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Abstract 
 
Scattering and diffusion coefficients of room surfaces are used in geometrical acoustics 
software, which is typically used for calculating room parameters like reverberation time. 
These coefficients are still unknown for room surfaces containing objects such as a painting 
or for surfaces including details of a window frame. This Master’s Thesis validates the use of 
the Fast Multipole Method (FMM) to calculate the scattering and diffusion coefficients for an 
object on a wall. The validations are performed for a frequency range of 31.5 up to 4000 Hz, 
which is the relevant frequency range in room acoustics. For the validation of the applied 
software (FastBEM) an existing benchmark of the Working Group on Computational Method 
for Environmental Acoustics is used. Furthermore a comparison is made with the Master’s 
Thesis of Brouns for an object on a surface for scattering and diffusion coefficients in the low 
frequency range up to 400 Hz. The scattering coefficient is calculated up to 1000 Hz to show 
the ability to compute results for higher frequencies. Because the diffusion coefficient uses a 
different and more efficient setup of the model, it could be calculated up to 4000 Hz. The 
comparison with the benchmark cases show comparable sound pressure values for all 
frequencies with differences of maximum 2.2 dB. The direction of the sound reflections also 
match the results of the benchmark cases. In the comparison of the coefficients with the work 
of Brouns, the values calculated with FMM are 0.005 for the scattering coefficient. The 
diffusion coefficient shows slightly higher values, around 0.1 whereas in the work of Brouns 
it is around 0.05. This is a good approximation. For the frequencies higher than in the work of 
Brouns diffusion coefficient values of 0.3 up to 0.7 are found. These values correspond to the 
expectation that the diffusion coefficients of these frequencies are influenced by room 
objects. In conclusion, the FMM can be used to determine scattering and diffusion 
coefficients. However, the time of the calculations increases rapidly for higher frequencies 
beyond the applied upper boundaries. Hence the FMM is only useful for the applied 
frequency range in determining scattering and diffusion coefficients for room acoustics 
because is it much faster than the BEM for example.  
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1 Introduction 
 
The first computer simulations of room acoustics are already 50 years old and were 
performed by Schroeder (Schroeder, 1961). Nowadays far more computational power is 
available and new methods are developed to simulate and design buildings. For each size of 
building, from a concert hall to a classroom, room acoustics are important because of the 
effect on speech and music. Room acoustic simulations help us to predict the acoustical 
situation of a space. In these simulations the absorption coefficient is used to quantify the 
energy which is absorbed by walls and how much energy is reflected. In the early ‘90s 
Vorländer discovered that the absorption coefficient alone does not provide enough input for 
a reliable, ray-based, room acoustics simulation. Vorländer found out that the scattering and 
diffusion coefficients of walls and floors are important as well for room acoustical criteria such 
as the reverberation and decay time (Vorländer, 1995). The scattering coefficient describes 
the ratio between the scattered sound energy, and the total of the reflected energy including 
the energy in the specular direction. The scattered sound energy is the energy reflected on a 
surface in all directions. The diffusion coefficient is the uniformity of the reflected energy from 
a surface. One of the reasons that these coefficients are important is that reflections increase 
the reverberation time in a room: the longer the reverberation time the harder it is to 
understand speech. If materials in a room scatter more, the reflection time will decrease 
because the energy is distributed into more directions. Sound waves have a higher probability 
to be absorbed by the absorbing materials in the room, thus the energy decays faster. 
Therefore, it is important to be able to simulate these parameters for building elements. 
 
Room acoustics simulation models can be roughly divided into two methods. The first method 
is the geometrical acoustical method. This method simulates the sound as rays and neglects 
the wave properties. There are several elaborations for this method such as ray-tracing and 
image sources. Geometrical simulations reduce the complexity. However, they can only 
estimate the energy propagation of a particle, and are therefore less accurate. The calculation 
of the phase of the wave is based on the delay between the detection and the starting time 
of the ray, which makes the method also less exact because it makes an approximation of the 
phase. Furthermore the method neglects the wave properties of sound, and is therefore less 
accurate for lower frequencies. This is because the wave properties, like phase, are influenced 
by objects in a room which have the same size as the wavelength (Savioja & Svensson, 2015).  
 
The second method is the wave model. In this method the wave equations for sound are 
solved by numerical methods. There are two wave based methods most commonly used for 
sound simulations: the Finite Element Method (FEM) and the Boundary Element Method 
(BEM). Both methods are well discussed in several studies and books (Sakuma, Sakamoto, & 
Otsuru, 2014; Vorländer, 2013; Zienkiewicz & Taylor, 2005). One of the most important 
advantages of the BEM compared to the FEM is that only the boundary of the object instead 
of the volume of the domain, needs to be discretized, which results in solving fewer 
unknowns. Hence only the BEM will be used in this research from now on. A drawback of this 
method is that BEM uses a system of linear algebraic equation with matrices that cannot be 
simplified because they are fully populated and non-symmetric (Katsikadelis, 2002). 
To reduce the calculation time of the matrix-vector products from the BEM simulation the 
Fast Multipole Method (FMM) is developed. The FMM distinguishes different regions in the 
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calculation domain. Near field regions are solved directly with BEM, while in the far field 
regions the sound pressure is first summarized and then solved. This summation saves 
calculation time. In a method like BEM the matrix size N scales as O(kD)2, where k is the wave 
number and D the computational domain size. For a FMM matrix size this is O((kD)2logα(kD)) 
(α≥1) (Gumerov & Duraiswami, 2009). 
 
Vorländer, Mommertz (Vorländer & Mommertz, 1999) and Cox (Cox, et al., 2006), amongst 
others, did work to understand the effects of scattering and diffusion. Numerical studies on 
scattering coefficients with BEM are performed as well (Lee & Sakuma, 2014) (Kosaka & 
Sakuma, 2005) (Vorländer, 2013). Recently the study of Brouns (Brouns, 2015) used BEM to 
simulate scattering and diffusion coefficients for low frequencies of an object on a wall, for 
example a smartboard. If a building is designed and simulated, the interior of the rooms is 
generally not taken into account. However, furniture or details of a wall like a window frame, 
can have a large effect on the acoustic properties of a room. In the current geometrical 
acoustics simulations the effects on room acoustics of these objects are, most of the time, 
estimated based on experience. There is no standard library or material database of these 
coefficients. Therefore it can be concluded that an efficient method to obtain this data would 
be useful. 
 
The Brouns study focused on low frequencies up to 400 Hz, due to the high computational 
power required to calculate BEM for higher frequencies. Nevertheless, frequencies above 400 
Hz influence the acoustics of a room as well. The frequencies of the human voice are between 
50 Hz - 4 kHz. The high frequencies above 400 Hz up to 4 kHz are similar to the length of most 
standard objects in a room. When the wavelength is similar is causes more diffusion. Hence 
these high frequencies (1 kHz – 4 kHz) are important for the acoustical properties of a room.  
 
The research question of this report is therefore: 
 
Is the Fast Multipole Method applicable for computing scattering of room objects for high 
frequencies? 
 
In order to simulate the coefficients for high frequencies with standard computational power, 
the Fast Multipole Method (FMM) in combination with BEM is applied in this research. The 
FMM will be validated with a benchmark which is used for wave-based computational 
methods (Sakuma, Sakamoto, & Otsuru, Computational Simulation in Architectural and 
Environmental Acoustics, 2014). The validation will be done with a range of settings in order 
to investigate the effect of such settings. Furthermore several objects will be simulated to 
determine the scattering and diffusion coefficients. The results of these coefficients will be 
compared with the work of Brouns. 
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Reading guide 
Detailed information about the Boundary Element Method and the Fast Multipole Method is 
described in the theoretical background (chapter 2). The definitions of the scattering and 
diffusion coefficient are explained in this chapter as well. The methodology of the research 
can be found in chapter 3. This chapter starts with an overview table of all performed 
simulations. The results of the simulations are in chapter 4 where the verification of the used 
software is shown first, and in the last paragraph the results of the scattering and diffusion 
coefficients are presented. Chapters 5 and 6 contain the discussion and conclusions.  
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2 Theoretical backgrounds 

2.1 Scattering and diffusion coefficient 
The behavior of sound waves interacting with a surface consists of three parts. Figure 2.1 
shows these three parts. The left one is reflection, where the sound wave is reflected into the 
specular direction and almost no energy is lost. The middle figure shows absorption, 
depending on the absorption coefficient a part of the sound wave is absorbed or transmitted, 
and the other part is reflected into the specular direction. The last figure shows the scattering 
of the sound wave. The sound wave is partially reflected into the specular direction, and the 
rest of the reflected energy is divided into all other directions. The reflected energy does not 
have to be equally divided into all directions. 
 
 
 
 
 
 
 

 
Figure 2.1 Overview of interaction of a sound wave and a surface. 

 
The type of reflection depends on the frequency, angle of incidence, and on the roughness as 
well as dimensions of the surfaces. In reality there is always a combination of all three 
reflections. The frequency, repeat distance and height of the roughness influence the 
distribution between the different interactions. Figure 2.2 shows the relation between the 
repeat distance and the frequency. If the distance between two irregularities is less than the 
wavelength λ, the normal incident sound wave will be reflected in the same way as if the 
surface is flat (figure 2.2a). Thus the wave returns in the same direction as where it came 
from. When the wavelength is much larger the reflection is specular, and the incidence angle 
is equal to the local reflection angle (figure 2.2c). For all wavelengths similar to the 
irregularities the sound will be reflected diffusely into all other directions. For high 
frequencies around the 1/3 octave band of 3150 Hz the irregularities will have a distance of 
approximately 0.1 m for a diffuse reflection. 

 

 
Figure 2.2 Different type of reflections depending on the repeat distances(d) of the roughness (Kuttruff, 2007). 

 
In the beginning of the 21st century, two standards have been developed to describe the 
measurement of scattering and diffusion of sound waves of an element. Both standards are 

Reflection Absorption Diffusion 

(a
) 

(b
) 

(c) 
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still used, each for their different purpose. The standard for measuring a random incidence 
scattering coefficient has been published by ISO (International Organization for 
Standardization, 2000). This standard focusses on the diffuse field and can obtain a random 
incidence coefficient. The second standard is for the free field and is often used by 
manufactures of diffusers. The Audio Engineering Society developed this method which 
determines a diffusion coefficient (Audio Engineering Society, 2001).  
 

2.1.1 Scattering coefficient 
The definition of the scattering coefficient is the ratio of the non-specularly reflected sound 
energy to the total reflected energy (Cox, et al., 2006). Figure 2.3 shows the components of 
the scattering where s is the scattering coefficient. The coefficient depends on the frequency 
and the angle of incidence. The energy is divided into three parts: the absorbed energy, the 
scattered energy and the specular reflected energy. Equation 2.1 shows the scattering 
coefficient: 

 
𝒔 = 𝟏 −

𝑬𝒔𝒑𝒆𝒄

𝑬𝒕𝒐𝒕𝒂𝒍
, 

  (2.1) 

where Espec = (1-αs)(1-s) and Etotal = (1-αs) with αs the absorbed energy. 
The scattering coefficient only provides information about the ratio between reflection and 
scattering. With this value the energy distribution of the scattered sound cannot be obtained. 
For this the diffusion coefficient is used. 
 

 
Figure 2.3 Scattering coefficient from a rough surface (Vorländer & Mommertz, 1999). 

2.1.2 Diffusion coefficient 
The diffusion coefficient is a number which describes the angular distribution of the 
reflection. The coefficient is one if the energy is reflected equally to all directions, and zero if 
it is reflected into only one direction. The number is calculated for all frequencies and 
evaluated for one-third octave bands. Figure 2.4 shows different polar responses of several 
diffusers. (Hargreaves, Cox, Lam, & D'Antonio, 2000) 
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Figure 2.4 Polar diagrams of different number of periods (—— 2, – – – 8, ——— 32) for a Quadratic residue 

diffuser with N=53 and well width 12.7 mm. (Hargreaves, Cox, Lam, & D'Antonio, 2000). 

To calculate the coefficient an autocorrelation function is used. Equation 2.2 is the 
autocorrelation diffusion coefficient which is recommended by the standard AES-4id-2001 
(Audio Engineering Society, 2001). The equation only holds for one reflection angle and can 
be determined by measurements or simulations. 
 
 

𝒅 =
(∑ 𝟏𝟎

𝑳𝒊
𝟏𝟎)𝒏

𝒊=𝟏

𝟐

− ∑ (𝟏𝟎
𝑳𝒊
𝟏𝟎)𝒏

𝒊=𝟏

𝟐

(𝒏 − 𝟏)(∑ 𝟏𝟎
𝑳𝒊
𝟏𝟎)𝒏

𝒊=𝟏

𝟐  

  (2.2) 

             

 ≈
(∑ 10

𝐿𝑖
10)𝑛

𝑖=1

2

𝑛∑ (10
𝐿𝑖
10)𝑛

𝑖=1

2, 

 

where Li is the sound pressure level of different receiver positions in decibels, and n is the 
number of receivers. The receivers are divided over a hemisphere in 3D or half a circle in 2D 
(Hargreaves, Cox, Lam, & D'Antonio, 2000). 

2.2 BEM Boundary element method 
The Boundary Element Method (BEM) is a method which uses the principle that only the 
pressure at the boundary needs to be discretized, instead of the volumetric pressure field as 
in methods like the finite element method. Therefore, BEM needs fewer elements which can 
decrease the calculation time. In this paragraph the basic principles are explained. First the 
boundary integration equation is described and then the boundary element method. 
 

2.2.1 Boundary integral equation 
For a homogeneous and compressible fluid the governing equation of the propagation of 
sound waves is stated as: 
 

𝜵𝟐𝒑 =
𝟏

𝒄𝟐
𝝏𝟐𝒑

𝝏𝒕𝟐
, 

  (2.3) 

 
here p is the sound or acoustic pressure, c the speed of sound in air (343 m/s at 293 K), t time 
(s) and ∇2 the Laplacian operator. To simplify the mathematical equations used further on we 

assume time-harmonic waves. Hence 𝑝(𝑥, 𝑦, 𝑧, 𝑡)  =  𝑅𝑒(𝑝(𝑥, 𝑦, 𝑧))𝑒𝑖𝜔𝑡 with ω the circular 
frequency ω=2πf and f the frequency.  
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Using this, equation (2.3) can be written as the Helmholtz equation for time harmonic waves: 
 
 𝜵𝟐𝒑 + 𝒌𝟐𝒑 =  𝟎,   (2.4) 

where k is the wave number defined as k=ω/c, and the time factor 𝑒𝑖𝜔𝑡 is omitted. 
 

