistical models. The names 
used for these absorption factors refer to these models. Most references to Sabine and 
Eyring in this document are referring to the absorption factor and not to the statistical 
models. Only for the calculation of the absorption coefficients, based on measurements, 
statistical models are used.    
 
The modified absorption factor has an analogy with the absorption of light as considered in 
ray-based methods and is redefined for the absorption of acoustic energy. This method can 
be used because the diffusion of light is in essence based on the same principles as the 
diffusion of acoustic energy. The modified absorption factor is considered to be as accurate 
as the Eyring absorption factor for absorption coefficients up to [α̅ ≤ 0.4] and is more 
accurate than other absorption factors for high absorption coefficient up to  [α̅ ≤ 0.7] 
[32,44]. The modified absorption factor [AMod(−)] is displayed in Equation 2.10 [44].  

Amod =
αi

2∙(2−αi)
  2.10 

The distribution of the absorption factor, defined by the above described definitions, is 
displayed in Figure 2.1 for a domain of absorption coefficients [0.01 ≤ α ≤ 0.99]. The 
domain in which the absorption factors are considered to be accurate are denoted in 
literature [32,37,44]. However a description of how these domains are determined is not 
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denoted. In an additional study is found that the modified absorption factor can only be 
applied for absorption coefficient within the domain of [0.00 ≤ α ≤ 0.45] and scattering 
coefficients within the domain of [0.60 ≤ s ≤ 1.00] [62]. Significant differences [𝜃𝑛𝑢𝑚 >
5%] are found, between the diffusion equation model and a geometrical model, for 
deviating surface properties. Because the absorption domain as found by Navarro et al. is in 
strong contrast to earlier mentioned ranges further research is required to determine in 
what frequency domain the Sabine and Eyring absorption factor can be applied [32]. The 
determination of these domains is out of the scope of this research. In this research low 
absorption coefficients are used within the range of [𝛼 ≤ 0.1 (−)]. For these absorption 
coefficients small differences appear, therefore all three absorption factors can be applied.   

 
Figure 2.1. Distribution of the  absorption factors (Sabine [Asab(−)], Eyring [Aeyr(−)], and Modified [Amod(−)]) for a 

range of absorption coefficients [0.01 < α < 0.99]. 

   
The diffusion equation model for the propagation of sound in the volumetric domain of an 
enclosure [Ω], as displayed in Equation 2.2, is redefined due to the introduction of the 
mixed boundary conditions. The revised model is displayed in Equation 2.11 [32]. This 
system for interior nodes is combined with the mixed boundary condition as displayed in 
Equation 2.6.      

∂w(r,t)

∂t
= D ∙ ∇2w(r, t) + q0(r, t)   [in Ω]   2.11 

2.3 Diffusion coefficient  

Both the system for interior nodes, as displayed in Equation  2.11, and for boundary nodes, 
as displayed in Equation 2.6, are using the diffusion coefficient. The diffusion coefficient 
[D (m²/s)]  describes the mixing of acoustic energy in an enclosure [45]. The diffusion 
coefficient is defined in Equation 2.12 and is dependent on the mean-free path (MFP) 
[λ(m)], and the speed of sound [c (m s⁄ )] [63].     

D =
λ∙c

3
   2.12 
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The MFP [λ(m)] describes the average distance travelled by sound particles between 
successive collisions with scattering objects [64]. The classical definition of the MFP, as 
described by Kosten, is based on the assumption that the energy density is independent of 
the location in the room and that the waves are equally distributed over all directions [65]. 
This classically definition of the MFP is displayed in Equation 2.13. The classical definition of 
the MFP is dependent on the volume of the room [V(m3)], and the total surface area of the 
boundaries [S(m2)] [65].  

λ =
4∙V

S
  2.13 

As mentioned before, the diffusion equation model is a function of the diffusion coefficient. 
The diffusion coefficient describes the mixing of acoustic energy in an enclosure [45]. In 
literature some adjustments of the mean-free path or diffusion coefficient are proposed 
[38,39]. However, these adjustments are in most cases limited to situations where the 
mean-free path or diffusion coefficient directly influence the amount of energy that is 
absorbed. Note that an adjustment of the diffusion coefficient when applied in combination 
with a mixed boundary condition will mainly influence the early response of the sound 
energy density decay [45,46]. In chapter ‘2.6 Parameters’ is described why the early 
response of the sound energy decay cannot be analysed when using the diffusion equation 
model. It can be suggested that an adjustment of the diffusion coefficient has the potential 
of determining how the energy distributes in the volumetric domain of an enclosure. 
Additional research is required to confirm this statement. The influence of the diffusion 
coefficient on the spatial distribution of acoustic energy in the volume is out of the scope of 
this research.  

2.4 Source 

The model as displayed in Equation 2.2 is excited by a volume sound source [q0(w/m
3)]. 

This source is considered to be omnidirectional because it radiates sound power with the 
same amount of energy in all directions [46]. The source function is defined as displayed in 
Equation 2.14. This system is a function of the acoustic energy [E0(J)] and the distribution 
in time [f(n)(s−1)], and space [f(v) (m−3)] [39].  

q0(r, t) = E0 ∙ f(n) ∙ f(v)  2.14 

Navarro uses an interrupted source to excite the diffusion equation model [14]. This source 
type is characterised by a constant energy that emitting energy constantly for a defined 
period in time. After this period in time the source is turned off. The evolution of this source 
can be divided into two different stages. In the first stage, when the source is emitting 
energy, the room will be filled with energy. At the beginning of this stage the acoustic field 
builds up. At a certain moment in time the entire room is filled with energy, an equilibrium 
between the generation and absorption of acoustic energy will appear. The time that the 
source emits energy is called source time [tsource(s)]. The second stage appears when the 
source is turned off and is characterised by the decay of acoustic energy. A graphical 
representation of this source is displayed in Figure 2.2. Kraszewski (2012) uses a source 
where the entire field is excited with the same amount of energy at time [t = 0 s] [36]. No 
build up time is required when using this source. This will lower the total computation time 
needed. The influence of the source location cannot be determined when using this source. 
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It can be questioned if any location dependency will appear when only the late response of 
the decay is considered. Additional research is required to define what the influence is of 
the source and what the influence is of different source types. The influence of the source is 
out of the scope of this research.  
 

 
Figure 2.2. Graphical description of the source [14]. The distribution of the source is divided into two different stages. In 

stage 1 the source is on. At a certain moment in time an equilibrium between generation and absorption of acoustic 
energy appears, this zone is hatched (//). In the second stage the source is tenured off, the sound pressure level starts to 

decay. 

2.5 Absorption of sound in air 

The absorption of sound does not only appear at the surface of scattering objects but also 
due to the attenuation of sound in air. This attenuation of sound in air takes place in the 
volume of the enclosure [66]. As can be seen in Equation 2.15, the attenuation of sound in 
air is dependent on the power attenuation coefficient [m (m−1)], and the speed of sound 
[c (m/s)]. The power attenuation coefficient is dependent on the absorption of sound in air 
[αair (dB/m)], which is described by the international standards organisation [11,67].The 
absorption of sound in air is dependent on the air temperature [Tair(℃)], relative humidity 
[φ(%)], atmospheric pressure [pair(kPa)], and frequency of sound [𝑓(Hz)] [67].  

σair = c ∙ m  2.15 

m =
αair

10∙log (e)  
≈

αair

4.343
  2.16 

The diffusion equation model for the distribution of acoustic energy in a volumetric domain 
of an enclosure [Ω] , as displayed in Equation 2.11, is redefined incorporating the 
attenuation of sound in air. The revisited model is displayed in Equation 2.17 [32]. The 
attention of sound in air is considered to have no influence on the boundary condition as 
defined in Equation 2.6.       

∂w(r,t)

∂t
= D ∙ ∇2w(r, t) + q0(r, t) − σair ∙ w(r, t)    [in Ω]  2.17 
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2.6 Parameters 

In literature there is a difference in opinion related to the part of the decay that can be 
analysed by the diffusion equation model. A group of authors considers that the diffusion 
equation model is limited  to the late response of the decay [42,61,68–70]. This limits the 
parameters that can be analysed in a time-varying state to the reverberation time. Others 
are using parameters such as the early decay time, definition, and clarity [37,62,71]. The 
calculation of these parameters is impossible without the contribution of the early 
response. The usage of these parameters insinuates that the first part of the sound energy 
density decay is an accurate representation of reality. An understanding of the acoustic 
field is required in order to define what parameters can be derived from the diffusion 
equation model.  

 
Figure 2.3. A  schematic reflection diagram of the acoustical field of a room [34]. Three different acoustic fields caused by 

the direct sound early reflections and reverberation are distinguished in this figure. 

 
An acoustic field contains a direct field and indirect field. The direct field is the acoustical 
field that will reach a receiver position without collisions with a scattering object and is 
therefore the first sound to arrive at a receiver position. The reverberant field will reach the 
receiver position after (several) collisions with scattering object. The indirect field contains 
the early reflections, and reverberant field. A graphical representation of the acoustical 
field in a room is displayed in Figure 2.3 [34].

1
     
 

As mentioned above the indirect field consists of two acoustic fields. These acoustic fields 
are determine by the reflections of the boundaries. Multiple categories of reflective fields 
appear, namely: the specular and diffuse reflective field. The reflection of the wall is 
dependent on the size of the protrusions [𝑑(𝑚)]  in relation to the wavelength 
[𝜆𝑤𝑎𝑣𝑒(𝑚)] [72]. The wavelength is the distance in which the motion of a plane wave is 
repeated and is defined as displayed in Equation 2.18 [12].  

                                                                 
1
 Note that in some sources a third acoustic field of the indirect sound is distinguished, namely: discrete 

reflections. Discrete reflections are the unwanted reflections that stand out over the rest of the reflections also 
referred to as echo’s [8]. It is considered that discrete reflections will not always occur and should be avoided as 
much as possible and are therefore left out of this description.    
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𝜆𝑤𝑎𝑣𝑒 =
𝑐

𝑓
  2.18 

Specular reflections will occur when the angle of incidence is equal to the angle of 
reflection. In total two different categories of specular reflections are distinguished for 
situations where the dimensions of the protrusions are much smaller or larger than the 
wavelength [34,72]. The specular reflections that occurs when the dimensions of the 
protrusions are much smaller than the wavelength are characterised by the angle of the 
reflected sound that is equal to the angle of incident sound [12]. The angle of the 
protrusions will not influence the angle of the reflected sound, i.e. the wall is considered to 
be smooth. A graphical representation of this principle is displayed in Figure 2.4 (left). 
When the dimensions of the protrusions are much larger than the wavelength each face will 
be treated as a plane or curved wall. The sound will be specular reflected in a similar 
manner as described above. In contrary to the above described situation the surface is not 
considered to be smooth. The angle of the reflected sound is therefore influenced by the 
angle of the protrusions. A graphical representation of this principle is displayed in Figure 
2.4 (middle). Diffuse reflections will take place if the dimensions of the protrusions are 
about the same as the wavelength. By diffuse reflections a noticeable fraction of the sound 
energy will be scattered in all directions. This is independent of the angle of the protrusions. 
A graphical representation of this principle is displayed in Figure 2.4 (right). 
  

 
Figure 2.4. Graphical representation of the acoustical reflections that will occur. In total three types of reflections can 

occur. These reflections are determined by the roughness of the surface, denoted by [𝑑(𝑚)], and the wavelength 
[𝜆𝑤𝑎𝑣𝑒(𝑚)] .   

 

The reflection of acoustic energy with a noticeable fraction in all directions is referred to as 
scattered [72]. Note that scattering is not limited to the diffuse reflections of the 
boundaries but will also occur at rough surfaces where the wave length is much smaller 
than the dimensions of the protrusions [23]. The conversion of ‘specular sound energy’ into 
‘non-specular energy’ will take place at every collision with a scattering object by an 
irreversible process. In other words, repeated reflections will lead to a more diffuse field. A 
graphical representation of this process is displayed in Figure 2.5 [34]. The diffusion 
equation model is considered to be valid if the field is dominated by diffuse reflections. The 
first part of the sound energy decay, referred to as early reflections or early response, is 
dominated by the direct and specular reflected acoustic energy. After several collisions with 
the boundaries the field is considered to be diffuse, this part of the decay is referred to as 
reverberant field or late response of the sound energy density decay. Parameters that 
include the early response of the decay are in this research considered to be non-
representative. According to literature the application of the diffusion equation model is 
limited to the diffuse reflections of the boundaries [32,45]. An attempt to transform the 
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diffusion equation model into a system that is suitable for mixed reflections failed [45]. 
Based on this study it is concluded that the simulation of specular reflected sound is not 
possible by the diffusion equation model alone. 
 

 
Figure 2.5. Conversion of specular reflected sound into diffuse reflected sound. The height of the bars corresponds to 

the total amount of reflected sound energy. The height of the white bars shows the diffusely reflected energy [34].2 

 
In literature the sound pressure level as a function of the distance is analysed for steady 
state situations [38,43,46,73]. When the acoustical diffusion equation model is solved in a 
steady state situation the influence of the direct field can be included. However, the 
contribution of the specular reflections of the boundaries is not incorporated. Note that the 
results in this research are variating over time, eliminating the sound pressure level as 
possible parameter.     
 

 

                                                                 
2
 Figure 2.5 has been adjusted. Based on the original figure as presented by Kuttruff it is suggested that the entire 

field is specular reflected before any collision with the wall has taken place [34]. However, this is considered to be 
physical impossible. Before any collision have taken place the field is dominated by direct sound.  
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3 Method 

In this research the diffusion equation model for irregularly shaped rooms is incorporated in 
the design of the in-house code. Chapter ‘3.1 Finite Difference Method’ describes the 
numerical model used for the implementation of the in-house code. Followed by the 
definitions of the used parameters, as described in Chapter ‘3.2 Parameters’. In Chapter ‘3.3 
Quality assessment’ are the simulation specifications, as used for the quality assessment of 
the in-house code, denoted.  

3.1 Finite Difference Method  

Numerical methods are used to approximate differential equations by the discretisation of 
a problem. As mentioned in the introduction, in literature the diffusion equation model is 
approximated by the use of the finite difference method (FDM) and the finite element 
method (FEM). The goal of this research is to approximate the diffusion equation model for 
irregularly shaped rooms using the FDM. This numerical model is chosen due to its low 
computational force and the ease of implementation. In literature the diffusion equation 
model is approximated by the FDM using a Dufort-Frankel (DF) scheme for interior nodes 
and upwind scheme for the boundary nodes [37]. The same schemes are used in this 
research for reason as explained in Chapter ‘1 Introduction’.   

3.1.1 Dufort-Frankel scheme 

The Dufort-Frankel scheme is displayed in Equation 3.1. By rewriting this scheme the sound 
energy density of a future moment in time and certain point in space [wi,j,k

n+1(J/m³)] can be 

determined, see Equation 3.2. A description of how Equation 3.2 is determined by the use 
of Equation 3.1 is displayed Appendix 1. The indices [n] and [i, j, k] are used to described 
the moment in time and location in space respectively. The system as displayed in Equation 
3.2 is based on the assumption that the step in space is uniform in all directions [∆x(m) =
∆y(m) = ∆z(m) = ∆v(m)]. Based on this assumption simplifications are applied to the 
Dufort-Frankel scheme as presented in literature [37]. The system as described in Equation 
3.1 uses the sound energy density at several points in time and space. The left hand side of 
this equation depends on the sound energy density of the current position in space and 
past moment in time [wi,j,k

n−1(J/m³)], and the current position in space and future moment in 
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time [wi,j,k
n+1(J/m³)]. The right hand side of Equation 3.1 depends on the  sound energy 

density of the current position in space and the past moment in time [wi,j,k
n−1(J/m³)], the 

current position in space and the future moment in time [wi,j,k
n+1(J/m³)] and of the adjacent 

points in space and present moment in time [wi+1,j,k
n (J/m³)], [wi−1,j,k

n (J/m³)], [wi,j+1,k
n (J/m³)], 

[wi,j−1,k
n (J/m³)], [wi,j,k+1

n (J/m³)], and [wi,j,k−1
n (J/m³)]. Other quantities used in this equation 

are the discretisation in space [∆v(m)], discretisation in time [∆t(s)] , the diffusion 
coefficient [D(m²/s)] , speed of sound [c (m/s)] , and power attenuation coefficient 
[m (m−1)]. The constant [δDF(−)], as defined in Equation 3.3, is used to simplify the system 
as displayed in Equation 3.2. Note that the influence of the source is incorporated in an 
separated system as this term is, in this research, only relevant to one node representing 
the source.       

𝑤𝑖,𝑗,𝑘
𝑛+1−𝑤𝑖,𝑗,𝑘

𝑛−1

2∙∆𝑡
= 𝐷 [

𝑤𝑖+1,𝑗,𝑘
𝑛 −2

𝑤𝑖,𝑗,𝑘
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𝑛−1

2
+𝑤𝑖−1,𝑗,𝑘

𝑛

∆𝑥2
+
𝑤𝑖,𝑗+1,𝑘
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𝑛
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𝑛
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𝑤𝑖,𝑗,𝑘
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𝑛

(1+3∙𝛿𝐷𝐹)
  3.2 

𝛿𝐷𝐹 =
2∙∆𝑡∙𝐷

∆𝑣²
  3.3 

Numerical methods are based on simplification of the real physical problem by 
linearization. Due to the simplification of the real physical system an error appears. The 
error of the DF scheme is expressed by O(∆t2, ∆v−2)  and makes this scheme 
unconditionally stable. When a numerical model is instable all uncertainty will be grossly 
magnified by every changes in the input parameters. Instability will not appear when an 
unconditionally stable scheme is applied. However, it should be noted that stability is not 
the same as accuracy. A result is accurate if the results agree with the true value [53].    

3.1.2 Upwind scheme 

The diffusion equation model is a boundary-value problem and therefore needs boundary 
conditions [53]. The boundary system as used in this research is the mixed boundary 
condition defined as displayed in Equation 2.6. The mixed boundary condition as applied in 
this research is approximated by an upwind scheme, in literature also referred to as 
backward finite difference scheme [37,74]. The mathematical description of the upwind 
boundary system is defined as displayed in Equation 3.4.  

𝑤𝑖,𝑗−1,𝑘
𝑛+1 =

4∙𝑤𝑖,𝑗,𝑘
𝑛+1−𝑤𝑖,𝑗+1,𝑘

𝑛+1

[3+
𝑐∙𝐴∙2∙∆𝑣

𝐷
]

    3.4 
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In Equation 3.4 is boundary node [i, j − 1] determined using interior nodes [i, j]  and 
[i, j + 1] located normal to the boundary. A graphical representation of this flat boundary 
situation is displayed in Figure 3.1. Additionally, this system is dependent of the diffusion 
coefficient [D(m²/s)], discretisation in space [∆v(m)], and absorption factor [A(−)] [37]. 
Note that Equation 3.4 deviates for the system as presented  in literature [37]. A description 
why and how this upwind boundary system differs is displayed in Appendix 2.  
 

 
 

Figure 3.1. The boundary node is determined by two interior nodes normal to the boundary. The two interior nodes 
normal to boundary node [x] are hatched (//). The interior nodes are dark grey (•), the boundary nodes are white (o). The 

boundary of the domain is grey (▪). 

3.1.3 Implementation of irregularly shaped rooms 

The objective of this research is to define to what extent irregularly shaped rooms can be 
approximated using the diffusion equation model solved by the FDM. The FDM uses a 
voxelized geometry based on an equidistant spatial grid where all spatial features of the 
domain are limited to longitudinal, lateral and vertical steps in space. After a domain is 
voxelized both concave and convex corner can appear. Note that both regularly and 
irregularly shaped rooms can contain concave corners. However, convex corners do only 
appear if an irregularly shaped room is considered. At the location of  a convex corner, 
interior nodes are present in multiple directions normal to the boundary. This means that 
multiple boundary conditions should be defined for the same point in space. It is therefore 
that the simulation of irregularly shaped rooms, when approximated with the FDM, 
requires a specific approach. In this research this approach uses 27 combinations between 
interior and boundary nodes. The best way to explain this system is by the use of an 
example. The example as used in this explanation is the two-dimensional convex corner as 
displayed in Figure 3.2. The interior node [i,j] is dependent on boundary node [i,j-1]. In 
multiple directions normal to boundary node [i,j-1] are interior nodes present. The 
boundary node [i,j-1], as used to approximate interior node [i,j], is determined using 
interior nodes [i,j], and [i,j+1]. The mathematical description of interior node [i, j] and 
corresponding boundary node [i,j+1] are displayed in Equation 3.5 and Equation 3.6 
respectively. Note that this concerns a two dimensional system, therefore some 
adjustments are applied to the scheme as displayed in Equation 3.2.  
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Figure 3.2. A convex corner of an enclosure. The boundary node is determined by two interior nodes normal to the 
boundary. In this case interior nodes are present at multiple sides normal to the boundary. The interior nodes normal to 

boundary node [x] of both directions are hatched (//). The interior nodes are dark grey (•), the boundary nodes are white 

(o) and the boundary of the domain is grey (▪). 

 

wi,j
n+1 =

wi,j
n−1(1−2∙δDF)+[δDF]∙[wi+1,j

n + wi−1,j
n +wi,j+1

n +Wi,j−1
n ]−c∙m ∙2∙∆t∙wi,j

n

(1+2∙δDF)
   3.5 

wi,j−1 [a]
n+1 =

4∙wi,j
n+1−wi,j+1

n+1

[3+
c∙A∙2∙∆v

D
]

  3.6 
 

The interior node [i+1,j-1] is, similarly to interior node [i, j] , determined by the use of 
boundary node [i,j-1]. A difference appear in how this boundary node is determined. For 
the approximation of interior node [i+1,j-1] is boundary node [i,j-1] determined using 
interior nodes [i+1,j-1] and [i+2,j-1]. The mathematical description of interior node [i+1,j-1] 
and corresponding boundary node [i,j-1] are displayed in Equation 3.7 and Equation 3.8 
respectively. The results of all combinations will be combined into one result.   

wi+1,j−1
n+1 =

wi+1,j−1
n−1 (1−2∙δDF)+[δDF]∙[wi+2,j−1

n + wi,j−1
n +wi,j+1

n +Wi,j−1
n ]−c∙m ∙2∙∆t∙wi+1,j−1

n

(1+2∙δDF)
  

3.7 
 

wi,j−1 [b]
n+1 =

4∙wi+1,j−1
n+1 −wi+2,j−1

n+1

[3+
c∙A∙2∙∆v

D
]

  3.8 
 

The above described example is limited to a two-dimensional situation. To simulate real 
situations a three dimensional system is considered to be more realistic. In total 27 
combinations between interior and boundary nodes are determined, covering each three-
dimensional combination possible. An overview of the combinations is displayed in 
Appendix 3. It should be noted that in all cases at least two interior nodes normal to the 
boundary are required to determine the boundary condition. Note that the system for 
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irregularly shaped rooms is equal to the system for flat boundaries as describe in chapter 
‘3.1.2 Upwind scheme’. In other words, the implementation of irregularly shaped rooms, as 
described in this chapter, is not related to the mathematical derivation of the boundary 
nodes, but rather to the selection of the correct combination between interior and 
boundary nodes. 

3.1.4 In-house code 

In this research the diffusion equation model for irregularly shaped rooms is approximated 
by the FDM using an in-house code specially designed for this research. The Matlab script of 
the in-house code is displayed in Appendix 4. A schematic representation of the structure 
applied to this in-house code is displayed in Figure 3.3. 
 

 
Figure 3.3. Schematic representation of how the in-house code is structured. 
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The in-house code can be divided into a few steps, namely: define input parameters, define 
volumetric domain, make combinations, run diffusion equation model, and define output 
parameters. The step ‘define input parameters’ concerns the definition of the input 
parameters. Most of these parameters are predefined and should be entered manually. 
Others can be determined directly from the predefined parameters. After the input 
parameters are entered the volumetric domain is defined. In the step ‘Define volumetric 
domain’ the continuous geometry is transformed to a discrete voxel-based geometry [55]. 
This transformation is required to run the in-house code. In this step a three-dimensional 
model is voxelized by a standard script found on the Mathworks website [75]. However, in 
all cases the voxelized geometry needed to be altered due to errors in shape of the 
volumetric domain. After the geometries are checked alterations are made manually. The 
voxelization script uses a three-dimensional model, saved as ‘stl’ typed file made in Sketch-
Up [76]. Note that the shape of the three-dimensional model has its voxelized shape 
already. After the volumetric domain is defined the boundary nodes are determined. The 
implementation of the irregularly shaped rooms is conducted as described in chapter ‘3.1.3 
- Implementation of irregularly shaped rooms’. The in-house code uses a system where the 
interior nodes and boundary nodes are determined separately. The considerations that 
have led to this approach are denoted in Appendix 5. The positions of all combination, as 
graphically displayed Appendix 3, are defined in the ‘make combinations’ step. The interior 
nodes and boundary nodes are determined for multiple steps in time. Data of the receiver 
positions is determined for each individual step in time. After the step ‘run diffusion 
equation model’ is completed the acoustic output parameters are determined in the step 
‘define output parameters’. The criteria of the used parameter, reverberation time, is 
denoted in the next chapter.        

3.2 Parameters 

The results as obtained in this research are analysed by the reverberation time [𝑇30(𝑠)]. 
Considerations for limiting the results to the reverberation time are denoted in Chapter ‘2.6 
Parameters’. The definition and quality criteria of the reverberation time are denoted 
below. The reverberation time is defined by the use of the sound pressure level [Lp(dB)]. 

The output of the diffusion equation model is expressed by the sound energy density 
[w (J/m3)]. The sound pressure level is determined as described in Equation 3.9 [72]. This 
equation uses the speed of sound [c (m/s)], and the density of air [ρ (kg/m3)].    

Lp = 10 ∙ log (
w(r,t)∙ρ∙c²

Pref
2 )  3.9 

The reverberation time [T30(s)], is defined as displayed in Equation 3.10. This definition is 
dependent on the time that is required for the sound pressure level to decay from -5 dB 
[ t−5dB  (s)] to -35 dB [ t−35dB  (s)]. In this work a distinction is made between the 
reverberation time of the individual receiver position [T30 receiver (s)], the reverberation 
time of the source [T30 source (s)], and the reverberation time of the room [T30 room (s)]. 
The reverberation time of the source concerns the averaged reverberation time of all 
receiver positions using the same source. The reverberation time of the room is the 
averaged reverberation time using all source and receiver positions. Note that multiple 
sources are used in the second part of the validation study only.     
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 T30 = 2 ∙ (t−5dB − t−35dB)  3.10 

The difference in reverberation time obtained by two numerical models [θnum(%)] and 
between the reverberation time obtained by a numerical model and measurements 
[θmeas(%)] is defined as displayed in Equation 3.11 and Equation 3.12 respectively. The just 
noticeable difference (JND) describes the appearing difference that can be distinguished by 
humans. Results are considered to be accurate if the difference between acoustic 
parameters do not exceeds this limit [77]. The JND for the reverberation time is determined 
to be [θ ≤ 5%] [78].  

𝜃𝑛𝑢𝑚 =
|𝑇30;𝐹𝐷𝑀−𝑇30;𝐹𝐸𝑀|

𝑇30;𝐹𝐸𝑀
∙ 100%         3.11 

𝜃𝑚𝑒𝑎𝑠 =
|𝑇30;𝐹𝐷𝑀−𝑇30;𝑚𝑒𝑎𝑠|

𝑇30;𝑚𝑒𝑎𝑠
∙ 100%         

 
3.12  

The computational complexity of the in-house code is analysed in Chapter ‘3.3.1.2 
Verification - part 2’. The computational complexity is analysed by the calculation time 
[tcal (s)] that is required to run the simulation, the calculation time required to calculate 
1000 steps in time [tcal 1000 ∙∆t (s)], and number of grid points of each volumetric domain 
[nmatrix]. Note that both the calculation time and calculation time required to calculate 
1000 steps are periods in time required to run the simulation. The above mentioned 
parameters are used to define the quality of the in-house code. Specifications of the quality 
assessment are denoted in the next paragraph.   

3.3 Quality assessment   

The in-house code is tested to define its quality. Without quality assessment it is uncertain 
how the in-house code performs. The quality assessment of the in-house code is conducted 
by the use of a verification and validation study. Specifications of the verification study, and 
validation study are denoted below.   

3.3.1 Verification 

Verification is used to determine if an implementation or model performs as is intended 
[79]. In this research a verification study is used to determine if similar results are obtained 
by FDM using the in-house code and FEM using commercial software. In this verification 
study the same conditions are applied to both numerical models:  
 
- The  same model (diffusion equation model) is approximated by both numerical models;  
- The shape of volumetric domain is the same for both numerical models; 
- The input parameters applied to both numerical models are the same. 
 
Due to the above mentioned assumptions small errors are expected to appear. Both the 
FDM and FEM are numerical models and therefore an approximation of the exact solution. 
This assumption will in general cause a small error, even if both models are well 
implemented.  
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The verification study is divided into two separated parts. In the first part an octahedron 
shaped room is solved using multiple discretisation in space. In this first part of the 
verification study the shape of the volumetric domain is determined by the voxelization 
process and is dependent on the used discretization in space. Therefore a difference in the 
shape of the volumetric domain appears. In the second part the influence of the 
discretisation in space is studied. For this part of the verification study the same shape of 
the volumetric domain is approximated by multiple discretisations in space.  
 

3.3.1.1 Verification - part 1 

In the verification study an octahedron shaped room is approximated. After voxelizing the 
smooth shape of the octahedron multiple convex corners appear, making this geometry 
ideal for testing the in-house code. The smooth geometry of an octahedron is displayed in 
Figure 3.4. The term smooth geometry refers to a non-discretised geometry without 
transformations.        

 
Figure 3.4. The original shape of the octahedron. 

 

In this verification study the source is located in the centre of the room. An interrupted 
source, with a distribution in time [f(n)] as defined in Equation 3.13, is used [14]. A pulse 
time of [0 𝑠 ≤ 𝑛 ≤ 1 𝑠] is chosen to ensure that an equilibrium state is reached before 
source stage 2 start. For more information about the source see Chapter ‘2.4 Source’.  
  

f(n) =  {
1   for 0 ≤ n ≤ 1.0
0   for n > 1.0         

  
3.13 

 

 
The receivers are divided over two lines. The number of receivers is dependent on the 
shape of the room. The smooth geometry of the octahedron, as displayed in Figure 3.4, is 
discretised by the voxelization process using a discretisation in space of [∆v =
0.5, 0.25, and 0.125 m]. The discretisation in space influences the shape of the volumetric 
domain as displayed in Figure 3.5.  

        
 

Figure 3.5 . Voxelization of the octahedron with a discretization in space of [∆v = 0.50 m] left,[ ∆v = 0.25 ] middle, 
and [ ∆v = 0.125 ] right. 
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Grids of the voxelized octahedrons are denoted in Appendix 6 to Appendix 8. The source 
and receiver positions, of each volumetric domain, are denoted in the same appendices. 
The discretisation in time influences the number of time steps that needs to be solved. A 
large discretization in time decreases the number of steps that needs to be determined 
resulting in a faster simulation. In general, the steps in time are limited by means of stability 
and accuracy [53]. As mentioned in Chapter ‘3.1 Finite Difference Method’, the DF scheme 
is unconditionally stable [37]. In the study conducted by Navarro, Escolano, and López it is 
found that the error of the reverberation time is within the limits of the Just Noticeable 
Difference (JND) if a discretisation in space of [∆v ≤  0.5 m] is used [37]. As mentioned 
before, the JND is considered to be the maximal acceptable error [80]. Therefore are all FM 
discretisations in space, as applied in this research, equal or smaller than [∆v ≤ 0.5 m]. The 

used absorption factors are Sabine [Asab (−)], Eyring [Aeyr (−)], and Modified [Amod (−)]. 