2.2.2 Green’s function 
The free space Green’s function G(R) (equation 2.5) is the solution to equation (2.6).  Where 
equation 2.6 is a solution of the pressure at point P with a point source Q (figure 2.5).  
With 𝑅 = |𝑟 − 𝑟0| is the distance between point P and Q. 
 
 𝑮(𝑹) =

𝒆−𝒊𝒌𝑹

𝑹
,   (2.5) 

 
 (𝜵𝟐 + 𝒌𝟐)𝑮(𝑹) = −𝟒𝝅𝜹(𝒓 − 𝒓𝟎).   (2.6) 

Equation (2.7) can be obtained by multiplying equation 2.4 by G, equation 2.6 by p and 
subtracting 2.4 from 2.6. 
 −𝟒𝝅𝒑𝜹(𝒓 − 𝒓𝟎) = 𝑮∆𝒑 − 𝒑∆𝑮,   (2.7) 

integrating equation (2.7) over the Volume V and using the theorem of Gauss, a surface 
integral equation (2.8) can be compiled. Where volume V is the medium surrounding an 
object with surface S. 
 

𝟒𝝅∫𝒑𝜹(𝒓 − 𝒓𝟎) 𝒅𝑽 = ∫(𝑮
𝝏𝒑

𝝏𝒏
+ 𝒑

𝝏𝑮

𝝏𝒏
)𝒅𝑺 + 𝑰𝑨, 

  (2.8) 

 
where n as in figure (2.5) the vector perpendicular to the surface S into V. The constant 𝐼𝐴 
represents the sound sources and can be a monopole point source, dipole or a plane incident 
wave. Because both p and G satify the Sommerfield’s Radiation condition, 𝐼𝐴 = 0 applies to 
all A when A goes to infinity. A is the diameter of a sphere (not shown in figure 2.5) which 
surrounds domain V. 

Figure 2.5 Sketch of a volume bounded by region S. With point Q at r, a source on surface S and receiver point P 
at 𝑟0 (Juhl, 1993). 

V 
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Equation (2.8) can be formulated into equation (2.9), if the surface impedances Z at surface S 
and the normal velocities v are known, 
 
 

𝟒𝝅∫𝒑𝜹(𝒓 − 𝒓𝟎) 𝒅𝑽 = ∫(𝒑
𝝏𝑮

𝝏𝒏
+ 𝒊𝒌𝒁𝒗𝑮)𝒅𝑺 

  (2.9) 

 
When point P and Q are the associated with r and 𝒓𝟎  equation (2.8) can be rewritten to 
equation (2.10). C(P) is the solid angle measured from sphere A, where A is the boundary of 
volume V. 
 

𝑪(𝑷)𝒑(𝑷) = ∫(𝒑(𝑸)
𝝏𝑮(𝑷,𝑸)

𝝏𝒏
+ 𝒊𝒌𝒁𝒗(𝑸)𝑮(𝑷,𝑸))𝒅𝑺. 

             (2.10) 

 

2.2.3 Boundary elements method and numerical integration 
To solve the Boundary Integral Equation (BIE) from equation (2.10), the BIE is discretized and 
written as linear equation (2.11). Algorithms rewrite equation (2.10) to matrix equation (2.11) 
 
 𝑪𝒑 = 𝑨𝒑 + 𝑩(−𝒊𝒌𝝆𝒄)𝒗,              (2.11) 

 
where A is the pressure matrix, B the velocity matrix on the surface and C the constants vector 
related to the solid angle measured from the surface of A (Ang, 2007) (Juhl, 1993) 
(Katsikadelis, 2002). Once the pressure and velocity on the surface is calculated, the process 
is repeated to calculate it for the chosen field points. This method is called the indirect BEM. 
 

2.3 FMM Fast Multipole method 
The Fast Multipole Method (FMM) was first introduced by Greengard (Greengard, 1988) and 
Rokhlin (Rokhlin, 1985) in the mid-1980s. The method was initially developed for electrostatic 
calculations, but was later used to solve all kinds of equations such as the Helmholtz equation. 
The mathematical method used, is to simplify and reduce the number of calculations and 
computer memory of the BEM equations. The method is one of the ten best algorithms from 
the 20st century (Haijun, Yijun, & Weikang, 2012). Where the BEM equations need O(N3) 
operations and a storage of O(N2) for a problem of N unknowns, the FMM only needs O(N) 
operations and O(N) storage.  
 

2.3.1 Method 
The main concept of FMM is to divide the sound field calculations into two parts. One part 
for the far sound field and one for the near sound field. The far sound field is defined as a field 
where the distance of the receiver is more than twice the wavelength away from the source. 
To compute the sound pressure in a point p in the far field, where the sound is directed from 
multiple sources q, each contribution of q has to be computed (figure 2.6a).  
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Figure 2.6 Left: Computation of the far-field for receiver points. Multiple calculations with BEM (above) and 
single calculations with FMM (below). Right: Corresponding hierarchical tree structure for BEM (above) and 

FMM (below). (Sakuma, Sakamoto, & Otsuru, 2014) 

Depending on the number of sources this would take much calculation time for multiple 
receiver points. The FMM uses a multipole expansion around a fictive center M (figure 2.6b) 
to obtain all contributions of sound sources q. The next step is to compute a single time the 
contribution of M to the center point L. For the receiver point L, the Taylor series expansion 
can be applied to compute p1, p2, etc. It can easily be observed that the number of operations 
is reduced from O(mn) to O(m+n). The expansions can be repeated depending on the required 
number of sources in the far field.  
 

2.3.2 Discretization 
The first step in FMM is to divide the geometry by making a mesh. Boundary S is divided into 
N line segments each containing a node numbered n. The nodes of the mesh on the boundary 
are shown in figure 2.7. The computational domain surrounding the boundary is divided into 
a grid with rectangles which are called cells. The size of both the mesh and cells depends on 
the accuracy aimed for. The grid contains the entire boundary, this is the lowest level l. The 
grid cells are called the parent cells. The second step is to aggregate the cells into a finer level 
of cells by dividing each cell into four child cells. If a predefined number of nodes is reached 
in each cell, the dividing stops at that level; see figure 2.7 for all steps. At the last level, the 
cell containing a node is called a leaf. With these levels a hierarchic tree structure as shown 
in figure 2.6 is created which is used to compute the sound pressure step by step. 
 

 

Figure 2.7 Different levels of divided cells. Where level 1 is the square around the entire boundary. Shown are 
the nodes on the meshed boundary and a grid to determine the amount of nodes per cell. (Gunda, 2008) 

q p 

p 

p 
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2.3.3 Multipole expansion of the sound source 
The second step is to combine the sound pressure levels of the different sources. For this a 
multipole expansion, also called moments, is used (figure 2.8). In this figure a part of the 2D 
surface boundary of figure 2.7 is shown along with the imaginary center point which 
represents collocation point zc in figure 2.9, which is the same a point M in figure 2.6. This 
collocation point is the center point of a grid cell at the lowest chosen level. 
 

  

Figure 2.8 First step in FMM, multipole expansion to center point for a part of a surface boundary. The center 
point is not located on the boundary (Wolf & Lele, 2012). 

Figure 2.9 shows the points of the FMM where the point zc is near to z and |z-zc|<<|z0-zc|. 
The sound pressure of the imaginary center point zc will be calculated for each node z in the 
cell as sound source using equation (2.12): 
 
 

𝑮(𝒛𝟎, 𝒛) =
𝒊

𝟒
∑𝑶𝒌(𝒛𝒐 − 𝒛𝒄)𝑰𝒌(𝒛 − 𝒛𝒄),

∞

𝒌=𝟎

 
  (2.12) 

 
 𝑶𝒌 = 𝒊𝒌𝑯𝒌

(𝟏)(𝒌𝒓)𝒆𝒊𝒌𝜽,   (2.13) 

 
 𝑰𝒌 = (−𝒊)𝒌𝑱𝒌(𝒌𝒓)𝒆

𝒊𝒌𝜽, 

 
  (2.14) 

where Hk is the Hankel function and Jk the Bessel function of the first kind. R and ϴ are the 
polar coordinates of vector Z which gives the direction and distance between a center location 
zo and a far field location z. 
The left part of boundary element integral (2.8) is replaced and the equation can be written 
as: 
 𝒊

𝟒
∑𝑶𝒌(𝒛𝒐 − 𝒛𝒄)𝑴𝒌(𝒛𝒄) = ∫(𝑮

𝝏𝒑

𝝏𝒏
− 𝒑

𝝏𝑮

𝝏𝒏
)𝒅𝑺 ,

∞

𝒌=𝟎

 
  (2.15) 

with: 
 

𝑴𝒌(𝒛𝒄) = ∫
𝝏𝒑

𝝏𝒏
𝑰𝒌(𝒛 − 𝒛𝒄) − 𝒑

𝝏𝑰𝒌(𝒛 − 𝒛𝒄)

𝝏𝒏
)𝒅𝑺

 

𝑺𝟎

, 
  (2.16) 

 
where 𝑀𝑘(𝑧𝑐) is the moment of 𝑧𝑐  and only has to be computed once (Liu & Nishimura, 
2006). 
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Figure 2.9 Points used in FMM. Both local ZL (source) and multiple collocation point Zc (receiver) from figure 2.6 
(Wolf & Lele, 2012). 

2.3.4 Burton-Miller 
The above solution for the multipole expansion is, however, not applicable for the ‘Forbidden 
frequencies’. These frequencies are created because of the standing waves within the 
modeled volume. To solve this problem there are several solutions proposed. Burton-Miller 
(Burton & Miller, 1972) has one of the best solutions because it is valid for any problem 
configuration. Formula 2.17 is the complex linear combination of formula 2.8 where 𝛼 is an 
imaginary number. 
 

𝑪(𝑷)𝒑(𝑷) + 𝜶𝑪(𝑷)
𝝏𝒑(𝑸)

𝝏𝒏𝒑
= ∫(𝑮(𝑷,𝑸)

𝝏𝒑(𝑸)

𝝏𝒏
− 𝒑(𝑸)

𝝏𝑮(𝑷,𝑸)

𝝏𝒏
)𝒅𝑺  

 

+ 𝜶∫(
𝝏𝒑(𝑸)

𝝏𝒏𝒑

𝝏𝑮(𝑷,𝑸)

𝝏𝒏𝒒
− 𝒑(𝑸)

𝝏𝟐𝑮(𝑷,𝑸)

𝝏𝒏𝒑𝝏𝒏𝒒
)𝒅𝑺. 

(2.17) 

 
Applying the Burton-Miller solution of formula 2.17 to the multipole expansion, equation 2.15 
can be written as 2.18: 
 
 

∫(
𝝏𝒑(𝑸)

𝝏𝒏𝒑

𝝏𝑮(𝑷,𝑸)

𝝏𝒏𝒒
− 𝒑(𝑸)

𝝏𝟐𝑮(𝑷,𝑸)

𝝏𝒏𝒑𝝏𝒏𝒒
)𝒅𝑺 =

𝒊

𝟒
∑

𝑶𝒌(𝒛𝒐 − 𝒛𝒄)

𝝏𝒏𝒑
𝑴𝒌(𝒛𝒄).

∞

𝒌=𝟎

 
(2.18) 
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Figure 2.10 Second step in FMM, multipole expansion of sound sources from local center points to center point 
(Wolf & Lele, 2012). 

 

2.3.5 Upward pass 
The upward pass is the second step in FMM, shown in figure 2.10. The collocation point zc is 
again translated to a new collocation point zc’ which is the center of a higher level cell. The 
surface integral of equation 2.16 is rewritten into equation 2.19. Equation (2.21) is called the 
Multipole to Multipole (M2M) translation and is used to calculate the pressure at zc’. 
 
 

𝑴𝒌(𝒛𝒄′) = ∫
𝝏𝒑

𝝏𝒏
𝑰𝒌(𝒛 − 𝒛𝒄′) − 𝒑

𝝏𝑰𝒌(𝒛 − 𝒛𝒄′)

𝝏𝒏
)𝒅𝑺

 

𝑺𝟎

 

= ∫
𝝏𝒑

𝝏𝒏
𝑰𝒌((𝒛 − 𝒛𝒄) + (𝒛𝒄 − 𝒛𝒄′)) − 𝒑

𝝏𝑰𝒌((𝒛 − 𝒛𝒄) + (𝒛𝒄 − 𝒛𝒄′))

𝝏𝒏
)𝒅𝑺.

 

𝑺𝟎

 

 
(2.19) 

 
Using formula 2.20 we obtain from equation 2.19 the multipole in 2.21.  
 
 

(𝒂 + 𝒃)𝒏 = ∑ (
𝒏

𝒎
)𝒂𝒎𝒃𝒏−𝒎

𝒏

𝒎−𝟎

, 
  (2.20) 

 
where 

(
𝒏

𝒎
) =

𝒏!

(𝒏 −𝒎)!𝒎!
= (

𝒏

𝒏 −𝒎
), 

   

 
 

𝑴𝒌(𝒛𝒄′) =∑𝑰𝒌−𝒍(𝒛𝒄 − 𝒛𝒄′)𝑴𝒍(𝒛𝒄)

𝒌

𝒍=𝟎

, 
  (2.21) 

 
with Ml(zc) the multipole of zc of equation 2.16. 
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Figure 2.11 Third and fourth step in FMM, Contribution of centers in far field to centers in near field and 

multipole expansion for receiver points from center point to local center points (Wolf & Lele, 2012). 

 

2.3.6 Downward pass 
Steps three and four in the process (figure 2.11) are the multipole to local (M2L) and local to 
local (L2L) (or downward pass) translations. Here the contributions of all the far field center 
points zc’ are combined to the center point zL’ nearby the receiver point zo (step 3 in figure 
2.11). Step four repeats step 3 by expanding the pressure contribution from point zL’ to point 
zL. The Taylor expansion of zo about point zL leads to equation 2.22 which applies to both step 
three and four: 
 

∫(𝑮
𝝏𝒑

𝝏𝒏
− 𝒑

𝝏𝑮

𝝏𝒏
)𝒅𝑺 =∑𝑳𝒍(𝒁𝑳)𝑰𝒍(𝒛𝒐 − 𝒛𝑳),

∞

𝒍=𝟎

 
  (2.22) 

 
with 
 

𝑳𝒍(𝒛𝑳) =
(−𝟏)𝒍

𝟐𝝅
∑𝑶𝒍+𝒌(𝒛𝑳 − 𝒛𝒄)𝑴𝒌(𝒛𝒄).

∞

𝒌=𝟎

 
  (2.23) 

 
The last step (figure 2.12) is the local expansion. Here the local center zL is translated back to 
the local point zo. Applying again the binomial formula 2.20 and the relation 
∑ ∑ =𝑙

𝑚=0
∞
𝑙=0 ∑ ∑  ∞

𝑙=𝑚
∞
𝑚=0 2.22 is obtained: 

 
 

∫(𝑮
𝝏𝒑

𝝏𝒏
− 𝒑

𝝏𝑮

𝝏𝒏
)𝒅𝑺 =∑𝑳𝒍(𝒛𝑳′)𝑰𝒍(𝒛𝒐 − 𝒛𝑳′),

∞

𝒍=𝟎

 
  (2.24) 

 
with 
 

𝑳𝒍(𝒛𝑳′) = ∑ 𝑰𝒎−𝒍(𝒛𝑳′ − 𝒛𝑳)𝑳𝒎(𝒛𝑳).

∞

𝒎=𝟏

 
  (2.25) 
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Figure 2.12 Fifth step in FMM, multipole expansion from center point to boundary points. (Wolf & Lele, 2012). 

 
These steps are repeated for each element of the far and near field. In the latter only direct 
computation is possible instead of the FMM. Figure 2.13 gives an overview of all the steps 
taken. 
After the pressure at the boundary is calculated, the pressure in the domain still has to be 
determined. This will be calculated with BEM only. The 3D formulation is similar to the 2D and 
will not be explained here because the method is the same and the other formulation has no 
influence on this research. 

 
Figure 2.13 Overview of steps in the FMM (Liu & Nishimura, 2006)  
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3 Research methodology and simulation setup 
 
To verify whether FMM can be used for scattering simulations, the commercial software 
FastBEM is used. Different receiver field heights of a standard benchmark simulation are 
tested and a comparison with another study is performed. All aspects are tested for at least 
the octave bands of 32 up to 1000 Hz. Where possible a higher upper frequency is used in 
order to determine scattering and diffusion coefficients for all interesting vocal frequencies 
(50 Hz - 4 kHz). The first part of this chapter explains how the benchmark is set up and how 
different settings for the receiver field are tested. The second paragraph describes how the 
verification with the benchmark will be done. FastBEM can solve both FMM and BEM, which 
are both used to compare the results with the benchmark results. Also different parameter 
settings for accuracy and speed of FastBEM are checked to see how much these parameters 
influence the results of the FMM simulation. Furthermore the change of the dimensions and 
rotation of the geometry is clarified. This variation of dimensions and rotation is to investigate 
the scattering effect of the object edges. The last paragraph is the explanation of the 
comparison of the scattering and diffusion coefficient with the results of (Brouns, 2015). Also 
in addition to the software used, the Matlab code written to determine the scattering and 
diffusion coefficients is introduced. This code is verified as well. Table 3.1 gives an overview 
of the different simulations and the geometries used which is explained in the next 
paragraphs. 
 

Table 3.1 Description of the different simulation scenarios and the used geometries. 

Nr. Name Description Geometry 

Verification of the receiver field (paragraph 3.2) 

A Far and near 
field 

Simulation of different heights of the receiver field. Benchmark 

B Analytical 
comparison 

Comparison between simulation and analytically 
calculated receiver field. 

Benchmark 

Verification of sound scattered sound pressure with Benchmark (paragraph 3.3) 

C FMM FMM simulation of a benchmark. Benchmark 

D FMM and 
BEM 

Both FMM and BEM are simulated with the same 
software. 

Benchmark  

E Tolerance Different kind of tolerances of the iteration solver for 
FMM. 

Benchmark  

F Exponent Different kind of precision for solving FMM. Benchmark  

G Rotation 90 degree rotation of the object to investigate reflection 
of the object sides. 

Benchmark  

H Thickness Different kind of heights of the object. Benchmark  

Scattering and diffusion coefficients (paragraph 3.4) 

I Verification Verification of the post processing script for the 
scattering coefficient. 

Scattering  

J Scattering Comparison with of scattering coefficient from other 
study. 

Scattering 

K Diffusion Comparison with of diffusion coefficient from other 
study. 

Diffusion 
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3.1 Setup of the benchmark model 
To use the FastBEM software and apply the FMM, the same validation case from the Working 
Group on Computational Method for Environmental Acoustics (Working Group on 
Computational Method for Environmental Acoustics , 2017) is chosen as the one used by the 
study of Brouns (Brouns, 2015). The benchmark (A0-5FA) consists of a rectangular plate with 
dimensions of 3.0 by 4.5 by 0.075 m. The group gives the data of 3 contributions which will 
be shown is this report as benchmark 1-3. The difference between these contributions is the 
method used (burton-miller, hypersingular and singular). 

 
Figure 3.1 Geometry and measurement setup of validation study (Working Group on Computational Method 

for Environmental Acoustics , 2017). 

3.1.1 Source and receiver points 
A sound source is situated at -10.6, 0, 10.6 m from the middle of the plate. The amplitude of 
the source is 1.0 m3/s2. To simulate the receiver field a hemisphere is created with a total of 
3240 receiver points and a 10-degree interval between the points in the azimuth direction 
(xy-plane). In the elevation there are 181 receiver points located on a half circle with a radius 
of 11.25 m and with a 1 degree interval. Figure 3.1 only shows the receiver points of the 
elevation (xz-plane) which is a section of the hemisphere. 
 

3.1.2 Frequency range 
In Brouns study only the octave bands of 31.5, 63, 125 and 250 Hz could be simulated. Because 
FMM is able to simulate higher frequencies, 500 Hz and 1000 Hz will be validated as well. All 
meshes are created with the open source program Gmsh (Geuzaine & Remacle, 2017). The 
mesh needs to be small enough, so that there can be five to ten measurement points per 
wavelength (Gumerov & Duraiswami, 2009). Hence for all the frequencies a model with a 
mesh of 29692 elements for the object will be used which corresponds with a mesh size of 
0.05 m and at least 6 elements per wavelength for a frequency of 1000 Hz. 
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3.2 Verification of the receiver field 
The position of the receiver field can be created with two different options in FastBEM. The 
program itself can create a receiver field in the shape of a hemisphere, rectangle, circle, open 
cube or cylinder. Because the benchmark uses a hemisphere this will be used here as well. 
The other option is to import a field via an import file. The import file is a text file with the 
position of the nodes (x,y,z) and the node numbers of a cell. A cell is a part of the field’s 
surface. The cell is quadrilateral hence it needs four nodes. In order to create a hemisphere 
with quadrilateral surfaces the top of the hemisphere is left out, because it is not possible to 
create a closed surface with quadrilaterals. FastBEM uses the order of the cells to determine 
the normal of each surface element. The normal must point outwards from the cell in order 
to calculate the pressure outside the surface. Figure 3.2 shows the field created and shown in 
FastBEM. To investigate the differences, two simulations will be performed: one field is 
created with FastBEM and the other field is imported into FastBEM and created with Matlab. 
Because the distance between the field and the object is important for the correct 
calculations, two simulations about the distance and direction of the sound reflection are 
described. Furthermore a simulation will be done with an analytical calculated field and 
simulation with a very small object to verify the results.  

 
Figure 3.2 Receiver field created with FastBEM. 

3.2.1 Basepoint coordinate system 
To compare different simulations and to extract the direct sound field from the FastBEM 
results, the coordinates of the receiver field need to be identical. When an object and field 
are imported into FastBEM the program automatically chooses a basepoint to insert the 
object. However, the position of the basepoint is based on dimensions of the object and will 
differ if the height of an object is changed. If subsequently a field is created with FastBEM the 
field has different coordinates. Furthermore the basepoint is changed when the program is 
left open and another input file is loaded. The original basepoint of the first simulation is 
saved as a reference point. Hence in order to compare simulations with the same basepoint 
it is essential to close the program and reopen it before loading a new input file.  
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3.2.2 Geometry of a receiver field created in FastBEM 
To create a geometry for a receiver field FastBEM gives two options. A mesh with receiver 
points can be imported in FastBEM or a geometry can be created by the program. Because 
the benchmark case uses a half spherical geometry such a field was created with FastBEM as 
well. These results were compared with the results from a geometry created in Matlab. A 
difference was found between the two fields. The difference is caused by the FastBEM field 
which is oval-shaped instead of spherical. The difference between the radius and the distance 
of the center and highest point of the ellipse converges to one with an increasing radius, see 
figure 3.3. So at a small radius the difference is much more significant as for a larger radius. 

Figure 3.3 Distance from basepoint to the top of a hemisphere created in FastBEM and Gmsh. Difference 
between radius approaches 1 at a larger radius. 

3.2.3 Far and near field (scenario A) 
Different simulations will be performed to investigate the scattering effect of the object in 
the near and the far field. These simulations will use the standard settings and object of the 
benchmark as described in chapter 3.1. The simulations have a difference in the distance of 
the field towards the object. The calculation of the lower frequency waves needs to be done 
at a sufficient distance from the surface of the object so the sound waves have the same 
direction. The distance of the benchmark (11.25 m) might not be enough and may cause 
differences for the intended frequencies. 

Table 3.2 Different field simulations.  

Scenario Receiver surface Height receivers points from objects 
center (m) 

A1 hemisphere 11.25 

A2 hemisphere 22.5 

A3 hemisphere 33.75 

A4 hemisphere 56.25 

A5 hemisphere 112.5 

A6 hemisphere 225.0 
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3.2.4 Analytical comparison (scenario B) 
Using the Green’s function (3.2) where r is the distance between the source and the receiver 
point, and k the wave number, the sound pressure of the direct field can be calculated 
analytically. Comparing the numerical results with the simulation shows if there are 
deviations in the software which creates the sound source. For the simulation in FastBEM, the 
standard receiver field created in Matlab will be used combined with a point source as 
described in paragraph 3.1. Because FastBEM needs an object, an object that is relatively 
small in size compared to the receiver field will be used. The difference between the sound 
pressures at each receiver point will be analyzed. 
 

𝑮(𝒙, 𝒚, 𝒛) =
𝟏

𝟒𝝅𝒓(𝒙, 𝒚, 𝒛)
𝒆𝒊𝒌𝒓(𝒙,𝒚,𝒛), 

 
r(𝒙, 𝒚, 𝒛) = 𝒙 ∙ 𝐬𝐢𝐧 𝜽 ∙ 𝐜𝐨𝐬𝝋 + 𝒚 ∙ 𝐬𝐢𝐧𝜽 ∙ 𝐬𝐢𝐧𝝋 + 𝒛 ∙ −𝐜𝐨𝐬 𝜽 
 

  (3.2) 

Where the azimuth is defined by the angle ϕ and θ for the elevation. 
 

3.3 Verification of scattered sound pressure with the benchmark model 
A total of six different types of simulations will be performed with the benchmark model. Each 
of these simulations verify a part of the FMM method. 
 

Standard settings (scenario C) 
The first one will be the basic simulation as described in paragraph 3.1. In FastBEM the 
standard parameter values will be used; these settings can be found in Appendix B. Scenarios 
E and F will variate these settings to see if there are any differences. The results will be 
compared with the benchmark results in order to check the outcome of the data with other 
simulation software. 
 

BEM (scenario D) 
The second simulation will compare the two simulation types, the BEM and FMM method to 
verify the differences for the benchmark case. The simulations will be done with FastBEM and 
the same settings. This simulation will be performed to give a global idea of the difference in 
simulation time and accuracy between BEM and FastBEM for the benchmark case. 
 

FastBEM settings (scenario E and F) 
The third simulation is to investigate the effect of different parameters for the FMM 
simulation. The order of multipole expansions (nexp) and error tolerance will be changed to 
analyze the effect on the output. 
The order p of the multipole expansion, related to maximum number of multipole expansions 
(see paragraph 2.3), will be tested for three values. In (Gumerov & Duraiswami, 2009) an 
empirical formula (3.1) is given to estimate the order. 
 
 𝒑 = 𝒌𝒂/ 𝟒, 𝒖𝒑 𝒕𝒐 𝒑 = 𝟐𝟒.   (3.1) 

Where k (m-1) is the wavenumber and a (m) the largest dimension of the computational 
domain. The higher the order the more accurate the model. Hence a p of 12 and 20 will be 
used because the highest wavenumber is 18.3 and the dimension 3 thus p should be around 
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14. The standard value in FastBEM of p is 6. The residue error tolerance, which is used as 
termination criteria, of the iterative solver is standard set to 10-4  by FastBEM. For more 
accurate results the user guide advises to use a lower tolerance. Especially in the case of a 
comparison with an analytical solution. Hence a number of 10-5 will be tested. However, 
(Gumerov & Duraiswami, 2009) conclude that most simulations have a higher residue error 
tolerance for a high frequency so also 10-3 and 10-2 will be tested. 
 

Differences in object (scenario G and H) 
The object used in the benchmark is a rectangle with a small height. Because the object height 
is relatively small compared to the length and width, there might be no significant sound 
scattering from the edges. To study the sound reflection effects from the edges of the object, 
a few simulations with smaller and larger heights of the object will be carried out. Also one 
simulation without sides thus just a surface will be performed. Furthermore the object will be 
rotated 90 degree over the azimuth to see the sound reflection effect of a longer instead of a 
higher side. The results of the direction and amplitude from the reflected sound will be 
compared with each other. The results will not be compared with the benchmark. 
 

Table 3.2 Heights of objects edges. 

Scenario  Height edges (cm) 

G1 1 

G2 7.5 (standard) 

G3 30 

G4 50 

  

H 7.5 (object rotated 90° in the azimuth) 

 

3.4 Scattering and diffusion coefficients 
To verify and calculate the scattering and diffusion coefficients, some of the work of (Brouns, 
2015) will be used for comparison. Formula 3.2 gives the scattering coefficient for each 
incidence condition (Vorländer & Mommertz, 1999). Where s is the scattering coefficient and 
depends on angles of incidence φ′, 𝜃′, p the sound pressure of the surface with an object and 
𝑝  without the object. 𝑝 ∗is the complex conjugate of 𝑝 . 
 