The differences in results, between the Modified and Eyring absorption factor, are 
considered to be minimal. However, in literature no study is found describing these 
differences in a quantitative manner. The absorption coefficient that is used in this 
verification study is [α = 0.1]. The applied power attenuation coefficient of [m = 1.4 ∙
10−3 (m−1)] is based on a frequency of [𝑓 = 1000 Hz], air temperature of [Tair = 20 ℃], 
and relative humidity of [φ = 50 %] [67]. The applied speed of sound and density in air 
[c = 343 m/s  and  ρ = 1.2 kg/m³] are based on the same atmospheric conditions. The 
diffusion coefficient, as defined in 2.12, is used for this verification study. Because only the 
late response of the decay is considered, adjusting the diffusion coefficient is considered to 
have no significant influence [46]. The volume [V(m3)] and surface area [S(m2)] of the 
geometries are defined by commercial software [81]. This to ensure that the volume and 
surface of both numerical models (FDM and FEM) are the same. The volume and surface 
area of voxelized geometries are denoted in Table 3.1.   
 

Table 3.1. Volume and total surface are of the voxelized geometries. A graphical representation of these geometries is 
displayed in Figure 3.5.  

Geometry V(m³) S(m²) 

Octahedron – Δv=0.50 m  79.0 126.0 
Octahedron – Δv=0.25 m  99.0 161.0 

Octahedron – Δv=0.125 m  107.4 178.5 

 
This verification study concerns the comparison between two numerical models. The results 
of the FDM, as obtained by the in-house code, are compared with the results of the FEM, as 
obtained by commercial software [81]. Both numerical models are using the diffusion 
equation model. Besides that are the input parameters of the absorption coefficient 
[α (−)], absorption  factor [A(−)], power attenuation coefficient of sound in air [m(m−1)], 
density of air [q(kg/m³)], speed of sound [c(m/s)], diffusion coefficient [D(m²/s)], source 
definition, and shape of the volumetric domain for both numerical models the same. The 
size of the elements is smaller than the mean-free path. The element size of the FEM is 
determined by the ‘Physics-controlled mesh’ with a normal density of elements. The 
‘Physics-controlled mesh’ is a standardised method for defining a mesh in Comsol. The 
discretisation in time is equal to  [∆t = 0.001 s]. In a separate study, that can be found in 
Appendix 9, it is found that converged results are obtained when a discretisation in time of 
[∆t = 0.001 s] is used. Simulation specifications of all simulations conducted in this first 
part of the verification study are denoted in Appendix 10. 
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3.3.1.2 Verification - part 2  

It is expected that the difference between FDM and FEM is influenced by the discretisation 
in space. In the second part of the verification study the influence of the discretisation in 
space is determined by solving the same shape of the volumetric domain using multiple 
discretisation in space [∆v = 0.5, 0.25 and 0.125 m]. The shape of the volumetric domain 
as used for this part of the verification study is equal to a voxelized octahedron based on a 
discretisation in space of  [∆v = 0.5 m]. In the first part of the verification study the 
geometry is solved using a discretisation in space of  [∆v = 0.5 m].  A refinement of the grid 
is applied to the same shape of the volumetric domain using a discretisation in space of 
[∆v = 0.25, and 0.125 m]. The redefined grids and specifications of the simulations are 
denoted in Appendix 11 and Appendix 12, see simulation 19 to 24. Specifications of the 
voxelized based geometry with a discretization in space of [∆v = 0.5 m] are denoted in 
Appendix 6. The results of the FDM simulations are compared with results of the FEM. 
Specification for the absorption coefficient [α(−)] , absorption factor [A(−)] , power 
attenuation coefficient of sound in air [m(m−1)], density of air [q(kg/m³)], speed of sound 
[c(m/s)], diffusion coefficient [D(m²/s)], and source definition, are similar as used in the 
first part of the verification study.  

3.3.2 Validation 

Validation is used to determine if the model results in an accurate representation of reality 
[79]. The validation study of this research is divided into two parts. The first part of the 
validation study concerns a numerical comparison between results obtained by the FDM 
using a equidistant conformal voxelized mesh and results of the FEM using a non-
equidistant conformal tetrahedral mesh. The second part of the validation concerns the 
comparison between the numerical results obtained by the FDM using the in-house code 
and acoustic measurements of an irregularly shaped room. The specifications of both parts 
are described below.       
 

3.3.2.1 Validation - part 1 

The volumetric domain of an octahedron determined by a non-equidistant conformal 
tetrahedral mesh has a closer resemblance to the smooth shape compared to the 
volumetric domain determined by a equidistant conformal voxelized mesh. It is therefore 
assumed that the results obtained by this mesh are closer to reality. The octahedron 
shaped room, as used for this validation study, is similar to the geometry as used in the 
verification study, see Chapter “3.3.1 Verification”.  

 
Figure 3.6. Non-equidistant conformal tetrahedral mesh of the octahedron shaped room as used in FEM. 
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The octahedron shaped room is approximated by the FEM using of a non-equidistant 
conformal tetrahedral mesh. The shape of the volumetric domain is displayed in Figure 3.6. 
Specifications of the octahedron shaped room using a non-equidistant conformal 
tetrahedral mesh is displayed in Appendix 13. Note that the input parameters of the 
absorption coefficient [α(−)], absorption factor [A(−)], power attenuation coefficient 
[m (m−1)], density of air [q (kg/m³)], speed of sound [c(m/s)], diffusion coefficient 
[D(m²/s)], and source definition are the same for both numerical models. The FEM 
simulation specifications are denoted in Table 3.2. The results of the above described 
simulations are compared with results obtained by the FDM, see simulation 1 to 10 in 
Appendix 10. The FDM results, as used for this comparison, are similar to the results 
obtained in the first part of the verification study. This concerns the result obtained by the 
in-house code and a discretisation in space of [∆v = 0.5, 0.25 and 0.125 m].  
    

Table 3.2. FEM simulation specifications as conducted for the first part of the validation study. 

Nr. Geometry  Δt (s) A 
 

α m (m−1) 

19 Octahedron – tetrahedral   0.001 Sabine  0.1 1.4E-03 
20 Octahedron – tetrahedral   0.001 Eyring  0.1 1.4E-03 
21 Octahedron – tetrahedral   0.001 Modified  0.1 1.4E-03 

 
A difference in the surface area between geometries appears. The geometrical 
specifications of the voxelized based geometries are denoted in Table 3.1. The volume and 
surface area of the tetrahedral based geometry are [V =  114.3 m³] and [S =  138.6 m²] 
respectively. At the boundary surface of a geometry acoustical energy is absorbed. The 
length of the reverberation time is influenced by the absorption that will take place at the 
boundaries. It is suggested that the differences in result, between both numerical models, is 
influenced by the difference in surface area. The total amount of energy that is absorbed at 
the boundaries of the geometry is dependent on the absorption coefficient [α(−)], and the 
total surface area of the tetrahedral based geometry [𝑆tetrahedral (m

2)] and the surface 
area of the voxelized based geometry [𝑆voxelized (m

2)] , see Equation 3.14. An adjustment 
coefficient [δsurf(−)]  is formulated as described in Equation 3.15. This adjustment 
coefficient will correct for the difference in surface area. In this research the mixed 
boundary condition is used, as defined in Equation 2.6. The mixed boundary condition is 
redefined due to the introduction of the adjustment coefficient as defined in Equation 3.15. 
The adjusted mixed boundary condition is displayed in Equation 3.16.  

𝑆𝑡𝑒𝑡𝑟𝑎ℎ𝑒𝑑𝑟𝑎𝑙 ∙ 𝛼 = 𝛿𝑠𝑢𝑓𝑎𝑐𝑒 ∙ 𝑆𝑣𝑜𝑥𝑒𝑙𝑖𝑥𝑒𝑑 ∙ 𝛼  3.14 

𝛿𝑠𝑢𝑟𝑓 =
𝑆𝑡𝑒𝑡𝑟𝑎ℎ𝑒𝑑𝑟𝑎𝑙

𝑆𝑣𝑜𝑥𝑒𝑙𝑖𝑥𝑒𝑑
  3.15 

−𝐷 ∙
𝜕

𝜕𝑛
𝑤(𝑟, 𝑡) = 𝛿𝑠𝑢𝑟𝑓 ∙ ℎ𝑤𝑎𝑙𝑙 ∙ 𝑤(𝑟, 𝑡)      3.16 

3.3.2.2 Validation - part 2 

The second part of the validation study is related to the comparison between numerical 
results conducted by the FDM and results of acoustic measurements. The measurements 
are obtained in an irregularly shaped room. This room contains multiple non-parallel 
boundaries. The irregularly shaped room used for this part of the validation study has a low 
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absorption coefficient of all surface area’s [α < 0.1] [82]. The walls, floor and ceiling of this 
irregularly shaped room are made of (painted) concrete. These walls are characterised by a 
low scattering coefficient within the range of [0.01 ≤ 𝑠 ≤ 0.03]. The diffusion equation 
model can only be applied when the specular reflected sound dominates over the specular 
reflections. Based on this statement it can be questioned if the diffusion equation model 
can be used to this particular room. Based on the assumptions, as displayed in Appendix 14, 
it is concluded that the diffuse reflection are dominating in the late part of the sound 
pressure energy decay. The irregularly shaped room as used for this study contains panels 
to increase the diffusivity of the acoustic field. However, in literature no fitted room system 
is found that only includes the influence of small objects at their exact location. The system 
as presented by Valeau, Hodgson, and Picaut uses a statistical approach for objects and is 
applied to the entire volume of the room [39]. This approach is considered to be non-
physical for similar reasons that the mixed boundary condition is introduced [46]. Besides 
that, the sizes of these panels are too small to consider them as boundaries [32]. This 
research is therefore limited to the empty room situation. The correction panels as present 
in this room are removed during measurements.  
 
The measurements are conducted at 3-02-2016 in ‘measurement room 1’ of the acoustical 
laboratory situated at the Echo building of the Eindhoven University of Technology. In total, 
ten source-receiver combinations are measured. A floor plan of the room, including  
measurement setup, is displayed in Appendix 15. The measurements are conducted and 
analysed in Dirac [83]. All measurements are conducted with an E-Sweep signal of [10.9 s] 
with an external gain of [-20 dB] and internal gain of [-12 dB]. The impulse to noise ratio 
[INR] was determined to be at least [ ≥ 58 dB]. An minimal impulse to noise ratio of 
[INR ≥ 42 dB] is required to determine the [T30(s)] with an accuracy of [e < JND], an 
impulse to noise ratio of [ INR ≥ 57 dB] has an error less than [e < 0.1 ∙ JND] [78]. The 
average measured impulse to noise ratio of each individual receiver position is displayed in 
Table 7.17, see Appendix 15. Fluctuation in the air temperature were in the range of  
[19.8  ℃ ≤ Tair ≤ 20.7 ℃]. Fluctuations of the relative humidity were in the range of 
[47.6 % ≤ φ ≤  49.9 %]. The equipment used for this measurement is denoted in Table 
3.3. Microphone 1 is used to measure receiver position [R1 to R4]. Microphone 2 is used for 
the measurements of receiver position [R5] , and is not moved during the entire 
measurement. The sources are rotated in five equal-angular rotations to minimalize the 
source directivity [84]. The results of the five equal-angular rotations are averaged and in all 
cases expressed as one result.  Results of the measurements are displayed in Appendix 15.  
 
 

Table 3.3 . Equipment used for the measurements of the irregularly shaped room. 

Description Brand  Type 

Source 1 (S1)  Acoustics Engineering   Dodecahedron speaker “Pyrite”   
Source 2 (S2)  Acoustics Engineering   Dodecahedron speaker “Pyrite”   
Microphone 1 (R1-R4)  Brüel & Kjær  Pre-polarized free field Microphone ½ 
Microphone 2 (R5) Brüel & Kjær  Pre-polarized free field Microphone ½  
Sound device (ICP)  Acoustics Engineering   Triton 
Amplifier Brüel & Kjær  Amphion 
Calibration Brüel & Kjær  level Calibrator 4231  
Temperature/rel. Humidity Vaisala  HMP233 
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The voxelized shape of the volumetric domain, as used for the FDM simulations, is based on 
a discretization in space of [∆v = 0.50, 0.25, and 0.125 m]. A graphically representation of 
the voxelized based geometries is displayed in Figure 3.7. More details about the voxelized 
based geometries is displayed in Appendix 16 to Appendix 18.  
 

              
Figure 3.7. The shape of the volumetric domain of the irregularly shaped room as obtained by the voxelization process 

using a discretisation in space of [∆v = 0.50 m] left,[ ∆v = 0.25 ] middle, and [ ∆v = 01.25 ] right.   

 
The average absorption coefficient used in this second part of the validation study is based 
on measurements. An average absorption coefficient is applied to all boundaries. The 
average absorption coefficient of the boundaries based on measurements is determined in 
a similar way as described by the international standardization organisation and is defined 
as displayed in Equation 3.17 [85]. As from here on this absorption coefficient is referred to 
as the measured absorption coefficient .  

α̅meas = [
55.3∙V

c∙T∙S
−
4∙V∙m

S
]  3.17 

The measured absorption coefficient [α̅meas(−)] is dependent on the speed of sound 
[c (m/s)], the volume of the room [V(m3)], the power attenuation coefficient [m(m−1)], 
and reverberation time [T (s)]. The absorption coefficient as applied in this study is 
determined by the use of the reverberation time of the room [T30 room] as obtained by 
measurements, see Appendix 15. The measured absorption coefficient of multiple 
frequencies is displayed in Table 3.4.  
 

Table 3.4. The average absorption coefficient [α̅meas(−)] based on measurements of the irregular shaped room. 

Frequency (Hz) �̅�𝐦𝐞𝐚𝐬 

500 0.014 
1000 0.016 
2000 0.017 
4000 0.011 

 
The volume and surface area of a tetrahedral meshed irregularly shaped room is used to 
determine the measured absorption coefficients as displayed in Table 3.4. These quantities 
are chosen due to their large resemblance with the smooth shape of the irregularly shaped 
room. The volume and surface area of the voxelized based geometries will deviate from this 
shape as a result of the voxelization process. The geometrical specifications of the voxelized 
geometries are denoted in Table 3.5. Note that not only the length and width but also the 

height of the room [h(m)] is limited by the discretisation in space. The used height 
influence the volume and surface area of the volumetric domain.   
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Table 3.5. Geometrical specifications of the different voxelized and tetrahedral based shapes.   

Voxelization V(m³) S(m²) h (m) 

Irregular room – v=0.50 m 92.6 130.0 3.50 
Irregular room – v=0.25 m 86.3 126.5 3.25 

Irregular room – v=0.125 m 86.1 125.2 3.25 
Irregular room – smooth 89.7 125.6 3.30 

 

The Sabine [Asab], Eyring [Aeyr], and Modified [Amod] absorption factors are used. The 

measured absorption coefficients are determined using a method as described by the 
international standardization organisation [85]. This method is based on Sabine’s formula of 
reverberation. It can be suggested that this approach is incorrect when using the Eyring or 
modified absorption factor. In Appendix 19 the measured absorption coefficient [α̅meas(−)] 
is determined using the Eyring and modified absorption factor. Based on the analysis, as 
displayed in Appendix 19, can be concluded that the used absorption factor has no 
significant influence on the measured absorption coefficient. The applied attenuation of 
sound in air is based on a temperature of [Tair = 20 ℃] and a relative humidity of 
[φ = 50 %] , as this is in line with the atmospheric conditions present during the 
measurements [67]. The diffusion coefficient of this study is defined classically. Note that 
the attenuation of sound in air is frequency dependent. Numerical simulations are 
determined for the full octave bands within the frequency domain of  [500 Hz ≤ f ≤
4000 Hz]. This frequency domain is chosen for specific reasons. The acoustic field of this 
specific room is not considered to be diffuse for full octave band with frequency of 
[𝑓 ≤ 250 Hz] [58]. The influence of the attenuation of sound in air will cause significant 
errors for simulations of the full octave band with frequencies of [𝑓 ≥ 8000 Hz] [86]. The 
speed of sound [c = 343 m/s] an density of air [ρ = 1.2kg/m³] are determined for similar 
air conditions as present during the measurements. The interrupted source, as used for this 
part of the validation study, is similar to the source used in the verification study, see 
Equation 3.13. Details of the used absorption coefficient [α (−)], absorption factor [A(−)], 
attenuation of sound in air [m(m−1)], discretisation in space [∆𝑣 (𝑚)] and discretisation in 
time [∆𝑡 (𝑠)] of each individual simulation are denoted in Appendix 16 to Appendix 18. 
 
FEM simulations are conducted to define the accuracy of the results and to determine the 
influence of the used geometry (staircase error). Simulations are conducted using both a 
voxelized based and tetrahedral based geometry. Input parameters for the absorption 
coefficient [α (−)], absorption  factor [A(−)], power attenuation coefficient [m(m−1)], 
density of air [q(kg/m³)], speed of sound [c(m/s)], diffusion coefficient [D(m²/s)], and 
source definition, are similar for both numerical models. The size of the elements is  smaller 
than the mean-free path. The element size of the FEM simulations is determined by the 
‘Physics-controlled mesh’ option of Comsol using a normal density of elements [81]. The 
discretisation in time is equal to [∆t = 0.001 s]. Specifications of the FEM simulations are 
denoted in Appendix 20.   
 
It is expected that the differences between the FDM using the in-house code and 
measurements is caused by the used absorption coefficient. Therefore, additional 
simulations are conducted using an absorption coefficient that is specified for the surface of 
the used shape of the volumetric domain. In this additional study the voxelized geometries 
based on a discretisation in space of [∆v = 0.25, and 0.125 m] are approximated. The 
absorption coefficient used for these simulations is determined by the use of Equation 3.17. 
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However, in contrast to former denoted absorption coefficients is in this case the volume 
and surface area of the volumetric domain applied. Further reference to this absorption 
coefficient is the geometrical based absorption coefficient. The geometrical based 
absorption coefficients are denoted in Appendix 21. The volume and surface area of each 
shape of the volumetric domain are denoted in Table 3.5. The specification of these 
simulations can be found in Appendix 22. Note that only the absorption factor differs, the 
remaining specifications are similar to earlier conducted simulations.  
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4 Results 

In this research the FDM is implemented by an in-house code specially designed for this 
research. Several simulations are conducted to determine the quality of the in-house code. 
This quality assessment is based on a verification and validation study. The specifications of 
these simulations are denoted in Chapter ‘3.3 Quality assessment’. The results of this 
quality assessments are denoted in this chapter.   

4.1 Verification study 

The in-house code is verified to define if it performs as is intended. This verification study is 
conducted by comparing the results of the FDM, solved by the in-house code, and FEM, 
solved by commercial software. Both numerical models are using the same model (diffusion 
equation model), input parameters and shape of the volumetric domain. This verification 
study concerns two different parts. In the first part three different shapes of the volumetric 
domains, as obtained by the voxelization process, are approximated. Note that the 
volumetric domain as solved by both numerical models is the same. The second part of the 
verification study has emerged from the results obtained in the first part of the verification 
study. Based on these results it is expected that the results are influenced by the used 
discretisation in space. The influence of this parameter is determined by a series of 
simulations in which the shape of the volumetric domain is the same. This volumetric 
domain is solved for several discretisations in space. Specifications of both parts are 
denoted in Chapter ‘3.3.1 Verification’.  

4.1.1 Verification - Part one 

The shape of the volumetric domains, as solved in the first part of the verification study, is 
defined by a voxelization process using a discretisation in space of [∆v = 0.5, 0.25,  
and 0.125 m]. Specifications of the volumetric domains can be found in Appendix 6 to 
Appendix 8. Specifications of the simulations can be found in Appendix 10. The results are 
analysed by the reverberation time of the room [T30 room(s)] as displayed in Figure 4.1. In 
this graph a distinction between geometries and absorption factors is made.   
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Figure 4.1 . The reverberation time of the room [T30 room (s)]  for multiple geometries based on a discretisation in space of 
[∆v = 0.5, 0.25 and 0.125 m] and absorption factors [ASab, AEyr, and AMod]. These results are generated by the in-house 

code using the FDM. The results that are displayed in this figure are related to simulation 1 to 9. Specifications of these 
simulations can be found in Appendix 10. 

 
In total three different absorption factors are used, namely: Sabine [Asab(−)], Eyring 

[Aeyr(−)], and Modified [Amod(−)]. As mentioned in Chapter ‘3.3.1 Verification’ small 

differences are expected to appear between simulations using the Eyring and Modified 
absorption factors. The found differences [θnum]  are smaller than [≤ 0.01 %]  and 
therefore considered to be non-significant. When comparing the results of simulations 
using the Sabine and Modified absorption factor differences in the range of [4.5 % ≤
θnum ≤ 5.1 %] appear.  
 
Both the FDM and FEM are numerical models approximating the solution. Because no exact 
solution is obtained small differences between both models will appear, even when both 
methods are correctly implemented. The differences between the results obtained by FDM 
and FEM are displayed in Figure 4.2. The found differences between both numerical models 
are in the range of  [1.4 % ≤ θnum ≤ 3.4 %]. Results of each individual receiver positions 
can be found in Appendix 23. Based on the results, displayed in Figure 4.2, it is expected 
that the difference between FDM and FEM tends to decreases with the discretisation in 
space of the FDM. The influence of the used discretisation in space on the obtained 
difference between numerical models is studied in the next paragraph, see ‘4.1.2 
Verification - Part two’. 
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Figure 4.2. The differences [θnum (%)] between results of the FDM using the in-house code (see simulation 1 to 9) 

and the FEM solved by commercial software (see simulation 10 to 18). Both models are using the same model, geometry, 
and input data. Specifications of these simulations can be found in Appendix 10.  

 

In literature it is denoted that the diffusion equation model results in a non-homogenous 
acoustic field [32,38,44,52]. This indicates that the sound pressure level is location 
dependent and influenced by the distance to the source [44]. Based on this statement it can 
be expected that diversity will appear in the reverberation time of individual receiver 
positions. However, this assumption is in contrast to the results of the individual receiver 
position as displayed in Appendix 23. The differences [θnum] in reverberation time between 
positions is below [< 0.01 %] indicating a non-significant differences in the results. Based 
on these results it can be suggested that a homogenous acoustic field is present. In order to 
study this statement a section of the sound energy decay curve of simulation 1 is studied. 
Details of this  simulation can be found in Table 7.8 displayed in Appendix 10. The section of 

the sound pressure level [Lp(dB)] decay curve as a function of time [t(s)] is displayed in 

Figure 4.3. The source, as defined by Equation 3.13, emits energy in the period of 
[0 s ≤ n ≤ 1 s]. A small fraction of this period [0.95 s ≤ n ≤ 1 s] is displayed in Figure 4.3. 
In this fraction an equilibrium of the sound energy density, characteristic for source stage 
one, is reached resulting in a steady state field. In this steady state field large differences 
appear between receiver positions. A higher sound pressure level is found for position 
closer to the source. The sound pressure level decreased with the increasing distance to the 
source. The location dependency of the sound pressure level is in line with results found in 
literature and gets smaller when the source is turned off but will never vanish entirely 
[32,44,52]. The slope of decrease is the same for all receiver positions, resulting in similar 
results for the reverberation time. This is despite the differences in sound pressure level. In 
literature no reference is found that describes the influence of the distance to the source 
on the reverberation time.     
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Figure 4.3. The energy decay curve of four receiver positions located on one line. The results as displayed in this graph 

are related to simulation 1. Details of this simulation can be found in Appendix 10.      

4.1.2 Verification - Part two 

The second part of the verification study has emerged from the results obtained in the first 
part of the verification study. The differences between FDM and FEM tends to decrease 
with the discretisation in space as applied to the FDM. In order to ensure that this decrease 
is not caused by the shape of the volumetric domain itself, a new study is conducted. In this 
study the same shape of the volumetric domain is solved using multiple discretisations in 
space [∆v = 0.5, 0.25 and 0.125 m] . Specifications of these studies are denoted in 
Appendix 11. The number of freedom in FEM is equal to 16446. Based on the results  as 
presented in Appendix 9 it is concluded that the length of the elements has a negligible 
influence on the results. However, according to literature the element size as used in FEM is 
limited by the mean-free path [46]. The obtained reverberation time of the room 
[T30 room (s)] is displayed in Figure 4.4. Based on the results, as displayed in figure, it is 
concluded that the discretisation in space influences the results obtained by the FDM using 
a DF scheme for the interior nodes and upwind boundary system for the boundary nodes. 
Similar conclusions are drawn in literature using a cubical room [37]. Note that this 
conclusion can only be drawn for this specific scheme. Further research is required to 
define if the same principle applies to other FDM schemes. However, the usage of other 
FDM schemes is out of the scope of this research.  
 
In this study the same shape of the volumetric domain is solved using multiple 
discretisations in space. Limited changes are made in the specifications of these 
simulations; the same model, input data and shape of the volumetric domain is used for all 
simulations. The applied discretisation in space and time varies between simulations. The 
low computational power is considered as one of the advantages of the diffusion equation 
model, especially when solved by the FDM [37]. The computational complexity of the 
diffusion equation model as solved by the FDM is dependent on the used discretisation in 
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space [14]. The used discretisation in space influences the number of nodes that needs to 
be determined, this is called the degrees of freedom. The number of nodes that need to be 
stored is dependent on the used scheme. The DF scheme uses three steps in time, of the 
past, current, and future moment in time. A low computational complexity will influence 
the simulation time. 

 
Figure 4.4.  The reverberation time of the room [T30room (s)] solved by multiple discretisations in space [∆v =

0.5, 0.25 and 0.125 m], and absorption factors [ASab, AEyr, and AMod]. These results are generated by the FDM using the 

in-house code and FEM using commercial software. The results as displayed in this figure are related to simulation 1 to 3, 
10  to 12, and 19 to 24. Details of this simulation can be found in Appendix 11.     

 
Parameters that are used to analyse the computational complexity are displayed in Table 
4.1. In this table the calculation time [tcal (s)] , calculation time to run 1000 steps in time 
[tcal 1000 ∙∆t (s)], and number of grid points of each volumetric domain [ndomain] are 
denoted. Multiple volumetric domains, covering each combination between volume and 
boundary nodes, are combined for the implementation of the of the diffusion equation 
model. The number of grid points of each volumetric domain is dependent of the 
discretisation in space and indicates the ratio in which the number of free points increases. 
The simulation time is influenced by the used discretisation in time. A smaller discretisation 
in space requires a smaller discretisation in time and therefore increases the simulation 
time. The calculation time to run 1000 steps in time is a good indicator to define the 
influence of the number of free points. Further research is required to optimise the 
‘computational complexity’ and ‘simulation time’.  
 

Table 4.1. Parameters that are used to  study the computational complexity of the in-house code.   

Nr. ∆𝐯 A 𝐧𝐦𝐚𝐭𝐫𝐢𝐱 𝐭𝐜𝐚𝐥 (h) 𝐭 𝐜𝐚𝐥 𝟏𝟎𝟎𝟎 ∙∆𝐭 (s) 

1 0.50 Sabine 2197 0.05 5.18 
19 0.25 Sabine 12167 0.38 18.05 
22 0.125 Sabine 79507 4.04 95.65 
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Based on the results of this verification it is concluded that the implementation of the in-
house code performs as is intended. Just limited differences appear between both 
numerical models. Note that a smaller discretisation in space will result in a small difference 
between numerical models. However, a smaller discretisation in space indicates a higher 
computational complexity and smaller discretisation in time. Both of these parameters will 
result in a longer simulation time.  

4.2 Validation study  

The in-house code is validated to define if it results in an accurate representation of reality. 
This validation study is divided into two separate parts. The first part of the validation study 
concerns the comparison between numerical results of the FDM, using the in-house code, 
and numerical results of the FEM, using commercial software. In the second part of the 
validation study measurements of an irregularly shaped room  are compared with results of 
the FDM using the in-house code.     

4.2.1 Validation - Part one 

In the first part of the validation study the results of a voxelized based geometry, solved by 
the FDM using the in-house code, are compared with result of a tetrahedral based 
geometry, solved by the FEM using commercial software. The shape of a tetrahedral based 
geometry is determined by the elements as characteristic for a non-equidistant conformal 
tetrahedral mesh. This is in strong contrast to a geometry based on an equidistant 
conformal voxelized mesh, where all spatial features are limited to longitudinal, lateral and 
vertical steps in space. Specifications of the geometries obtained by the voxelization 
process are displayed in Appendix 6 to Appendix 8. Specifications of the tetrahedral based 
geometry as used by FEM are displayed in Appendix 13.  
 
The reverberation time of the individual receiver positions [T30 receiver(s)]  and 
reverberation time of the room [T30 room(s)] of all four geometries are displayed in 
Appendix 25. In this appendix can be seen that the differences between both geometries 
are within the range of [25.2 % ≤ θnum ≤ 26.8 %], and therefore considered to be 
significant. Assumed is that the difference is caused by the shape of the volumetric domain. 
A difference in the geometries appears as a result of the voxelization process. As mentioned 
before, the voxelization of a geometry is the process in which a continuous geometry 
undergoes a transformation to a discrete voxel-based approximation of the environment 
[55]. The error that is caused by this transformation is called staircase error and refers to 
the shape of the boundaries. The diffusion equation model is numerically solved by the FEM 
using commercial software [81]. This commercial software uses a non-equidistant 
conformal tetrahedral mesh. This mesh has a closer resemblance to the smooth geometry 
compared to the voxelized based  geometry. It is therefore considered that more accurate 
results are obtained when using a non-equidistant conformal tetrahedral mesh. 
 
In total four different shapes of the volumetric domain are studied. These shapes are the 
result of the applied meshing technique and deviate in volume and surface area of the 
boundaries. The difference in results between the FDM and FEM can be caused by the 
deviation in geometrical features. A large part of the acoustic energy is absorbed at the 
boundaries. A correction coefficient [δsurf(−)] as defined in Equation 3.14 to 3.16 is 
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introduced to ensure that the total absorbing area of all geometries is the same. A series of 
simulations, see simulation 28 to 36 in Appendix 13, is conducted using this correction 
coefficient. The results obtained using an correction factor for the absorbing area are 
displayed in Appendix 25. Similar to earlier found results the difference between individual 
receiver positions is limited. In Figure 4.5 the reverberation time of the room [T30 room(s)] 
of both simulations, with and without correction factor for the absorbing area, is displayed.   
Despite the usage of the correction coefficient significant differences between FDM and 
FEM appear within the range of [6.5 % ≤ θnum ≤ 31.8 %].  
 

 
Figure 4.5. The reverberation time of the room [T30 room (s)] using multiple absorption factors [ASab,

AEyr, and AMod]. The shape of the volumetric domains are dependent on the used meshing techniques. The results as 

displayed in this figure are related to simulation 1 to 9, and 19 to 24. Details of these simulations can be found in Appendix 
10 and Appendix 13.   

 
These significant differences are considered to be  influenced by the volume of the 
volumetric domain, if the volume increases the reverberation time will get longer. The 
amount of acoustic energy decreases with every collision between sound particle and 
scattering object. Based on the definition of the mean-free path, the length between 
collisions increases with the volume of the room. Increasing the distance between 
successive collisions decreases the amount of energy that is absorbed, causing a longer 
reverberation time. The ratio in volume between the voxelized based geometries with a 
discretisation in space of [∆v = 0.5, 0.25 and 0.125 m]and the tetrahedral based geometry 
are [0.69, 0.87 and 0.94] respectively. The trend of the appearing differences is in line with 
the trend of the volume ratios.  
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As mentioned above, significant differences are found between the reverberation time 
obtained by the FDM, using a voxelized mesh, and the FEM, using a tetrahedral mesh. A 
more exact approximation of an irregularly shaped room can, according to literature, be 
obtained in the FDM by using a non-equidistant spatial grid [53]. The usage of such grid is  
out of the scope of this research.    