 

𝒔(𝛗′, 𝜽′) = 𝟏 −
|∑ 𝒑 ∗ 𝒑 ∗𝒏

𝒊=𝟏 |

∑ |𝒑|𝟐𝒏
𝒊=𝟏 ∗ ∑ |𝒑 |𝟐𝒏

𝒊=𝟏

 
  (3.2) 

 
The diffusion coefficient will be calculated according to the adapted method as described 
later in this paragraph. 
 

3.4.1 Model setup 
To calculate the scattering and diffusion coefficients a plane wave is used as sound source. 
The plane wave is directed in 25 different directions consisting of a combination from 
different angles in the elevation and azimuth direction. For the azimuth defined by the angle 
ϕ, and for the elevation defined by θ (figure 3.4). The angles of ϕ are 0°, 30°, 45°, 60° and 90°, 
and for θ it are 0°, 30°, 45°, 60° and 85°. These angles are used to give a first estimation of the 
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coefficients. If needed, more accurate coefficients can be obtained by using more angles. For 
this research the accuracy of 5 angles is enough because it only has to give a first impression 
and not values which are used in further calculations. 

Figure 3.4 Angles of incidences for the plane wave (Lee & Sakuma, 2014) 

The coefficients are calculated from a grid of receiver points which measure the sound 
pressure. The grid is based on a hemisphere. The points are divided over 10 circles with 36 
points each. The 10 circles are equally divided over the height of the sphere. In total this gives 
360 receiver points where the top of the sphere consist of 36 points on the same place. These 
points are left out in the coefficient calculation so that there are 324+1 (for the top) points. 
The receiver points are at a distance of 100 m so that they are in the far field. 
 

3.4.2 Verification post processing scattering coefficient (scenario I) 
Because FastBEM only gives as output the sound pressures, the coefficients are calculated in 
Matlab. This post processing step to determine the scattering coefficient, will be verified in 
two cases. The first case is to test if the scattering is zero, thus a full specular reflection. This 
can be shown by using a copy of the pressures from the model with only a reference object. 
This copy is used as a replacement for the pressures of a standard model like A1. In this case 
there has to be a full specular reflection as the pressures are identical and formula 2.1 is 
therefore zero. The other case is to let the scattering coefficient approach one. This can simply 
be proven by changing the directory of the specular reflection of the model compared to the 
specular direction of the reference model. Hence the pressure output of the model will be 
turned 30 degrees on the azimuth ϕ. This is done by shifting the reference output files. So the 
input of 0 degree will be calculated with a reference model of 30 degrees. Appendix A contains 
the Matlab script for this step. 
 

3.4.3 Verification scattering and diffusion coefficients 
To determine the effect of an object on a wall a parametric simulation is performed. This 
study uses the same objects of the work of (Brouns, 2015) to be able to compare the objects 
later. The objects are varied in size and position to match different objects and wall types 
from a real-world situation. Because this study focusses on high frequencies, these sizes of 
the objects are relevant for the diffusion of these frequencies, according to the theory of 
chapter 2 about diffusion. Table 3.3 gives an overview of the different objects which will be 
simulated in front of a wall of 8 wide by 4 m high, where object RO is the reference object. 
Objects A1 and A2 differ from the reference object in thickness. B1 and B2 differ in surface 
area. The surface area of B1 is equal to 25% of the wall surface area.  For B2 this is 77%. In 
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order to study the scattering coefficients for higher frequencies as well, the simulations will 
be performed from 32 up to 1000 Hz. 

 

Table 3.3 Sizes of simulations with different object sides.  

Object Width x (m) Height y (m) Thickness z (m) 

RO 2.0 1.0 0.1 

A1 2.0 1.0 0.5 

A2 2.0 1.0 1.0 

    

B1 4.0 2.0 0.1 

B2 7.0 3.5 0.1 

 
figure 3.10 Surface and object A2. 

Comparison of coefficients (scenario J and K) 
In order to verify the found results, the coefficients will be compared with the results of 
(Brouns, 2015). The comparison will be performed for the found results of the earlier 
described objects RO, A1, A2, B1 and B2. Because this report uses a wider frequency range 
which contains higher frequencies as well as the report of (Brouns, 2015), only the lower 
frequencies can be compared. In FastBEM the lower and upper frequency of the octave band 
which has to be calculated needs to be given. Hence the middle frequencies are calculated by 
the software and do not match exactly with the frequencies of Brouns. Therefore the results 
will be compared visually. This will be done for both the diffusion as well as the scattering 
coefficient. 
 

3.4.4 Adapted diffusion model 
For the diffusion coefficient the proposed adapted model of (Brouns, 2015) will be used. The 
model is created because the standard diffusion model and definition cannot be applied for 
this simulation. To simulate the diffusion coefficient of a surface with an object, an infinitely 
thin surface is needed. The adapted model of (Brouns, 2015) solves this problem. Figure 3.5 
shows the model with the possible second order diffracted wave paths. Instead of one source 
there is a mirrored source. Because the length of the wave path must have the same length 
as the case with an infinite wall, the object is twice as thick. 

Figure 3.5 Wave paths of an object on a wall (left) and the adapted model (right) (Brouns, 2015). 

3.4.5 Adapted diffusion coefficient formula 
Besides the changed model (Brouns, 2015), the equation used for the diffusion coefficient has 
changed as well. The reason for this change is that the receiver points of the model should be 
in the far field due to the direction of the sound waves. Because the model is using a method 
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to create an infinite thin surface, this will give an infinite large surface as well. With an infinite 
large surface the diffusion coefficient changes with the receiver distance, because the object 
will be smaller compared to the surface. The new equation (4.5) of (Brouns, 2015) uses the 
scattering equation, and modifies it into an equation which not only calculates the energy 
into the specular direction but into all directions.  
 
 

𝝉(𝛗′, 𝜽′, 𝛗′′, 𝜽′′) =
|∑ 𝒑 ∗ 𝒑 ∗𝒏

𝒊=𝟏 |

∑ |𝒑|𝟐𝑵
𝒎=𝟏 ∗ ∑ |𝒑 |𝟐𝑵

𝒎=𝟏

 
  (4.5) 

 
In formula 4.5 τ depends on the source angle of incidence (ϕ’,θ’) and on the angle of reflected 
energy (ϕ’’,θ’’). The pressure of p(ϕ’’,θ’’) will be calculated from the plane wave source for 
that angle. Equation 4.6 shows how the values of p(ϕ’’,θ’’) are computed.  
 
 �̂�(𝑹𝛗’’, 𝛉’’) = 𝒆−𝒊𝒌𝒌𝒊𝒎 , 

 
𝒌𝒊𝒎 = 𝒌𝒙 ∙ 𝒙 + 𝒌𝒚 ∙ 𝒚 + 𝒌𝒛 ∙ 𝒛, 

 
𝒌𝒙 = 𝐬𝐢𝐧𝛉’’ + 𝐜𝐨𝐬𝝋′′, 
𝒌𝒚 = 𝐬𝐢𝐧 𝛉’’ + 𝐬𝐢𝐧𝛗’’, 

𝒌𝒚 =𝐜𝐨𝐬 𝛉′′ 

 
 

  (4.6) 

With 𝜏  determined for every angle, the diffusion coefficient can be calculated with the 
standard diffusion formula (4.7). 
  
 

𝒅(𝛗′, 𝜽′) =
(∑ 𝝉𝒎)

𝒏
𝒊=𝟏

𝟐
− (∑ 𝝉𝒎)

𝒏
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𝟐

(𝒎 − 𝟏)(∑ 𝝉𝒎)
𝒏
𝒊=𝟏
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≈
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𝟐

𝒏∑ 𝝉𝒎)
𝒏
𝒊=𝟏
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(4.7) 

Because the adapted model does not use a reference surface the total amount of meshed 
elements is lower. Hence the simulation can now be used more easily for higher frequencies 
as well. Therefore the diffusion coefficient will be simulated for octave band frequencies from 
32 up to 4000 Hz.  
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4 Results 
 
The results consist of four parts. The first part is about the verification of the receiver field 
which is created in different ways, and with variable settings to study the scattering in the 
near and far field (scenarios A and B, table 3.1). In the second paragraph different types of 
simulations are compared with the benchmark, and a variation of parameter settings is 
shown, scenarios C until F. In the third paragraph different simulations (G and H) are shown 
with different heights of the object edges, and the rotation of the object is simulated in order 
to investigate the scattering effect of the object’s edges. The last paragraph shows the results 
and verification of the scattering and diffusion coefficients for different simulations and a 
comparison with other research, scenarios I, J and K. 
 

4.1 Receiver field 

4.1.1 Distance of the receiver field  
The distance from the object to the field is a variant of the benchmark which is simulated. The 
setup of the simulation is described in paragraph 3.1 and scenario A. 

Figure 4.1 Polar diagram of the sound pressure of receiver points at different distances, for octave bands of 
31.5 until 1000 Hz. 



25 
 

 
Lower frequencies have to be measured in the far field. The far field is where the particle 
velocity and the sound pressure are in phase for a certain frequency and thus the inverse 
square law applies to the pressure. To measure in the far field, the measurement distance 
needs to be further away from the source for lower frequencies as well as for higher 
frequencies, so that minimally the wave has the distance of one wavelength. Figure 4.1 shows 
the field varying between 11.25 and 225 m. For 31.5 till 1000 Hz the pressure decreases with 
the distance of the field. The direction of the pressure and thus the shape of the graph is equal 
for all distances. Hence there are no significant differences in the direction of the sound 
pressures for the near and far field. 
 

4.1.2 Analytical comparison of the receiver field 
Figure 4.2 shows the difference of an analytical calculated source in Matlab and the simulated 
sound pressure with FastBEM of the direct sound on the field. Because FastBEM needs an 
object to run the simulation, a relatively small object compared to the benchmark case 
described in chapter 3.1 and the receiver field is used. For the field point near to the source 
the deviation is higher; however, the deviation is still negligible because it is less than a 1 dB 
difference and not audible. 

Figure 4.2 Deviation in sound pressure for empty simulation and numeric calculation for octave frequency 
bands from 31.5 to 1008 Hz. 
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4.2 Benchmark simulations  
Figure 4.3 shows the results of the benchmark and the results for the 181 receiver points per 
octave band computed in FastBEM. The results of the simulations are shown as a section view 
(polar plot) through the xy-plane, see figure 3.1. 

Figure 4.3 Polar diagram of the direct and reflected sound pressure for octave bands of 31.5 until 4000 Hz for 
FMM and 3 results of 3 benchmark studies. Source strength of the point source is 1 m3/s2. The results of 

benchmark 1 are similar to benchmark 3 and therefore not visible. 

 
For the low frequencies 31.5 and 125 Hz the clear shape of the Lambert’s cosine law can be 
seen. The pressure levels are lower for all frequencies compared to the benchmark results. 
For the 31.5 Hz the difference at the top of the receiver field is around 1x10-4 Pa between  
benchmark 2 and the FMM simulation, this is 1.3 times larger which is 2.2 dB. From 250 Hz a 
clear reflection pattern occurs to 45 degree, which is the specular direction from the sound 
source. Furthermore a reflection lobe towards 120 degree occurs at 126 Hz, for the higher 
frequencies the number of these lobes increases with the frequency. The pressure of these 
lobes is lower for the results compared to the benchmark for the frequencies up to 1000 Hz. 
For 2000 and 4000 Hz some reflections into the direction of the source occur with higher 
pressures compared to the benchmark. 
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4.2.1 Simulation with BEM 
In order to verify the results of FMM another simulation is performed where only BEM is 
applied. This BEM simulation is ran in FastBEM as well. The same model as for the FMM is 
used with a mesh of 29.692 elements. The total calculation time for all frequencies of the 
FMM was 2.960 s and for the same model simulated with BEM 37.019 s. The results of the 
simulation are shown in figure 4.5 together with the results of the validation with FMM. The 
results of the BEM and FMM simulation are almost identical. For all frequencies the sound 
pressure of the BEM simulation is slightly lower (<1dB) as for the FMM simulation and 
therefore not visible in figure 4.4. 

Figure 4.4 Polar diagram of the sound pressure of standard validation with BEM and FMM, for octave bands of 
31.5 until 1000 Hz. 
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4.2.2 Simulation with different parameters settings 
FMM has a range of settings which can optimize the simulations, see scenarios E and F in 
chapter 3. The two most influential settings for the accuracy are tested. Different settings for 
the error tolerance of the iteration are shown in figure 4.5. For the frequencies 31.5, 63 and 
126 Hz a deviation of the pressure is visible for a tolerance of 10e-1. The pressures of the other 
tolerances are all the same for these frequencies. For the higher frequencies the different 
tolerances match completely. The tolerance setting also affects the solvability of the 
simulation. If the setting is too low (10e-6) the simulation is not solved for high frequencies. 
 

 

Figure 4.5 Polar diagram of the sound pressure of standard validation FMM and validation with different 
parameter settings. Frequencies shown are for octave bands between 31.5 and 1000 Hz. 

The other parameter is the order of the multipole expansion (figure 4.6). The simulation time 
is three times longer in the case of the exponent setting p=20 compared to the standard p=6 
setting. The tolerance did not a significant affect on the simulation time. For 31.5 Hz only the 
exponent setting p=20 gives a different results. The pressure at the top of the hemisphere has 
an average of 17 dB difference for the p=20 setting. For the other settings the difference is 
less than 1 dB. For all the higher frequencies the shapes and pressures are similar to each 
other. For the frequencies 504 and 1008 there are minor differences in the reflection lobes 
towards the source. These differences are in the order of less than 1 dB. 
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Figure 4.6 Polar diagram of the sound pressure of standard validation FMM and validation with different 
parameter settings. Frequencies shown are for octave bands between 31.5 and 1000 Hz. 
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4.3 Variations of objects geometry 

4.3.1 Simulation of a rotated object 
In order to investigate the reflection effects of the object edges, the object used in the 
benchmark is rotated by 90 degree on the z-axis of figure 3.1. Because the length of the edge 
(seen from the source point of view) decreases, the reflection should decrease as well. Figure 
4.7 shows the results of the rotated simulation and the standard settings (paragraph 3.1). For 
the low frequencies the pressures are similar. For 126 Hz a shift in the reflection to the right 
is visible but the shape is similar. For the higher frequencies the shape changes. An extra lobe 
is visible for 126 and 252 Hz. For 252 the direction of the reflection changes into the specular 
direction, the pressure is still similar to the FMM solution. For the simulation of 504 Hz the 
magnitude of the pressure is, in the peak of the specular reflection, around 40% higher as in 
the FMM simulation. This is the only frequency with such a difference in pressure compared 
to the other simulations. For 1008 Hz the pressure is again similar to the other frequencies, 
and the direction of the reflection is now changed towards the left compared to the other 
simulations. 