4.2.2 Validation - Part two 

The second part of this validation study is related to the comparison of results obtained by 
the FDM using the in-house code and measurements of an irregularly shaped room. The 
results of the acoustic measurements are displayed in Appendix 15. The measurements are 
conducted in an irregularly shaped room with multiple non-parallel walls. These 
measurements are compared with numerical results obtained by FDM using the in-house 
code. In total three different voxelized meshes are created based on a discretisation in 
space of [∆v=0.50, 0.25, and 0.125 m]. The simulations are conducted using three different 

absorption factors, namely: Sabine [Asab(−)], Eyring [Aeyr(−)], and Modified [Amod(−)]. 

The results are analysed by the reverberation time of the room and considered to be non-
significant if the obtained difference is below the JND of [𝜃𝑚𝑒𝑎𝑠 ≤ 5%]. The results 
obtained by the FDM using the in-house code and voxelized geometries based on a 
discretisation in space of [∆v = 0.5, 0.25, and 0.125 m] are displayed in Figure 4.6., Figure 
4.7, and Figure 4.8 respectively. In these graphs the averaged measured reverberation time 
of the room [T30 room(s)] is denoted by a solid line [-]. The maximum acceptable error is 
denoted by a dashed line [- -]. The set standard of  [𝜃𝑚𝑒𝑎𝑠 ≤ 5%] is not met in every 
situation. All obtained results are characterised by an underestimation of the measured 
reverberation time. This underestimation leads to a significant difference [θmeas > 5 %] 
between numerical results and simulations for the frequencies of  [𝑓 = 500 and 1000 Hz] 
when using a voxelized geometry based on a discretisation in space of [∆v =  0.25,
and 0.125 m]. The result of the individual receiver positions can be found in Appendix 24 to 
Appendix 28. 
 
Based on the results as displayed in Figure 4.6 to Figure 4.8 it is questioned if the 
implementation of the in-house code is conducted correctly. The in-house code is tested by 
a numerical comparison between results obtained by the FDM, using the in-house code, 
and FEM, using commercial software. Both numerical models are using the same model 
(diffusion equation model), input data and shape of the volumetric domain. The differences 
[θnum] between both numerical models, as displayed in Figure 4.9, are below [≤ 1 %]. 
Based on the limited differences in the results between the FDM and FEM it is concluded 
that the in-house code is correctly implemented. The FEM results of all individual receiver 
positions are displayed in Appendix 29. 
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Figure 4.6. The measured and simulated reverberation time of the room [T30 room (s)]  of the full octave bands within 

the frequency domain of [500 Hz ≤ 𝑓 ≤ 4000 Hz]. The results are obtained by FDM using an equidistant conformal 
voxelized mesh with a discretisation in space of [∆v = 0.5 m]. The results displayed in this figure are related to simulation 

36 to 59 see Appendix 17.  

 
Figure 4.7. The measured and simulated reverberation time of the room [T30 room (s)]  of the full octave bands within the 
frequency domain of [500 Hz ≤ f ≤ 4000 Hz]. The results are obtained by FDM using an equidistant conformal voxelized 
mesh with a discretisation in space of [∆v = 0.25 m]. The results displayed in this figure are related to simulation 60 to 83 

see Appendix 18. 
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Figure 4.8. The measured and simulated reverberation time of the room [T30 room (s)]  of the full octave bands within the 
frequency domain of [500 Hz ≤ 𝑓 ≤ 4000 Hz]. The results are obtained by FDM using an equidistant conformal voxelized 
mesh with a discretisation in space of [∆v = 0.125 m]. The results displayed in this figure are related to simulation 84 to 

106 see Appendix 19. 

 

 
Figure 4.9. The difference [θnum(%)] between the FDM and FEM using the same geometry, model, and input 

parameters. The geometries that are used in this study are based on a discretisation in space of [∆v = 0.50, 0.25,
and 0.125 m]. The results displayed in this figure are related to simulation 37 to 144, and 157 to 192,  see Appendix 16  to 

Appendix 18, and Appendix 20. 
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Figure 4.10. The measured and simulated averaged reverberation time of the room [T30 room (s)] of the full octave bands 

within the frequency domain of [500 Hz ≤ f ≤ 4000 Hz]. The simulations are related to a non-equidistant conformal 
tetrahedral mesh solved by FEM. The quality criteria of the JND is equal to [θmeas = 5 %]. The results displayed in this 

figure are related to simulation 145 to 156, and 193 to 204, see Appendix 20. 

 
The applied absorption coefficient is based on measurements and  geometrical 
specifications of the tetrahedral based geometry, for more information see Chapter ‘3.3.2.2 
Validation - part 2’. The shape of the tetrahedral based geometry has a closer resemblance 
to the smooth geometry. Based on this close resemblance it is considered that more 
accurate results are obtained by using this mesh. The reverberation time of the room 
[T30 room(s)] obtained by the FEM is displayed in Figure 4.10. All result of the individual 
receiver positions, as displayed in Appendix 29, are within the range of the maximum 
acceptable difference of [θmeas ≤ 5%] . This indicates that no significant differences 
appears between simulations and measurements. Based on these considerations and the 
results found in the first part of the validation study it is expected that the found 
differences are partly caused by the used absorption coefficient.  
 
In Figure 4.11 the geometrical specified absorption coefficient and measured absorption 
coefficient, as used to obtained the results as displayed in Figure 4.6 to Figure 4.8, are 
displayed. The geometrical specified absorption coefficient are determined using the 
volume and surface area of each individual shape of the volumetric domain. Significant 
lower absorption coefficients are obtained for the voxelized based geometries, with a 
discretisation in space of [∆v = 0.25, and 0.125 m], when compared to the measured 
absorption coefficients as displayed in Table 3.4.  
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Figure 4.11. The geometrical specified absorption coefficient [α̅geo (−)] and absorption coefficient based on 

measurements [α̅meas (−)]. The geometrical specified absorption coefficient is determined using the volume and surface 
area of all individual geometries. The absorption coefficient based on measurements, in this figure denoted by  a solid line 

(-), is used to determine the results as displayed in displayed in Figure 4.6 to Figure 4.8. 

 
The geometrical specified absorption coefficient of all voxelized geometries are displayed in 
Appendix 21. Note that these geometrical specified absorption coefficient are rounded to 
three decimals. Only the absorption coefficient related the voxelized geometries based on a 
discretisation in space of [∆v = 0.25, and 0.125]  are deviating from the measured 
absorption coefficient, additional simulations are conducted for these voxelized 
geometries. The reverberation time of the room [T30 room (s)] obtained by these additional 
simulations are displayed in Figure 4.12 and Figure 4.13. The differences between results 
obtained by the FDM using the in-house code and the measurements are within the range 
of the JND [θmeas ≤ 5 %] and therefore non-significant. The results of the individual 
receiver position can be found in Appendix 27 and Appendix 28.   
 
Based on the results of the second part of this validation study it is concluded that the 
diffusion equation model gives an accurate representation of reality, for the examined 
irregularly shaped room. Note that the diffusion equation model is strongly influenced by 
the absorption of acoustical energy at the boundaries. It can be suggested that the shape of 
the room will influence the results, this is in line with the conclusions drawn in Chapter 
‘4.2.1 Validation - Part one’. However, a more detailed voxelization including the 
irregularities at the door and wall is analysed in Appendix 32. The results of this voxelized 
geometry preforms similar as the voxelized geometry without irregularities. Further 
research is required to define what the influence is of the volume of the room on the 
results obtained by diffusion equation model.  
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Figure 4.12. The measured and simulated reverberation time of the room [T30 room (s)] of the full octave bands within the 

frequency domain of [500 Hz ≤ f ≤ 4000 Hz]. The simulations are related to a equidistant conformal voxelized mesh 
based on a discretisation in space of [∆v = 0.25 m] solved by FDM. The results displayed in this figure are related to 

simulation 205 to 228 see Appendix 22. 

 
Figure 4.13. The measured and simulated averaged reverberation time of the room [T30 room (s)] of the full octave bands 

within the frequency domain of [500 Hz ≤ f ≤ 4000 Hz]. The simulations are related to a equidistant conformal voxelized 
mesh based on a discretisation in space of [∆v = 0.125 m] solved by FDM. The results displayed in this figure are related 

to simulation 229 to 251 see Appendix 22.
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5 Conclusions 

The goal of this research is to define to what extent the diffusion equation model is able of 
approximating the acoustic field of irregularly shaped rooms using the finite difference 
method (FDM). The implementation of the FDM is conducted by an in-house code specially 
designed for this research. This implementation is based on 27 combinations between 
interior and boundary nodes. The quality of this in-house code is determined by the use of a 
verification and validation study. The conclusions of this quality assessment and 
recommendations for further research are denoted below.  

5.1 Conclusions 

The verification study is used to determine if the model works as is intendent. In this 
verification study the results of two numerical models (FDM and FEM), using the same 
model, input data and shape of the volumetric domain, are compared. In the first part of 
the verification study the result of three voxelized geometries based on a discretisation in 
space of [∆v = 0.5,0.25 and 0.125 m]  are compared. For this verification study the 
extreme shape of an octahedron is used. The differences in reverberation time obtained by 
the FDM and FEM are in the range of [1.4 % ≤ θnum ≤ 3.4 %] and therefore considered to 
be non-significant. Based on these results it is suggested that the difference between FDM 
and FEM is dependent on the used discretisation in space as used by the FDM. In order to 
prove this the same shape of the volumetric domain is solved by multiple discretisations in 
space. Based on this study, it is concluded that the earlier made statement is correct; the 
difference between FDM and FEM decrease when the discretisation in space as applied to 
the FDM gets smaller. It should be noted that used discretisation in space influences both 
the computational complexity and simulation time, therefore a balance between accuracy 
and simulation time should be considered. The used shape that appeared after voxelization 
of the octahedron shaped room contains multiple convex corners. These convex corners are 
approximated by the approach as explained in Chapter ‘3.1.3 Implementation of irregularly 
shaped rooms’. This approach is based on 27 different combinations of interior and 
boundary nodes. The results of all combinations are combined resulting in one results for 
the entire volumetric domain. Based on the small differences between FDM and FEM it is 
concluded that this approach works as intended.  
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Validation is used to determine if the implementation of a model results in an accurate 
representation of reality. The FDM uses a homogenous conformal voxelized mesh. When 
using this meshing technique all spatial features of a room are limited to longitudinal, 
lateral and vertical steps in space. In this part of the validation results obtained by the FDM, 
using an equidistant conformal voxelized mesh, are compared with results obtained by the 
FEM, using a non-equidistant conformal tetrahedral mesh. A non-equidistant conformal 
tetrahedral mesh has a close resemblance to the smooth shape and is therefore considered 
to result in a more accurate approximation. Large differences [𝜃 > 10 %]  between FDM 
using a voxelized based mesh and FEM using tetrahedral based mesh appear. Smaller 
differences are obtained  when using an adjustment absorption coefficient. However, 
despite this correction factor significant differences appear [θnum ≥ 5 %]. It is suggested 
that this difference is caused due to the difference in volume. The ratio in volume between 
the voxelized based geometries with a discretisation in space of [∆v = 0.5, 0.25, and   
0.125 m] and the tetrahedral based geometry is [𝜑𝑣𝑜𝑙𝑢𝑚𝑒 =  0.69, 0.87 and 0.94] 
respectively. The trend of the appearing differences is in line with the trend of the volume 
ratios. This underlines the earlier made statement but is not enough to confirm it, for this 
conformation further research is required.   
 
In the second part of the validation study measurements conducted in an irregularly shaped 
room are compared with numerical result. Based on the results of the second part of this 
validation study it is concluded that the diffusion equation model gives an accurate 
representation of reality. However, the results of the diffusion equation model is strongly 
influenced by the used absorption coefficient of the boundaries. By all numerical methods a 
voxelization process is conducted in order to transform the smooth geometry into a 
voxelized geometry. The shape of the volumetric domain will deviate from the smooth 
geometry causing a difference in the volume and surface area, to what extend the 
geometry differs depends on the used discretisation in space. The volume and surface area 
are influencing the total absorbing area and therefore the geometrical specified absorption 
coefficient. A  geometrical specified absorption coefficient is an absorption coefficient that 
is determined based on the volume and surface of the volumetric domain as applied for the 
approximation. The obtained differences between measurements and numerical results are 
within the limit of the JND [θnum ≤ 5 %] if a geometrical specified absorption coefficients 
is applied.  

5.2 Recommendations for further research 

Based on the results of the validation study, it is concluded that the diffusion equation 
model has the potential of predicting the reverberation time of a irregularly shaped rooms 
within the set limit of the JND. However, it should be noted that the results as obtained in 
this research are in line with results that can be obtained by statistical models such as the 
formula of Sabine and Eyring, for the results of statistical models see Appendix 33. In this 
research numerical results and measurements of just one irregularly shaped room are 
compared. This room is characteristic for its reverberant qualities, an diffuse field is 
considered to be present. More extensive research is required to determine if the same 
method, as applied in this research, can be applied to other situations. This includes 
situations for which statistical models are considered to be non-valid. Both regularly and 
irregularly shaped rooms and with multiple configurations of absorbing materials and 
scattering coefficients need to be incorporated in such study. The irregularly shaped room 
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as studied in this research has a low absorption coefficient that is approximately equally 
distributed. However, it is of interest to study if a non-homogenous distribution of 
absorbing material will lead to similar results as obtained by simulations. Besides that it is 
currently unknown if the acoustic field as obtained by the diffusion equation model results 
in an accurate representation of reality near the source and wall. Recommended for further 
research is to compare the result of measurements conducted in several irregularly shaped 
rooms with multiple configurations of absorbing materials, large variety of room 
configurations and number of receiver positions. In this research the diffusion equation 
model is implemented for irregularly shaped room. It can be questioned if the same 
approach is applicable to situations containing multiple compartments, such as L-shaped 
rooms, and rooms with deviating surface shapes, such as round surfaces. Note that a first, 
two dimensional, attempt of simulating an irregularly shaped room with an L-shape is 
presented in literature [88]. 
 
The in-house code, as specially designed for this research, uses the FDM in combination 
with an equidistant spatial grid. According to literature a more exact approximation can be 
obtained by using a non-equidistant spatial grid [53]. In literature no study is found 
reporting the usage of FDM using a non-equidistant spatial grid for approximating the 
diffusion equation model. The usage of a non-equidistant spatial grid in FDM is out of the 
scope of this research but has the potential to further decrease the obtained differences as 
found in this research. Besides that, has the non-equidistant spatial grid the potential of 
decreasing the calculation time without loss of accuracy. It is therefore that the usage of a 
non-equidistant spatial grid is recommended for further research.  
 
Because the diffusion equation model is only valid for the diffuse reflections of the 
boundaries the usage of a hybrid model, combining the diffusion equation model with a 
model capable of handling specular reflection, seems to be in place. Such a hybrid model 
has the potential of overcoming the problems concerning the mixed reflections of 
boundaries. A boundary with a mixed reflection contains arbitrary proportions of diffusely 
and specular reflections. Further research is required to study this (hybrid) approach. The 
implementation of such hybrid model has been recommended in literature before but was 
out of the scope of this research [45]. 
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Appendix 1. Description of the Dufort-Frankel scheme 

In this research the diffusion equation model is numerically solved by the use of the FDM. 
The diffusion equation model for interior nodes that is used in this research is displayed in 
Equation 7.1. Note that this system differs from the system as displayed in Equation 2.17. 
The influence of the source is incorporated in an separated system as this term is, in this 
research, only relevant to one node representing the source.        

∂w(r,t)

∂t
= D ∙ ∇2 ∙ w(r, t) − σair ∙ w(r, t)    [in Ω]  7.1 

 
The description of a three-dimensional Dufort-Frankel (DF) scheme with an uniform 
discretisation in space is given below. Note that Equation 7.2 is equal to Equation 3.1 as 
displayed in Chapter ‘3.1.1 Dufort-Frankel scheme’. Equation 7.2 can be simplified as 
displayed in Equation 7.3 to 7.4.    

 
𝑊𝑖,𝑗,𝑘
𝑛+1−𝑤𝐼,𝑗,𝑘

𝑛−1

2∙∆𝑡
= 𝐷 [

𝑤𝑖+1,𝑗,𝑘
𝑛 −2

𝑤𝑖,𝑗,𝑘
𝑛+1+𝑤𝑖,𝑗,𝑘

𝑛−1

2
+𝑤𝑖−1,𝑗,𝑘

𝑛

∆𝑥2
+
𝑤𝑖,𝑗+1,𝑘
𝑛 −2

𝑤𝑖,𝑗,𝑘
𝑛+1+𝑤𝑖,𝑗,𝑘

𝑛−1

2
+𝑤𝑖,𝑗−1,𝑘

𝑛

∆𝑦2
….    

                                                                    +
𝑤𝑖,𝑗,𝑘+1
𝑛 −2

𝑤𝑖,𝑗,𝑘
𝑛+1+𝑤𝑖,𝑗,𝑘

𝑛−1

2
+𝑤𝑖,𝑗,𝑘−1

𝑛

∆𝑧2
] − 𝑐 ∙ 𝑚 ∙ 𝑤𝑖,𝑗,𝑘

𝑛
    

7.2 

𝑊𝑖,𝑗,𝑘
𝑛+1−𝑤𝐼,𝑗,𝑘

𝑛−1

2∙∆𝑡
= 𝐷 [

𝑤𝑖+1,𝑗,𝑘
𝑛 −𝑤𝑖,𝑗,𝑘

𝑛+1−𝑤𝑖,𝑗,𝑘
𝑛−1+𝑤𝑖−1,𝑗,𝑘

𝑛

∆𝑥2
+
𝑤𝑖,𝑗+1,𝑘
𝑛 −𝑤𝑖,𝑗,𝑘

𝑛+1−𝑤𝑖,𝑗,𝑘
𝑛−1+𝑤𝑖,𝑗−1,𝑘

𝑛

∆𝑦2
….    

                                                                         +
𝑤𝑖,𝑗,𝑘+1
𝑛 −𝑤𝑖,𝑗,𝑘

𝑛+1−𝑤𝑖,𝑗,𝑘
𝑛−1+𝑤𝑖,𝑗,𝑘−1

𝑛

∆𝑧2
] − 𝑐 ∙ 𝑚 ∙ 𝑤𝑖,𝑗,𝑘

𝑛
    

7.3 

𝑤𝑖,𝑗,𝑘
𝑛+1 = 2 ∙ ∆𝑡 ∙ 𝐷 [

𝑤𝑖+1,𝑗,𝑘
𝑛 −𝑤𝑖,𝑗,𝑘

𝑛+1−𝑤𝑖,𝑗,𝑘
𝑛−1+𝑤𝑖−1,𝑗,𝑘

𝑛

∆𝑥2
+
𝑤𝑖,𝑗+1,𝑘
𝑛 −𝑤𝑖,𝑗,𝑘

𝑛+1−𝑤𝑖,𝑗,𝑘
𝑛−1+𝑤𝑖,𝑗−1,𝑘

𝑛

∆𝑦2
….    

                                                +
𝑤𝑖,𝑗,𝑘+1
𝑛 −𝑤𝑖,𝑗,𝑘

𝑛+1−𝑤𝑖,𝑗,𝑘
𝑛−1+𝑤𝑖,𝑗,𝑘−1

𝑛

∆𝑧2
] − 2 ∙ ∆𝑡 ∙ 𝑐 ∙ 𝑚 ∙ 𝑤𝑖,𝑗,𝑘

𝑛 +𝑤𝑖,𝑗,𝑘
𝑛−1

    

7.4 

 
The discretisation in space is the same in all directions, due to the usage of an equidistant 
spatial grid. Therefore it is possible to define [∆x2, ∆y2, and ∆z2] as one value [∆v²] . Due 
to this assumption Equation 7.4 is redefined as displayed in Equation 7.5.  
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n−1 
 

7.5 
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A further simplification of this system is conducted by the constant  [δDF (−)]. This 
constant, that is defined in Equation 7.6, is used to simplify Equation 7.5 as displayed in 
Equation 7.7 to 7.10.  

δDF =
2∙∆t∙D

∆v²
  7.6 

wi,j,k
n+1 = δDF[wi+1,j,k

n + wi−1,j,k
n + wi,j+1,k

n + wi,j−1,k
n + wi,j,k+1

n ….    

                                           +wi,j,k−1
n − 3 ∙ wi,j,k

n+1−3 ∙ wi,j,k
n−1] − 2 ∙ ∆t ∙ c ∙ m ∙ wi,j,k

n +wi,j,k
n−1

 

7.7 

wi,j,k
n+1[1 + 3 ∙ δDF] = δDF[wi+1,j,k

n +wi−1,j,k
n + wi,j+1,k

n + wi,j−1,k
n ….    

                                              +wi,j,k+1
n +wi,j,k−1

n − 3 ∙ wi,j,k
n−1] − 2 ∙ ∆t ∙ c ∙ m ∙ wi,j,k

n + wi,j,k
n−1

 

7.8 

wi,j,k
n+1[1 + 3 ∙ δDF] = wi,j,k

n−1 ∙ [1 − 3 ∙ δDF] + δDF[wi+1,j,k
n + wi−1,j,k

n ….    

                                     +wi,j+1,k
n + wi,j−1,k

n + wi,j,k+1
n + wi,j,k−1

n ] − 2 ∙ ∆t ∙ c ∙ m ∙ wi,j,k
n

 

7.9 

wi,j,k
n+1 =

wi,j,k
n−1(1−3∙δDF)+[δDF]∙[ wi+1,j,k

n +wi−1,j,k
n +wi,j+1,k

n +wi,j−1,k
n +wi,j,k+1

n +wi,j,k−1
n ]−2∙∆t∙c∙m ∙wi,j,k

n

(1+3∙δDF)
  7.10 
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Appendix 2. Upwind boundary system 

The mixed boundary system as approximated by an FDM upwind scheme is described 
below. The mixed boundary condition is displayed in Equation 7.11, this equation is equal to 
Equation 2.6 as presented in Chapter 3.1.2 ‘Upwind scheme’. 

𝐷
𝜕𝑤

𝜕𝑛
+ 𝑐 ∙ 𝐴(𝑣, 𝛼) ∙ 𝑤(𝑣, 𝑡) = 0    7.11 

The sound energy density and first derivative of the unity vector normal to the boundary 
[∂w/ ∂n] are replaced by an upwind scheme as displayed in Equation 7.12. Equation 7.11 
can be rewritten, using Equation 7.12, as displayed in Equation 7.13 to 7.16.  

𝜕𝑤

𝜕𝑛
=
3∙𝑊𝑖,𝑗,𝑘

𝑛 −4∙𝑊𝑖+1,𝑗,𝑘
𝑡 +𝑊𝑖+2,𝑗,𝑘

𝑡

2∙∆𝑣
   7.12 

3 ∙ 𝑊𝑖,𝑗,𝑘
𝑛 − 4 ∙ 𝑊𝑖+1,𝑗,𝑘

𝑛 +𝑊𝑖+2,𝑗,𝑘
𝑛 = −

𝑐∙𝐴∙𝑊𝑖,𝑗,𝑘
𝑛 ∙2∙∆𝑣

𝐷
                  7.13 

4 ∙ 𝑊𝑖+1,𝑗,𝑘
𝑛 −𝑊𝑖+2,𝑗,𝑘

𝑛 = 3 ∙ 𝑊𝑖,𝑗,𝑘
𝑛 +

𝑐∙𝐴∙𝑊𝑖,𝑗,𝑘
𝑛 ∙2∙∆𝑣

𝐷
                7.14 

4 ∙ 𝑊𝑖+1,𝑗,𝑘
𝑛 −𝑊𝑖+2,𝑗,𝑘

𝑛 = 𝑊𝑖,𝑗,𝑘
𝑛 ∙ [3 +

𝑐∙𝐴∙2∙∆𝑣

𝐷
]                   7.15 

𝑊𝑖,𝑗,𝑘
𝑛 =

4∙𝑊𝑖+1,𝑗,𝑘
𝑛 −𝑊𝑖+2,𝑗,𝑘

𝑛

[3+
𝑐∙𝐴∙2∙∆𝑣

𝐷
]

                                                  7.16 

Note that Equation 7.16, deviates from the system as described in literature. In the article 
of Navarro, Escolano, and López the speed of sound as used in the definition of the mixed 
boundary condition, is neglected [37]. Besides that, there is no reason to assume that a 
different mathematical description should be applied for specific areas of the boundary. 
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Appendix 3. Combinations between volume and boundary nodes  

  



 

62 
  

Appendix 4. In-house code 

Below the script of the in-house code is presented. This script is used for the FDM 
simulations. It should be noted that this script has been developed over time in terms of 
efficiency. Digital versions of all used scripts and models can be found on the attached usb-
stick.  
 

%% FDM - DFF SCHEME - UPWIND BOUNDARY 

%  This script can be used in order to conduct the numerical simulation of 

%  the acoustical diffusion equation model. This model is specificly  

%  determined for the simulation of the  straicasde geometry with a  

%  discritisation in space of delta v=1 m. This script uses a Dufort-Frankel  

%  scheme in combination with a upwind boundary system. 

  

%% BASIC 

%  This part of the script contains the standard proceedings that are  

%  required in order to run the model. It will ensure that all the old data  

%  and graphs are closed or cleared. The time measurement starts in this 

part.    

  

clc 

clear all 

close all 

  

tic 

  

startRecordPerformance 

  

%% INPUT PARAMETER 

%  The parameters that are required in order to run this script are  

%  mentioned below. These parameters can be divided into several parts.  

%  The first part is related to the model specifications, room  

%  specifications, acoustical characteristics, and location of the source.  

  

%  MODEL SPECIFICATIONS 

input_step_size=0.5;                          % discretization in space [m] 

basic_delta_t= 0.00005;                       % discretization in time [s]   

input_t=1.9;                                  % length of simulation [s] 

Pulse_time=1.0000; 

  

%  ROOM SPECIFICATIONS 

input_length=5;                               % maximum length of the room 

input_width=5;                                % maximum width of the room 

input_height=5;                               % maximum height of the room 

input_V=79;                                   % volume of the room.  

input_st=126;                                 % surface of the boundaries.  

input_N_x=(input_length/input_step_size)+1;   % number of elements x-dir  

input_N_y=(input_width/input_step_size)+1;    % number of elements y-dir 

input_N_z=(input_height/input_step_size)+1;   % number of elements z-dir 

  

%  ACOUSTICA CHARACTERISTICS  

input_P_ref=2*10^(-5);                        % reference pressure 1 dB 

input_c=343.2020833270101;                    % velocity of sound in air 

input_q=1.2043845867047402;                   % density of air 

input_m=1.4*10^(-3);                          % atmospheric attenuation 

input_absorption_1=0.1;                       % the absorption of front wall  

input_absorption_2=0.1;                       % the absorption of back wall  

input_absorption_3=0.1;                       % the absorption of left  wall  

input_absorption_4=0.1;                       % the absorption of right wall  

input_absorption_5=0.1;                       % the absorption of the floor 

input_absorption_6=0.1;                       % the absorption of the roof    
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input_absorption  =(input_absorption_1+... 

                    input_absorption_2+... 

                    input_absorption_3+... 

                    input_absorption_4+... 

                    input_absorption_5+... 

                    input_absorption_6)/6;    % average absorption 

Absorption_Factor=3;                          % Sabine=1, Eyring=2, and 

Modified=3;   

  

%  Source and receiver positions 

  

Number_reveiver_positions=6; 

  

pulse_source_x_min=2.5;                               % x-location source 

pulse_source_y_min=2.5;                               % y-location source 

pulse_source_z_min=2.5;                               % z-location source 

  

pulse_source_x_max=2.5;                               % x-location source 

pulse_source_y_max=2.5;                               % y-location source 

pulse_source_z_max=2.5;                               % z-location source 

  

pulse_receiver_x_1=3;                                 % x-location receiver 

pulse_receiver_y_1=2.5;                               % y-location receiver 

pulse_receiver_z_1=2.5;                               % z-location receiver 

  

pulse_receiver_x_2=3.5;                               % x-location receiver 

pulse_receiver_y_2=2.5;                               % y-location receiver 

pulse_receiver_z_2=2.5;                               % z-location receiver 

  

pulse_receiver_x_3=4;                                 % x-location receiver 

pulse_receiver_y_3=2.5;                               % y-location receiver 

pulse_receiver_z_3=2.5;                               % z-location receiver 

  

pulse_receiver_x_4=4.5;                               % x-location receiver 

pulse_receiver_y_4=2.5;                               % y-location receiver 

pulse_receiver_z_4=2.5;                               % z-location receiver 

  

pulse_receiver_x_5=3;                                 % x-location receiver 

pulse_receiver_y_5=2.5;                               % y-location receiver 

pulse_receiver_z_5=2.5;                               % z-location receiver 

  

pulse_receiver_x_6=3.5;                               % x-location receiver 

pulse_receiver_y_6=2.5;                               % y-location receiver 

pulse_receiver_z_6=2.5;                               % z-location receiver 

  

pulse_receiver_x_7=0;                                 % x-location receiver 

pulse_receiver_y_7=0;                                 % y-location receiver 

pulse_receiver_z_7=0;                                 % z-location receiver 

  

pulse_receiver_x_8=0;                                 % x-location receiver 

pulse_receiver_y_8=0;                                 % y-location receiver 

pulse_receiver_z_8=0;                                 % z-location receiver 

  

pulse_receiver_x_9=0;                                 % x-location receiver 

pulse_receiver_y_9=0;                                 % y-location receiver 

pulse_receiver_z_9=0;                                 % z-location receiver 
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% Pulse  

%  The source as defined below is related to an interruptes source.  

  

input_L_pulse=100;                                    % pulse [dB] 

pulse_P_rmse=(10^(input_L_pulse/20))*(2*10^(-5));    

pulse_w_initial=(pulse_P_rmse)/... 

                (input_q*(input_c^(2)));              % pulse [w]              

  

  

Pulse_source=zeros(1,(input_t/basic_delta_t)); 

Pulse_source(1:(Pulse_time/basic_delta_t))=1; 

  

% PARAMETERS THAT ARE DEFINED AUTOMATICALLY 

  

% The volume of the room when this room is rectangular 

if  input_V==0; 

    input_V=input_height*input_width*input_length;  

end 

  

% The surface of the rooms bounaries when this room is rectangular 

if  input_st==0; 

    input_st=(input_length*input_width)*2+... 

    (input_height*input_width)*2+... 

    (input_length*input_height)*2;           

end 

  

%  The time period of the simulation. 

if  input_t==0        

    input_t=(0.16*input_V)/(input_st*input_absorption)*0.85+Pulse_time;             

end 

  

% ADE PARAMETERS 

basic_mfp=(4*input_V)/(input_st);            % mean free path  

basic_D=(basic_mfp*input_c)/(3);             % diffusion coefficient 

basic_delta_v=input_step_size;               % length of the steps in space 

  

% MATRIX IN TIME AND SPACE 

Index_t=input_t/basic_delta_t;               % Number of cells due to step in 

time 

matrix_t_basic=1:Index_t;                           

matrix_t=matrix_t_basic*basic_delta_t;       % matrix due to step in time 

  

% ABSORPTION FACTOR  

  

% Sabines absorption factor 

if Absorption_Factor==1; 

input_absorption=input_absorption/4; 

input_absorption_1=input_absorption_1/4; 

input_absorption_2=input_absorption_2/4; 

input_absorption_3=input_absorption_3/4; 

input_absorption_4=input_absorption_4/4; 

input_absorption_5=input_absorption_5/4; 

input_absorption_6=input_absorption_6/4; 

end  
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% Eyrings absorption factor  

if Absorption_Factor==2; 

input_absorption=-1*(log(1-input_absorption))/4; 

input_absorption_1=-1*(log(1-input_absorption_1))/4; 

input_absorption_2=-1*(log(1-input_absorption_2))/4; 

input_absorption_3=-1*(log(1-input_absorption_3))/4; 

input_absorption_4=-1*(log(1-input_absorption_4))/4; 

input_absorption_5=-1*(log(1-input_absorption_5))/4; 

input_absorption_6=-1*(log(1-input_absorption_6))/4; 

end 

  

% Modified absorption factor  

if Absorption_Factor==3; 

input_absorption=input_absorption/(2*(2-input_absorption)); 

input_absorption_1=input_absorption_1/(2*(2-input_absorption_1)); 

input_absorption_2=input_absorption_2/(2*(2-input_absorption_2)); 

input_absorption_3=input_absorption_3/(2*(2-input_absorption_3)); 

input_absorption_4=input_absorption_4/(2*(2-input_absorption_4)); 

input_absorption_5=input_absorption_5/(2*(2-input_absorption_5)); 

input_absorption_6=input_absorption_6/(2*(2-input_absorption_6)); 

end 

  

%% DEFINE VOLUMETRIC DOMAIN 

%  This part of the script is related to the modelling of the geometry. 

%  This means that the geometry will be voxelized by a standard script that 

%  can be found on the link that is displayed below. The functions  

%  'VOXELISE' and 'READ_stl' should be downloaded. After the voxelisation  

%  is conducted a matrix of the interior and of the boundary nodes has to  

%  be defined.  

  

% http://www.mathworks.com/matlabcentral/fileexchange/27390-mesh-voxelisation  

  

% VOXELIZATION OF THE GEOMETRY 

Mesh='octahedron - v=0.50 - 7-12-2016.stl';   % name of stl model 

  

[OUTPUTgrid] = VOXELISE((input_N_x-2),... 

                (input_N_y-2),... 

                (input_N_z-2),Mesh,'xyz');          % Voxelisation 

  

% The geometry has to be asjusted in order to get the correct geometry. The  

% Geometry as defined below is related to the boundarie at the inside of 

% the staircased boundary. 

  

Coordinates_volume=zeros((input_N_x+2),... 

                    (input_N_y+2),(input_N_z+2));  % define volume matrix 

  

Coordinates_volume([3:end-2],[3:end-2],... 

                            [3:end-2])=OUTPUTgrid; % define volume matrix     

                    

bound=zeros((input_N_x+2),(input_N_y+2),... 

                            (input_N_z+2));        % defind boundary matrix 

  

% DEFINE LOCATION OF BOUNDARY 

% The section below is used to define the first and last value of the  

% boundary for each row of the matrix. These points have been defined  

% in each direction. 

                         

bound_2=zeros([input_N_x+2],[2],[input_N_z+2]); 

bound_3=zeros([2],[input_N_y+2],[input_N_z+2]); 

bound_4=zeros([input_N_x+2],[input_N_y+2],[2]); 
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for a=1:(input_N_z+2); 

for n=1:(input_N_x+2); 

if  ((sum(Coordinates_volume([n],[1:end],[a])))>0) 

    bound=find(Coordinates_volume([n],[1:end],[a])>0); 

    bound_2([n],[1],[a])=(bound([1],[1]))-1; 

    bound_2([n],[2],[a])=(bound([1],[end]))+1; 

end 

end 

end 

  

for a=1:(input_N_z+2); 

for n=1:(input_N_y+2); 

if  ((sum(Coordinates_volume([1:end],[n],[a])))>0) 

    bound=find((Coordinates_volume([1:end],[n],[a]))>0); 

    bound_3([1],[n],[a])=(bound([1],[1]))-1; 

    bound_3([2],[n],[a])=(bound([end],[1]))+1; 

end 

end 

end 

  

for a=1:(input_N_x+2); 

for n=1:(input_N_y+2); 

if  ((sum(Coordinates_volume([a],[n],[1:end])))>0) 

    bound=find((Coordinates_volume([a],[n],[1:end]))>0); 

    bound_4([a],[n],[1])=(bound([1],[1]))-1; 

    bound_4([a],[n],[2])=(bound([end],[1]))+1; 

end 

end 

end 

  

% DEFINE THE BOUNDARY MATRIXES 

% The above defined start- and endvalue of each row has been used in order 

% to define the boundary matrix. This matrix contians the information of 

% all three directions.  

  

Coordinates_boundary=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

  

for a=1:(input_N_z+2); 

for n=1:(input_N_x+2); 

if ((bound_2([n],[1],[a]))>0) 

    Coordinates_boundary([n],[bound_2([n],[1],[a])],[a])=1; 

    Coordinates_boundary([n],[(bound_2([n],[end],[a]))],[a])=1; 

end 

end 

end 

  

for a=1:(input_N_z+2); 

for n=1:(input_N_y+2); 

if ((bound_3([1],[n],[a]))>0) 

   Coordinates_boundary([bound_3([1],[n],[a])],[n],[a])=1; 

   Coordinates_boundary([(bound_3([end],[n],[a]))],[n],[a])=1; 

end 

end 

end 
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for a=1:(input_N_x+2); 

for n=1:(input_N_y+2); 

if ((bound_4([a],[n],[1]))>0) 

   Coordinates_boundary([a],[n],[(bound_4([a],[n],[1]))])=1; 

   Coordinates_boundary([a],[n],[(bound_4([a],[n],[end]))])=1; 

end 

end 

end 

  

Coordinates_volume(Coordinates_boundary==1)=0; 

  

% DEFENITION OF THE ONE-DIMENSIONAL BOUNDARIES 

% The boundary conditions below are the matrixes that will define the where 

% the boundary is located. In total six matrixes are defined, two for each  

% direction (x,Y,Z). Note that these boundary conditions are limited to the  

% boundaries with an flat surface. 

  

Coordinates_boundary_1=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

Coordinates_boundary_1([1:end-1],[1:end],[1:end])=Coordinates_volume... 

    ([2:end],[1:end],[1:end]); 

Coordinates_boundary_1(Coordinates_boundary==0)=0; 

Coordinates_boundary_2=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

Coordinates_boundary_2([2:end],[1:end],[1:end])=Coordinates_volume... 

    ([1:end-1],[1:end],[1:end]); 

Coordinates_boundary_2(Coordinates_boundary==0)=0;  

Coordinates_boundary_3=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

Coordinates_boundary_3([1:end],[1:end-1],[1:end])=Coordinates_volume... 

    ([1:end],[2:end],[1:end]); 

Coordinates_boundary_3(Coordinates_boundary==0)=0;  

Coordinates_boundary_4=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

Coordinates_boundary_4([1:end],[2:end],[1:end])=Coordinates_volume... 

    ([1:end],[1:end-1],[1:end]); 

Coordinates_boundary_4(Coordinates_boundary==0)=0; 

Coordinates_boundary_5=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

Coordinates_boundary_5([1:end],[1:end],[1:end-1])=Coordinates_volume... 

    ([1:end],[1:end],[2:end]); 

Coordinates_boundary_5(Coordinates_boundary==0)=0;  

Coordinates_boundary_6=zeros((input_N_x+2),(input_N_y+2),(input_N_z+2)); 

Coordinates_boundary_6([1:end],[1:end],[2:end])=Coordinates_volume... 

    ([1:end],[1:end],[1:end-1]); 

Coordinates_boundary_6(Coordinates_boundary==0)=0; 

   

Coordinates_boundary_all= Coordinates_boundary_1+ Coordinates_boundary_2+... 

                          Coordinates_boundary_3+ Coordinates_boundary_4+... 

                          Coordinates_boundary_5+ Coordinates_boundary_6; 

  

% PARAMETERS SYSTEM 

basic_Beta_0=(2*basic_D*basic_delta_t)/((basic_delta_v)^2); 

Coordinates_total=Coordinates_volume+Coordinates_boundary; 

  

% MATRIX SIZE 

input_N_x=input_N_x+2; 

input_N_y=input_N_y+2; 

input_N_z=input_N_z+2; 

  

%% COMBINATIONS BETWEEN VOLUME AND BOUNDARY NODES 

%  Below is defined to witch volume and boundarie each node is related. 

%  There are volume nodes that are realated to zero, one, two, three or  

%  four boundary nodes. All possible combinates are determined by a script,  

%  see all_avaliable_combinations_volume_and_boundary_nodes.  
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% Volume nodes that are related to one boundaries nodes 

Boundary_volume_1_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_1_cor([3:end-2],[3:end-2],[3:end-2])=... 

    Coordinates_boundary_1([2:end-3],[3:end-2],[3:end-2]); 

Boundary_volume_2_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_2_cor([3:end-2],[3:end-2],[3:end-2])=... 

    Coordinates_boundary_2([4:end-1],[3:end-2],[3:end-2]); 

Boundary_volume_3_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_3_cor([3:end-2],[3:end-2],[3:end-2])=... 

    Coordinates_boundary_3([3:end-2],[2:end-3],[3:end-2]); 

Boundary_volume_4_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_4_cor([3:end-2],[3:end-2],[3:end-2])=... 

    Coordinates_boundary_4([3:end-2],[4:end-1],[3:end-2]); 

Boundary_volume_5_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_5_cor([3:end-2],[3:end-2],[3:end-2])=... 

    Coordinates_boundary_5([3:end-2],[3:end-2],[2:end-3]); 

Boundary_volume_6_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_6_cor([3:end-2],[3:end-2],[3:end-2])=... 

    Coordinates_boundary_6([3:end-2],[3:end-2],[4:end-1]); 

  

% Volume nodes that are related to zero boundaries nodes 

Boundary_volume_total=Boundary_volume_1_cor+Boundary_volume_2_cor+... 

    Boundary_volume_3_cor+Boundary_volume_4_cor+Boundary_volume_5_cor... 

    +Boundary_volume_6_cor; 

Coordinates_volume_2=Coordinates_volume; 

Coordinates_volume_2(Boundary_volume_total~=0)=0; 

  

% Volume nodes that are related to two boundaries nodes 

Boundary_volume_7_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_7_cor=Boundary_volume_1_cor+Boundary_volume_3_cor; 

Boundary_volume_7_cor(Boundary_volume_7_cor~=2)=0; 

Boundary_volume_7_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_8_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_8_cor=Boundary_volume_1_cor+Boundary_volume_4_cor; 

Boundary_volume_8_cor(Boundary_volume_8_cor~=2)=0; 

Boundary_volume_8_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_9_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_9_cor=Boundary_volume_1_cor+Boundary_volume_5_cor; 

Boundary_volume_9_cor(Boundary_volume_9_cor~=2)=0; 

Boundary_volume_9_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_10_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_10_cor=Boundary_volume_1_cor+Boundary_volume_6_cor; 

Boundary_volume_10_cor(Boundary_volume_10_cor~=2)=0; 

Boundary_volume_10_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_11_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_11_cor=Boundary_volume_2_cor+Boundary_volume_3_cor; 

Boundary_volume_11_cor(Boundary_volume_11_cor~=2)=0; 

Boundary_volume_11_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_12_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_12_cor=Boundary_volume_2_cor+Boundary_volume_4_cor; 

Boundary_volume_12_cor(Boundary_volume_12_cor~=2)=0; 

Boundary_volume_12_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_13_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_13_cor=Boundary_volume_2_cor+Boundary_volume_5_cor; 

Boundary_volume_13_cor(Boundary_volume_13_cor~=2)=0; 

Boundary_volume_13_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_14_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_14_cor=Boundary_volume_2_cor+Boundary_volume_6_cor; 

Boundary_volume_14_cor(Boundary_volume_14_cor~=2)=0; 

Boundary_volume_14_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_15_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_15_cor=Boundary_volume_3_cor+Boundary_volume_5_cor; 

Boundary_volume_15_cor(Boundary_volume_15_cor~=2)=0; 

Boundary_volume_15_cor(Boundary_volume_total~=2)=0; 
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Boundary_volume_16_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_16_cor=Boundary_volume_3_cor+Boundary_volume_6_cor; 

Boundary_volume_16_cor(Boundary_volume_16_cor~=2)=0; 

Boundary_volume_16_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_17_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_17_cor=Boundary_volume_4_cor+Boundary_volume_5_cor; 

Boundary_volume_17_cor(Boundary_volume_17_cor~=2)=0; 

Boundary_volume_17_cor(Boundary_volume_total~=2)=0; 

Boundary_volume_18_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_18_cor=Boundary_volume_4_cor+Boundary_volume_6_cor; 

Boundary_volume_18_cor(Boundary_volume_18_cor~=2)=0; 

Boundary_volume_18_cor(Boundary_volume_total~=2)=0; 

  

% Volume nodes that are related to three boundaries nodes  

Boundary_volume_19_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_19_cor=Boundary_volume_1_cor+Boundary_volume_3_cor+... 

    Boundary_volume_5_cor; 

Boundary_volume_19_cor(Boundary_volume_19_cor~=3)=0; 

Boundary_volume_19_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_20_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_20_cor=Boundary_volume_1_cor+Boundary_volume_3_cor+... 

    Boundary_volume_6_cor; 

Boundary_volume_20_cor(Boundary_volume_20_cor~=3)=0; 

Boundary_volume_20_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_21_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_21_cor=Boundary_volume_1_cor+Boundary_volume_4_cor+... 

    Boundary_volume_5_cor; 

Boundary_volume_21_cor(Boundary_volume_21_cor~=3)=0; 

Boundary_volume_21_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_22_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_22_cor=Boundary_volume_1_cor+Boundary_volume_4_cor+... 

    Boundary_volume_6_cor; 

Boundary_volume_22_cor(Boundary_volume_22_cor~=3)=0; 

Boundary_volume_22_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_23_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_23_cor=Boundary_volume_2_cor+Boundary_volume_3_cor+... 

    Boundary_volume_5_cor; 

Boundary_volume_23_cor(Boundary_volume_23_cor~=3)=0; 

Boundary_volume_23_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_24_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_24_cor=Boundary_volume_2_cor+Boundary_volume_3_cor+... 

    Boundary_volume_6_cor; 

Boundary_volume_24_cor(Boundary_volume_24_cor~=3)=0; 

Boundary_volume_24_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_25_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_25_cor=Boundary_volume_2_cor+Boundary_volume_4_cor+... 

    Boundary_volume_5_cor; 

Boundary_volume_25_cor(Boundary_volume_25_cor~=3)=0; 

Boundary_volume_25_cor(Boundary_volume_total~=3)=0; 

Boundary_volume_26_cor=zeros((input_N_x),(input_N_y),(input_N_z)); 

Boundary_volume_26_cor=Boundary_volume_2_cor+Boundary_volume_4_cor+... 

    Boundary_volume_6_cor; 

Boundary_volume_26_cor(Boundary_volume_26_cor~=3)=0; 

Boundary_volume_26_cor(Boundary_volume_total~=3)=0; 

  

Boundary_volume_1_cor(Boundary_volume_total~=1)=0; 

Boundary_volume_2_cor(Boundary_volume_total~=1)=0; 

Boundary_volume_3_cor(Boundary_volume_total~=1)=0; 

Boundary_volume_4_cor(Boundary_volume_total~=1)=0; 

Boundary_volume_5_cor(Boundary_volume_total~=1)=0; 

Boundary_volume_6_cor(Boundary_volume_total~=1)=0; 
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% INITIAL STATE 

%  The initial state of the future (W_2), present (W_1), and past (W_0)  

%  time are determined. The future step of each different system, as  

%  defined above has to be determined.   

  

sound_density_W_2=zeros((input_N_x),(input_N_y),(input_N_z)); 

sound_density_W_2_0=sound_density_W_2; 

sound_density_W_2_1=sound_density_W_2; 

sound_density_W_2_2=sound_density_W_2; 

sound_density_W_2_3=sound_density_W_2; 

sound_density_W_2_4=sound_density_W_2; 

sound_density_W_2_5=sound_density_W_2; 

sound_density_W_2_6=sound_density_W_2; 

sound_density_W_2_7=sound_density_W_2; 

sound_density_W_2_8=sound_density_W_2; 

sound_density_W_2_9=sound_density_W_2; 

sound_density_W_2_10=sound_density_W_2; 

sound_density_W_2_11=sound_density_W_2; 

sound_density_W_2_12=sound_density_W_2; 

sound_density_W_2_13=sound_density_W_2; 

sound_density_W_2_14=sound_density_W_2; 

sound_density_W_2_15=sound_density_W_2; 

sound_density_W_2_16=sound_density_W_2; 

sound_density_W_2_17=sound_density_W_2; 

sound_density_W_2_18=sound_density_W_2; 

sound_density_W_2_19=sound_density_W_2; 

sound_density_W_2_20=sound_density_W_2; 

sound_density_W_2_21=sound_density_W_2; 

sound_density_W_2_22=sound_density_W_2; 

sound_density_W_2_23=sound_density_W_2; 

sound_density_W_2_24=sound_density_W_2; 

sound_density_W_2_25=sound_density_W_2; 

sound_density_W_2_26=sound_density_W_2; 

sound_density_W_1=sound_density_W_2; 

sound_density_W_0=zeros((input_N_x),(input_N_y),(input_N_z)); 

sound_density_boundary=sound_density_W_2; 

  

% Boundary Matrices 

Boundary1=sound_density_W_2; 

Boundary2=sound_density_W_2; 

Boundary3=sound_density_W_2; 

Boundary4=sound_density_W_2; 

Boundary5=sound_density_W_2; 

Boundary6=sound_density_W_2; 

  

% Shape 

Shape_Factor=1; 

  

%%  DIFFUSION EQUATION MODEL 

%   This part is related to the numerical simulation of the FDM. In this 

%   case is a DF scheme applied in combination with an Upwind boundary  

%   system.  

  

for index=1:(input_t/basic_delta_t);   
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    % INTERRUPTED SOURCE 

    sound_density_W_1([ceil(pulse_source_x_min/input_step_size)+... 

        2:ceil(pulse_source_x_max/input_step_size)+2],... 

        [ceil(pulse_source_y_min/input_step_size)+... 

        2:ceil(pulse_source_y_max/input_step_size)+2],... 

        [ceil(pulse_source_z_min/input_step_size)+... 

        2:ceil(pulse_source_z_max/input_step_size)+2])=pulse_w_initial... 

        *Pulse_source(index)+sound_density_W_1([ceil(pulse_source_x_min... 

        /input_step_size)+2:ceil(pulse_source_x_max/input_step_size)+2],... 

        [ceil(pulse_source_y_min/input_step_size)+... 

        2:ceil(pulse_source_y_max/input_step_size)+2],... 

        [ceil(pulse_source_z_min/input_step_size)+... 

        2:ceil(pulse_source_z_max/input_step_size)+2]); 

     

    % DIFFUSION EQUATION MODEL  

     sound_density_W_2_0([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    sound_density_W_1([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_0(Coordinates_volume_2~=1)=0; 

  

    sound_density_W_2_1([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_1(Boundary_volume_1_cor~=1)=0; 

     

     sound_density_W_2_2([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

     

    sound_density_W_2_2(Boundary_volume_2_cor~=1)=0; 
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    sound_density_W_2_3([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_3(Boundary_volume_3_cor~=1)=0; 

     

    sound_density_W_2_4([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (Boundary4([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

     

    sound_density_W_2_4(Boundary_volume_4_cor~=1)=0; 

     

    sound_density_W_2_5([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_5(Boundary_volume_5_cor~=1)=0; 

     

    sound_density_W_2_6([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_6(Boundary_volume_6_cor~=1)=0; 
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    sound_density_W_2_7([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_7(Boundary_volume_7_cor~=2)=0; 

     

    sound_density_W_2_8([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (Boundary4([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_8(Boundary_volume_8_cor~=2)=0; 

  

    sound_density_W_2_9([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_9(Boundary_volume_9_cor~=2)=0; 

     

    sound_density_W_2_10([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_10(Boundary_volume_10_cor~=2)=0; 
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     sound_density_W_2_11([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

         

    sound_density_W_2_11(Boundary_volume_11_cor~=2)=0; 

     

    sound_density_W_2_12([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (Boundary4([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0); 

     

    sound_density_W_2_12(Boundary_volume_12_cor~=2)=0; 

     

    sound_density_W_2_13([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    ((Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0); 

     

    sound_density_W_2_13(Boundary_volume_13_cor~=2)=0; 

     

    sound_density_W_2_14([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    sound_density_W_1([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0); 

  

    sound_density_W_2_14(Boundary_volume_14_cor~=2)=0; 
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    sound_density_W_2_15([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))...  

    /(1+3*basic_Beta_0); 

  

    sound_density_W_2_15(Boundary_volume_15_cor~=2)=0; 

     

     sound_density_W_2_16([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0); 

  

    sound_density_W_2_16(Boundary_volume_16_cor~=2)=0; 

     

    sound_density_W_2_17([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (Boundary4([2:end-1],[3:end],[2:end-1])+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end]))))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_17(Boundary_volume_17_cor~=2)=0; 

     

    sound_density_W_2_18([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    (Boundary4([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end]))))))... 

    /(1+3*basic_Beta_0);  

     

    sound_density_W_2_18(Boundary_volume_18_cor~=2)=0; 
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     sound_density_W_2_19([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[3:end],[2:end-1]))+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_19(Boundary_volume_19_cor~=3)=0; 

     

    sound_density_W_2_20([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    sound_density_W_1([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_20(Boundary_volume_20_cor~=3)=0; 

     

     sound_density_W_2_21([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    Boundary4([2:end-1],[3:end],[2:end-1])+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_21(Boundary_volume_21_cor~=3)=0; 

     

    sound_density_W_2_22([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((Boundary1([1:end-2],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    Boundary4([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_22(Boundary_volume_22_cor~=3)=0; 
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     sound_density_W_2_23([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    sound_density_W_1([2:end-1],[3:end],[2:end-1])+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0); 

  

    sound_density_W_2_23(Boundary_volume_23_cor~=3)=0; 

     

    sound_density_W_2_24([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (Boundary3([2:end-1],[1:end-2],[2:end-1]))+... 

    sound_density_W_1([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_24(Boundary_volume_24_cor~=3)=0; 

     

     sound_density_W_2_25([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    Boundary4([2:end-1],[3:end],[2:end-1])+... 

    (Boundary5([2:end-1],[2:end-1],[1:end-2]))+... 

    (sound_density_W_1([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0);  

  

    sound_density_W_2_25(Boundary_volume_25_cor~=3)=0; 

     

    sound_density_W_2_26([2:end-1],[2:end-1],[2:end-1])=... 

    (((sound_density_W_0([2:end-1],[2:end-1],[2:end-1]))*... 

    (1-3*(basic_Beta_0)))-(sound_density_W_1([2:end-1],[2:end-1],... 

    [2:end-1]))*input_c*input_m*basic_delta_t*2+((basic_Beta_0)*... 

    ((sound_density_W_1([1:end-2],[2:end-1],[2:end-1]))+... 

    (Boundary2([3:end],[2:end-1],[2:end-1]))+... 

    (sound_density_W_1([2:end-1],[1:end-2],[2:end-1]))+... 

    Boundary4([2:end-1],[3:end],[2:end-1])+... 

    (sound_density_W_1([2:end-1],[2:end-1],[1:end-2]))+... 

    (Boundary6([2:end-1],[2:end-1],[3:end])))))... 

    /(1+3*basic_Beta_0); 

     

    sound_density_W_2_26(Boundary_volume_26_cor~=3)=0; 
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    sound_density_W_2=sound_density_W_2_0+sound_density_W_2_1+... 

        sound_density_W_2_2+sound_density_W_2_3+sound_density_W_2_4+... 

        sound_density_W_2_5+sound_density_W_2_6+sound_density_W_2_7+... 

        sound_density_W_2_8+sound_density_W_2_9+sound_density_W_2_10+... 

        sound_density_W_2_11+sound_density_W_2_12+sound_density_W_2_13+... 

        sound_density_W_2_14+sound_density_W_2_15+sound_density_W_2_16+... 

        sound_density_W_2_17+sound_density_W_2_18+sound_density_W_2_19+... 

        sound_density_W_2_20+sound_density_W_2_21+sound_density_W_2_22+... 

        sound_density_W_2_23+sound_density_W_2_24+sound_density_W_2_25+... 

        sound_density_W_2_26; 

     

    sound_density_W_2(Coordinates_volume==0)=0; 

    

    % BOUNDARY MATRIXES 

    % Matrixes that define the boundary, these matrixes are required in 

    % order to ensure that each boundary condition can be determined.  

    sound_density_W_2_1_B=sound_density_W_2+Boundary2; 

    sound_density_W_2_2_B=sound_density_W_2+Boundary1; 

    sound_density_W_2_3_B=sound_density_W_2+Boundary4; 

    sound_density_W_2_4_B=sound_density_W_2+Boundary3; 

    sound_density_W_2_5_B=sound_density_W_2+Boundary6; 

    sound_density_W_2_6_B=sound_density_W_2+Boundary5; 

     

    % UPWIND BOUNDARY SYSTEM 

    % This is the boundary as suggeste by Navarro, Escolano, and López, 

    % (2012). However, the speed of sound has been neglected in their 

    % method. This coefficient should not be neglected, see the additional  

    % information.  

    Boundary1([2:end-3],[3:end-2],[3:end-2])=... 

        (4*sound_density_W_2_1_B([3:end-2],[3:end-2],[3:end-2])... 

        -sound_density_W_2_1_B([4:end-1],[3:end-2],[3:end-2]))/... 

        (3+((2*Shape_Factor*input_absorption_1*input_c*basic_delta_v)/... 

        (basic_D))); 

    Boundary2([4:end-1],[3:end-2],[3:end-2])=... 

        (4*sound_density_W_2_2_B([3:end-2],[3:end-2],[3:end-2])... 

        -sound_density_W_2_2_B([2:end-3],[3:end-2],[3:end-2]))/... 

        (3+((2*Shape_Factor*input_absorption_2*input_c*basic_delta_v)/... 

        (basic_D))); 

    Boundary3([3:end-2],[2:end-3],[3:end-2])=... 

        (4*sound_density_W_2_3_B([3:end-2],[3:end-2],[3:end-2])... 

        -sound_density_W_2_3_B([3:end-2],[4:end-1],[3:end-2]))/... 

        (3+((2*Shape_Factor*input_absorption_3*input_c*basic_delta_v)/... 

        (basic_D))); 

    Boundary4([3:end-2],[4:end-1],[3:end-2])=... 

        (4*sound_density_W_2_4_B([3:end-2],[3:end-2],[3:end-2])... 

        -sound_density_W_2_4_B([3:end-2],[2:end-3],[3:end-2]))/... 

        (3+((2*Shape_Factor*input_absorption_4*input_c*basic_delta_v)/... 

        (basic_D))); 

    Boundary5([3:end-2],[3:end-2],[2:end-3])=... 

        (4*sound_density_W_2_5_B([3:end-2],[3:end-2],[3:end-2])... 

        -sound_density_W_2_5_B([3:end-2],[3:end-2],[4:end-1]))/... 

        (3+((2*Shape_Factor*input_absorption_5*input_c*basic_delta_v)/... 

        (basic_D))); 

    Boundary6([3:end-2],[3:end-2],[4:end-1])=... 

        (4*sound_density_W_2_6_B([3:end-2],[3:end-2],[3:end-2])... 

        -sound_density_W_2_6_B([3:end-2],[3:end-2],[2:end-3]))/... 

        (3+((2*Shape_Factor*input_absorption_6*input_c*basic_delta_v)/... 

        (basic_D))); 
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    Boundary1(Coordinates_boundary_1==0)=0; 

    Boundary2(Coordinates_boundary_2==0)=0; 

    Boundary3(Coordinates_boundary_3==0)=0; 

    Boundary4(Coordinates_boundary_4==0)=0; 

    Boundary5(Coordinates_boundary_5==0)=0; 

    Boundary6(Coordinates_boundary_6==0)=0; 

         

    % REDEFINE MATRIXES 

    sound_density_W_2(Coordinates_boundary~=0)=0; 

    sound_density_W_2=sound_density_W_2; 

    sound_density_W_0=sound_density_W_1; 

    sound_density_W_1=sound_density_W_2; 

     

    % THE RESULTS THAT WILL BE SAVED 

    sound_density_W([index],[1])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_1/input_step_size)+2],... 

        [ceil(pulse_receiver_y_1/input_step_size)+2],... 

        [ceil(pulse_receiver_z_1/input_step_size)+2]);  

    sound_density_W([index],[2])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_2/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_2/input_step_size)+2],... 

        [ceil(pulse_receiver_z_2/input_step_size)+2]);  

    sound_density_W([index],[3])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_3/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_3/input_step_size)+2],... 

        [ceil(pulse_receiver_z_3/input_step_size)+2]);  

    sound_density_W([index],[4])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_4/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_4/input_step_size)+2],... 

        [ceil(pulse_receiver_z_4/input_step_size)+2]);  

    sound_density_W([index],[5])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_5/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_5/input_step_size)+2],... 

        [ceil(pulse_receiver_z_5/input_step_size)+2]);  

    sound_density_W([index],[6])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_6/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_6/input_step_size)+2],... 

        [ceil(pulse_receiver_z_6/input_step_size)+2]);  

    sound_density_W([index],[7])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_7/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_7/input_step_size)+2],... 

        [ceil(pulse_receiver_z_7/input_step_size)+2]);  

    sound_density_W([index],[8])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_8/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_8/input_step_size)+2],... 

        [ceil(pulse_receiver_z_8/input_step_size)+2]);  

    sound_density_W([index],[9])=sound_density_W_2... 

        ([ceil(pulse_receiver_x_9/input_step_size)+2]... 

        ,[ceil(pulse_receiver_y_9/input_step_size)+2],... 

        [ceil(pulse_receiver_z_9/input_step_size)+2]);  

     

    sound_density_W([index],[10])=sound_density_W_2... 

        ([ceil(pulse_source_x_min/input_step_size)+2],... 

        [ceil(pulse_source_y_min/input_step_size)+2],... 

        [ceil(pulse_source_z_min/input_step_size)+2]);  

  

    sound_density_W_matrix([1:((input_length/input_step_size)+3)],... 

        [1:((input_width/input_step_size)+3)],[index])=... 

        sound_density_W_2([1:end],[1:end],[ceil((input_height/... 

        input_step_size+3)*0.5)]); 

     

    waitbar(index / (input_t/basic_delta_t)); 
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end 

  

%% POST PROCESS 

%  The results obtained by the numerical analysis has to be post 

%  processed in order to analyse the results. The reverberation time [T_30] 

%  is the only parameter that has been analysed in this script. The last 

%  part is related to the plotting of the results.  

  

%  TRANSFORM RESULTS IN [dB] 

for n=1:Number_reveiver_positions; 

  

SPL_continous=real(10*log10(((((sound_density_W([1:end],[n])*input_q*... 

    ((input_c^2))))/((input_P_ref).^(2))))));   

SPL_continous(SPL_continous==-Inf)=NaN; 

  

% DEFINING OF THE PARAMETER [T_30] 

Top                 =       max(SPL_continous); 

Top_location        =       find(SPL_continous==Top); 

Start_value         =       Top-15;                   

End_value           =       Top-45;                  

SPL_Rever           =       SPL_continous([Top_location:end],[1]); 

Start               =       find(SPL_Rever<Start_value); 

Start               =       Start(1); 

End                 =       find(SPL_Rever<End_value); 

End                 =       End(1); 

T_30                =       2*(basic_delta_t*End-basic_delta_t*Start);   

  

SPL_All([1:length(SPL_continous)],[n])=SPL_continous; 

T_30_all(n)=T_30; 

  

end 

  

%% PLOT RESULTS 

  

figure 

subplot (2,1,1) 

hold on 

plot(matrix_t,SPL_All([1:end],[1:5])) 

hold off 

ylim ([40 110]) 

xlim ([0 2]) 

xlabel ('time [s]') 

ylabel ('SPL [dB]') 

box on 

legend ('receiver 1','receiver 2','receiver 3','receiver 4',... 

    'receiver 5','Location','northeast') 

subplot (2,1,2) 

plot(matrix_t,sound_density_W) 

ylim ([0 6*10^(-5)]) 

xlim ([0 2]) 

xlabel ('time [s]') 

ylabel ('Energy Density [W]') 

legend ('receiver 1','receiver 2','receiver 3','receiver 4',... 