Figure 4.7 Polar diagram of the direct sound pressure of the standard benchmark model rotated for 90 degree, 
and the results of the original model. For octave bands of 31.5 until 1000 Hz.  
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4.3.2 Reflection for different object thicknesses 
The pressure of different heights of the benchmark object is shown in figure 4.8 (scenario G). 
There is a large difference between the different heights. For the low frequencies up to 126 
Hz the objects show a similar shape. However, the pressure varies. The thick object of 30 cm 
in height differs the most compared to the other simulations. From 252 Hz the shape changes 
and for 504 Hz a clear reflection towards the direction of the source is visible. For the 
frequencies 63, 126 and 252 the pressure of this thickness is the highest. For 31.5 and 504 Hz 
the pressure is the highest for the object with a thickness of 1 cm. In this figure there are no 
results shown for 1008 because there was no solution found by the iterative solver in 
FastBEM. 

Figure 4.8 Polar diagram of the sound pressure of standard validation, thick and thin object. For octave bands 
of 31.5 until 1000 Hz. 
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4.4 Scattering and diffusion coefficients 

4.4.1 Verification scattering coefficient 
To verify the found scattering coefficients (scenario I), the coefficient is calculated with a 
rotated reference object as defined in paragraph 3.4. Hence the scattering coefficient should 
be high because the soundwave reflects in another direction as the normal incidence. The 
normal incidence where θ and ϕ are zero should be an exception of this result. Because the 
plane wave is directed from right above, the scattering should not or minimally be affected 
by a rotation. In figure 4.9 the normal incidence of both ϴ and ϕ are zero is shown for all 
objects. All objects except A2 have a scattering coefficient value of almost zero. Object A2 has 
a coefficient of around 0.65 which does not comply with the expectation.  

Figure 4.9 Normal incidence scattering coefficients for objects A, B and R with a 30 degree (azimuth) shifted 
reference object for theta=0° and phi=0°. 

To show the scattering coefficient for all directions, the random incidence scattering 
coefficient is used. This is an averaged coefficient over all angles ϴ and ϕ. Figure 4.10 shows 
the coefficient for the different objects. Just like the normal incidence case, the reference 
object to determine the coefficient is rotated by one step. The coefficients of objects A1, B1, 
B2 and R  increase for 0.4 at 32 Hz to 0.8 for 126 Hz and higher. This is a logical result because 
lower frequencies are less influenced by the rotation of the object. Object A2 starts with a 
scattering coefficient of around 0.68 and follows the same pattern as the other objects. 



33 
 

 

Figure 4.10 Random incidence scattering coefficients for objects A, B and R with a 15 degree changed reference 
object. 

Another element in the verification of the found results is to calculate the scattering 
coefficient with both the reference object used as input for the pressure and the reference 
pressure in the scattering formula. Table 4.1 gives the results of the coefficients for all 
simulated frequencies for ϕ=0°. All results are zero or close to zero. The latter can be rounded 
to zero as well. Hence the post processing script is correct because the scattering coefficient 
should be zero. 
 

Table 4.1 Scattering coefficients of different angles and frequencies for only reference background without 
object. 

 
 
  

Phi Theta 32 63 126 252 504 1008

0 0 0 2,22E-16 0 -4,44E-16 0 0

0 30 0 0 0 0 0 0

0 45 0 0 0 1,11E-16 0 -4,44E-16

0 60 0 0 0 0 0 -4,44E-16

0 85 0 0 0 4,44E-16 0 0
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4.4.2 Comparison of scattering coefficients 
For five different objects (R, A1, A2, B1 and B2) the scattering coefficient is simulated 
(scenario J). Figure 4.11 shows the estimated random scattering coefficient. The values of R, 
A1, B1 and B2 are around 0.005, figure 4.12 shows a close-up of the exact values. Object A2 
shows a completely different result which is most likely an error caused by wrong settings in 
the software. 

Figure 4.11 Estimated random scattering coefficient for all objects. For octave bands of 31.5 until 1008 Hz. 

Figure 4.12 Estimated random scattering coefficient for all objects. For octave bands of 31.5 until 1008Hz. The 
scattering coefficient is only shown for 0 until 0.1. 
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To compare the results with the results from Brouns, figures 4.13 and 4.14 shows the same 
results as figure 4.11 in a matching format as the figures of Brouns. Object A2 is left out of the 
results because it gave non-realistic data in comparison to the other objects. Figure 4.13 (left) 
shows the scattering coefficient for an angle of incidence of ϴ=0° and ϕ=0°. For 32 and 126 
Hz the coefficient of A1 is respectively around 0.05 and 0.075. For B1, B2 (figure 4.14, left) 
and R the difference between the coefficients at 32 Hz up to a frequency of 252 Hz is minimal. 
At 126 Hz the coefficient of A1 is also almost equal to the other objects. The coefficient 
differences at 252 Hz for each object. The difference is in the order of 0.001. 

Figure 4.13 left: Scattering coefficient for objects A1 and A2 with a source at theta is zero and the average 
of phi. For octave bands of 31.5 until 504 Hz. Right: results of (Brouns, 2015). 

The results of (Brouns, 2015) show comparable values. The frequencies shown in the results 
and the work of Brouns differ slightly because FastBEM uses octave bands where only the 
upper and lower frequency can be chosen. Because the difference is only a few hertz the 
results are not significantly different. Furthermore only two frequencies can be compared due 
to these settings, which are 125 and 250 Hz. The values for A1 are lower than the results of 
Brouns. The difference is around 0.005 for 125 Hz and 0.002 at 250 Hz. For R, B1 and B2 the 
values are in the same order of magnitude as well. At both 125 and 250 Hz the differences 
are around 0.002. On a scale of zero to one these differences are negligible.  

Figure 4.14 left: Scattering coefficient for objects B1 and B2 with a source at theta is zero and the average 
of phi. For octave bands of 31.5 until 504 Hz. Right: results of (Brouns, 2015). 
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4.4.3 Comparison of diffusion coefficients 
The diffusion coefficient of objects A, B and R for a plane wave with an angle of ϴ=0° is shown 
in figure 4.15 (scenario K). Below 500 Hz all objects except B2 have nearly similar coefficients. 
The coefficients are around 0.3 at 32 Hz and drop to a minimum of 0.1 at 126 Hz. At higher 
frequencies the coefficients A1 and A2 increase to a maximum of 0.45 where R, B1 and B2 
have a peak at 500 Hz of 0.7. Compared to the values of (Brouns, 2015) in figure 4.16 the 
results of the simulation are mostly higher. At 125 Hz the found results are 0.1 lower and at 
250 Hz they are around 0.15 higher. The minimum is at 125 Hz and in the work of Brouns it is 
close to 250 Hz. 

Figure 4.15 Normal incidence diffusion coefficient for five different object for ϴ=0. Octave bands of 31.5 
until 4000 Hz. 

 

Figure 4.16 Normal incidence diffusion coefficient from results of (Brouns, 2015). 
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Figure 4.17 Estimated random incidence diffusion coefficient for five different object. For octave bands of 
31.5 until 4000 Hz. 

In figure 4.17 the estimated random incidence diffusion coefficients for all objects are 
displayed. For 125 and 252 Hz the results show an identical pattern where the results are 0.5 
higher than the results of Brouns (figure 4.18). At 504 Hz the coefficients spread with a 
maximum difference of 0.1 of each other. After 252 Hz all coefficient increase again up to a 
maximum of 0.45. 

Figure 4.18 Estimated random incidence diffusion coefficient from results of (Brouns, 2015). 
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5 Discussion 
To investigate if FMM can be used to determine scattering and diffusion coefficients for room 
objects several simulations have been performed. These simulations are to verify the 
software and method used. All steps to simulate the coefficients are validated by comparing 
the results with other research or other calculation methods. It must be borne in mind that 
all of the simulations have only been performed with one software program. Because FMM 
can be applied in several ways (Sakuma et al., 2004; Nishimura, 2006; Cheng et al., 2006; Wolf 
and Lele, 2012), other approaches might not work to determine scattering and diffusion 
coefficients. Furthermore the amount of the different room objects researched is limited due 
to the maximized research and software license time. Hence not all the objects proposed by 
(Brouns, 2015) could be simulated and compared. This also applies to the frequency range. 
This research shows all results in octave bands. Therefore the step size between each 
frequency is large, especially around the frequency where the object size is equal to the 
wavelength of that frequency. In the comparison with the work of Brouns, a similar use of 
frequencies would have increased the accuracy of the comparison.   
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6 Conclusions  
 
Scattering and diffusion can be simulated in various ways. Geometrical acoustic software can 
use these coefficients to determine the sound reflection of a wall. Most of these programs 
tend to simplify the reflections in details of areas of a room wall in order to reduce the 
simulation time. However, these details can be important in rooms where there is not much 
absorption. Because the simulation of scattering and diffusion coefficients is time-consuming, 
it is important to find methods to speed up these calculations where possible. The Fast 
Multipole Method is a mathematical method to accelerate the matrix-vector multiplications 
of a BEM simulation, which reduces the simulation time. Hence this report gives an answer to 
the following research question. 
 
Is the Fast Multipole Method applicable for scattering simulations of room objects for high 
frequencies? 
 
It is possible to simulate scattering of a wall applying FMM. However, for high frequencies 
when using standard computational power, the calculation time can turn into days for the 
size of the chosen objects. This limitation is larger for the scattering coefficient as for the 
diffusion coefficient, because in the latter the wall does not have to be simulated and so the 
number of elements can be kept limited.  
For the simulations in this report the commercial software FastBEM is used. Because the 
software gives the option to import or create a receiver field, both options are tested.  

 The option of creating a field with FastBEM did not work correctly. The field shapes like 
an ellipse instead of a hemisphere. Hence the receiver field is imported and created in 
Matlab for all simulations.  

 The difference between the distances of the receiver field is simulated to investigate the 
effects of reflection in the near and far field for a FMM simulation. There are no significant 
differences found between the near and far field. 

 
To validate the FastBEM output data a standard benchmark from the working group on 
computational methods for environmental acoustics for scattering problems is used. The 
results of the simulations from this report are in line with the results of the benchmark. For 
each frequency, the shape of the direction of the sound pressure matches the shape of the 
benchmark results. Only the pressure is lower (less than 1 dB) for each frequency. Most likely 
this is caused by a difference in the input settings of FastBEM, however this error could not 
be resolved. In the simulations with different settings only the lower frequencies of 32 and 
64 Hz are affected by changes in the settings. On the other hand, the duration and solvability 
of the simulations depend on the settings to a high degree. FastBEM was not able to solve all 
simulations, especially the ones with higher frequencies. It cannot be predicted in advance if 
the simulation will be successful. This is why the process of finding the correct settings is time-
consuming, because it takes time to first run a simulation and when it does not succeed, to 
perform the simulation all over again with different settings.  
 
To investigate the scattering effects from the edges of objects, simulations with different 
dimensions and rotation are performed. The results show a clearly visible change in pressure 
and shape of the sound reflection. This indicates that a change in these settings can influence 
the scattering and diffusions coefficients. 
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The verification of the scattering coefficient shows logical values. For a shift in the azimuth 
the values should be around one because the reflection is no longer specularly directed. The 
only expectation is for an incidence from above because the shift has no influence here, so 
the results are almost zero, which is as expected. However, one of the objects gives a different 
result for the incidence directed from above. Most likely the results are mixed up or the 
settings for this object were not correct. The verification with the same object as input for the 
pressure and the reference pressure also yields the expected results. The scattering 
coefficient should be zero, which it is. This means the Matlab script to post process the 
FastBEM output is correct. 
 
In the comparison with the results of Brouns, the main development of the scattering 
coefficient is similar. For all objects, the coefficient is around zero. Only the value at 1000 Hz 
of object A1 is an exception. For the diffusion coefficient are more differences occur. For the 
normal incidence the coefficient values develop in the same way; however, the minimum is 
at a higher frequency. The estimated random incidence is equal for all values of 0.1 and 
higher, as are the results of Brouns. The results of this research are more logical since there 
should be more diffusion at higher frequencies, because the wavelengths corresponding with 
these frequencies match the dimensions of the objects used. 
All verifications show similar or expected results for the simulation where FMM is used. For 
the scattering and diffusion coefficients the results are similar to the results of Brouns, 
however the results are not as expected for the scattering coefficient. The coefficient was 
expected to be higher because the room objects have a similar size as the wavelength for 
frequencies of the human voice. Furthermore for frequencies beyond 1000 Hz the number of 
elements which is needed for the simulation increases. Hence even with FMM the simulation 
time becomes days with a standard PC, hence it becomes inefficient to conduct rapid 
calculations of the coefficients. This applies more to the scattering coefficient because for this 
coefficient more elements are needed. The diffusion coefficient can be simulated for 
frequencies up to 4000 Hz which is the upper frequency of the human voice. FMM increases 
the calculation speed of scattering simulations, however for the simulation of room objects 
the required computational power is still high. 