    'receiver 5','Location','northeast') 

  

% Calculation time 

time_1=toc; 
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Appendix 5. Modelling considerations 

The approach as described in Chapter ‘3.1.3 Implementation of irregularly shaped rooms’ is 
used in the design of the in-house code. Three different implementations are tested in 
order to find the fastest approach. A description of all three implementations is displayed 
below. Note that these descriptions are limited to the differences that are included into the 
‘for loop’ of the model. The remaining part is in general the same for all three 
implementations 
 
Implementation 1    
In the first approach, 27 matrixes are solved. Each of the matrixes represents one of the 
combinations of volume and boundary nodes as graphically displayed in Appendix 3. The 
nodes that are not related to a specific combination of interior and boundary nodes are 
neglected. This system uses boundary nodes that are solved in separate matrixes. A 
graphical representation of this approach is displayed in Figure 7.1.    
 

 
Figure 7.1. Implementation 1 of the for-loop. 

 
 
Implementation 2  
In the second approach, 27 matrixes are solved. Each of the matrixes represents one of the 
situations as graphically displayed in in Appendix 3. The nodes that are not related to this 
system are neglected. The boundary conditions are incorporated in the mathematical 
description of each combination. A graphical representation of this approach is displayed in 
Figure 7.2.    
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Figure 7.2. Implementation 2  of the for-loop. 

 
Implementation 3:  
In the third approach one matrix, related to interior nodes only, is solved. In addition 26 
systems are solved for specific nodes. At these nodes an specific combination between 
volume and boundary nodes will appear. Three coordinates, in the x, y and z direction, of 
each specific node is determined. The system uses the boundary conditions as solved in a 
separated matrix. A graphical representation of this approach is displayed in Figure 7.3.  
 

 
Figure 7.3. Implementation 3  of the for-loop. 
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Comparison 
The performance of the above described implementations is tested using a cubical room 
with the dimensions of [10 ∙  10 ∙  10 m³]. An interrupted source and receiver are located 
at [5 , 5, 5 m]  and [7, 7, 7 m] respectively. An homogenous distributed absorption 
coefficient of  [α = 0.1]  in combination with the Sabine absorption factor is applied to all 
boundaries. All results are obtained by the FDM with a DF scheme for interior nodes and 
upwind scheme for boundary nodes. The results are denoted in Table 7.1. The parameters 
that are denoted in this table are: discretisation in space [∆v(m)], discretisation in time 
[∆t(s)], reverberation time [T30  (s)], simulated period [tsim(s)], and the calculation time 
[tcal (s)] . The results of the reverberation time are compared with results found in 
literature [36]. Just limited differences [θnum = 0.4 %] appear between the results found in 
literature and obtained by simulations.     
 

Table 7.1. The results of three different implementations of a cubical room with the dimensions of  [10 ∙ 10 ∙ 10 m³]  
and a homogenous distribution of acoustical absorption [α =0.1]. 

Approach ∆𝐯 ∆𝐭 𝐓𝟑𝟎 𝐭𝐬𝐢𝐦 𝐭𝐜𝐚𝐥 

1 
1.00 0.0002 

2.74 2.2 1.37 
2 2.74 2.2 1.75 
3 2.74 2.2 20.46 

Lit 1.00 0.0002 2.72   

 
All three implementations have the same result for the reverberation time, this is in line 
with the expectation. In the end all three implementations are approximating the exact 
same system, only the implementation differs. A difference in calculation time appears. The 
diffusion equation model is, according to literature, characterised by a low required 
computational power [32]. The calculation time of implementation 3 exceeds significantly 
the calculation time of implementation 1 and 2. Implementation 1 and 2 both have both a 
relative short calculation time. However implementation 1 is slightly faster and is therefore 
applied in this research.    
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Appendix 6. Voxelized  based geometrical – octahedron [Δ=0.5m]  

 
Figure 7.4. The grid of an voxelized octahedron shaped room with a discretization in space of  [∆v = 0.5 m]. The 

interior nodes are dark grey, the boundary nodes light grey, the source [x] is hatched, and the receiver positions are 
numbered [1-6].  

 
Table 7.2. Coordinates of the source and receiver positions of an voxelized octahedron shaped room with a 

discretisation in space of  [∆v = 0.5 m]. The numbers of the receiver positions correspond with the numbers as displayed 
in Figure 7.4. 

Position  x (m) y (m) z (m) 

Source  2.5 2.5 2.5 
Receiver 1  3.0 2.5 2.5 
Receiver 2  3.5 2.5 2.5 
Receiver 3  4.0 2.5 2.5 
Receiver 4  4.5 2.5 2.5 
Receiver 5  3.0 2.5 3.0 
Receiver 6  3.5 2.5 3.5 
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Appendix 7. Voxelized  based geometrical - octahedron  [∆v = 0.25 m] 

 
Figure 7.5. The grid of an  voxelized octahedron shaped room with a discretisation in space of  [∆v = 0.25 m]. The 

interior nodes are dark grey, the boundary nodes light grey, the source [x] is hatched, and the receiver positions are 
numbered [1-8].  

 
Table 7.3. Coordinates of the source and receiver positions of an voxelized octahedron shaped room with a 

discretisation in space of  [∆v = 0.25 m]. The numbers of the receiver positions correspond with the numbers as displayed 
in Figure 7.5.  

Position x (m) y (m) z (m) 

Source 3.0 3.0 3.0 
Receiver 1 3.5 3.0 3.0 

Receiver 2 4.0 3.0 3.0 
Receiver 3 4.5 3.0 3.0 

Receiver 4 5.0 3.0 3.0 
Receiver 5 6.0 3.0 3.0 

Receiver 6 3.5 3.0 3.5 
Receiver 7 4.0 3.0 4.0 

Receiver 8 4.5 3.0 4.5 
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Appendix 8. Voxelized  based geometrical - octahedron [∆v = 0.125 m]  

 
Figure 7.6. The grid of an voxelized octahedron shaped room with a discretization in space of  [∆v = 0.125 m]. The 

interior nodes are dark grey, the boundary nodes light grey, the source [x] is hatched, and the receiver positions are 
numbered [1-9]. 

 
Table 7.4. Coordinates of the source and receiver positions of an voxelized octahedron shaped room with a 

discretisation in space of  [∆v = 0.25 m]. The numbers of the receiver positions correspond with the numbers as 
displayed in Figure 7.6. 

Position x (m) y (m) z (m) 

Source 3.25 3.25 3.25 
Receiver 1 3.75 3.25 3.25 
Receiver 2 4.25 3.25 3.25 
Receiver 3 4.75 3.25 3.25 
Receiver 4 5.25 3.25 3.25 
Receiver 5 5.75 3.25 3.25 
Receiver 6 6.25 3.25 3.25 
Receiver 7 3.75 3.25 3.75 
Receiver 8 4.25 3.25 4.25 
Receiver 9 4.75 3.25 4.75 



 

 87
   

Appendix 9. Convergence study FEM       

Several authors have used the finite element method (FEM) to approximate the diffusion 
equation model. The element size in FEM is, according to literature, limited by the mean-
free path. In other words, the element size should not exceed the length of the MFP. 
However, the element sizes as found in literature are in all cases much smaller than the 
mean-free path. The average amount of elements per unit of volume, found in literature, is 
within the range of [3 and 48 m−3] elements per m−3 [41,42,44,46,52,89]. The applied 
discretisation’s in time, as found in literature, is [∆t = 0.01 s ] for the simulation of a 
cubical and flat room and [44]. No restriction for the discretisation in time is found in 
literature. A convergence study in FEM for the discretisation in time and number of 
elements of the diffusion equation model is conducted in commercial software [81]. The 
convergence study is related to a rectangular geometry with a volume of [5 ∙ 6 ∙ 3 m³]. The 
source and receiver positions are displayed in Figure 7.7.  

 
 

Figure 7.7.  Floorplan of the rectangular geometry, with a volume of [5 ∙ 6 ∙ 3 m³],  used for the convergence study in 
FEM. The source position is located at [1, 1, 1.5 m], the receiver positions are located at seven different positions, 

positions 1-7. The height of the receiver is 1.5 m.      

 
This convergence study is related to a situation with an uniform absorption coefficient at 
the boundaries of [α = 0.1] in combination with the Sabine absorption factor. The 
attenuations of sound in air is equal to [m = 0.0014 m−1]. The applied discretisation in 
time is within the domain of [0.1 s ≤ ∆t ≤ 0.0001 s]. The source is defined as displayed in 
Equation 7.17.   
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 𝛿(𝑡 − 𝑡0) {
1   𝑓𝑜𝑟 0 ≤ 𝑛 ≤ 0.2
0   𝑓𝑜𝑟 𝑛 > 0.2         

  7.17 

The numbers of elements is [756, 1308, and 11375]. This is equal to an average number or 
elements per unit volume of [8.4, 14.5 and 126.4 m−3]. The elements are determined by a 
minimum and maximum element size of 2, 1 and 0.5 m. The element size in FEM is 
determined by the ‘Physics-controlled mesh’ with a normal density of elements. The 
‘Physics-controlled mesh’ is a standardised method to define a mesh in Comsol. The results 
of the different studies are displayed in Table 7.5 to Table 7.7.  
  

Table 7.5. The reverberation time [T30(s)] of receiver positions [1-7] for simulations with 756 elements and multiple 
discretisations in time [0.1 s ≤ ∆t ≤ 0.0001 s].   

∆𝐭 [𝐬] 
Receiver 

1 2 3 4 5 6 7 

0.01 17.04 17.04 17.04 17.04 17.04 17.04 17.04 
0.005 3.86 3.86 3.86 3.86 3.86 3.86 3.86 
0.001 1.14 1.14 1.14 1.14 1.14 1.14 1.14 

0.0005 1.14 1.14 1.14 1.14 1.14 1.14 1.14 
0.0001 1.13 1.13 1.13 1.13 1.13 1.13 1.13 

 
 

Table 7.6. The reverberation time [T30(s)] of receiver positions [1-7] for simulations with 1308 elements  and multiple 
discretisations in time [0.1 s ≤ ∆t ≤ 0.0001 s].   

∆𝐭 [𝐬] 
 Receiver 

 1 2 3 4 5 6 7 

0.01  0.96 0.96 0.96 0.96 0.96 0.96 0.96 

0.005  0.78 0.78 0.78 0.78 0.78 0.78 0.78 

0.001  1.14 1.14 1.14 1.14 1.14 1.14 1.14 

0.0005  1.14 1.14 1.14 1.14 1.14 1.14 1.14 

0.0001  1.13 1.13 1.13 1.13 1.13 1.13 1.13 

 
 

Table 7.7. The reverberation time [T30(s)] of receiver positions [1-7] for simulations with 11375 elements and 
multiple discretisations in time [0.1 s ≤ ∆t ≤ 0.0001 s].   

∆𝐭 [𝐬] 
Receiver 

1 2 3 4 5 6 7 

0.01 1.13 1.13 1.13 1.13 1.13 1.13 1.13 
0.005 1.13 1.13 1.13 1.13 1.13 1.13 1.13 
0.001 1.14 1.14 1.14 1.14 1.14 1.14 1.14 

0.0005 1.14 1.14 1.14 1.14 1.14 1.14 1.14 
0.0001 1.13 1.13 1.13 1.13 1.13 1.13 1.13 

 
In all situations a grid independent solution is obtained for all receiver positions by a 
discretisation in time of [∆t = 0.001 s]. The earlier mentioned discretisation in time is 
above the minimal value for getting a grid independent solution. Based on the results, as 
displayed in this appendix, this discretisation in time can only be applied in combination 
with a high density of elements. Further research is required to determine the optimal ratio 
between element size and discretization in time. This is out of the scope of this research. In 
this research a discretisation in time of  [∆t = 0.001 s] is applied.  
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Appendix 10. Modelling specifications verification study  

Table 7.8 .Simulation input parameters of the first part of the verification study conducted in the FDM using the in-
house code. 

Nr. Geometry Δt (s) Δv (m) A α m (𝐦−𝟏) 

1 Octahedron – Δv=0.50 m  0.00005 0.5 Sabine 0.1 1.4E-03 
2 Octahedron – Δv=0.50 m  0.00005 0.5 Eyring 0.1 1.4E-03 

3 Octahedron – Δv=0.50 m  0.00005 0.5 Modified 0.1 1.4E-03 
4 Octahedron – Δv=0.25 m  0.000025 0.25 Sabine 0.1 1.4E-03 

5 Octahedron – Δv=0.25 m  0.000025 0.25 Eyring 0.1 1.4E-03 
6 Octahedron – Δv=0.25 m  0.000025 0.25 Modified 0.1 1.4E-03 

7 Octahedron – Δv=0.125 m  0.0000125 0.125 Sabine 0.1 1.4E-03 
8 Octahedron – Δv=0.125 m  0.0000125 0.125 Eyring 0.1 1.4E-03 

9 Octahedron – Δv=0.125 m  0.0000125 0.125 Modified 0.1 1.4E-03 

 
 

Table 7.9. Simulation input parameters of the first part of the verification study as conducted in the FEM using 
commercial software. 

Nr. Geometry  Δt (s) A 
 

α m (𝐦−𝟏) 

10 Octahedron – Δv=0.50 m   0.001 Sabine  0.1 1.4E-03 

11 Octahedron – Δv=0.50 m   0.001 Eyring  0.1 1.4E-03 
12 Octahedron – Δv=0.50 m   0.001 Modified  0.1 1.4E-03 

13 Octahedron – Δv=0.25 m   0.001 Sabine  0.1 1.4E-03 
14 Octahedron – Δv=0.25 m   0.001 Eyring  0.1 1.4E-03 

15 Octahedron – Δv=0.25 m   0.001 Modified  0.1 1.4E-03 
16 Octahedron – Δv=0.125 m   0.001 Sabine  0.1 1.4E-03 

17 Octahedron – Δv=0.125 m   0.001 Eyring  0.1 1.4E-03 
18 Octahedron – Δv=0.125 m   0.001 Modified  0.1 1.4E-03 
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Appendix 11.  Verification study - part two - [Δ=0.25m] 

 

 
Figure 7.8. The grid of an voxelized octahedron shaped room with a discretisation in space of  [∆v = 0.5 m] voxelized 

with a discretisation in space of [∆v = 0.25 m]. The interior nodes are dark grey, the boundary nodes light grey, the 
source is hatched, and the receiver positions are numbered [1-6]. 

 
7.10. Simulation specifications of the second part of the verification study as approximated by the FDM using the in-

house code. 

Nr. Geometry  Δt (s) Δx (m) A 
 

α m (𝐦−𝟏) 

19 Octahedron Δv=0.50 m   0.000025 0.25 Sabine  0.1 1.4E-03 

20 Octahedron Δv=0.50 m   0.000025 0.25 Eyring  0.1 1.4E-03 

21 Octahedron Δv=0.50 m   0.000025 0.25 Modified  0.1 1.4E-03 
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Appendix 12. Verification study - part two - [∆v = 0.125 m] 

 
Figure 7.9. The grid of an voxelized octahedron shaped room with a discretisation in space of  [∆v = 0.5 m] voxelized 

with a discretisation in space of [∆v = 0.125 m]. The interior nodes are dark grey, the boundary nodes light grey, the 
source is hatched, and the receiver positions are numbered [1-9]. 

 
Table 7.11 . Simulation specifications of the second part of the verification study as approximated by the FDM using 

the in-house code. 

Nr. Geometry  Δt (s) Δx (m) A 
 

α m (𝐦−𝟏) 

22 Octahedron Δv=0.50 m   0.0000125 0.125 Sabine  0.1 1.4E-03 

23 Octahedron Δv=0.50 m   0.0000125 0.125 Eyring  0.1 1.4E-03 
24 Octahedron Δv=0.50 m   0.0000125 0.125 Modified  0.1 1.4E-03 
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Appendix 13. Geometrical specification of tetrahedral octahedron   

 
Figure 7.10. Location of the source and receivers of an octahedron shaped room solved by a non-equidistant 

conformal tetrahedral mesh. The source is black, and the receiver positions are numbered [1-9]. 
 

 
Table 7.12. Coordinates of the source and receiver positions of the octahedron shaped room solved by a non-

equidistant conformal tetrahedral mesh. The numbers of the receiver positions correspond with the numbers as displayed 
in Figure 7.10. 

Position x (m) y (m) z (m) 

Source 3.5 3.5 3.5 
Receiver 1 4 3.5 3.5 
Receiver 2 4.5 3.5 3.5 
Receiver 3 5 3.5 3.5 
Receiver 4 5.5 3.5 3.5 
Receiver 5 6 3.5 3.5 
Receiver 6 6.5 3.5 3.5 
Receiver 7 4 3.5 4 
Receiver 8 4.5 3.5 4.5 
Receiver 9 5 3.5 5 
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Table 7.13. Simulation specifications related to the first part of the validation study as approximated by the FEM. 

Nr. Geometry Δt (s) A 
 

α m (𝐦−𝟏) 

25 Octahedron – tetrahedral  0.001 Sabine  0.1 1.4E-03 
26 Octahedron – tetrahedral  0.001 Eyring  0.1 1.4E-03 
27 Octahedron – tetrahedral  0.001 Modified  0.1 1.4E-03 

 

 
Table 7.14. Simulation specifications of the  first part of the validation study as approximated by the FDM. A 

correction factor for the absorption area [δsurf(−)] is used. 

Nr. Geometry Δt (s) Δv (s) A α 𝛅𝐬𝐮𝐫𝐟 m (𝐦−𝟏) 

28 Octahedron – Δv=0.50 m 0.00005 0.5 Sabine 0.1 1.10 1.4E-03 
29 Octahedron – Δv=0.50 m 0.00005 0.5 Eyring 0.1 1.10 1.4E-03 
30 Octahedron – Δv=0.50 m 0.00005 0.5 Modified 0.1 1.10 1.4E-03 
31 Octahedron – Δv=0.25 m 0.000025 0.25 Sabine 0.1 0.86 1.4E-03 
32 Octahedron – Δv=0.25 m 0.000025 0.25 Eyring 0.1 0.86 1.4E-03 
33 Octahedron – Δv=0.25 m 0.000025 0.25 Modified 0.1 0.86 1.4E-03 
34 Octahedron – Δv=0.125 m 0.0000125 0.125 Sabine 0.1 0.78 1.4E-03 
35 Octahedron – Δv=0.125 m 0.0000125 0.125 Eyring 0.1 0.78 1.4E-03 
36 Octahedron – Δv=0.125 m 0.0000125 0.125 Modified 0.1 0.78 1.4E-03 
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Appendix 14. Specular versus diffuse reflection 

In the second part of the validation study measurements of an irregularly shaped room are 
compared with numerical results of the diffusion equation model. This irregularly shaped 
room contains painted concrete walls. These walls are characteristic by their low absorption 
and scattering  coefficient. According to literature a painted concrete wall has an scattering 
coefficient within the range of  [0.01 ≤ 𝑠 ≤ 0.03] at a frequency of 700 Hz [90]. The 
scattering coefficients increases with the frequency resulting in higher scattering 
coefficients for higher frequencies. The scattering coefficients of multiple protrusions 
dimensions are displayed in Figure 7.11.   

 
Figure 7.11. The frequency dependent scattering coefficient of multiple protrusions dimensions [91].  

 

The diffusion equation model is only considered to be accurate for situations where the 
diffuse reflections of the boundary are dominant. As described above the painted concrete 
walls are characterised by a low scattering coefficient. Based on this low scattering it is 
questioned if the diffuse reflections will dominated over specular reflection. As described in 
Chapter ‘2.6 Parameters’ the transformation of specular reflected sound into diffuse 
reflected sound concerns an irreversible process. In other words, at every collisions a ratio 
of the specular reflected sound is scattered. This ratio is equal to the scattering coefficient. 
The average distance travelled between successive collisions is the MFP. The average time 
between successive collisions  [𝑡𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠(𝑠)] is defined as displayed in Equation 7.18. This 
equation is dependent on the MFP [𝜆 (𝑚)] and the speed of sound [𝑐(𝑚/𝑠)].    

  𝑡𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 =
𝜆

𝑐
  7.18 

The ratio between specular and diffuse reflected sound is analysed based on an 
assumption. The scattering coefficient at [𝑓 = 700 𝐻𝑧] is expanded based on the results as 
displayed in Figure 7.11 [91]. In this particular case are protrusions with a dimension of 
[𝑑 = 0.015] considered. The scattering coefficients that correspond to this protrusions 
dimension are [𝑠 = 0.02, 0.02, 0.10 𝑎𝑛𝑑 0.40]  for the frequencies of [𝑓 = 500, 1000,  
2000, 𝑎𝑛𝑑 4000 𝐻𝑧] respectively.  
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   Figure 7.12. The ratio between specular [   ]  and diffusely [   ] reflected sound of the irregularly shape room. 

These values are related to a frequency of [𝑓 = 500 𝐻𝑧]. The early [0 𝑑𝐵 ≤ 𝑛 ≤ −5 𝑑𝐵] and  late response [−5 𝑑𝐵 ≤
𝑛 ≤ ∞ 𝑑𝐵] are displayed  by grey areas  [     and    ]. The interval between bars is five times the average time between 

successive collisions  [𝑡𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠(𝑠)] . 

 
 

 
Figure 7.13. The ratio between specular [   ]  and diffusely [   ] reflected sound of the irregularly shape room. 

These values are related to a frequency of [𝑓 = 1000 𝐻𝑧]. The early [0 𝑑𝐵 ≤ 𝑛 ≤ −5 𝑑𝐵] and  late response [−5 𝑑𝐵 ≤
𝑛 ≤ ∞ 𝑑𝐵] are displayed  by grey areas [     and    ]. The interval between bars is five times the average time between 

successive collisions  [𝑡𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠(𝑠)] . 
 

 

 

 

 



 

96 
  

 
Figure 7.14. The ratio between specular [   ]  and diffusely [   ] reflected sound of the irregularly shape room. 

These values are related to a frequency of [𝑓 = 2000 𝐻𝑧]. The early [0 𝑑𝐵 ≤ 𝑛 ≤ −5 𝑑𝐵] and  late response [−5 𝑑𝐵 ≤
𝑛 ≤ ∞ 𝑑𝐵] are displayed  by grey areas [     and    ]. The interval between bars is five times the average time between 

successive collisions  [𝑡𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠(𝑠)] . 

 

 
Figure 7.15.The ratio between specular [   ]  and diffusely [   ] reflected sound of the irregularly shape room. 

These values are related to a frequency of [𝑓 = 4000 𝐻𝑧]. The early [0 𝑑𝐵 ≤ 𝑛 ≤ −5 𝑑𝐵] and  late response [−5 𝑑𝐵 ≤
𝑛 ≤ ∞ 𝑑𝐵] are displayed  by grey areas [     and    ]. The interval between bars is five times the average time between 

successive collisions  [𝑡𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠(𝑠)] . 

 
Based on the assumption, as displayed in this appendix, it is concluded that for all four 
frequency bands [𝑓 = 500, 1000, 2000 𝑎𝑛𝑑 4000 𝐻𝑧]  the diffuse reflections of the 
boundaries are dominating in the late response of the sound energy density decay.  
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Appendix 15.  Measurement specifications irregularly shaped room  

 
 

Figure 7.16. Plan of measurement room 1 of the acoustical laboratory situated in the Echo building of the Eindhoven 
University of Technology including measurement setup. The source positions are denoted by [S1 and S2], the receiver 

positions are denoted by [R1, R2, R3, R4, and R5].  

 
Table 7.15. Coordinates of the source and receiver positions as used for the measurements conducted in 

measurement room 1. 

Position x (m) y (m) z (m) 

Source S1 4.47 5.42 1.8 

Source S2 0.81 4.79 1.5 
Receiver R1 3.83 2.82 1.5 

Receiver R2 3.04 3.62 1.5 
Receiver R3 2.24 2.82 1.5 

Receiver R4 3.04 2.02 1.5 
Receiver R5 3.04 2.82 1.5 
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Table 7.16. The measured reverberation time of the individual receiver positions [T30 receiver(s)], the average 
reverberation time of the source [T30 source(s)], and the reverberation time of the room  [T30 room(s)]. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

𝐓𝟑𝟎 𝐫𝐞𝐜𝐞𝐢𝐯𝐞𝐫 

S1 1 7.18 5.81 4.53 3.20 

S1 2 7.06 5.92 4.60 3.22 
S1 3 7.11 5.82 4.60 3.21 

S1 4 7.09 5.88 4.59 3.21 
S1 5 7.34 5.93 4.63 3.22 

𝐓𝟑𝟎 𝐬𝐨𝐮𝐫𝐜𝐞 S1 1-5 7.16 5.87 4.59 3.21 

𝐓𝟑𝟎 𝐫𝐞𝐜𝐞𝐢𝐯𝐞𝐫 

S2 1 7.28 5.96 4.59 3.23 

S2 2 7.11 5.82 4.60 3.21 
S2 3 7.15 5.90 4.61 3.22 

S2 4 7.30 5.91 4.62 3.22 
S2 5 7.40 5.95 4.59 3.22 

𝐓𝟑𝟎 𝐬𝐨𝐮𝐫𝐜𝐞 S2 1-5 7.25 5.91 4.60 3.22 

𝐓𝟑𝟎 𝐫𝐨𝐨𝐦 S1 & S2 1-5 7.20 5.89 4.60 3.22 

 

 
Table 7.17. The average measured impulse to noise ratio of the individual receiver positions [INRreceiver(dB)]. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

INRreceiver 

S1 1 65.36 65.05 59.85 63.15 
S1 2 62.93 66.01 61.40 63.68 

S1 3 62.36 66.48 62.19 63.81 
S1 4 62.68 66.37 62.96 63.99 

S1 5 63.42 66.52 61.36 64.16 
S2 1 64.91 64.94 59.47 63.25 

S2 2 63.40 65.89 61.42 63.50 
S2 3 62.54 66.20 62.23 64.00 

S2 4 61.29 65.94 63.18 63.91 
S2 5 62.92 66.28 61.86 64.29 

 

 
Table 7.18. The absorption coefficient of the individual receiver positions [α̅receiver(−)],  the average absorption 

coefficient of the source [α̅source(−)], and the average absorption coefficient of the room [α̅meas(−)]. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

α̅receiver 

S1 1 0.014 0.016 0.017 0.011 
S1 2 0.014 0.015 0.017 0.011 
S1 3 0.014 0.016 0.017 0.011 
S1 4 0.014 0.016 0.017 0.011 
S1 5 0.013 0.015 0.017 0.011 

α̅source S1 1-5 0.014 0.016 0.017 0.011 

α̅receiver 

S2 1 0.013 0.015 0.017 0.010 
S2 2 0.014 0.016 0.017 0.011 
S2 3 0.014 0.016 0.017 0.011 
S2 4 0.013 0.016 0.017 0.011 
S2 5 0.013 0.015 0.017 0.011 

α̅source S2 1-5 0.014 0.016 0.017 0.011 

α̅meas S1 & S2 1-5 0.014 0.016 0.017 0.011 

 
` 
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Appendix 16. Validation part 2 - irregularly shaped room [Δv = 0.5 m]  

 
Figure 7.17. Grid of the irregularly shaped room with a discretisation in space of  [∆v = 0.5 m]. The interior nodes are 

dark grey, the boundary nodes are light grey, the sources are hatched, and the receiver positions are numbered [1-5]. 

 
Table 7.19. Coordinates of the source and receiver positions of the voxelized irregularly shaped room with a 

discretisation in space of  [∆v = 0.5 m]. The numbers of the receiver positions correspond with the numbers as displayed 
in Figure 7.17. 

Position x (m) y (m) z (m) 

S1 4.5 5.5 2 
S2 0.5 5 1.5 
1 4 3 1.5 
2 3 4 1.5 
3 2 3 1.5 
4 3 2 1.5 
5 3 3 1.5 
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Table 7.20. Simulation input parameters of the second part of the validation study with an discretisation in space of 
[∆v = 0.50 m]. These input parameters are related to the FDM as solved by the in-house code. 

Nr. Geometry source Δt (m) A f(Hz) α m (𝐦−𝟏) 

37 Irregular room – v=0.50 m S1 0.00005 Sabine 500 0.014 8.2E-04 

38 Irregular room – v=0.50 m S1 0.00005 Sabine 1000 0.016 1.4E-03 

39 Irregular room – v=0.50 m S1 0.00005 Sabine 2000 0.017 2.9E-03 

40 Irregular room – v=0.50 m S1 0.00005 Sabine 4000 0.011 8.8E-03 

41 Irregular room – v=0.50 m S1 0.00005 Eyring 500 0.014 8.2E-04 

42 Irregular room – v=0.50 m S1 0.00005 Eyring 1000 0.016 1.4E-03 

43 Irregular room – v=0.50 m S1 0.00005 Eyring 2000 0.017 2.9E-03 

44 Irregular room – v=0.50 m S1 0.00005 Eyring 4000 0.011 8.8E-03 

45 Irregular room – v=0.50 m S1 0.00005 Modified 500 0.014 8.2E-04 

46 Irregular room – v=0.50 m S1 0.00005 Modified 1000 0.016 1.4E-03 

47 Irregular room – v=0.50 m S1 0.00005 Modified 2000 0.017 2.9E-03 

48 Irregular room – v=0.50 m S1 0.00005 Modified 4000 0.011 8.8E-03 

49 Irregular room – v=0.50 m S2 0.00005 Sabine 500 0.014 8.2E-04 

50 Irregular room – v=0.50 m S2 0.00005 Sabine 1000 0.016 1.4E-03 

51 Irregular room – v=0.50 m S2 0.00005 Sabine 2000 0.017 2.9E-03 

52 Irregular room – v=0.50 m S2 0.00005 Sabine 4000 0.011 8.8E-03 

53 Irregular room – v=0.50 m S2 0.00005 Eyring 500 0.014 8.2E-04 

54 Irregular room – v=0.50 m S2 0.00005 Eyring 1000 0.016 1.4E-03 

55 Irregular room – v=0.50 m S2 0.00005 Eyring 2000 0.017 2.9E-03 

56 Irregular room – v=0.50 m S2 0.00005 Eyring 4000 0.011 8.8E-03 

57 Irregular room – v=0.50 m S2 0.00005 Modified 500 0.014 8.2E-04 

58 Irregular room – v=0.50 m S2 0.00005 Modified 1000 0.016 1.4E-03 

59 Irregular room – v=0.50 m S2 0.00005 Modified 2000 0.017 2.9E-03 

60 Irregular room – v=0.50 m S2 0.00005 Modified 4000 0.011 8.8E-03 
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Appendix 17. Validation part 2 - irregularly shaped room [Δv = 0.25 m]  

 
Figure 7.18. Grid of the irregularly shaped room with a discretisation in space of  [∆v = 0.25 m]. The interior nodes 

are dark grey, the boundary nodes light grey, the sources are hatched, and the receiver positions are numbered [1-5]. 
 

Table 7.21. Coordinates of the source and receiver positions of the voxelized irregularly shaped room with a 
discretisation in space of  [∆v = 0.25 m]. The numbers of the receiver positions correspond with the numbers as 

displayed in Figure 7.18. 

Position x (m) y (m) z (m) 

S1 4.5 5.5 1.75 

S2 0.75 4.75 1.5 

1 3.75 3 1.5 

2 3 3.75 1.5 

3 2.25 3 1.5 

4 3 2.25 1.5 

5 3 3 1.5 
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Table 7.22. Simulation input parameters of the second part of the validation study with an discretisation in space of 
[∆v = 0.25 m]. These input parameters are related to the FDM as solved by the in-house code. 

Nr. Geometry source Δt (m) A f (Hz) α m (𝐦−𝟏) 

61 Irregular room – v=0.25 m S1 0.000025 Sabine 500 0.014 8.2E-04 

62 Irregular room – v=0.25 m S1 0.000025 Sabine 1000 0.016 1.4E-03 

63 Irregular room – v=0.25 m S1 0.000025 Sabine 2000 0.017 2.9E-03 

64 Irregular room – v=0.25 m S1 0.000025 Sabine 4000 0.011 8.8E-03 

65 Irregular room – v=0.25 m S1 0.000025 Eyring 500 0.014 8.2E-04 

66 Irregular room – v=0.25 m S1 0.000025 Eyring 1000 0.016 1.4E-03 

67 Irregular room – v=0.25 m S1 0.000025 Eyring 2000 0.017 2.9E-03 

68 Irregular room – v=0.25 m S1 0.000025 Eyring 4000 0.011 8.8E-03 

69 Irregular room – v=0.25 m S1 0.000025 Modified 500 0.014 8.2E-04 

70 Irregular room – v=0.25 m S1 0.000025 Modified 1000 0.016 1.4E-03 

71 Irregular room – v=0.25 m S1 0.000025 Modified 2000 0.017 2.9E-03 

72 Irregular room – v=0.25 m S1 0.000025 Modified 4000 0.011 8.8E-03 

73 Irregular room – v=0.25 m S2 0.000025 Sabine 500 0.014 8.2E-04 

74 Irregular room – v=0.25 m S2 0.000025 Sabine 1000 0.016 1.4E-03 

75 Irregular room – v=0.25 m S2 0.000025 Sabine 2000 0.017 2.9E-03 

76 Irregular room – v=0.25 m S2 0.000025 Sabine 4000 0.011 8.8E-03 

77 Irregular room – v=0.25 m S2 0.000025 Eyring 500 0.014 8.2E-04 

78 Irregular room – v=0.25 m S2 0.000025 Eyring 1000 0.016 1.4E-03 

79 Irregular room – v=0.25 m S2 0.000025 Eyring 2000 0.017 2.9E-03 

80 Irregular room – v=0.25 m S2 0.000025 Eyring 4000 0.011 8.8E-03 

81 Irregular room – v=0.25 m S2 0.000025 Modified 500 0.014 8.2E-04 

82 Irregular room – v=0.25 m S2 0.000025 Modified 1000 0.016 1.4E-03 

83 Irregular room – v=0.25 m S2 0.000025 Modified 2000 0.017 2.9E-03 

84 Irregular room – v=0.25 m S2 0.000025 Modified 4000 0.011 8.8E-03 
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Appendix 18. Validation part 2 - irregularly shaped room [Δv = 0.125 m]  

 
Figure 7.19. Grid of the irregularly shaped room with a discretisation in space of  [∆v = 0.125 m]. The interior nodes 

are dark grey, the boundary nodes light grey, the sources are hatched, and the receiver positions are numbered [1-5]. 

 
Table 7.23 .Coordinates of the source and receiver positions of the voxelized irregularly shaped room a discretisation 

in space of  [∆v = 0.125 m]. The numbers of the receiver positions correspond with the numbers as displayed in Figure 
7.18. 

Position x (m) y (m) z  (m) 

S1 4.375 5.375 1.75 
S2 0.625 4.75 1.5 
1 3.75 3 1.5 
2 3 3.75 1.5 
3 2.25 3 1.5 
4 3 2.25 1.5 
5 3 3 1.5 
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Table 7.24. Simulation input parameters of the second part of the validation study with an discretisation in space of 
[∆v = 0.125 m]. These input parameters are related to the FDM as solved by the in-house code. 

Nr. Geometry source Δt (m) A f (Hz) α m (𝐦−𝟏) 

85 Irregular room – v=0.125 m S1 0.0000125 Sabine 500 0.014 8.2E-04 

86 Irregular room – v=0.125 m S1 0.0000125 Sabine 1000 0.016 1.4E-03 

87 Irregular room – v=0.125 m S1 0.0000125 Sabine 2000 0.017 2.9E-03 

88 Irregular room – v=0.125 m S1 0.0000125 Sabine 4000 0.011 8.8E-03 

89 Irregular room – v=0.125 m S1 0.0000125 Eyring 500 0.014 8.2E-04 

90 Irregular room – v=0.125 m S1 0.0000125 Eyring 1000 0.016 1.4E-03 

91 Irregular room – v=0.125 m S1 0.0000125 Eyring 2000 0.017 2.9E-03 

92 Irregular room – v=0.125 m S1 0.0000125 Eyring 4000 0.011 8.8E-03 

93 Irregular room – v=0.125 m S1 0.0000125 Modified 500 0.014 8.2E-04 

94 Irregular room – v=0.125 m S1 0.0000125 Modified 1000 0.016 1.4E-03 

95 Irregular room – v=0.125 m S1 0.0000125 Modified 2000 0.017 2.9E-03 

96 Irregular room – v=0.125 m S1 0.0000125 Modified 4000 0.011 8.8E-03 

97 Irregular room – v=0.125 m S2 0.0000125 Sabine 500 0.014 8.2E-04 

98 Irregular room – v=0.125 m S2 0.0000125 Sabine 1000 0.016 1.4E-03 

99 Irregular room – v=0.125 m S2 0.0000125 Sabine 2000 0.017 2.9E-03 

100 Irregular room – v=0.125 m S2 0.0000125 Sabine 4000 0.011 8.8E-03 

101 Irregular room – v=0.125 m S2 0.0000125 Eyring 500 0.014 8.2E-04 

102 Irregular room – v=0.125 m S2 0.0000125 Eyring 1000 0.016 1.4E-03 

103 Irregular room – v=0.125 m S2 0.0000125 Eyring 2000 0.017 2.9E-03 

104 Irregular room – v=0.125 m S2 0.0000125 Eyring 4000 0.011 8.8E-03 

105 Irregular room – v=0.125 m S2 0.0000125 Modified 500 0.014 8.2E-04 

106 Irregular room – v=0.125 m S2 0.0000125 Modified 1000 0.016 1.4E-03 

107 Irregular room – v=0.125 m S2 0.0000125 Modified 2000 0.017 2.9E-03 

108 Irregular room – v=0.125 m S2 0.0000125 Modified 4000 0.011 8.8E-03 
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Appendix 19. Absorption coefficient based on multiple absorption factors  

The absorption coefficients, as displayed in Table 7.18, are determined by the use of 
Equation 3.17. This method, that is described in the ISO 354 standard, is based on Sabine’s 
formula for reverberation [85]. It can be suggested that this approach is incorrect when 
using the Eyring or modified absorption factor. In this appendix absorption coefficients are 
determined based on the Eyring’s formula and the modified absorption factor. Eyring’s 
formula for reverberation is displayed in Equation 7.19 [11]. This equation uses the 
measured reverberation time of the individual reviver positions (𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  [𝑠]), volume of 
the room (𝑉 [𝑚³]) , power attenuation coefficient (𝑚[𝑚−1]) , total surface area of 
scattering objects (𝑆𝑡𝑜t [𝑚

2]), and average absorption coefficient based on measurements 
(�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)]). Equation 7.19 can be rewritten to define the absorption coefficient based 
on measurements, see Equation 7.20 to 7.24. The measured absorption coefficients based 
on Eyring´s formula are displayed in Table 7.25. Note that all absorption coefficients are 
round-off on three decimals. No significant differences within the range of [0 ≤ 𝜃 ≤ 0.001] 
appear between the average absorption coefficient [α̅meas(−)] as displayed in Table 7.18 
and  
Table 7.25.             

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.161
𝑉

𝑆𝑡𝑜𝑡∙(− 𝑙𝑛(1−�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟))+4∙𝑉∙𝑚
  7.19 

𝑆𝑡𝑜𝑡 ∙ (− 𝑙𝑛(1 − �̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟)) + 4 ∙ 𝑉 ∙ 𝑚 = 0.161
𝑉

𝑇
  7.20 

𝑆𝑡𝑜𝑡 ∙ (− 𝑙𝑛(1 − �̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟)) = 0.161
𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
− 4 ∙ 𝑉 ∙ 𝑚  7.21 

𝑙𝑛 ∙ (1 − �̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟) =
−1∗0.161

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟𝑇
−4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
  7.22 

(1 − �̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟) = 𝑒
(
−1∗0.161

𝑉
𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

−4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
)

  
7.23 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = −1

(

 𝑒
(
−1∗0.161

𝑉
𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

−4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
)

− 1

)

   7.24 

 
Table 7.25. The average absorption coefficient of the individual receiver positions [�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)],  the average 

absorption coefficient of the source [�̅�𝑠𝑜u𝑟𝑐𝑒(−)], and the average absorption coefficient of the room [�̅�𝑚𝑒𝑎𝑠(−)]. These 
absorption coefficients are based on Eyring’s formula of reverberation. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S1 1 0.014 0.016 0.017 0.011 
S1 2 0.014 0.015 0.017 0.011 
S1 3 0.014 0.016 0.017 0.011 
S1 4 0.014 0.015 0.017 0.011 
S1 5 0.013 0.015 0.016 0.011 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S1 average 0.014 0.016 0.017 0.011 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S2 1 0.013 0.015 0.017 0.010 
S2 2 0.014 0.016 0.017 0.011 
S2 3 0.014 0.015 0.017 0.011 
S2 4 0.013 0.015 0.017 0.011 
S2 5 0.013 0.015 0.017 0.011 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S2 average 0.013 0.015 0.017 0.011 

�̅�𝑚𝑒𝑎𝑠 S1 & S2 average 0.014 0.015 0.017 0.011 
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The modified absorption factor has an analogy with the absorption of light as considered by 
ray-based methods [44]. In contrast to the Sabine and Eyring absorption factor this 
absorption factor is not based on a statistical model. In order to define the average 
absorption coefficient  based on measurements a statistical model is required. In Equation 
7.25 to 7.30 can be seen how the modified absorption coefficient is rewritten into a 
statistical model, in this work further referred to as the modified statistical model. This 
model uses of the measured reverberation time averaged (𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 [𝑠]), volume of the 
room (𝑉 [𝑚³]), power attenuation coefficient (𝑚[𝑚−1]), total surface area of scattering 
objects (𝑆𝑡𝑜𝑡  [𝑚

2]) , and average absorption coefficient based on measurements 
(�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)]).   

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.161
𝑉

𝑆𝑡𝑜𝑡∙�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
   7.25 

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.04025 ∙ 4 ∙
𝑉

𝑆𝑡𝑜𝑡∙�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
   7.26 

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.04025 ∙
𝑉

𝑆𝑡𝑜𝑡∙
�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

4

   7.27 

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.04025 ∙
𝑉

𝑆𝑡𝑜𝑡∙𝐴
   7.28 

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.04025 ∙
𝑉

𝑆𝑡𝑜𝑡∙(
�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

(2(2−�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟))
)

    
7.29 

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 0.04025
𝑉∙(2(2−�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟))

𝑆𝑡𝑜𝑡∙�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟+4∙𝑉∙𝑚
    7.30 

The modified statistical model, as displayed in Equation 7.30, can be used to determine the 
average absorption coefficient based on measurements. For this Equation 7.30 should be 
rewritten as displayed in Equation 7.31 to 7.38.   

(𝑆𝑡𝑜𝑡∙�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟+4∙𝑉∙𝑚)

(2(2−�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟))
= 0.04025

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
  7.31 

(𝑆𝑡𝑜𝑡∙�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟+4∙𝑉∙𝑚)

(2−�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟)
= (0.0805

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)  7.32 

(𝑆𝑡𝑜𝑡 ∙ �̅� + 4 ∙ 𝑉 ∙ 𝑚) = (0.161
𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
) − �̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 (0.0805

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)  7.33 
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�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 =
((0.161

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)−�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(0.0805

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)−4∙𝑉∙𝑚)

𝑆𝑡𝑜𝑡
   

7.34 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 =
(0.161

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)

𝑆𝑡𝑜𝑡
−
�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(0.0805

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)

𝑆𝑡𝑜𝑡
−
4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
  7.35 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 +
�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(0.0805

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)

𝑆𝑡𝑜𝑡
=
(0.161

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)

𝑆𝑡𝑜𝑡
−
4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
  7.36 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 (1 +
(0.0805

𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)

𝑆𝑡𝑜𝑡
) =

(0.161
𝑉

𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
)

𝑆𝑡𝑜𝑡
−
4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
   7.37 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 =

(
(0.161

𝑉
𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

)

𝑆𝑡𝑜𝑡
−
4∙𝑉∙𝑚

𝑆𝑡𝑜𝑡
)

(1+
(0.0805

𝑉
𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

)

𝑆𝑡𝑜𝑡
)

  7.38 

The average absorption coefficient based on the modified statistical model are displayed in 
Table 7.26. Note that all absorption coefficients are round-off on three digits. No significant 
differences within the range of [0 ≤ 𝜃 ≤ 0.001] appear between the average absorption 
coefficient [�̅�𝑚𝑒𝑎𝑠(−)] as displayed in Table 7.18,  
Table 7.25, and Table 7.26.  
 

Table 7.26. The average absorption coefficient of the individual receiver positions [�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)],  the average 
absorption coefficient of the source [�̅�𝑠𝑜𝑢𝑟𝑐𝑒(−)], and the average absorption coefficient of the room [�̅�𝑚𝑒𝑎𝑠(−)]. These 

absorption coefficients are based on the modified absorption factor. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S1 1 0.014 0.016 0.017 0.011 
S1 2 0.014 0.015 0.017 0.010 
S1 3 0.014 0.016 0.017 0.010 
S1 4 0.014 0.015 0.017 0.011 
S1 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S1 average 0.014 0.015 0.017 0.010 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S2 1 0.013 0.015 0.017 0.010 
S2 2 0.014 0.016 0.017 0.010 
S2 3 0.014 0.015 0.016 0.010 
S2 4 0.013 0.015 0.016 0.010 
S2 5 0.013 0.015 0.017 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S2 average 0.013 0.015 0.017 0.010 

�̅�𝑚𝑒𝑎𝑠 S1 & S2 average 0.014 0.015 0.017 0.010 
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Appendix 20. FEM input parameters - validation part 2  

Table 7.27. Simulation input parameters for the second part of the validation study as numerical solved by the FEM 
using commercial software. These input parameters are related to source position S1. 

Nr. Geometry source Δt (m) A f (Hz) α m (𝐦−𝟏) 

109 Irregular room – v=0.50 m S1 0.001 Sabine 500 0.014 8.2E-04 
110 Irregular room – v=0.50 m S1 0.001 Sabine 1000 0.016 1.4E-03 
111 Irregular room – v=0.50 m S1 0.001 Sabine 2000 0.017 2.9E-03 
112 Irregular room – v=0.50 m S1 0.001 Sabine 4000 0.011 8.8E-03 
113 Irregular room – v=0.50 m S1 0.001 Eyring 500 0.014 8.2E-04 
114 Irregular room – v=0.50 m S1 0.001 Eyring 1000 0.016 1.4E-03 
115 Irregular room – v=0.50 m S1 0.001 Eyring 2000 0.017 2.9E-03 
116 Irregular room – v=0.50 m S1 0.001 Eyring 4000 0.011 8.8E-03 
117 Irregular room – v=0.50 m S1 0.001 Modfied 500 0.014 8.2E-04 
118 Irregular room – v=0.50 m S1 0.001 Modfied 1000 0.016 1.4E-03 
119 Irregular room – v=0.50 m S1 0.001 Modfied 2000 0.017 2.9E-03 
120 Irregular room – v=0.50 m S1 0.001 Modfied 4000 0.011 8.8E-03 
121 Irregular room – v=0.25 m S1 0.001 Sabine 500 0.014 8.2E-04 
122 Irregular room – v=0.25 m S1 0.001 Sabine 1000 0.016 1.4E-03 
123 Irregular room – v=0.25 m S1 0.001 Sabine 2000 0.017 2.9E-03 
124 Irregular room – v=0.25 m S1 0.001 Sabine 4000 0.011 8.8E-03 
125 Irregular room – v=0.25 m S1 0.001 Eyring 500 0.014 8.2E-04 
126 Irregular room – v=0.25 m S1 0.001 Eyring 1000 0.016 1.4E-03 
127 Irregular room – v=0.25 m S1 0.001 Eyring 2000 0.017 2.9E-03 
128 Irregular room – v=0.25 m S1 0.001 Eyring 4000 0.011 8.8E-03 
129 Irregular room – v=0.25 m S1 0.001 Modfied 500 0.014 8.2E-04 
130 Irregular room – v=0.25 m S1 0.001 Modfied 1000 0.016 1.4E-03 
131 Irregular room – v=0.25 m S1 0.001 Modfied 2000 0.017 2.9E-03 
132 Irregular room – v=0.25 m S1 0.001 Modfied 4000 0.011 8.8E-03 
133 Irregular room – v=0.125 m S1 0.001 Sabine 500 0.014 8.2E-04 
134 Irregular room – v=0.125 m S1 0.001 Sabine 1000 0.016 1.4E-03 
135 Irregular room – v=0.125 m S1 0.001 Sabine 2000 0.017 2.9E-03 
136 Irregular room – v=0.125 m S1 0.001 Sabine 4000 0.011 8.8E-03 
137 Irregular room – v=0.125 m S1 0.001 Eyring 500 0.014 8.2E-04 
138 Irregular room – v=0.125 m S1 0.001 Eyring 1000 0.016 1.4E-03 
139 Irregular room – v=0.125 m S1 0.001 Eyring 2000 0.017 2.9E-03 
140 Irregular room – v=0.125 m S1 0.001 Eyring 4000 0.011 8.8E-03 
141 Irregular room – v=0.125 m S1 0.001 Modfied 500 0.014 8.2E-04 
142 Irregular room – v=0.125 m S1 0.001 Modfied 1000 0.016 1.4E-03 
143 Irregular room – v=0.125 m S1 0.001 Modfied 2000 0.017 2.9E-03 
144 Irregular room – v=0.125 m S1 0.001 Modfied 4000 0.011 8.8E-03 
145 Irregular room – smooth S1 0.001 Sabine 500 0.014 8.2E-04 
146 Irregular room – smooth S1 0.001 Sabine 1000 0.016 1.4E-03 
147 Irregular room – smooth S1 0.001 Sabine 2000 0.017 2.9E-03 
148 Irregular room – smooth S1 0.001 Sabine 4000 0.011 8.8E-03 
149 Irregular room – smooth S1 0.001 Eyring 500 0.014 8.2E-04 
150 Irregular room – smooth S1 0.001 Eyring 1000 0.016 1.4E-03 
151 Irregular room – smooth S1 0.001 Eyring 2000 0.017 2.9E-03 
152 Irregular room – smooth S1 0.001 Eyring 4000 0.011 8.8E-03 
153 Irregular room – smooth S1 0.001 Modfied 500 0.014 8.2E-04 
154 Irregular room – smooth S1 0.001 Modfied 1000 0.016 1.4E-03 
155 Irregular room – smooth S1 0.001 Modfied 2000 0.017 2.9E-03 
156 Irregular room – smooth S1 0.001 Modfied 4000 0.011 8.8E-03 
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Table 7.28. Simulation input parameters for the second part of the validation study as numerical solved by the FEM 
using commercial software. These input parameters are related to source position S2. 

Nr. Geometry source Δt (m) A f (Hz) α m (𝒎−𝟏) 

157 Irregular room – v=0.50 m S2 0.001 Sabine 500 0.014 8,2E-04 
158 Irregular room – v=0.50 m S2 0.001 Sabine 1000 0.016 1,4E-03 
159 Irregular room – v=0.50 m S2 0.001 Sabine 2000 0.017 2,9E-03 
160 Irregular room – v=0.50 m S2 0.001 Sabine 4000 0.011 8,8E-03 
161 Irregular room – v=0.50 m S2 0.001 Eyring 500 0.014 8,2E-04 
162 Irregular room – v=0.50 m S2 0.001 Eyring 1000 0.016 1,4E-03 
163 Irregular room – v=0.50 m S2 0.001 Eyring 2000 0.017 2,9E-03 
164 Irregular room – v=0.50 m S2 0.001 Eyring 4000 0.011 8,8E-03 
165 Irregular room – v=0.50 m S2 0.001 Modfied 500 0.014 8,2E-04 
166 Irregular room – v=0.50 m S2 0.001 Modfied 1000 0.016 1,4E-03 
167 Irregular room – v=0.50 m S2 0.001 Modfied 2000 0.017 2,9E-03 
168 Irregular room – v=0.50 m S2 0.001 Modfied 4000 0.011 8,8E-03 
169 Irregular room – v=0.25 m S2 0.001 Sabine 500 0.014 8,2E-04 
170 Irregular room – v=0.25 m S2 0.001 Sabine 1000 0.016 1,4E-03 
171 Irregular room – v=0.25 m S2 0.001 Sabine 2000 0.017 2,9E-03 
172 Irregular room – v=0.25 m S2 0.001 Sabine 4000 0.011 8,8E-03 
173 Irregular room – v=0.25 m S2 0.001 Eyring 500 0.014 8,2E-04 
174 Irregular room – v=0.25 m S2 0.001 Eyring 1000 0.016 1,4E-03 
175 Irregular room – v=0.25 m S2 0.001 Eyring 2000 0.017 2,9E-03 
176 Irregular room – v=0.25 m S2 0.001 Eyring 4000 0.011 8,8E-03 
177 Irregular room – v=0.25 m S2 0.001 Modfied 500 0.014 8,2E-04 
178 Irregular room – v=0.25 m S2 0.001 Modfied 1000 0.016 1,4E-03 
179 Irregular room – v=0.25 m S2 0.001 Modfied 2000 0.017 2,9E-03 
180 Irregular room – v=0.25 m S2 0.001 Modfied 4000 0.011 8,8E-03 
181 Irregular room – v=0.125 m S2 0.001 Sabine 500 0.014 8,2E-04 
182 Irregular room – v=0.125 m S2 0.001 Sabine 1000 0.016 1,4E-03 
183 Irregular room – v=0.125 m S2 0.001 Sabine 2000 0.017 2,9E-03 
184 Irregular room – v=0.125 m S2 0.001 Sabine 4000 0.011 8,8E-03 
185 Irregular room – v=0.125 m S2 0.001 Eyring 500 0.014 8,2E-04 
186 Irregular room – v=0.125 m S2 0.001 Eyring 1000 0.016 1,4E-03 
187 Irregular room – v=0.125 m S2 0.001 Eyring 2000 0.017 2,9E-03 
188 Irregular room – v=0.125 m S2 0.001 Eyring 4000 0.011 8,8E-03 
189 Irregular room – v=0.125 m S2 0.001 Modfied 500 0.014 8,2E-04 
190 Irregular room – v=0.125 m S2 0.001 Modfied 1000 0.016 1,4E-03 
191 Irregular room – v=0.125 m S2 0.001 Modfied 2000 0.017 2,9E-03 
192 Irregular room – v=0.125 m S2 0.001 Modfied 4000 0.011 8,8E-03 
193 Irregular room – smooth S2 0.001 Sabine 500 0.014 8,2E-04 
194 Irregular room – smooth S2 0.001 Sabine 1000 0.016 1,4E-03 
195 Irregular room – smooth S2 0.001 Sabine 2000 0.017 2,9E-03 
196 Irregular room – smooth S2 0.001 Sabine 4000 0.011 8,8E-03 
197 Irregular room – smooth S2 0.001 Eyring 500 0.014 8,2E-04 
198 Irregular room – smooth S2 0.001 Eyring 1000 0.016 1,4E-03 
199 Irregular room – smooth S2 0.001 Eyring 2000 0.017 2,9E-03 
200 Irregular room – smooth S2 0.001 Eyring 4000 0.011 8,8E-03 
201 Irregular room – smooth S2 0.001 Modfied 500 0.014 8,2E-04 
202 Irregular room – smooth S2 0.001 Modfied 1000 0.016 1,4E-03 
203 Irregular room – smooth S2 0.001 Modfied 2000 0.017 2,9E-03 
204 Irregular room – smooth S2 0.001 Modfied 4000 0.011 8,8E-03 
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Appendix 21. Geometrical based absorption coefficient 

Table 7.29. The average absorption coefficient of the individual receiver positions [�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)],  the average 
absorption coefficient of the source [�̅�𝑠𝑜𝑢𝑟𝑐𝑒(−)], and the average absorption coefficient of the room [�̅�𝑚𝑒𝑎𝑠(−)]. These 

absorption coefficients are based on the volume and surface area of a voxelized geometry based on a discretisation in 
space of [∆𝑣 = 0.5 𝑚]. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S1 1 0.014 0.016 0.017 0.011 
S1 2 0.014 0.015 0.017 0.011 
S1 3 0.014 0.016 0.017 0.011 
S1 4 0.014 0.016 0.017 0.011 
S1 5 0.013 0.015 0.017 0.011 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S1 average 0.014 0.016 0.017 0.011 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S2 1 0.013 0.015 0.017 0.010 
S2 2 0.014 0.016 0.017 0.011 
S2 3 0.014 0.015 0.017 0.011 
S2 4 0.013 0.015 0.017 0.011 
S2 5 0.013 0.015 0.017 0.011 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S2 average 0.014 0.015 0.017 0.011 

�̅�𝑚𝑒𝑎𝑠 S1 & S2 average 0.014 0.016 0.017 0.011 

 

 
Table 7.30. The average absorption coefficient of the individual receiver positions [�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)],  the average 

absorption coefficient of the source [�̅�𝑠𝑜𝑢𝑟c𝑒(−)], and the average absorption coefficient of the room [�̅�𝑚𝑒𝑎𝑠(−)]. These 
absorption coefficients are based on the volume and surface area of a voxelized geometry based on a discretisation in 

space of [∆𝑣 = 0.25 𝑚]. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S1 1 0.013 0.015 0.016 0.010 
S1 2 0.013 0.015 0.016 0.010 
S1 3 0.013 0.015 0.016 0.010 
S1 4 0.013 0.015 0.016 0.010 
S1 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S1 average 0.013 0.015 0.016 0.010 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S2 1 0.013 0.015 0.016 0.010 
S2 2 0.013 0.015 0.016 0.010 
S2 3 0.013 0.015 0.016 0.010 
S2 4 0.013 0.015 0.016 0.010 
S2 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S2 average 0.013 0.015 0.016 0.010 

�̅�𝑚𝑒𝑎𝑠 S1 & S2 average 0.013 0.015 0.016 0.010 
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Table 7.31. The average absorption coefficient of the individual receiver positions [�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)],  the average 
absorption coefficient of the source [�̅�𝑠𝑜𝑢𝑟𝑐𝑒(−)], and the average absorption coefficient of the room [�̅�𝑚𝑒𝑎𝑠(−)]. These 

absorption coefficients are based on the volume and surface area of a voxelized geometry based on a discretisation in 
space of [∆𝑣 = 0.125 𝑚]. 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S1 1 0.013 0.015 0.016 0.010 
S1 2 0.013 0.015 0.016 0.010 
S1 3 0.013 0.015 0.016 0.010 
S1 4 0.013 0.015 0.016 0.010 
S1 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S1 average 0.013 0.015 0.016 0.010 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S2 1 0.013 0.015 0.016 0.010 
S2 2 0.013 0.015 0.016 0.010 
S2 3 0.013 0.015 0.016 0.010 
S2 4 0.013 0.015 0.016 0.010 
S2 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S2 average 0.013 0.015 0.016 0.010 

�̅�𝑚𝑒𝑎𝑠 S1 & S2 average 0.013 0.015 0.016 0.010 
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Appendix 22. Input parameters geometrical based absorption coefficient 

Table 7.32. Simulation input parameters for the validation study as numerical solved by the FDM. These input 
parameters are related to both  source positions. The uses absorption coefficient is based on the voxelized mesh. 

Nr. Geometry Source Δt (m) A f (Hz) α m (𝒎−𝟏) 

205 Irregular room – v=0.25 m  S1 0.000025 Sabine 500 0.013 8.2E-04 
206 Irregular room – v=0.25 m  S1 0.000025 Sabine 1000 0.015 1.4E-03 
207 Irregular room – v=0.25 m  S1 0.000025 Sabine 2000 0.016 2.9E-03 
208 Irregular room – v=0.25 m  S1 0.000025 Sabine 4000 0.010 8.8E-03 
209 Irregular room – v=0.25 m  S1 0.000025 Eyring 500 0.013 8.2E-04 
210 Irregular room – v=0.25 m  S1 0.000025 Eyring 1000 0.015 1.4E-03 
211 Irregular room – v=0.25 m  S1 0.000025 Eyring 2000 0.016 2.9E-03 
212 Irregular room – v=0.25 m  S1 0.000025 Eyring 4000 0.010 8.8E-03 
213 Irregular room – v=0.25 m  S1 0.000025 Modified 500 0.013 8.2E-04 
214 Irregular room – v=0.25 m  S1 0.000025 Modified 1000 0.015 1.4E-03 
215 Irregular room – v=0.25 m  S1 0.000025 Modified 2000 0.016 2.9E-03 
216 Irregular room – v=0.25 m  S1 0.000025 Modified 4000 0.010 8.8E-03 
217 Irregular room – v=0.25 m  S2 0.000025 Sabine 500 0.013 8.2E-04 
218 Irregular room – v=0.25 m  S2 0.000025 Sabine 1000 0.015 1.4E-03 
219 Irregular room – v=0.25 m  S2 0.000025 Sabine 2000 0.016 2.9E-03 
220 Irregular room – v=0.25 m  S2 0.000025 Sabine 4000 0.010 8.8E-03 
221 Irregular room – v=0.25 m  S2 0.000025 Eyring 500 0.013 8.2E-04 
222 Irregular room – v=0.25 m  S2 0.000025 Eyring 1000 0.015 1.4E-03 
223 Irregular room – v=0.25 m  S2 0.000025 Eyring 2000 0.016 2.9E-03 
224 Irregular room – v=0.25 m  S2 0.000025 Eyring 4000 0.010 8.8E-03 
225 Irregular room – v=0.25 m  S2 0.000025 Modified 500 0.013 8.2E-04 
226 Irregular room – v=0.25 m  S2 0.000025 Modified 1000 0.015 1.4E-03 
227 Irregular room – v=0.25 m  S2 0.000025 Modified 2000 0.016 2.9E-03 
228 Irregular room – v=0.25 m  S2 0.000025 Modified 4000 0.010 8.8E-03 

 
Table 7.33. Simulation input parameters for the validation study as numerical solved by the FDM. These input 

parameters are related to both source positions. The uses absorption coefficient is based on the voxelized mesh. 