 

6.1 Recommendations 
 
It will be necessary to further investigate the FMM for high frequency acoustic scattering and 
diffusion. In this research only a few room objects could be simulated. Appendix C shows a 
proposal for a greater variety of objects. With this the effect of an object in a room can be 
determined on the basis of parameters like reverberation time. Also a more complete 
comparison with the work of Brouns can be made to further verify the results obtained with 
FastBEM. In addition to that, different software like the software from the Barba group (Barba 
& Yokota, 2011) that applies to FMM could be used to see if there are different results for 
scattering and diffusion.  
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8 Appendices 
 

8.1 Appendix A: Matlab code 

8.1.1 Creation of FastBEM import file 
 

function GMESH2FastBEM_vectorscript(fname_nast,fname_BEM) 

  
%-------------------------------------------------------------------------- 
%21-11-2016 added repeat write files for different vectors from file 
%incident_plane_wave.m 

  
%Which header to use ? 
 head    = 'Std_Headernew.txt';     %plane wave in -x - direction 
%head    = 'Std_Header2.txt';     %point source 
%head    = 'Std_Header3.txt';    %no source (radiation) 
head2    = 'Std_fmm.txt';     %settings fastbem 
%Mapping of PID to BC (BC 1 = pressure, 2 = velocity, 3 = impedance) 
%PID2 is reserved for the field grid 
pid_bound(1) = 2;        
pid_bound(3) = 1; 
pid_bound(4) = 3; 
pid_bound(5) = 2; 

  
def_bound(1) = (0+0i);   %boundary condition for PID1 (hard) 
def_bound(3) = (0+0i);   %boundary condition for PID3 (soft) 
def_bound(4) = (5-7i);   %boundary condition for PID4 (impedance) 
def_bound(5) = (1);      %boundary condition for PID5 (source) 

  
%-------------------------------------------------------------------------- 

  
def_bound(4) = conj(def_bound(4))*343*1.2; 

  
pads    = '         ! Nos. of Boundary Elements/Nodes and Field 

Points/Cells'; 

  
title1  = ' $ Elements and Boundary Conditions:'; 
title2  = ' $ Field Points'; 
title3  = ' $ Field Cells'; 
title4  = ' $ End of the File'; 

  
%open mesh file and choose save location 
if nargin < 2 
    [FileName,PathName] = uigetfile('Model.msh','Choose GMSH file'); 
    if FileName == 0 
        return 
    end 
    fname_nast = [PathName FileName]; 

     
    if not(exist([PathName 'input.dat'],'file')) 
        fname_BEM  = [PathName 'input.dat']; 
    else 
    [FileName,PathName] = uiputfile([PathName 'input.dat'],'Choose FastBEM 

file to write'); 
    if FileName == 0 
        return 
    end 
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    fname_BEM  = [PathName FileName]; 
    end 
end 

  
[kk]=incident_plane_wave(); %load direction vector plane wave 
fname_BEM=fname_BEM(1:end-9); 

  
%create one .bat to start all input files  
Filenamenew3=strcat(PathName,'\startfastbem.bat'); 
fid5    = fopen(Filenamenew3,'w'); 
fprintf(fid5,'%s\n','echo off'); 

  
for c=1:length(kk) %repeat write files for different vectors 
    newfolder=strcat(FileName(1:end-4),sprintf('_%d_%d',kk(1,c),kk(2,c))); 
    Filenamenew=strcat(PathName,newfolder,'\input.dat'); 
    Filenamenew2=strcat(PathName,newfolder,'\input.fmm'); 

     

     
    mkdir(PathName,newfolder);     
 tic 
[Nlist,Elist_tmp,NFlist,EFlist,boundc_tmp] = 

Copy_of_Read_GMSH_ASCII(fname_nast,0); %read mesh file 
[elem2, nodes]=polarscript(); %load receiver field 

  
%if structure is of QUADs, split them into TRIA 
if size(Elist_tmp,2) == 5 
    Elist = zeros(size(Elist_tmp,1)*2,4); 
    boundc= zeros(size(boundc_tmp,1)*2,1); 
    for in=1:size(Elist_tmp,1) 
        Elist(2*in-1,:) = Elist_tmp(in,1:end-1); 
        Elist(2*in,:)   = [Elist_tmp(in,1:2), Elist_tmp(in,end-1:end)]; 
    end 
    boundc(1:2:end) = boundc_tmp; boundc(2:2:end) = boundc_tmp; 
    Elist(:,1)      = 1:size(Elist,1); 
else 
   Elist    = Elist_tmp;  
   boundc   = boundc_tmp; 
end 
clear Elist_tmp boundc_tmp 

  
fid     = fopen(Filenamenew,'w'); 
fid2    = fopen(head,'r'); 

  
%Transfer standard header 
for in=1:3 
    ln = fgets(fid2); 
    fprintf(fid,'%s',ln); 
end 
fprintf(fid,'%s',Dec2Str(size(Elist,1))); 
fprintf(fid,'%s',Dec2Str(size(Nlist,1))); 
fprintf(fid,'%s',Dec2Str(size(nodes,1))); 
fprintf(fid,'%s',Dec2Str(size(elem2,1))); 
fprintf(fid,'%s\n',pads); 

  
disp([Dec2Str(size(Elist,1)) ' structural elements written']); 
disp([Dec2Str(size(nodes,1)) ' field elements written']); 

  
ln = fgets(fid2); 
fprintf(fid,'%s',ln); 
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pads2    = ' (1., 0.)    '; 
fprintf(fid,'%s',pads2); 
%direction of vector 
pads3    = '      ! Complex amplitude and direction vector of the plane 

wave(s)'; 
fprintf(fid,'%s',num2str(kk(3,c)),'    '); 
fprintf(fid,'%s',num2str(kk(4,c)),'    '); 
fprintf(fid,'%s',num2str(kk(5,c))); 
fprintf(fid,'%s\n',pads3); 

  
% %adapted model 
% pads2    = ' (1., 0.)    '; 
% fprintf(fid,'%s',pads2); 
% %direction of mirrored vector 
% pads3    = '      ! Complex amplitude and direction vector of the plane 

wave(s)'; 
% fprintf(fid,'%s',num2str(kk(3,c)),'    '); 
% fprintf(fid,'%s',num2str(kk(4,c)),'    '); 
% fprintf(fid,'%s',num2str(-kk(5,c)));    %mirrored source in z axis 
% fprintf(fid,'%s\n',pads3); 

  
while not(feof(fid2)) 
    ln = fgets(fid2); 
    fprintf(fid,'%s',ln); 
end 
fprintf(fid,'\n'); 
fclose(fid2); 

  
%Write nodelist for structure 
fprintf(fid,'%d %e %e %e\n',Nlist'); 

  
%Write structural elements 
fprintf(fid,'%s\n',title1); 
temp=Elist(:,3); 
Elist(:,3)=Elist(:,4); 
Elist(:,4)=temp; 
Elist2 = zeros(size(Elist,1),7,'single'); 

  
Elist2(:,1:4) = Elist; 
clear Elist 

  
%set boundary conditions 
Elist2(:,5)     = pid_bound(boundc); 
Elist2(:,6)     = real(def_bound(boundc)); 
Elist2(:,7)     = real(def_bound(boundc)); 

  
fprintf(fid,'%d %d %d %d %d (%e,%e)\n',Elist2'); 

  
%Write field nodes 
fprintf(fid,'%s\n',title2); 

  
fprintf(fid,'%d %e %e %e\n',nodes'); 

  
%Write field elements 
fprintf(fid,'%s\n',title3); 

  
fprintf(fid,'%d %d %d %d %d\n',elem2'); 
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fprintf(fid,'%s\n',title4); 
fclose(fid); 

  
%create fmm in each folder 
fid3    = fopen(Filenamenew2,'w'); 
fid4    = fopen(head2,'r'); 

  
%Transfer standard header 
for in=1:31 
    ln = fgets(fid4); 
    fprintf(fid3,'%s',ln); 
end     
fclose(fid4); 
fclose(fid3); 

  
pathname2=strcat('echo "',PathName,newfolder,'\"| "C:\Program 

Files\FastBEM\FastBEM Acoustics\FastBEM_Acoustics.exe"'); 
fprintf(fid5,'%s\n',pathname2); 

  
end 
fprintf(fid5,'%s\n','pause'); 
fclose(fid5); 
return 

  

  
function st = Dec2Str(x) 

  
st      = '       '; 
tmp     = num2str(x,'%d'); 
st(end-length(tmp)+1:end) = tmp; 

  
return 

 

8.1.2 Reading of FastBEM output file 
 

%Reads a FastBEM input and output file and returns the results for boundary 

and field 
%Input:     fname_in    = filename input file (input.dat) 
%           fname_out   = filename output file (output_result.dat) 
%           do_plot, 0 = no plotting, 1 = patch 
%           plot_typ, 1 = pressure, 2 = SPL, 3 = velocity (magnitudes) 
%Output:    Eresults    = results for structure elements 
%           NFresults   = results for field nodes 
%           freq_vec    = list of frequencies 

  

  
%works only when opening startfile in folder 'RO'(name) '_0' angle '_0' 

second angle 

  
%open FastBEM file and choose save location 
if nargin < 4 
    do_plot     = 0; 
    plot_typ    = 1; 
end 
if nargin < 2 
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    [FileName,PathName] = uigetfile('input.dat','Choose FastBEM input 

file'); 
    objectname=PathName(1:end-5); 
    if FileName == 0 
        return  
    end 
    fname_in   = [PathName FileName]; 
    if exist([PathName 'output_result.dat'],'file') 
        fname_out  = [PathName 'output_result.dat']; 
    else 
        [FileName,PathName] = uigetfile([PathName 

'output_result.dat'],'Choose FastBEM results file'); 
        if FileName == 0 
            return 
        end 
        fname_out  = [PathName FileName]; 
    end 
end 

  
[kk]=incident_plane_wave(); %load direction vector plane wave 

  

  
%% works only when opening  startfile in folder 'RO'(name) '_0' angle '_0' 

second angle 

  

  
for c=1:length(kk) %repeat write files for different vectors 

  

  
        

Filenamenew=strcat(objectname,sprintf('_%d_%d',kk(1,c),kk(2,c)),'\input.dat

'); 
        

Fileoutnamenew=strcat(objectname,sprintf('_%d_%d',kk(1,c),kk(2,c)),'\output

_result.dat'); 

  
    [Nlist,Elist,NFlist,EFlist] = Read_FastBEM_Input(Filenamenew,0); %read 

FastBEM file 

  
    fid     = fopen(Fileoutnamenew,'r'); 

  
    freq_in     = 1; 
    reach_end   = 0; 
    ln          = zeros(1,8); 

  
    while not(reach_end <feof(fid)) 

  
        %parse current frequency 
        while not(strcmp(ln(1:6),'  Freq')|feof(fid)) 
            ln = fgetl(fid); 
            if length(ln) < 8; ln = zeros(1,8); end 
        end 
          freq_vec(freq_in) = str2num(ln(24:34)); 

  
        %move to element list 
        ln      = zeros(1,8); 
        while not(strcmp(ln(1:8),' Element')|feof(fid)) 
            ln = fgetl(fid); 
            if length(ln) < 8; ln = zeros(1,8); end 



48 
 

        end 

  
        %read element results list (structure) 
        Eresults(:,:,freq_in) = fscanf(fid,'%d %*c %e %*c %e %*c %e %*c %e 

%*c %e %*c %*e',[6 size(Elist,1)])'; 

  
        %move to field nodes list 
        ln      = zeros(1,8); 
        while not(strcmp(ln(1:8),'   Point')|feof(fid)) 
            ln = fgetl(fid); 
            if length(ln) < 8; ln = zeros(1,8); end 
        end 

  
        %read nodes results list (field) 
        %NFresults(:,:,freq_in) = fscanf(fid,'%d %*c %e %*c %e %*c %e %*c 
        %%e %*c %e %*c %*e %*c %e %*c %e %*c %*c %e %*c %e %*c',[10 

size(NFlist,1)])'; %new output version fastbem version 5.0 
        NFresults(:,:,freq_in) = fscanf(fid,'%d %*c %e %*c %e %*c %e %*c %e 

%*c %e %*c %*e',[6 size(NFlist,1)])'; 

         
        %write nodes (field) 
            pressure=NFresults(:,1:3,freq_in); 
%             pressurescat=NFresults(:,[1 7 8],freq_in); %version 5.0 

fastbem output scattering 

        
    %coordinates x,y,z in matrix x,y,z,phi,theta  
    %add angles 
    [elem2, nodes, h, th]=polarscript(); %load receiver field 

     
    %add coordinates 
    FPO=NFlist(:,2:4); 
            %0:90 xz plane hemisphere 
        j=1; 
        for i=sort(1:h,'descend') 

  
            FPO(j:j+(th-1),4)=10*(i-1); 
            j=j+th; 
        end 
            %0:350 xy plane hemisphere 
        k=1; 
        for l=1:h 
            for i=1:th 

  
                FPO(k,5)=10*(i-1); 
                k=k+1; 
            end 
        end 
        clear i j k 

  
        pressure(:,3)=pressure(:,3)*1i; 
        FPO(:,6)=pressure(:,2)+pressure(:,3); %create one imaginairy 

pressure vector 

  
        tekst=strcat(PathName(end-12:end-

11),num2str(round(freq_vec(freq_in))),sprintf('_%d_%d',kk(1,c),kk(2,c)),'.m

at'); 
        save(tekst,'FPO'); 

  
%         %save scattering pressure calculated in FastBEM 
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%         pressurescat(:,3)=pressurescat(:,3)*1i; 
%         FPO(:,6)=pressurescat(:,2)+pressurescat(:,3); 
%         tekst2=strcat(PathName(end-12:end-

11),num2str(round(freq_vec(freq_in))),sprintf('_%d_%d',kk(1,c),kk(2,c)),'_s

.mat'); 
%         save(tekst2,'FPO'); 

  
        freq_in = freq_in + 1; 

  
        %do we have another frequency? 
        ln  = zeros(1,8); 
        while not(strcmp(ln(1:8),'  Freq. ')|feof(fid)) 
            ln = fgetl(fid); 
            if length(ln) < 8; ln = zeros(1,8); end 
        end        
     end 

  
    fclose(fid); 
end 

  
if nargout == 0 
     clear all 
end 

 

 

Incident plane wave file 
 

%% INCIDENT PLANE WAVE 
function [kk]=incident_plane_wave() 
clear all 
i_phi=[0 30 45 60 90]; % Angles of incidence xy-plane 
i_theta=[0 30 45 60 85]; % Angles of incidence xz-plane 

  
theta=0; 
phi=0; 
for pp=1:length(i_phi); 
    phi=phi+1; 

     
    for tt=1:length(i_theta); 
 theta=theta+1; 
        i_thetar=i_theta(tt)*(pi/180); % Angle of incidence theta(xz-plane) 

[rad] 
        i_phir=i_phi(pp)*(pi/180); % Angle of incidence phi (xy-plane)[rad]  
htheta(1,theta)=i_theta(tt); 
hphi(1,theta)=i_phi(pp); 
        kx(1,theta)=sin(i_thetar)*cos(i_phir); % x component of k 
        ky(1,theta)=sin(i_thetar)*sin(i_phir); % y component of k 
        kz(1,theta)=cos(i_thetar); % z component of k 

  
    end 
end 
kk=[hphi;htheta;kx;ky;kz]; 