Nr.  Geometry source Δt (m) A f (Hz) α m (𝒎−𝟏) 

229 Irregular room – v=0.125 m S1 0.0000125 Sabine 500 0.013 8.2E-04 
230 Irregular room – v=0.125 m S1 0.0000125 Sabine 1000 0.015 1.4E-03 
231 Irregular room – v=0.125 m S1 0.0000125 Sabine 2000 0.016 2.9E-03 
232 Irregular room – v=0.125 m S1 0.0000125 Sabine 4000 0.010 8.8E-03 
233 Irregular room – v=0.125 m S1 0.0000125 Eyring 500 0.013 8.2E-04 
234 Irregular room – v=0.125 m S1 0.0000125 Eyring 1000 0.015 1.4E-03 
235 Irregular room – v=0.125 m S1 0.0000125 Eyring 2000 0.016 2.9E-03 
236 Irregular room – v=0.125 m S1 0.0000125 Eyring 4000 0.010 8.8E-03 
237 Irregular room – v=0.125 m S1 0.0000125 Modified 500 0.013 8.2E-04 
238 Irregular room – v=0.125 m S1 0.0000125 Modified 1000 0.015 1.4E-03 
239 Irregular room – v=0.125 m S1 0.0000125 Modified 2000 0.016 2.9E-03 
240 Irregular room – v=0.125 m S1 0.0000125 Modified 4000 0.010 8.8E-03 
241 Irregular room – v=0.125 m S2 0.0000125 Sabine 500 0.013 8.2E-04 
242 Irregular room – v=0.125 m S2 0.0000125 Sabine 1000 0.015 1.4E-03 
243 Irregular room – v=0.125 m S2 0.0000125 Sabine 2000 0.016 2.9E-03 
244 Irregular room – v=0.125 m S2 0.0000125 Sabine 4000 0.010 8.8E-03 
245 Irregular room – v=0.125 m S2 0.0000125 Eyring 500 0.013 8.2E-04 
246 Irregular room – v=0.125 m S2 0.0000125 Eyring 1000 0.015 1.4E-03 
247 Irregular room – v=0.125 m S2 0.0000125 Eyring 2000 0.016 2.9E-03 
248 Irregular room – v=0.125 m S2 0.0000125 Eyring 4000 0.010 8.8E-03 
249 Irregular room – v=0.125 m S2 0.0000125 Modified 500 0.013 8.2E-04 
250 Irregular room – v=0.125 m S2 0.0000125 Modified 1000 0.015 1.4E-03 
251 Irregular room – v=0.125 m S2 0.0000125 Modified 2000 0.016 2.9E-03 
252 Irregular room – v=0.125 m S2 0.0000125 Modified 4000 0.010 8.8E-03 
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Appendix 23. Results verification study – part 1 

Table 7.34. The reverberation time  of the individual receiver positions [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] obtained at various positions 
[1 𝑡𝑜 9] and the average reverberation time of the room [𝑇30 𝑟𝑜𝑜𝑚 (𝑠)] approximated with FDM using the in-house code. 
These simulations are part of the first part of the verification study. Specifications of simulation 1 to 18 can be found in 

Appendix 10. 

Nr. 1 2 3 4 5 6 7 8 9 avr 

1 0.96 0.96 0.96 0.96 0.96 0.96 - - - 0.96 

2 0.92 0.92 0.92 0.92 0.92 0.92 - - - 0.92 

3 0.92 0.92 0.92 0.92 0.92 0.92 - - - 0.92 

4 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 - 0.96 

5 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 - 0.91 

6 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 - 0.91 

7 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 

8 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

9 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

10 1.00 1.00 1.00 1.00 1.00 1.00 - - - 1.00 

11 0.95 0.95 0.95 0.95 0.95 0.95 - - - 0.95 

12 0.95 0.95 0.95 0.95 0.95 0.95 - - - 0.95 

13 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 - 0.98 

14 0.93 0.94 0.94 0.94 0.94 0.94 0.94 0.94 - 0.94 

15 0.93 0.94 0.94 0.94 0.94 0.94 0.94 0.94 - 0.94 

16 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.96 0.97 0.97 

17 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 

18 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 

 
Table 7.35. The reverberation time of the individual receiver positions [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] obtained at position [1 𝑡𝑜 9] 

and the average reverberation time of the room [𝑇30 𝑟𝑜𝑜𝑚 (𝑠)]  as obtained by the FEM solved by commercial software. 
These simulations are part of the first part of the verification study. Specifications of simulation 19 to 24 can be found in 

Appendix 10. 

Nr. 1 2 3 4 5 6 Avr. 

19 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

20 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

21 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

22 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

23 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

24 0.94 0.94 0.94 0.94 0.94 0.94 0.94 
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Appendix 24. Results Verification study - part 2 

Table 7.36. The reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 (𝑠)] of the individual receiver positions [1 𝑡𝑜 6] and the average 
reverberation time of the room [𝑇30 𝑟𝑜𝑜𝑚 (𝑠)] . These simulations are part of the second part of the verification study. 
Simulation specifications of these studies can be found in Appendix 10. Descriptions of the geometry can be found in 

Appendix 6. 

Nr. 1 2 3 4 5 6 avr 

1 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

2 0.92 0.92 0.92 0.92 0.92 0.92 0.92 

3 0.92 0.92 0.92 0.92 0.92 0.92 0.92 

19 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

20 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

21 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

22 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

23 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

24 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

11 0.95 0.95 0.95 0.95 0.95 0.95 0.95 

12 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
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Appendix 25. Results validation study – part 1 

Table 7.37. The reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 (𝑠)] of the individual receiver positions [ 1 𝑡𝑜 9] and the average 
reverberation time of the room [𝑇30 𝑟𝑜𝑜𝑚 (𝑠)]. These simulations are part of the first part of the validation study and 

solved by the FEM using commercial software. Simulations specifications of these studies can be found in Appendix 13.  

Nr.  1 2 3 4 5 6 7 8 9 avr 

25 1.29 1.29 1.29 1.29 1.29 1.29 1.29 1.29 1.29 1.29 

26 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 

27 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 

 
Table 7.38. The numerical differences [𝜃𝑛𝑢𝑚(%)] that are found for receiver position [1 𝑡𝑜 9] between FDM using a 

voxel based mesh and FEM using a tetrahedral mesh. The used absorption factors are Sabine, Eyring and Modified 

[𝐴𝑠𝑎𝑏 , 𝐴𝑒𝑦𝑟, 𝑎𝑛𝑑 𝐴𝑚𝑜𝑑]. These simulations are part of the first part of the validation study. The reverberation time of the 

same simulations can be found in Table 7.34.  

Nr.  1 2 3 4 5 6 7 8 9 avr 

1 25.6 25.6 25.6 25.6 25.6 25.6 - - - 25.6 

2 25.2 25.2 25.2 25.2 25.2 25.2 - - - 25.2 

3 25.2 25.2 25.2 25.2 25.2 25.2 - - - 25.2 

4 25.6 25.6 25.6 25.6 25.6 25.6 25.6 25.6 - 25.6 

5 26.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0 - 26.0 

6 26.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0 - 26.0 

7 26.4 26.4 26.4 26.4 26.4 26.4 26.4 26.4 26.4 26.4 

8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 

9 26.8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 26.8 

 
Table 7.39. The reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 9] and the average 

reverberation time of the room [𝑇30 𝑟𝑜𝑜𝑚 (𝑠)]. An adjustment coefficient for the absorbing area is used for these 
simulations. Specifications of these studies can be found in Appendix 10. Descriptions of the geometry can be found in 

Appendix 6 to Appendix 8.  

Nr. 1 2 3 4 5 6 7 8 9 avr 

28 0.88 0.88 0.88 0.88 0.88 0.88 - - - 0.88 

29 0.84 0.84 0.84 0.84 0.84 0.84 - - - 0.84 

30 0.84 0.84 0.84 0.84 0.84 0.84 - - - 0.84 

31 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 - 1.10 

32 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 - 1.05 

33 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 - 1.05 

34 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 

35 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 

36 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 
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Table 7.40. The numerical differences [𝜃𝑛𝑢𝑚(%)] found for receiver position [1 𝑡𝑜 9] between FDM using a voxel 
based mesh and FEM using a tetrahedral mesh. The used absorption factors are Sabine, Eyring and Modified 

[𝐴𝑠𝑎𝑏 , 𝐴𝑒𝑦𝑟, 𝑎𝑛𝑑 𝐴𝑚𝑜𝑑]. These simulations are part of the first part of the validation study. An adjustment coefficient for 

the absorbing area is used for these simulations.     

Nr. 1 2 3 4 5 6 7 8 9 avr 

28 31.8 31.8 31.8 31.8 31.8 31.8 - - - 31.8 

29 31.7 31.7 31.7 31.7 31.7 31.7 - - - 31.7 

30 31.7 31.7 31.7 31.7 31.7 31.7 - - - 31.7 

31 14.7 14.7 14.7 14.7 14.7 14.7 14.7 14.7 - 14.7 

32 14.6 14.6 14.6 14.6 14.6 14.6 14.6 14.6 - 14.6 

33 14.6 14.6 14.6 14.6 14.6 14.6 14.6 14.6 - 14.6 

34 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 

35 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 

36 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 
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Appendix 26. Results Validation study - part 2 - [Δ=0.5m] 

Table 7.41. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 

[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the irregularly shaped geometry  based on a equidistant conformal voxelized 
mesh with a discretization in space of [∆𝑣 = 0.5 𝑚]. These simulations are part of the second part of the validation study. 

Simulation specifications of these studies can be found in Appendix 16. 

Nr. 

1 2 3 4 5 avr 

𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  

37 6.97 2.87 6.97 1.22 6.97 1.91 6.97 1.64 6.97 4.99 6.97 2.60 

38 5.70 1.82 5.70 3.65 5.70 1.99 5.70 2.99 5.70 3.81 5.70 2.83 

39 4.52 0.26 4.52 1.78 4.52 1.78 4.52 1.57 4.52 2.41 4.52 1.56 

40 3.17 0.90 3.17 1.52 3.17 1.21 3.17 1.21 3.17 1.52 3.17 1.21 

41 6.93 3.45 6.93 1.81 6.93 2.50 6.93 2.23 6.93 5.56 6.93 3.18 

42 5.67 2.45 5.67 4.27 5.67 2.62 5.67 3.62 5.67 4.43 5.67 3.45 

43 4.49 0.83 4.49 2.34 4.49 2.34 4.49 2.13 4.49 2.98 4.49 2.13 

44 3.17 1.07 3.17 1.68 3.17 1.37 3.17 1.38 3.17 1.68 3.17 1.38 

45 6.93 3.45 6.93 1.81 6.93 2.50 6.93 2.23 6.93 5.56 6.93 3.18 

46 5.67 2.45 5.67 4.27 5.67 2.62 5.67 3.61 5.67 4.43 5.67 3.45 

47 4.49 0.83 4.49 2.34 4.49 2.34 4.49 2.13 4.49 2.97 4.49 2.13 

48 3.17 1.07 3.17 1.68 3.17 1.37 3.17 1.38 3.17 1.68 3.17 1.38 

49 6.97 4.20 6.97 1.91 6.97 2.46 6.97 4.47 6.97 5.76 6.97 3.81 

50 5.70 4.30 5.70 1.99 5.70 3.32 5.70 3.49 5.70 4.13 5.70 3.49 

51 4.52 1.57 4.52 1.78 4.52 1.99 4.52 2.21 4.52 1.57 4.52 1.78 

52 3.17 1.82 3.17 1.21 3.17 1.52 3.17 1.52 3.17 1.52 3.17 1.52 

53 6.93 4.78 6.93 2.50 6.93 3.05 6.93 5.04 6.93 6.32 6.93 4.38 

54 5.67 4.91 5.67 2.62 5.67 3.94 5.67 4.10 5.67 4.75 5.67 4.10 

55 4.49 2.13 4.49 2.34 4.49 2.56 4.49 2.77 4.49 2.13 4.49 2.34 

56 3.17 1.98 3.17 1.38 3.17 1.68 3.17 1.68 3.17 1.68 3.17 1.68 

57 6.93 4.78 6.93 2.50 6.93 3.05 6.93 5.04 6.93 6.32 6.93 4.38 

58 5.67 4.91 5.67 2.62 5.67 3.94 5.67 4.10 5.67 4.75 5.67 4.10 

59 4.49 2.13 4.49 2.34 4.49 2.56 4.49 2.77 4.49 2.13 4.49 2.34 

60 3.17 1.98 3.17 1.37 3.17 1.68 3.17 1.68 3.17 1.68 3.17 1.68 
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Appendix 27. Results Validation study - part 2 - [Δ=0.25m] 

Table 7.42. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 

[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the irregularly shaped geometry  based on a equidistant conformal voxelized 
mesh with a discretization in space of [∆𝑣 = 0.25 𝑚]. These simulations are part of the second part of the validation 

study. Simulation specifications of these studies can be found in Appendix 17. 

Nr. 
1 2 3 4 5 avr 

𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  

61 6.72 6.41 6.72 4.82 6.72 5.49 6.72 5.22 6.72 8.45 6.72 6.15 

62 5.51 5.17 5.51 6.94 5.51 5.34 5.51 6.30 5.51 7.09 5.51 6.14 

63 4.39 3.14 4.39 4.62 4.39 4.62 4.39 4.41 4.39 5.23 4.39 4.41 

64 3.13 2.22 3.13 2.83 3.13 2.53 3.13 2.53 3.13 2.83 3.13 2.53 

65 6.68 6.98 6.68 5.39 6.68 6.06 6.68 5.79 6.68 9.00 6.68 6.72 

66 5.47 5.79 5.47 7.54 5.47 5.95 5.47 6.91 5.47 7.69 5.47 6.75 

67 4.36 3.71 4.36 5.17 4.36 5.17 4.36 4.96 4.36 5.79 4.36 4.96 

68 3.12 2.39 3.12 3.00 3.12 2.70 3.12 2.70 3.12 3.00 3.12 2.70 

69 6.68 6.97 6.68 5.39 6.68 6.06 6.68 5.79 6.68 9.00 6.68 6.71 

70 5.47 5.79 5.47 7.54 5.47 5.95 5.47 6.91 5.47 7.69 5.47 6.75 

71 4.36 3.70 4.36 5.17 4.36 5.17 4.36 4.96 4.36 5.78 4.36 4.96 

72 3.12 2.39 3.12 3.00 3.12 2.70 3.12 2.70 3.12 3.00 3.12 2.70 

73 6.72 7.70 6.72 5.49 6.72 6.02 6.72 7.95 6.72 9.19 6.72 7.31 

74 5.51 7.56 5.51 5.34 5.51 6.62 5.51 6.78 5.51 7.41 5.51 6.78 

75 4.39 4.41 4.39 4.61 4.39 4.82 4.39 5.03 4.39 4.41 4.39 4.61 

76 3.13 3.13 3.13 2.53 3.13 2.83 3.13 2.83 3.13 2.83 3.13 2.83 

77 6.68 8.25 6.68 6.06 6.68 6.59 6.68 8.51 6.68 9.74 6.68 7.87 

78 5.47 8.16 5.47 5.95 5.47 7.22 5.47 7.38 5.47 8.00 5.47 7.38 

79 4.36 4.96 4.36 5.17 4.36 5.38 4.36 5.58 4.36 4.96 4.36 5.17 

80 3.12 3.30 3.12 2.70 3.12 3.00 3.12 3.00 3.12 3.00 3.12 3.00 

81 6.68 8.25 6.68 6.06 6.68 6.58 6.68 8.50 6.68 9.74 6.68 7.87 

82 5.47 8.16 5.47 5.95 5.47 7.22 5.47 7.38 5.47 8.00 5.47 7.38 

83 4.36 4.96 4.36 5.17 4.36 5.37 4.36 5.58 4.36 4.96 4.36 5.17 

84 3.12 3.30 3.12 2.70 3.12 3.00 3.12 3.00 3.12 3.00 3.12 3.00 
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Appendix 28. Results Validation study - part 2 - [Δ=0.125m] 

Table 7.43. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 

[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the irregularly shaped geometry  based on a equidistant conformal voxelized 
mesh with a discretization in space of [∆𝑣 = 0.125 𝑚]. These simulations are part of the second part of the validation 

study. Simulation specifications of these studies can be found in Appendix 18. 

Nr. 
1 2 3 4 5 avr 

𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  

85 6.76 5.90 6.76 4.97 6.76 7.95 6.76 7.19 6.76 5.50 6.76 5.63 

86 5.54 4.69 5.54 4.85 5.54 6.62 5.54 7.09 5.54 6.14 5.54 5.66 

87 4.41 2.72 4.41 4.20 4.41 4.82 4.41 3.99 4.41 4.41 4.41 3.99 

88 3.14 2.03 3.14 2.33 3.14 2.64 3.14 2.94 3.14 2.64 3.14 2.33 

89 6.72 6.46 6.72 5.54 6.72 8.50 6.72 7.75 6.72 6.07 6.72 6.20 

90 5.50 5.30 5.50 5.47 5.50 7.22 5.50 7.69 5.50 6.75 5.50 6.27 

91 4.38 3.29 4.38 4.76 4.38 5.38 4.38 4.55 4.38 4.97 4.38 4.55 

92 3.13 2.20 3.13 2.50 3.13 2.80 3.13 3.11 3.13 2.80 3.13 2.50 

93 6.72 6.46 6.72 5.54 6.72 8.50 6.72 7.75 6.72 6.07 6.72 6.20 

94 5.50 5.30 5.50 5.46 5.50 7.22 5.50 7.69 5.50 6.75 5.50 6.27 

95 4.38 3.29 4.38 4.76 4.38 5.37 4.38 4.55 4.38 4.96 4.38 4.55 

96 3.13 2.20 3.13 2.50 3.13 2.80 3.13 3.11 3.13 2.80 3.13 2.50 

97 6.76 7.19 6.76 7.19 6.76 7.19 6.76 7.19 6.76 7.19 6.76 6.80 

98 5.54 7.09 5.54 7.09 5.54 7.09 5.54 7.09 5.54 7.09 5.54 6.30 

99 4.41 3.99 4.41 3.99 4.41 3.99 4.41 3.99 4.41 3.99 4.41 4.20 

100 3.14 2.94 3.14 2.94 3.14 2.94 3.14 2.94 3.14 2.94 3.14 2.64 

101 6.72 7.75 6.72 7.75 6.72 7.75 6.72 7.75 6.72 7.75 6.72 7.37 

102 5.50 7.69 5.50 7.69 5.50 7.69 5.50 7.69 5.50 7.69 5.50 6.91 

103 4.38 4.55 4.38 4.55 4.38 4.55 4.38 4.55 4.38 4.55 4.38 4.76 

104 3.13 3.11 3.13 3.11 3.13 3.11 3.13 3.11 3.13 3.11 3.13 2.80 

105 6.72 7.75 6.72 7.75 6.72 7.75 6.72 7.75 6.72 7.75 6.72 7.37 

106 5.50 7.69 5.50 7.69 5.50 7.69 5.50 7.69 5.50 7.69 5.50 6.90 

107 4.38 4.55 4.38 4.55 4.38 4.55 4.38 4.55 4.38 4.55 4.38 4.76 

108 3.13 3.11 3.13 3.10 3.13 3.11 3.13 3.11 3.13 3.11 3.13 2.80 
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Appendix 29. Results Validation study - part 2 – tetrahedral  mesh   

Table 7.44. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 
[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the voxelized based geometry  using a discretisation in space of [∆𝑣 =
0.50, 0.125, 𝑎𝑛𝑑 0.125 𝑚] and the tetrahedral based geometry.  The used source is located at position S1.  

Nr. 
1 2 3 4 5 Avr. 

T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas 

109 7.05 1.84 7.05 0.17 7.05 0.87 7.05 0.62 7.05 3.98 7.05 1.57 

110 5.76 0.86 5.76 2.70 5.76 1.03 5.76 2.04 5.76 2.87 5.76 1.87 

111 4.56 0.57 4.56 0.96 4.55 1.00 4.55 0.78 4.56 1.60 4.56 0.76 

112 3.18 0.56 3.18 1.12 3.18 0.87 3.18 0.87 3.18 1.12 3.18 0.85 

113 7.01 2.42 7.01 0.76 7.01 1.46 7.01 1.18 7.01 4.55 7.01 2.15 

114 5.72 1.51 5.72 3.31 5.72 1.65 5.72 2.69 5.72 3.47 5.72 2.50 

115 4.53 0.00 4.53 1.57 4.53 1.52 4.53 1.35 4.53 2.20 4.53 1.33 

116 3.18 0.69 3.18 1.30 3.18 1.00 3.18 1.00 3.18 1.30 3.18 1.00 

117 7.01 2.42 7.00 0.79 7.01 1.46 7.01 1.18 7.01 4.55 7.01 2.16 

118 5.72 1.51 5.72 3.31 5.72 1.65 5.72 2.69 5.72 3.47 5.72 2.50 

119 4.53 0.00 4.53 1.52 4.53 1.52 4.53 1.31 4.53 2.16 4.53 1.31 

120 3.18 0.69 3.18 1.30 3.18 1.00 3.18 1.00 3.18 1.30 3.18 1.00 

121 6.80 5.35 6.80 3.74 6.80 4.42 6.80 4.15 6.80 7.41 6.80 5.08 

122 5.57 4.17 5.57 5.95 5.57 4.33 5.57 5.31 5.57 6.10 5.57 5.14 

123 4.43 2.30 4.43 3.74 4.43 3.74 4.43 3.57 4.43 4.36 4.43 3.55 

124 3.14 1.88 3.14 2.42 3.14 2.12 3.14 2.12 3.14 2.42 3.14 2.13 

125 6.75 5.93 6.75 4.33 6.75 5.01 6.75 4.74 6.75 7.98 6.75 5.67 

126 5.53 4.78 5.53 6.55 5.53 4.95 5.53 5.92 5.53 6.71 5.53 5.76 

127 4.40 2.87 4.40 4.30 4.40 4.30 4.40 4.14 4.40 4.92 4.40 4.11 

128 3.14 2.00 3.14 2.61 3.14 2.24 3.14 2.31 3.14 2.61 3.14 2.29 

129 6.75 5.93 6.75 4.33 6.76 4.98 6.76 4.71 6.76 7.96 6.76 5.65 

130 5.53 4.78 5.53 6.55 5.53 4.95 5.53 5.92 5.53 6.71 5.53 5.76 

131 4.40 2.87 4.40 4.30 4.40 4.30 4.40 4.10 4.40 4.92 4.40 4.10 

132 3.14 2.00 3.14 2.61 3.14 2.24 3.14 2.31 3.14 2.61 3.14 2.29 

133 6.83 4.87 6.83 3.26 6.83 3.94 6.83 3.67 6.83 6.95 6.83 4.61 

134 5.59 3.72 5.59 5.51 5.60 3.85 5.60 4.83 5.59 5.67 5.59 4.69 

135 4.44 1.90 4.45 3.35 4.45 3.35 4.45 3.14 4.44 4.02 4.45 3.15 

136 3.15 1.63 3.15 2.24 3.15 1.93 3.15 1.99 3.15 2.24 3.15 1.94 

137 6.79 5.43 6.79 3.82 6.79 4.50 6.79 4.23 6.79 7.49 6.79 5.17 

138 5.56 4.34 5.56 6.11 5.56 4.47 5.56 5.44 5.56 6.27 5.56 5.30 

139 4.42 2.47 4.42 3.91 4.42 3.91 4.42 3.70 4.42 4.54 4.42 3.71 

140 3.15 1.63 3.15 2.24 3.15 1.93 3.15 1.99 3.15 2.24 3.15 1.94 

141 6.79 5.40 6.79 3.82 6.79 4.50 6.79 4.23 6.79 7.47 6.79 5.16 

142 5.56 4.34 5.56 6.11 5.56 4.47 5.56 5.44 5.56 6.27 5.56 5.30 

143 4.42 2.47 4.42 3.91 4.42 3.91 4.42 3.70 4.42 4.54 4.42 3.71 

144 3.14 1.81 3.14 2.42 3.14 2.06 3.14 2.12 3.14 2.42 3.14 2.11 
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Table 7.45. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 
[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the voxelized based geometry  using a discretisation in space of [∆𝑣 =
0.50, 0.125, 𝑎𝑛𝑑 0.125 𝑚] and the tetrahedral as solved in FEM. The used source is located at position S1.  

Nr. 
1 2 3 4 5 Avr. 

T30 θnum T30 θnum T30 θnum T30 θnum T30 θnum T30 θnum 

145 7.06 1.73 7.05 0.08 7.05 0.79 7.05 0.51 7.05 3.90 7.05 1.47 

146 5.77 0.76 5.77 2.60 5.77 0.93 5.77 1.94 5.77 2.77 5.77 1.77 

147 4.56 0.66 4.56 0.91 4.56 0.91 4.56 0.70 4.56 1.51 4.56 0.68 

148 3.18 0.50 3.19 1.06 3.18 0.81 3.18 0.81 3.19 1.06 3.18 0.79 

149 7.01 2.34 7.01 0.65 7.01 1.35 7.01 1.07 7.01 4.44 7.01 2.04 

150 5.73 1.41 5.73 3.21 5.73 1.58 5.73 2.59 5.73 3.37 5.73 2.41 

151 4.53 0.04 4.53 1.48 4.53 1.48 4.53 1.26 4.53 2.07 4.53 1.25 

152 3.18 0.69 3.18 1.24 3.18 0.93 3.18 0.93 3.18 1.24 3.18 0.95 

153 7.01 2.34 7.01 0.65 7.01 1.35 7.01 1.07 7.01 4.44 7.01 2.04 

154 5.73 1.41 5.73 3.21 5.73 1.58 5.73 2.59 5.73 3.37 5.73 2.41 

155 4.53 0.04 4.53 1.48 4.53 1.48 4.53 1.26 4.53 2.07 4.53 1.25 

156 3.18 0.69 3.18 1.24 3.18 0.93 3.18 0.93 3.18 1.24 3.18 0.95 
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Table 7.46. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 
[𝜃𝑚𝑒𝑎𝑠(%)].  These results are related to the voxelized based geometry  using a discretisation in space of [∆𝑣 =
0.50, 0.125, 𝑎𝑛𝑑 0.125 𝑚] and the tetrahedral based geometry.  The used source is located at position S2.  

Nr. 

1 2 3 4 5 Avr. 

𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  

157 7.0

5 

3.19 7.0

5 

0.87 7.0

5 

1.43 7.0

5 

4.30 7.0

5 

4.76 7.0

5 

2.79 

158 5.7

6 

3.36 5.7

6 

1.03 5.7

6 

2.37 5.7

6 

3.25 5.7

6 

3.19 5.7

6 

2.54 

159 4.5

6 

0.74 4.5

6 

0.96 4.5

5 

1.21 4.5

6 

1.99 4.5

6 

0.74 4.5

6 

0.97 

160 3.1

8 

1.42 3.1

8 

0.87 3.1

8 

1.12 3.1

8 

0.49 3.1

8 

1.18 3.1

8 

1.14 

161 7.0

1 

3.76 7.0

1 

1.46 7.0

1 

2.01 7.0

1 

4.97 7.0

1 

5.32 7.0

1 

3.37 

162 5.7

2 

3.99 5.7

2 

1.65 5.7

2 

2.98 5.7

2 

4.07 5.7

2 

3.80 5.7

2 

3.16 

163 4.5

3 

1.31 4.5

3 

1.57 4.5

3 

1.74 4.5

3 

2.86 4.5

3 

1.35 4.5

3 

1.55 

164 3.1

8 

1.61 3.1

8 

1.00 3.1

8 

1.30 3.1

8 

0.58 3.1

8 

1.30 3.1

8 

1.30 

165 7.0

1 

3.76 7.0

0 

1.49 7.0

1 

2.01 7.0

1 

4.97 7.0

1 

5.32 7.0

1 

3.37 

166 5.7

2 

3.99 5.7

2 

1.65 5.7

2 

2.98 5.7

2 

4.07 5.7

2 

3.80 5.7

2 

3.16 

167 4.5

3 

1.31 4.5

3 

1.52 4.5

3 

1.74 4.5

3 

2.80 4.5

3 

1.31 4.5

3 

1.52 

168 3.1

8 

1.61 3.1

8 

1.00 3.1

8 

1.30 3.1

8 

0.58 3.1

8 

1.30 3.1

8 

1.30 

169 6.8

0 

6.62 6.8

0 

4.42 6.8

0 

4.95 6.8

0 

8.53 6.8

0 

8.16 6.8

0 

6.26 

170 5.5

7 

6.58 5.5

7 

4.33 5.5

7 

5.63 5.5

7 

7.40 5.5

7 

6.42 5.5

7 

5.79 

171 4.4

3 

3.53 4.4

3 

3.74 4.4

3 

3.95 4.4

3 

6.02 4.4

3 

3.53 4.4

3 

3.75 

172 3.1

4 

2.72 3.1

4 

2.12 3.1

4 

2.42 3.1

4 

1.07 3.1

4 

2.42 3.1

4 

2.42 

173 6.7

6 

7.20 6.7

6 

4.98 6.7

5 

5.54 6.7

5 

9.24 6.7

5 

8.73 6.7

5 

6.83 

174 5.7

3 

3.89 5.7

3 

1.58 5.7

3 

2.88 5.7

3 

3.94 5.7

3 

3.73 5.7

3 

3.07 

175 4.4

0 

4.10 4.4

0 

4.30 4.4

0 

4.51 4.4

0 

6.83 4.4

0 

4.10 4.4

0 

4.31 

176 3.1

4 

2.91 3.1

4 

2.31 3.1

4 

2.61 3.1

4 

1.15 3.1

4 

2.55 3.1

4 

2.60 

177 6.7

6 

7.20 6.7

6 

4.98 6.7

5 

5.54 6.7

5 

9.24 6.7

5 

8.73 6.7

5 

6.83 

178 5.5

3 

7.18 5.5

3 

4.95 5.5

3 

6.24 5.5

3 

8.18 5.5

3 

7.03 5.5

3 

6.40 

179 4.4

0 

4.10 4.4

0 

4.30 4.4

0 

4.51 4.4

0 

6.83 4.4

0 

4.10 4.4

0 

4.31 

180 3.1

4 

2.91 3.1

4 

2.31 3.1

4 

2.61 3.1

4 

1.15 3.1

4 

2.55 3.1

4 

2.60 

181 6.8

3 

6.15 6.8

3 

3.91 6.8

3 

4.48 6.8

3 

7.92 6.8

3 

7.68 6.8

3 

5.77 

182 5.5

9 

6.14 5.5

9 

3.88 5.5

9 

5.19 5.6

0 

6.80 5.5

9 

5.98 5.5

9 

5.34 

183 4.4

4 

3.18 4.4

4 

3.39 4.4

4 

3.60 4.4

5 

5.40 4.4

4 

3.18 4.4

4 

3.38 

184 3.1

5 

2.54 3.1

5 

1.93 3.1

5 

2.24 3.1

5 

1.01 3.1

5 

2.24 3.1

5 

2.25 

185 6.7

9 

6.73 6.7

9 

4.50 6.7

9 

5.03 6.7

9 

8.63 6.7

9 

8.24 6.7

9 

6.34 

186 5.5

6 

6.74 5.5

6 

4.50 5.5

6 

5.80 5.5

6 

7.58 5.5

6 

6.59 5.5

6 

5.95 

187 4.4

2 

3.70 4.4

2 

3.96 4.4

2 

4.16 4.4

2 

6.21 4.4

2 

3.70 4.4

2 

3.93 

188 3.1

4 

2.72 3.1

4 

2.12 3.1

4 

2.42 3.1

4 

1.07 3.1

4 

2.42 3.1

4 

2.42 

189 6.7

9 

6.73 6.7

9 

4.50 6.7

9 

5.01 6.7

9 

8.63 6.7

9 

8.24 6.7

9 

6.34 

190 5.5

6 

6.74 5.5

6 

4.50 5.5

6 

5.80 5.5

6 

7.58 5.5

6 

6.59 5.5

6 

5.95 

191 4.4

2 

3.75 4.4

2 

3.91 4.4

2 

4.12 4.4

2 

6.21 4.4

2 

3.70 4.4

2 

3.92 

192 3.1

4 

2.72 3.1

4 

2.12 3.1

4 

2.42 3.1

4 

1.07 3.1

4 

2.42 3.1

4 

2.42 
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Table 7.47. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 
[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the voxelized based geometry using a discretisation in space of [∆𝑣 =
0.50, 0.125, 𝑎𝑛𝑑 0.125 𝑚] and the tetrahedral based geometry. The used source is located at position S2. 

Nr. 
1 2 3 4 5 Avr. 

T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas 

193 7.05 3.10 7.06 0.76 7.06 1.31 7.05 4.16 7.05 4.68 7.05 2.69 

194 5.77 3.26 5.77 0.93 5.77 2.27 5.77 3.12 5.77 3.09 5.77 2.44 

195 4.56 0.70 4.56 0.87 4.56 1.13 4.56 1.93 4.56 0.65 4.56 0.90 

196 3.18 1.42 3.18 0.81 3.18 1.12 3.18 0.49 3.18 1.12 3.18 1.12 

197 7.01 3.65 7.01 1.38 7.01 1.90 7.01 4.84 7.01 5.22 7.01 3.26 

198 5.73 3.89 5.73 1.58 5.73 2.88 5.73 3.94 5.73 3.73 5.73 3.07 

199 4.53 1.26 4.53 1.48 4.53 1.65 4.53 2.67 4.53 1.26 4.53 1.46 

200 3.18 1.55 3.18 1.00 3.18 1.30 3.18 0.55 3.18 1.30 3.18 1.28 

201 7.01 3.65 7.01 1.38 7.01 1.90 7.01 4.84 7.01 5.22 7.01 3.26 

202 5.73 3.89 5.73 1.58 5.73 2.88 5.73 3.94 5.73 3.73 5.73 3.07 

203 4.53 1.26 4.53 1.48 4.53 1.65 4.53 2.67 4.53 1.26 4.53 1.46 

204 3.18 1.55 3.18 1.00 3.18 1.30 3.18 0.55 3.18 1.30 3.18 1.28 
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Appendix 30.  Results Validation - part 2 - [Δ=0.25m] 

Table 7.48. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 

[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the irregularly shaped geometry  based on a homogenous conformal voxelized 
mesh  with a discretisation in space of [∆v = 0.25 m]. These simulations are part of the second part of the validation 

study. Specifications of these studies can be found in Appendix 17.   

Nr. 
1 2 3 4 5 avr 

T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas 

205 7.16 0.32 7.16 1.37 7.16 0.71 7.16 0.93 7.16 2.41 7.16 0.04 

206 5.80 0.19 5.80 2.07 5.80 0.29 5.80 1.26 5.80 2.17 5.80 1.21 

207 4.57 0.86 4.57 0.59 4.57 0.65 4.57 0.46 4.57 1.31 4.57 0.43 

208 3.22 0.69 3.22 0.07 3.22 0.20 3.22 0.29 3.22 0.02 3.22 0.25 

209 7.12 0.87 7.12 0.81 7.12 0.15 7.12 0.37 7.12 2.95 7.12 0.52 

210 5.77 0.79 5.77 2.66 5.77 0.89 5.77 1.85 5.77 2.76 5.77 1.80 
211 4.55 0.32 4.55 1.12 4.55 1.18 4.55 0.99 4.55 1.84 4.55 0.97 

212 3.22 0.54 3.22 0.08 3.22 0.06 3.22 0.14 3.22 0.13 3.22 0.11 
213 7.12 0.87 7.12 0.81 7.12 0.16 7.12 0.37 7.12 2.95 7.12 0.51 

214 5.77 0.79 5.77 2.66 5.77 0.89 5.77 1.85 5.77 2.76 5.77 1.80 
215 4.55 0.32 4.55 1.12 4.55 1.18 4.55 0.99 4.55 1.84 4.55 0.97 

216 3.22 0.54 3.22 0.08 3.22 0.06 3.22 0.14 3.22 0.13 3.22 0.11 
217 7.16 1.65 7.16 0.71 7.16 0.12 7.16 1.96 7.16 3.22 7.16 1.22 

218 5.80 2.65 5.80 0.29 5.80 1.72 5.80 1.85 5.80 2.57 5.80 1.82 
219 4.57 0.49 4.57 0.65 4.57 0.84 4.57 0.98 4.57 0.45 4.57 0.68 

220 3.22 0.28 3.22 0.20 3.22 0.08 3.22 0.01 3.22 0.05 3.22 0.01 
221 7.12 2.20 7.12 0.15 7.12 0.44 7.12 2.51 7.12 3.76 7.12 1.77 

222 5.77 3.23 5.77 0.89 5.77 2.31 5.77 2.44 5.77 3.15 5.77 2.41 
223 4.55 1.02 4.55 1.18 4.55 1.38 4.55 1.51 4.55 0.99 4.55 1.22 

224 3.22 0.43 3.22 0.06 3.22 0.07 3.22 0.16 3.22 0.10 3.22 0.14 
225 7.12 2.20 7.12 0.15 7.12 0.44 7.12 2.51 7.12 3.76 7.12 1.77 

226 5.77 3.23 5.77 0.89 5.77 2.31 5.77 2.43 5.77 3.15 5.77 2.41 
227 4.55 1.02 4.55 1.18 4.55 1.37 4.55 1.51 4.55 0.99 4.55 1.22 

228 3.22 0.43 3.22 0.06 3.22 0.07 3.22 0.16 3.22 0.10 3.22 0.14 
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Appendix 31. Results Validation - part 2 - [Δ=0.125m] 

Table 7.49. Reverberation time [𝑇30 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑠)] of the individual receiver positions [1 𝑡𝑜 5] and the average 
reverberation time off the source [𝑇30𝑠𝑜𝑢𝑟𝑐𝑒 (𝑠)] , and differences between numerical results and measurements 
[𝜃𝑚𝑒𝑎𝑠(%)]. These results are related to the irregularly shaped geometry  based on a non-equidistant conformal 

tetrahedral mesh  with a discretisation in space of [∆v = 0.125 m]. These simulations are part of the second part of the 
verification study. Specifications of these studies can be found in Appendix 17.  

Nr. 

1 2 3 4 5 avr 

T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas T30 θmeas 

229 7.20 0.23 7.20 1.92 7.20 1.26 7.20 1.48 7.20 1.88 7.20 0.59 

230 5.83 0.31 5.83 1.58 5.83 0.22 5.83 0.76 5.83 1.68 5.83 0.70 
231 4.59 1.29 4.59 0.17 4.59 0.23 4.59 0.03 4.59 0.89 4.59 0.01 

232 3.23 0.88 3.23 0.26 3.23 0.39 3.23 0.48 3.23 0.20 3.23 0.44 
233 7.16 0.33 7.16 1.36 7.16 0.70 7.16 0.92 7.16 2.42 7.16 0.03 

234 5.80 0.29 5.80 2.17 5.80 0.38 5.80 1.35 5.80 2.26 5.80 1.30 
235 4.57 0.75 4.57 0.70 4.57 0.76 4.57 0.57 4.57 1.42 4.57 0.55 

236 3.22 0.73 3.22 0.11 3.22 0.24 3.22 0.33 3.22 0.06 3.22 0.29 
237 7.16 0.33 7.16 1.36 7.16 0.70 7.16 0.92 7.16 2.42 7.16 0.03 

238 5.80 0.29 5.80 2.16 5.80 0.38 5.80 1.35 5.80 2.26 5.80 1.30 
239 4.57 0.75 4.57 0.70 4.57 0.76 4.57 0.57 4.57 1.42 4.57 0.55 

240 3.22 0.73 3.22 0.11 3.22 0.25 3.22 0.33 3.22 0.06 3.22 0.30 
241 7.20 1.11 7.20 1.26 7.20 0.66 7.20 1.43 7.20 2.70 7.20 0.68 

242 5.83 2.15 5.83 0.22 5.83 1.22 5.83 1.35 5.83 2.07 5.83 1.32 
243 4.59 0.07 4.59 0.23 4.59 0.42 4.59 0.56 4.59 0.03 4.59 0.26 

244 3.23 0.10 3.23 0.39 3.23 0.27 3.23 0.18 3.23 0.24 3.23 0.20 
245 7.16 1.66 7.16 0.70 7.16 0.10 7.16 1.98 7.16 3.24 7.16 1.24 

246 5.80 2.74 5.80 0.38 5.80 1.81 5.80 1.94 5.80 2.66 5.80 1.91 
247 4.57 0.60 4.57 0.76 4.57 0.96 4.57 1.09 4.57 0.57 4.57 0.80 

248 3.22 0.25 3.22 0.24 3.22 0.12 3.22 0.03 3.22 0.09 3.22 0.05 
249 7.16 1.66 7.16 0.70 7.16 0.10 7.16 1.97 7.16 3.24 7.16 1.23 

250 5.80 2.74 5.80 0.38 5.80 1.81 5.80 1.94 5.80 2.66 5.80 1.91 
251 4.57 0.60 4.57 0.76 4.57 0.95 4.57 1.09 4.57 0.56 4.57 0.79 

252 3.22 0.24 3.22 0.24 3.22 0.12 3.22 0.03 3.22 0.09 3.22 0.05 
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Appendix 32. Irregularly shaped room including irregularities    

The shape of the irregularly shaped room is transformed by the voxelization process. By this 
transformation the irregularities at the door and wall are neglected. It can be questioned if 
these irregularities will influence the obtained difference between numerical results and 
measurements. A series of FEM simulations using a voxelized based geometry based on a 
discretization in space of [∆v = 0.125 m] including irregularities at the door and wall are 
conducted. A discretization in space of [∆v = 0.125 m]  is used as this is the only 
discretization in space that is able of including these irregularities. A plan and graphical 
representation of this voxelized irregularly shaped room are displayed in  
Figure 7.20 and Figure 7.21 respectively.  
 

 
 

Figure 7.20. Grid of the irregularly shaped room including irregularities at the door and wall. The interior nodes are 
dark grey, the boundary nodes light grey, the sources and receivers positions are numbered [S1 and S2] and [1-5] 

respectively. 
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Figure 7.21. Voxelization of the irregular shaped room with a discretisation in space of [ ∆v = 01.25 ] including the 

irregularities at the door and wall.    

 
 
The volume and surface area of the voxelized irregularly shaped room including 
irregularities are [88.19 𝑚³]  and [128.19 𝑚²]  respectively. The geometrical specified 
absorption coefficients of this voxelized geometry are displayed in Table 7.50. Note that 
these absorption coefficients are not deviating from the absorption coefficients as 
displayed in Table 7.31. The irregularly shaped room including irregularities, at the door and 
wall, is simulated in FEM. No FDM simulations is conducted due to time constrains. 
However, differences between FDM and FEM found in earlier conducted studies are not 
significant [𝜃𝑛𝑢𝑚 < 5 %], for the irregularly shaped room even smaller differences are 
found [𝜃𝑛𝑢𝑚 < 1 %]. The specifications of the FEM simulations are denoted in Table 7.51.            
    
 
Table 7.50. The average absorption coefficient of the individual receiver positions [�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(−)],  the average absorption 
coefficient of the source [�̅�𝑠𝑜𝑢𝑟𝑐𝑒(−)], and the average absorption coefficient of the room [�̅�𝑚𝑒𝑎𝑠(−)]. These absorption 

coefficients are based on the volume and surface area of a voxelized geometry based on a discretisation in space of 
[∆𝑣 = 0.125 𝑚] including irregularities at the door and wall. 

 

Parameter Source Position 500 (Hz) 1000 (Hz) 2000 (Hz) 4000 (Hz) 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S1 1 0.013 0.015 0.016 0.010 
S1 2 0.013 0.015 0.016 0.010 
S1 3 0.013 0.015 0.016 0.010 
S1 4 0.013 0.015 0.016 0.010 
S1 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S1 average 0.013 0.015 0.016 0.010 

�̅�𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

S2 1 0.013 0.015 0.016 0.010 
S2 2 0.013 0.015 0.016 0.010 
S2 3 0.013 0.015 0.016 0.010 
S2 4 0.013 0.015 0.016 0.010 
S2 5 0.013 0.015 0.016 0.010 

�̅�𝑠𝑜𝑢𝑟𝑐𝑒 S2 average 0.013 0.015 0.016 0.010 

�̅�𝑚𝑒𝑎𝑠 S1 & S2 average 0.013 0.015 0.016 0.010 
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Table 7.51. Simulation input parameters for the validation study as numerical solved by the FEM. The uses absorption 
coefficient is based on the voxelized mesh with a discretization in space of [∆𝑣 = 0.125 𝑚]  includes irregularities at the 

door and wall and without irregularities. 

Nr.  Geometry source Δt (m) A f (Hz) α m (𝒎−𝟏) 

253 Irregular room – v=0.125 m + irreg.  S1 0.001 Sabine 500 0.013 8.2E-04 
254 Irregular room – v=0.125 m + irreg.  S1 0.001 Sabine 1000 0.015 1.4E-03 
255 Irregular room – v=0.125 m + irreg.  S1 0.001 Sabine 2000 0.016 2.9E-03 
256 Irregular room – v=0.125 m + irreg.  S1 0.001 Sabine 4000 0.010 8.8E-03 
257 Irregular room – v=0.125 m + irreg.  S1 0.001 Eyring 500 0.013 8.2E-04 
258 Irregular room – v=0.125 m + irreg.  S1 0.001 Eyring 1000 0.015 1.4E-03 
259 Irregular room – v=0.125 m + irreg.  S1 0.001 Eyring 2000 0.016 2.9E-03 
260 Irregular room – v=0.125 m + irreg.  S1 0.001 Eyring 4000 0.010 8.8E-03 
261 Irregular room – v=0.125 m + irreg.  S1 0.001 Modified 500 0.013 8.2E-04 
262 Irregular room – v=0.125 m + irreg.  S1 0.001 Modified 1000 0.015 1.4E-03 
263 Irregular room – v=0.125 m + irreg.  S1 0.001 Modified 2000 0.016 2.9E-03 
264 Irregular room – v=0.125 m + irreg.  S1 0.001 Modified 4000 0.010 8.8E-03 
265 Irregular room – v=0.125 m + irreg.  S2 0.001 Sabine 500 0.013 8.2E-04 
266 Irregular room – v=0.125 m + irreg.  S2 0.001 Sabine 1000 0.015 1.4E-03 
267 Irregular room – v=0.125 m + irreg.  S2 0.001 Sabine 2000 0.016 2.9E-03 
268 Irregular room – v=0.125 m + irreg.  S2 0.001 Sabine 4000 0.010 8.8E-03 
269 Irregular room – v=0.125 m + irreg.  S2 0.001 Eyring 500 0.013 8.2E-04 
270 Irregular room – v=0.125 m + irreg.  S2 0.001 Eyring 1000 0.015 1.4E-03 
271 Irregular room – v=0.125 m + irreg.  S2 0.001 Eyring 2000 0.016 2.9E-03 
272 Irregular room – v=0.125 m + irreg.  S2 0.001 Eyring 4000 0.010 8.8E-03 
273 Irregular room – v=0.125 m + irreg.  S2 0.001 Modified 500 0.013 8.2E-04 
274 Irregular room – v=0.125 m + irreg.  S2 0.001 Modified 1000 0.015 1.4E-03 
275 Irregular room – v=0.125 m + irreg.  S2 0.001 Modified 2000 0.016 2.9E-03 
276 Irregular room – v=0.125 m + irreg.  S2 0.001 Modified 4000 0.010 8.8E-03 
277 Irregular room – v=0.125 m S1 0.001 Sabine 500 0.013 8.2E-04 

278 Irregular room – v=0.125 m S1 0.001 Sabine 1000 0.015 1.4E-03 
279 Irregular room – v=0.125 m S1 0.001 Sabine 2000 0.016 2.9E-03 

280 Irregular room – v=0.125 m S1 0.001 Sabine 4000 0.010 8.8E-03 
281 Irregular room – v=0.125 m S1 0.001 Eyring 500 0.013 8.2E-04 

282 Irregular room – v=0.125 m S1 0.001 Eyring 1000 0.015 1.4E-03 
283 Irregular room – v=0.125 m S1 0.001 Eyring 2000 0.016 2.9E-03 

284 Irregular room – v=0.125 m S1 0.001 Eyring 4000 0.010 8.8E-03 
285 Irregular room – v=0.125 m S1 0.001 Modified 500 0.013 8.2E-04 

286 Irregular room – v=0.125 m S1 0.001 Modified 1000 0.015 1.4E-03 
287 Irregular room – v=0.125 m S1 0.001 Modified 2000 0.016 2.9E-03 

288 Irregular room – v=0.125 m S1 0.001 Modified 4000 0.010 8.8E-03 
289 Irregular room – v=0.125 m S2 0.001 Sabine 500 0.013 8.2E-04 

290 Irregular room – v=0.125 m S2 0.001 Sabine 1000 0.015 1.4E-03 
291 Irregular room – v=0.125 m S2 0.001 Sabine 2000 0.016 2.9E-03 

292 Irregular room – v=0.125 m S2 0.001 Sabine 4000 0.010 8.8E-03 
293 Irregular room – v=0.125 m S2 0.001 Eyring 500 0.013 8.2E-04 

294 Irregular room – v=0.125 m S2 0.001 Eyring 1000 0.015 1.4E-03 
295 Irregular room – v=0.125 m S2 0.001 Eyring 2000 0.016 2.9E-03 

296 Irregular room – v=0.125 m S2 0.001 Eyring 4000 0.010 8.8E-03 
297 Irregular room – v=0.125 m S2 0.001 Modified 500 0.013 8.2E-04 

298 Irregular room – v=0.125 m S2 0.001 Modified 1000 0.015 1.4E-03 
299 Irregular room – v=0.125 m S2 0.001 Modified 2000 0.016 2.9E-03 
300 Irregular room – v=0.125 m S2 0.001 Modified 4000 0.010 8.8E-03 
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Table 7.52.  Reverberation time [T30 receiver(s)] of the individual receiver positions [1 to 5], the average reverberation 
time of the room [T30 room (s)],  and the differences between numerical results [θnum(%)]. These results are related to 

the voxelized irregularly shaped room based on a  discretisation in space of [∆v = 0.125 m] including irregularities of the 
door and wall and  and without irregularities.  

Nr. 
1 2 3 4 5 avr 

𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  𝐓𝟑𝟎 θmeas  

253 7.28 3.58% 7.28 8.20% 7.28 6.30% 7.28 7.06% 7.28 2.29% 7.28 3.58% 

254 5.89 3.32% 5.89 1.23% 5.89 2.90% 5.89 0.41% 5.89 1.64% 5.89 3.32% 

255 4.63 4.70% 4.63 1.40% 4.63 1.40% 4.63 1.87% 4.63 0.09% 4.63 4.70% 

256 3.24 2.24% 3.24 1.11% 3.24 1.67% 3.24 1.67% 3.24 1.00% 3.24 2.24% 

257 7.24 2.16% 7.24 6.70% 7.24 4.73% 7.24 5.56% 7.24 3.76% 7.24 2.16% 

258 5.86 1.91% 5.86 2.63% 5.86 1.49% 5.86 0.99% 5.86 3.04% 5.86 1.91% 

259 4.60 3.48% 4.61 0.28% 4.61 0.28% 4.61 0.75% 4.60 1.21% 4.60 3.48% 

260 3.24 2.01% 3.23 0.78% 3.23 1.34% 3.23 1.34% 3.24 0.89% 3.24 2.01% 

261 7.24 2.16% 7.24 6.70% 7.24 4.73% 7.24 5.56% 7.24 3.76% 7.24 2.16% 

262 5.86 1.91% 5.86 2.63% 5.86 1.49% 5.86 0.99% 5.86 3.04% 5.86 1.91% 

263 4.60 3.48% 4.61 0.28% 4.61 0.28% 4.61 0.75% 4.60 1.21% 4.60 3.48% 

264 3.24 2.01% 3.23 0.78% 3.23 1.34% 3.23 1.34% 3.24 0.89% 3.24 2.01% 

265 7.28 0.07% 7.28 6.30% 7.28 4.79% 7.28 0.81% 7.28 4.48% 7.28 0.07% 

266 5.89 2.87% 5.89 2.90% 5.89 0.33% 5.89 0.74% 5.89 2.38% 5.89 2.87% 

267 4.63 1.87% 4.63 1.40% 4.63 0.93% 4.63 0.47% 4.63 1.87% 4.63 1.87% 

268 3.24 0.56% 3.24 1.67% 3.24 1.11% 3.24 1.11% 3.24 1.11% 3.24 0.56% 

269 7.24 1.63% 7.24 4.80% 7.24 3.22% 7.24 2.29% 7.24 5.96% 7.24 1.63% 

270 5.86 4.26% 5.85 1.41% 5.86 1.81% 5.86 2.22% 5.85 3.94% 5.86 4.26% 

271 4.61 0.75% 4.61 0.28% 4.61 0.19% 4.60 0.74% 4.61 0.75% 4.61 0.75% 

272 3.23 0.22% 3.23 1.34% 3.23 0.78% 3.23 0.78% 3.23 0.78% 3.23 0.22% 

273 7.24 1.63% 7.24 4.80% 7.24 3.22% 7.24 2.29% 7.24 5.96% 7.24 1.63% 

274 5.86 4.26% 5.85 1.41% 5.86 1.81% 5.86 2.22% 5.85 3.94% 5.86 4.26% 

275 4.61 0.75% 4.61 0.28% 4.61 0.19% 4.60 0.74% 4.61 0.75% 4.61 0.75% 

276 3.23 0.22% 3.23 1.34% 3.23 0.78% 3.23 0.78% 3.23 0.78% 3.23 0.22% 

277 7.28 3.66% 7.28 8.20% 7.28 6.30% 7.28 7.06% 7.28 2.29% 7.28 4.56% 

278 5.89 3.40% 5.89 1.23% 5.89 2.90% 5.89 0.41% 5.89 1.64% 5.89 0.76% 

279 4.63 4.70% 4.63 1.31% 4.63 1.31% 4.63 1.87% 4.63 0.00% 4.63 1.83% 

280 3.24 2.24% 3.24 1.11% 3.24 1.67% 3.24 1.67% 3.24 1.11% 3.24 1.56% 

281 7.24 2.09% 7.24 6.62% 7.24 4.73% 7.24 5.48% 7.24 3.84% 7.24 2.99% 

282 5.86 1.91% 5.85 2.71% 5.86 1.49% 5.86 0.99% 5.86 3.04% 5.86 0.68% 

283 4.61 3.57% 4.60 0.19% 4.60 0.19% 4.61 0.75% 4.60 1.21% 4.60 0.69% 

284 3.23 1.90% 3.23 0.78% 3.23 1.34% 3.23 1.34% 3.23 0.78% 3.23 1.23% 

285 7.24 2.09% 7.24 6.62% 7.24 4.73% 7.24 5.56% 7.24 3.84% 7.24 3.01% 

286 5.86 1.91% 5.85 2.71% 5.86 1.49% 5.86 0.99% 5.86 3.04% 5.86 0.68% 

287 4.61 3.57% 4.60 0.19% 4.60 0.19% 4.61 0.75% 4.60 1.21% 4.60 0.69% 

288 3.23 1.90% 3.23 0.78% 3.23 1.34% 3.23 1.34% 3.23 0.78% 3.23 1.23% 

289 7.28 0.15% 7.28 6.30% 7.28 4.79% 7.28 0.81% 7.28 4.48% 7.28 1.10% 

290 5.89 2.87% 5.89 2.98% 5.89 0.33% 5.89 0.82% 5.89 2.38% 5.89 0.69% 

291 4.63 1.87% 4.63 1.40% 4.63 0.93% 4.63 0.37% 4.63 1.87% 4.63 1.29% 

292 3.24 0.56% 3.24 1.67% 3.24 1.11% 3.24 1.11% 3.24 1.11% 3.24 1.11% 

293 7.24 1.56% 7.24 4.73% 7.24 3.22% 7.24 2.29% 7.24 5.96% 7.24 0.40% 

294 5.85 4.34% 5.85 1.41% 5.86 1.81% 5.86 2.22% 5.86 3.85% 5.86 2.17% 

295 4.60 0.65% 4.61 0.28% 4.61 0.19% 4.61 0.65% 4.60 0.65% 4.61 0.15% 

296 3.24 0.33% 3.23 1.34% 3.23 0.78% 3.23 0.78% 3.24 0.89% 3.23 0.82% 

297 7.24 1.56% 7.24 4.73% 7.24 3.22% 7.24 2.29% 7.24 5.96% 7.24 0.40% 

298 5.85 4.34% 5.85 1.41% 5.86 1.81% 5.86 2.22% 5.86 3.85% 5.86 2.17% 

299 4.60 0.65% 4.61 0.28% 4.61 0.19% 4.61 0.65% 4.60 0.65% 4.61 0.15% 

300 3.24 0.33% 3.23 1.34% 3.23 0.78% 3.23 0.78% 3.24 0.89% 3.23 0.82% 
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Figure 7.22. The measured and simulated averaged reverberation time of the room [T30 room (s)] of the full octave 

bands within the frequency domain of [500 Hz ≤ 𝑓 ≤ 4000 Hz]. The simulations are related to a equidistant conformal 
voxelized mesh based on a discretisation in space of [∆v = 0.125 m] including the irregularities at the door and wall and 

solved by FEM.  
 
Based on the results of the simulations, as displayed in Figure 7.22 and Table 7.52, can be 
concluded that the irregularly shaped room with irregularities at the door and wall 
preforms similar as the room without these irregularities. The differences between both 
geometries are below [𝜃𝑛𝑢𝑚 ≤ 0.06 %].   
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Appendix 33.  Statistical analyses of rooms 

Table 7.53. The reverberation time [𝑇30(𝑠)] as obtained by statistical methods. These statistical methods are using 
the volume of the room [𝑉(𝑚3)], surface area of the boundaries [𝑆(𝑚2)], power attenuation coefficient [𝑚 (𝑚−1)], and 

absorption coefficient [𝛼(−)]. 

Geometry 𝑽 𝑺 𝒎 α 𝐒𝐚𝐛 𝐄𝐲𝐫 

Octahedron – Δv=0.50 m 79.00 126.00 1,40E-03 0.100 0.98 0.93 
Octahedron – Δv=0.25 m 99.00 161.00 1,40E-03 0.100 0.96 0.91 

Octahedron – Δv=0.125 m 107.40 178.50 1,40E-03 0.100 0.94 0.89 
Octahedron – tetrahedral  114.30 138.60 1,40E-03 0.100 1.27 1.21 

       
Irregular room – v=0.5 m 92.60 130.00 8,20E-04 0.013 7.48 7.44 
Irregular room – v=0.5 m 92.60 130.00 1,40E-03 0.015 6.04 6.00 
Irregular room – v=0.5 m 92.60 130.00 2,90E-03 0.016 4.73 4.70 
Irregular room – v=0.5 m 92.60 130.00 8,80E-03 0.010 3.27 3.27 

Irregular room – v=0.25 m 86.3 126.5 8,20E-04 0.130 0.83 0.78 
Irregular room – v=0.25 m 86.3 126.5 1,40E-03 0.015 5.84 5.80 
Irregular room – v=0.25 m 86.3 126.5 2,90E-03 0.016 4.59 4.57 
Irregular room – v=0.25 m 86.3 126.5 8,80E-03 0.010 3.23 3.22 

Irregular room – v=0.125 m 86.1 125.5 8,20E-04 0.130 0.84 0.78 
Irregular room – v=0.125 m 86.1 125.5 1,40E-03 0.015 5.86 5.83 
Irregular room – v=0.125 m 86.1 125.5 2,90E-03 0.016 4.61 4.59 
Irregular room – v=0.125 m 86.1 125.5 8,80E-03 0.010 3.23 3.23 

       
Irregular room – v=0.25 m 89.7 125.6 8,20E-04 0.130 6.76 6.72 
Irregular room – v=0.25 m 89.7 125.6 1,40E-03 0.015 5.54 5.51 
Irregular room – v=0.25 m 89.7 125.6 2,90E-03 0.016 4.41 4.38 
Irregular room – v=0.25 m 89.7 125.6 8,80E-03 0.010 3.14 3.13 

Irregular room – v=0.125 m 86.3 126.5 8,20E-04 0.130 6.80 6.76 
Irregular room – v=0.125 m 86.3 126.5 1,40E-03 0.015 5.57 5.53 
Irregular room – v=0.125 m 86.3 126.5 2,90E-03 0.016 4.43 4.40 
Irregular room – v=0.125 m 86.3 126.5 8,80E-03 0.010 3.14 3.14 
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List of Symbols 

Symbol Description Unit 

A absorption factor − 

Aeyr absorption factor based on Eyring’s formula − 

Amod modified absorption factor − 

Asab absorption factor based on Sabine’s formula − 

D diffusion coefficient m²/s 

E0 acoustic energy J 

J sound intensity vector, also referred to as sound energy flow vector W/m² 

Lp sound pressure level dB 

S surface area of the boundaries m² 

Si surface area of a specific part surface area m² 

T reverberation time s 

T30 reverberation time based on the interval of -5 to -35 dB s 

Tair air temperature ℃ 

V volume of an enclosure m³ 

c speed of sound m/s 

f frequency Hz 

hwall exchange coefficient of acoustical energy at the boundary m/s 

m power attenuation coefficient m−1 

pref reference pressure Pa 

pair atmospheric pressure kPa 

q0 omnidirectional volume sound source W/m3 

r (position in) space m 

t time  s 

t−35dB time that it will take to decay -35 dB s 

t−5dB time that it will take to decay -5 dB s 

tsource source time s 

tcal the time that one simulation will take, also referred to as simulation time. s 

w sound energy density J/m³ 

wsource source strength J/m³ 
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Symbol Description Unit 

α absorption coefficient of scattering objects − 

αi absorption coefficient of a specific area − 

α̅ average absorption coefficient of scattering objects − 

α̅meas average absorption coefficient of the walls based on measurements − 

αair absorption of sound in air − 

α̅used absorption coefficients based on measurements  − 

∆t discretisation in time s 

∆v discretisation in space m 

∇ gradient operator m 

δDF coefficient that is used to simplify the Du-fort Frankel scheme - 

δsurf adjustment coefficient for the absorbing area - 

f(t) distribution of the source over time s−1 

f(v) distribution of the source in time m−3 

λ mean-free path m 

ρ density of air kg/m3 

σ probability rate of a sound particle to be absorbed s−1 

σair probability rate of a sound particle to be absorbed by air s−1 

σneu 
probability rate of a sound particle to be absorbed by the homogenous 

Neumann boundary condition 
s−1 

σwall 
probability rate of a sound particle to be absorbed by the mixed 

boundary condition 
s−1 

∂/ ∂t first order derivative in time - 
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Glossary 

Term Description 

accuracy  A results is accurate if the results agrees with the true 
value. 

arbitrary  Not limited by any rule or law of any kind. An arbitrary 
shaped room can have any possible shape. 

boundary nodes  A node that is located at the boundary of a domain.  

commercial software  Software program that is designed for commercial 
purposes. 

coupled room  A situation where two rooms are acoustically coupled by a 
(relatively) small aperture (opening).  

cubical configuration  A configuration where all dimensions are proportional to 
each other.  

fitted rooms  A room that contains scattering objects. 

flat configuration  A configuration with proportional dimensions for the 
length and width and a significantly smaller dimension for 
the height. 

homogenous  The same specifications are the same for all parts or 
elements.    

in-house code  A code that designed for non-commercial purposes. 

interior node  Node that is located in the volume of the enclosure / room 
or domain.  

irregularly shaped room  A room where at least one boundary is not aligned parallel 
to another boundary, or a room with at least one convex 
corners appear.  

long configuration  A configuration with proportional dimensions for the 
width and height and a significant larger dimension for the 
length. 

non-homogenous  The specifications are not the same for all parts or 
elements.  

protrusions  Something that sticks out from a surface. 

regularly shaped room  A room where the opposing boundaries are aligned 
parallel, where all the connections between adjoining 
boundaries are perpendicular, and where no convex 
corners are present.  

simple geometry  A geometry with a cubical, long or flat configuration. In 
this research also referred to as  regularly shaped room. 
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Term Description 

smooth shape  The exact non-discretised shape of an geometry. 

tetrahedral based 

geometry 

 

 Geometry based on the elements as are characteristic for 
a non-equidistant conformal tetrahedral mesh. 

unconditionally stable  A results is accurate if the results agrees with the true 
value.  

voxelization  The process in which a continuous geometry undergoes a 
transformation to a discrete voxel-based geometry. 

voxelized based geometry  Geometry where all spatial features of a room are limited 
to longitudinal, lateral and vertical steps in space. 

 
 

List of Abbreviations 

Abbreviation Description 

FDM  finite difference method 

FEM  finite element method 

MFP  mean-free path 

PDE  partial differential equation 

FTCS  forward-time central-space (scheme) 

DF  Dufort-Frankel (scheme) 

JND  just noticeable difference 

INR  impulse to noise ratio 
avr.  average 
Nr.   number 
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