  
%plot3(kx,ky,kz) 
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Read FastBEM Input file 
 

function [Nlist,Elist,NFlist,EFlist] = Read_FastBEM_Input(fname,do_plot) 
%function [Nlist,Elist,NFlist,EFlist] = Read_FastBEM_Input(fname,do_plot) 
%Reads a FastBEM input file and returns the node and element lists 
%Input:     fname = filename 
%           do_plot, 0 = no plotting, 1 = patch 
%           Color coding: green = pressure, blue = velocity, yellow = 

impedance 
%Output:    Nlist   = node list (structure) 
%           Elist   = element list (structure) 
%           NFlist  = node list (field) 
%           EFlist  = element list (field) 

  
plot_norm   = 0; 

  
if nargin == 0 
    [FileName,PathName] = uigetfile('input.dat','Choose FastBEM input 

file'); 
    if FileName == 0 
        return 
    end 
    fname   = [PathName FileName]; 
    do_plot = 1; 
elseif nargin == 1 
    do_plot = 0; 
end 

  
fid     = fopen(fname,'r'); 

  
%get node and lement counts 
for in=1:4 
    ln  = fgetl(fid); 
end 
tmp         = sscanf(ln,'%d'); 
E_count     = tmp(1);   %Number of boundary elements 
N_count     = tmp(2);   %Bondary nodes 
NF_count    = tmp(3);   %Field nodes 
EF_count    = tmp(4);   %Field cells 

  
%skip header 
ln      = zeros(1,6); 
while not(strcmp(ln(1:6),' $ Nod')|feof(fid)) 
    ln = fgetl(fid); 
end 

  
Nlist   = fscanf(fid,'%e',[4 N_count])'; 

  
%read element list (structure) 
ln      = fgetl(fid); ln  = fgetl(fid); 
Elist   = fscanf(fid,'%d %d %d %d %d %*c %*f %*c %*f %*c',[5 E_count])'; 

  
ln       = fgetl(fid); ln       = fgetl(fid); 
NFlist   = fscanf(fid,'%f',[4 NF_count])'; 

  
%read element list (field) 
ln      = fgetl(fid); ln  = fgetl(fid); 
EFlist  = fscanf(fid,'%d',[5 EF_count])'; 
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fclose(fid); 

  
Col_vec = ['g','b','y']; 
Col_vec2= [[0 1 0]',[0 0 1]',[1 1 0]',[1 0 1]']; 

  
if do_plot == 1 
    %draw patches (structure) 
    figure 
    corners = size(Elist,2)-2; 
    if plot_norm 
        mid_x = zeros(size(Elist,1),1); 
        mid_y = mid_x; 
        mid_z = mid_x; 
        n_vec = zeros(size(Elist,1),3); 
        for in=1:size(Elist,1) 
            in2 = 1:corners; 
            N   = Elist(in,in2+1); 
            X   = Nlist(N,2); 
            Y   = Nlist(N,3); 
            Z   = Nlist(N,4); 
            mid_x(in)  = mean(X); mid_y(in) = mean(Y); mid_z(in) = mean(Z); 
            c_vec1 = [X(2)-X(1) Y(2)-Y(1) Z(2)-Z(1)]; 
            c_vec2 = [X(3)-X(1) Y(3)-Y(1) Z(3)-Z(1)]; 
            n_vec2 = cross(c_vec1,c_vec2); 
            n_vec(in,:)  = n_vec2/norm(n_vec2)/10; 
        end 
        

quiver3(mid_x,mid_y,mid_z,n_vec(:,1),n_vec(:,2),n_vec(:,3),'Color','k'); 

hold on; 
    end 

     
    X       = zeros(corners,size(Elist,1),'single'); 
    Y       = zeros(corners,size(Elist,1),'single'); 
    Z       = zeros(corners,size(Elist,1),'single'); 
    Col     = zeros(size(Elist,1),3); 
    for in=1:size(Elist,1) 
        in2       = 1:corners; 
        Col(in,:) = Col_vec2(:,Elist(in,end)); 
        N         = Elist(in,in2+1); 
        X(:,in)   = Nlist(N,2); 
        Y(:,in)   = Nlist(N,3); 
        Z(:,in)   = Nlist(N,4); 
    end 
%      p = patch(X,Y,Z,'b','FaceAlpha',0.2,'EdgeColor','k'); hold on 
%      set(p,'FaceColor','flat','FaceVertexCData',Col); 

     
    drawnow 
    %draw patches (field) 
    corners = size(EFlist,2)-1; 
    X       = zeros(corners,size(EFlist,1),'single'); 
    Y       = zeros(corners,size(EFlist,1),'single'); 
    Z       = zeros(corners,size(EFlist,1),'single'); 
    for in=1:size(EFlist,1) 
        in2=1:corners; 
        N         = EFlist(in,in2+1); 
        X(:,in)   = NFlist(N,2); 
        Y(:,in)   = NFlist(N,3); 
        Z(:,in)   = NFlist(N,4); 
    end 
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    patch(X,Y,Z,'r', 'FaceAlpha',0.5,'EdgeColor','k'); hold on 
    drawnow 
    hold off 
    view(3) 
    axis equal 
    xlabel('X'); ylabel('Y'); zlabel('Z'); 
%     for k=1:500 
%     text(NFlist(k,2),NFlist(k,3),NFlist(k,4),num2str(k)) 
%     end 
end 

  
if nargout == 0 
    clear all 
end 

 

8.1.3 Scattering coefficient 
%% LOAD DATA 
clear all 
close all 
%  
addpath('..\Scripts\input data\field 8m\RO'); 
addpath('..\Scripts\input data\field 8m\RS'); 
addpath('..\Scripts\input data\field 8m\A1'); 
addpath('..\Scripts\input data\field 8m\A2'); 
addpath('..\Scripts\input data\field 8m\B1'); 
addpath('..\Scripts\input data\field 8m\B2'); 

 
g=['A1' 'A2' 'B1' 'B2' 'RO'];  
f=[32 63 126 252 504 1008];  
phi_i=[00 30 45 60 90];  
theta_i=[00 30 45 60 85]; 
r=8; %distance reciever field 

  
%load input data 
for gg=1:2:length(g)  
    for ff=1:length(f)  
        for pp=1:length(phi_i)  
            for tt=1:length(theta_i)  
                eval(['load 

',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),'_',num2str(phi_i(pp)),'_'

,num2str(theta_i(tt)),'.mat',' FPO;']);              
                FPO(FPO(:,4)==0&FPO(:,5)~=0,:)=[]; 
                FPO(:,4)=round(FPO(:,4)); 
                FPO(:,5)=round(FPO(:,5)); 
                eval([num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)), 

'_',num2str(phi_i(pp)),'_',num2str(theta_i(tt)),'=FPO;']); 
                clear FPO 
            end 
        end 
    end 
end 
clear gg ff pp tt 

  
g=['RS']; 
%load input data 
for gg=1:2:length(g) 
    for ff=1:length(f)  
        for pp=1:length(phi_i)  
            for tt=1:length(theta_i)  
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                eval(['load 

',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),'_',num2str(phi_i(pp)),'_'

,num2str(theta_i(tt)),'.mat',' FPO;']);             
                FPO(FPO(:,4)==0&FPO(:,5)~=0,:)=[]; 
                FPO(:,4)=round(FPO(:,4)); 
                FPO(:,5)=round(FPO(:,5)); 
                eval([num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)), 

'_',num2str(phi_i(pp)),'_',num2str(theta_i(tt)),'=FPO;']); 
                clear FPO 
            end 
        end 
    end 
end 
clear gg ff pp tt 
 

%%  SCATTERING COEFFICIENT 
g=['A1' 'A2' 'B1' 'B2' 'RO' 'RS'];  

  
for gg=1:2:length(g)  
    a=0; 
    for tt=1:length(theta_i) 
        for pp=1:length(phi_i)  
            a = a+1; 
            for ff=1:length(f) 
                if theta_i(tt)==0 && phi_i(pp)~=0 
                else 
                    phi_i=[00 30 45 60 90]; 
                    eval(['u=',num2str(g(gg)),num2str(g(gg+1)), 

num2str(f(ff)),'_',num2str(phi_i(pp)),'_', num2str(theta_i(tt)),';']); 
                    %plane wave 
                    k=2*pi*f(ff)/343; 
                    w(:,1)=(theta_i(tt))*(pi/180); 
                    w(:,2)=phi_i(pp)*(pi/180); 
                    kx=sin(w(:,1)).*cos(w(:,2)); 
                    ky=sin(w(:,1)).*sin(w(:,2)); 
                    kz=cos(w(:,1))*-1; 
                    k_imag=kx.*u(:,1)+ky.*u(:,2)+kz.*u(:,3); 
                    t=exp(1i*k*k_imag); 
                    u(:,6)=u(:,6)-t;%plane wave substracted from pressure 

FastBEM     

  
                    %weigthed pressure 
                    ru=abs(sin(u(:,4)*pi/180)*r); 
                    dxy=(2*pi*ru)/36; 
                    dxz=((2*pi*r)/4)/90; 
                    u(:,7)=dxy*dxz; 

  
                        for i = 1: length(u) 
                            if u(i,4)==90 
                                u(i,7) = u(i,7)*0.5; 
                            end 
                        end 

  
                    u(:,8)=sqrt(u(:,7)/sum(u(:,7))*length(u)); 
                    ud=(u(:,8).*u(:,6)); 

                     
                    %Reference object 

                     
                    phi_i=[30 45 60 90 00];%shift to verification 



54 
 

                    eval(['v=RS',num2str(f(ff)),'_',num2str(phi_i(pp)), 

'_',num2str(theta_i(tt)),';']); 
                    v(:,4)=round(v(:,4)); 
                    %plane wave 
                    k=2*pi*f(ff)/343; 
                    w(:,1)=(theta_i(tt))*(pi/180); 
                    w(:,2)=phi_i(pp)*(pi/180); 
                    kx=sin(w(:,1)).*cos(w(:,2)); 
                    ky=sin(w(:,1)).*sin(w(:,2)); 
                    kz=cos(w(:,1))*-1; 
                    k_imag=kx.*u(:,1)+ky.*u(:,2)+kz.*u(:,3); 
                    t=exp(1i*k*k_imag); 
                    v(:,6)=v(:,6)-t;%plane wave substracted from pressure 

FastBEM    

                     
                    %weigthed pressure 
                    rv=sin(v(:,4)*pi/180)*r; 
                    dxy=(2*pi*rv)/36; 
                    dxz=((2*pi*r)/4)/90; 
                    v(:,7)=dxy*dxz; 

                         
                    for i = 1: length(v)  
                            if v(i,4)==90 
                                v(i,7) = v(i,7)*0.5; 
                            end 
                    end 

                     
                    v(:,8)=v(:,7)/sum(v(:,7))*length(v); 
                    vd=(u(:,8).*v(:,6)); 

                     
                    phi_i=[00 30 45 60 90]; 

                     
                    %scattering coefficient 
                    S=1-

((abs(sum(ud.*conj(vd)))^2)/((sum(abs(ud).^2)).*(sum(abs(vd).^2)))); 
                    eval(['S_',num2str(g(gg)),num2str(g(gg+1)), 

'(a,1)=phi_i(pp);']) 
                    eval(['S_',num2str(g(gg)),num2str(g(gg+1)), 

'(a,2)=theta_i(tt);']) 
                    eval(['S_',num2str(g(gg)),num2str(g(gg+1)), 

'(a,ff+2)=S;']) 
                end 
            end 
        end 
        for ii=1:8 
            if theta_i(tt)==0  
                

eval(['SA_',num2str(g(gg)),num2str(g(gg+1)),'(1,ii)=S_',num2str(g(gg)),num2

str(g(gg+1)),'(1,ii);']) 
            else 
                

eval(['SA_',num2str(g(gg)),num2str(g(gg+1)),'(tt,ii)=mean(S_',num2str(g(gg)

),num2str(g(gg+1)),'(((tt-1)*5)+1:(tt*5),ii));']) %average coefficient over 

theta 
            end 
        end 
    end 
    eval(['save S_',num2str(g(gg)),num2str(g(gg+1)),'  

S_',num2str(g(gg)),num2str(g(gg+1)),';']); 
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    eval(['save SA_',num2str(g(gg)),num2str(g(gg+1)),'  

SA_',num2str(g(gg)),num2str(g(gg+1)),';']); 
end 
%clear S a dxy dxz f ff g gg i ii k k_imag kx ky kz phi pp ru rv theta tt  

u ud v vd 
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8.1.4 Diffusion coefficient 
 

%% adapted DIFFUSION COEFFICIENT 
% LOAD DATA 
addpath('..\Scripts\input data\adapted\RO'); 
addpath('..\Scripts\input data\adapted\A1'); 
addpath('..\Scripts\input data\adapted\A2'); 
addpath('..\Scripts\input data\adapted\B1'); 
addpath('..\Scripts\input data\adapted\B2'); 

  
f=[32 63 126 252 504 1008 2016 4032]; 
g=['RO' 'A1' 'A2' 'B1' 'B2']; 
phi_i=[0 30 45 60 90]; 
theta_i=[0 30 45 60 85]; 

  
%load input data 
for gg=1:2:length(g) 
    for ff=1:length(f) 
        for pp=1:length(phi_i) 
            for tt=1:length(theta_i) 
                eval(['load 

',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),'_',num2str(phi_i(pp)),'_'

,num2str(theta_i(tt)),' FPO;']); 
                FPO(FPO(:,4)==0&FPO(:,5)~=0,:)=[]; 
                FPO(:,4)=round(FPO(:,4)); 
                FPO(:,5)=round(FPO(:,5)); 
                eval([num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)) 

,'_',num2str(phi_i(pp)),'_',num2str(theta_i(tt)),'=FPO;']); 
                clear FPO 
            end 
        end 
    end 
end      

  
%% TAU  
phi_d=(0:5:355); 
theta_d=(0:5:90); 
for gg=1:2:length(g) 
    for ppi=1:length(phi_i) 
        for tti=1:length(theta_i) 
            a=0; 
            for ppd=1:length(phi_d) 
                for ttd=1:length(theta_d) 
                    if theta_d(ttd)==0 && phi_d(ppd)~=0  
                        else 
                        a = a+1; 
                        for ff=1:length(f) 
                            if theta_i(tti)==0 && phi_i(ppi)~=0 
                            elseif theta_i(tti)==theta_d(ttd) &&  

phi_i(ppi)==phi_d(ppd) %only added when  neglecting the specular direction 
                            else 
                                eval(['u=',num2str(g(gg)),num2str(g(gg+1)) 

,num2str(f(ff)),'_',num2str(phi_i(ppi)), '_',num2str(theta_i(tti)),';']); 
                                %weighted pressure 
                                ru=abs(sin(u(:,4)*pi/180)*8); 
                                dxy=(2*pi*ru)/36; 
                                dxz=((2*pi*8)/4)/90; 
                                u(:,7)=dxy*dxz; 
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                                for i = 1: length(u) 
                                    if u(i,4)==90 
                                        u(i,7) = u(i,7)*0.5; 
                                    end 
                                end 

                                 
                                u(:,8)=sqrt(u(:,7)/sum(u(:,7))*length(u)); 
                                ud=(u(:,8).*u(:,6)); 

                                 
                                %plane wave reference 
                                k=2*pi*f(ff)/343; 
                                v(:,1:3)=u(:,1:3); 
                                v(:,4)=(180-theta_d(ttd))*(pi/180); 
                                v(:,5)=phi_d(ppd)*(pi/180); 
                                kx=sin(v(:,4)).*cos(v(:,5)); 
                                ky=sin(v(:,4)).*sin(v(:,5)); 
                                kz=cos(v(:,4)); 
                                k_imag=kx.*v(:,1)+ky.*v(:,2)+kz.*v(:,3); 
                                v(:,6)=exp(1i*k*k_imag); 
                                vd=(u(:,8).*v(:,6)); %weighted reference 

pressure 

                                 
                                %TAU 
                                T=((abs(sum(ud.*conj(vd)))^2)/ 

((sum(abs(ud).^2)).*(sum(abs(vd).^2)))); 
                                eval(['T_',num2str(g(gg)),num2str(g(gg+1)), 

'_',num2str(phi_i(ppi)),'_', num2str(theta_i(tti)),'(a,1)=phi_d(ppd);']) 
                                eval(['T_',num2str(g(gg)),num2str(g(gg+1)) 

,'_',num2str(phi_i(ppi)),'_', num2str(theta_i(tti)),'(a,2)=theta_d(ttd);']) 
                                eval(['T_',num2str(g(gg)),num2str(g(gg+1)) 

,'_',num2str(phi_i(ppi)),'_', num2str(theta_i(tti)),'(a,ff+2)=T;']) 
                            end 
                        end 
                    end 
                end 
            end 
        end 
    end 
end 
clear T a dxy dxz ff gg i k k_imag kx ky kz phi_d ppd ppi ru  theta_d ttd 

tti u ud v vd 

  

  
save T_RO_0_0 T_RO_0_0 
save T_RO_0_45 T_RO_0_45 

  
%% DIFFUSION COEFFICIENT 

  
for gg=1:2:length(g) a=0; 
    for tti=1:length(theta_i) 
        for ppi=1:length(phi_i) a = a+1;  
            for ff=1:length(f) 
                if phi_i(ppi)~=0 && theta_i(tti)==0  
                else 
                    eval(['u=T_',num2str(g(gg)),num2str(g(gg+1)),'_', 

num2str(phi_i(ppi)),'_',num2str(theta_i(tti)),';']) %load TAU 
                    D=(sum(u(:,ff+2))^2-sum(u(:,ff+2).^2))/ ((length(u)-

1)*sum(u(:,ff+2).^2)); %calculate adapted diffusion coefficient 
                    eval(['D_',num2str(g(gg)),num2str(g(gg+1)), 

'(a,1)=phi_i(ppi);'])  
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                    eval(['D_',num2str(g(gg)),num2str(g(gg+1)), 

'(a,2)=theta_i(tti);'])  
                    eval(['D_',num2str(g(gg)),num2str(g(gg+1)), 

'(a,ff+2)=D;'])  
                end 
            end  
        end 
        for ii=1:10 
            if tti==1  
                

eval(['DA_',num2str(g(gg)),num2str(g(gg+1)),'(1,ii)=D_',num2str(g(gg)),num2

str(g(gg+1)),'(1,ii);']) 

  
            else 
                eval(['DA_',num2str(g(gg)),num2str(g(gg+1)),'(tti,ii)= 

mean(D_',num2str(g(gg)),num2str(g(gg+1)), '(((tti-1)*5)+1:(tti*5),ii));']) 

%average coefficient over theta 

  
            end 
        end 
    end 
    eval(['save D_',num2str(g(gg)),num2str(g(gg+1)),'  

D_',num2str(g(gg)),num2str(g(gg+1)),';']); 
    eval(['save DA_',num2str(g(gg)),num2str(g(gg+1)),'  

DA_',num2str(g(gg)),num2str(g(gg+1)),';']); 
end  

 

8.1.5 Figures 
 

%load data manually 

  
%% SCATTERING 
f=[32 63 126 252 504 1008]; 
for ii=1:5 
    figure 
    semilogx(f,SA_RO(ii,3:length(SA_RO)),'-

o','MarkerSize',5,'Color',[160/255 32/255 255/255],'linewidth',1.8) 
    hold on 
semilogx(f,(SA_A1(ii,3:length(SA_RO))),'-s','MarkerSize',5,'Color',[80/255 

180/255 255/255],'linewidth',1.6) 
semilogx(f,(SA_A2(ii,3:length(SA_RO))),'-^','MarkerSize',5,'Color',[96/255 

255/255 128/255],'linewidth',1.4) 
semilogx(f,(SA_B1(ii,3:length(SA_RO))),'-*','MarkerSize',5,'Color',[255/255 

153/255 0/255],'linewidth',1.2) 
semilogx(f,(SA_B2(ii,3:length(SA_RO))),'-v','MarkerSize',5,'Color',[255/255 

0/255 0/255],'linewidth',1.0) 
    xlabel('Frequency (Hz)'); 
    ylabel('Normal incidence scattering coefficient'); 
%     title('Scattering coefficient averaged over all \phi '); 
    set(gca,'XTick',[32 63 126 252 504 1008]) 
    set(gca,'XLim',[0 1100])   
    set(gca,'YLim',[0 01]) 
    set(gca,'XMinorTick','off') 
    set(gca,'XMinorGrid','off') 
    legend R A1 A2 B1 B2 
    grid on 
end 

  
figure 
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semilogx(f,mean(SA_RO(:,3:length(SA_RO))),'-

o','MarkerSize',5,'Color',[160/255 32/255 255/255],'linewidth',1.7) 
hold on 
semilogx(f,mean(SA_A1(:,3:length(SA_RO))),'-

s','MarkerSize',5,'Color',[80/255 180/255 255/255],'linewidth',1.6) 
semilogx(f,mean(SA_A2(:,3:length(SA_RO))),'-

^','MarkerSize',5,'Color',[96/255 255/255 128/255],'linewidth',1.4) 
semilogx(f,mean(SA_B1(:,3:length(SA_RO))),'-

*','MarkerSize',5,'Color',[255/255 153/255 0/255],'linewidth',1.2) 
semilogx(f,mean(SA_B2(:,3:length(SA_RO))),'-

v','MarkerSize',5,'Color',[255/255 0/255 0/255],'linewidth',1.0) 
xlabel('Frequency (Hz)'); 
ylabel('Random incidence scattering coefficient'); 
% title('Estimation Random Incidence Scattering coefficient')  
set(gca,'XTick',[32 63 126 252 504 1008]) 
set(gca,'XLim',[0 1100]) 
set(gca,'YLim',[0 1]) 
set(gca,'XMinorTick','off') 
set(gca,'XMinorGrid','off') 
legend R A1 A2 B1 B2 
grid on 

  

  
%% DIFFUSION 
close all 
f=[32 63 126 252 504 1008 2016 4032]; 

 
for ii=1:5 
    figure 
    semilogx(f,DA_RO(ii,3:length(DA_RO)),'-

o','MarkerSize',5,'Color',[160/255 32/255 255/255],'linewidth',1.7) 
    hold on 
    semilogx(f,DA_A1(ii,3:length(DA_RO)),'-

s','MarkerSize',5,'Color',[80/255 180/255 255/255],'linewidth',1.6) 
    semilogx(f,DA_A2(ii,3:length(DA_RO)),'-

^','MarkerSize',5,'Color',[96/255 255/255 128/255],'linewidth',1.4) 
    semilogx(f,DA_B1(ii,3:length(DA_RO)),'-

*','MarkerSize',5,'Color',[255/255 153/255 0/255],'linewidth',1.2) 
    semilogx(f,DA_B2(ii,3:length(DA_RO)),'-

v','MarkerSize',5,'Color',[255/255 0/255 0/255],'linewidth',1.0) 
    xlabel('Frequency (Hz)'); 
    ylabel('Diffusion coefficient'); 
    % title('Diffusion coefficient averaged over all \phi ')  
    set(gca,'XTick',[32 63 126 252 504 1008 2016 4032]) 
    set(gca,'YLim',[0 1]) 
    legend R A1 A2 B1 B2 
    set(gca,'XMinorTick','off') 
    set(gca,'XMinorGrid','off') 
    grid on 
end 

  
figure 
semilogx(f,mean(DA_RO(:,3:length(DA_RO))),'-

o','MarkerSize',5,'Color',[160/255 32/255 255/255],'linewidth',1.7) 
hold on 
semilogx(f,mean(DA_A1(:,3:length(DA_RO))),'-

s','MarkerSize',5,'Color',[80/255 180/255 255/255],'linewidth',1.6) 
semilogx(f,mean(DA_A2(:,3:length(DA_RO))),'-

^','MarkerSize',5,'Color',[96/255 255/255 128/255],'linewidth',1.4) 
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semilogx(f,mean(DA_B1(:,3:length(DA_RO))),'-

*','MarkerSize',5,'Color',[255/255 153/255 0/255],'linewidth',1.2) 
semilogx(f,mean(DA_B2(:,3:length(DA_RO))),'-

v','MarkerSize',5,'Color',[255/255 0/255 0/255],'linewidth',1.0) 
xlabel('Frequency (Hz)'); 
ylabel('Diffusion coefficient'); 
%title('Estimation Random Incidence Diffusion coefficient');  
set(gca,'XTick',[32 63 126 252 504 1008 2016 4032]) 
set(gca,'YLim',[0 1]) 
legend R A1 A2 B1 B2 
set(gca,'XMinorTick','off') 
set(gca,'XMinorGrid','off') 
grid on 
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8.2 Appendix B: Standard FastBEM settings 
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8.3 Appendix C: Parametric study of room objects 
Due to the time limitation of the project and the restrictions placed on the software license 
not all proposed simulations could be put to the test. Below is the proposition for other 
objects which can be simulated and have a relation with room objects. 
To determine the effect of an object on a wall, a parametric simulation will be performed. The 
objects are varied in size and position to match different objects and wall types from a real-
world situation. Because this study focuses on high frequencies, the size of the objects is 
important according to the theory of chapter 2 about diffusion. The simulation calculates the 
scattering and diffusion coefficients with the Fast Multipole Method. As a reference for 
checking the validity of the model, the same validation model as described in the research of 
Brouns (Brouns, 2015) can be performed. 
 

8.3.1 Parametric study 
For frequencies around the third octave band of 3150 Hz, the object size of about 0.1 m is the 
ideal size for a diffuse reflection of the sound waves. Therefore four simulations can be 
performed with a standardized wall surface of 4 m high by 8 m wide and a thickness of 0.1 m. 
The wall needs to have a certain thickness because the simulation program cannot process a 
wall with an infinitely thin surface. The four objects vary according to table 8.1 and are all 
centered on the wall as shown as example in figure 8.1. 

 
Figure 8.1 Example of simulated object on a wall. 

Only the height of the objects was varied each time, to investigate the difference of the 
coefficients with only one changing variable. 
 

Table 8.1 Sizes of object used in simulation A and B.  

Frequency 

Wall 8x4 

Description Object Width (m) Height (m) Thickness (m) 

Painting/blackboard RO 2.0 1.0 0.1 

Painting/blackboard R2 2.0 1.0 0.05 

Painting/blackboard R3 2.0 1.0 0.2 

Painting/blackboard A1 2.0 1.0 0.5 

Painting/blackboard A2 2.0 1.0 1.0 

     

Painting/blackboard B1 4.0 2.0 0.1 

Painting/blackboard B2 7.0 3.5 0.1 

 

Case studies 
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Classroom (7x)8x4 

Description Object Width (m) Height (m) Thickness (m) 

Small windows inside wall C1 1.2 1.6 0.01 

Medium windows inside 
wall Several  

C2 1.8 2.0 0.01 

Large windows outside C3 2.4 2.0 0.01 

Large windows (window sill) 
outside 

C4 1.8 2.0 0.1 

Sports Hall (28x)11x4 

Description Object Width (m) Height (m) Thickness (m) 

Doors dressing rooms D1 0.8 2.1 0.01 

Roll doors D2 4.0 2.5 0.01 

Doors and Beams D3 4.0 / 0.2 2.5 / 3.5 0.01 / 0.05 

 

Ceiling 4x2 

Description Object Width (m) Height (m) Thickness (m) 

Tiles squared E1 0.4 0.4 0.01 

Tiles rectangular E2 0.4 0.6 0.01 

Paneling (wood) E3 0.1 8.0 0.05 

Beams E4 0.2 8.0 0.2 

Ventilation grill E5 0.4 0.4 0.01 

 

8.3.2 Frequency range 
The high-frequency range which is used, is based on the 1/6 octave bands of 125 Hz up to 400 
Hz and the 1/3 octave bands for 500 Hz until 4000 Hz. Higher frequencies above 4000 Hz will 
be left out because the absorption will be too high and the irregularities will have to be smaller 
than 0.1 m to cause diffusion. In all cases the smallest object is larger than 0.1 m. 
With this frequency range a mesh can be created for all cases. The mesh needs to be 
sufficiently small in size, so that there can be five to ten measurements points per wavelength 
(Gumerov & Duraiswami, 2009). This means that the number of elements of a 4000 Hz 
simulation must be 1.2 million for the standard wall. In order to speed up the simulations 
three different mesh sizes are created. Table 8.2 shows the mesh size per frequency range 
and the calculated number of elements of the standard case. 

 

Table 8.2 Mesh sizes and calculated number of elements for different frequency ranges.  

Frequency 
range (Hz) 

Octave band Shortest 
wavelength (m) 

Mesh size (m) Calculated 
number of 
elements 

125-400 1/3 0.85 0.1 20,000 

500-1250 1/3 0.27 0.05 100,000 

1600-4000 1 0.08 0.015 1,000,000 
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